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1. Introduction 

 

Protocol from the dialogue between the German psychologist Alois Alzheimer and his patient 

Auguste Deter (29th November 1901):1 

 

„Alzheimer: Wie heißen Sie? 

Deter: Auguste. 

Alzheimer: Familienname? 

Deter: Auguste. 

Alzheimer: Wie heißt Ihr Mann? 

Deter: Auguste…glaube ich. 

Alzheimer: Ihr Mann? 

Deter: Achso… 

Alzheimer: Sind Sie verheiratet? 

Deter: Mit Auguste. 

Alzheimer: Mit Frau Deter? 

Deter: Ja, genau…Auguste Deter. 

 

(…) 

Ich zeige ihr einen Schlüssel, einen Stift 

und ein Buch. Sie benennt sie korrekt. 

 

Alzheimer: Was habe ich Ihnen gezeigt? 

Deter: Ich weiß es nicht, ich weiß es nicht. 

Alzheimer: Ist es sehr schwierig? 

Deter: Ich habe Angst, so sehr Angst.“ 

 

When Auguste Deter was asked to write down “Frau Auguste Deter”, she just wrote “Frau…” 

and forgot about the rest. Instead, she repeated the words “Ich habe mich selbst verloren…”.1  

 

Figure 1.1. Alois Alzheimer 

(top) and Auguste Deter 

(bottom).1 
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Auguste Deter was the first patient ever recorded suffering from Alzheimer’s disease (AD). 

Alois Alzheimer was the first one to describe her memory loss in combination with other 

psychiatric symptoms including mood changes (anxiety) and disorientation.2 After her death in 

1906 post mortem studies were carried out on Auguste Deter’s brain, where Alzheimer found 

the miliary foci, which are now known as senile plaques, a deposition of an unsoluble substance 

in the cerebral cortex.1,2 

Today, AD represents the most common form of dementia (50% – 75% of all types of dementia) 

with 47 million cases worldwide.3 Since AD is mainly linked to aging,4 the disease becomes 

more relevant with regard to an increased life expectancy and demographic change. Although 

there have been immense efforts from academic and industrial research there is still no cure for 

this disease. Today’s medication is limited to four approved drugs: three cholinesterase 

inhibitors (rivastigmine 1, donepezil 2 and galantamine 3) and one N-methyl-D-aspartate 

receptor antagonist (memantine 4) (figure 1.2). A fifth drug, the acetylcholinesterase (AChE) 

inhibitor tacrine 5, was withdrawn from the market because of hepatotoxic side effects.5 

 

Figure 1.2. Approved drugs for AD (1-4) and tacrine 5, which was withdrawn from the market.  

 

Unfortunately, these drugs are only effective in early stages of the disease, and they only act 

symptomatically, but do not slow down the progression of AD or even cure it.6 One of the main 

problems in finding an effective treatment for AD is its complexity. AD is characterized as a 

multifactorial disease, which means that there’s not only one cause, but a complex combination 

of multiple factors. Still, all causes as well as their interactions among each other are not yet 

elucidated. 
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Pathobiologically, AD is characterized by the formation of senile plaques, which was already 

found by Alois Alzheimer in 1906.2 Senile plaques consist of the insoluble peptide (40-42 

amino acids) amyloid β (Aβ). Aβ originates from the amyloid precursor protein (APP), a 

transmembrane glycoprotein, which undergoes proteolytic cleavage triggered by the enzymes 

β- and γ-secretase. In healthy tissue, APP is cleaved by α- and γ-secretase resulting in soluble 

nonamyloidogenic peptides.7 According to the amyloid cascade hypothesis,8,9 Aβ aggregates 

and thus triggers neuroinflammation characterized by activated microglia and astrocytes.10 

Subsequently, pro-inflammatory chemokines, cytokines and neurotoxins are produced 

ultimately leading to neurodegeneration and thus AD.11 Besides the amyloid cascade 

hypothesis, other hallmarks of AD are the formation of neurofibrillary tangles (consisting of 

hyperphosphorylated τ protein aggregates), the formation of reactive oxygen species and the 

irreversible loss of (cholinergic) neurons.12,13 

Since the discovery of Δ9-tetrahydrocannabinol (Δ9-THC) and its analogues by Mechoulam and 

Gaoni,14 the endocannabinoid system consisting of its two representative G-protein coupled 

receptors (GPCRs): human cannabinoid receptor subtype 1 and 2 (hCB1R and hCB2R), their 

endogenous ligands (endocannabinoids, e.g. N-arachidonoylethanolamine and 2-

arachidonoylglycerol) and the involved enzymes, attracted more and more interest as targets 

for potential therapeutics. Its involvement in numerous processes in the brain made it an 

interesting focus with regard to neurodegenerative diseases. hCB1R is the most abundant GPCR 

in the central nervous system (CNS)15 and is mainly expressed in the basal ganglia nuclei, 

hippocampus, cortex and cerebellum. It is mainly linked to the control of memory, cognition 

and motoric functions.16,17 In contrast, hCB2R is mainly expressed in the peripheral immune 

system, where it modulates immune cell migration and cytokine release, and to a lesser extent 

in the CNS, especially in microglia cells.18 Because of its high level of distribution and therefore 

involvement in the CNS, hCB1R was initially targeted by numerous drug development 

approaches based on structure-activity relationships (SARs) from Sanofi’s drug rimonabant.19 

The hCB1R-selective inverse agonist rimonabant (SR141,716) was a promising anorectic drug 

for the treatment of obesity. Yet, due to psychiatric side-effects such as depression, rimonabant 

was withdrawn from the market in 2008. In the past few years, hCB2R has regained more 

attention due to its immunomodulatory role and its lack of psychoactive side effect. Especially, 

in diseased tissue, several studies could demonstrate the importance of hCB2Rs as potential 

drug target. As a counter measurement of the body, hCB2Rs are overexpressed in inflamed 

human brain tissue, especially in activated microglia cells and astrocytes that are surrounded 

by neuritic plaques.20-23 The expression level of hCB2Rs correlates with the formation of Aβ, 
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which is one key building block of neuritic plaques.24 Furthermore, fatty acid amide hydrolase 

(FAAH), which metabolizes the endocannabinoid N-arachidonoylethanolamine, is 

overexpressed during neuroinflammatory processes. In contrast, expression levels of hCB1R do 

not change in the course of AD.22 The theory that an up-regulation of hCB2R signaling has 

beneficial effects by reducing inflammatory processes, was substantiated in several in vitro and 

in vivo studies: the selective hCB2R agonists JWH-015 and JWH-133 induced protection of 

neuronal cells against Aβ-induced neurotoxicity.25,26 Rats that were pretreated with Aβ1-40 

(intracerebral injection) showed improved cognition with the treatment of the hCB2R agonist 

MDA7. Examination of the brain slices furthermore showed an increased promotion of Aβ 

clearance and decreased secretion of pro-inflammatory mediators.27 Transgenic AD-mice that 

were continuously treated with the agonist JWH-133 showed afterwards a reduction of activated 

microglia cells surrounded by Aβ-plaques as well as the level of cytokines going along with 

cognitive improvement.28 Besides neurodegenerative diseases such as AD, Parkinson’s and 

Huntington’s diseases,29 hCB2Rs also play a role in the development of anti-cancer drugs30 as 

well as in the treatment of pain31. 

As previously mentioned, the approved drugs on the market mainly consist of AChE inhibitors 

(figure 1.2). This goes back to the oldest and most prominent theory regarding AD: the 

cholinergic hypothesis, which indicates a loss of the neurotransmitter acetylcholine (ACh) in 

the course of AD.32,33 In early stages of AD, it is possible to prevent this loss of ACh and thus 

slow down progression of the disease by the administration of an AChE inhibitor. As AD further 

progresses, the concentration of AChE in the brain decreases up to 90%, which makes the 

application of AChE inhibitors ineffective.34 As the concentration of AChE decreases, the 

amount of its isoenzyme butyrylcholinesterase (BChE) increases.35,36 BChE is less selective, 

but also capable of hydrolyzing ACh into choline and acetate. An inhibition of BChE may open 

a new field of drugs that can be applied at later stages of AD.37 Furthermore, BChE is found to 

be co-localized and overexpresses in glia cells and correlates with the formation of senile 

plaques and the transformation of non-fibrillar to fibrillary Aβ plaques.35,38,39 Beneficial effects 

addressing BChE have already been investigated in vivo: Maurice et al.40 compared normal 

mice to BChE knockout mice. Those mice lack of BChE showed enhanced learning abilities in 

memory tests compared to their normal fellows. While knockout mice appeared less affected 

by learning and memory deficits and oxidative stress, the average mice suffered from AD 

symptoms. In one of the very few in vivo studies, where selective nanomolar BChE inhibitors 

were applied, Kosak et al.41 demonstrated improved learning and memory abilities in several 
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in vivo test systems (passive avoidance test and Morris water maze). Adverse cholinergic effects 

were not observed.  

The development of a compound aiming for activation of hCB2R and inhibition BChE is not 

randomly chosen. In glia cells both hCB2R and BChE are colocalized. Activated glia cells play 

an important role in the (over-)expression of BChE and are a target of potential hCB2R agonists. 

Addressing activated glia cells may also block the overproduction of BChE and therefore 

positively affect hydrolysis of ACh.35,42   

Taken together, a multitarget / dual-active hCB2R agonist and BChE inhibitor might play a key 

role in the combat against AD. Although, a cure of AD appears currently to be far away, it is 

still beneficial to develop a real medication, which addresses AD especially at later stages. 

Patients and their families will not only benefit from a slowdown of the disease, but also from 

a remaining life with reduced symptoms and restrictions.  
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2. Scope and Objective 

 

Regarding the multifactorial character of AD and the relevance of BChE and hCB2R in its 

course (as described in chapter 1), there is a huge interest in the development of multifunctional 

drugs that act as both a BChE inhibitor and hCB2R agonist. 

The first part of the thesis gives a general overview on multitarget compounds and highlights 

their development as well as the design strategies involved. 

The second part focusses on classical drug development and deals with the design and 

development of a set of dual-active compounds that acts as both a BChE inhibitor and hCB2R 

agonist: 

 In the initial project, both pharmacological properties were combined by merging 

pharmacophores into one single molecule. A library of different heterocycles was 

designed, synthesized and analyzed to investigate SARs. Using these data, binding 

mode and interactions at both targets of selected compounds were analyzed in 

computational studies.  

 In the follow-up project, the compound library was extended and optimized. Further in 

vitro assays confirmed agonism and helped to avoid affinities towards unwanted off-

targets. Based on a novel hCB1R crystal structure, a homology model for the hCB2R 

was developed and used for molecular dynamics studies to further investigate binding 

modes. First positive in vivo results with short- and long-term memory improvement 

were obtained 

The third part of the thesis is set apart from the classical drug development and deals with the 

development of photochromic tool compounds to investigate the receptor itself and ligand 

binding. The first photochromic ligands for the hCB2R were designed, synthesized and 

evaluated. 
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3. Dual-Acting Compounds Acting as Receptor Ligands and 

Enzyme Inhibitors43 

 

 

 

Author contributions: 

D. Dolles (under the supervision of Prof. Dr. M. Decker) was responsible for the preparation 

and correction of the manuscript (Julius Maximilian University Würzburg). 
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As discussed in chapter 1, AD belongs to the class of multifactorial diseases. The classical 

approach to treat such a disease with the “one disease – one target” paradigm is therefore not 

constructive, if not invalid. A multitarget drug that aims for different targets at the same time 

would be the perfect tool to address multifactorial diseases. There are two common structural 

approaches when it comes to the development of multitarget drugs: a hybrid or a merged ligand. 

In case of a hybrid, two drug entities are connected by a linker. A merged ligand consists of one 

small molecule, in which pharmacophores for both targets are “fused” (figure 3.1).43, 44  

 

 

Figure 3.1. Schematic concept of the two possible approaches for the development of multitarget compounds: 

hybrid and merged ligand.43 

 

For the hybrid-approach, drug molecules don’t have to be (dramatically) altered, which makes 

the development far easier as compared to merged ligands, but then their main disadvantage is 

their high molecular mass, which goes not along with Lipinski’s rule of five.45 Despite their 

disadvantages, hybrids have been successfully developed for a variety of different targets46 (for 

review see reference 47). In contrast, development of merged ligands is very laborious. 

Pharmacophores have to be “fused”, which goes mostly along with a dramatic change of the 

overall chemical structure. It can be depicted as a pair of scales: if affinity at one target is 

increased, it is very likely that the affinity for the other target decreases.43 The advantage is 

their low molecular weight, which remains mostly the same as it is the case for “single-target” 

drugs and is therefore in accordance with Lipinski’s rule of five.45 In the literature, there are 

three common design approaches for multitarget compounds: designing in, designing out and 

balancing.43 Designing in represents the most prominent approach, where two highly active 

chemical scaffolds (from two different drug molecules) are fused. The resulting multitarget 
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compound then incorporates high affinities for both targets. The designing out approach 

assumes that there’s a chemical scaffold that already shows affinity for two desired targets, but 

also for an unwanted off-target. In this case, it is necessary to cut out those off-target affinity, 

but to keep affinity for the desired targets. In the third case, a compound only shows affinity 

for two desired targets, but acts at different concentration ranges. In this case, a balancing of 

the affinities is necessary.43,44 Despite these difficulties, several multitarget compounds based 

on the merged ligand approach have been developed for different target combinations: µ-opioid 

(MOP) receptor agonists / neuronal nitric oxide synthase inhibitors,48 adenosine A2A receptor 

antagonists / monoamine oxidase B inhibitors,49 histamine H3 receptor antagonists / AChE 

inhibitors50 and several more (for full review see reference 43, cf. appendix I). 
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4. Aminobenzimidazoles and Structural Isomers as Templates for 

Dual-Acting Butyrylcholinesterase Inhibitors and hCB2R Ligands 

To Combat Neurodegenerative Disorders51 
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4.1  Design and Development 

 

As starting point, a potent and selective hCB2R agonist 1 developed by AstraZeneca’s drug 

development program was used.52 Based on the previous work by Darras et al.50 on the 

development of quinazoline-based BChE inhibitors / histamine H3 anatgonists 3 and by 

Gonzalez-Naranjo et al.53 on dual-acting compounds addressing hCB2R and BChE 2 as well, 

several similarities and structural requirements for an inhibition of BChE were observed (figure 

3.1): a condensed basic heterocycle (blue), a substituted aromatic ring (green) and aromatic 

and/or hydrophobic moieties (yellow/red). The structural characteristics were also apparent in 

AstraZeneca’s ligand 1, which was therefore tested for BChE inhibition. In fact, ligand 1 

showed a moderate and selective inhibition of eqBChE.51  

 

 

Figure 3.1. Strucutral similarities between AstraZeneca’s hCB2R ligand 1,52 a dual-active hCB2R agonist / BChE 

inhibitor 253 and a dual-active hH3R antagonist / ChE inhibitor 350. 

 

To keep the low molar mass, both pharmacophores should be combined by merging them into 

one single entity (cf. chapter 1). The difficulty is to maintain (receptor) affinity and (inhibitory) 

activity at both targets upon structural changes. In this case, four possible structural 

characteristics were altered and thus investigated in SARs (figure 3.2): a replacement of the 

core benzimidazole heterocycle by a 2-aminobenzimidazole, a 3-aminoindazole or a 
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pyridinoimidazole (blue); a substitution of the diethylamide moiety by a hydrogen atom (green); 

a replacement of the 4-ethoxy benzyl moiety by several aromatic and aliphatic substituents at 

the 2-amino moiety (yellow) and an introduction of a basic alkylamine at the N1 of the core 

benzimidazole (red). 

 

 

Figure 3.2. Strucutral alterations of the 2-methylene benzimidazole scaffold derived from AstraZeneca 1.51 

 

Depending on the substituents and/or core moieties, different synthetic approaches had to be 

performed (for detailed description of the synthesis cf. appendix II). In case of the most 

common 2-methylenebenzimidazoles (synthesized by M. Nimczick in modification to Pagé et 

al.52) and 2-aminobenzimidazoles (synthesized in cooperation with M. Scheiner and J. Ramler 

in the course of their Bachelor thesis54,55), the same starting material, 4-fluoro-3-nitrobenzoic 

acid 4, and the resulting o-phenylene diamine precursor 6 could be used. 

The subsequent description of the synthesis focuses on the core units, 2-methylene 

benzimidazole and 2-aminobenzimidazole (schemes 3.1, 3.2 and 3.3). For a better overview, 

various substituents are abbreviated as R1 and R2 (an exact definition of the used substituents 

R1 and R2 can be found in appendix II). 

First, amide coupling was performed by using HBTU and diethylamine followed by a 

nucleophilic aromatic substitution with the respective amine to obtain compound 5. The nitro 

moiety was then reduced to the o-phenylene diamine 6 using tin(II) chloride (scheme 3.1).  

 



 Dual-Acting BChE Inhibitors and hCB2R Ligands 

 

 

14 

 

Scheme 3.1. Synthesis of o-phenylene diamine 6. Conditions: i) HNEt2, HBTU, NEt3, DMF, rt.  H2NR1, NEt3, 

EtOH, rt.; ii) SnCl2 · 2 H2O, EtOH, reflux. 

 

In case of the 2-methylene benzimidazoles, phenylene diamine 6 was coupled with 2-(4-

ethoxyphenyl)acetic acid using HBTU. The resulting amide 7 was cyclized by refluxing in 

glacial acetic acid to yield compound 8 (scheme 3.2). For the synthesis of the pyridinoimidazole 

core moiety the same synthetic approach was applied using the respective 2,3-pyridine diamine 

precursor (cf. appendix II). 

 

Scheme 3.2. General synthesis of 2-methylene benzimidazoles. Conditions: iii) 2-(4-ethoxyphenyl)acetic acid, 

HBTU, NEt3, DMF, rt.; iv) glacial AcOH, reflux. 

 

The synthesis of 2-aminobenzimidazoles was established in an earlier Master thesis.56 The 

respective amine 9 was first converted into an isothiocyanate 10 by using carbon disulfide and 

then reacted with o-phenylene diamine 6 to obtain thiourea derivative 11. To form the 2-

aminobenzimidazole 12, EDCI was used as cyclization agent (scheme 3.3). 

 

 

Scheme 3.3. General synthesis of 2-aminobenzimidazoles. Conditions: v) CS2, NEt3, THF, 0 °C  Boc2O, DMAP, 

THF, rt.; vi) o-phenylene diamine 6, THF, rt.; vii) EDCI · HCl, NEt3, THF, reflux. 

 

For the synthesis of the 3-aminoindazole core moiety, a first attempt described by Burke et al.57 

using simple benzoic acid derivatives as building blocks failed. Starting from 5-cyano-2-
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fluorobenzoic acid 13, amide 14 was formed using HBTU. Activation of the carbonyl moiety 

(by either Lawesson’s reagent or phosphoryl chloride) and subsequent cyclization to 15 with 

hydrazine failed (scheme 3.4 A). Instead, a more complex building block – the commercially 

available 3-bromoindazole derivative 16 – was used. After amide coupling and alkylation, a 

Buchwald-Hartwig-coupling58 with 4-ethoxyaniline was used to obtain the desired 3-

aminoindazole 18 (scheme 3.4 B).  

 

Scheme 3.4. A) Unsuccessful synthesis of 3-aminoindazole using simple building blocks. Conditions: viii) p-

phenetidine, HBTU, NEt3, DMF, rt.; ix) Lawesson’s reagent, toluene, reflux; x) POCl3, reflux; xi) hydrazine 

hydrate. B) Synthesis of 3-aminoindazole using a complex building block. Conditions: xii) HNEt2, HBTU, NEt3, 

DMF, rt.; xiii) isopentylbromide, NaH (60% suspension), DMF, 0 °C  rt.; xiv) p-phenetidine, Pd(OAc)2, 

xantphos, Cs2CO3, dioxane, reflux. 

 

 

4.2  Pharmacological Evaluation and SARs 

 

All target compounds were tested for receptor affinity to hCB1R and hCB2R in radioligand 

binding studies (CHO cells stably expressing hCB1R; HEK cells stably expressing hCB2R). For 

inhibitory activity, target compounds were tested at AChE (eeAChE, EC. 3.1.1.7 from electric 

eel) and at BChE (eqBChE, EC. 3.1.1.8 from equine serum). In vitro results for selected 

compounds can be found in table 3.1; for detailed in vitro results cf. appendix II. 
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Table 3.1. Results of the biological evaluation of the inhibitory effect on eeAChE / eqBChE and radioligand 

binding studies at hCB1R / hCB2R for selected compounds51 (for complete overview on in vitro data cf. 

appendix II). 

Compound eqBChE 

IC50 

(pIC50 ± SD) 

or 

% Inhibition 

eeAChE 

IC50 

(pIC50 ± SD) 

or 

% Inhibition 

hCB2R 

Ki 

(pIC50 ± SD) 

or 

[3H]CP55,950 

displ. at 10 µM 

hCB1R 

Ki 

(pIC50 ± SD) 

or 

[3H]CP55,950 

displ. at 10 µM 

 

 

9.7 µM 

(5.0 ± 0.1) 

 

28 % 

at 100 µM 

 

36.7 nM 

(7.4 ± 0.1) 

 

24% 

 

 

26%  

at 10 µM 

 

5%  

at 10 µM 

 

11% 

 

47% 

 

 

0.7 µM 

(6.2 ± 0.1) 

 

4 % 

at 100 µM 

 

1.91 µM 

(5.7 ± 0.1) 

 

13% 

 

 

9.1 µM 

(6.2 ± 0.2) 

 

< 2% 

at 10 µM 

 

14% 

 

8% 

 

 

3.7 µM 

(5.7 ± 0.3) 

 

 

2% 

at 10 µM 

 

426.0 nM 

(6.3 ± 0.2) 

 

 

45% 

 

 

2.3 µM 

(5.6 ± 0.1) 

 

48% 

at 100 µM 

 

188.0 nM 

(6.7 ± 0.1) 

 

14% 

 

 

25% 

at 10 µM 

 

 

< 2% 

at 10 µM 

 

26.0 µM 

(4.6 ± 0.1) 

 

15% 

23 

22 

21 

20 

19 

18 

1 
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The first step was to determine inhibitory activity of AstraZeneca’s hCB2R ligand 1 to validate 

the hypothesis that structural similarities to other BChE inhibitors would lead to a similar 

inhibitory effect at the BChE. In fact, 1 showed moderate inhibitory activity at eqBChE as well 

as selectivity over eeAChE (IC50(eqBChE) = 9.7 µM; IC50(eeAChE) > 100 µM). Based on these 

findings, 20 compounds were synthesized, tested and SARs were investigated (results for 

selected compounds can be found in table 3.1; for detailed in vitro results cf. appendix II). 

Depending on the modification, general trends were observed: while an exchange of the 2-

methylene benzimidazole core into a 2-aminobenzimidazole maintained receptor affinity and 

inhibitory activity, the pyridinoimidazole and the 3-indazole scaffolds led to a loss of 

affinity/activity and were therefore not followed up. In case of the modifications at the 2-

position of the 2-aminobenzimidazole scaffold, m-/o-substitution as well as unsubstituted 

aromatic scaffolds were not tolerated. The same applies for aliphatic (cyclic and open-chain) 

substituents. Only a p-substitution (even with sterical more demanding substituents) was well 

tolerated. The introduction of a basic aliphatic amine at the N1 of the benzimidazole core was 

beneficial for a selective eqBChE inhibition and the receptor affinity was almost kept. The 

removal of the diethylamide functional group at the 5 position, which was expected to be a 

pharmacophore, led to a complete loss of activity/affinity. 

Based on these results, three compounds were selected as 1st generation lead compounds (figure 

3.3): a p-ethoxy phenyl 2-aminobenzimidazole 19 as well as a p-phenoxy phenyl 2-

aminobenzimidazole 21 and a 2-methylene benzimidazole 22 with a basic aliphatic chain at the 

N1. Since AstraZeneca’s hCB2R ligand 1 acts as an agonist52 and was developed and optimized 

in a drug development program, it was assumed that all synthesized compounds also act as 

agonists.  

A reasonable way to visualize the results for two targets simultaneously is a plot of pIC50 values 

for BChE against pKi values for hCB2R affinity (figure 3.3). Promising compounds with a pIC50 

/ pKi of least 5 (= 10 µM) are located in the top right quadrant.  
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Figure 3.3. Plot of pIC50 values for BChE inhibition against pKi values for hCB2R affinity of all compounds 

synthesized.51 Results for AstraZeneca’s ligand 1 and 1st generation lead compounds 19, 21 and 22 are highlighted. 

Compounds with no significant affinity for one of the targets are placed on the two black lines. The two blue lines 

represent the borders for minimum activity/affinity.  

 

 

4.3  Computational Studies at hCB2R and hBChE 
 

To get a closer insight into their binding mode, AstraZeneca’s ligand 1 and 2-

aminobenzimidazole 19 from the set of 1st generation lead structures were selected. Both 

compounds show a high structural similarity, but a different activity/affinity profile: although 

compound 1 is a selective hCB2R ligand with moderate inhibitory activity, 2-

aminobenzimidazole 19 shows an increased inhibitory effect, yet with a 100-fold decreased 

affinity towards hCB2R. 

Binding mode at hCB2R was investigated by A. Strasser and H.-J. Wittmann (University of 

Regensburg) in several MD simulations. A homology model for hCB2R based on the human β2 

adrenergic receptor was used (for further information on the construction of the active-state 

model of hCB2R cf. appendix II). MD studies revealed a similar binding mode of 1 and 19 in a 

pocket between transmembranes III, V and VI. The high receptor affinity of 1 can be explained 

by a positive π-π-interaction between the 2-benzyl moiety and Phe183 (figure 3.4a). Compound 

19 lacks this interaction, due to a slightly different binding mode of the 2-aminobenzimidazole 
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(figure 3.4b). The lone electron pair of the N-H causes the 2-aminobenzimidazole 19 to exhibit 

a nearly planar conformation (in case of ligand 1, the CH2 moiety is sp3-hybridized and 

therefore more flexible). The fact that 19 still shows one-digit micromolar receptor affinity is 

due to a water network between the diethylamide function and Trp5.43 and Thr3.33, which is also 

apparent in compound 1. As already described in the previous chapter, diethylamide is a 

pharmacophore for hCB2R binding. This is supported by experimental results of compound 23 

(cf. table 3.1). 

 

 

Figure 3.4. Binding conformation of 1 and 19 in the binding site of hCB2R. a) Binding conformation of 1, b) 

binding conformation of 19.51 

 

Molecular docking and MD at hBChE were performed by A. Drakopoulos and C. Sotriffer (for 

further information on docking studies and MD cf. appendix II). Both compounds 1 and 19 

were first docked into the enzyme resulting in a similar binding mode: they are located near the 

catalytic active site, while the diethylamide function points towards Ala328. The isopentyl group 

points towards the oxyanion hole and the p-ethoxy phenyl moiety is located near Leu286. MD 

simulations further proved the docking results. The increased inhibitory activity of 19 (com-

pared to 1) results from positive interactions (hydrogen bonds) between the N-H of the 2-

aminobenzimidazole and Ser287 and Pro285. In addition, polar interactions occur between the N2 

of the 2-aminobenzimidazole scaffold and Gln119 (figure 3.5b). In contrast, 2-methylene 

benzimidazole 1 lacks these interactions because of an absent N-H moiety. It therefore drifts 

more into the cavity. The fact that there’s still a moderate inhibitory effect of 1 results from a 

water network between the diethylamide function and Ala328, Val331 and Tyr332 making the 

diethylamide scaffold a pharmacophore for BChE inhibition as well (figure 3.5a). 
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Figure 3.5. a) Binding mode of 1 as observed in the last snapshot of the MD simulation in BChE; interactions of 

the amide function with a water molecule and Tyr332, Val331, Ala328 and the interaction of the ether moiety with 

Asn68 are highlighted. b) Binding mode of 19 as observed in the last snapshot of the MD simulation in BChE; 

interactions of the anilinic nitrogen atom with Ser287 and Pro285 of the benzimidazole nitrogen with Gln119 are 

highlighted.51 

 

 

4.4  Conclusions 

 

A BChE pharmacophore model was applied to the 2-methylene benzimidazole scaffold 

developed by AstraZeneca as a selective hCB2R ligand. In fact, the compound shows a 

moderate inhibitory activity towards eqBChE. Based on these observations, 20 novel dual-

active BChE inhibitors and hCB2R ligands were synthesized, analyzed and initial SARs were 

summarized. All compounds show activity/affinity in the micromolar to submicromolar range 

towards eqBChE/hCB2R and selectivity over eeAChE/hCB1R.  By several computational 

approaches, binding modes and pharmacophores could be identified. The aim of an upcoming 

project was to optimize the compounds (“designing in”, “designing out”, “balancing”; cf. 

chapter 3), to prove agonism and to evaluate them in vivo.  
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5. Structure-Activity Relationships and Computational 

Investigations into the Development of Potent and Balanced 

Dual-Acting Butyrylcholinesterase Inhibitors and Human 

Cannabinoid Receptor 2 Ligands with Pro-Cognitive in vivo 

Profiles59 
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5.1  Structure Optimization 
 

In this follow-up project, the compound library was extended and further developed by several 

common design strategies for multifunctional compounds: “designing in”, “designing out” and 

“balancing” (cf. chapter 3). Combined with the previously built-up SARs and the resulting 1st 

generation lead compounds 1-4, four possible structural modifications were developed (figure 

4.1): since the diethylamide function at position 5 of the benzimidazole moiety is a 

pharmacophore for both hCB2R and BChE, different amides (green) and completely novel 

substituents with similar electronic effects (yellow) were introduced; structural motives of the 

1st  generation leads were combined (blue) and chain lengths of the basic aliphatic amines at 

the N1 were modified (red). 

 

 

Figure 4.1.  Structural modifications on the basis of the 1st generation lead compounds 1-4.59 

 

The synthesis of 2-methylene benzimidazoles and 2-aminobenzimidazoles was carried out in 

the same manner as described in chapter 3.1. Starting from the benzoic acid derivative 5, a 

Fischer esterification was performed in the first step to easily introduce different amides at a 

later stage of the synthesis. After the synthesis of 2-methylene benzimidazole core, the ester 7 

was hydrolyzed under basic conditions to afford acid 8. The respective amides were obtained 

by coupling reactions using HBTU in the last step (for a better overview, varying substituents 
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are abbreviated as R1 and R2; an exact definition of the used substituents R1 and R2 can be found 

in appendix III). 

.  

Scheme 4.1. Synthesis of different amides at position 5. Conditions: i) H2SO4, EtOH, reflux; ii) LiOH, THF/H2O, 

rt.; iii) HNR1R2, HBTU, NEt3, DMF, rt. 

 

For the introduction of different alkyl chain lengths at the N1, a modified synthesis was applied 

(in cooperation with J. Kraus in the course of his bachelor thesis60). Starting from the same 

benzoic acid derivative 5, amide coupling was performed and amino alcohols with different 

alkyl chains were introduced by a SNAr reaction to afford compounds 9a-c. After the 2-

methylene benzimidazole core was synthesized, the alcohol 10a-c was substituted by a bromide 

in an Appel-like synthesis using phosphorous tribromide. In the last reaction step, bromide 11a-

c was substituted by piperidine in a SN2 reaction (scheme 4.2). 

 

Scheme 4.2. Synthesis of alkylamines with different chain lengths. Conditions: iv) HNEt2, HBTU, NEt3, DMF, rt. 

 amino alcohol with different chain length, NEt3, EtOH, rt.; v) PBr3, CH2Cl2, rt.; vi) piperidine, K2CO3, DMF, 

70 °C. 
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The exchange of the diethylamide moiety into other substituents (e.g. -NO2, -NH2) required the 

establishment of a novel synthetic pathway (scheme 4.3). In this case, 1-chloro-2,4-

dinitrobenzene 13 served as starting material. In the first step, chloride was substituted by 

isopentylamine in a SNAr reaction. To selectively reduce one nitro moiety and obtain the o-

phenylene diamine derivative 15, a basic sodium sulfide solution was used.61 The resulting o-

phenylene diamine 15 was then coupled with 2-(4-ethoxyphenyl)acetic acid to obtain amide 16, 

which was subsequently cyclized into nitro benzimidazole 17. To change the electronic 

properties, the nitro substituent was reduced by tin(II) to afford amine 18. In the last step, amine 

18 was then coupled with benzoic acid to afford amide 19. 

 

 

Scheme 4.3. Synthesis of benzimidazoles with electron withdrawing / donating substituents at position 5: vii) 

isopentylamine, NEt3, EtOH, rt.; viii) Na2S · H2O, NaHCO3, MeOH/H2O, reflux; ix) 2-(4-ethoxyphenyl)acetic 

acid, HBTU, NEt3, DMF, rt.; x) AcOH, reflux; xi) SnCl2 · 2 H2O, EtOH, reflux; xii) benzoic acid, HBTU, NEt3, 

DMF, rt. 

 

5.2  Pharmacological Evaluation and SARs 

 

All target compounds were tested for receptor affinity to hCB1R and hCB2R in radioligand 

binding studies (CHO cells stably expressing hCB1R; HEK cells stably expressing hCB2R). For 

inhibitory activity, target compounds were tested at AChE (hAChE and eeAChE, EC. 3.1.1.7 

from human erythrocytes and electric eel, respectively) and at BChE (hBChE, EC. 3.1.1.8 from 

human serum). In vitro results for selected compounds can be found in table 4.1; for detailed 

in vitro results cf. appendix III. 

Table 4.1. Results of the biological evaluation of the inhibitory effect on hAChE / hBChE and radioligand 

binding studies at hCB1R / hCB2R for selected compounds59 (for complete overview on in vitro data cf. 

appendix III). 
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Compound hBChE 

IC50 

(pIC50 ± SD) 

or 

% Inhibition 

hAChE 

IC50 

(pIC50 ± SD) 

or 

% Inhibition 

hCB2R 

Ki 

(pIC50 ± SD) 

or 

[3H]CP55,950 

displ. at 10 µM 

hCB1R 

Ki 

(pIC50 ± SD) 

or 

[3H]CP55,950 

displ. at 10 µM 

 

 

1.6 M 

(5.8 ± 0.1) 

 

11% 

at 10 µM 

 

763.6 nM 

(6.1 ± 0.1) 

 

37% 

 

 

1.2 M 

(5.9 ± 0.1) 

 

5% 

at 10 M 

 

 

14.4 M 

(4.8 ± 0.2) 

 

 

18% 

 

 

12 % 

at 50 M 

 

14% 

at 50 M 

 

(tested at 

eeAChE) 

 

961.8 nM 

(6.0 ± 0.2) 

 

41% 

 

 

39 % 

at 100 M 

 

15% 

at 100 M 

 

(tested at 

eeAChE) 

 

21.0 M 

(4.7 ± 0.1) 

 

 

27% 

 

 

25 % 

at 10 M  

 

2% 

at 10 M 

 

(tested at 

eeAChE) 

 

4.3 M 

(5.4 ± 0.4) 

 

 

36% 

 

 

2.7 M 

(5.6 ± 0.1) 

 

60.1 M 

(4.2 ± 0.2) 

 

4.8 M 

(5.3 ± 0.2) 

 

2% 

 

 

8.2 M 

(5.1 ± 0.1) 

 

 

20.0 M 

(4.7 ± 0.1) 

 

 

1.0 M 

(5.9 ± 0.1) 

 

 

4% 

Based on the considerations for structural alterations discussed in chapter 4.1, 13 novel 

compounds were synthesized, tested and SARs investigated (results for selected compounds 

can be found in table 4.1; for detailed in vitro results cf. appendix III). All test compounds show 

20 

21 

17 

18 

19 

12b 

12c 
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selectivity over hCB1R and hAChE, if not otherwise stated. The exchange of the diethylamide 

function by an electron-donating (-NH2, 18) or an electron-withdrawing substituent (-NO2, 17), 

as well as the “combination” of structural motives from 1st generation lead compounds led to a 

strongly decreased activity/affinity. The variation of the chain length of the basic alkylene at 

the N1 (compounds 12b and 12c, see table 4.1), which was developed to positively interact with 

the oxyanion hole of the hBChE and therefore increase the inhibitory activity, slightly increased 

inhibitory activity at the hBChE, but led to a loss of selectivity towards hAChE. The most 

promising results were obtained by the introduction of different amides: while aromatic and/or 

sterically demanding substituents (e.g. 21) decreased activity/affinity, straight or branched alkyl 

chains (e.g. 20) afforded well-balanced activities/affinities in the (sub-)micromolar range. 

Interestingly, the orientation of the amide seems to strongly influence activity/affinity for both 

targets. The “initial” amide scaffold with the carbonyl part attached to the benzimidazole core 

is well tolerated (see 21, table 4.1), while the “inverted” amide with the amine part attached to 

the benzimidazole core lost inhibitory activity (see 19, table 4.1). It is further remarkable that 

the use of the hBChE (instead of the eqBChE) led to dramatically different results. All 1st 

generation lead compounds (figure 4.1), which showed at least one-digit micromolar inhibition 

at eqBChE, completely lost inhibitory activity towards hBChE, while results for hAChE and 

eeAChE stayed nearly in the same range. An earlier sequence alignment has shown that for 

AChE, the active center is highly conserved. Based on these very different results, this might 

not be the case for BChE. 

For a better overview on the results, pIC50 values for BChE were plotted against pKi values for 

hCB2R affinity (figure 4.2). Promising compounds with a pIC50 / pKi of at least 5 (= 10 µM) 

are located in the top right quadrant. As 2nd generation lead compound, isopentylamide 20 was 

chosen because of its balanced activity/affinity profile. 
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Figure 4.2. Plot of pIC50 values for BChE inhibition against pKi values for hCB2R affinity of all compounds 

synthesized.59 Results for 2nd generation lead compound 20 is highlighted. Compounds with no significant affinity 

for one of the targets are placed on the two black lines. The two blue lines represent the borders for minimum 

activity/affinity. 

 

Since AstraZeneca’s hCB2R agonist 1 was derived from a drug development program, it was 

assumed that all similar compounds do also behave as agonists.52 To prove this assumption, M. 

Nabissi and Co-Workers (University of Camerino) investigated intrinsic activity in a cAMP 

assay and a downstream gene expression experiment. The hCB2R is Gi/o coupled and therefore 

negatively regulates adenylate cyclase. An agonist reverts forskolin-stimulated cAMP 

production, while an antagonist/inverse agonist enhances the production. In fact, all test 

compounds showed agonistic behavior in the cAMP assay. In addition, intracellular cAMP 

concentration regulates the expression of several genes, which are regulated by the transcription 

factor cAMP-response element binding (CREB) protein to upstream cAMP response elements 

(CREs). One of the regulated genes is the macrophage migration factor (MIF), which is locates 

in proximity to a CRE. The same applies to the signal transducer and activator of transcription 

(STAT-3), which is also under CRE promoter control.62-66 In fact, gene expression correlates 

with the results obtained by the cAMP assay and further proofs agonist behavior of all 

compounds tested (figure 4.3; for complete overview cf. appendix III).59 
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Figure 4.3. Selected test compounds reduce MIF and STAT-3 gene expression.59 U266 cells were treated with test 

compounds (50 µM), Forskolin (10 µM) or AM630 (25 µM) for 2 hours. In combination experiment (AM630 plus 

test compounds), U266 cells were pre-incubated with AM630 for 30 minutes before adding test compounds. MIF 

and STAT-3 mRNA levels were determined by qRT-PCR. GAPDH was used for normalization. Data are expressed 

as relative fold with respect to vehicle treated cells used as the control. Data are expressed as mean ± SD. *p<0.01 

vs untreated; # vs AM630. 

 

When using “privileged structures” (small chemical entities that provide affinities to various 

targets due to their size, polarity and/or rigidity and do therefore appear in many drugs) such as 

benzimidazoles, it is important to check for unwanted side-interactions with other targets and 

to avoid them in future compound design efforts (“designing out”). In this case, Etonitazene67, 

a µ-opioid receptor (MOP) agonist developed in the 1960s, showed a high degree of structural 

similarities: a benzimidazole as core structure, an electron-withdrawing substituent at position 

5 (red), a p-ethoxy benzyl moiety at position 2 (green) and a basic alkyl chain attached to the 

N1 (blue) (figure 4.4). Radioligand binding studies performed by J. Möller at the MOP receptor 

(HEK cells transient transfected with the hMOP receptor) confirmed our assumptions.59 

Compound 4, a first generation lead structure with the highest structural similarities, showed 

affinity in the nanomolar range. For compounds 1 and 2, which lack structural similarities, 

affinity is decreased (figure 4.4). 
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Etonitazene 

 

 
4 

 

 
 

1 

 

 

 
 

2 

Ki(hMOP) Ki(hMOP) 

(pKi ± SD) 

 

Ki(hMOP) 

(pKi ± SD) 

Ki(hMOP) 

(pKi ± SD) 

 

0.2 nM 

 

556.0 nM 

(6.3 ± 0.1) 

 

 

6.7 µM 

(5.2 ± 0.1) 

 

53.6 µM 

(4.3 ± 0.0) 

 

Figure 4.4. Structural similarities between Etonitazene67 and lead compounds 1, 2 and 4: an electron-withdrawing 

substituent at position 5 (red), a basic alkyl chain at the N1 (blue) and a p-ethoxy benzyl moiety at position 2 of the 

benzimidazole core (green). 

 

 

5.3  Computational Studies 
 

After elucidating the role of the diethylamide moiety of AstraZeneca’s ligand 1 and 1st 

generation lead compound 2 as pharmacophore for hCB2R, the newly developed 2nd generation 

lead compound 20 with a modified amide was investigated. 

Binding mode at hCB2R was investigated by A. Strasser and H.-J. Wittmann (University of 

Regensburg) in several MD simulations.59 In contrast to the previous project, a homology model 

for hCB2R based on a recently published68 hCB1R crystal structure in complex with the agonist 

AM11542 was used, because of a higher degree of homology (for further information on the 

construction of the active-state model of hCB2R cf. appendix III). 

The orthosteric binding pocket of the hCB2R is mainly formed by aromatic amino acids, which 

results in a preferred binding of the ligands p-ethoxy benzyl moiety to this region. MD 

simulations also revealed an extended water network between the orthosteric binding site and 

the Asp2.50 of the allosteric binding site. By this means, it may be possible that a ligand, which 

binds to the orthosteric binding site, may transfer signals for receptor downstream-activation 

not only by the highly conserved amino acids but also via the discovered water network (figure 

4.5). 
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Figure 4.5. Orthosteric binding pocket of the hCB2R in complex with compound 20 as well as the internal water 

network between the orthosteric (Val3.32) and the allosteric (Asp2.50) binding site, as obtained by the MD 

simulations.59 

 

 

5.4  In vivo Studies 
 

Ultimately, AstraZeneca’s hCB2R ligand 1, 1st generation lead compound 2 (improved BChE 

inhibition) and 2nd generation lead compound 20 (well-balanced activity/affinity profile) were 

tested for their neuroprotective and pro-cognitive effects in an AD in vivo model by A. 

Chatonnet and T. Maurice (University of Montpellier).59 This study is one of the very few 

examples described in the literature, where addressing BChE led to improved cognition and 

memory. In a recent in vivo study, BChE knockout-mice showed enhanced learning abilities in 

memory tests compared to the wildtypes.40 In another study, Kosak et al.41 applied selective 

BChE inhibitors to mice. Here, cognitive deficits in healthy mice were scopolamine-induced.  

Upon administration of BChE inhibitors, animals subsequently showed improved memory and 

learning abilities in several in vivo tests.    

Neuroinflammation and cognitive deficits were induced by injection (i.c.v.) of oligomerized 

Aβ25-35 into the mouse brains (male swiss mice, 6 weeks old). The test compounds were 

administered (i.p.) to the test group in three different doses (0.3 mg/kg, 1.0 mg/kg and 

3.0 mg/kg) between day 1 and 7. On day 8, spontaneous alternation performances (addressing 
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short-term memory) were tested in a Y-maze. On days 9 and 10, step-through passive avoidance 

(addressing long-term memory) was tested (for detailed experimental procedures cf. appendix 

III).  

 

Figure 4.5. Effect of test compounds 1, 2 and 20 on Aβ25-35-induced spontaneous alternation deficits in mice.59 

Animals received Aβ25-35 or Sc.Aβ peptide (9 nmol i.c.v.) on day 1 and the test compounds (0.3 mg/kg i.p.) or 

vehicle solution (V, DMSO 20% in saline or DMSO 20%, Tween-80 2% in saline) o.d. between days 1 to 7. 

Alternation performance was tested on day 8. Data shown mean ± SEM. ANOVA: F(4,54) = 6.55, p < 0.001, n = 9-

14 per group in (a); F(4,54) = 5.43, p < 0.001, n = 8-14 per group in (b); F(4,57) = 4.05, p < 0.01, n = 9-14 per group 

in (c); F(4,54) = 2.72, p < 0.05 in (d); F(4,54) = 4.70, p < 0.01 in (e); F(4,57) = 0.59, p > 0.05 in (f). * p < 0.05, ** p < 

0.01, *** p < 0.001 vs. (Sc.Aβ+V)-treated group; ## p < 0.01, ### p < 0.001 vs. (Aβ25-35+V)-treated group; 

Dunnett’s test. 

 

Regarding short-term memory, compound 1 only attenuated spontaneous alternation deficits at 

the highest dose tested (figure 4.5a,d). Compounds 2 and 20 (both with improved inhibition of 

BChE) significantly prevented deficits already at a dosage of 1 mg/kg (figure 4.5b,e and figure 

4.5c,f).  

In terms of long-term memory, compound 1 failed to show any beneficial effect (figure 4.6a,d). 

Both dual-acting compounds with an improved BChE inhibition showed a significant 

prevention. For compound 2 prevention could be achieved at the highest dose tested (figure 

4.6b,e) and for compound 20, a significant improvement was already achieved at a dosage of 

1 mg/kg (figure 4.6c,f).  

Compound 1 (mg/kg IP) Compound 2 (mg/kg IP) Compound 20 (mg/kg IP) 
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Figure 4.6. Effect of test compounds 1, 2 and 20 on Aβ25-35-induced passive avoidance deficits in mice.59 Animals 

received Aβ25-35 or Sc.Aβ peptide (9 nmol i.c.v.) on day 1 and the test compounds (0.3 mg/kg i.p.) or vehicle 

solution (V, DMSO 20% in saline or DMSO 20%, Tween-80 2% in saline) o.d. between says 1 to 7. Training was 

performed on day 9 and retention measured on day 10. Data show median and interquartile range. Kruskal-Wallis 

ANOVA: H = 19.0, p < 0.001, n = 9-14 per group in (a); H = 15.0, p < 0.01, n = 8-14 per group in (b); H = 21.1, 

p < 0.001, n = 11-14 in (c); H = 6.89, p > 0.05 in (d); H = 6.34, p > 0.05 in (e) ; H = 19.7, p < 0.001 in (f). * p < 

0.05, ** p < 0.01, *** p < 0.001 vs. (Sc.Aβ+V)-treated group; # p < 0.05, ## p < 0.01 vs. (Aβ25-35+V)-treated 

group; Dunn’s test. 

 

 

5.5  Conclusions 
 

An extended compound library based on 2-methylene benzimidazoles and 2-

aminobenzimidazoles was synthesized and SARs were investigated. Compounds could be 

further improved by applying literature-known design approaches: “designing in”, “designing 

out” and “balancing”. All compounds show both a well-balanced activity/affinity profile at 

hBChE/hCB2R and selectivity over hCB1R and hAChE. Intrinsic activity was investigated by 

applying a cAMP assay and a gene expression experiment proved that all compounds tested act 

as agonists. By exchanging certain structural elements, unwanted off-target interactions with 

the MOP receptor could be designed out. A homology model for the hCB2R (based on a recent 

hCB1R crystal structure) elucidated ligand binding to the orthosteric binding site, which is 

linked over a water-network to an “allosteric” binding site. In vivo studies in mice showed 

Compound 1 (mg/kg IP) Compound 2 (mg/kg IP) Compound 20 (mg/kg IP) 
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improved memory and cognition after selected compounds (dual-active and well-balanced) 

were administered at a dosage of 1 mg/kg to 3 mg/kg.  
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6. The First Photochromic Affinity Switch for the Human 

Cannabinoid Receptor 269 
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6.1  Introduction 

 

As discussed in chapter 1, hCB2R agonists are capable of reducing both the number of activated 

glia cells surrounding Aβ plaques and the amount of pro-inflammatory cytokines. What is still 

unknown is the time-frame, how these effects are mediated and in which sequence 

pathophysiologic activation takes place.70 To further investigate these processes, it is beneficial 

to use tool compounds. A widely used approach is photopharmacology (figure 5.1), which 

makes use of a hybrid consisting of a biologically active compound and a photochromic (often 

referred to as “photoswitchable”) moiety. Thus, it is possible to fast and reversibly change the 

chemical structure (e.g. geometry, polarity, electronic properties) by light. Ideally, these hybrids 

then exhibit a different binding to the target and certain biological functions can be controlled.71  

 

 

Figure 5.1. Principal of photopharmacology.71 

 

In the literature, the most common photochromic moieties are azobenzenes, which consist of 

two benzene rings connected by an azo function (figure 5.2). Azobenzenes exist in two 

stereoisomers: the stable trans-isomer and the less stable / unstable cis-isomer. Upon irradiation 

with UV light, isomerization from trans to cis takes place resulting in a change in geometry and 

dipole moment / polarity (Δµtrans = 0 vs. Δµcis = 3). Depending on the overall chemical structure, 

azobenzenes are thermally stable and remain in the cis-form for several hours if kept in 

darkness. Upon exposing to daylight, azobenzenes re-isomerize to the stable trans-form. This 

switching process can typically be repeated over multiple cycles.72 

What makes azobenzenes more suitable compared to other photochromic moieties with similar 

properties (e.g. diarylethenes) is their size. Azobenzenes can easily be introduced into 
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biologically active compounds / drugs without dramatically altering the overall structure and 

losing affinity. A common principle to introduce azobenzenes into already existing compounds 

was proposed by Trauner and colleagues: azologization.73 This rational approach is based on 

the principle of bioisosters. Similar structural motives (e.g. styrenes, ethers, amides etc.) are 

simply replaced by azobenzene (figure 5.2). Another approach is the so-called “azo-

extension”.73 By carefully analyzing SARs, suitable position, where an azobenzene might be 

tolerated at the target, can be investigated (figure 5.2). 

 

 

Figure 5.2. Center: isomerization of trans-azobenzene to cis-azobenzene upon UV light / daylight; left: 

azologization approach; right: azo-extension approach (as exemplified by Feringa’s quinolone based on 

ciprofloxacin).71,73 

 

Photopharmacology has been successfully applied at several targets including enzymes, GPCRs 

and ion channels (for review see reference 72). Ideally, activation upon irradiation is desired: 

photochromic compounds exhibit no (or at least a weaker) biological effect in their (stable) 

ground state, but upon isomerization, biological activity is then increased. The following project 

presents the first GPCR ligand that exhibits increased affinity towards hCB2R upon 

irradiation.69 So far, only ligands that are active in their ground state and can be deactivated 

upon irradiation were known to literature.73,74  
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6.2  Design and Development 

 

Based on the insights gained by SARs on benzimidazoles as hCB2R agonists / BChE inhibitors 

(cf. chapter 4 and 5), a suitable position, which may tolerate an introduction of an azobenzene 

scaffold was investigated. As described by Trauner and colleagues, it is possible to replace 

several chemical scaffolds by azobenzenes.73 By this means, the diethylamide moiety at 

position 5 of the benzimidazole core was replaced (figure 5.3). 

 

Figure 5.3. Azo-extension of the diethylamide moiety to obtain 5-substituted benzimidazole azobenzenes. 

 

As synthetic approach, a similar synthesis as described in chapter 4.1 was applied. 1-Chloro-

2,4-dinitrobenzene 1 was used as starting material. After several reaction steps, 5-

aminobenzimidazole 2 was obtained and used as a common intermediate.  To couple amine 2 

in a Mills reaction76 with the respective nitroso compound 4a-i, it was necessary to partially 

oxidize the respective anilines (3a-i) by oxone.77 By this means, 9 (un-)substituted 

benzimidazole azobenzenes (5a-i) were obtained (for detailed experimental procedures cf. 

appendix IV). 

 

Scheme 5.1. Synthesis of 5-azobenzene benzimidazoles. Conditions: i) oxone, CH2Cl2/H2O, rt.; ii) AcOH, rt. 
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All compounds synthesized could be isomerized quantitatively from the initial trans-form to 

the cis-form by UV light (λ = 366 nm) showing the typical behavior of azobenzenes with π-π* 

and n-π* transitions at absorption maxima of around 325 nm and 430 nm, respectively. 

Repeated isomerization to cis and re-isomerization to trans (using daylight) for several cycles 

was possible. If kept in darkness at room temperature, all compounds remain stable in the cis-

state for several hours (figure 5.4). 

 

 

Figure 5.4. Photophysical properties of 5-azobenzene benzimidazoles as represented by compound 5c.69 a) UV-

spectrum of 5c (trans: solid line, cis: dotted line); b) switching cycles of 5c; c) thermal stability of 5c-cis at room 

temperature over a period of >3h. 

 

 

6.3  Pharmacological Evaluation 

 

All target compounds were tested for receptor affinity to hCB1R and hCB2R in radioligand 

binding studies (CHO cells stably expressing hCB1R; HEK cells stably expressing hCB2R; 

results for hCB2R affinity for all compounds presented as pIC50 values can be found in figure 

5.5; for detailed in vitro results cf. appendix IV). 



 A Photochromic Affinity Switch for hCB2R 

 
 

 

39 

For photoswitchable compounds that serve as tool compounds for receptor investigations, the 

aim was not just to obtain a high affinity towards hCB2R for both isomers, but to induce a 

change of affinity upon irradiation.  

In fact, all compounds tested showed high affinity towards hCB2R within the two- and three-

digit nanomolar range (pIC50 values from 6.4 to 7.8; figure 5.5) and selectivity over hCB1R. 

Upon irradiation, all compounds showed an increased affinity, which is a novelty for GPCR 

ligands. In the literature, only compounds, which are deactivated upon irradiation were 

reported. While an o- or p-substitution show almost no difference upon irradiation, the biggest 

difference between trans and cis was obtained by a m-substitution. An m-CH3 substituent (5c) 

showed the best results with an approx. 8-fold difference upon irradiation.        
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Figure 5.5. Results (presented as pIC50 values) obtained from radioligand binding studies at hCB2R. 

 

 

6.4  Computational Studies 

 

Binding mode at hCB2R was investigated by A. Strasser and H.-J. Wittmann by docking the 

unsubstituted 5-azobenzene benzimidazole (5a-trans and 5a-cis) into the homology model of 
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hCB2R. The homology model for hCB2R was based on a recently published hCB1R crystal 

structure in complex with the agonist AM1154268 (for further information on the construction 

of the active-state model of hCB2R cf. appendix IV). 

The compounds were docked into the orthosteric binding site. For 5a-trans the azobenzene 

moiety is located in an aromatic side pocket formed by Phe3.36, Trp5.43 and Trp6.48. For 5a-cis 

the azobenzene moiety is embedded in an aromatic side pocket formed by Phe183, Tyr5.39 and 

Trp5.43 (figure 5.6).  

 

 

Figure 5.6. Overlay of the binding mode of 5a-trans (green) and 5a-cis (purple) in binding pocket of the hCB2R 

obtained by docking studies.69 

 

To explain affinity differences for different substituent patterns, a closer look at the binding of 

the azobenzene ring had to be taken (figure 5.7). For m-substitution a steric clash of the trans 

isomer with Thr3.37 is observed. In case of the cis isomer, the m-substituent fits well into a small 

cavity. This results in a higher affinity of the m-substituted cis isomer. Regarding o-substitution, 

no difference for trans- and cis-isomer was found. This results from a small gap in the binding 

site, where the o-substituent is able to bind. For p-substitution no vacant gap was observed 

resulting in a decreased binding affinity for both isomers.  
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Figure 5.7. 5a-trans (left) and 5a-cis (right) docked into the binding pocket of the hCB2R. Shown in the presence 

(green arrow) or absence (red arrow) of additional gaps for small substituents at the azobenzene moiety in o-, m- 

and p-position.69 
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7. Summary and Outlook 

 

While life expectancy increases worldwide, treatment of neurodegenerative diseases such as 

AD becomes a major task for industrial and academic research. Currently, a treatment of AD is 

only symptomatical and limited to an early stage of the disease by inhibiting AChE. A cure for 

AD might even seem far away. A rethinking of other possible targets is therefore necessary. 

Addressing targets that can influence AD even at later stages might be the key. Even if it is not 

possible to find a cure for AD, it is of great value for AD patients by providing an effective 

medication. The suffering of patients and their families might be relieved and remaining years 

may be spent with less symptoms and restrictions.  

It was shown that a combination of hCB2R agonist and BChE inhibitor might exactly be a 

promising approach to combat AD. In the previous chapters, a first investigation of dual-acting 

compounds that address both hCB2R and BChE was illustrated (figure 6.1).  

 

 

Figure 6.1. Development of dual-acting hCB2R agonists / BChE inhibitors and their improved in vivo profile (as 

exemplified by the results from passive avoidance tests59). 
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A set of over 30 compounds was obtained by applying SARs from BChE inhibitors to a hCB2R 

selective agonist developed by AstraZeneca. In a first in vitro evaluation compounds showed 

selectivity over hCB1R and AChE. Further investigations could also prove agonism and showed 

that unwanted off-target affinity to hMOP receptor could be designed out. The development of 

a homology model for hCB2R (based on a novel hCB1R crystal) could further elucidate the 

mode of action of the ligand binding. Lastly, first in vivo studies showed a beneficial effect of 

selected dual-acting compounds regarding memory and cognition.  

Since these first in vivo studies mainly aim for an inhibition of the BChE, it should be the aim 

of upcoming projects to proof the relevance of hCB2R agonism in vivo as well. In addition, 

pharmacokinetic as well as solubility studies may help to complete the overall picture.  

Currently, hybrid-based dual-acting hCB2R agonists and selective BChE inhibitors are under 

investigation in our lab. First in vitro evaluations showed improved BChE inhibition and 

selectivity over AChE compared to tacrine.78 Future in vitro and in vivo studies will clarify their 

usage as drug molecules with regard to hepatotoxicity and blood-brain barrier penetration. 

 

Since the role of hCB2R is not yet completely elucidated, the use of photochromic tool-

compounds becomes an area of interest. These tool-compounds (and their biological effect) can 

be triggered upon irradiation with light and thus help to investigate time scales and ligand 

binding.  

A set of 5-azobenzene benzimidazoles was developed and synthesized. In radioligand binding 

studies, affinity towards hCB2R could be increased upon irradiation with UV-light (figure 6.2). 

This makes the investigated compounds the first GPCR ligands that can be activated upon 

irradiation (not vice versa).  

 

Figure 6.2. Chemical structure of the developed 5-azobenzene benzimidazoles. Affinity towards hCB2R is 

increased upon irradiation with UV light. 

 



 Summary and Outlook 

 

 

44 

The aim of upcoming research will be the triggering of a certain intrinsic activity by an 

“efficacy-switch”. For this purpose, several attempts are currently under investigation: an 

introduction of an azobenzene moiety at the 2-position of the benzimidazole core already led to 

a slight difference in efficacy upon irradiation with UV light. Another approach going on in our 

lab is the development of hCB1R switches based on the selective hCB1R inverse agonist 

rimonabant. First in vitro results are not yet available (figure 6.3).  

 

Figure 6.3. Chemical scaffolds for “efficacy switches” at the two CBR subtypes.  
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8. Zusammenfassung und Ausblick 

 

Durch die weltweit steigende Lebenserwartung rückt die Behandlung von neurodegenerativen 

Krankheiten, wie der Alzheimer’schen Krankheit, immer mehr in den Fokus der industriellen 

und akademischen Forschung. Momentan erfolgt die Behandlung der Alzheimer’schen 

Krankheit durch die Blockade der AChE nur symptomatisch und in einem Frühstadium. Eine 

Heilung scheint dabei in weiter Ferne zu liegen, weshalb ein Umdenken nach neuen Ansätzen 

stattfinden sollte. Der Schlüssel könnte darin liegen, dass man biologischen Funktionen 

adressiert, die den Verlauf der Alzheimer’schen Krankheit auch in einem späteren Stadium 

beeinflussen. Selbst wenn eine Heilung in absehbarer Zeit unmöglich bleibt, ist es für die 

betroffenen Patienten eine erhebliche Erleichterung auf eine effektive Medikation 

zurückgreifen zu können. Das Leid der Patienten und ihrer Familien könnte dadurch gelindert 

und die verbleibenden Lebensjahre ohne Symptome und Einschränkungen genossen werden. 

In den vorangegangenen Kapiteln wurde bereits gezeigt, dass die Kombination aus einem 

hCB2R Agonisten und einem BChE Hemmer genau diesen vielversprechenden Ansatz verfolgt. 

Ein erster Entwicklungsansatz von dual-aktiven hCB2R Agonisten / BChE Hemmern wurde in 

den Kapiteln 3 und 4 ausführlich dargestellt (Abb. 7.1).  

 

Abb. 7.1. Entwicklung von dual-aktiven hCB2R Agonisten / BChE Hemmern und ihr daraus resultierendes 

verbessertes in vivo Profil (beispielhaft dargestellt durch die Ergebnisse des passive avoidance tests59). 
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Ein Set von 30 verschiedenen Verbindungen wurde synthetisiert, indem die Erkenntnisse der 

Struktur-Wirkungsbeziehungen von anderen BChE Hemmern auf einen von AstraZeneca 

entwickelten selektiven hCB2R Agonisten angewendet wurden. Erste in vitro Untersuchungen 

zeigten eine hohe Selektivität gegenüber hCB1R und AChE auf. Desweiteren verhielten sich 

alle getesteten Substanzen wie Agonisten. Nachdem ausgewählte Substanzen auf ihre „off-

target“ Wechselwirkung mit dem hMOP Rezeptor untersucht wurden, konnten diese 

strukturellen  Merkmale in nachfolgenden Entwicklungsbemühungen berücksichtigt werden. 

Die Entwicklung eines hCB2R Homologiemodells (basierend auf einer erst kürzlich 

veröffentlichten hCB1R Kristallstruktur) lieferte wertvolle Informationen zum Bindemodus und 

der Wirkweise der Liganden am Rezeptor. Schlussendlich konnte in einer ersten in vivo Studie 

bewiesen werden, dass ausgewählte dual-aktive Substanzen eine positive Auswirkung auf das 

Gedächtnis und die kognitiven Eigenschaften haben. 

Da diese in vivo Untersuchungen hauptsächlich die Hemmung der BChE berücksichtigen, wäre 

es sinnvoll, in zukünftigen Studien den Einfluss der hCB2R Agonisten zu untersuchen. 

Pharmakokinetik- und Löslichkeitsstudien könnten zudem helfen, das Gesamtbild zu 

komplettieren.  

Im Moment befinden sich auch dual-aktive hCB2R Agonisten / BChE Hemmer in der 

Entwicklung, die den Hybrid-Ansatz verfolgen. Erste in vitro Untersuchungen dazu ergaben 

vielversprechende Ergebnisse mit einer guten Selektivität gegenüber AChE und einer erhöhten 

Hemmung der BChE verglichen mit Tacrin.78 Es wird Gegenstand zukünftiger in vitro und in 

vivo Untersuchungen sein, herauszufinden, ob sich diese Hybride mit Hinblick auf 

Hepatotoxizität und Blut-Hirnschrankengängigkeit als Wirkstoffe eignen. 

 

Da die Rolle des hCB2R noch nicht komplett erforscht ist, erfreut sich die Entwicklung von 

sog. „tool-compounds“ großen wissenschaftlichen Interesses. Durch die Bestrahlung mit Licht 

können diese „tool-compounds“ (und ihr nachgeschalteter biologischer Effekt) gesteuert 

werden. Eine genauere Untersuchung von Zeitskalen und Ligandbindung an den Rezeptor wird 

dadurch ermöglicht. 

Ein Set von 5-Azobenzolbenzimidazolen wurde zu diesem Zwecke entwickelt und synthetisiert. 

In Radioligandbindungsstudien konnte gezeigt werden, dass sich die Affinität gegenüber dem 

hCB2R durch die Bestrahlung mit UV-Licht erhöhen lässt (Abb. 7.2). Diese Eigenschaft macht 
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die entwickelten Substanzen zu den ersten GPCR-Liganden, die durch Licht aktiviert werden 

können (nicht umgekehrt wie bei den bisher beschriebenen photochromen GPCR-Liganden). 

 

Abb. 7.2.Chemische Struktur der entwickelten 5-Azobenzol Benzimidazole. Die Affinität gegenüber dem hCB2R 

kann durch Bestrahlung mit UV-Licht erhöht werden. 

 

Ziel zukünftiger Forschungsbemühungen wird die Steuerung einer bestimmten intrinsischen 

Aktivität / Effekts durch die Bestrahlung mit Licht sein. Zu diesem Zwecke werden aktuell 

mehrere Herangehensweisen untersucht: die Einführung eines Azobenzol-Strukturelements an 

Position 2 des Benzimidazol-Grundgerüsts zeigte in ersten in vitro Untersuchungen bereits 

Unterschiede bei Bestrahlung mit UV-Licht. Eine weitere Herangehensweise ist die 

Entwicklung von „Photo-Schaltern“ auf Basis von Rimonabant, einem selektiven hCB1R 

inversen Agonisten. Hier stehen erste in vitro Ergebnisse jedoch noch aus (Abb. 7.3). 

 

 

Abb. 7.3. Chemische Strukturen, die als “Efficacy-Schalter” an zwei verschiedenen Rezeptoren dienen.  
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10. Abbreviations 

 

Aβ  - amyloid β 

Abs.  - absorbance 

ACh  - acetylcholine 

AChE  - acetylcholinesterase 

AcOH  - acetic acid 

AD  - Alzheimer’s disease 

ANOVA - analysis of variance 

APP  - amyloid precursor protein 

BChE  - butyrylcholinesterase 

Boc2O  - di-tert-butyl dicarbonate 

cAMP  - cyclic adenosine monophosphate 

CHO  - Chinese hamster ovary 

CNS  - central nervous system 

Cpd.  - compound 

CRE  - cAMP response element 

CREB  - cAMP response element binding protein 

DMAP  - 4-dimethylaminopyridine 

DMF  - dimethylformamide 

DMSO  - dimethylsulfoxide 

ee  - electric eel 

EDCI  - 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide 

eq  - equine 

EtOH  - ethanol 

FAAH  - fatty acid amide hydrolase 

Forsk.  - forskolin 

GAPDH - Glyceraldehyde 3-phosphate dehydrogenase 

GPCR  - G-protein coupled receptor 
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h  - human 

HBTU  - 2-(1H-benzotriazol-1-yl)-1,1,3,3-tetramethyluronium (PF6
-) 

hCB1/2R - human cannabinoid receptor subtype 1/2 

HEK  - human embryotic kidney 

i.c.v.  - intracerebroventricular 

i.p.  - intraperitoneal 

MD  - molecular dynamics 

MIF  - macrophage migration inhibitory factor 

MOP  - µ-opioid  

o.d.  - oculus dextrus 

qRT-PCR - quantitative reverse transcription polymerase chain reaction 

rt.  - room temperature 

SAR  - structure-activity relationship 

Sc.Aβ  - scrambled amyloid β 

SD.  - standard deviation 

SN2  - nucleophilic substitution  

SNAr  - nucleophilic aromatic substitution 

STAT  - signal transducer and activator of transcription 

THF  - tetrahydrofuran 

V / VEI - vehicle 
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5
Dual-Acting Compounds Acting
as Receptor Ligands and
Enzyme Inhibitors

Dominik Dolles, Michael Decker
JULIUS MAXIMILIAN UNIVERSITY OF WÜRZBURG, WÜRZBURG, GERMANY

5.1 Introduction
Everyone knows the Swiss Army knife. It’s not only a simple knife, but also a helpful tool.
It can additionally be equipped with screwdrivers, saws, etc., and thereby adjusted to the
user’s needs. This makes it an excellent example of multifunctionality. A drug with the same
multifunctional profile, that can specifically address different targets, would also be a powerful
tool against various diseases, especially multifactorial ones.

In the literature, there are two main types of multifunctional compounds:1�3 hybrids and
merged ligands (often referred to as “chimeric” or “fused”). Hybrid molecules combine two
active compounds with a linker (i.e., chemically only marginally altered). Merged ligands
combine pharmacophores into one (small) molecule. Pharmacophores are structural chemical
features of a biologically active molecule that are responsible for addressing a certain biological
target (Fig. 5-1).

Both types have their own specific advantages and disadvantages. An obvious benefit of
hybrid molecules is their simplicity. A molecule that already shows activity at a target is
very likely to show this same activity when it’s combined with another entity over a linker.
The disadvantages of such hybrids connected over a molecular spacer are the high, which
therefore makes these molecules often not stick to Lipinski’s rule of five. Merged ligands
overcome this problem by using only the relevant pharmacophores. Unnecessary parts are
omitted. However, their disadvantage is the difficulty of fusing pharmacophores into one
ligand, while not losing activity at one of the two targets. There’s only a small scope where
the activity at both targets is balanced and maintained (as discussed below).

A good example of a hybrid molecule is the CB1R inverse agonist and acetylcholinesterase
(AChE) inhibitor 3 (Fig. 5-2A), which both contain the 1,2-diarylimidazole-based CB1R
inverse agonist 1 and tacrine 2 largely unaltered. Both entities show activity on their own
and are still active when they are linked over a butylene spacer.4
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FIGURE 5-2 Examples of multitarget drugs: (A) hybrid CB1R inverse agonist and AChE inhibitor 3 derived from
CB1R inverse agonist 1 and tacrine 24; (B) ladostigil 6, an AChE/BChE and MAO A inhibitor merged from rasagaline
4 and rivastigmine 5.5
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FIGURE 5-1 Schematic concept of a hybrid molecule and a merged ligand.
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An illustrative example of a merged molecule is ladostigil 6, a reversible AChE and
butyrylcholinesterase (BChE) and irreversible monoamine oxidase A (MAO A) inhibitor
(Fig. 5-2B). The structure derives from rasagaline 4, a MAO A/B inhibitor, and rivastigmine
5, an irreversible AChE inhibitor. Here, only the needed pharmacophores were adopted,
resulting in a (small) molecule with both modes of action. Ladostigil 6 was developed by
Avraham Pharma and is currently in clinical trials.5

Returning to our Swiss Army knife example, we can see that the development of a
multitarget drug is not simple; in fact, it bears many questions and problems. In this chapter,
the difficulties with regard to the design and development of such compounds and selected
examples from state-of-the-art literature are presented.

5.2 Challenges
Promising targets are G-protein coupled receptors (GPCRs). All GPCRs are composed
of seven transmembrane α-helices that are embedded into the cell membrane. The whole
family of GPCRs contains more than 1000 members that are involved in almost every func-
tion of an organ system. This fact makes them important therapeutic targets for central ner-
vous system (CNS) disorders, pain treatment, or cardiac dysfunction.6�8 In addition to
GPCRs, enzymes are highly attractive drug targets as well. Enzymes are essential for every
organism and catalyze biochemical reactions. Due to their obvious relevance, it seems highly
desirable to combine chemical features or the structures of a GPCR ligand and an enzyme
inhibitor. With this combination a novel drug molecule can be realized by addressing two
very distinct protein structures. In a later part of this chapter insight into the variety of com-
binations of GPCR ligands and enzyme inhibitors will be given.

The main advantage of dual-active compounds is also its main challenge: addressing
two different targets. This challenge can be depicted as a pair of scales. If the activity/affinity
is increased at one target, it’s very likely to lose it at the other target. The challenge is to
increase the activity/affinity at both targets by identifying a common chemical space for
compound optimization, but to keep it balanced. The latter means that the concentration
ranges in which the targets are addressed are in a similar range and/or in the physiologically
relevant one.

When it comes to the development of a multitarget compound there are three stages:
lead generation (“lead phase”), optimization, and biological evaluation. In most cases, lead
generation is determined by a knowledge-based approach that relies on existing data about
one or more established experimental therapeutics with a promising biological profile and/or
well-known structure-activity relationship study (SAR) on the selected target.

Later, the optimization/synthesis phase is aimed at adjusting the activity/affinity ratio
of the involved targets and at improving the pharmacological parameters. To improve the
biological properties of the lead compound and to establish a multitarget mode of action,
its structure is synthetically altered and a compound library, which is a set of derivatives,
is produced. These derivatives are then pharmacologically evaluated by suitable biological
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evaluation systems. In a laborious process, SAR studies at both targets have to be conducted.
In the literature three general possibilities are described concerning how the lead generation
can be modified and optimized (Fig. 5-3): if the lead generation provides two known
compounds, A and B, which are highly selective and active each at one target, the structural
elements of the two ligands are combined (“designing in”); if the selected lead generation
AB shows good activity/affinity at one target, but weak at the second target, the aim is to
balance both activities/affinities (“balancing”); in the third scenario the lead generation AB
has already moderate activity/affinity at the two desired targets, but also has undesirable
activity at a third target C, thus the aim is to minimize or even to disable this activity
(“designing out”).1 If there’s a compound with an improved profile either due to increased
or better balanced activity/affinity, the second-generation lead structure is obtained.
To further improve a compound’s biological properties, the above steps are repeated.

The result of these SAR studies should ideally lead to a compound with well-established
pharmacophores and well-balanced activities/affinities with an optimized selectivity profile
at the desired targets.

5.3 Approaches and Examples
Since multifactorial diseases like neurodegenerative ones can and should be effectively
addressed at diverse targets such as GPCRs and enzymes, and additionally by counteracting
oxidative stress (see Chapter 2), quite a plethora of combinations of targets for multitarget
compounds can be chosen. To yield effective compounds and choose targets that hold

balancing

A

Lead phase Optimization phase Biological evaluation

Stage of development

B

A B AB

A B

C

designing in

designing out

FIGURE 5-3 Schematic overview of the development of a multitarget compound.

140 DESIGN OF HYBRID MOLECULES FOR DRUG DEVELOPMENT



realistic potential for successful compound development, careful selection of targets, identifi-
cation of leads, and compound design are of utmost importance. In this section, several
examples from recent literature, with regard to design and development of such merged
GPCR ligands/enzyme inhibitors, are presented.

5.4 Multifunctional Ligands for the Treatment of Pain
Activating the opioid GPCRs by agonists was and still is the state-of-the-art target when
it comes to the treatment of severe pain issues. There are four main subtypes that belong
to the opioid receptor family: the μ-, κ-, δ-, and ε-receptor. The functions all of these
subtypes are still not completely known.9 For the treatment of pain, addressing of the
μ-opioid receptor (MOP) is necessary. Classical commercially available drugs such as
morphine 7, fentanyl 8, or tramadol 9, act as MOP agonists (Fig. 5-4).

On the one hand, MOP agonists are successfully used for pain treatment, but on the other
hand they also show unwanted side effects including addiction, respiratory depression,
development of tolerance, etc. There’s still continued interest in opiates, especially to reduce
their side effects as much as possible. A possible approach is the development of drugs
using multiple mechanisms of action. These compounds might show improved efficacy and
reduced side effects.

Another promising target for pain treatment is nitric oxide synthase (NOS). Several studies
showed amelioration of neuropathic pain in animal models by inhibition of NOS. In the
body, nitric oxide is produced from L-arginine and regulates neurotransmission, blood
pressure, and inflammatory responses. It is synthesized by three isoforms: neuronal
NOS (nNOS), endothelial NOS (eNOS), and inducible NOS (iNOS). Among these isoforms,
nNOS is found to play an important role in the modulation of opioid analgesia and
tolerance.10,11

In 2012, Renton et al.12 were the first to focus on the development of a dual-active
MOP agonist and nNOS inhibitor. As lead structures etonitazene 10, a MOP agonist13

(Ki5 0.2 nM), and a set of indole-based NOS inhibitors 1114 were selected. A brief look at the
designated lead structures shows the similarities and the overlap of the two pharmacophoric
structures (Fig. 5-5).

N

morphine, 7 fentanyl, 8 tramadol, 9
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FIGURE 5-4 Therapeutically applied MOP agonist morphine 7, fentanyl 8, and tramadol 9.
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A classical “designing in” approach was selected to develop and achieve the bifunctionality:
since the central aryl scaffolds (indole and benzimidazole, respectively) and the basic ter-
tiary amine side chain are present in both lead molecules, they were retained. Because of
its bidentate interaction with the glutamic acid residue at the arginine binding site of the
NOS, the amidine isostere at the 5 position of the benzimidazole of the NOS inhibitors was
also retained. According to the literature, antinociceptive activity was not limited to a nitro
moiety at this position. Based on these considerations, a set of derivatives was synthesized
in a six-step synthesis. Biological evaluation was then performed with a NOS inhibition
assay (L-NMMA as reference; i.e., a nonselective NOS inhibitor), a competitive radioligand
binding assay, to determine the binding affinity at the MOP receptor and a MOP cellular
functional cyclic adenosine monophosphate (cAMP) assay, respectively. The result of these
first efforts was a set of highly active and selective dual-action nNOS inhibitors and MOP
agonists (see Table 5-1).

Among the most potent compounds, 12 showed the best affinity combined with agonist
activity and a good selectivity of nNOS over eNOS and iNOS. It should be the aim of future
research to develop a more balanced compound (currently affinity at MOP receptor is
approximately 100-fold higher) and to investigate the effectiveness of such compounds
in vivo.

Another approach to treating neuropathic pain is to inhibit the norepinephrine reuptake
(NER). Depending on the location of action in the body, norepinephrine acts both as a
hormone and neurotransmitter. In the case of physiological alert, it can be released from
the adrenal glands to the blood to increase blood pressure. In the CNS, it is involved in
the regulation and stimulation of emotions, sleep, and alertness. NER inhibitors bind to
norepinephrine transporters (NET), which results in an inhibition of the reuptake and thus
increased postsynaptic concentration of the neurotransmitter. A consequence is the sustained
activation of the descending pain inhibitory pathway. The efficiency of NER inhibitors was
shown in several animal studies and in clinical observations.15
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FIGURE 5-5 “Designing in” approach to developing a dual-active MOP agonist and nNOS inhibitor from
etonitazene 913 and NOS inhibitors 10.14
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In 2012, Mladenova et al.16 merged a NER and a NOS inhibitor by combining the two
pharmacophores using a “designing in” strategy. As lead structure for nNOS inhibitors,
again the indole-based scaffold 11 was used. The highlighted areas are prominent in both
structures and were retained in the final compound (Fig. 5-6). Both inhibitory effects were
determined with an inhibition assay using L-NMMA as reference for nNOS inhibition and
protriptyline as reference for NET inhibition.

Here, the outcome was a dual-active inhibitor with good activity and selectivity
(IC50 (nNOS)5 0.56 μM and IC50 (NET)5 1.0 μM).16 It should be noted that in this compound
the activities are balanced, which has not been achieved except in very few cases.

Table 5-1 Inhibition of NOS Enzymes and MOP Binding/Functional Data From
Selected Compounds12

Compound
IC50 (nNOS)
[μM]

IC50 (eNOS)
[μM]

IC50 (iNOS)
[μM]

Binding
Studies Ki

(hMOP) [nM]

Functional
Assay EC50

(hMOP) [nM]

N

N
H
N

NH

NEt2

OEt

S

12

0.44 4.74 55.2 5.41 340

N

N
H
N

NH

OEt

S

N
13

1.77 4.04 not tested 170 2200

N

N
H
N

NH

OEt

S

N

14

12.8 8.00 not tested 2900 not tested
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5.5 Multifunctional Ligands for the Treatment
of CNS Diseases

With the number of elderly people in society continuing to increase, the consequences of
neurodegenerative diseases affecting the CNS are being seen. Alzheimer’s and Parkinson’s
diseases, to name only two forms of neurodegenerative disorders, are causing enormous
suffering and thousands of deaths every year. The pathophysiological reasons for these
diseases are diverse and multifactorial in nature, which makes the development of a single
effective drug extremely complex. Although there are several theories, there hasn’t been any
breakthrough yet in combating these diseases. Their complexity and diversity necessitates
the development of novel multitarget drugs that address more than one target. Detailed
descriptions of the pathophysiology and therapeutic approaches for treating these diseases
are discussed in chapters 6, 8 and 10 of this book.

With regard to merged GPCR ligands/enzyme inhibitors, in 2013 Stößel et al.17 studied
the development of a dual-active compound against Parkinson’s disease (PD). PD is
characterized by a loss of dopaminergic neurons in the substantia nigra, a region of the
midbrain. In PD, decreases in dopamine cause major symptoms such as rigidity, shaking,
and general motoric dysfunction. The causes of the disease are thought to be genetic or
environmental in nature. Current therapy involves levodopa (L-DOPA), a natural precursor
of dopamine that minimizes symptoms, but ongoing neurodegeneration cannot be stopped.
While L-DOPA minimizes some symptoms it also causes several negative side effects

Ar

NER inhibitor
pharmacophore, 15

nNOS inhibitor
pharmacophore, 11

H
N

H
N

N

N R
R

NH

H

SAr

N

H
N

N
H

Dual-active NER/nNOS inhibitor, 16

NH

S IC50 (nNOS) = 0.6 μM
IC50 (NET) = 1.0 μM

FIGURE 5-6 Dual-acting NER/nNOS inhibitor 16,16 which was developed by a “designing in” approach from the NER
inhibitor pharmacophore model 15 and the nNOS inhibitor pharmacophore 11. The highlighted areas show
similarities in both scaffolds and in the obtained dual-acting compound.
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(e.g., dyskinesia). Treatment that does not necessitate administration of L-DOPA is therefore
desirable.18 The A2A adenosine receptor (AR), a GPCR, is a promising target for drugs
against PD. The AR, which is activated by adenosine, has four subtypes: A1, A2A, A2B, and A3.
The differences between each subtype are characterized in affinity for adenosine, in recruit-
ment of G proteins, and in their signaling pathways. What makes the A2A AR interesting as a
target for the treatment of PD is its appearance in dopamine-innervated areas. It is able
to form heterodimeric A2A/D2 receptor complexes. Both receptors have opposing effects: the
inhibition of the A2A leads to increased function of the D2 receptor and thus enhances
the dopamine neurotransmission, and activation of A2A AR inhibits D2 receptor signaling and
leads to reduced affinity of dopamine and other dopamine agonists for their binding site
at the heterodimeric complex. An antagonist that blocks the A2A AR is thus promising.19

Based on these findings, some A2A antagonists have been identified and are currently in
clinical trials. These antagonists are mainly based on the structure of xanthines (16 and 17)
or adenine.17 Through screening efforts benzothiazinones 18, based on a structurally different
template, have been identified (Fig. 5-7).20

Another pharmacotherapeutic approach to combatting PD is based on inhibition of
monoamine oxidase B (MAO B). MAO B is a metabolizing enzyme and one of two isoforms
(A and B) that catalyze oxidative deamination of monoamines (e.g., dopamine, adrenaline,
etc.). Both isoforms are mainly expressed in the brain and neurons. It has been shown that
the expression of MAO B activity increases with age. A clinically applied inhibitor is selegiline
19, and safinamide 20 is in a Phase III of clinical trials; both are similar in their chemical
structure (Fig. 5-7).21,22
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FIGURE 5-7 Above: A2A AR antagonists istradefylline 16 and CSC 17 (the xanthine core is highlighted in red)17;
an antagonist based on a benzothiazinone core 18 (highlighted in blue)20; below: structurally similar MAO B
inhibitors selegiline 19 and safinamide 20.21
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On the basis of these considerations, Stößel et al.17 developed a set of benzothiazinone
derivatives on the basis of the “designing in” paradigm. As lead structures the A2A AR
antagonistic benzothiazinone 18 and the two established MAO B inhibitors selegiline 19
and safinamide 20 were used (Fig. 5-8). The benzothiazinone scaffold was synthetically
obtained in three steps starting from anthranilic acid. The scaffold was synthetically altered
at three positions: the condensed benzene ring was substituted and/or changed into
the bioisosteric thiophene; the alkyl chain at the amide moiety was extended and/or
several phenyl substituents were introduced; and the benzyl amide moiety was extended
with a piperazine amide (Fig. 5-8).

The synthesized compound library contained 30 different target molecules, which were
then biologically evaluated to establish SAR studies. To determine affinity at the different
ARs, radioligand binding studies were performed. Antagonist behavior was proven by
a functional cAMP assay and inhibitory potencies at MAO A and B were evaluated.
Furthermore, the mechanistic mode of inhibition was investigated by Lineweaver-Burk
plots based on enzyme kinetics. The results of the biological evaluation for some selected
compounds are presented in Table 5-2.

Coming back to the challenges in the development of a multitarget compound, one of
the major ones is the limited common chemical space or—in a more metaphoric view—the
behavior of a pair of scales. If you compare compounds 22 and 24, the only chemical
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FIGURE 5-8 “Designing in” strategy of a dual-active A2A AR antagonist and MAO B inhibitor 21 starting from the
lead compounds 18, 19, and 20.17
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difference is the length of the carbon chain. With regard to their biological profile, there’s a
huge difference between the two compounds: one additional CH2 breaks selectivity and
affinity.

Among the most potent compounds, 22 shows the best selectivity at both targets and
high potency as well. This work is a perfect example of a classical approach to the design
and development of multitarget compounds and goes along with the scheme described
in Fig. 5-4: one lead structure was derived from screening efforts and the other was a
commercially available drug; SAR studies were performed by synthesizing a compound
library with accordance to the “designing in” paradigm; and state-of-the-art biological
evaluations were applied to determine the most potent compound 22, which now serves as
a second-generation lead structure for further investigation and as a pharmacological tool
for in vivo studies.

Another form of dementia is Alzheimer’s disease (AD). Similar to PD, there are several
theories describing the cause of AD. The interplay of the formation of β-amyloid plaques,
hyperphosphorylation of τ-proteins, interactions of reactive oxygen species, and the irrever-
sible loss of cholinergic neurons is yet unsolved, which makes AD still incurable.23 In the last

Table 5-2 Selected Dual-Acting A2A AR Antagonist and MAO B Inhibitors17

Ki6 SEM
[nM]

A2A Selectivity IC506 SEM [nM]

Compound hA2A

hA1:
hA2A

hA2B:
hA2A

hA3:
hA2A hMAO B hMAO A

N

S

O

N
H

O

22

80.96 21.3 13 5 5 17.663.7 .105

N

S

O

N
H

O

OMe
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64.96 12.4 21 4 3 95.368.8 .105

N
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O

N
H

O

24

39.56 5.8 63 .25 .25 34.962.5 .105

N

S

O

N
H

O

S

25

82.56 29.5 4 4 12 69.766.1 .105
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few years, there have been several promising attempts at addressing different biological and
biochemical processes simultaneously.

One of the earliest and most (until now) investigated theories on AD is the cholinergic
hypothesis. Here, it is assumed that the cognitive deficits derive from a loss of the neuro-
transmitter acetylcholine (ACh) in the brain. In the human body, ACh is hydrolyzed into
choline and acetate by the two enzymes AChE and BChE.24 This observation led to the devel-
opment of AChE inhibitory drugs. Among this class of drugs tacrine 2, donepezil 26, rivastig-
mine 27, and galantamine 28 are therapeutically applied (Fig. 5-9).

Despite their clinical efficiency at improving cognitive deficits in patients suffering
from AD, their application is limited to early stages of the disease. Furthermore, tacrine
shows severe hepatotoxicity, which was the reason for its withdrawal from the market in
several countries.

Besides AChE inhibitors, the histamine H3 receptor (H3R) is postulated to be a GPCR
drug target for cognitive disorders. The H3R is part of the histamine receptor family, which
also contains the H1, H2, and H4 receptors. The H3R is responsible for the release of neuro-
transmitters such as histamine, ACh, serotonine, etc. A blockade of the H3R by an antagonist
might therefore be a promising approach to the upregulation of ACh and to the treatment of
AD.25,26 There have already been several attempts to synthesize a multitarget compound
able to address both targets (Fig. 5-10A).27

Unfortunately, both compounds 29 and 30 (Fig. 5-10A) are imperfect. Compound 29
may show hepatotoxicity due to the tacrine moiety, and compound 30 showed an unbal-
anced activity profile.28,29 The literature-known H3R antagonists 31 und 32 (Fig. 5-10B)
were obtained after SARs. The H3R ligands show a protypical pharmacophore collocation
for H3R antagonist activity: a piperidinylpropoxyphenyl pharmacophore plus an amine
moiety (highlighted in red).30,31

Combining human histamine receptor 3 antagonists and ChE inhibitors was investigated
by Darras et al. in 2014.27 A combination of the above structures was designed and achieved
based on a set of previously synthesized and structurally similar tetra- and tricyclic AChE/
BChE inhibitors (Fig. 5-10C and Fig. 5-11) on the basis of quinazolines or quinazolinones.
Again, the “designing in” strategy was adopted by incorporating the piperidinylpropoxyphe-
nyl pharmacophore for hH3 antagonism.
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FIGURE 5-9 Therapeutically applied AChE inhibitors.
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In different synthetic approaches, 10 tetracyclic and 10 tricyclic molecules with different
functionalities were obtained: different chain lengths and cycle sizes at the phenoxy side chain
and different saturated and unsaturated quinazoline or quinazolinone core moieties. All com-
pounds were then tested for their inhibition of hAChE, eeAChE, and eqBChE and for their
affinity at the hH3R (Table 5-3). Regarding receptor affinity, the most potent compounds were
tested as well at the other histamine receptors to determine selectivity for the H3R.

27

Among all investigated compounds, 44 shows the best pharmacological profile concerning
activity/affinity and balancing. To get better insight into the mode of action of these compounds,
intrinsic activity was evaluated by a steady-state GTPase activity assay and mechanistic mode of
inhibition was determined by a Lineweaver-Burk plot based on enzyme kinetics. All presented
compounds (Table 5-3) showed antagonistic behavior.

Because of their highly active profile further studies were applied to determine the
preferred binding mode. Several tri- and tetracyclic quinazolinones were docked into a
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FIGURE 5-10 : (A) Literature-known AChE inhibitors/H3R antagonists 29 and 3028,29; (B) literature-known H3R
antagonists30,31; H3R pharmacophore (piperidinylpropoxyphenyl and amine/aminal moiety) is highlighted in red;
(C) previously developed AChE/BChE inhibitors 33 and 34 by Darras et al.27
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high-resolution hAChE crystal structure in relation to results obtained by experimental SARs.
It was assumed that the “classical orientation” locating the heterocycle in the active site
would be found, but an alternative binding mode was found instead. The “inverted” binding
mode locates the basic aliphatic side chain into the active center, which points out its
necessity (Fig. 5-12).27,32

To complete the development, compound 44 was investigated in vivo by conducting
cognition experiments. In rats it was shown that 44 dose-dependently increased perfor-
mance and enhanced precognitive effects. Additionally, in another in vivo memory model,
compound 44 ameliorated amnesic effects induced by the N-Methyl-D-Aspartate (NMDA)
antagonist dizocilpine. It was the first demonstration showing that dual-active H3R antago-
nist and AChE inhibitors can improve retrieval processes and therefore are useful for the
treatment of cognitive disorders. Interestingly, a quinazolinone compound with a similar,
but only micromolar activity profile, was also able to ameliorate both scopolamine—as well
as dizocilpine—induced memory deficits.33

This work is an excellent example of how methods from different fields can be used for
the investigation of a multitarget compound.
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FIGURE 5-11 Design and development of a set of dual-active AChE inhibitors and H3R antagonists 36 and 37
starting from the lead compounds 33�35. The colored areas mark structural similarities.
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With regard to the neuroinflammatory component of AD, there’s another promising
GPCR target: the endocannabinoid system, which consists of two subtypes CB1R and CB2R.
While the CB1R is mainly expressed in the terminals of neurons and neuroglia where it
affects cognition, emotions, control of motoric functions, and memory, the CB2R is mainly
expressed in immune cells and the peripheral system, but also in microglial cells and

Table 5-3 Selected Dual-Active hH3 Antagonists and Selective AChE Inhibitors27,32

IC50 [nM] (pIC506 SEM) Ki [nM] (pKi6 SEM)

Compound hAChE eeAChE eqBChE hH3

N

N

O
ON

38

n.d.
6.9

(8.260.0)
4140

(3.460.0)
n.d.

N

N
O

O
N

4

39

n.d.
230

(6.660.2)
1820

(5.760.1)
361.4

(6.46 0.2)

N

N
ON

40

1980
(5.76 0.1)

530
(6.360.1)

1800
(5.760.1)

57.7
(7.26 0.1)

N

N
ON

4

O

41

n.d.
390

(6.460.1)
8600

(5.160.1)
924.8

(6.06 0.1)

N
H

N
ON

42

670
(6.26 0.1)

510
(6.360.1)

1590
(5.860.1)

37.0
(7.46 0.1)

N

N
ON

4

43

39
(7.46 0.1)

88
(7.160.1)

1300
(5.960.0)

113.4
(5.96 0.0)

N

N
ON

44

33
(7.56 0.1)

67
(7.260.1)

8200
(5.160.1)

76.2
(7.16 0.1)
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neurons. According to the latest research, there’s an overexpression of the CB2R in the brains
of patients suffering from AD, which correlates with an increased occurrence of β-amyloid
and senile plaques. The activation of CB2R by agonists led to several positive effects concern-
ing AD: a suppression of microglial activation and a decreased level of cytokine, nitric oxide,
and reactive oxygen species, which decreased neuroinflammation and improved neuropro-
tection; and a reduction of β-amyloid, proliferation of neuronal progenitor cells, neurogen-
esis, and τ-protein processing led to an improvement of memory and cognitive performance.
This is the reason why an addressing of the CB2R is in the focus of drug development.2

As already described, AChE inhibitors are classical drugs in the treatment of AD.
Alongside AChE, the BChE is the other enzyme that hydrolyzes ACh to choline and acetate.
In the course of the disease, the amount of AChE decreases, which makes AChE inhibitors
only beneficial at early stages of the disease. In the same way AChE decreases, the concen-
tration of BChE in AD-affected brains seems to increase.34 In a recent study, BChE knockout
mice showed improved learning abilities in memory tests, which was triggered when
β-amyloid was injected into the mice brains.35

Based on these findings, González-Naranjo et al.36 developed a dual-acting BChE
inhibitor and CB2R agonist. In contrast to the above described works, their first effort was to
build up a virtual compound library. This virtual library was obtained by several docking
studies on the basis of the scaffolds of the two cannabinoid agonists JWH-015 45 and
WIN 55,212-2 46. The fact that in vitro studies also showed AChE inhibition for these two
compounds made them even more interesting as lead structures. Combined with the find-
ings that indazole ethers show both cholinergic properties and cannabinoid effects, this
marked the starting point.37 A virtual library was developed with regard to group interactions
at position 1 and 3 with the CB2R, structural variability and synthetic accessibility.

The core of the molecule was virtually changed from an indole scaffold into a bioisosteric
indazole ring with an ether moiety at position 3. Hereupon, the nitrogen atom at position 1,
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FIGURE 5-12 (A) docking poses of 44 (cyan) and 43 (green)27; (B) docking pose of 3832; both showing the
“inverted” binding mode with the basic aliphatic side chain pointing into the active center.
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was linked to different aminoalkyl substitutents (red) and several saturated and unsaturated
cycles were attached to the ether (green). At position 5 of the indazole moiety no substituent
or the introduction of an activating or deactivating nitrogen moiety (e.g., nitro or amine)
seemed promising (blue) (Fig. 5-13).36

Based on this virtual screening, the most promising compounds were synthesized over one
to three steps. The resulting set of compounds was then biologically evaluated. The receptor
binding was quantified with a radioligand binding assay and intrinsic activity was determined
by an isolated tissue assay. The extent of inhibition and the type of inhibition were determined
by inhibition assays and a Lineweaver-Burk plot. Furthermore, the oxygen radical absorbance
capacity (ORAC) was determined as a measure of antioxidant capacity.

From the 25 compounds synthesized, 22 showed affinity at the CB2R. Considering the in
silico approach this is a very remarkable result. Among the 22 active compounds, 48 and 51
were the most potent molecules. Both show selectivity for CB2R and BChE and a balanced
activity/affinity (one digit micromolar at both targets). Furthermore, both compounds act as
agonists and show significant antioxidant capacity (Table 5-4).
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FIGURE 5-13 Development of a multitarget BChE inhibitor and CB2R agonist 47 based on literature-known CB2R
agonist JWH-015 45 and WIN 55,212-2 46.
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Another approach to developing a dual-acting CB2R agonist and BChE inhibitor was
performed by Dolles et al. in 2016.38 Here, the starting point was a selective benzimidazole-
based CB2R agonist developed by AstraZeneca.

Compared with the quinazoline-based BChE inhibitors/H3R antagonists 39�44 from
Darras et al.27 and other dual-active CB2R agonists/BChE inhibitors 48�51 from González-
Naranjo et al.36 structural similarities with the benzimidazole-based CB2R agonist 52 from

Table 5-4 Biological Data From Selected Dual-Active CB2R Agonists and BChE
Inhibitors36

IC50 [μM]6 SEM

Type of Inhibitiona

Ki [μM]6SEM

ORACbCompound hAChE hBChE CB1R CB2R

N
N

N

O

OMe

48
246 2.0 4.860.3 nc .40 7.76 2.0 1.0

N
N

N

O

49
426 3.0 0.160.03 c .40 5.46 2.6 n.d.

N
N

N

O
O2N

50

456 3.0 4.561.7 c 0.66 0.2 0.16 0.02 n.d.

N
N

N

O
H2N

51 136 4.0 1.860.01 m .40 2.06 1.0 0.8

aBChE inhibition type, c, competitive; nc, noncompetitive; m, mixed.
bData are expressed as μmol of Trolox equivalents/μmol of tested compound.
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AstraZeneca39 and a simplified pharmacophore model of prototypical BChE inhibitors were
obtained: a substituted ring (red), a condensed basic heterocycle (blue), an aromatic (green),
and/or hydrophobic moiety (yellow) (Fig. 5-14).

The structural similarities between 40 and 48 identified by the pharmacophore model
are also apparent for the CB2R agonist 52, which was therefore tested for inhibition of
ChEs. Indeed, moderate activity (two-digit micromolar) as a BChE inhibitor was found for
AstraZeneca’s compound 52.

In a first approach to increase potency, AstraZeneca’s benzimidazole 52 was structurally
altered into a 2-aminobenzimidazole core 53. The resulting guanidine structure was assumed
to be more basic (predicted pKa5 5.72; experimentally determined pKa5 6.08) and therefore
to positively affect BChE inhibition. Biological evaluation showed a 10-fold increased inhibi-
tory effect at the BChE, but a decrease of affinity at the CB2R (Table 5-5). Compounds 52 and
53 then served as first- and second-generation lead structures.

Based on this first approach and the prototypical pharmacophore model for BChE inhibi-
tors, several structural alterations were considered. The diethyl amide moiety was replaced
with an hydrogen atom to confirm its necessity as CB2R/BChE pharmacophore. Like González-
Naranjo et al. a basic side chain was introduced and the core moiety was altered in an indazole
heterocycle. The core structure was changed to an imidazopyridine and the methylene unit of
the benzimidazole core was substituted to get a set of 2-aminobenzimidazoles (Fig. 5-15).38

In parallel, molecular docking studies into BChE were conducted as well as molecular
dynamics (MD) simulations into the CB2R in order to relate the altered structural features
into the binding and inhibition profiles determined (Fig. 5-16).

Altogether, 15 novel and structurally diverse 2-aminobenzimidazoles (aromatic and
aliphatic), three benzimidazoles, one pyridinoimidazole, and one indazole were synthesized

N

N

O
O

OMe
N N N

N
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48 52
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FIGURE 5-14 Simplified pharmacophore model of a prototypical BChE inhibitor based on BChE inhibitors/H3R
antagonists 40 (Darras et al.27), BChE inhibitors/CB2R agonists 48 (González-Naranjo et al.36), and CB2R agonist
52 by AstraZeneca.39
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Table 5-5 Selected Dual-Acting BChE Inhibitors and CB2R Agonists38

IC50 (pIC506 SD) or inhibition
Ki (pKi6SD) or radiolig.

displ. @ 10 μM

Compound eeAChE eqBChE hCB1R hCB2R

N

NN

O

OEt

52

28% @ 100 μM 9.7 μM (5.06 0.1) 24% 36.7 nM (7.46 0.1)

N

NN

O

NH

OEt

53

4% @ 100 μM 0.7 μM (6.26 0.0) 13% 1.91 μM (5.76 0.1)

N

NN

O

NH

O

54

2% @ 10 μM 3.7 μM (5.76 0.3) 45% 426.0 nM (6.36 0.2)

N

NN

O

NH

NEt2

55

10% @ 10 μM 0.2 μM (6.76 0.1) 4% 8.1 μM (5.16 0.1)

N

NN

O

N

OEt

56

48% @ 100 μM 2.3 μM (5.6 6 0.1) 14% 188.0 nM (6.76 0.1)

(Continued)
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to cover sufficient chemical space for SARs at the two targets (BChE and hCB2R; actually four
targets when including AChE and CB1R since selectivity is of high importance). These com-
pounds were biologically tested for their activity at both enzymes AChE and BChE (inhibition
assay) and for their affinity at the CB1R and CB2R (radioligand binding assay). Since lead

Table 5-5 (Continued)

IC50 (pIC506 SD) or inhibition
Ki (pKi6 SD) or radiolig.

displ. @ 10 μM

Compound eeAChE eqBChE hCB1R hCB2R

N N

NN

O

OEt

57

7% @ 10 μM 39% @ 10 μM 13% 127.0 nM (6.960.1)

N
N

O

N

HN
OEt

58

5% @ 10 μM 26% @ 10 μM 47% 11%

HN

N
N

N

N N

H

O

N N

N
X

R
NH

NR2
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52: X = CH2

53: X = NH

FIGURE 5-15 Structural alterations based on AstraZeneca’s benzimidazole 52 and a novel 2-aminobenzimidazole 53
to investigate SAR.
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compound 52 is a proven agonist, it was assumed that all synthesized derivatives would
show agonist behavior. Determination of the compounds' intrinsic activity later confirmed
this.

The selected compounds (Table 5-5) are good examples of the difficulty of the develop-
ment of a dual-acting compound and the limited common chemical space. Based on the
consideration that an additional nitrogen atom positively affects BChE inhibition, one
would expect compound 55 to be a more potent inhibitor. Actually this is not the case.
The inhibition of BChE is only slightly improved, while affinity at the hCB2R drops by a
factor of approximately 10. A similar problem applies for the pyridinoimidazole 57.
The extra nitrogen atom improves affinity at hCB2R by a factor of approximately 1000, but
the inhibitory effect at the BChE is completely lost.

In the case of the indazole derivative 58 this behavior is even more pronounced.
The compound was developed as a kind of upgrade of the compounds from González-
Naranjo et al.36 (micromolar hCB2R agonists/BChE inhibitors; see page 151) and possessed
the diethylamide moiety, which is necessary for a CB2R agonist. Surprisingly, the compound
totally lost activity at both targets.

Nevertheless, there were two compounds that showed the desired profile of a dual-active
compound. Compared to the second-generation lead structure, compounds 54 and 56 showed
improved affinity at the hCB2R and only a slightly decreased inhibitory effect at BChE.

From a multitarget compound point of view, the compounds from González-Naranjo
et al.36 and Dolles et al.38 show the desired profile: activity at two different targets. However,
both sets of compounds show deficits. While González-Naranjo et al.36 developed a balanced
activity profile, the compounds still lack potency (activity/affinity in the micromolar range).

TRP-82

ALA-199 GLY-116
SER-198

GLY-117

VAL-288

SER-287

LEU-286 PRO-285

GLU-325

HIS-438

ALA-328

FIGURE 5-16 Left: docking poses of ligand 52 (turquoise) and 53 (yellow) in the CAS of the BChE; right: overlay of
the binding conformation of 52 (orange) and 53 (green) in the binding site of hCB2R.
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For Dolles et al.38 it’s vice versa: their compounds show high affinity in the nanomolar range,
but lack a balanced profile (affinity at hCB2R in nanomolar range; inhibition of BChE in
micromolar range). From a more general therapeutic point of view, these compounds appear
to be less potent than available (single target) drugs. That is the reason further investigations
and optimizations on this scaffold are ongoing.

5.6 Multitarget Compounds for the Treatment
of Cardiovascular Diseases

In addition to neurodegenerative diseases, cardiovascular diseases are also disease states
that cause numerous deaths every year. The reasons for this are multifactorial and include
increased average life expectancy as well as individual causes such as smoking, obesity, and
stress.

The renine-angiotensine-aldosterone system (RAAS), a circuit of different hormones and
enzymes, mainly regulates the concentration of the plasma sodium level and arterial bold
pressure. It is therefore a natural regulator of the cardiovascular system. The RAAS cascade
starts with the release of the protein/enzyme renine from the kidney. Renine then cleaves its
substrate angiotensinogen, which results in the formation of the decapeptide angiotensin I
(Ang I). In the next step, Ang I is converted by angiotensin-converting enzyme (ACE) to
the octapeptide angiotensine II (Ang II). Ang II is able to bind to the two GPCRs AT1 and
AT2 and thus leads to vasoconstriction, water retention, and the release of vasopressin
and aldosterone. Addressing AT1 and AT2 by an antagonist is therefore a useful tool to
combat cardiovascular diseases.40,41

Other promising targets are the endothelin receptors ETA and ETB, which are GPCRs as
well. Similar to AT1/2, ETA is mainly responsible for vasoconstriction. ETB instead promotes
the synthesis of the vasodilators prostacycline and nitric oxide, which counteracts these
effects. Both isoforms are activated by the physiological agonists endothelin 1 (ET-1),
ET-2, and ET-3. A synthetic antagonist for ETA might therefore be a powerful drug against
cardiovascular diseases.40,42

An approach to developing a dual-active AT1 and ETA antagonist was taken up by
Murugesan et al.,43 who started from lead compounds 59, a known ETA antagonist, and irbe-
sartan 60, a therapeutically applied drug that acts as an AT1 antagonist. In a “designing in”
attempt, they merged the ETA pharmacophore, a biphenyl sulfonamide attached to a
5-isoxazole (red), and the AT1 pharmacophore, a biphenyl imidazolone (blue). In previous
studies, a positive effect of substitution at the biphenyl moiety was observed.44 To improve
metabolic stability, the 5-isoxazole was replaced with a 3-isoxazole. The resulting compound
61 showed a balanced profile in vitro at the targets (Fig. 5-17).43

In several in vivo evaluations of 61, pharmacokinetic properties such as oral bioavailability,
half-life in plasma, and Cmax/Tmax were determined. Compound 61 showed reduced blood
pressure in rats and longer duration compared to 59 and 60.43
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The multifactorial character of cardiovascular diseases led to addressing of the peroxi-
some proliferator-activated receptor γ (PPARγ), an intracellular nuclear hormone receptor.
The PPARγ is responsible for the regulation of glucose metabolism and insulin and is
therefore a molecular target when it comes to the prevention of diabetes.40,45 According to
the American Heart Association there’s a strong correlation between diabetes and cardio-
vascular diseases. Casimiro-Garcia et al.46 from Pfizer Global Research and Development
therefore aimed to develop a dual-active AT2 antagonist and PPARγ agonist. Their starting
point was telmisartan 62, a therapeutically applied AT1 antagonist and the PPARγ agonist
63.47 Through a cross-screening approach, which means that structurally similar com-
pounds were both tested for activity at the AT1 receptor and at the PPARγ, a general phar-
macophore to address both receptors could be obtained: an acidic head group (red) that
interacts with the three clamp residues Tyr 327, His449, and His323; a nonpolar phenyl
linker (blue); and a hydrophobic tail (green) (Fig. 5-18).42
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FIGURE 5-17 “Designing in” attempt of the ETA antagonist 59 and irbesartan 60 in order to develop the
dual-active compound 61.43,44

160 DESIGN OF HYBRID MOLECULES FOR DRUG DEVELOPMENT



Some structural changes were applied (Fig. 5-18): the carboxylic acid was replaced with
its bioisostere tetrazole ring, which has the same physicochemical properties, but bigger size.
This fact makes the binding site sterically packed, but keeps the desired interactions. The
biphenyl linker from telmisartan (generally a key structural element of sartans) was taken up
and complemented with an annulated cyclopentyl ring in order to make it more unpolar. In
docking studies at the PPARγ a flipped binding mode could be observed. From these find-
ings, the original benzimidazole was replaced with a pyridine imidazole in order to improve
the interactions with the charged binding site (Fig. 5-19). Based on these considerations, a
set of 15 molecules was synthesized and compound 64 was identified as the most potent one
and with the best activity profile for both receptors.46

In two well-validated in vivo models a beneficial effect could be observed with Zucker
diabetic fatty rats and spontaneously hypertensive rats, where compound 61 was seen to
lower blood pressure for a longer timeframe than the marketed drug telmisartan.46
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FIGURE 5-18 Development of the general pharmacophore (highlighted in red/blue/green) for a dual-active AT1
antagonist/PPARγ agonist based on telmisartan 62 and a previously developed PPARγ agonist 63.46,47

Chapter 5 • Dual-Acting Compounds 161



5.7 Conclusion
This chapter provided an overview of the development of multitarget compounds with
regard to the latest research in the field of different (multifactorial) diseases.

The examples show that the development of dual-active compounds is not only possible
but promising. While their physicochemical and biological properties show high potential for
future therapeutic appliance, development is difficult, because it requires the work of all disci-
plines. To validate biological data and to investigate SARs it is necessary to correlate biological
data with the 3D structures of the target proteins. In the course of development, there are often
surprising SAR results that were not expected and that “crash” previous assumptions. To avoid
this problem a large compound library must be synthesized and—of course—biologically eval-
uated. Structure-based ligand design is necessary to keep the amount of work reasonable.
Research in this field should also take into account that balanced affinity does not only mean
that the activity at both targets should have the same numerical value. In fact, the expression
of a target in the pathophysiological state is the “pace maker” that determines balanced affin-
ity. Therefore it is inevitable not only to investigate in vitro but also in vivo behavior.

If all these requirements are fulfilled, it might really be possible to develop several power-
ful “Swiss Army knives” against crucial diseases.
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Introduction

For a considerable number of diseases, drugs (and experimen-
tal therapeutics) are unavailable not only because the patho-

logical causes are yet unknown, but because interaction and

temporal sequence of the individual pathophysiological pro-
cesses have not been elucidated. Many pathophysiological

processes do not run consecutively, but in parallel and interde-
pendently. Such diseases include idiopathic hypertension and

neurodegenerative disorders, such as Parkinson’s and Alzheim-
er’s disease (AD). In AD, the interactions of b-amyloid (Ab)

plaque formation, t-protein hyperphosphorylation, the forma-

tion and subsequent reactions of reactive oxygen species
(ROS), and cell changes leading to irreversible loss of neurons,

especially cholinergic neurons, are yet unsolved.[1] It thus
seems promising to address different processes simultaneous-

ly.[2] Therefore, in recent years several approaches in medicinal

chemistry have emerged in which different biological and
pharmacological activities are combined in a single experimen-

tal therapeutic : multipotent (also known as multitarget) com-

pounds, hybrid molecules, and dual-active compounds.[2, 3] The
majority of these approaches deals with “hybrids”, i.e. , the

combination of two distinct active molecules being covalently
connected. Although the hybrid approach has been applied

quite successfully, the combination of chemically fairly un-
changed molecules by a molecular spacer leads to an increase

in various molecular parameters which then violate Lipinski’s
“rule of five”,[4] leading to decreased oral bioavailability and—
of even higher importance for prospective central nervous
system (CNS) drugs—to (putatively) massive decrease in pene-
tration of the blood–brain barrier (BBB).[3]

A solution of the above problem might be the development
of “dual-acting” or “multitarget” compounds in which two bio-

logically active molecules are “superimposed” or merged, so
that the overall molar mass changes only slightly (“small mole-
cules”), while activities at both targets are maintained.[5, 6] Be-

cause structure–activity relationships (SARs) might be (but do
not have to be) different or even divergent at the targets to

be addressed, this approach can be highly challenging and de-
mands a considerable amount of synthetic work.[7, 8]

In the work presented herein we aimed to develop dual-

acting butyrylcholinesterase (BChE) inhibitors with affinity at
the human cannabinoid subtype 2 receptor (hCB2R). The endo-

cannabinoid system has been shown to modulate processes
that already occur during the “silent” period of AD before cog-

nitive decline, when neuroinflammation, oxidative stress, and
mitochondrial dysfunction take place. CB2Rs are localized in

A pharmacophore model for butyrylcholinesterase (BChE) in-

hibitors was applied to a human cannabinoid subtype 2 recep-
tor (hCB2R) agonist and verified it as a first-generation lead for

respective dual-acting compounds. The design, synthesis, and
pharmacological evaluation of various derivatives led to the

identification of aminobenzimidazoles as second-generation
leads with micro- or sub-micromolar activities at both targets

and excellent selectivity over hCB1 and AChE, respectively.

Computational studies of the first- and second-generation lead

structures by applying molecular dynamics (MD) on the active

hCB2R model, along with docking and MD on hBChE, has ena-
bled an explanation of their binding profiles at the protein

levels and opened the way for further optimization. Dual-
acting compounds with “balanced” affinities and excellent se-

lectivities could be obtained that represent leads for treatment
of both cognitive and pathophysiological impairment occur-

ring in neurodegenerative disorders.
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the immune system and modulate immune cell migration and
cytokine release. Within the nervous system, CB2Rs are located

mainly in microglia. Pronounced overexpression of CB2R and
fatty acid amide hydrolase (FAAH) is observed in neuroinflam-

matory processes in the brain and specifically in glia cells that
surround Ab plaques.[9] The expression level correlates well
with the Ab42 level and plaque formation, although not directly
with cognitive status, indicating that pathogenic processes
lead to CB2R overexpression.[10] It was shown that both selec-
tive CB2R agonists (JWH-015 and JWH-133) and also unselec-
tive CB1R/CB2R agonists (D9-THC and HU-210) are able to pro-
tect neuronal cells against Ab-induced neurotoxicity.[11, 12] Cog-
nitive deficits in mice caused by injection of Ab were amelio-

rated by the application of exogenous CB2R agonists.[13] The
effect was more pronounced the earlier the agonists were ap-

plied in disease progression, demonstrating their neuroprotec-

tive and preventive character. The reason for this behavior is
yet unknown. The effect of cannabinoids on Ab processing is

remarkable, as CB2R-mediated activation of macrophages ena-
bles Ab clearance,[13] and it was shown that an endocannabi-

noid as well as a synthetic CBR agonist were able to cause Ab

clearance through the BBB.[14] Neuroinflammation, first mani-

fested in the activation of microglia cells, represents a core

process in the irreversible decline of neurons in AD patholo-
gy.[15] CB2Rs are expressed in activated microglia. It was shown

in several in vitro assays that CB2R agonists decrease both the
number of activated microglia cells surrounding Ab plaques

and the level of pro-inflammatory cytokines. The same effects
were observed in two transgenic amyloid precursor protein

(APP) mice models.[16]

The three most important and currently approved drugs for
symptomatic cognition improvement in AD patients are acetyl-

cholinesterase (AChE) inhibitors. AChE inhibitors are only effi-
cient in early disease stages, because the amount of AChE sig-

nificantly decreases during disease development. It was shown
that the amount of the second human cholinesterase, BChE, in

AD brains does not decrease, as does AChE; moreover, BChE is

able to compensate for the decreased function of AChE.[17, 18]

This shows the potential of BChE inhibitors to stabilize cogni-

tive decline in more advanced disease stages as well, either in
addition to AChE inhibition or through selective BChE inhibi-

tion.[19]

BChE also seems to play a direct role in cholinergic transmis-

sion, because it is found in neurons and proximal dendrites
and it is overexpressed and co-localized with neuritic plaques
and neurofibrillary tangles, the neuropathological hallmarks of

AD.[20] A very recent study using behavioral experiments with
BChE knockout mice showed that these animals have en-

hanced learning abilities in memory tests, and after intracere-
broventricular injection of Ab25–35, memory impairment was sig-

nificantly attenuated.[21] Whether these effects are mediated at

the molecular level by classical BChE action is yet unclear.
These findings, and the fact that the highly selective AChE in-

hibitor (¢)-huperzine A does not show positive clinical evi-
dence, makes BChE a promising molecular target in AD thera-

py.

Of particular relevance with regard to dual-acting BChE in-
hibitors and CB2R ligands is the fact that activated glia cells,

the target of potential application of CB2R agonists in AD phar-
macotherapy, are the source of BChE production.[20, 22] There-

fore, dual-acting compounds may act in closely co-localized or
even the same physiological compartments.

Multitarget-directed ligands, hybrid molecules and dual-
acting compounds are of special importance for the potential

therapy of neurodegenerative disorders.[3, 5, 23, 24] Over-synergistic

effects can result with the use of these compounds, and they
show one coherent pharmacokinetic profile, in contrast to the
administration of two single substances. Both effects can result
in an improved side-effect profile.[3, 25] In a dual-acting com-

pound, pharmacophores for separate targets are formally
merged and superimposed into one molecule (with therefore

lower molar mass). A rational fragment-based approach for

dual-active compounds acting on two enzymes was recently
published.[26] Development of dual-acting compounds is a chal-

lenging task because: 1) the successful combination of phar-
macophores and their spatial relations must be maintained for

both targets, 2) SARs for the improvement of affinity/activity
and selectivity can be different or even divergent at the two

targets, 3) in the case of successful combination, the biological

activities of the molecule should be within similar concentra-
tion ranges, and 4) the resulting dual-acting compound should

preferably optimize—or at least retain—the good ADME pro-
file of the parent drugs.[3, 25] The concentrations necessary for

activity at both targets depend on the occurrence and localiza-
tion of the targets and must be addressed for each dual-acting

compound. Because BChE and CB2R are expressed in microglia

cells and their environment, a similar concentration range
seems advantageous.

Despite the difficulties, several dual-acting compounds have
been specifically designed and developed. There are also sev-

eral examples of dual-active compounds for which the dual-
acting character was attributed only retrospectively. One of the

few “rationally designed” examples combined enzyme-inhibit-

ing properties (for monoamine oxidase B) with GPCR affinity
and selectivity (antagonism at the adenosine A2A receptor) by

applying a 4H-3,1-benzothiazin-4-one scaffold.[25, 27] The authors
achieved not only receptor subtype selectivity and selectivity
toward MAO-B, but also affinity in the two-digit nanomolar
range at both targets (“balanced affinity”), which is rarely

reached due to the above described difficulties. In a second ex-
ample, our research group was able to combine antagonism at
the human histamine subtype 3 receptor (hH3R) with ChE in-

hibition (Figure 1). After synthesis of a compound library, in
vitro evaluations and computational studies, we were able to

combine hH3 antagonism and ChE inhibition into one “small
molecule” by introduction of a common pharmacophore for

Figure 1. A dual-acting AChE inhibitor and selective hH3 antagonist acting
in the same concentration range.[8]

ChemMedChem 2016, 11, 1270 – 1283 www.chemmedchem.org Ó 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim1271

Full Papers

http://www.chemmedchem.org


hH3 antagonists—the piperidinepropoxyphenyl group—into
heterocyclic ChE inhibitors previously described by us[8]

(Figure 1).
Several preliminary efforts into the development of multi-

functional CBR ligands have been described:[28, 29, 30] In an initial
work, the combination of a CB1R antagonist with the AChE in-

hibitor tacrine in the form of a hybrid molecule was ach-
ieved.[29] In a second work, CB2R agonists with BChE-inhibitory
properties were prepared and investigated. Although the best

compounds showed only moderate affinities (mostly in the
two-digit micromolar range),[30] and selectivity at the CBRs and
ChEs were not pronounced, this study has very valuable ex-
plorative character and is the first to achieve such a dual-

acting compound.
Based on our previous work on the development of both re-

versible and irreversible heterocyclic BChE inhibitors,[8, 31, 32] we

investigated the structural requirements of a chemical struc-
ture for BChE inhibition:[8, 33, 34] First, the condensation of a (sub-

stituted) aromatic system to a basic (N-containing) heterocycle
(Figure 2), and second, connection to a sterically demanding

hydrophobic moiety (the active center and surrounding area
of BChE contain fewer aromatic residues than those of AChE

and can therefore accommodate such moieties).[33]

Our knowledge about the orientation of pharmacophores
for BChE inhibitors led to the observation that the pharmaco-

phore model also applies to: 1) the benzimidazole-based CB2R
agonist described by AstraZeneca[35] (Figure 2) that we had

used as parent ligand in the preparation of bivalent CB2R li-

gands,[36] and 2) the dual-acting ligand described by Gonz�lez-
Naranjo et al. (Figure 2).[30] There was a recent report on (unse-

lective) ChE inhibitors based on a benzimidazole core, adding
further support to the hypothesis that such benzimidazoles

might inhibit ChEs.[37]

In this study we therefore examined the inhibition of both

AChE and BChE by this CB2R ligand. After verifying inhibition
of BChE (see below), we conducted “dual” SAR studies, i.e. ,
toward the two ChEs as well as toward both CBRs, modifying

all core structural features of the molecule. Computational
studies, including molecular docking and molecular dynamics

(MD) simulations were performed to explain the interactions of
the ligands with BChE, and to investigate the molecular re-
quirements for binding and activation of the hCB2R.

Results and Discussion

Chemistry

The difficult task in designing dual-active structures is to main-

tain affinity for both targets. For the benzimidazole derivative
1, four possible structural changes were investigated

(Figure 3): 1) Replacement of the diethylamide moiety with

a hydrogen atom and therefore confirmation of its necessity as

a CB2R and BChE pharmacophore (highlighted in green) ; 2) in-
troduction of a basic center into the hydrophobic alkyl chain
attached to the imidazole nitrogen atom (highlighted in red);

3) modification of the structure of the moiety attached to the
imidazole carbon atom (labeled in orange); and 4) alteration of

the structure of the heterocycle (highlighted in blue).
The necessity of a diethylamide moiety for CB2R affinity was

previously demonstrated by Nimczick et al. ,[36] who replaced

the amide moiety with an ethyl ester, resulting in complete
loss of activity at CB2R. In this work we therefore focused on

a different set of variations, but checked whether this moiety
is also necessary for BChE inhibition. The methylene unit of the

benzyl moiety was replaced by an amino group. This change
led to a more basic 2-aminobenzimidazole/guanidine system

Figure 2. Simplified pharmacophore model (pharmacophores circled) of
a prototypical competitive BChE inhibitor A[31, 32] and application of this
model on a recently described dual-acting compound with an indazole
ether scaffold (B)[30] and on a CB2R-selective ligand described by AstraZeneca
(C).[35]

Figure 3. Structural changes to investigate SARs at AChE, BChE and CB1R,
CB2R, respectively.

ChemMedChem 2016, 11, 1270 – 1283 www.chemmedchem.org Ó 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim1272

Full Papers

http://www.chemmedchem.org


(16 a : predicted pKa = 5.72, experimentally determined pKa =

6.08; see Supporting Information). The introduction of this

group might enable interaction with hydrogen-bond-donating
as well as -accepting parts of the enzyme and receptor, and

therefore we expected a higher BChE inhibitory potency and/
or CB2R affinity. With the aim to increase basicity/polarity the
isopentyl alkyl chain (highlighted in red), it was changed into
a more polar alkyl chain with a terminal amino function.

Of special interest was the change of the core heterocycle

from a benzimidazole to an imidazopyridine or 3-aminoinda-
zole as structural isomers of 2-aminobenzimidazole, since

these heterocycles open the path to novel structural tem-
plates.

Based on these design strategies, the first step was to gain
easy synthetic access to a set of 2-aminobenzimidazoles with

a variety of substituents (aromatic, aliphatic, polar, nonpolar,
sterically hindered, and non-hindered moieties). With these
SAR variations it is possible to get further insight into both
ligand–receptor and inhibitor–enzyme interactions.

For the synthesis of the 2-aminobenzimidazole, 4-fluoro-3-ni-

trobenzoic acid 2 (in the case of a diethylamide-substituted
target structure) or 1-fluoro-2-nitrobenzene 4 (Scheme 1) were

used as starting materials. To form the diethylamide compound

3, 2-(1H-benzotriazol-1-yl)-1,1,3,3-tetramethyluronium hexa-
fluorophosphate (HBTU) and diethylamine were used. In the

next step, nucleophilic substitution with isopentylamine/ben-
zylamine in ethanol afforded compounds 5–7, respectively, in

good yields. Reduction of the nitro group was carried out in
two alternative ways, with B¦champ reaction conditions—

using iron powder in acidic ethanol—giving higher yields, but

making necessitating additional purification. Because of the
tendency of o-phenylenediamines to oxidize and thus lead to

instability, a different reduction method was chosen by using
a tin(II) species.[38] This method required longer reaction time

and afforded lower yields than B¦champ reaction conditions,
but provided higher purity without the need for further time-
consuming chromatographic purification.

©zden et al.[39] had synthesized 2-aminobenzimidazoles by
the formation of a urea derivative, reacting the 1,2-diamino
compounds with 1,1’-carbonyldiimidazole (CDI). In the next
step the urea derivative was activated with phosphoryl chlo-

ride, and the resulting chloro compound was then substituted
with the respective amine. Even after trying several reaction

conditions (e.g. , different solvent, reflux, or microwave condi-

tions), in our case the desired product could not be obtained.
In an alternative reaction pathway, the 2-aminobenzimida-

zole core structure was synthesized using isothiocyanates. The
required isothiocyanates 11 a–m were obtained by reacting

the appropriate amine with carbon disulfide (dithiocarbamate
intermediate) and Boc2O in good yields.[40] The resulting iso-

thiocyanates 11 a–m were then reacted with diamines 8–10 to

form thiourea derivatives 12 a, 13 a–m, and 14 a. For cycliza-
tion, various methods were investigated, such as mercury(II)

salts, N,N’-dicyclohexylcarbodiimide (DCC) and 1-ethyl-3-(3-di-
methylaminopropyl)carbodiimide (EDCI).[41] Among these, only

DCC and EDCI led to the desired target structures 15 a, 16 a–
m, and 17 a (Scheme 1).

For modification of the alkyl chain (highlighted in red,
Figure 3), the synthesis described by Pag¦ et al.[35] was modi-

fied (see Scheme 2).
The initial three reaction steps were performed in the same

manner as described in Scheme 1 to give the diamine com-
pounds 8, 9, 23, and 24 in high yields. For the formation of

the acetamides 26–29, 2-(4-ethoxyphenyl)acetic acid was acti-
vated with CDI and then reacted with the diamino compounds
8, 9, 23, 24. Cyclization to the benzimidazole core was per-

formed in acetic acid under reflux, obtaining the target struc-
tures 1 and 31–33 in high yields. To get facile access to the

amino-substituted alkyl chain in the lower part of the mole-
cule, precursor 35 was synthesized in an Appel reaction from

compound 32 using carbon tetrabromide and triphenylphos-
phine.[42] In the last reaction step, the bromine atom was sub-
stituted with piperidine under basic conditions to obtain com-

pound 36.
Finally, the structure of the core heterocycle was altered. As

variants, imidazopyridine and 3-aminoindazole structures were
chosen which both represent structural isomers of the 2-ami-

Scheme 1. Synthesis and list of 2-aminobenzimidazoles. Reagents and condi-
tions : a) HBTU, HNEt2, NEt3, DMF, RT; b) isopentylamine or benzylamine, NEt3,
EtOH, 50 8C; c) SnCl2·2 H2O, EtOH, reflux; d) CS2, NEt3, 0 8C!RT, then Boc2O,
DMAP, RT; e) THF, RT; f) EDCI·HCl, NEt3, THF, 80 8C.
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nobenzimidazole. The synthesis of the imidazopyridine was
carried out in a manner analogous to that of the benzimida-
zole derivatives, by starting from 6-chloro-5-nitronicotinic acid

18, which was first treated with diethylamine and HBTU to
obtain compound 19. Substitution with isopentylamine yielded
compound 22. The nitro moiety was then reduced with tin(II)
chloride to the corresponding diamine 25, which was treated
with CDI-activated 2-(4-ethoxyphenyl)acetic acid to form com-

pound 30. In the final step, cyclization was performed in acetic
acid at reflux to obtain target structure 34 (Scheme 2).

The first approach for the synthesis of the indazole deriva-
tive 45 was carried out according to Burke et al.[43] Starting
from 5-cyano-2-fluorobenzoic acid 37, amide 38 was synthe-

sized in good yield with HBTU and p-phenethidine. To activate
the carbonyl moiety, thioamide 39 was used as an intermedi-

ate which was prepared by applying Lawesson’s reagent. By
adding hydrazine, cyclization was expected to take place, but

indazole derivative 41 could not be obtained this way. In an-
other synthetic approach, amide 38 was activated by refluxing

in phosphoryl chloride to form the imidoyl chloride 40 as inter-
mediate. As in the first synthetic pathway, hydrazine was

added to obtain the indazole derivative 41. Again, this method
did not provide the desired product (Scheme 3).

Ultimately, the synthesis of the indazole derivative then
started from 3-bromo-1H-indazole-5-carboxylic acid 42
(Scheme 4), which was first treated with diethylamine and
HBTU to form amide 43. Alkylation was performed under basic

conditions using isopentyl bromide to obtain compound 44 in
68 % yield. In a last reaction step, a Buchwald–Hartwig cross-

coupling[44] was performed using palladium(II) acetate, xant-

phos, and p-phenethidine to obtain target structure 45 in 50 %
yield.

Scheme 2. Synthesis of benzimidazole and imidazopyridine derivatives. Re-
agents and conditions : a) HNEt2, HBTU, NEt3, DMF; b) isopentylamine/2-ami-
noethanol/N1,N1-dimethylpropane-1,3-diamine, NEt3, EtOH, 50 8C;
c) SnCl2·2 H2O, EtOH, 80 8C; d) CDI, THF; e) THF, 50 8C; f) AcOH, 120 8C, g) CBr4,
PPh3, THF, RT; h) piperidine, K2CO3, acetonitrile, 70 8C.

Scheme 3. Synthetic pathway for the formation of a 3-aminoindazole deriva-
tive. Reagents and conditions : a) p-phenethidine, HBTU, NEt3, DMF, RT;
b) Lawesson’s reagent, toluene, 120 8C; c) POCl3, 120 8C.

Scheme 4. Synthesis of indazole 45. Reagents and conditions : a) HNEt2,
HBTU, NEt3, DMF, RT; b) isopentyl bromide, NaH, DMF, 0 8C!RT; c) p-phene-
thidine, Pd(OAc)2, xantphos, Cs2CO3, dioxane, reflux.
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Inhibition of cholinesterases

All target compounds were tested for their ability to inhibit
acetylcholinesterase (eeAChE, EC.3.1.1.7 from electric eel) and

butyrylcholinesterase (eqBChE, EC.3.1.1.8 from equine serum)
(Table 1). Sequence alignment had shown that both isoforms

exhibit very high sequence homology to the human enzymes
(88 and 84 % sequence identity, respectively).[33]

In the initial step, the inhibitory effect of the lead structure
1 was determined at both ChEs, yielding IC50(BChE) = 9.7 mm
and IC50(AChE)>100 mm (Table 1). This confirmed our initial as-
sumption that compound 1 is a suitable lead structure for
dual-acting compounds with desired selectivity, but with mod-

erate inhibitory activity at BChE and “unbalanced” affinity pro-
files. Starting from this point, the 2-aminobenzimidazole deriv-

atives 15 a, 16 a–16 m, and 17 a were synthesized. Compound

16 a, being most similar to the lead structure 1, already shows
a 13-fold increased inhibitory effect and high selectivity for

BChE (IC50(BChE) = 0.7 mm ; Table 1); para-substitution of the
benzene ring is necessary to maintain sub-micromolar inhibito-

ry activity (cf. 16 b : IC50(BChE) = 9.1 mm and 16 c : IC50(BChE) =

8.9 mm). Replacing the ethoxy group with other electron-do-

nating groups such as phenoxy (16 d) or diethylamine (16 g)

moieties, inhibition and selectivity were kept in the same
range or even slightly increased (16 d IC50(BChE) = 3.7 mm and

16 g IC50(BChE) = 0.24 mm ; Table 1). Replacement of the (substi-
tuted) phenyl group with an alkyl substituent (cyclic and

linear) resulted in a decrease of inhibition. Just by adding a ter-
minal amine to the alkyl chain, inhibition could be preserved,

albeit at the cost of selectivity over AChE (16 k : IC50(BChE) =

1.0 mm ; Table 1). Structural isomers, i.e. , using the aminoinda-
zole core, resulted in almost complete loss of inhibitory activi-

ty. Modifications of the alkyl chain at position 1 of the benzimi-
dazole core (36 : IC50(BChE) = 2.3 mm) led to a slightly increased

inhibitory effect (compared with first-generation lead structure
1). Taken together, apart from the inactive structural isomers,
all benzimidazoles and aminobenzimidazoles prepared inhibit

BChE in the sub-micromolar to two-digit micromolar range
with good to excellent selectivity over AChE.

Radioligand binding studies at hCB1R and hCB2R

All compounds were tested for affinity to hCB1R and hCB2R in
radioligand binding studies (either HEK cells stably expressing
hCB2R, or CHO cells stably expressing hCB1R; see the Experi-

mental Section below for details). Lead structure 1 is an opti-
mized CB2R ligand from an AstraZeneca drug development

program, and we therefore regarded it as the gold standard in
terms of affinity [Ki(hCB2R) = 37 nm in our tests] and selectivity

over hCB1 [24 % replacement (hCB1R) of radioligand at 10 mm]

for the compounds described in this work. For compound 1 an
EC50(hCB2R) of 2.9 nm had been determined in a GTPgS

assay.[35] This value is higher than that observed in our radioli-
gand binding studies, which we had observed before. This

might be due to the different test system applied and/or the
equilibrium conditions used.[36]

In the first set of compounds the methylene group of the
lead was replaced with an amino moiety (2-aminobenzimida-

zoles). Compound 16 a shows the highest similarity to lead
structure 1. Although a significant loss of affinity was observed

for compound 16 a, it still shows high selectivity and moderate
affinity (Ki(hCB2R) = 1.9 mm ; Table 1). Comparing the donor-sub-

stituted compound 16 a to the unsubstituted compound 16 e
(12 % displacement at 10 mm, being ~30-fold less active) shows
the necessity of an electron-donating substituent. Varying the

position of the ethoxy group around the phenyl ring showed
the importance of para substitution, as a complete loss of af-

finity in case of the meta position (16 b : 17 % displacement at
10 mm) and a 4-fold lower affinity of the ortho-substituted
phenyl ring compound (16 c : 6.6 mm) was observed (Table 1).
Exchange to different donor substituents leads to compounds

with roughly the same affinity and selectivity as for a diethyla-
mine moiety 16 g (8.1 mm) or even increased affinity for the
para-phenoxy compound 16 d (0.4 mm), but with lower selec-
tivity. Replacement of the aromatic with an alkyl system (cyclic
and acyclic, 16 h–16 m) led to decreased affinity (in the two-

digit micromolar range; Table 1). In a second set of com-
pounds, structural isomers of the 2-aminobenzimidazoles were

synthesized and evaluated. Here, the imidazopyridine 34
shows a 15-fold increased affinity (Ki(hCB2R) = 127 nm) relative
to 16 a, again with high selectivity over the hCB1R. In contrast,

the structural change to the 3-aminoindazole scaffold resulted
in a complete loss of affinity for hCB2R. In the third set, modifi-

cations to the alkyl chain at position 1 of the benzimidazole
core were performed, giving access to compounds 33 and 36,

which are both substituted with terminal amines instead of

the isopentyl chain. Compared with lead structure 1, both
structures show decreased affinity for hCB2R (Ki(hCB2R) =

577 nm for 33 and Ki(hCB2R) = 188 nm for 36), but a 5- to 10-
fold increased affinity with respect to the 2-aminobenzimida-

zole structures (Table 1).
Taken together, nearly all compounds prepared lack any af-

finity for hCB1R and therefore maintain selectivity with affinity

ranging from 127 nm (34) to 26 mm (31). There are two inactive
compounds: 15 a and 40. The highest-affinity compound 34 is
4-fold less active than the lead structure 1. The amino benzimi-
dazoles show micromolar to sub-micromolar affinities (still

with high selectivity over hCB1R).
For correlating the results of the SARs obtained at BChE to

those at CB2R, the pIC50 and pKi values at each target were
plotted in the graph shown as Figure 4. Interpretation is sim-
plified by the fact that the majority of compounds still show

high selectivity over both AChE and hCB1R.
Compound 31 (which is very similar to the lead structure 1,

but lacks the diethylamide moiety) shows no inhibitory effect
at both ChEs, whereas the respective amino benzimidazole

compound 15 a shows a significant inhibitory effect at BChE

(IC50 = 4.2 mm), The importance of the diethylamide moiety for
BChE inhibition is therefore pronounced (see Molecular Dock-

ing section below). Both compounds have lower (31:
Ki(hCB2R) = 26.0 mm) or no affinity (15 a) for the CB2R than lead

structure 1.
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Table 1. Results of biological evaluations of the inhibitory effects of AChE/BChE and radioligand binding studies at hCB1R/hCB2R.

Compd X Y R1 R2 R3 IC50 (pIC50�SD) or
Inhibition [%]

Ki (pIC50�SD) or
[3H]CP 55,940 displ. @ 10 mm

BChE[a] AChE[b] hCB2R[c] hCB1R[d]

tacrine 3.3 nm[45]

(8.5�0.1)
15.6 nm[45]

(7.8�0.1)
ND ND

rimonabant ND ND 4.0 % 143.0 nm
(6.8�0.1)
25.0 nm[46]

SR-144,528 ND ND 19.7 nm
(7.7�0.1)
5.6 nm[47]

687.0 nm
(6.1�0.1)

254.0 nm[47]

1 CH CH2 CONEt2

9.7 mm
(5.0�0.1)

28 % @
100 mm

36.7 nm
(7.4�0.1)
4.5 nm[35]

24 %
>5 mm[35]

15 a CH NH H
4.2 mm

(5.4�0.1)
24 % @
10 mm

10 % 4 %

16 a CH NH CONEt2

0.7 mm
(6.2�0.0)

4 % @
100 mm

1.91 mm
(5.7�0.1)

13 %

16 b CH NH CONEt2

9.1 mm
(6.2�0.2)

<2 % @
10 mm

14 % 8 %

16 c CH NH CONEt2

8.9 mm
(5.1�0.1)

10 % @
10 mm

6.7 mm
(5.1�0.2)

4 %

16 d CH NH CONEt2

3.7 mm
(5.7�0.3)

2 % @
10 mm

426.0 nm
(6.3�0.2)

45 %

16 e CH NH CONEt2

7.2 mm
(5.1�0.1)

11 % @
100 mm

12 % 21 %

16 f CH NH CONEt2

4.5 mm
(5.4�0.1)

19 % @
25 mm

23 % 17 %

16 g CH NH CONEt2

0.2 mm
(6.7�0.1)

10 % @
10 mm

8.1 mm
(5.1�0.1)

4 %

16 h CH NH CONEt2

20.1 mm
(4.7�0.1)

<2 % @
10 mm

10.9 mm
(4.9�0.2)

2 %

16 i CH NH CONEt2

15.5 mm
(4.9�0.1)

6 % @
100 mm

32 % 12 %

16 j CH NH CONEt2

5.1 mm
(5.3�0.1)

18 % @
100 mm

7.0 mm
(5.1�0.1)

12 %

16 k CH NH CONEt2

1.0 mm
(6.0�0.1)

58 % @
100 mm

16 % 7 %

16 l CH NH CONEt2

27.4 mm
(4.6�0.1)

31 % @
100 mm

16 % 2 %

16 m CH NH CONEt2

5.7 mm
(5.3�0.1)

19 % @
100 mm

35 % 4 %

17 a CH NH CONEt2

4.1 mm
(5.4�0.1)

8 % @
100 mm

37 % 9 %

31 CH CH2 H
25 % @
10 mm

<2 % @
10 mm

26.0 mm
(4.6�0.1)

15 %

33 CH CH2 CONEt2

36.3 mm
(4.4�0.1)

55 % @
100 mm

577.0 nm
(6.2�0.1)

7 %

34 N CH2 CONEt2

39 % @
10 mm

7 % @
10 mm

127.0 nm
(6.9�0.1)

13 %

ChemMedChem 2016, 11, 1270 – 1283 www.chemmedchem.org Ó 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim1276

Full Papers

http://www.chemmedchem.org


An aromatic system (attached at the 2-position of the 2-ami-
nobenzimidazole or benzimidazole core) is necessary for dual
activity. While compounds 16 a–16 g have balanced activities

regarding both targets, alicyclic compounds 16 h–16 m lack
these activities.

The piperidine-substituted benzimidazole compound 36
shows potential as a future lead structure for the intended
dual-activity due to its micromolar-level inhibition of BChE

(IC50 = 2.3 mm) and high affinity for CB2R (Ki(hCB2R) = 188.0 nm)
(Figure 4). To rationalize the findings with regard to the 3D

structures of the targets, computational studies were per-

formed.

Molecular dynamics simulations at the hCB2R

Construction of the active-state model of hCB2R

The crystal structure of the active human b2 adrenergic recep-
tor (PDB ID: 3SN6)[48] was used as a template to construct the

active-state conformation of hCB2R. For alignment of the
amino acid sequences between hb2R and hCB2R, the most con-

served residue of each transmembrane (TM) domain according

to Ballesteros and Weinstein[49] was used as reference for all
TM helices except TM V, because here, the highly conserved

proline is not present in the hCB2R. Two different sequence
alignments for TM V with the hb2R as reference have been de-

scribed.[50, 51] Because there is no information given as to which
alignment leads to the better model, in the present study both
models of hCB2R regarding TM V were generated (Figure 5).

Lysozyme, the camelid antibody VHH fragment, and the Gb

and Gg subunits were deleted. Only the last 20 amino acids of
the C terminus of the Gas subunit were modelled and mutated
into the corresponding amino acids of the Gai/o subunit. The
N terminus of the receptor, which is missing in the crystal
structure, was added using the SYBYL 7.0 software package

(Tripos Inc.). To obtain an acceptable starting conformation of
the N terminus, a short gas-phase MD simulation of the N ter-
minus, by fixing the remaining part of the receptor, was per-
formed with SYBYL 7.0. The “Loop-Search” module of
SYBYL 7.0 was used to adopt/complete the E1-, E2-, E3-, I1-,

and I3-loops. The last amino acid of the C terminus of the
hCB2R was Leu314. Because internal water molecules are sug-

gested to be important for stabilization or activation of fami-

ly A GPCRs,[52, 53] these internal water molecules were included
into the model of active hCB2R. Compound 1 was docked man-

ually into the binding pocket of both hCB2R models between
TMs III, V, and VI in an analogous manner, using SYBYL 7.0. Sev-

eral docking poses of 1 were applied by rotation of the ligand
or by changing the dihedral angles of rotatable bonds, and an-

Table 1. (Continued)

Compd X Y R1 R2 R3 IC50 (pIC50�SD) or
Inhibition [%]

Ki (pIC50�SD) or
[3H]CP 55,940 displ. @ 10 mm

BChE[a] AChE[b] hCB2R[c] hCB1R[d]

36 CH CH2 CONEt2

2.3 mm
(5.6�0.1)

48 % @
100 mm

188.0 nm
(6.7�0.1)

14 %

45 CH NH CONEt2

26 % @
10 mm

5 % @
10 mm

11 % 47 %

[a] Values are the mean of at least three determinations; BChE from equine serum. [b] Values are the mean of at least three determinations; AChE from
electric eel. [c] Screened on membranes of HEK cells stably expressing hCB2R, with test compound concentration at 10 mm ; values are the mean of at least
two independent experiments performed in triplicate. Ki values were determined when the displacement of [3H]CP 55,940 was >50 %; mean values of at
least two independent experiments performed in triplicate. [d] Screened on membranes of CHO cells stably expressing hCB1R, with test compound concen-
tration at 10 mm ; values are the mean of at least two independent experiments performed in triplicate. Ki values were determined when the displacement
of [3H]CP 55,940 was >50 %; mean values of at least two independent experiments. ND: not determined.

Figure 4. Plot of pIC50 values for BChE inhibition against pKi values of hCB2R
affinity. Compounds with no significant affinity for one of the targets are
placed on the two black lines.
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alyzed with regard to the best ligand–receptor interaction

energy. However, only one ligand–receptor complex was fa-

vored with respect to the ligand–receptor interaction energy:
Here, the amide moiety was located near Thr3.33, and the phen-

ylene moiety was embedded in an aromatic pocket formed by
Phe2.57, Phe2.61, Phe2.64, and Phe183 (E2-loop). The lipophilic iso-

pentyl side chain points to the extracellular surface of the
hCB2R. The resulting complexes were energetically minimized
with SYBYL 7.0 and afterward embedded in a POPC lipid bilay-

er. Intracellular and extracellular water molecules, as well as
five sodium and 12 chloride ions to achieve electroneutrality,
were added into the simulation box (7.2 Õ 7.2 Õ 9.5 nm) using
the commands genbox and genion of the GROMACS 4.0.2 soft-

ware package (www.gromacs.org). The parameterization for li-
gands 1 and 16 a was obtained from the PRODRG server (da-

vapc1.bioch.dundee.ac.uk/prodrg/). After minimization of the

simulation box with GROMACS 4.0.2, MD simulations (5 ns
equilibration phase and 10 ns productive phase) were per-

formed as previously described.[54, 55]

Binding mode of compounds 1 and 16 a at hCB2R

In the case of the active hCB2R model I based on the alignment

by Cichero et al.[51] (Figure 5), ligand 1 remained unstable
during the MD simulation, and no hydrogen bond interactions

between ligand and receptor were observed. The hydrogen
bond between Ser193 and 1, present in the starting structure,

disappeared during an early stage of the MD simulation. In
contrast, analogous simulations of 1 based on the active hCB2R

model II (Figure 5) based on the alignment of Bramblett
et al.[50] revealed a stable binding mode during the whole pro-

ductive phase (Figure 6 a).
Two stable hydrogen bonds between 1 and the receptor

were observed (Figures 6 b and 7): The oxygen atom of the
amide moiety formed hydrogen bonds with the hydrogen

atom of Thr3.33 and Trp5.43 (Supporting Information Figure 16).
At a small number of time steps, an additional hydrogen bond
between the oxygen atom of the ethoxy moiety and Ser7.39

was observed. Further stabilization of the ligand in the binding
pocket was achieved by binding of the phenylene moiety into
an aromatic pocket formed by Phe2.57, Phe2.61, Phe2.64, and
Phe183 (E2-loop). In particular, Phe183 (E2-loop) was observed to

establish a stacked aromatic interaction with the phenyl
moiety of 1 during long periods of the entire simulation (Fig-

ure 6 b).

MD simulation of 16 a, docked analogously to 1 at the
hCB2R (model II), led to a stable binding conformation, which,

in contrast to the binding mode of 1, showed significant differ-
ences: For 16 a, only one stable hydrogen bond between the

oxygen atom of the amide moiety and Thr3.33 was observed,
whereas the hydrogen bond between the amide oxygen atom

and Trp5.43 was completely lost (Figure 7, Figure 8 a and 8 b,

and Supporting Information Figure 17).
In contrast to 1, the NH group of Trp5.43 forms a stable hy-

drogen bond interaction with the oxygen atom of the Thr3.33

side chain (Figure 6 b and Figure 8 a and 8 b). Furthermore, the

stacked aromatic interaction between the phenylene moiety

Figure 5. Two different homology models I and II of hCB2R based on two dif-
ferent alignments of TM V with ligand 1 bound to the orthosteric binding
site.

Figure 6. A representative snapshot of 1 in the binding pocket of hCB2R
based on MD simulation. a) The most important amino acids forming the
binding pocket are shown. b) Hydrogen bonds between Thr3.33 or Trp5.43 and
1 (yellow lines) and stacked aromatic interaction between Phe183 (E2-loop)
and the phenylene moiety of 1 (grey dashed lines).
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and Phe183, as observed for 1, is completely lost (Figure 8 a and

8 b). During the whole simulation, no interaction of the oxygen
atom of the ethoxy moiety or the NH group with the receptor

was observed.

Binding of compounds 1 and 16 a to hCB2R

MD studies revealed that 1 and 16 a are bound similarly in

a pocket between TM III, TM V, and TM VI, as described earlier
for other cannabinoid receptor ligands at the CB1R and

CB2R.[56–59] Residues Phe2.61, Lys3.28, Thr3.33, Phe3.36, Tyr5.39, Trp5.43,
Leu6.51, Asp6.58, Phe7.35, and Ser7.39 are the most important amino

Figure 7. Number of hydrogen bonds between 1 or 16 a and Thr3.33 or Trp5.43. Interaction energies (short-range Coulomb (CSR) and short-range Lennard–Jones
(LJSR), calculated with g_energy of GROMACS 4.0.2) between 1 or 16 a and the hCB2R.

Figure 8. Binding conformation of 1 and 16 a in the binding site of hCB2R. a) Binding conformation of 1, b) binding conformation of 16 a, c) overlay of the
binding conformation of 1 and 16 a in the binding site of hCB2R, and d) overlay of the energetically preferred conformation of 1 and 16 a in the gas phase.

ChemMedChem 2016, 11, 1270 – 1283 www.chemmedchem.org Ó 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim1279

Full Papers

http://www.chemmedchem.org


acids forming the binding pocket for CP 55,940.[59] Besides lipo-
philic ligand–receptor interactions, hydrogen bonds between

the ligand CP 55,940 and Lys3.28 and Asp6.58 lead to additional
stabilization.[59] However, in contrast to the present study,

Trp5.43 points downward to the intracellular side.[59]

Experimental data show that the affinity of 1 for hCB2R is
about two orders of magnitude higher than that of 16 a
(Table 1). As the simulations indicate, the number of hydrogen
bonds between 16 a and hCB2R decreased relative to 1 and

hCB2R (Figure 7). Furthermore, the aromatic interaction be-
tween the phenylene moiety and Phe183 in the case of 16 a is
reduced (Figure 8 a–c). These changes in binding mode are
caused by the different electronic behavior of the CH2 moiety

in 1 and the NH moiety in 16 a. Because of the presence of the
lone electron pair in the latter, the ligand exhibits a nearly

planar conformation of the benzimidazol-2-amine partial struc-

ture, indicated by the H¢N vector, which is ~308 out of the
plane, formed by the hydrogen atom and the two directly at-

tached carbon atoms. In the case of 1, the analogous carbon
atom shows an sp3 hybridization state; therefore, the energeti-

cally preferred conformation shows a kink (Figure 8 c,d) and
thus fits better into the binding pocket of hCB2R. These struc-

tural observations are supported by the ligand–receptor inter-

action energies, which are ~26 kJ mol¢1 more favored for
1 (Figure 7). As already pointed out, the hydrogen bonds be-

tween the amide moiety of 1 and hCB2R are suggested to be
essential for the high affinity of this compound for hCB2R. This

is supported by the experimental results presented herein, be-
cause for compound 31, without this amide moiety, the affinity

decreased about three orders of magnitude (Table 1).

Molecular docking and MD with hBChE

The catalytic active sites (CAS) of BChE and AChE consist of the

residues Ser198, His438, Glu325 and Ser200, His440, and Glu327, re-

spectively. These amino acids comprise the catalytic triad and
form gorges of 20 æ depth.[60–63] The binding pocket in BChE is

comprised by Leu286 and Val288 in the catalytic triad vicinity,
whereas in AChE the equivalent residues are Phe288 and Phe290

(residue numbers from Torpedo californica AChE). Other impor-
tant residues involved in choline hydrolysis in BChE are Trp82

and Ala328. In AChE, this tryptophan is conserved (Trp84), where-
as the alanine is replaced by Phe330.[64] Near the choline binding

site of BChE, highly conserved N¢H dipoles from Ala199, Gly116,
Gly117 form an oxyanion hole. In the BChE active site, six out of
the fourteen bulky aromatic amino acid residues in AChE (Tyr72,

Tyr124, Trp286, Phe295, Phe297, and Tyr337) are replaced with ali-
phatic residues (Asn68, Gln119, Ala277, Leu286, Val288, and Ala328).

This results in an active site gorge for BChE 200 æ3 larger than
that of AChE.[65] Overall, these differences explain enzyme-spe-

cific ligand binding to AChE and BChE.[66]

Computational docking studies were carried out with
GOLD[67] to investigate the binding mode of aminobenzimida-

zole 16 a and benzimidazole 1 in BChE. A common cluster of
docking poses highly ranked by the DSX scoring function[68]

was obtained for both ligands (rank 1, 3, 6, 9 poses of ligand
1, and rank 2, 3, 6, 7 poses of ligand 16 a), in agreement with

the expectation that these two structurally very similar ligands

should exhibit a similar binding mode. As depicted in Figure 9,
the aforementioned binding mode suggests that the two li-

gands are placed near the CAS (residues in green), while their
amide groups point toward Ala328. The isopentyl group of the

ligands points toward the residues of the oxyanion hole (resi-

dues in light blue), and the ethoxy scaffold is near Leu286 and
Val288.

This binding mode suggests that the most important differ-
ence between the two ligands is a polar interaction between

the backbone carbonyl oxygen atom of Ser287 and the anilinic
NH group of ligand 16 a. The lack of this group in ligand 1 can
explain its decreased potency compared to ligand 16 a. Fur-

thermore, replacement of the anilinic NH group with a benzylic
methylene group in ligand 1 results in a more acute bond
angle for the latter.

In a further step, MD simulations using the aforementioned

docking poses were carried out to determine whether the pro-
posed binding mode obtained by docking is truly plausible.

The MD of ligand 16 a shows that indeed the anilinic NH re-

mains in close proximity to the carbonyl oxygen atom of Ser287

throughout the simulation (Figure 10). A hydrogen bond is

formed between the two moieties with an occupancy of
62.3 %, interrupted occasionally by a switch of the NH group

to the neighboring carbonyl oxygen of Pro285 forming a hydro-
gen bond with an occupancy of 6.3 % (Supporting Information

Figures 11 and 12). In addition, polar interactions occur be-

tween the N2 of the benzimidazole ring and the NH2 of the
Gln119 side chain (hydrogen bond occupancy: 14.4 %; see Sup-

porting Information Figure 10). The aforementioned interac-
tions of the ligand with the protein, primarily those with Ser287,

Pro285, and Gln119, result in stabilization of the ligand in its bind-
ing mode (Supporting Information Figure 14) after an initial

Figure 9. Docking poses of ligand 1 (turquoise) and 16 a (yellow) in the CAS
of BChE.
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slight drift from the starting pose, depicted by an RMSD of
2.19�0.40 æ of the benzimidazole scaffold over the entire sim-

ulation (Supporting Information Figure 13).
Because it cannot form the critical polar interaction with

Ser287 or Pro285, ligand 1 should be more prone to drift inside

the cavity than ligand 16 a. Indeed, the RMSD of the benzimi-
dazole scaffold is 3.54�0.52 æ (Supporting Information

Figure 9). The most important polar interaction at the begin-
ning of the MD is between the phenolic OH group of Tyr332

and the amide oxygen atom of the ligand, which takes place
from the beginning of the simulation until 5.5 ns (Supporting

Information Figure 6). At this point a conformational change

takes place in the protein, causing Tyr332 to flip. Nonetheless, at
7.7 ns ligand 1 is stabilized by the formation of a polar net-
work with the assistance of a water molecule. The water mole-
cule is pinned to position by hydrogen bonds from the amide

oxygen of the ligand, the backbone carbonyl oxygen of Ala328,
and the backbone amide NH group of residues Val331 and Tyr332

(Supporting Information Figures 1, 3, 4, 7, and 8). This water
bridge network is preserved until the end of the simulation
and highlights the importance of the amide scaffold of the

ligand (Supporting Information Figure 15). In addition, the NH
group of Tyr332 also forms a hydrogen bond directly with the

amide oxygen atom of the ligand, which leads to further stabi-
lization of the network motif (Supporting Information

Figure 5). Importantly, ligand 31, which lacks the amide scaf-

fold, shows no enzyme inhibitory potency. Another significant
interaction observed is the NH group of Asn68 with the ethoxy

scaffold of the ligand (Supporting Information Figure 2).

Conclusions

A pharmacophore model for BChE inhibitors was developed
and applied to a benzimidazole-based selective hCB2R agonist

and identified this compound as a moderately potent BChE in-

hibitor with selectivity over AChE. In this preliminary study, ini-
tial systematic SARs on hCB2R and BChE were conducted by

synthesizing and evaluating a library of 21 novel compounds
including aminobenzimidazole derivatives, structural isomers

of the heterocyclic core, derivatives with modifications of the
alkyl chain attached to the heterocycle, and variations of the

substitution pattern of the phenyl group. This study is prelimi-

nary and currently lacks functional and in vivo data. Neverthe-
less, by MD simulations at the hCB2R subtype and molecular
docking of a set of compounds and subsequent MD at hBChE,
initial insights into molecular understanding of the SARs at the

two targets investigated could be obtained (and are illustrated
in a 2D plot in the Supporting Information).

Using MD simulations at the hCB2R, a different binding

mode of the 2-aminobenzimidazole derivative 16 a relative to
that of the benzimidazole lead structure 1 could be observed:

while the benzimidazole shows a p–p interaction with Phe183,
the 2-aminobenzimidazole completely loses this interaction

(Figure 8 a–c). Compound 16 d offers the possibility to take ad-
vantage of the different binding mode: The additional phenyl

moiety in compound 16 d might eliminate this effect and leads

to improved affinity for the CB2R relative to the other 2-amino-
benzimidazoles.

In a docking and MD study on hBChE, the inhibitory effect
of the benzimidazole lead structure 1 was explained. Here, the

inhibitory effect is based on the amide pharmacophore, which
forms hydrogen bonds with a water molecule. The water mole-

Figure 10. a) Binding mode of 1 as observed in the last snapshot of the MD simulation in BChE; interactions of the amide function with a water molecule
and Tyr332, Val331, Ala328, and the interaction of the ether moiety with Asn68 are highlighted. b) Binding mode of 16 a as observed in the last snapshot of the
MD simulation in BChE; interactions of the anilinic nitrogen atom with Ser287 and Pro285 of the benzimidazole nitrogen with Gln119 are highlighted.
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cule itself also provides hydrogen bonds to the surrounding
amino acids (Figure 10). This finding is confirmed by the bio-

logical evaluation of 31, which lacks the amide moiety and no
longer shows inhibitory effect at BChE (Table 1). The inhibitory

effect of 2-aminobenzimidazole 16 a arises from interactions of
the additional nitrogen atom with Ser287 and Pro285 (Figure 10),
which provides an advantage over compound 1. With regard
to compounds 1 and 16 a at the CB2R, docking and MD simula-
tions led to the finding that the affinity difference is not due

to increased polarity or basicity of the molecule (provided by
the additional nitrogen atom), but to a difference in the geom-
etry of the structure in the binding pocket (Figure 8).

Still, future evaluations of the synthesized compounds in
functional assays and thereby differentiation into agonist, par-
tial agonist, antagonist, and inverse agonist properties are cru-

cial to identify suitable leads for the intended development of

dual-acting compounds. This is especially true as a lower-affini-
ty compound with pronounced intrinsic activity might be a su-

perior lead when compared with a compound optimized by af-
finity only. Testing the effects of dual-acting compounds con-

comitantly in vivo is of special interest, albeit complex. We
have conducted such studies for dual-acting AChE inhibitors

and hH3R antagonists.[8, 69] For the compounds described

herein, neuroinflammatory in vivo models seem appropriate.
Concomitant SARs on several targets (four in this case) are

necessarily complex by nature. Nevertheless, we have identi-
fied compounds that represent both sub-micromolar BChE in-

hibitors as well as hCB2R ligands with selectivity over AChE and
hCB1R. The SARs obtained from these novel lead structures

based on an aminobenzimidazole core in combination with

computational studies on both target proteins describe
a common chemical space for further structural optimization

to identify novel leads for putative application as experimental
therapeutics for neurodegenerative disorders.
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[62] N. Çokuğraş, Turk. J. Biochem. 2003, 28, 54 – 61.
[63] J. L. Sussman, M. Harel, F. Frolow, C. Oefner, A. Goldman, L. Toker, I.

Silman, Science 1991, 253, 872 – 879.
[64] Y. Xu, J.-P. Colletier, M. Weik, H. Jiang, J. Moult, I. Silman, J. L. Sussman,

Biophys. J. 2008, 95, 2500 – 2511.
[65] A. Saxena, A. M. Redman, X. Jiang, O. Lockridge, B. P. Doctor, Chem.-Biol.

Interact. 1999, 119 – 120, 61 – 69.
[66] M. Bajda, A. Więckowska, M. Hebda, N. Guzior, C. A. Sotriffer, B. Malaw-

ska, Int. J. Mol. Sci. 2013, 14, 5608 – 5632.
[67] M. L. Verdonk, J. C. Cole, M. J. Hartshorn, C. W. Murray, R. D. Taylor, Pro-

teins Struct. Funct. Bioinf. 2003, 52, 609 – 623.
[68] G. Neudert, G. Klebe, J. Chem. Inf. Model. 2011, 51, 2731 – 2745.
[69] N. Khan, A. Saad, S. N. Nurulain, F. H. Darras, M. Decker, B. Sadek, Behav.

Brain Res. 2016, 297, 155 – 164.

Received: September 12, 2015
Published online on November 9, 2015

ChemMedChem 2016, 11, 1270 – 1283 www.chemmedchem.org Ó 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim1283

Full Papers

http://dx.doi.org/10.1016/j.bmc.2014.06.008
http://dx.doi.org/10.1016/j.bmc.2014.06.008
http://dx.doi.org/10.1016/j.bmc.2014.06.008
http://dx.doi.org/10.1016/j.bmc.2013.05.001
http://dx.doi.org/10.1016/j.bmc.2013.05.001
http://dx.doi.org/10.1016/j.bmc.2013.05.001
http://dx.doi.org/10.1016/S0040-4039(01)80041-1
http://dx.doi.org/10.1016/S0040-4039(01)80041-1
http://dx.doi.org/10.1016/S0040-4039(01)80041-1
http://dx.doi.org/10.1016/j.tetlet.2008.03.045
http://dx.doi.org/10.1016/j.tetlet.2008.03.045
http://dx.doi.org/10.1016/j.tetlet.2008.03.045
http://dx.doi.org/10.1016/j.tetlet.2008.03.045
http://dx.doi.org/10.1016/j.tetlet.2006.03.112
http://dx.doi.org/10.1016/j.tetlet.2006.03.112
http://dx.doi.org/10.1016/j.tetlet.2006.03.112
http://dx.doi.org/10.1021/jo00255a008
http://dx.doi.org/10.1021/jo00255a008
http://dx.doi.org/10.1021/jo00255a008
http://dx.doi.org/10.1016/j.tetlet.2008.05.100
http://dx.doi.org/10.1016/j.tetlet.2008.05.100
http://dx.doi.org/10.1016/j.tetlet.2008.05.100
http://dx.doi.org/10.1021/cn500016p
http://dx.doi.org/10.1021/cn500016p
http://dx.doi.org/10.1021/cn500016p
http://dx.doi.org/10.1021/jm040843r
http://dx.doi.org/10.1021/jm040843r
http://dx.doi.org/10.1021/jm040843r
http://dx.doi.org/10.1038/sj.bjp.0707568
http://dx.doi.org/10.1038/sj.bjp.0707568
http://dx.doi.org/10.1038/sj.bjp.0707568
http://dx.doi.org/10.1038/sj.bjp.0707568
http://dx.doi.org/10.1038/nature10361
http://dx.doi.org/10.1038/nature10361
http://dx.doi.org/10.1038/nature10361
http://dx.doi.org/10.1016/S1043-9471(05)80049-7
http://dx.doi.org/10.1016/S1043-9471(05)80049-7
http://dx.doi.org/10.1016/S1043-9471(05)80049-7
http://dx.doi.org/10.1016/0024-3205(95)00178-9
http://dx.doi.org/10.1016/0024-3205(95)00178-9
http://dx.doi.org/10.1016/0024-3205(95)00178-9
http://dx.doi.org/10.1016/0024-3205(95)00178-9
http://dx.doi.org/10.1016/j.ejmech.2011.07.023
http://dx.doi.org/10.1016/j.ejmech.2011.07.023
http://dx.doi.org/10.1016/j.ejmech.2011.07.023
http://dx.doi.org/10.1016/j.ejmech.2011.07.023
http://dx.doi.org/10.1073/pnas.0903545106
http://dx.doi.org/10.1073/pnas.0903545106
http://dx.doi.org/10.1073/pnas.0903545106
http://dx.doi.org/10.1073/pnas.0903545106
http://dx.doi.org/10.1126/science.1219218
http://dx.doi.org/10.1126/science.1219218
http://dx.doi.org/10.1126/science.1219218
http://dx.doi.org/10.1021/jm900526h
http://dx.doi.org/10.1021/jm900526h
http://dx.doi.org/10.1021/jm900526h
http://dx.doi.org/10.1021/jm900526h
http://dx.doi.org/10.1016/j.ejmech.2004.10.002
http://dx.doi.org/10.1016/j.ejmech.2004.10.002
http://dx.doi.org/10.1016/j.ejmech.2004.10.002
http://dx.doi.org/10.1016/j.ejmech.2004.10.002
http://dx.doi.org/10.1021/jm500807e
http://dx.doi.org/10.1021/jm500807e
http://dx.doi.org/10.1021/jm500807e
http://dx.doi.org/10.1021/jm500807e
http://dx.doi.org/10.1002/ardp.201400201
http://dx.doi.org/10.1002/ardp.201400201
http://dx.doi.org/10.1002/ardp.201400201
http://dx.doi.org/10.1074/jbc.M210241200
http://dx.doi.org/10.1074/jbc.M210241200
http://dx.doi.org/10.1074/jbc.M210241200
http://dx.doi.org/10.1074/jbc.M210241200
http://dx.doi.org/10.1080/14756360701421294
http://dx.doi.org/10.1080/14756360701421294
http://dx.doi.org/10.1080/14756360701421294
http://dx.doi.org/10.1080/14756360701421294
http://dx.doi.org/10.1126/science.1678899
http://dx.doi.org/10.1126/science.1678899
http://dx.doi.org/10.1126/science.1678899
http://dx.doi.org/10.1529/biophysj.108.129601
http://dx.doi.org/10.1529/biophysj.108.129601
http://dx.doi.org/10.1529/biophysj.108.129601
http://dx.doi.org/10.1016/S0009-2797(99)00014-9
http://dx.doi.org/10.1016/S0009-2797(99)00014-9
http://dx.doi.org/10.1016/S0009-2797(99)00014-9
http://dx.doi.org/10.1016/S0009-2797(99)00014-9
http://dx.doi.org/10.1016/S0009-2797(99)00014-9
http://dx.doi.org/10.1016/S0009-2797(99)00014-9
http://dx.doi.org/10.3390/ijms14035608
http://dx.doi.org/10.3390/ijms14035608
http://dx.doi.org/10.3390/ijms14035608
http://dx.doi.org/10.1002/prot.10465
http://dx.doi.org/10.1002/prot.10465
http://dx.doi.org/10.1002/prot.10465
http://dx.doi.org/10.1002/prot.10465
http://dx.doi.org/10.1021/ci200274q
http://dx.doi.org/10.1021/ci200274q
http://dx.doi.org/10.1021/ci200274q
http://dx.doi.org/10.1016/j.bbr.2015.10.022
http://dx.doi.org/10.1016/j.bbr.2015.10.022
http://dx.doi.org/10.1016/j.bbr.2015.10.022
http://dx.doi.org/10.1016/j.bbr.2015.10.022
http://www.chemmedchem.org


Supporting Information

Aminobenzimidazoles and Structural Isomers as Templates
for Dual-Acting Butyrylcholinesterase Inhibitors and hCB2R
Ligands To Combat Neurodegenerative Disorders
Dominik Dolles,[a] Martin Nimczick,[a] Matthias Scheiner,[a] Jacqueline Ramler,[a]

Patricia Stadtm�ller,[a] Edgar Sawatzky,[a] Antonios Drakopoulos,[a] Christoph Sotriffer,[a] Hans-
Joachim Wittmann,[b] Andrea Strasser,[b] and Michael Decker*[a]

cmdc_201500418_sm_miscellaneous_information.pdf



1 
 

Supporting Information 
 

Table of Contents 
 

Chemistry .............................................................................................................................. 2 

General Information ........................................................................................................... 2 

Synthesis ........................................................................................................................... 3 

Biological evaluation .............................................................................................................45 

Inhibition of BChE and AChE ............................................................................................45 

Radioligand binding studies on hCB2R and hCB1R ...........................................................45 

Computational studies at hBChE ..........................................................................................47 

Materials and Methods ......................................................................................................47 

MD of benzimidazole 1 .....................................................................................................49 

MD of 2-amino benzimidazole 16a ....................................................................................52 

2D docking images ...........................................................................................................53 

References ...........................................................................................................................55 

 

 

  



2 
 

Chemistry 

General Information 
 

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

suppliers. For anhydrous reaction conditions, THF and dioxane were dried prior to use by 

refluxing over sodium slices for at least two days under argon atmosphere. 

Thin layer chromatography was performed on silica gel 60 (alumina foils with fluorescent 

indicator 254 nm). For detection iodine vapor and UV light (254 nm and 366 nm) were used. 
For column chromatography, silica gel 60 (particle size of 0.040 mm – 0.063 mm) was used. 

Nuclear magnetic resonance spectra were recorded with a Bruker AV-400 NMR instrument 

(Bruker, Karlsruhe, Germany) in CDCl3, DMSO-d6 or CD3OD, respectively, and chemical 

shifts are expressed in ppm relative to CDCl3 (7.26 ppm for 1H and 77.16 ppm for 13C), 

DMSO-d6 (2.49 ppm for 1H and 39.52 ppm for 13C) and CD3OD (3.31 ppm for 1H and 49.00 

ppm for 13C)[1]. 

The LCMS-system from Shimadzu Products, contained a DGU-20A3R degassing unit, a 

LC20AB liquid chromatograph and a SPD-20A UV/Vis detector. Mass spectra were obtained 

by a LCMS 2020. As stationary phase a Synergi 4U fusion-RP (150 * 4.6 mm) column and as 

mobile phase a gradient of MeOH / water was used. Parameters for method I: A: water with 

0.1 % CF3COOH, B: MeOH with 0.1 % CF3COOH, V(B)/(V(A)+V(B)) = 10 % to 80 % over 10 

min, V(B)/(V(A)+V(B)) = 80 % for 5 min, V(B)/(V(A)+V(B)) = 80 % to 10 % over 3 min. 

Parameters for method II: A: water, B: MeOH, V(B)/(V(A)+V(B)) = 5 % to 90 % over 10 min, 

V(B)/(V(A)+V(B)) = 90 % for 5 min, V(B)/(V(A)+V(B)) = 90 % to 5 % over 3 min. Both 

methods were performed with a flow rate of 1.0 mL/min. UV detection was measured at 

254 nm. 
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Synthesis  

General procedure I for amide formation (for compounds 3, 19, 43) 

The respective acid (1 eq.) was dissolved in DMF and NEt3 (1.5 eq.), HBTU (1.1 eq.) and the 

appropriate amine (1 eq.) were added in one portion. The mixture was stirred overnight at 

room temperature. Then, EtOAc and sat. NaHCO3 solution were added. The organic layer 

was washed several times with water and brine and dried over anhydrous Na2SO4. The 

solvent was removed in vacuo and product was used without further purification. 

General procedure II for aryl halogen substitution (for compounds 5 – 7, 20 – 22) 

The respective halogenated aryl compound (1 eq.) was dissolved in EtOH and NEt3 (1.5 eq.) 

and the appropriate amine (1.1 eq.) were added. The mixture was stirred overnight at 50 °C. 

Afterwards, the solvent was removed in vacuo and the residue taken up in EtOAc. The 

organic layer was washed with brine, dried over anhydrous Na2SO4 and the solvent removed 

in vacuo. Product was used without further purification. 

General procedure III for the reduction of the nitro moiety[2] (for compounds 8 – 10, 23 – 25) 

The respective nitro compound (1 eq.) was dissolved in EtOH and SnCl2 · 2 H2O (6.2 eq.) 

added. The mixture was refluxed overnight under argon atmosphere. After cooling to 0 °C, 

the mixture was basified (pH = 10) with 1 M NaOHaq until precipitation. The precipitate was 

filtered off by suction and the solution concentrated in vacuo. The residue was suspended in 

water and extracted with CH2Cl2. The organic layer was dried over anhydrous Na2SO4 and 

the solvent was removed in vacuo. Product was used without further purification. 

General procedure IV for the formation of the isothiocyanates[3] (for compounds 11a – m) 

The respective amine (1 eq.) and NEt3 (1.2 eq.) were dissolved in anhydrous THF and 

cooled down to 0 °C. CS2 (10 eq.) was added dropwise over a period of 20 minutes and the 

mixture stirred overnight at room temperature. The mixture was again cooled down to 0 °C 

and a solution of Boc2O (1 eq.) and DMAP (cat.) in anhydrous THF added dropwise. The 

reaction was stirred for further 2 h. The solvent was removed in vacuo and Et2O added until 

precipitation. The precipitate was filtered off and the filtrate was concentrated in vacuo. The 

crude product was purified by column chromatography if necessary. 

General procedure V for the thiourea formation (for compounds 12a, 13a – m, 14a) 

The respective diamino compound (1 eq.) was dissolved in anhydrous THF and the 

appropriate isothiocyanate (1.0 eq. to 1.1 eq.) added. The mixture was stirred for 3 to 7 days 

at room temperature. Afterwards, EtOAc was added and the organic layer washed with brine. 

The crude product was purified by column chromatography. 
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General procedure VI for the cyclisation of the 2-amino benzimidazole derivatives[4] (for 

compounds 15a, 16a – m, 17a) 

The respective thiourea compound (1 eq.) was dissolved in anhydrous THF and NEt3 (1.5 

eq.) and EDCI · HCl (2.5 eq.) were added. The mixture was refluxed for 3 to 5 days. 

Afterwards, EtOAc was added and the organic layer was washed with brine. The crude 

product was purified by column chromatography. 

General procedure VII for the formation of the acetamide derivative[5] (for compounds 26 – 
30) 

2-(4-Ethoxyphenyl)acetic acid (1 eq.) was dissolved in anhydrous THF and CDI (1 eq.) was 

added. The mixture was stirred for 1 h at room temperature. Then, a solution of the diamino 

compound (1 eq.) in anhydrous THF was added and stirred for 3 days at 50 °C. After 

concentrating the solution in vacuo, water was added and the mixture extracted with CH2Cl2. 

The organic layer was dried over anhydrous Na2SO4 and solvent evaporated. The crude 

product was purified by column chromatography. 

General procedure VIII for the cyclisation of the benzimidazole derivatives[5] (for compounds 

1, 31 – 34) 

The respective acetamide compound (1 eq.) was dissolved in glacial acetic acid, and the 

mixture refluxed for 1.5 h. The solution was then concentrated in vacuo, basified (pH = 10) 

with NH3, aq. (25%) and extracted with CH2Cl2. The organic layer was dried over anhydrous 

Na2SO4, the solvent removed in vacuo and the pure product obtained after column 

chromatography. 
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Synthesis of N,N-diethyl-4-fluoro-3-nitrobenzamide 

N

O
NO2

F  

3 

The reaction was carried out according to general procedure I using commercially available 

4-fluoro-3-nitrobenzoic acid 2 (5.40 mmol, 1.00 g) and HNEt2 (5.40 mmol, 0.71 mL). Product 

3 was obtained as a yellow oil (2.89 mmol, 0.69 g, 54 %). 

1H NMR (CDCl3, 400 MHz): δ = 1.11 – 1.30 (m, 6 H), 3.18 – 3.65 (m, 4 H), 7.35 (dd, J = 10.4, 

8.5 Hz, 2 H), 7.66 – 7.70 ((m, J = 8.5, 4.2, 2.2 Hz, 1 H), 8.11 (dd, J = 7.0, 2.2 Hz, 1 H) ppm. 

13C NMR (CDCl3, 101 MHz): δ = 13.99, 43.44, 118.81, 124.42, 133.81, 136.86, 154.11, 

156.77, 167.47 ppm. 

ESI: m/z calcd for C11H13FN2O3 [M+H]+: 241.10; found: 241.10. 

Synthesis of N-isopentyl-2-nitroaniline 

NO2

N
H  

5 

The reaction was carried out according to general procedure II using commercially available 

1-fluoro-2-nitrobenzene 4 (1.42 mmol, 0.15 mL) and isopentylamine (1.56 mmol, 0.22 mL). 

Product 5 was obtained as a yellow oil (1.42 mmol, 0.31 g, > 99 %). 

1H NMR (CDCl3, 400 MHz): δ = 0.98 (d, J = 6.8 Hz, 6 H), 1.64 (q, J = 7.2 Hz, 2 H), 1.78 (m, 1 

H), 3.31 (m, 2 H), 6.63 (ddd, J = 8.4, 6.8, 1.2 Hz, 1 H), 6.85 (dd, J = 8.4, 1.2 Hz, 1 H), 7.43 

(ddd, J = 8.8, 7.2, 1.6 Hz 1 H), 8.17 (m, 1 H), 9.76 (s, 1 H, NH) ppm. 

13C NMR (CDCl3, 101 MHz): δ = 22.63, 26.14, 37.93, 41.44, 113.95, 115.23, 127.08, 136.33 

ppm.  

ESI: m/z calcd for C11H16N2O2 [M+Na]+: 231.11; found: 231.10. 
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Synthesis of N,N-diethyl-4-(isopentylamino)-3-nitrobenzamide 

N

O
NO2

N
H  

6 

The reaction was carried out according to general procedure II using N,N-diethyl-4-fluoro-3-

nitrobenzamide 3 (4.90 mmol, 1.20 g) and isopentylamine (5.90 mmol, 0.82 mL). Product 6 

was obtained as a yellow oil (4.82 mmol, 1.53 g, 95 %). 

1H NMR (CDCl3, 400 MHz): δ = 0.91 (d, J = 6.8 Hz, 6 H), 1.14 (t, J = 7.0 Hz, 6 H), 1.56 (q, J 

= 7.1 Hz, 2 H), 1.67 – 1.71 (m, 1 H), 3.27 (t, J = 7.2 Hz, 2 H), 3.37 (q, J = 6.8 Hz, 4 H), 6.81 

(d, J = 8.8 Hz, 1 H), 7.48 (dd, J = 8.8, 2.0 Hz, 1 H), 8.07 (br, NH), 8.19 (d, J = 2.0 Hz, 1 H) 

ppm. 

13C NMR (CDCl3, 101 MHz): δ = 13.34 – 13.75, 22.44, 25.95, 37.71, 41.37, 40.59 – 43.31, 

113.96, 123.18, 125.68, 130.61, 135.22, 146.02, 169.50 ppm. 

ESI: m/z calcd for C16H25N3O3 [M+H]+: 308.20; found: 308.00. 

Synthesis of 4-(benzylamino)-N,N-diethyl-3-nitrobenzamide 

N

O
NO2

N
H

 

7 

The reaction was carried out according to general procedure II using N,N-diethyl-4-fluoro-3-

nitrobenzamide 3 (3.36 mmol, 0.81 g) and benzylamine (3.70 mmol, 0.40 mL). Product 7 was 

obtained as an orange oil (3.23 mmol, 1.06 g, 96 %). 

1H NMR (CDCl3, 400 MHz): δ = 1.11 (t, J = 7.2 Hz, 6 H), 3.33 (br, 4 H), 4.48 (d, J = 5.6 Hz, 2 

H), 6.76 (d, J = 8.8 Hz, 1 H), 7.24 (m, 5 H), 7.39 (d, J = 8.8 Hz, 1 H), 8.20 (s, 1 H), 8.45 (br, 

NH) ppm. 

13C NMR (CDCl3, 101 MHz): δ = 12.72 – 14.39, 39.19 – 44.25, 47.10, 114.41, 124.24, 

125.54, 127.02, 127.81, 128.97, 131.16, 135.04, 136.91, 145.65, 169.24 ppm. 
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Synthesis of N1-isopentylbenzene-1,2-diamine 

NH2

N
H  

8 

The reaction was carried out according to general procedure III using N-isopentyl-2-

nitroaniline 5 (1.48 mmol, 0.31 g). Product 8 was obtained as a brown oil (1.12 mmol, 0.20 g, 

76 %). 

1H NMR (CDCl3, 400 MHz): δ = 0.94 (d, J = 6.8 Hz, 6 H), 1.61(q, J = 7.2 Hz, 2 H), 1.73 (m, 1 

H), 3.16 (m, 2 H), 5.30 (s, 2 H, NH2), 6.73 (m, 1 H), 6.77 (s, 1 H), 6.81 (m, 1 H), 6.83 (m, 1 

H), 7.37 (s, 1 H, NH) ppm. 

13C NMR (CDCl3, 101 MHz): δ = 22.46, 26.23, 35.93, 46.60, 108.35, 118.14, 120.15, 121.55 

ppm.  

ESI: m/z calcd for C11H18N2 [M+H]+: 179.15; found: 179.15. 

Synthesis of 3-amino-N,N-diethyl-4-(isopentylamino)benzamide 

NH2

N
H

N

O

 

9 

The reaction was carried out according to general procedure III using N,N-diethyl-4-

(isopentylamino)-3-nitrobenzamide 6 (1.09 mmol, 0.34 g). Product 9 was obtained as 

colourless oil (0.84 mmol, 0.23 g, 77 %). 

1H NMR (CDCl3, 400 MHz): δ = 0.88 (d, J = 6.4 Hz, 6 H), 1.09 (t, J = 7.0 Hz, 6 H), 1.49 (q, J 

= 7.2 Hz, 2 H), 1.67 (m, 1 H), 3.05 (t, J = 7.4 Hz, 2 H), 3.28 – 3.48 (m, 4 H + NH2), 6.50 (d, J 

= 8.0 Hz, 1 H), 6.71 (d, J = 1.6 Hz, 1 H), 6.79 (dd, J = 8.0, 1.6 Hz, 1 H) ppm. 

13C NMR (CDCl3, 101 MHz): δ = 12.25 – 12.86, 21.63, 25.09, 37.56, 41.19, 39.23 – 41.87, 

108.97, 114.46, 118.59, 125.35, 132.27, 138.44, 170.96 ppm. 

ESI: m/z calcd for C16H27N3O [M+H]+: 278.22; found: 278.15. 
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Synthesis of 3-amino-4-(benzylamino)-N,N-diethylbenzamide 

NH2

N
H

N

O

 

10 

The reaction was carried out according to general procedure III using 4-(benzylamino)-N,N-

diethyl-3-nitrobenzamide 7 (3.23 mmol, 1.06 g). Product 10 was obtained as colourless oil 

(2.42 mmol, 0.72 g, 74 %). 

1H NMR (CDCl3, 400 MHz): δ = 1.05 (t, J = 7.0 Hz, 6 H), 3.32 (m, 4 H + NH2), 4.04 (br, NH), 

4.19 (d, J = 4.0 Hz, 2 H), 6.44 (d, J = 8.0 Hz, 1 H), 6.68 (m, 2 H), 7.17 (m, 1 H), 7.24 (m, 4 H) 

ppm. 

13C NMR (CDCl3, 101 MHz): δ = 13.06 – 14.18, 38.73 – 44.13, 48.22, 110.41, 115.35, 

119.23, 126.69, 127.23, 127.59, 128.59, 133.67, 138.81, 139.22, 171.97 ppm. 

Synthesis of 1-ethoxy-4-isothiocyanatobenzene 

O

N
C

S

 

11a 

The reaction was carried out according to general procedure IV using p-phenetidine (4.37 

mmol, 0.56 mL). The crude product was purified by column chromatography using pure 

petroleum ether as eluent system. Product 11a was obtained as a pale yellow solid (4.13 

mmol, 0.74 g, 95 %). 

1H NMR (CDCl3, 400 MHz): δ = 1.41 (t, J = 6.8 Hz, 3 H), 4.02 (q, J = 8.4 Hz, 2 H), 6.84 (m, 2 

H), 7.15 (m, 2 H) ppm. 

13C NMR (CDCl3, 101 MHz): δ = 14.84, 64.01, 115.46, 116.36, 127.10, 158.15 ppm. 
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Synthesis of 1-ethoxy-3-isothiocyanatobenzene 

N
C

S

O  

11b 

The reaction was carried out according to general procedure IV using 3-ethoxyaniline (3.35 

mmol, 0.46 g). Product 11b was obtained without further purification as an orange oil (3.35 

mmol, 0.60 g, > 99 %). 

1H NMR (CDCl3, 400 MHz): δ = 1.41 (t, J = 7.0 Hz, 3 H), 4.00 (q, J = 6.9 Hz, 2 H), 6.71 (m, 1 

H), 6.80 (m, 2 H), 7.21 (t, J = 7.2 Hz, 1 H) ppm. 

13C NMR (CDCl3, 101 MHz): δ = 14.74, 63.84, 111.67, 114.22, 118.03, 130.24, 132.10, 

135.39, 159.73 ppm. 

Synthesis of 1-ethoxy-2-isothiocyanatobenzene 

N
C

S

O

 

11c 

The reaction was carried out according to general procedure IV using 2-ethoxyaniline (3.44 

mmol, 0.47 g). Product 11c was obtained without further purification as a brown oil (3.44 

mmol, 0.63 g, > 99 %). 

1H NMR (CDCl3, 400 MHz): δ = 1.49 (t, J = 7.0 Hz, 3 H), 4.10 (q, J = 6.9 Hz, 2 H), 6.87 (m, 2 

H), 7.07 (m, 1 H), 7.19 (m, 1 H) ppm. 

13C NMR (CDCl3, 101 MHz): δ = 14.72, 64.75, 112.37, 120.59, 121.06, 125.14, 128.23, 

141.18, 155.68 ppm. 
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Synthesis of 1-isothiocyanato-4-phenoxybenzene 

N
C

S

O

 

11d 

The reaction was carried out according to general procedure IV using 4-phenoxyaniline (2.16 

mmol, 0.40 mg). The crude product was purified by column chromatography using petroleum 

ether and EtOAc (4:1) as eluent system. Product 11d was obtained as a colourless oil (0.80 

mmol, 0.18 g, 37 %). 

1H NMR (400 MHz, CDCl3) δ = 6.93 – 6.98 (m, 2 H), 7.00 – 7.05 (m, 2 H), 7.14 – 7.21 (m, 3 

H), 7.34 – 7.41 (m, 2 H) ppm. 

13C NMR (101 MHz, CDCl3) δ = 119.27, 119.42, 124.13, 125.87, 127.16, 130.01, 135.02, 

156.30, 156.58 ppm. 

Synthesis of 1-isothiocyanatonaphthalene 

N
C

S

 

11f 

The reaction was carried out according to general procedure IV using 1-naphthylamine (3.07 

mmol, 0.44 g). Product 11f was obtained without further purification as a light brown solid 

(3.07 mmol, 0.59 g, > 99 %). 

1H NMR (CDCl3, 400 MHz): δ = 7.40 (d, J = 4.8 Hz), 7.58 (m, 2 H), 7.77 (m, 1 H), 7.87 (d, J = 

8.0 Hz), 8.11 (d, J = 7.6 Hz) ppm. 

13C NMR (101 MHz, CDCl3) δ = 122.78, 123.53, 125.47, 127.20, 127.45, 127.58, 127.78, 

128.50, 129.34, 134.07, 136.20 ppm. 
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Synthesis of N,N-diethyl-4-isothiocyanatoaniline 

N
C

S

N

 

11g 

The reaction was carried out according to general procedure IV using N1,N1-diethylbenzene-

1,4-diamine (6.08 mmol, 1.01 mL). The crude product was purified by column 

chromatography using petroleum ether and EtOAc (2:1) as eluent system. Product 11g was 

obtained as a pale yellow solid (4.80 mmol, 0.99 g, 79 %). 

1H NMR (CDCl3, 400 MHz): δ = 1.01 (t, J = 7.2 Hz, 6 H), 3.19 (q, J = 7.0 Hz, 4 H), 6.37 – 

6.43 (m, 2 H), 6.87 – 6.94 (m, 2 H) ppm. 

13C NMR (101 MHz, CDCl3) δ = 12.58, 44.54, 111.75, 117.37, 126.93, 132.09, 146.58 ppm. 

ESI: m/z calcd for C11H14N2S [M+H]+: 207.09 found: 207.15. 

Synthesis of 1-isothiocyanato-3-methylbutane 

N
C

S

 

11j 

The reaction was carried out according to general procedure IV using isopentylamine (3.01 

mmol, 0.35 mL). The crude product was purified by column chromatography using pure 

petroleum ether as eluent system. Product 11j was obtained as a colourless liquid (2.40 

mmol, 0.31 g, 80 %). 

1H NMR (CDCl3, 400 MHz): δ = 0.91 (d, J = 6.4 Hz, 6 H), 1.57 (m, 2 H), 1.73 (m, 1 H), 3.51 (t, 

J = 6.8 Hz, 2 H) ppm. 

13C NMR (101 MHz, CDCl3) δ = 22.03, 25.44, 38.60, 43.49, 129.59 ppm. 

Synthesis of 3-isothiocyanato-N,N-dimethylpropan-1-amine 

N N
C

S

 

11k 
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The reaction was carried out according to general procedure IV using N1,N1-

Dimethylpropane-1,3-diamine (4.40 mmol, 0.45 g). The crude product was purified by column 

chromatography using pure petroleum ether as eluent system. Product 11k was obtained as 

a pale brown liquid (4.40 mmol, 0.70 g, > 99 %). 

1H NMR (CDCl3, 400 MHz): δ = 1.76 (m, 2 H), 2.14 (s, 6 H), 2.30 (t, J = 6.8 Hz, 2 H), m 3.52 

(t, J = 6.6 Hz, 2 H) ppm. 

13C NMR (101 MHz, CDCl3) δ = 28.00, 43.02, 45.42, 56.01, 129.99 ppm. 

Synthesis of isothiocyanatocyclopropane 

N
C

S

 

11l 

The reaction was carried out according to general procedure IV using cyclopropylamine (4.04 

mmol, 0.28 mL). Product 11l was obtained without further purification as an orange liquid 

(3.80 mmol, 0.39 g, 97 %). 

1H NMR (CDCl3, 400 MHz): δ = 0.87 (m, 4 H), 2.89 (m, 1 H) ppm. 

13C NMR (101 MHz, CDCl3) δ = 8.26, 25.49, 126.85 ppm. 

Synthesis of 1-(4-ethoxyphenyl)-3-(2-(isopentylamino)phenyl)thiourea 

NH

H
N

S

H
N

O

 

12a 

The reaction was carried out according to general procedure V using N1-isopentylbenzene-

1,2-diamine 8 (0.6 mmol, 0.1 g) and 1-ethoxy-4-isothiocyanatobenzene 11a (0.62 mmol, 0.11 

g). The crude product was purified by column chromatography using petroleum ether and 

EtOAc (4:1) as eluent system. Product 12a was obtained as yellow solid (0.28 mmol, 0.10 g, 

45 %). 

1H NMR (CDCl3, 400 MHz): δ = 0.85 (d, J = 6.8 Hz, 6 H), 1.37 (m, 2 H), 1.44 (m, 4 H), 3.06 (t, 

7.6, 2 H), 4.06 (q, J = 7.2 Hz, 2 H), 6.94 (d, J = 9.2 Hz, 2 H), 7.10 (d, J = 8.8 Hz, 2 H), 7.22 

(m, 1 H), 7.33 (m, 1 H), 7.41 (m, 2 H), 12.27 (s, 1 H, NH), 13.71 (s, 1 H, NH) ppm.  
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13C NMR (CDCl3, 101 MHz): δ = 14.88, 22.41, 29.78, 36.77, 45.14, 67.87, 109.99, 115.70, 

118.64, 120.08, 124.36, 126.53 ppm. 

ESI: m/z calcd for C19H25N3OS [M+Na]+: 380.18 found: 380.20. 

Synthesis of 3-(3-(4-ethoxyphenyl)thioureido)-N,N-diethyl-4-(isopentylamino)benzamide 

O

N

NH

H
N

S

H
N

O

 

13a 

The reaction was carried out according to general procedure V using 3-amino-N,N-diethyl-4-

(isopentylamino)benzamide 9 (1.25 mmol, 0.35 g) and 1-ethoxy-4-isothiocyanatobenzene 

11a (1.43 mmol, 0.26 g). The crude product was purified by column chromatography using 

CH2Cl2, MeOH and NH3, aq. 25% (50:1:0.1) as eluent system. Product 13a was obtained as a 

greenish oil (0.72 mmol, 0.32 g, 56 %). 

1H NMR (CDCl3, 400 MHz): δ = 0.87 (d, J = 6.8 Hz, 6 H), 1.09 (t, J = 7.0 Hz, 6 H), 1.32 (t, J = 

6.8 Hz, 3 H), 1.45 (q, J = 7.3 Hz, 2 H), 1.60 – 1.73 (m, 1 H), 3.02 (q, J = 6.4 Hz, 2 H), 3.35 (d, 

J = 5.6 Hz, 4 H), 3.94 (q, J = 6.9 Hz, 2 H), 4.24 (br, NH), 6.52 (d, J = 8.4 Hz, 1 H), 6.79 (d, J 

= 8.8 Hz, 2 H), 7.06 (s, 1 H), 7.12 (d, J = 8.0 Hz, 1 H), 7.27 (d, J = 8.4 Hz, 2 H), 8.02 (br, 

NH), 8.40 (br, NH) ppm. 

13C NMR (CDCl3, 101 MHz): δ = 12.75 – 12.48, 14.82, 22.61, 26.08, 38.26, 41.64, 42.28 – 

44.74, 63.66, 110.51, 114.67, 122.60, 124.00, 126.79, 127.37, 127.78, 131.06, 146.11, 

157.24, 171.52, 181.92 ppm. 

ESI: m/z calcd for C25H34N4O2 [M+Na]+: 479.25; found: 479.15. 

Synthesis of 3-(3-(3-ethoxyphenyl)thioureido)-N,N-diethyl-4-(isopentylamino)benzamide 

O

N

NH

H
N

S

H
N

O

 

13b 
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The reaction was carried out according to general procedure V using 3-amino-N,N-diethyl-4-

(isopentylamino)benzamide 9 (1.21 mmol, 0.34 g) and 1-ethoxy-3-isothiocyanatobenzene 

11b (1.01 mmol, 0.18 g). The crude product was purified by column chromatography using 

petroleum ether and EtOAc (3:2) as eluent system. Product 13b was obtained as a brown oil 

(0.30 mmol, 0.14 g, 30 %). 

1H NMR (CDCl3, 400 MHz): δ = 0.94 (d, J = 6.6 Hz, 6 H), 1.18 (t, J = 6.8 Hz, 6 H), 1.39 (t, J = 

7.0 Hz, 3 H), 1.51 (q, J = 14.9, 7.0 Hz, 2 H), 1.63 – 1.75 (m, 1 H), 3.07 (m, 2 H), 3.44 (br, 4 

H), 4.02 (q, J = 4.0 Hz, 2 H), 4.25 (br, NH), 6.56 (d, J = 8.4 Hz, 1 H), 6.69 – 6.72 (m, 1 H), 

7.02 – 7.10 (m, 2 H), 7.13 – 7.19 (m, 1 H), 7.21 (t, J = 8.1 Hz, 1 H), 7.30 (s, 1 H), 8.17 (s, 1 

H) ppm. 

13C NMR (CDCl3, 101 MHz): δ = 14.79, 22.62, 26.09, 38.27, 41.63, 63.54, 107.82, 110.18, 

110.43, 112.09, 115.98, 123.69, 127.14, 127.78, 129.41, 139.80, 146.15, 159.27, 171.79, 

181.27 ppm. 

ESI: m/z calcd for C25H36N4O2S [M+Na]+: 479.25; found: 479.30. 

Synthesis of 3-(3-(2-ethoxyphenyl)thioureido)-N,N-diethyl-4-(isopentylamino)benzamide 

O

N

NH

H
N

S

H
N

O

 

13c 

The reaction was carried out according to general procedure V using 3-amino-N,N-diethyl-4-

(isopentylamino)benzamide 9 (1.01 mmol, 0.28 g) and 1-ethoxy-2-isothiocyanatobenzene 

11c (0.84 mmol, 0.15 g). The crude product was purified by column chromatography using 

petroleum ether and EtOAc (3:2) as eluent system. Product 13c was obtained as a brown oil 

(0.41 mmol, 0.19 mg, 49 %). 

1H NMR (CDCl3, 400 MHz): δ = 0.87 (d, J = 6.4, 6 H), 1.14 (t, J = 7.1 Hz, 6 H), 1.17 – 1.25 

(m, 4 H), 1.47 (dd, J = 14.7, 7.1 Hz, 2 H), 1.55 – 1.69 (m, 1 H), 3.11 (t, J = 7.2 Hz, 2 H), 3.39 

(d, J = 6.8 Hz, 4 H), 3.92 (q, J = 6.7, 2 H), 4.36 (br, NH), 6.66 (d, J = 8.5 Hz, 1 H), 6.79 (d, J 

= 8.4 Hz, 1 H), 6.89 – 6.93 (m, 1 H), 7.01 – 7.07 (m, 1 H), 7.14 (s, 1 H), 7.31 (d, J = 7.9 Hz, 1 

H), 8.05 (br, NH), 8.22 (s, 1 H), 8.36 – 8.56 (br, NH) ppm. 

13C NMR (CDCl3, 101 MHz): δ = 14.68, 22.50, 25.94, 38.09, 41.55, 64.28, 110.68, 111.59, 

114.71, 116.61, 120.31, 124.56, 125.56, 127.64, 127.97, 128.92, 143.47, 146.18, 149.76, 

170.82 ppm. 
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ESI: m/z calcd for C25H36N4O2S [M+H]+: 457.26; found: 457.25. 

Synthesis of N,N-diethyl-4-(isopentylamino)-3-(3-(4-phenoxyphenyl)thioureido)benzamide 

O

N

NH

H
N

S

H
N

O

 

13d 

The reaction was carried out according to general procedure V using 3-amino-N,N-diethyl-4-

(isopentylamino)benzamide 9 (0.84 mmol, 0.23 g) and 1-isothiocyanato-4-phenoxybenzene 

11d (0.80 mmol, 0.18 g). The crude product was purified by column chromatography using 

petroleum ether and EtOAc (1:1) as eluent system. Product 13d was obtained as a pale 

brown oil (0.65 mmol, 0.33 g, 87 %). 

1H NMR (CDCl3, 400 MHz): δ = 0.94 (d, J = 8.0 Hz, 6 H), 1.17 (t, J = 4.0 Hz, 6 H), 1.51 (q, J 

= 8.0 Hz, 2 H), 1.64 – 1.75 (m, 1 H), 3.08 (t, J = 8.0 Hz, 2 H), 3.43 (s, 4 H), 4.28 (s, 1 H), 6.57 

(d, J = 8.5 Hz, 1 H), 6.57 (d, J = 8.5 Hz, 1 H), 6.93 – 7.03 (m, 4 H), 7.05 – 7.12 (m, 2 H), 7.15 

(d, J = 8.0 Hz, 1 H), 7.29 – 7.35 (m, 2 H), 7.50 (d, J = 8.5 Hz, 2 H), 8.19 (s, 1 H), 8.84 (s, 1 H) 

ppm. 

13C NMR (CDCl3, 101 MHz): δ = 12.65 – 14.46, 22.62, 26.10, 38.27, 41.64, 110.42, 118.88, 

118.94, 123.35, 123.62, 126.08, 127.10, 127.77, 129.75, 133.99, 146.19, 154.88, 157.12, 

171.12, 171.85, 181.77 ppm. 

ESI: m/z calcd for C29H36N4O2S [M+Na]+: 527.25; found: 527.20. 

Synthesis of N,N-diethyl-4-(isopentylamino)-3-(3-phenylthioureido)benzamide 

O

N

NH

H
N

S

H
N

 

13e 

The reaction was carried out according to general procedure V using 3-amino-N,N-diethyl-4-

(isopentylamino)benzamide 9 (0.74 mmol, 0.20 g) and commercially available  

isothiocyanatobenzene 11e (0.84 mmol, 0.11 g). The crude product was purified by column 
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chromatography using CH2Cl2, MeOH and NH3, aq. 25 % (50:1:0.2) as eluent system. Product 

13e was obtained as an orange oil (0.50 mmol, 0.21 g, 70 %). 

1H NMR (CDCl3, 400 MHz): δ = 0.95 (d, J = 6.8 Hz, 6 H), 1.18 (m, 6 H), 1.51 (m, 2 H), 1.70 

(m, 1 H), 3.08 (m, 2 H), 3.43 (m, 4 H), 4.26 (br, 1 H, NH), 6.57 (d, J = 8.4 Hz, 1 H), 7.09 (s, 1 

H), 7.17 (m, 2 H), 7.34 (m, 2 H), 7.56 (d, J = 8.0 Hz, 2 H), 8.20 (br, 1 H), 8.85 (br, 1 H) ppm. 

13C NMR (CDCl3, 101 MHz): δ = 22.68, 26.15, 38.34, 41.70, 110.51, 123.72, 124.33, 125.67, 

127.20, 127.84, 128.82, 138.83, 146.24, 171.89, 181.62 ppm. 

ESI: m/z calcd for C30H32N4OS [M+H]+: 413.23; found: 413.20. 

Synthesis of N,N-diethyl-4-(isopentylamino)-3-(3-(naphthalen-1-yl)thioureido)benzamide 

O

N

NH

H
N

S

H
N

 

13f 

The reaction was carried out according to general procedure V using 3-amino-N,N-diethyl-4-

(isopentylamino)benzamide 9 (0.78 mmol, 0.22 g) and 1-isothiocyanatonaphthalene 11f 
(0.90 mmol, 0.17 g). The crude product was purified by column chromatography using 

CH2Cl2, MeOH and NH3, aq. 25 % (25:1:0.1) as eluent system. Product 13f was obtained as a 

beige solid (0.70 mmol, 0.33 g, 91 %). 

1H NMR (CDCl3, 400 MHz): δ = 0.96 (d, J = 6.4 Hz, 6 H), 1.18 (t, J = 7.0 Hz, 6 H), 1.51 (m, 2 

H), 1.70 (m, 1 H), 3.13 (m, 2 H), 3.43 (d, J = 7.2 Hz, 4 H), 4.21 (br, 1 H, NH), 6.66 (m, 1 H), 

7.28 (m, 3 H), 7.54 (m, 3 H), 7.64 (d, J = 7.2 Hz, 1 H), 7.92 (m, 4 H) ppm. 

ESI: m/z calcd for C27H34N4OS [M+H]+: 463.25; found: 463.30. 

Synthesis of 3-(3-(4-(diethylamino)phenyl)thioureido)-N,N-diethyl-4-(isopentylamino) 

benzamide 

O

N

NH

H
N

S

H
N

N

 

13g 
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The reaction was carried out according to general procedure V using 3-amino-N,N-diethyl-4-

(isopentylamino)benzamide 9 (2.04 mmol, 0.56 g) and N,N-diethyl-4-isothiocyanatoaniline 

11g (2.24 mmol, 0.46 g). The crude product was purified by column chromatography using 

petroleum ether and EtOAc (1:1) as eluent system. Product 13g was obtained as a pale 

brown oil (0.65 mmol, 0.32 g, 32 %). 

1H NMR (CDCl3, 400 MHz): δ = 0.90 (d, J = 6.6 Hz, 6 H), 1.07 – 1.19 (m, 12 H), 1.48 (q, 7.0 

Hz, 2 H), 1.56 – 1.72 (m, 1 H), 3.01 – 3.12 (br, 2 H), 3.29 (q, J = 7.0 Hz, 4 H), 3.37 – 3.47 (br, 

4 H), 4.25 – 4.39 (br, NH), 6.56 – 6.61 (m, 2 H), 7.09 – 7.19 (m, 4 H), 7.20 – 7.23 (m, 1 H), 

8.15 (br, NH) ppm. 

13C NMR (CDCl3, 101 MHz): δ = 12.51, 22.59, 26.04, 38.22, 41.66, 44.41, 108.50, 110.65, 

120.86, 127.45, 127.82, 130.88, 131.76, 133.21, 146.00, 169.31, 170.90, 181.69 ppm. 

ESI: m/z calcd for C27H41N5OS [M+H]+: 484.30; found: 484.25. 

Synthesis of N,N-diethyl-3-(3-ethylthioureido)-4-(isopentylamino)benzamide 

O

N

NH

H
N

S

H
N

 

13h 

The reaction was carried out according to general procedure V using 3-amino-N,N-diethyl-4-

(isopentylamino)benzamide 9 (1.08 mmol, 0.30 g) and commercially available 

isothiocyanatoethane 11h (1.30 mmol, 0.13 g). The crude product was purified by column 

chromatography using petroleum ether and EtOAc (1:1) as eluent system. Product 13h was 

obtained as a brown oil (0.86 mmol, 0.31 g, 80 %). 

1H NMR (CDCl3, 400 MHz): δ = 0.87 (d, J = 6.6 Hz, 6 H), 1.08 – 1.13 (m, 9 H), 1.42 (q, 7.0 

Hz, 2 H), 1.56 – 1.66 (m, 1 H), 3.02 (t, J = 7.3 Hz, 2 H), 3.38 (br, 4 H), 3.54 (q, J = 7.2 Hz, 2 

H), 4.23 (br, NH), 6.51 (d, J = 8.5 Hz, 1 H), 6.99 (d, J = 4.0 Hz, 1 H), 7.13 – 7.15 (m, 1 H), 

7.86 (br, NH) ppm. 

13C NMR (CDCl3, 101 MHz): δ = 14.27, 22.53, 25.96, 38.11, 39.97, 41.46, 110.33, 121.04, 

123.96, 127.72, 146.08, 171.33, 181.85 ppm. 

ESI: m/z calcd for C19H32N4OS [M+H]+: 365.23; found: 365.20. 
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Synthesis of N,N-diethyl-4-(isopentylamino)-3-(3-isopropylthioureido)benzamide 

O

N

NH

H
N

S

H
N

 

13i 

The reaction was carried out according to general procedure V using 3-amino-N,N-diethyl-4-

(isopentylamino)benzamide 9 (0.69 mmol, 0.19 g) and 2-isothiocyanatopropane 11i (1.21 

mmol, 0.12 g). The crude product was purified by column chromatography using CH2Cl2, 

MeOH and NH3, aq. 25 % (25:1:0.1) as eluent system. Product 13i was obtained as an orange-

brown oil (0.70 mmol, 0.29 g, > 99 %). 

1H NMR (CDCl3, 400 MHz): δ = 0.89 (d, J = 6.4 Hz, 6 H), 1.13 (m, 12 H), 1.44 (m, 2 H), 1.63 

(m, 1 H), 3.03 (m, 2 H), 3.38 (m, 4 H), 4.19 (br, 1 H), 4.47 (m, 1 H), 6.24 (br, 1 H), 6.53 (d, J 

= 8.4 Hz, 1 H), 7.00 (s, 1 H), 7.16 (d, J = 8.4 Hz, 1 H), 7.74 (br, 1 H) ppm. 

13C NMR (CDCl3, 101 MHz): δ = 22.35, 22.54, 25.98, 38.18, 41.48, 46.93, 110.35, 121.30, 

124.10, 127.69, 127.81, 146.10, 171.27, 180.86 ppm. 

ESI: m/z calcd for C20H34N4OS [M+H]+: 379.25; found: 379.30. 

Synthesis of N,N-diethyl-4-(isopentylamino)-3-(3-isopentylthioureido)benzamide 

O

N

NH

H
N

S

H
N

 

13j 

The reaction was carried out according to general procedure V using 3-amino-N,N-diethyl-4-

(isopentylamino)benzamide 9 (0.71 mmol, 0.19 g) and 1-isothiocyanato-3-methylbutane 11j 
(0.82 mmol, 0.11 g). The crude product was purified by column chromatography using 

CH2Cl2, MeOH and NH3, aq. 25 % (25:1:0.1) as eluent system. Product 13j was obtained as a 

yellow-brown oil (0.60 mmol, 0.24 g, 82 %). 

1H NMR (CDCl3, 400 MHz): δ = 0.88 (d, J = 6.8 Hz), 0.92 (d, J = 6.8 Hz, 6 H), 1.16 (t, J = 7.0 

Hz, 6 H), 1.41 (m, 2 H), 1.47 (m, 2 H), 1.57 (m, 1 H), 1.66 (m, 1 H), 3.07 (m, 2 H), 3.40 (m, 4 
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H), 3.57 (m, 2 H), 4.23 (br, 1 H), 6.24 (br, 1 H), 6.58 (d, J = 8.4 Hz, 1 H), 7.05 (s, 1 H), 7.22 

(d, J = 8.0 Hz, 1 H), 7.58 (br, 1 H) ppm. 

13C NMR (CDCl3, 101 MHz): δ = 22.57, 22.64, 25.96, 26.07, 37.97, 38.26, 41.57, 43.85, 

110.57, 120.74, 124.47, 127.84, 128.32, 146.19, 171.19, 181.97 ppm. 

ESI: m/z calcd for C22H38N4OS [M+Na]+: 429.27; found: 429.20. 

Synthesis of 3-(3-(3-(dimethylamino)propyl)thioureido)-N,N-diethyl-4-

(isopentylamino)benzamide 

O

N

NH

H
N

S

H
N N

 

13k 

The reaction was carried out according to general procedure V using 3-amino-N,N-diethyl-4-

(isopentylamino)benzamide 9 (0.75 mmol, 0.21 g) and 3-isothiocyanato-N,N-dimethylpropan-

1-amine 11k (0.88 mmol, 0.13 g). The crude product was purified by column chromatography 

using CH2Cl2, MeOH and NH3, aq. 25 % (20:1:0.1) as eluent system. Product 13k was obtained 

as a light brown solid (0.80 mmol, 0.32 g, > 99 %). 

1H NMR (CDCl3, 400 MHz): δ = 0.93 (d, J = 6.8 Hz, 6 H), 1.15 (t, J = 7.0 Hz, 6 H), 1.50 (m, 2 

H), 1.61 (m, 2 H) 1.68 (m, 1 H), 1.84 (s, 6 H), 2.28 (m, 2 H), 3.13 (m, 2 H), 3.40 (m, 4 H), 

3.66 (m, 2 H), 4.32 (br, 1 H), 6.65 (d, J = 8.4 Hz, 1 H), 7.08 (br, 1 H), 7.14 (d, J = 2.0 Hz, 1 

H), 7.31 (dd, J1 = 8.4 Hz, J1 = 1.6 Hz, 1 H), 8.62 (br, 1 H) ppm. 

13C NMR (CDCl3, 101 MHz): δ = 22.65, 24.37, 26.06, 38.31, 41.55, 44.72, 47.39, 59.40, 

110.40, 120.31, 124.98, 128.24, 129.14, 146.42, 170.61, 181.46 ppm. 

ESI: m/z calcd for C22H39N5OS [M+H]+: 422.29; found: 422.20. 

Synthesis of 3-(3-cyclopropylthioureido)-N,N-diethyl-4-(isopentylamino)benzamide 

O

N

NH

H
N

S

H
N

 

13l 
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The reaction was carried out according to general procedure V using 3-amino-N,N-diethyl-4-

(isopentylamino)benzamide 9 (0.69 mmol, 0.19 g) and isothiocyanatocyclopropane 11l (0.81 

mmol, 0.08 g). The crude product was purified by column chromatography using CH2Cl2, 

MeOH and NH3, aq. 25 % (25:1:0.1) as eluent system. Product 13l was obtained as a brown 

solid (0.60 mmol, 0.25 g, 95 %). 

1H NMR (CDCl3, 400 MHz): δ = 0.60 (m, 2 H), 0.83 (m, 2 H), 0.93 (d, J = 6.4 Hz, 6 H), 1.15 

(m, 7 H), 1.48 (m, 2 H), 1.67 (m, 1 H), 3.07 (m, 2 H), 3.40 (m, 4 H), 4.19 (br, 1 H), 6.57 (d, J = 

8.4 Hz, 1 H), 6.62 (br, 1 H), 7.03 (s, 1 H), 7.19 (d, J = 8.4 Hz, 1 H), 7.69 (br, 1 H) ppm. 

13C NMR (CDCl3, 101 MHz): δ = 7.57, 22.66, 26.12, 38.30, 41.66, 110.62, 124.39, 127.80, 

146.01, 171.36, 183.77 ppm. 

ESI: m/z calcd for C20H32N4OS [M+H]+: 377.23; found: 377.20. 

Synthesis of 3-(3-cyclohexylthioureido)-N,N-diethyl-4-(isopentylamino)benzamide 

O

N

NH

H
N

S

H
N

 

13m 

The reaction was carried out according to general procedure V using 3-amino-N,N-diethyl-4-

(isopentylamino)benzamide 9 (0.67 mmol, 0.19 g) and commercially available 

isothiocyanatocyclohexane 11m (1.16 mmol, 0.16 g). The crude product was purified by 

column chromatography using CH2Cl2, MeOH and NH3, aq. 25 % (25:1:0.1) as eluent system. 

Product 13m was obtained as a yellow oil (0.60 mmol, 0.25 g, 88 %). 

1H NMR (CDCl3, 400 MHz): δ = 0.90 (d, J = 6.8 Hz, 6 H), 1.11 (m, 9 H), 1.33 (m, 2 H), 1.45 

(m, 2 H), 1.55 (m, 1 H), 1.65 (m, 3 H), 1.96 (m, 2 H), 3.05 (m, 2 H), 3.39 (m, 4 H), 4.20 (m, 2 

H), 6.22 (br, 1 H), 6.55 (d, J = 8.4 Hz, 1 H), 7.01 (s, 1 H), 7.18 (d, J = 8.4 Hz, 1 H), 7.71 (br, 1 

H) ppm. 

13C NMR (CDCl3, 101 MHz): δ = 22.59, 24.75, 25.49, 26.03, 32.60, 38.22, 41.53, 53.68, 

110.43, 121.05, 124.22, 127.68, 128.01, 146.09, 171.25, 180.69 ppm. 

ESI: m/z calcd for C23H38N4OS [M+H]+: 419.28; found: 419.30. 
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Synthesis of 4-(benzylamino)-3-(3-(4-ethoxyphenyl)thioureido)-N,N-diethylbenzamide 

O

N

NH

H
N

S

H
N

O

 

14a 

The reaction was carried out according to general procedure V using 3-amino-N,N-diethyl-4-

(benzylamino)benzamide 10 (2.40 mmol, 0.72 g) and 1-ethoxy-4-isothiocyanatobenzene 11a 

(2.64 mmol, 0.47 g). The crude product was purified by column chromatography using 

CH2Cl2, MeOH and NH3, aq. 25 % (50:1:0.1) as eluent system. Product 14a was obtained as a 

pale red oil (1.60 mmol, 0.76 g, 66 %). 

1H NMR (CDCl3, 400 MHz): δ = 1.15 (t, J = 6.8 Hz, 6 H), 1.38 (t, J = 7.0 Hz, 3 H), 3.41 (br, 4 

H), 3.98 (q, J = 6.9 Hz, 2 H), 4.26 (d, J = 5.6 Hz, 2 H), 4.99 (br, NH), 6.49 (d, J = 8.4 Hz, 1 

H), 6.84 (d, J = 8.8 Hz, 2 H), 7.11 (dd, J = 8.4, 2.0 Hz, 1 H), 7.16 (d, J = 2.0 Hz, 1 H), 7.30 

(m, 7 H), 8.53 (br, NH), 8.87 (br, NH) ppm.  

13C NMR (CDCl3, 101 MHz): δ = 12.68 – 14.46, 14.87, 39.05 – 44.62, 47.38, 63.64, 110.88, 

114.57, 124.09, 126.66, 126.95, 127.25, 127.98, 128.64, 131.40, 138.77, 145.89, 157.04, 

171.67, 182.03 ppm.  

Synthesis of N-(4-ethoxyphenyl)-1-isopentyl-benzoimidazole-2-amine 

N

N
NH

O

 

15a 

The reaction was carried out according to general procedure VI using 1-(4-ethoxyphenyl)-3-

(2-(isopentylamino)phenyl)thiourea 12a (0.28 mmol, 0.10 g). The crude product was purified 

by column chromatography using petroleum ether and EtOAc (3:1) as eluent system. 

Product 15a was obtained as a white solid (0.18 mmol, 0.06 g, 64 %). 
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1H NMR (MeOD, 400 MHz): δ = 1.00 (d, J = 6.4 Hz, 6 H), 1.39 (t, J = 7.0 Hz, 3 H), 1.68 (m, 3 

H), 4.04 (q, J = 7.0 Hz, 2 H), 4.18 (m, 2 H), 6.92 (d, J = 8.8 Hz, 2 H), 7.10 (m, 2 H), 7.25 (m, 

1 H), 7.32 (m,1 H), 7.38 (d, J = 9.2 Hz, 2 H) ppm.  

13C NMR (MeOD, 101 MHz): δ = 15.21, 22.89, 27.09, 38.48, 41.94, 64.85, 109.39, 115.89, 

116.17, 116.41, 121.79, 122.76, 123.99, 141.36, 141.25, 159.30 ppm. 

ESI: m/z calcd for C20H25N3O [M+H]+: 324.21; found: 324.20. 

HPLC purity: 95 % (Retention time: 10.04). 

Synthesis of 2-((4-ethoxyphenyl)amino)-N,N-diethyl-1-isopentyl-benzoimidazole-5-

carboxamide 

N

N
NH

O

N

O

 

16a 

The reaction was carried out according to general procedure VI using 3-(3-(4-

ethoxyphenyl)thioureido)-N,N-diethyl-4-(isopentylamino)benzamide 13a (0.25 mmol, 0.12 g). 

The crude product was purified by column chromatography using CH2Cl2, MeOH and 

NH3,aq. 25 % (20:1:0.1) as eluent system. Product 16a was obtained as a pale red solid (0.12 

mmol, 0.05 g, 43 %). 

1H NMR (CDCl3, 400 MHz): δ = 0.82 (d, J = 6.0 Hz, 6 H), 1.13 (br, 6 H), 1.33 (t, J = 7.0 Hz, 3 

H), 1.43 (m, 3 H), 3.40 (br, 4 H), 3.64 (t, J = 7.4 Hz, 2 H), 3.94 (q, J = 7.2 Hz, 2 H), 6.73 (d, J 

= 8.0 Hz, 1 H), 6.81 (d, J = 8.8 Hz, 2 H), 6.90 (d, J = 8.0 Hz, 1 H), 7.27 (br, NH), 7.38 (s, 1 

H), 7.46 (d, J = 8.8 Hz, 2 H) ppm. 

13C NMR (CDCl3, 101 MHz): δ = 12.86 – 14.73, 15.06, 22.57, 25.97, 37.67, 41.13, 64.02, 

107.79, 114.72, 115.46, 119.43, 121.02, 129.99, 133.41, 134.43, 141.27, 151.46, 154.98, 

172.73 ppm. 

ESI: m/z calcd for C25H34N4O2 [M+H]+: 423.27; found: 423.15. 

HPLC purity: 97 % (Retention time: 10.30 min). 
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Synthesis of 2-((3-ethoxyphenyl)amino)-N,N-diethyl-1-isopentyl-benzoimidazole-5-

carboxamide 

N

NN

O

NH

O

 

16b 

The reaction was carried out according to general procedure VI using 3-(3-(3-

ethoxyphenyl)thioureido)-N,N-diethyl-4-(isopentylamino)benzamide 13b (0.30 mmol, 0.14 g). 

The crude product was purified by column chromatography using petroleum ether and EtOAc 

(1:10) as eluent system. Product 16b was obtained as a brown solid (0.11 mmol, 0.05 g, 52 

%). 

1H NMR (CDCl3, 400 MHz): δ = 0.83 (d, J = 6.4 Hz, 6 H), 1.09 – 1.34 (m, 6 H), 1.33 – 1.47 

(m, 6 H), 3.39 – 3.65 (br, 4 H), 3.63 (t, J = 7.6, 2 H), 4.03 (q, J = 7.0 Hz, 2 H), 6.49 – 6.52 (m, 

1H), 6.71 (d, J = 8.1 Hz, 1 H), 6.87 – 6.94 (m, 1 H), 7.11 – 7.14 (m, 1H), 7.15 – 7.22 (m, 2H), 

7.34 (d, J = 4.0 Hz, 1H), 7.76 – 8.03 (br, NH) ppm. 

13C NMR (CDCl3, 101 MHz): δ = 14.89, 22.36, 25.70, 37.32, 40.69, 63.28, 104.71, 107.49, 

107.99, 110.61, 113.53, 119.09, 128.77, 129.75, 133.68, 140.70, 142.21, 150.56, 159.74, 

173.23 ppm. 

ESI: m/z calcd for C25H34N4O2 [M+H]+: 423.27; found: 423.35. 

HPLC purity: 95 % (Retention time: 8.49 min). 

Synthesis of 2-((2-ethoxyphenyl)amino)-N,N-diethyl-1-isopentyl-benzoimidazole-5-

carboxamide 

N

NN

O

NH O

 

16c 

The reaction was carried out according to general procedure VI using 3-(3-(2-

ethoxyphenyl)thioureido)-N,N-diethyl-4-(isopentylamino)benzamide 13c (0.41 mmol, 0.19 g). 
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The crude product was purified by column chromatography using petroleum ether and EtOAc 

(1:10) as eluent system. Product 16c was obtained as a brown solid (0.20 mmol, 0.09 g, 52 

%). 

1H NMR (CDCl3, 400 MHz): δ = 1.01 (d, J = 6.2 Hz, 6 H), 1.11 – 1.23 (m, 6 H), 1.46 (t, J = 7.0 

Hz, 3 H), 1.69 (m, 3 H), 3.46 (br, 4 H), 3.95 – 4.02 (m, 2 H), 4.12 (q, J = 7.0 Hz, 2 H), 6.86 

(dd, J = 8.1, 1.2 Hz, 1 H), 6.93 (m, 1 H), 7.01 – 7.05 (m, 1 H), 7.10 (d, J = 8.0 Hz, 2 H), 7.17 

(dd, J = 8.1, 1.4 Hz, 1 H), 7.58 (d, J = 1.0 Hz, 1 H), 8.56 (dd, J = 8.0, 1.5 Hz, NH) ppm. 

13C NMR (CDCl3, 101 MHz): δ = 15.02, 22.46, 25.94, 37.74, 41.00, 64.15, 107.37, 110.56, 

115.49, 117.40, 119.48, 121.35, 121.55, 129.08, 130.46, 134.07, 141.69, 146.47, 149.96, 

172.19 ppm. 

ESI: m/z calcd for C25H34N4O2 [M+H]+: 423.27; found: 423.25. 

HPLC purity: > 99 % (Retention time: 7.66 min). 

Synthesis of N,N-diethyl-1-isopentyl-2-((4-phenoxyphenyl)amino)-benzoimidazole-5-

carboxamide 

N

N
NH

O

N

O

 

16d 

The reaction was carried out according to general procedure VI using N,N-diethyl-4-

(isopentylamino)-3-(3-(4-phenoxyphenyl)thioureido)benzamide 13d (0.65 mmol, 0.33 g). The 

crude product was purified by column chromatography using petroleum ether and EtOAc 

(1:2) as eluent system. Product 16d was obtained as a brown solid (0.38 mmol, 0.18 g, 58 

%). 

1H NMR (CDCl3, 400 MHz): δ = 0.89 (d, J = 6.4 Hz, 6 H), 0.96 – 1.41 (m, 8 H), 1.40 – 1.61 

(m, 3 H), 3.33 – 3.69 (m, 4 H), 3.69 (t, J = 8.0 Hz, 2 H), 6.77 (d, J = 8.1 Hz, 1 H), 6.95 (dd, J 

= 8.1, 1.4 Hz, 1 H), 6.99 – 7.09 (m, 5 H), 7.28 – 7.35 (m, 2 H), 7.38 (s, 1 H), 7.57 (d, J = 8.8 

Hz, 2 H), 7.70 (s, 1 H) ppm. 

13C NMR (CDCl3, 101 MHz): δ = 22.39, 25.80, 37.37, 40.74, 107.87, 113.69, 117.88, 119.17, 

119.61, 120.50, 122.45, 128.96, 129.57, 133.85, 136.75, 140.85, 150.81, 151.09, 158.38, 

173.15 ppm. 
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ESI: m/z calcd for C29H34N4O2 [M+H]+: 471.27; found: 471.30. 

HPLC purity: > 99 % (Retention time: 9.17 min). 

Synthesis of N,N-diethyl-1-isopentyl-2-(phenylamino)-benzoimidazole-5-carboxamide 

N

NN

O

NH

 

16e 

The reaction was carried out according to general procedure VI using N,N-diethyl-4-

(isopentylamino)-3-(3-phenylthioureido)benzamide 13e (0.51 mmol, 0.21 g). The crude 

product was purified by column chromatography using CH2Cl2, MeOH and NH3, aq. 25 % 

(25:1:0.1) as eluent system. Product 16e was obtained as a yellow-brown solid (0.30 mmol, 

0.1 g, 60 %). 

1H NMR (CDCl3, 400 MHz): δ = 0.86 (d, J = 6.4 Hz, 6 H), 1.22 (m, 6 H), 1.40 (m, 2 H), 1.47 

(m, 1 H), 3.51 (m, 4 H), 3.67 (t, J = 7.6 Hz, 2 H), 6.73 (d, J = 8.0 Hz, 1 H), 6.92 (dd, J = 8.0, 

1.2 Hz, 1 H), 6.98 (m, 1 H), 7.33 (m, 2 H), 7.37 (d, J = 0.8 Hz , 1 H), 7.58 (d, J = 8.6 Hz, 2 H), 

7.81 (br , 1 H) ppm.  

13C NMR (CDCl3, 101 MHz): δ = 22.49, 25.87, 37.48, 40.83, 108.02, 113.76, 118.22, 119.19, 

121.64, 129.01, 129.23, 133.85, 140.89, 140.97, 150.71, 173.33 ppm. 

ESI: m/z calcd for C23H32N4O [M+H]+: 379.24; found: 379.20. 

HPLC purity: > 99 % (Retention time: 9.63 min). 

Synthesis of N,N-diethyl-1-isopentyl-2-(naphthalen-1-ylamino)-benzoimidazole-5-

carboxamide 

N

NN

O

NH

 

16f 
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The reaction was carried out according to general procedure VI using N,N-diethyl-4-

(isopentylamino)-3-(3-(naphthalen-1-yl)thioureido)benzamide 13f (0.71 mmol, 0.33 g). The 

crude product was purified by column chromatography using petroleum ether and EtOAc 

(1:5) as eluent system. Product 16f was obtained as a pale red solid (0.50 mmol, 0.23 g, 76 

%). 

1H NMR (CDCl3, 400 MHz): δ = 0.84 (d, J = 6.4 Hz, 6 H), 1.18 (m, 7 H), 1.51 (m, 1 H), 1.59 

(m, 2 H), 3.44 (m, 4 H), 3.91 (t, J = 7.8 Hz, 2 H), 7.05 (d, J = 8.0 Hz, 1 H), 7.15 (dd, J = 8.2, 

1.0 Hz, 1 H), 7.42 (m, 2 H), 7.51 (m, 2 H), 7.61 (m, 2 H), 7.87 (m, 1 H), 8.15 (m, 1 H) ppm. 

13C NMR (CDCl3, 101 MHz): δ = 22.45, 25.93, 37.49, 41.73, 108.15, 114.56, 117.25, 119.85, 

121.79, 124.03, 126.09, 126.15, 126.27, 127.39, 128.67, 130.40, 134.65, 151.69, 172.27 

ppm. 

ESI: m/z calcd for C27H34N4O [M+H]+: 429.26; found: 429.30. 

HPLC purity: 98 % (Retention time: 8.07 min). 

Synthesis of 2-((4-(diethylamino)phenyl)amino)-N,N-diethyl-1-isopentyl-benzoimidazole-5-

carboxamide 

N

NN

O

NH

N

 

16g 

The reaction was carried out according to general procedure VI using 3-(3-(4-

(diethylamino)phenyl)thioureido)-N,N-diethyl-4-(isopentylamino)benzamide 13g (0.63 mmol, 

0.32 g). The crude product was purified by column chromatography using petroleum ether 

and EtOAc (1:10) as eluent system. Product 16g was obtained as a green solid (0.19 mmol, 

0.08 g, 33 %). 

1H NMR (CDCl3, 400 MHz): δ = 0.84 (d, J = 5.9 Hz, 6 H), 1.01 – 1.35 (m, 12 H), 1.39 - 1.52 

(s, 3 H), 3.06 – 3.65 (m, 8 H), 3.67 (s, 2 H), 6.65 (br, 2 H), 6.79 (d, J = 7.8 Hz, 1 H), 6.97 (d, J 

= 6.8 Hz, 1 H), 7.22 – 7.66 (m, 3 H) ppm. 

13C NMR (CDCl3, 101 MHz): δ = 11.57, 13.10, 21.41, 24.75, 28.67, 36.27, 39.78, 43.96, 

106.36, 112.69, 112.90, 117.80, 120.70, 128.21, 133.34, 140.06, 151.27, 171.84 ppm. 
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ESI: m/z calcd for C27H39N5O [M+H]+: 450.32; found: 450.35. 

HPLC purity: > 99 % (Retention time: 10.81 min). 

 

Synthesis of N,N-diethyl-2-(ethylamino)-1-isopentyl-benzoimidazole-5-carboxamide 

N

NN

O

NH

 

16h 

The reaction was carried out according to general procedure VI using N,N-diethyl-3-(3-

ethylthioureido)-4-(isopentylamino)benzamide 13h (0.86 mmol, 0.31 g). The crude product 

was purified by column chromatography using CH2Cl2 and MeOH (10:1) as eluent system. 

Product 16h was obtained as a brown oil (0.37 mmol, 0.12 g, 43 %). 

1H NMR (CDCl3, 400 MHz): δ = 0.88 (d, J = 6.4 Hz, 6 H), 1.21 – 1.03 (br, 6 H), 1.25 (t, J = 

7.2 Hz, 3 H), 1.41 – 1.57 (m, 3 H), 3.32 (br, 4 H), 3.41 – 3.48 (m, 2 H), 3.61 – 3.68 (t, J = 5.7 

Hz, 2 H), 5.04 (br, NH), 6.84 (d, J = 8.0 Hz, 1 H), 6.94 (d, J = 8.0 Hz , 1 H), 7.30 (s, 1 H) 

ppm. 

13C NMR (CDCl3, 101 MHz): δ = 15.07, 22.39, 25.72, 31.17, 38.10, 40.34, 106.84, 113.36, 

118.08, 129.35, 134.78, 141.44, 154.84, 172.74 ppm. 

ESI: m/z calcd for C19H30N4O [M+H]+: 331.24; found: 331.30. 

HPLC purity: > 99 % (Retention time: 10.25 min). 

Synthesis of N,N-diethyl-1-isopentyl-2-(isopropylamino)-benzoimidazole-5-carboxamide 

N

NN

O

NH

 

16i 

The reaction was carried out according to general procedure VI using N,N-diethyl-4-

(isopentylamino)-3-(3-isopropylthioureido)benzamide 13i (0.76 mmol, 0.29 g). The crude 
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product was purified by column chromatography using CH2Cl2, MeOH and NH3, aq. 25 % 

(25:1:0.1) as eluent system. Product 16i was obtained as a yellow-brown solid (0.70 mmol, 

0.24 g, 92 %). 

1H NMR (CDCl3, 400 MHz): δ = 0.96 (d, J = 6.0 Hz, 6 H), 1.16 (m, 6 H), 1.31 (d, J = 6.4 Hz, 6 

H), 1.59 (m, 3 H), 3.44 (m, 4 H), 3.79 (t, J = 7.4 Hz, 2 H), 4.11 (br, 1 H), 4.24 (m, 1 H), 6.97 

(d, J = 8.0 Hz, 1 H), 7.06 (dd, J = 8.0, 1.2 Hz, 1 H), 7.42 (m, 1 H) ppm.  

13C NMR (CDCl3, 101 MHz): δ = 22.58, 23.53, 25.84, 37.57, 40.59, 45.22, 107.06, 114.26, 

118.63, 130.12, 134.95, 141.90, 154.02, 172.51 ppm. 

ESI: m/z calcd for C20H32N4O [M+H]+: 345.26; found: 345.20. 

HPLC purity: > 99 % (Retention time: 10.80 min). 

Synthesis of N,N-diethyl-1-isopentyl-2-(isopentylamino)-benzoimidazole-5-carboxamide 

N

NN

O

NH

 

16j 

The reaction was carried out according to general procedure VI using N,N-diethyl-4-

(isopentylamino)-3-(3-isopentylthioureido)benzamide 13j (0.59 mmol, 0.24 g). The crude 

product was purified by column chromatography using CH2Cl2, MeOH and NH3, aq. 25 % 

(20:1:0.1) as eluent system. Product 16j was obtained as a white solid (0.50 mmol, 0.20 g, 

92 %). 

1H NMR (CDCl3, 400 MHz): δ = 0.94 (m, 12 H), 1.16 (m, 6 H), 1.51 (m, 2 H), 1.57 (m, 3 H), 

1.72 (m, 1 H), 3.44 (m, 6 H), 3.72 (t, J = 7.4 Hz, 2 H), 4.44 (br, 1 H), 6.90 (d, J = 8.0 Hz, 1 H), 

6.99 (dd, J = 8.0, 1.2 Hz, 1 H), 7.37 (s, 1 H) ppm. 

13C NMR (CDCl3, 101 MHz): δ = 22.56, 22.73, 25.84, 26.15, 37.48, 38.87, 40.53, 41.96, 

106.96, 113.98, 118.36, 129.73, 135.05, 141.87, 154.96, 172.69 ppm.  

ESI: m/z calcd for C22H36N4O [M+H]+: 373.29; found: 373.20. 

HPLC purity: 95 % (Retention time: 8.02 min). 
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Synthesis of 2-((3-(dimethylamino)propyl)amino)-N,N-diethyl-1-isopentyl-benzoimidazole-5-

carboxamide 

N

NN

O

NH

N

 

16k 

The reaction was carried out according to general procedure VI using 3-(3-(3-

(dimethylamino)propyl)thioureido)-N,N-diethyl-4-(isopentylamino)benzamide 13k (0.75 mmol, 

0.32 g). The crude product was purified by column chromatography using CH2Cl2, MeOH and 

NH3, aq. 25 % (10:1:0.1) as eluent system. Product 16k was obtained as a pale yellow oil (0.30 

mmol, 0.12 g, 40 %). 

1H NMR (CDCl3, 400 MHz): δ 0.99 (d, J = 6.4 Hz, 6 H), 1.17 (m, 6 H), 1.63 (m, 3 H), 1.85 (m, 

2 H), 2.31 (s, 6 H), 2.41 (br, 1 H), 2.55 (t, J = 5.6 Hz, 2 H), 3.43 (m, 4 H), 3.63 (t, J = 5.8 Hz, 

2 H), 3.79 (m, 2 H), 6.99 (d, J = 8.0 Hz, 1 H), 7.07 (dd, J = 8.0, 1.6 Hz, 1 H), 7.40 (d, J = 1.2 

Hz, 1 H) ppm.  

13C NMR (CDCl3, 101 MHz): δ = 22.62, 24.95, 26.20, 37.57, 40.92, 44.67, 45.62, 60.10, 

106.79, 114.08, 118.47, 129.94, 135.27, 142.20, 155.50, 172.62 ppm.  

ESI: m/z calcd for C22H37N5O [M+H]+: 388.30; found: 388.20. 

HPLC purity: 95 % (Retention time: 6.00 min). 

Synthesis of 2-(cyclopropylamino)-N,N-diethyl-1-isopentyl-benzoimidazole-5-carboxamide 

N

NN

O

NH

 

16l 

The reaction was carried out according to general procedure VI using 3-(3-

cyclopropylthioureido)-N,N-diethyl-4-(isopentylamino)benzamide 13l (0.66 mmol, 0.25 g). 

The crude product was purified by preparative HPLC (injection: each run 2.0 mL with 9 mg 
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crude compound in MeOH:H2O 7:4; method: A: H2O, B: MeOH, V(B)/(V(A)+V(B)) = 65% to 

90% 15 min, V(B)/(V(A)+V(B)) = 90% 2 min, V(B)/(V(A)+V(B)) = 90% to 65% 3 min, 

V(B)/(V(A)+V(B)) = 65% 2 min; flow rate: 3.0 mL min-1; UV detection: 254 nm). Product 16l 
was obtained as a yellow solid (0.40 mmol, 0.13 g, 57 %). 

1H NMR (CDCl3, 400 MHz): δ = 0.62 (m, 2 H), 0.85 (m, 2 H), 0.91 (d, J = 6.4 Hz, 6 H), 1.17 

(m, 6 H), 1.48 (m, 2 H), 1.55 (m, 1 H), 2.88 (m, 1 H), 3.44 (m, 4 H), 3.71 (t, J = 7.8 Hz, 2 H), 

5.14 (br, 1 H), 6.93 (d, J = 8.0 Hz, 1 H), 7.04 (d, J = 8.0 Hz, 1 H), 7.45 (s, 1 H) ppm.  

13C NMR (CDCl3, 101 MHz): δ = 7.45, 22.55, 25.28, 25.88, 37.47, 40.73, 107.26, 114.45, 

118.78, 129.79, 134.93, 141.56, 155.20, 172.70 ppm.  

ESI: m/z calcd for C20H30N4O [M+H]+: 343.24; found: 343.20. 

HPLC purity: 98 % (Retention time: 11.39 min). 

Synthesis of 2-(cyclohexylamino)-N,N-diethyl-1-isopentyl-benzoimidazole-5-carboxamide 

N

NN

O

NH

 

16m 

The reaction was carried out according to general procedure VI using 3-(3-

cyclohexylthioureido)-N,N-diethyl-4-(isopentylamino)benzamide 13m (0.59 mmol, 0.25 g). 

The crude product was purified by column chromatography using CH2Cl2, MeOH and NH3, aq. 

25 % (25:1:0.1) as eluent system. Product 16m was obtained as a beige solid (0.50 mmol, 

0.21 g, 94 %). 

1H NMR (CDCl3, 400 MHz): δ = 0.97 (d, J = 6.4 Hz, 6 H), 1.20 (m, 9 H), 1.60 (m, 8 H), 2.15 

(m , 2 H), 3.43 (m, 4 H), 3.81 (t, J = 7.6 Hz, 2 H), 3.94 (m, 2 H) 4.13 (br, 1 H), 6.98 (d, J = 8.0 

Hz, 1 H), 7.06 (dd, J = 8.2, 1.4 Hz, 1 H), 7.43 (d, J = 0.8 Hz, 1 H) ppm. 

13C NMR (CDCl3, 101 MHz): δ = 22.61, 24.96, 25.81, 25.83, 33.94, 37.59, 40.61, 51.75, 

107.04, 114.23, 118.64, 130.18, 134.93, 141.75, 153.89, 172.50 ppm.  

ESI: m/z calcd for C23H36N4O [M+H]+: 385.29; found: 385.20. 

HPLC purity: > 99 % (Retention time: 11.05 min). 
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Synthesis of 1-benzyl-2-((4-ethoxyphenyl)amino)-N,N-diethyl-benzoimidazole-5-carboxamide 

N

N
NH

O

N

O

 

17a 

The reaction was carried out according to general procedure VI using 3-(3-(4-

ethoxyphenyl)thioureido)-N,N-diethyl-4-(benzylamino)benzamide 14a (1.05 mmol, 0.50 g). 

The crude product was purified by column chromatography using CH2Cl2, MeOH and 

NH3,aq.25 % (50:1:0.1) as eluent system. Product 17a was obtained as a pale red solid (0.40 

mmol, 0.17 g, 39 %). 

1H NMR (CDCl3, 400 MHz): δ = 1.13 (br, 6 H), 1.32 (t, J = 7.0 Hz, 3 H), 3.39 (br, 4 H), 3.92 

(q, J = 7.1 Hz, 2 H), 4.96 (s, 2 H), 6.78 (d, J = 8.8 Hz, 2 H), 6.83 (d, J = 8.4 Hz, 1 H), 6.93 (d, 

J = 7.6 Hz, 1 H), 7.04 (d, J = 7.2 Hz, 2 H), 7.19 – 7.23 (m, 3 H), 7.32 (d, J = 8.8 Hz, 2 H), 

7.40 (s, 1 H) ppm. 

13C NMR (CDCl3, 101 MHz): δ = 14.15 – 14.24, 14.90, 45.85, 63.83, 107.75, 114.40, 115.18, 

119.23, 120.65, 126.73, 128.00, 129.03, 129.96, 133.12, 134.54, 135.49, 141.35, 151.76, 

154.66, 172.69 ppm. 

HPLC purity: 96 % (Retention time: 10.50 min). 

Synthesis of 6-chloro-N,N-diethyl-5-nitronicotinamide 

N

NO2

Cl

O

N

 

19 

The reaction was carried out according to general procedure I using commercially available 

6-chloro-5-nitronicotinic acid 18 (3.08 mmol, 0.78 g) and HNEt2 (3.70 mmol, 0.39 mL). 

Product 19 was obtained as a yellow oil (2.90 mmol, 0.70 g, 54 %). 

1H NMR (CDCl3, 400 MHz): δ = 1.23 (t, J = 6.4 Hz, 6 H), 3.45 (m, 4 H), 8.53 (s, 1 H), 8.56 (s, 

1 H) ppm. 
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13C NMR (CDCl3, 101 MHz): δ = 13.99, 43.44, 124.42, 133.81, 136.86, 154.11, 156.77, 

167.47 ppm. 

ESI: m/z calcd for C10H12ClN3O3 [M+H]+: 258.06; found: 258.20. 

Synthesis of N,N-diethyl-4-((2-hydroxyethyl)amino)-3-nitrobenzamide 

NO2

N
H

O

N
OH

 

20 

The reaction was carried out according to general procedure II using N,N-diethyl-4-fluoro-3-

nitrobenzamide 3 (6.58 mmol, 1.58 g) and 2-aminoethanol (7.52 mmol, 0.45 mL). Product 20 

was obtained as a red-orange oil (6.50 mmol, 1.99 g, > 99 %). 

1H NMR (CDCl3, 400 MHz): δ = 1.20 (t, J = 7.2 Hz, 6 H), 3.22 (br, 1 H), 3.43 (m, 6 H), 3.88 

(m, 2 H), 6.85 (d, J = 9.2 Hz, 1 H), 7.48 (dd, J1 = 9.0 Hz, J2 = 1.8 Hz, 1 H), 8.23 (d, J = 2.0 

Hz, 1 H), 8.32 (m, 1 H) ppm. 

13C NMR (CDCl3, 101 MHz): δ = 45.20, 60.54, 114.17, 123.55, 125.67, 130.96, 135.05, 

146.11, 169.71 ppm.  

ESI: m/z calcd for C13H19N3O4 [M+H]+: 304.13; found: 304.00.  

Synthesis of 4-((3-(dimethylamino)propyl)amino)-N,N-diethyl-3-nitrobenzamide 

NO2

N
H

O

N

N
 

21 

The reaction was carried out according to general procedure II using N,N-diethyl-4-fluoro-3-

nitrobenzamide 3 (2.50 mmol, 0.60 g) and N1,N1-dimethylpropane-1,3-diamine (2.81 mmol, 

0.35 mL). Product 21 was obtained as an orange oil (2.50 mmol, 0.84 g, > 99 %). 

1H NMR (CDCl3, 400 MHz): δ = 1.18 (t, J = 7.0 Hz, 6 H), 1.84 (m, 2 H), 2.23 (s, 6 H), 2.41 (t, 

J = 6.4 Hz, 2 H), 3.39 (m, 6 H), 6.87 (d, J = 8.8 Hz, 1 H), 7.50 (dd, J1 = 8.8 Hz, J2 = 2.0 Hz, 1 

H), 8.24 (d, J = 2.0 Hz, 1 H), 8.66 (m, 1 H) ppm.  

13C NMR (CDCl3, 101 MHz): δ = 26.42, 42.15, 45.50, 57.52, 113.99, 123.38, 125.69, 130.78, 

135.11, 146.04, 169.54 ppm  
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ESI: m/z calcd for C16H26N4O3 [M+H]+: 323.20; found: 323.60. 

Synthesis of N,N-diethyl-6-(isopentylamino)-5-nitronicotinamide 

N

NO2

N
H

O

N

 

22 

The reaction was carried out according to general procedure II using 6-chloro-N,N-diethyl-5-

nitronicotinamide 19 (0.92 mmol, 0.2 g) and isopentylamine (0.92 mmol, 0.10 mL). Product 

22 was obtained as an orange oil (0.89 mmol, 0.24 g, > 99 %). 

1H NMR (CDCl3, 400 MHz): δ = 0.97 (d, J = 6.4 Hz, 6 H), 1.23 (t, J = 6.8 Hz, 6 H), 1.61 (m, 2 

H), 1.73 (m, 1 H), 3.45 (d, 5.6 Hz, 4 H), 3.72 (s, 2 H), 8.39 (s, 1 H, NH), 8.53 (s, 1 H), 8.56 (s, 

1 H) ppm. 

13C NMR (CDCl3, 101 MHz): δ = 22.60, 26.07, 31.63, 36.68, 38.22, 39.20, 40.30, 120.63, 

134.93, 152.29, 153.70, 162.74, 166.97 ppm.  

ESI: m/z calcd for C15H24N4O3 [M+H]+: 309.19; found: 309.10.  

Synthesis of 3-amino-N,N-diethyl-4-((2-hydroxyethyl)amino)benzamide 

NH2

N
H

O

N
OH

 

23 

The reaction was carried out according to general procedure III using N,N-diethyl-4-((2-

hydroxyethyl)amino)-3-nitrobenzamide 20 (7.04 mmol, 1.98 g). Product 23 was obtained as 

colourless oil (5.40 mmol, 1.35 g, 76 %). 

1H NMR, 13C NMR: no NMR data available. 

ESI: m/z calcd for C13H21N3O2 [M+H]+: 252.16; found: 252.10. 
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Synthesis of 3-amino-4-((3-(dimethylamino)propyl)amino)-N,N-diethylbenzamide 

NH2

N
H

O

N

N
 

24 

The reaction was carried out according to general procedure III using 4-((3-

(dimethylamino)propyl)amino)-N,N-diethyl-3-nitrobenzamide 21 (2.61 mmol, 0.84 g). Product 

24 was obtained as colourless oil (2.50 mmol, 0.76 g, 96 %). 

1H NMR (CDCl3, 400 MHz): δ = 1.16 (m, 6 H), 1.84 (m, 2 H), 2.26 (s, 6 H), 2.43 (m, 2 H), 

3.20 (m, 2 H), 3.38 (m, 7 H), 6.56 (d, J = 8.0 Hz, 1 H), 6.78 (s, 1 H), 6.84 (d, J = 8.0 Hz, 1 H) 

ppm.  

13C NMR (CDCl3, 101 MHz): δ = 26.87, 43.54, 45.69, 58.63, 110.07, 115.23, 119.60, 126.50, 

133.51, 139.39, 172.13 ppm. 

ESI: m/z calcd for C16H28N4O [M+H]+: 293.23; found: 293.90.   

Synthesis of 5-amino-N,N-diethyl-6-(isopentylamino)nicotinamide 

N

NH2

N
H

O

N

 

25 

The reaction was carried out according to general procedure III using N,N-diethyl-6-

(isopentylamino)-5-nitronicotinamide 22 (0.32 mmol, 0.10 g). Product 25 was obtained as 

pale yellow oil (0.24 mmol, 70.00 mg, 74 %). 

1H NMR (CDCl3, 400 MHz): δ = 0.89 (d, J = 6.8 Hz, 6 H), 1.15 (t, J = 7.2 Hz, 6 H), 1.52 (dt, J 

= 15.8, 8.1 Hz, 2 H), 1.69 (m, 1 H), 2.78 (s, 3 H), 3.43 (m, 6 H), 6.89 (d, J = 1.9 Hz, 1 H), 

7.69 (d, J = 1.8 Hz, 1 H) ppm. 

13C NMR (CDCl3, 101 MHz): δ = 13.63, 22.69, 26.10, 37.90 - 44.49, 38.66, 40.19, 120.22, 

121.51, 128.36, 136.54, 190.93 ppm. 

ESI: m/z calcd for C15H26N4O [M+H]+: 279.22; found: 279.15. 
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Synthesis of 2-(4-ethoxyphenyl)-N-(2-(isopentylamino)phenyl)acetamide 

H
N

NH
O

O

 

26 

The reaction was carried out according to general procedure VII using N1-isopentylbenzene-

1,2-diamine 8 (2.39 mmol, 0.43 g). The crude product was purified by column 

chromatography using petroleum ether and EtOAc (3:1) as eluent system. Product 26 was 

obtained as a pale red solid (1.44 mmol, 0.49 g, 60 %). 

1H NMR (CDCl3, 400 MHz): δ = 0.81 (d, J = 6.0 Hz, 6 H), 1.42 (t, J = 6.8 Hz, 3 H), 1.55 (m, 3 

H), 3.03 (m, 2 H), 3.76 (s, 2 H), 4.00 (q, J = 7.2 Hz, 2 H), 6.86 (d, J = 8.8 Hz, 2 H), 6.97 (m, 2 

H), 7.16 - 7.24 (m, 3 H), 7.37 (d, J = 8.4 Hz, 2 H), 7.59 (d, J = 8.0 Hz, 1 H) ppm.  

13C NMR (CDCl3, 101 MHz): δ = 14.98, 22.30, 26.02, 38.37, 43.48, 63.57, 114.97, 116.03, 

121.11, 121.38, 126.74, 126.98, 130.58, 130.83, 164.09, 188.58 ppm. 

ESI: m/z calcd for C21H28N2O2 [M+H]+: 341.22; found: 341.25. 

Synthesis of 3-(2-(4-ethoxyphenyl)acetamido)-N,N-diethyl-4-(isopentylamino)benzamide 

H
N

NH
O

O

N

O

 

27 

The reaction was carried out according to general procedure VII using 3-amino-N,N-diethyl-

4-(isopentylamino)benzamide 9 (3.71 mmol, 1.03 g). The crude product was purified by 

column chromatography using petroleum ether, EtOAc, MeOH and NH3, aq. 25 % (6:4:0.4:0.1) 

as eluent system. Product 27 was obtained as a brown oil (1.70 mmol, 0.79 g, 48 %). 

1H NMR (CDCl3, 400 MHz): δ = 0.90 (d, J = 6.6 Hz, 6 H), 1.15 (m, 6 H), 1.38 (m, 5 H), 1.60 

(m, 1 H), 2.93 (m, 2 H), 3.39 (m, 4 H), 3.64 (s, 2 H), 3.78 (br, 1 H), 4.01 (q, J = 6.9 Hz, 2 H), 

6.45 (d, J = 8.4 Hz, 1 H), 6.86 (d, J = 8.7 Hz, 2 H), 7.00 (m, 2 H), 7.29 (d, J = 8.7 Hz, 2 H), 

8.22 (br, 1 H) ppm.  
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13C NMR (CDCl3, 101 MHz): δ = 14.94, 22.68, 26.03, 38.37, 41.85, 43.18, 63.53, 110.70, 

114.96, 122.56, 124.27, 125.17, 125.61, 127.53, 130.38, 144.06, 158.28, 171.17, 172.02 

ppm.  

ESI: m/z calcd for C26H37N3O3 [M+H]+: 440.28; found: 440.10. 

Synthesis of 3-(2-(4-ethoxyphenyl)acetamido)-N,N-diethyl-4-((2-hydroxyethyl)amino) 

benzamide 

H
N

NH

OH

O
O

N

O

 

28 

The reaction was carried out according to general procedure VII using 3-amino-N,N-diethyl-

4-((2-hydroxyethyl)amino)benzamide 23 (5.37 mmol, 1.35 g). The crude product was purified 

by column chromatography using CH2Cl2, MeOH and NH3, aq. 25 % (10:1:0.1) as eluent system. 

Product 28 was obtained as a brown oil (2.00 mmol, 0.84 g, 38 %). 

1H NMR (CDCl3, 400 MHz): δ = 1.14 (m, 6 H), 1.39 (t, J = 7.0 Hz, 3 H), 3.09 (m, 2 H), 3.38 

(m, 4 H), 3.57 (m, 5 H), 4.00 (q, J = 6.9 Hz, 2 H), 4.18 (br, 1 H), 6.46 (d, J = 8.4 Hz, 1 H), 

6.84 (d, J = 7.2 Hz, 2 H), 6.96 (dd, J1 = 8.4 Hz, J2 = 1.6 Hz), 7.04 (d, J = 2.0 Hz, 1 H), 7.24 (d, 

J = 7.6 Hz, 2 H), 8.36 (br, 1 H) ppm. 

13C NMR (CDCl3, 101 MHz): δ = 14.93, 42.96, 45.92, 60.63, 63.58, 111.41, 114.96, 123.37, 

124.75, 124.92, 125.39, 127.29, 130.36, 143.52, 158.25, 171.35, 172.06 ppm. 

ESI: m/z calcd for C23H31N3O4 [M+Na]+: 436.22; found: 436.15. 

Synthesis of 4-((3-(dimethylamino)propyl)amino)-3-(2-(4-ethoxyphenyl)acetamido)-N,N-

diethylbenzamide 

H
N

NH
O

O

N

O

N
 

29 
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The reaction was carried out according to general procedure VII using 3-amino-4-((3-

(dimethylamino)propyl)amino)-N,N-diethylbenzamide 24 (2.60 mmol, 0.76 g). The crude 

product was purified by column chromatography using CH2Cl2, MeOH and NH3, aq. 25 % 

(12:1:0.1) as eluent system. Product 29 was obtained as a brown oil (1.4 mmol, 0.65 g, 55 

%). 

1H NMR, 13C NMR: no NMR data available. 

ESI: m/z calcd for C26H38N4O3 [M+H]+: 455.29; found: 455.40. 

Synthesis of 5-(2-(4-ethoxyphenyl)acetamido)-N,N-diethyl-6-(isopentylamino)nicotinamide 

N

H
N

NH
O

O

N

O

 

30 

The reaction was carried out according to general procedure VII using 5-amino-N,N-diethyl-

6-(isopentylamino)nicotinamide 25 (0.42 mmol, 0.12 g). The crude product was purified by 

column chromatography using petroleum ether and EtOAc (1:5) as eluent system. Product 

30 was obtained as a brown oil (0.20 mmol, 0.09 g, 46 %). 

1H NMR (CDCl3, 400 MHz): δ = 0.88 (d, J = 6.8 Hz, 6 H), 1.12 (m, 6 H), 1.33 (q, J = 7.2 Hz, 2 

H), 1.37 (t, J = 7.2 Hz, 3 H), 1.56 (m, 1 H), 3.23 (m, 2 H), 3.40 (br, 4 H), 3.63 (s, 2 H), 3.99 (q, 

J = 6.8 Hz, 2 H), 4.52 (t, J = 4.0 Hz, 1 H, NH), 6.83 (d, J = 8.8 Hz, 2 H), 7.13 (d, J = 2.0 Hz, 1 

H), 7.27 (d, J = 8.4 Hz, 2 H), 7.86 (d, J = 2.4 Hz, 1 H), 8.92 (s, 1 H, NH) ppm. 

13C NMR (CDCl3, 101 MHz): δ = 14.90, 22.66, 25.97, 29.76, 38.47, 39.83, 42.42 – 44.58, 

43.03, 63.48, 114.87, 117.80, 119.64, 127.43, 130.21, 131.84. 143.14, 153.95, 158.22, 

170.39, 171.63 ppm. 

ESI: m/z calcd for C25H36N4O3 [M+H]+: 441.30; found: 441.29. 
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Synthesis of 2-(4-ethoxybenzyl)-1-isopentyl-benzoimidazole 

N

N

O

 

31 

The reaction was carried out according to general procedure VIII using 2-(4-ethoxyphenyl)-N-

(2-(isopentylamino)phenyl)acetamide 26 (0.62 mmol, 0.21 g). The crude product was purified 

by column chromatography using petroleum ether and EtOAc (3:1) as eluent system. 

Product 31 was obtained as a green-brown oil (0.56 mmol, 0.18 g, 91 %). 

1H NMR (CDCl3, 400 MHz): δ = 0.94 (d, J = 6.8 Hz, 6 H), 1.38 (t, J = 6.8 Hz, 3 H), 1.42 (m, 2 

H), 1.61 (m, 1 H), 3.99 (q, J = 6.8 Hz, 2 H), 4.12 (m, 2 H), 4.60 (s, 2 H), 6.85 (d, J = 8.4 Hz, 2 

H), 7.28 (d, 9.6 Hz, 2 H), 7.44 (m, 3 H), 7.98 (m, 1 H) ppm. 

13C NMR (CDCl3, 101 MHz): δ = 14.86, 22.38, 26.36, 31.46, 37.64, 43.65, 63.73, 110.89, 

115.50, 116.84, 124.69, 125.61, 125.82, 130.10, 132.27, 151.59, 158.89 ppm. 

ESI: m/z calcd for C21H26N2O [M+H]+: 323.21; found: 323.25. 

HPLC purity: 96 % (Retention time: 11.64 min). 

Synthesis of 2-(4-ethoxybenzyl)-N,N-diethyl-1-isopentyl-benzoimidazole-5-carboxamide 

N

N

O

N

O

 

1 

The reaction was carried out according to general procedure VIII using 3-(2-(4-

ethoxyphenyl)acetamido)-N,N-diethyl-4-(isopentylamino)benzamide 27 (1.77 mmol, 0.78 g). 

The crude product was purified by column chromatography using EtOAc and MeOH (100:1) 

as eluent system. Product 1 was obtained as a light grey solid (1.30 mmol, 0.59 g, 79 %). 
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1H NMR (CDCl3, 400 MHz): δ = 0.90 (d, J = 6.6 Hz, 6 H), 1.21 (m, 6 H), 1.39 (m, 5 H), 1.56 

(m, 1 H), 3.46 (m, 4 H), 3.98 (m, 4 H), 4.25 (s, 2 H), 6.83 (d, J = 8.4 Hz, 2 H), 7.14 (d, J = 8.4 

Hz, 2 H), 7.29 (m, 2 H), 7.75 (s, 1 H) ppm.  

13C NMR (CDCl3, 101 MHz): δ = 14.93, 22.49, 26.26, 33.99, 38.24, 42.73, 63.60, 109.55, 

114.97, 117.71, 121.42, 128.08, 129.60, 131.10, 135.97, 142.24, 154.51, 158.14, 171.95 

ppm. 

ESI: m/z calcd for C26H35N3O2 [M+H]+: 422.27; found: 422.10. 

HPLC purity: > 99 % (Retention time: 8.93 min). 

Synthesis of 2-(4-ethoxybenzyl)-N,N-diethyl-1-(2-hydroxyethyl)-benzoimidazole-5-

carboxamide 

N

N

OH

O

N

O

 

32 

The reaction was carried out according to general procedure VIII using 3-(2-(4-

ethoxyphenyl)acetamido)-N,N-diethyl-4-((2-hydroxyethyl)amino)benzamide 28 (2.03 mmol, 

0.84 g). The crude product was purified by column chromatography using CH2Cl2, MeOH and 

NH3, aq. 25 % (15:1:0.1) as eluent system. Product 32 was obtained as a brown oil (1.70 mmol, 

0.66 g, 85 %). 

1H NMR (CDCl3, 400 MHz): δ = 1.17 (m, 6 H), 1.35 (t, J = 7.0 Hz, 3 H), 3.40 (m, 4 H), 3.67 (t, 

J = 5.2 Hz, 2 H), 3.94 (q, J = 6.9 Hz, 4 H), 4.06 (m, 4 H), 4.64 (br s, 1 H), 6.75 (d, J = 8.8 Hz, 

2 H), 7.04 (d, J = 8.4 Hz, 2 H), 7.08 (d, J = 8.4 Hz, 1 H), 7.17 (d, J = 8.4 Hz, 1 H), 7.65 (s, 1 

H) ppm. 

13C NMR (CDCl3, 101 MHz): δ = 14.89, 33.35, 46.48, 60.48, 63.51, 110.05, 114.86, 117.18, 

121.14, 127.99, 129.61, 130.86, 136.13, 141.82, 155.54, 158.00, 172.12 ppm. 

ESI: m/z calcd for C23H29N3O3 [M+H]+: 396.22; found: 396.20. 
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Synthesis of 1-(3-(dimethylamino)propyl)-2-(4-ethoxybenzyl)-N,N-diethyl-benzoimidazole-5-

carboxamide 

N

N

O

N

O

N
 

33 

The reaction was carried out according to general procedure VIII using 4-((3-

(dimethylamino)propyl)amino)-3-(2-(4-ethoxyphenyl)acetamido)-N,N-diethylbenzamide 29 

(1.43 mmol, 0.65 g). The crude product was purified by column chromatography using 

CH2Cl2, MeOH and NH3, aq. 25 % (20:1:0.1) as eluent system. Product 33 was obtained as a 

brown oil (0.90 mmol, 0.42 g, 67 %). 

1H NMR (CDCl3, 400 MHz): δ = 1.19 (m, 6 H), 1.36 (t, J = 7.0 Hz, 3 H), 1.71 (m, 2 H), 2.12 (t, 

J = 6.6 Hz, 2 H), 2.14 (s, 6 H), 3.44 (m, 4 H), 3.97 (q, J = 6.9 Hz, 4 H), 4.06 (t, J = 7.2 Hz, 2 

H), 4.29 (s, 2 H), 6.80 (d, J = 8.8 Hz, 2 H), 7.13 (d, J = 8.8 Hz, 2 H), 7.30 (m, 2 H), 7.74 (s, 1 

H) ppm. 

13C NMR (CDCl3, 101 MHz): δ = 14.91, 27.37, 33.62, 41.81, 45.36, 56.03, 63.55, 109.76, 

114.93, 117.64, 121.36, 128.28, 129.57, 131.13, 136.07, 142.28, 154.90, 158.08, 171.94 

ppm. 

ESI: m/z calcd for C26H36N4O2 [M+H]+: 437.29; found: 437.29. 

HPLC purity: 98 % (Retention time: 6.73 min). 

Synthesis of 2-(4-ethoxybenzyl)-N,N-diethyl-3-isopentyl-3H-imidazo[4,5-b]pyridine-6-

carboxamide 

N N

N

O

N

O

 

34 
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The reaction was carried out according to general procedure VIII using 5-(2-(4-

ethoxyphenyl)acetamido)-N,N-diethyl-6-(isopentylamino)nicotinamide 30 (0.20 mmol, 0.09 

g). Product 34 was obtained without further purification as a brown oil (0.11 mmol, 0.05 g, 59 

%). 

1H NMR (CDCl3, 400 MHz): δ = 0.87 (d, J = 6.4 Hz, 6 H), 1.24 (m, 6 H), 1.35 (t, J = 7.2 H, 3 

H), 1.47(m, 2 H), 1.55 (m, 1 H), 3.25 – 3.64 (m, 4 H), 3.97 (q, J = 7.2 Hz, 2 H), 5.11 (t, J = 8.0 

Hz, 2 H), 4.25 (s, 2 H), 6.82 (d, J = 8.8 Hz, 2 H), 7.13 (d, J = 8.8 Hz, 2 H), 7.99 (d, J = 2.0 Hz, 

1 H), 8.37 (d, J = 2.0 Hz, 1 H) ppm. 

13C NMR (CDCl3, 101 MHz): δ = 14.86, 22.45, 26.17, 29.77, 34.34, 38.32, 39.63, 41.57, 

43.63, 63.57, 115.03, 124.92, 127.31, 127.72, 129.63, 133.97, 141.93, 148.79, 156.20, 

158.20, 169.68 ppm. 

ESI: m/z calcd for C25H34N4O2 [M+Na]+: 445.26; found: 445.35. 

HPLC purity: > 99 % (Retention time: 10.77 min). 

Synthesis of 1-(2-bromoethyl)-2-(4-ethoxybenzyl)-N,N-diethyl-benzoimidazole-5-

carboxamide 

N

N

Br

O

N

O

 

35 

The reaction was carried out according to Toth et al.[6], the hydroxy compound 32 (0.86 

mmol, 0.34 g) and PPh3 (1.11 mmol, 0.29 g) were dissolved in anhydrous THF (5 mL) and a 

solution of CBr4 (1.33 mmol, 0.44 g) in anhydrous THF (2 mL) was slowly added at 0 °C. The 

mixture was stirred overnight at room temperature. Then, water was added, the solution was 

basified with NH3, aq. 25 % (pH ~ 9-10) and extracted with CH2Cl2. The combined organic 

phases were dried over anhydrous Na2SO4. After filtration and removal of solvent in vacuo 

the product was purified by column chromatography using CH2Cl2:CH3OH: NH3, aq. 25 % 

(20:1:0.1) as eluent system. Product 35 was obtained as a brown oil (0.40 mmol, 0.19 g, 

48 %). 

1H NMR (CDCl3, 400 MHz): δ = 1.36 (t, J = 7.0 Hz, 3 H), 3.20 (t, J = 7.4 Hz, 2 H), 3.43 (m, 4 

H), 3.97 (q, J = 6.9 Hz, 4 H), 4.29 (s, 2 H), 4.36 (t, J = 7.2 Hz, 2 H), 6.82 (d, J = 8.4 Hz, 2 H), 

7.14 (d, J = 8.4 Hz, 2 H), 7.28 (m, 4 H), 7.75 (s, 1 H) ppm.  
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13C NMR (CDCl3, 101 MHz): δ = 14.84, 27.76, 33.96, 45.40, 63.57, 109.21, 115.14, 117.91, 

121.79, 127.57, 129.53, 131.70, 135.48, 142.13, 154.61, 158.24, 171.59 ppm.  

ESI: m/z calcd for C23H28BrN3O2 [M+H]+: 458.14, 460.13; found: 458.10, 460.10. 

Synthesis of 2-(4-ethoxybenzyl)-N,N-diethyl-1-(2-(piperidin-1-yl)ethyl)-benzoimidazole-5-

carboxamide 

N

N

N

O

N

O

 

36 

Piperidine (0.61 mmol, 0.06 mL) and the bromo compound 35 (0.23 mmol, 0.10 g) were 

dissolved in acetonitrile (5 mL). Then, K2CO3 (1.16 mmol, 0.16 g) was added and the mixture 

was stirred overnight at 70 °C. After filtration the solvent was removed in vacuo and the 

crude product was purified by column chromatography using CH2Cl2, MeOH and NH3, aq. 25 % 

(20:1:0.1) as eluent system. The pure product 36 was obtained as a yellow-orange oil (0.10 

mmol, 0.07 g, 55 %). 

1H NMR (CDCl3, 400 MHz): δ = 1.20 (m, 6 H), 1.40 (m, 5 H), 1.55 (m, 4 H), 2.33 (m, 4 H), 

2.38 (t, J = 7.2 Hz, 2 H), 3.46 (m, 4 H), 3.99 (q, J = 6.9 Hz, 2 H), 4.09 (t, J = 7.2 Hz, 2 H), 

4.30 (s, 2 H), 6.82 (d, J = 8.8 Hz, 2 H), 7.14 (d, J = 8.4 Hz, 2 H), 7.30 (m, 4 H), 7.74 (s, 1 H) 

ppm. 

13C NMR (CDCl3, 101 MHz): δ = 14.93, 24.22, 26.05, 33.83, 42.25, 55.14, 57.70, 63.61, 

109.61, 115.01, 117.72, 121.46, 128.21, 129.60, 131.21, 136.04, 142.26, 155.05, 158.14, 

171.94 ppm.  

ESI: m/z calcd for C28H38N4O2 [M+H]+: 463.30; found: 463.30. 

HPLC purity: > 99 % (Retention time: 11.81 min). 
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Synthesis of 3-bromo-N,N-diethyl-1H-indazole-5-carboxamide 

N
H

N

Br

N

O

 

43 

The reaction was carried out according to general procedure I using commercially available 

3-bromo-1H-indazole-5-carboxylic acid 42 (1.24 mmol, 0.30 g) and HNEt2 (1.49 mmol, 0.16 

mL). Product 43 was obtained as a yellow oil (1.01 mmol, 0.30 g, 82 %). 

1H NMR (CDCl3, 400 MHz): δ = 1.13 (br, 6 H), 3.11 – 3.60 (br, 4 H), 7.28 (dd, J = 8.0, 4.0 Hz, 

1 H), 7.35 (d, J = 8.0 Hz, 1 H), 7.54 (m, 1 H), 12.58 (s, 1 H) ppm. 

13C NMR (CDCl3, 101 MHz): δ = 38.62, 46.89, 111.16, 118.09, 122.23, 122.25, 125.90, 

130.00, 141.32, 171.61 ppm. 

ESI: m/z calcd for C12H14BrN3O [M+H]+: 296.10, 298.03; found: 296.92, 298.20. 

Synthesis of 3-bromo-N,N-diethyl-1-isopentyl-1H-indazole-5-carboxamide 

N
N

Br

N

O

 

44 

3-bromo-N,N-diethyl-1H-indazole-5-carboxamide 43 (0.79 mmol, 0.24 g) was dissolved in 

DMF (3 mL) and cooled down to 0 °C. Then, NaH (60 % suspension in paraffin oil) (1.58 

mmol, 0.04 g) was added portionwise and stirring was continued for 10 min. After the 

addition of isopentylbromide (0.87 mmol, 0.10 mL), the mixture was allowed to warm up to 

room temperature and stirring was continued for one day. Then, water was added and the 

organics were extracted with EtOAc. The organic phase was then washed three times with 

brine, dried over anhydrous Na2SO4 and the solvent was removed in vacuo. The crude 

product was purified by column chromatography using petroleum ether and EtOAc (2:1) as 

eluent system. The pure product 44 was obtained was a light brown solid (0.19 g, 0.52 mmol, 

68 %). 
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1H NMR (CDCl3, 400 MHz): δ = 0.90 (d, J = 6.6 Hz, 6 H), 1.17 (br, 6 H), 1.52 (m, 1 H), 1.75 

(q, J = 8.0 Hz, 2 H), 3.38 (br, 4 H), 4.30 (t, J = 8.0 Hz, 2 H), 7.38 (m, 2 H), 7.59 (s, 1 H) ppm. 

13C NMR (CDCl3, 101 MHz): δ = 22.32, 25.60, 38.42, 47.87, 109.48, 118.77, 120.49, 123.08, 

126.19, 130.40, 140.46, 170.89 ppm. 

ESI: m/z calcd for C17H24BrN3O [M+H]+: 366.11, 368.11; found: 366.20, 368.40. 

Synthesis of 3-((4-ethoxyphenyl)amino)-N,N-diethyl-1-isopentyl-1H-indazole-5-carboxamide 

N
N

HN

N

O
O

 

45 

The reaction was carried out according Lohou et al.[7], to the anhydrous dioxane (5 mL) 

Pd(OAc)2 (0.05 mmol, 0.01 g), xantphos (0.06 mmol, 0.04 g) and p-phenethidine (0.62 mmol, 

0.08 mL) were added and heated to 100 °C for 5 min. Then, 3-bromo-N,N-diethyl-1-

isopentyl-1H-indazole-5-carboxamide 44 (0.52 mmol, 0. 19 g) and Cs2CO3 (1.50 mmol, 0.47 

g) were added and stirring at 100 °C continued. Then, EtOAc was added and the organic 

phase was washed twice with brine. The organic phase was then dried over anhydrous 

Na2SO4 and the solvent removed in vacuo. The crude product was purified by column 

chromatography using petroleum ether and EtOAc (2:1) as eluent system. Pure product 45 

was obtained as a red solid (0.26 mmol, 0.11 g, 50 %). 

1H NMR (CDCl3, 400 MHz): δ = 0.95 (d, J = 6.6 Hz, 6 H), 1.15 (br, 6 H), 1.38 (t, J = 7.0 Hz, 3 

H), 1.58 (m, 1 H), 1.75 (q, J = 8.0 Hz, 2 H), 3.42 (br, 4 H), 3.99 (q, J = 7.0 Hz, 2 H), 4.18 (t, J 

= 8.0 Hz, 2 H), 6.83 (m, 2 H), 6.89 (br, 1 H), 7.14 (d, J = 8.7 Hz, 1 H), 7.29 (dd, J = 8.6, 1.3 

Hz, 1 H), 7.38 (m, 2 H), 7.63 (s, 1 H) ppm. 

13C NMR (CDCl3, 101 MHz): δ = 14.98, 22.45, 25.71, 38.32, 46.76, 63.90, 108.35, 114.76, 

115.22, 118.08, 119.10, 125.39, 126.95, 136.36, 140.09, 145.15, 153.05, 172.01. 

ESI: m/z calcd for C25H34N4O2 [M+H]+: 423.27; found: 423.15. 

HPLC purity: > 99 % (Retention time: 11.50 min). 
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Biological evaluation 

Inhibition of BChE and AChE 
AChE (E.C. 3.1.1.7, from electric eel) and BChE (E.C. 3.1.1.8, from equine serum) were 

purchased from Sigma-Aldrich. DTNB (Ellman’s reagent), ATC and BTC iodides were 

obtained from Fluka Analytical, tacrine hydrochloride was purchased from Sigma-Aldrich. 

The stock solutions of the test compounds were prepared in ethanol (33.3 mM) and diluted to 

the desired concentrations. For the testing 50 μL DTNB and 50 μL enzyme were added to 

1.5 mL of the buffer. After 50 μL of the test compound was added, the mixture was incubated 

for 4.5 min. Afterwards, 10 μL ATC or BTC were added and the mixture was allowed to 

incubate for further 2.5 min. Enzyme activity was then observed via UV (λ = 412 nm). 

Radioligand binding studies on hCB2R and hCB1R 
SR-144,528 (inverse agonist for hCB2R) was bought from Santa Cruz Biotechnology Inc.; 

unlabeled CP-55,940 (agonist for hCB2R and hCB1R) was bought from Sigma-Aldrich Life 

Science; radioactive labeled [3H] CP-55,940 was bought from Hartmann Analytic GmbH; 

Rimonabant (inverse agonist for hCB1R) was obtained by an in-house synthesis. 

Cells were a kindly gift from AbbVie Laboratories (Chicago, U. S. A.). Human embryonic 

kidney cells (HEK) stably expressing the hCB2-receptor were grown in Dulbecco's modified 

Eagle's medium containing high glucose supplemented with 8 % fetal calf serum and 25 

µg/ml zeocin in a 37 °C incubator in the presence of 5 % CO2. Chinese hamster ovary cells 

(CHO) stably expressing the hCB1-receptor were grown in Ham's F-12 Nutrient Mix 

supplemented with 8 % fetal calf serum and 400 µg/ml geneticin in a 37 °C incubator in the 

presence of 5 % CO2. Cells were splitted twice a week. 

Cells (either HEK cells stably expressing hCB2R or CHO cells stably expressing hCB1R) 

were harvested and homogenized in Tris-EDTA buffer (50 mM Tris-HCl pH = 7.4; 1 mM 

MgCl2 · 6 H2O; 1 mM EDTA) using an ultra turax for 2x 15 s bursts. The suspensions were 

centrifuged for 10 min at 1,408 g at 4 °C. The pellets were discarded and the supernatant 

was centrifuged at 140,657 g for 50 min at 4 °C. The final membrane pellet was 

homogenized in binding buffer (50 mM Tris-HCl pH = 7.4; 5 mM MgCl2 · 6 H2O; 2.5 mM 

EDTA), shock frosted with liquid nitrogen and stored at -80 °C until use.  

Saturation assays were done similar to S. Murkherjee et al.[8] to determine the KD-value of 

the membrane samples. Saturation assays were done with 8 concentrations of [3H] CP-

55,940 ranging from 0.088 nM to 4,4 nM. Reactions were started by adding 8 µg membrane 

per well of a 96 well Multiscreen filter plate (Millipore) containing the radioligand in assay 

buffer (50 mM Tris-HCl, pH = 7.4; 5 mM MgCl2 · 6 H2O; 2.5 mM EDTA; 2 mg/ml BSA). After 3 

h incubation at RT the reaction was stopped by vacuum filtration and each well was washed 
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4 times with cold binding buffer (50 mM Tris-HCl, pH = 7.4; 5 mM MgCl2 · 6 H2O; 2.5 mM 

EDTA). The filter plate was dried at 40 °C. Activity was counted in a Micro Beta Trilux-

Counter (Wallac) using IRGA Safe plus-scintillation cocktail (Perkin Elmer). Competition 

assays were done with 5-11 concentrations of replacing ligands (0.1 nM – 0.4 mM) and 

0.44 nM [3H] CP-55,940. Non-specific binding was determined using 10 µM compound 1 for 

hCB2R and 10 µM rimonabant for hCB1R. 

To determine the IC50 values, statistical evaluations and sigmoidal dose-response curve 

fittings were performed with GraphPad Prism 5 software for Windows (Version 5.01, August 

7, 2007) using nonlinear regression and one site fit logIC50 as curve fitting functions. 

Ki values was determined when displacement of [3H]-CP 55,940 was higher than 60 % at 100 

µM test compound concentration. According to the Cheng-Prusoff equation: 

𝐾𝐾𝑖𝑖 =
𝐼𝐼𝐼𝐼50

1 + [𝐿𝐿∗]
𝐾𝐾𝐷𝐷

 

with [L*] as radioligand concentration (0.44 nM), the Ki value was calculated of at least two 

individual experiments. 

KD values and standard errors were for CB2R KD(hCB2R) = 4.16  ± 3.04 and for CB1R 

KD(hCB1R) = 2.24  ± 1.15. 
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Computational studies at BChE 

Materials and Methods 
Docking Studies: Docking to BChE was carried out with GOLD v5.2 (GOLDSUITE v5.2, 

CCDC Software, www.ccdc.cam.ac.uk)[9] in the 4BDS crystal structure of human BChE 

(crystallization at pH 6.5, resolution 2.10 Å). The protein was set up for docking by removing 

all water molecules and non-protein atoms and protonation of the amino acids was 

performed with MOE 2014.09[10] using Protonate 3D[11] at standard conditions. The binding 

site was defined by the following residues: Asn68, Asp70, Ser79, Trp82, Asn83, Gly115, 

Gly116, Gly117, Gln119, Thr120, Gly121, Thr122, Leu125, Tyr128, Glu197, Ser198, Ala199, 

Trp231, Ala277, Leu286, Val288, Glu325, Ala328, Phe329, Tyr332, Trp430, His438, Gly439, 

Tyr440, Ile442. The ligand structures were either built in MOE (compounds 1 and 16a) or 

extracted from the crystal structure (co-crystallized tacrine used for redocking). The pKa 

value of compound 1 was experimentally measured using the apparatus SiriusT3 from Sirius 

Analytical via UV-metric titration (fast UV method); the protonation was set in accordance 

with the measured value (pKa = 6.08). The protonation of tacrine was set according to 

calculations performed with the program MoKa[12]; the acridinic N was protonated while the 

anilinic N was not. The ligand structures were energy minimized in MOE with the MMFF94x 

force field[13] to an RMS-gradient of 0.001 kcal/(mol·Å).  

The best-suited scoring function was selected based on redocking calculations of the ligand 

tacrine in 4BDS. Unpublished data of our research group (manuscript in preparation) showed 

that best results for BChE docking are obtained with GoldScore[14,15], while also the scoring 

functions ASP[16] and ChemPLP[17] rendered good results. Thus, redocking was performed 

using all aforementioned scoring functions. 50 ligand poses were generated after 500 000 

operation cycles. GoldScore resulted in 20/50 poses of tacrine in accordance with the 

crystal-structure reference, while in 25/50 poses the ligand was found in the reference 

position, but in a flipped orientation. This was attributed to the high level of symmetry in the 

structure of tacrine, as the cyclohexane ring only differs from the acridinic benzene ring by a 

small tilt in the crystal structure. With ASP, 47/50 poses were flipped and 3/50 were in 

accordance, while with ChemPLP all poses were flipped. After rescoring the poses 

generated from GoldScore using the scoring function DSX[18], 9 of the top 10 poses -

including the top pose- were in accordance with the reference (RMSD < 1 Å). Thus, this 

protocol was considered appropriate to proceed with the docking of our ligands. 

Molecular Dynamics Simulations: Molecular Dynamics (MD) simulations were performed with 

ligand-docked BChE complexes of ligands 1 and 16a. The MD simulations were carried out 

using AMBER 14[19-21]. The atom charges of the ligands were calculated via the RESP fitting 

technique[22] in AMBER 14 based on the electrostatic potentials obtained from HF/6-31G* 

calculations with Gaussian 09[23] . The antechamber and tleap modules were used to assign 
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the Generalized Amber Force Field (GAFF)[24] parameters to the ligands and the ff99SB force 

field parameters[25] to the enzyme. The complex was neutralized by adding 3 chlorine 

counterions and was solvated by using boxes of TIP3P water molecules[26], using a buffer of 

10 Å in each direction. Periodic boundary conditions (PBC) were applied to avoid edge 

effects. The Particle Mesh Ewald (PME)[27,28] method was used to calculate long-range 

electrostatic interactions. A 2000-step implicit solvent minimization was initially performed; 

the first 1000 steps were carried out using the steepest descent algorithm, and the remaining 

1000 steps were performed with a conjugate gradient algorithm. After minimization, the 

system was relaxed and heated in two 50 ps steps using the sander module. At the first step, 

the system was slowly heated to 300 K in 40 ps and then cooled to 100 K in 10 ps with no 

restraints to the solvent, but keeping the protein-ligand complex fixed; at the second step the 

system was heated from 100 K to 300 K in 50 ps without any restraints. The system was 

then equilibrated in an NPT ensemble without restraints for 50 ps, followed by a production 

phase of 20 ns for 16a and 50 ns for 1. 
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MD of benzimidazole 1 

 

Fig. 1: Distance between Ala328 (CO) and 

Val331 (NH). 

 

Fig. 3: Distance between Ala328 and the water 

molecule. 

 

 

Fig. 2: Distance between Asn68 (NH) and the 

O-atom of the ligand’s ethyl ether. 

 

Fig. 4: Distance between the O-atom of the 

ligand’s amide function and the water 

molecule. 
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Fig. 5: Distance between Tyr332 (NH) and the 

O-atom of the ligand’s amide function. 

 

 

Fig. 7: Distance between Tyr332 (NH) and the 

water molecule. 

 

 

Fig. 6: Distance between Tyr332 (OH) and the 

O-atom of the ligand’s amide function. 

 

 

 

Fig. 8: Distance between Val331 (NH) and the 

water molecule. 
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Fig. 9: RMSD of the ligand 1. 
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MD of 2-amino benzimidazole 16a 
 

 
Fig. 10: Distance between Gln119 (NH) and the 

N-atom of the ligand’s benzimidazole core. 

 

 
Fig. 12: Distance between Pro285 (CO) and the 

anilinic N-atom of the ligand. 

 

 

 

 
Fig. 11: Distance between Ser287 (CO) and the 

anilinic N-atom of the ligand. 

 

 
Fig. 13: RMSD of ligand 16a. 
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2D SAR schemes 

 
Fig. 14: 2D SAR scheme of ligand 16a in hBChE (generated from the last frame of the MD)  

 
Fig. 15: 2D SAR scheme of ligand 1 in hBChE (generated from the last frame of the MD) 
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Fig. 16: 2D SAR scheme of ligand 1 in hCB2R (generated from the last frame of the MD) 

 
Fig. 17: 2D SAR scheme of ligand 16a in hCB2R (generated from the last frame of the MD) 
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ABSTRACT: The enzyme butyrylcholinesterase (BChE) and
the human cannabinoid receptor 2 (hCB2R) represent promis-
ing targets for pharmacotherapy in the later stages of Alzheimer’s
disease. We merged pharmacophores for both targets into
small benzimidazole-based molecules, investigated SARs, and
identified several dual-acting ligands with a balanced affinity/
inhibitory activity and an excellent selectivity over both hCB1R
and hAChE. A homology model for the hCB2R was developed
based on the hCB1R crystal structure and used for molecular
dynamics studies to investigate binding modes. In vitro studies
proved hCB2R agonism. Unwanted μ-opioid receptor affinity
could be designed out. One well-balanced dual-acting and selective hBChE inhibitor/hCB2R agonist showed superior in vivo
activity over the lead CB2 agonist with regards to cognition improvement. The data shows the possibility to combine a small
molecule with selective and balanced GPCR-activity/enzyme inhibition and in vivo activity for the therapy of AD and may help
to rationalize the development of other dual-acting ligands.

■ INTRODUCTION

Alzheimer’s disease (AD) is the most common form of dementia.
According to the annual Word Alzheimer Report, there are more
than 47 million people suffering from AD. By 2050, researchers
expect this number to climb up to even more than 130 million.1

Currently, a cure is pending and pharmacotherapy is very limited.
Three acetylcholinesterase (AChE) inhibitors (rivastigmine,
donepezil, and galantamine) and oneN-methyl-D-aspartate recep-
tor (NMDA) antagonist (memantine) are currently available as
drugs. Unfortunately, these drugs are only effective in early stages
of AD, and they only act symptomatically but do not slow down
progression or even cure AD.2

The reasons for an outbreak of this complex disease still remain
unknown. AD is pathobiologically characterized by the presence of
senile plaques, which consist of β-amyloid (Aβ). Aβ is an insol-
uble peptide and is formed by β/γ-secretase-induced cleavage of
the amyloid precursor protein (APP). Another hallmark is the

formation of neurofibrillary tangles, which consist of hyper-
phosphorylated τ-protein aggregates. Once formed, both Aβ and
τ-proteins trigger the progressive loss of muscarinergic neurons
in the brain and lead to memory deficits and cognitive dysfunc-
tion.3−5 Moreover, Aβ induces activation of neuroinflammatory
pathways characterized by activated microglia and astrocytes as
observed in the brains of AD patients.6 Neuroinflammation then
leads to the production of pro-inflammatory chemokines, cyto-
kines, and neurotoxins, which speed up AD progression by them-
selves.7 The exact sequence of these cascade processes is still
under discussion.
In the past years, the human cannabinoid receptors (hCBRs)

were identified as targets for drug development concerning neu-
rodegenerative disorders. Currently, there are two known subtypes:
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the human cannabinoid receptors 1 (hCB1R) and 2 (hCB2R).
hCB1Rs are mainly expressed in the brain;8 hCB2Rs were first
described in the peripheral immune system9 and then described
to occur to a lower extent in the central nervous system (CNS),
especially microglia.10,11 In the course of AD, expression levels of
hCB1R do not change, but overexpression of hCB2R is observed
in certain brain regions (especially in the hippocampus) of AD
patients.12 Furthermore, CB2R expression is associated with
microglia and astrocytes that are surrounded by neuritic plaques.13

The theory that up-regulation of CB2R signaling leads to reduc-
tion of associated inflammatory processes14 was substantiated in
several in vitro studies: hCB2R agonists reduce the production of
neurotoxic factors, such as reactive oxygen species (ROS) and
pro-inflammatory mediators (TNF-α and cytokines).15−17 Fur-
thermore, in vivo studies support the therapeutic potential of
hCB2R agonists: Wu et al. injected Aβ1−40 intracerebrally into rat
brains and then treated the animals with MDA7, a known hCB2R
agonist. After 14 days, behavioral tests were performed (place
learning in the Morris water maze) and the rat brains slices were
then examined. MDA7 was found to promote Aβ clearance, to
decrease secretion of proinflammatory mediators and ultimately
led to restored synaptic plasticity, cognition, and memory.18 In
another study, transgenic Tg2576 mice that overexpress APP
were continuously treated with JWH-133, another known hCB2R
agonist, at different stages of AD. As a result, Aβ production was
lowered, reactive microglia cells were reduced, and a positive
cognitive performance was observed.19 The importance of CB2R
in Aβ formation was shown in J20APP mice (overexpression of
APP in neocortex and hippocampus). Deletion of CB2R led to an
increased formation and deposition of Aβ, which supports
CB2R’s role as a reducing agent of Aβ.

20 In summary, activation
of hCB2R leads to various beneficial effects concerning AD and
additionally seems to play a central role in other neurodegen-
erative diseases such as Parkinson’s and Huntington’s disease.21

The oldest theory regarding AD pathophysiology is the “cho-
linergic hypothesis”, which describes themassive loss of cholinergic
neurons in AD.22 The amount of acetylcholinesterase (AChE),
the metabolizing enzyme of the neurotransmitter acetylcholine
(ACh), decreases in the course of AD. However, the concen-
tration of its isoenzyme butyrylcholinesterase (BChE) stays
unchanged or even increases and is able to compensate for the
loss of AChE, since BChE can also hydrolyze ACh into choline
and acetate.23,24 Besides that, it was shown that BChE (over-)
expression is associated with senile plaques and the transfor-
mation of nonfibrillar to fibrillary Aβ plaques.25,26 Inhibition of
BChE is therefore a promising approach when it comes to combat
AD’s cognitive deficits, especially in later stages when AChE dimin-
ishes.27 In a very recent in vivo study, BChE knockout mice
showed enhanced learning abilities in memory tests as compared
to wildtype littermates, and after intercerebroventricular injec-
tions of Aβ25−35 oligomers, BChE knockout mice appeared less
sensitive to the learning and memory deficits, oxidative stress,
and decrease in hippocampal ACh, as induced by the amyloid
peptide in wildtype animals.28 In another study, a sulfonamide-
based nanomolar BChE inhibitor was investigated. In one of the
very few in vivo studies that applied BChE-selective inhibitors,
mice treated with this inhibitor showed improved memory and
learning abilities in passive avoidance and Morris water maze
tests without producing acute cholinergic adverse effects.29

Furthermore, it is remarkable that there’s a colocalization of
BChE and hCB2Rs in microglia cells of the pathophysiologically
altered branch. Glia cells play an important role in production of
BChE and can be specifically targeted by CB2R agonists.30,31

The multifactorial character of AD makes it difficult if not
impossible to apply the classical “one target−one disease” for suc-
cessful drug development.32 It is therefore advantageous to develop
multitarget drugs, which address different targets simultaneously.
These drugs consist of two drug entities either as a hybrid linked
by a spacer33 or merged into one single entity;32,34−36 for the
latter case, only a few successful examples have been described.
(For a review, see ref 35.) Hybrids addressing CBRs as one of the
targets have been developed successfully.37−39 In a remarkable
recent work, Rampa et al. have achieved inhibiting both hBChE
and fatty acid amide hydrolase (FAAH) and therefore target both
the endocannabinoid and cholinergic system.40 The main dis-
advantage of hybrid molecules is their (often) high molecular
weight, which goes along with a violation of Lipinski’s rule of
five.41 In contrast, merged ligands are still “small molecules” and
their molar mass remains often at the same level as the “single
compound”.35,36 In return, their development is more laborious.
Both drug moieties have to be “fused” into one entity. The prob-
lem is that, if affinity is increased at one target, it is very likely
decreased at the other one.36,37 There are three common approaches
to obtain such merged/dual-acting compounds: “designing in”,
“designing out”, and “balancing”. The most common approach is
“designing in”, where structural elements of two highly selective
ligands are combined in one molecule, and the resulting com-
pound then incorporates activity at the two desired targets. In a
second approach, a merged compound not only possesses activ-
ity for two desired targets but also shows undesirable activity at a
third target. In this case, “designing out” aims for excluding activ-
ity at the third, undesired target but keeping activity at the other
two desired ones. In the third approach, a compound shows a
very high affinity for one target but only moderate activity for the
other target. Here, the aim is to balance the affinity at both desired
targets.32,35 Despite these difficulties, there are already several
successful examples for merged ligands in the recent literature,
such as adenosine A2A receptor/monoamine oxidase B ligands
and human histamine H3 receptor antagonists/AChE inhibitors
developed in our group; the latter proved successful even
in vivo.42,43

In our previous work,36 we applied a novel pharmacophore
model for BChE inhibitors to several benzimidazole-based selective
hCB2R agonists initially developed by AstraZeneca A (Figure 1)44

in a “designing in” approach. A relatedmerged structure based on
indazole had been described before.45 After the synthesis of
various heterocyclic templates and applying various substitution
patterns, we had obtained a first substance library and some com-
pounds showed activity in the (sub)micromolar range at both
targets and an excellent selectivity over both hCB1R and AChE
(Figure 1).36 Furthermore, we conducted molecular dynamics
(MD) simulations in both hCB2R and BChE, which gave the first
insights into the binding mode of our lead compounds A and B
and helped the understanding of structure−activity relationships
(SARs) at both targets.
In the present study, we developed our compound portfolio

further by balancing activities at hCB2R and BChE and by inves-
tigating and designing out unwanted interactions with the μ
opioid receptor (MOP). We synthesized and characterized in a
portfolio of in vitro assays 13 novel dual-acting hCB2R ligands
and BChE inhibitors. We furthermore investigated for the first
time intrinsic activities at the hCB2R for second and third gener-
ation compounds. Finally, we evaluated the ability of our second
generation lead compound B to fight cognition deficits induced
by intracerebroventricular (ICV) Aβ25−35 injections inmice, as an
in vivo pharmacological model for AD.
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■ RESULTS
Chemistry.The difficulty in designing amultitarget compound

is to “fuse” drug entities and at the same time to keep or even
improve the activity at both targets. The starting point for advanced
synthetic approaches are Astra Zeneca’s benzimidazole A as well
as our second generation lead compounds B,C, andD described
very recently (Figures 1 and 2).36,44 These compounds already
showed either a high affinity at one of the two targets or even a
balanced micromolar activity profile. From these results, we fol-
lowed several design approaches (Figure 2): the introduction of

different amides (green) and substituents (yellow) at position 5
of the benzimidazole core, alternation of the chain length (red),
and a combination of the most promising substitution patterns
(blue). Before, we also had synthesized other heterocyclic tem-
plates such as amino-indazoles, but the compounds lost affinity at
all targets.36 Therefore, we returned to the initial structural
template.
The necessity of a (diethyl)amide for a high hCB2R affinity had

been previously demonstrated,36,44 but data for inhibition of
either AChE or BChE of several amides was not available. The

Figure 2. Structural compound design approaches carried out starting from lead compounds A−D.

Figure 1.Development of the second generation lead structuresB,C, andD starting fromAstraZeneca’s selective hCB2R agonistA, the first generation lead.
36,44
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electron-withdrawing character of amides led us using substit-
uents with different electronic effects (e.g., nitro and amino) at
position 5 of the benzimidazole core. Ethylenepiperidinyl sub-
stitution at the N1 of the benzimidazole core already caused
(sub)micromolar activity at both hCB2R and BChE. The aim was
to extend the alkylene chain and to increase lipophilicity and
interaction between the side chain and the oxyanion hole of the
BChE.36 Lastly, we combined the most promising substituents in
order to increase dual-activity.
Specifically, the synthesis of benzimidazoles and 2-amino

benzimidazoles was carried out as previously reported starting
from 4-fluoro-3-nitrobenzoic acid 1.36 To introduce the different
amide moieties in the last step, esterification was performed to
obtain ester 2. For the synthesis of target compounds 23, 24, and
30−32, the diethylamide moiety 3 was formed using HBTU as
the coupling agent. In the next step, nucleophilic substitution
with various amines afforded compounds 4−8. Reduction of the
nitro group was achieved using tin(II) to obtain o-phenylenedi-
amines 9−13 (Scheme 1).

To obtain benzimidazoles with various amide moieties and
spacer lengths, diamines 9, 12, and 13 were coupled with

2-(4-ethoxyphenyl)acetic acid to afford compounds 14−16. Cycliza
tion was achieved in glacial acetic acid, and benzimidazoles
17−19 were obtained in quantitative yields. Ester 17 was hydro-
lyzed under basic conditions and then coupled with various amines
using HBTU as a coupling agent. After purification, amides 20a−e
were obtained in high yields. For various spacer lengths, hydroxy
compounds 18 and 19were treated in an Appel-like reaction with
phosphorus tribromide to obtain the bromo compounds 21 and 22.
In the last step, bromine was substituted with piperidine under basic
conditions to afford compounds 23 and 24 (Scheme 2).
The synthesis of 2-amino benzimidazoles was performed as

previously reported.36 Upon reaction of benzylic and anilinic
amines 25a−cwith carbon disulfide, isothiocyanates 26a−cwere
obtained.46 Thiourea derivatives 27−29 were afforded by reacting
the respective isothiocyanates with o-phenylenediamine 10 or 11.
Cyclization was carried out using EDCI as a coupling reagent,
and 2-amino benzimidazoles 30−32 were obtained (Scheme 3).
For the introduction of electron-withdrawing/donating func-

tions at position 5 of the benzimidazole core, a different synthetic
approach was applied. Starting from 1-chloro-2,4-dinitro ben-
zene 33, nucleophilic substitution with isopentylamine led to
compound 34 in quantitative yields. Selective reduction of the
2-nitro moiety to obtain o-phenylenediamine 35 was carried out
according to Freitag et al.47 using sodium sulfide as a reducing
agent. Amide coupling and cyclization were carried out as
described above. 5-Nitro benzimidazole 37 was reduced by
tin(II) to afford 5-amino benzimidazole 38. In the final step,
HBTU-mediated amide coupling with benzoic acid afforded
compound 39 (Scheme 4).

Pharmacological Profile of Dual-Acting Compounds.
All target compounds were tested for affinity to hCB1R and
hCB2R in radioligand binding studies (HEK cells stably
expressing hCB2R; CHO cells stably expressing hCB1R).
Inhibition of AChE (eeAChE, E.C.3.1.1.7, from electric eels
and hAChE, E.C.3.1.1.7, from humans) and BChE (hBChE,
E.C.3.1.1.8, from humans) was evaluated in the colorimetric
Ellman’s assay (Table 1). Sequence alignment had shown that
the isoform eeAChE exhibits a very high sequence homology to
the human enzyme (88% sequence identity)48 (Table 1).

Scheme 1. Synthesis of o-PhenyleneDiamine Precursors 9−13a

aConditions: (i) H2SO4, EtOH, reflux, 24 h; (ii) HNEt2, (COCl)2,
NEt3, DMF, 0 °C to rt, 5 h; (iii) NHR2, NEt3, EtOH, rt, 3 h; (iv)
SnCl2·2H2O, EtOH, reflux, 6 h.

Scheme 2. Synthesis of Benzimidazoles with Different Amide Moieties or Spacer Lengthsa

aConditions: (v) o-phenylene diamine 9, 12, or 13, HBTU, NEt3, DMF, rt, 24 h; (vi) AcOH, reflux, 2 h; (vii) LiOH, THF/H2O, rt, 24 h;
(viii) primary and secondary amines a−e, HBTU, NEt3, DMF, rt, 24 h; (ix) PBr3, CH2Cl2, 0 °C to rt, 12 h; (x) piperidine, K2CO3, DMF, 70 °C, 12 h.
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In the first set of compounds, we kept the benzimidazole scaf-
fold of lead compound A and introduced different amide moi-
eties at position 5 of the benzimidazole core (20a−d).While 20c,
with a straight N-alkyl chain, shows a low micromolar affinity
toward hCB2R and a micromolar inhibition of BChE, compound
20a, with a branched N-alkyl chain, shows a micromolar inhi-
bition of BChE as well as a submicromolar affinity toward hCB2R
(20a, Ki(hCB2R) = 763.3 nM and IC50(hBChE) = 1.6 μM; 20c,
Ki(hCB2R) = 1.9 μM and IC50(hBChE) = 5.2 μM; Table 1).
When we replaced the straight/branched N-alkyl chains with a
1-piperidinyl amide (20d), the activity at BChE did not change,
but the affinity for hCB2R could be increased (20d, Ki(hCB2R) =
384.5 nM and IC50(hBChE) = 5.7 μM; Table 1). It is further-
more remarkable that the introduction of a 1-piperidinyl amide
(20d), which is similar to AstraZeneca’s benzimidazole A, resulted
in some, albeit moderate, regain in affinity toward hCB1R
(Ki(hCB1R) = 17.0 μM; Table 1). The introduction of a sterically
demanding 1-adamantyl amide scaffold (20e), a typical CB
pharmacophore, resulted in a complete loss of activity at both
ChEs. The affinity at hCB2R still was in the micromolar range
(20e, Ki(hCB2R) = 4.7 μM; Table 1), which suggests a tolerance
of hCB2R concerning bulky and nonpolar substituents at position
5 of the benzimidazole core. Lastly, we introduced an aniline
amide (20b), which kept micromolar activity at BChE but led to
an approximately 10-fold decreased affinity at hCB2R compared
to other investigated amides (20a−e) (20b,Ki(hCB2R) = 14.4 μM
and IC50(hBChE) = 1.2 μM; Table 1). We also introduced a
“flipped” amide, where the amine moiety is directly attached to

the benzimidazole (39). Compound 39 is a structural isomer of
20b and surprisingly shows a different pharmacological profile.
While 20b shows a one-digit micromolar activity at BChE and
two-digit affinity at hCB2R (Table 1), 39 completely lost inhib-
itory activity at BChE, but the affinity toward hCB2R is increased
compared to compound 20b (39, Ki(hCB2R) = 4.3 μM; 20b,
Ki(hCB2R) = 14.4 μM; Table 1).
With another set of compounds, we investigated the influence

of electron-withdrawing/donating substituents at position 5 of the
benzimidazole core, which was otherwise not altered (37 and 38).
Our assumption was based on our previous results from com-
putational studies36 that an electron-withdrawing substituent is
crucial for any affinity/activity at both hCB2R and BChE. We
could confirm this by completely losing activity at BChE and
dramatically decreasing affinity at hCB2R when we introduced an
amino moiety (38). Moreover, an electron-withdrawing nitro
substituent (37) achieved a submicromolar affinity at hCB2R, but
again it completely lost the ability to inhibit BChE (37,Ki(hCB2R)=
961.8 nM; Table 1).
For a third set, we synthesized a set of “combination” com-

pounds using scaffolds from our lead compoundsB,C, andD and
combining them in several 2-amino benzimidazoles (31 and 32).
With this, we obtained 32, a combination of the para-phenoxy
phenyl moiety from C and ethylene piperidinyl from D, and 31,
which combine the para-ethoxy phenyl moiety of B with the
ethylene piperidinyl moiety of D. Both compounds failed to
show the desired pharmacological profile though. While affinity
at hCB2R decreased compared to the lead compounds B−D

Scheme 3. Synthesis of 2-Amino Benzimidazolesa

aConditions: (i) CS2, NEt3, Boc2O, THF, 0 °C to rt, 12 h; (ii) o-phenylene diamine 10 or 11, THF, rt, 6 h; (iii) EDCI·HCl, NEt3, THF, reflux, 5 h.

Scheme 4. Synthesis of Benzimidazoles with Electron-Withdrawing/Donating Substituents at Position 5a

aConditions: (i) isopentylamine, NEt3, EtOH, rt, 24 h; (ii) Na2S·H2O, NaHCO3, MeOH/H2O, reflux, 4 h; (iii) 2-(4-ethoxyphenyl)acetic, HBTU,
NEt3, DMF, rt, 12 h; (iv) AcOH, reflux, 6 h; (v) SnCl2·2H2O, EtOH, reflux, 6 h; (vi) benzoic acid, HBTU, NEt3, DMF, rt, 6 h.
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(31, Ki(hCB2R) = 10.4 μM; 32, Ki(hCB2R) = 8.9 μM), both com-
pounds completely lost inhibitory activity at BChE. Nevertheless,
both compounds are still selective hCB2R ligands. Compound 30

was developed by using the 2-amino benzimidazole scaffold from
lead compound B and changing the para-ethoxy phenyl to a
para-ethoxy benzyl moiety. With the additional methylene

Table 1. Results of the Biological Evaluation of the Inhibitory Effect of AChE/BChE and Radioligand Binding Studies at
hCB1R/hCB2R
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group, a higher degree of freedom is achieved and the conjugated
system is interrupted, which may increase basicity and thereby
interaction with BChE. Compared to lead compound B, affinity
toward hCB2R increased; selectivity was kept (30, Ki(hCB2R) =
353.4 nM), but again inhibition of both ChEs was lost.
On the basis of our previous computational studies, which

indicated a binding cavity in the oxyanion hole of the BChE and
theN1-alkyl chain pointing toward it,36 we changed the length of
the ethylene piperidinyl moiety of our lead structure D. We
synthesized N1-substituted benzimidazoles with a butylene (23)
and a hexylene spacer (24) with the aim to increase lipophilicity
and interactions between the side chain and the oxyanion hole of
the BChE. Compared to the structurally similar lead compound
D with an ethylene spacer, both compounds 23 and 24 show an
approximately 10-fold decreased affinity toward hCB2R (23,
Ki(hCB2R) = 4.8 μM; 24,Ki(hCB2R) = 1.0 μM;Table 1), with an
improved selectivity over hCB1R. Regarding BChE, both
compounds indeed showed a low micromolar activity at BChE
(23, IC50(hBChE) = 2.7μM; 24, IC50(hBChE) = 8.2μM;Table 1)
but lose selectivity over AChE with longer alkylene spacers

(23, IC50(eeAChE) = 20.5 μM; 24, IC50(eeAChE) = 11.9 μM;
Table 1). When tested at the hAChE, both compounds showed a
similar inhibitory activity (23, IC50(hAChE) = 60.1 μM; 24,
IC50(hAChE) = 20.0 μM; Table 1).
Since lead compounds A−Dwere previously only tested at the

eqBChE and eeAChE (Figure 1), we also investigated activity at
both human enzymes, hBChE and hAChE. Surprisingly, lead
compounds A−D, which showed a (sub)micromolar activity at
eqBChE, completely lost significant activity at hBChE. In con-
trast, values for hAChEwere very similar to the eeAChE (Figure 1
and Table 1). We recommend using the human enzyme when-
ever possible, which is in the literature rarely done in the devel-
opment of BChE inhibitors, probably due to its high price.27b

Some heterocyclic templates can show pronounced differences
in inhibitory activities between species, so for each template, we
recommend at least to test representative compounds at hBChE to
check whether interspecies-dependent BChE inhibition occurs.27c

We were able to successfully develop a set of second-generation
benzimidazole/2-aminobenzimidazole compounds, which
nearly all show good selectivity for both hCB2R and hBChE

Table 1. continued

aScreened on membranes of HEK cells stably expressing hCB2R using 10 μM of the compound; values are mean values from at least 2 independent
experiments performed in triplicates. Ki value was determined when displacement of [3H] CP 55,940 was >50%, mean values of at least 2 independent
experiments performed in triplicates. bScreened on membranes of CHO cells stably expressing hCB1R using 10 μM of the compound; values are mean
values from at least 2 independent experiments performed in triplicates. Ki value was determined when displacement of [3H] CP 55,940 was >50%,
mean values of at least 2 independent experiments. cValues are means of at least three determinations. AChE from human erythrocytes. n.d. = not
determined dValues are means of at least three determinations. AChE from electric eel. Also included in this table, see references 36, 49, and 50.
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with affinity/activity in the micromolar to submicromolar range.
Furthermore, our best compounds show a well-balanced activity
profile at both targets. A balanced profile is one of the main diffi-
culties in designing merged dual-active compounds.
For a better comparison of all compounds and investigating/

describing SARs, we correlated pKi values from hCB2R and
pIC50 values from hBChE in Figure 3. Interpretation is greatly

simplified by the fact that the majority of compounds still show a
high selectivity over both hCB1R and AChE.
Computational Studies, Construction of the Active-

State Model of the hCB2R, and Docking of Compounds

20a and 20d. Computationally driven multitarget drug discov-
ery has emerged recently as a subfield of computational drug design,
and it uses fragment-based approaches to identify multitarget hits
in silico or deals with optimizing multitarget hits, e.g., by applica-
tion of molecular dynamics (MD) [ref 51 and references cited
herein].
Within a previous study, an active state model of the hCB2R

was constructed based on the crystal structure of the active human
β2R adrenergic receptor (hβ2R).

36 Since a crystal structure of the
hCB1R in complex with the agonist AM11542 ((6aR,10aR)-3-(8-
bromanyl-2-methyl-octan-2-yl)-6,6,9-trimethyl-6a,7,10,10a-
tetrahydrobenzo[c]chromen-1-ol) was published (PDB ID:
5XRA),52 a new homology model of the hCB2R based on this
crystal structure was constructed because the homology between
the hCB2R and the hCB1R is considerably higher than between
the hCB2R and the hβ2R. For the alignment of the amino acid
sequences between the hCB1R and the hCB2R (Figure 4), the
most conserved amino acid of each transmembrane (TM) domain
according to Ballesteros andWeinstein53 (marked by an asterisk)
was used as reference.
For homology modeling of the hCB2R, the software package

SYBYL 7.0 (Tripos Inc.) was used. The flavodoxin of the hCB1R
crystal was deleted. The first 18 amino acids of the N-terminus
and the last 44 amino acids of the C-terminus were not included
in the hCB2R homologymodel because these parts are not solved
in the crystal structure of the hCB1R. All amino acids that
were different between the sequence of the hCB1R (inclusive

Figure 3. Plot of IC50 values for hBChE inhibition against pKi values of
hCB2R affinity. Compounds with no significant affinity for one of the
targets are placed on the black lines.

Figure 4. Amino acid sequence alignment of the hCB1R (UniProtKB accession code: P21554) and the hCB2R (UniProtKB accession code: P34972).
Asterisk: highly conserved amino acids, according to the Ballesteros and Weinstein nomenclature. Yellow boxes: amino acids, different between hCB1R
and hCB2R. Gray boxes: amino acids of the hCB2R, not included in the homology model within the present work. Cyan boxes: part of the E2-loop,
deleted in the hCB1R template and inserted by “LoopSearch” according to the amino acid sequence of the hCB2R. Green boxes: part of the I3-loop of the
hCB2R, inserted by “LoopSearch”.
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mutations in the X-ray structure) and the hCB2R were mutated
into the corresponding amino acid of the hCB2R, except these
parts of the extracellular loop E2 and the intracellular loop I3,
marked in Figure 4: To model the E2-loop, the amino acids
Glu258 (hCB1R) to Val263 (hCB1R) were deleted and the
missing amino acids of the hCB2R Cys175 to Pro178 were
inserted, using the “LoopSearch” module of SYBYL 7.0 (Figure 4,
cyan boxes). Furthermore, to model the I3-loop, the amino acids
Ser222 to Met237 of the hCB2R were inserted, using the
“LoopSearch” module of SYBYL 7.0 (Figure 4, green boxes).
Compounds 20a and 20d were docked manually in two different
poses (mode 1 and mode 2), inspired by the AM11542-hCB1R-
crystal structure (5XRA), into the binding pocket of the hCB2R
(Figure 5).

Molecular Dynamics Simulations at the hCB2R. The
ligand−receptor complex, constructedwith SYBYL7.0, as described
above was embedded in a POPC lipid bilayer. The parametr-
ization for the ligands 20a and 20d was obtained from the
PRODRG server (davapc1.bioch.dundee.ac.uk/prodrg/). For
the generation of the complete simulation box (6.9 nm× 6.9 nm×
9.2 nm) and subsequent molecular dynamics simulations, the
software package GROMACS 4.0.2 (www.gromacs.org) was
used. Intracellular and extracellular water molecules were added
using the command “genbox”. To achieve electroneutrality, 5
sodium and 17 chloride ions were added using the command
“genion”. After minimization of the simulation box, MD simu-
lations (10 ns equilibration phase and 10 ns productive phase)
were performed for the ligand-free hCB2R and the ligand−
hCB2R complexes, as described previously.54,55

Binding Mode of Compounds 20a and 20d at the
hCB2R. For compounds 20a and 20d, MD simulations for both
binding modes 1 and 2 were performed. For 20a, the short-range
Coulomb and Lennard-Jones interactions amounted to
ca. −19 kJ/mol and ca. −277 kJ/mol for mode 1 and ca. −44
kJ/mol and ca. −290 kJ/mol for mode 2. Similarly, for 20d,
the short-range Coulomb and Lennard-Jones interactions
amounted to ca. −25 kJ/mol and ca. −246 kJ/mol for mode 1

and ca. −63 kJ/mol and ca. −260 kJ/mol for mode 2. Because
mode 2 is the more stable one in both cases, subsequent data
analysis was performed only on this mode. Since the orthosteric
binding pocket of the hCB2R is mainly formed by the aromatic
amino acids Phe3.36, Phe183 (E2-loop), Trp5.43, and Trp6.48, an
aromatic moiety of the ligand in this region of the binding site
should be preferred with respect to a more aliphatic one. Thus,
for ligands containing an aromatic moiety in side chain R1 and in
side chain R3, e.g., 20b, both modes should be considered.
The ligands 20a and 20d are stably embedded (mode 2) in the

orthosteric binding pocket of the hCB2R (Figure 6).

For compound 20a, the benzimidazole core interacts with
Phe2.57, Phe183 (E2-loop), and Phe7.35 (Figure 7a). The aliphatic
side chain R1 is embedded in a subpocket at the extracellular
domains of the hCB2R. The isopentyl moiety (R2) is well-
embedded in a hydrophobic pocket, formed by the amino acids
Ile3.29, Val3.32, Thr3.33 (methyl group), Phe3.36, Phe183 (E2-loop),
Ile186 (E2-loop), Leu5.40, Trp5.43, Leu5.44, Val6.51, and Met6.55

(Figure 7b). The 4-ethoxybenzyl moiety (R3) is embedded in a
hydrophobic pocket, mainly formed by the amino acids Phe3.36,
Trp6.48, Val6.51, Met6.55, and Leu7.41 (Figure 7c). During ∼33% of
the whole productive phase, a direct H-bond between the car-
bonyl oxygen of 20a and the OH moiety of Ser7.39 was observed.
Alternatively, the interaction between 20a and the hCB2R was
stabilized by a water-mediated H-bond interaction between the
CO moiety of 20a and Ser7.39 or His2.65 (Figure 7d).
Furthermore, theMD simulations of the 20a−hCB2R complex

revealed a well-established interaction network between the
highly conserved Asn7.49, Asn7.45, Trp6.48, Ser3.39, Asp2.50, and inter-
nal water molecules (Figure 8). A comparable water chain was also
revealed by MD simulations for the histamine H3 and H4 recep-
tor.56 Thus, at the hCB2R, the allosteric Asp2.50 binding site,
which is described as the Na+ binding site for several GPCRs57 is
well-connected with the orthosteric ligand binding site. Because
the highly conserved amino acids of the allosteric binding
site may be involved in receptor activation, it may be speculated
that ligands (e.g., agonists), bound to the orthosteric binding
site, may transfer information for activation of the receptor

Figure 5. Docking poses (mode 1 and mode 2) of 20a compared to the
pose of compound AM11542 in the hCB1R-crystal structure (5XRA).

Figure 6.Orthosteric binding pocket of the hCB2R with compound 20a
as well as internal water molecules and the allosteric binding site, as
obtained by MD simulations.
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downstream not only by the highly conserved amino acids but
also by the internal water molecules located in this region.
Compared to 20a, theMD simulations revealed different bind-

ing modes for 20d (Figure 9): For compound 20d, the benz-
imidazole core interacts with Phe2.57, Phe2.61, Phe183 (E2-loop),
and Phe7.35. The piperidine moiety R1 is embedded in a subpocket
at the extracellular domains of the hCB2R, mainly formed by the
amino acids Phe2.61, Leu182, Leu6.54, and Lys7.32 (aliphatic part).
The isopentyl moiety (R2) is well-embedded in a hydrophobic
pocket, formed by the amino acids Val2.56, Phe3.25, Lys3.28

(aliphatic part), and Ile3.29. The 4-ethoxybenzyl moiety (R3) is

embedded in a hydrophobic pocket, mainly formed by the amino
acids Ile3.29, Val3.32, Thr3.33 (methyl group), Phe3.36, Phe183
(E2-loop), Ile186 (E2-loop), Leu5.40, Trp5.43, Leu5.44, Val6.51, and
Met6.55 (Figure 9a). During∼95% of the whole productive phase,
a direct H-bond between the carbonyl oxygen and the OH moi-
ety of Ser7.39 was observed.However, in contrast to 20a, theH-bond
to His2.65 was not observed and there was no water-mediated
interaction between the ligand and the receptor (Figure 9b). An
overlay of 20a and 20d in the binding pocket of the hCB2R,
obtained by MD simulations, is presented in Figure 9: The
moiety R1 points for both ligands toward the extracellular region
of the receptor. The isopentyl moiety (R2) is located in pocket 1
in the case of 20a and in pocket 3 in the case of 20d. The 4-ethoxy
phenyl moiety (R3) is located in pocket 2 in the case of 20a and in
pocket 1 in the case of 20d. Consequently, the benzimidazole
core of 20d is twisted about 45° with respect to 20a.
Since pocket 1 (Ile3.29, Val3.32, Thr3.33, Phe3.36, Phe183, Ile186,

Leu5.40, Trp5.43, Leu5.44, Val6.51 andMet6.55) is formed by aromatic
and aliphatic side chains, ligands comprising of one or more of
these moieties may be able to establish more than one binding
pose. In this context two orientations of ligand 20a (R2 aliphatic)
as well as 20d (R3 aromatic/aliphatic) are to be considered. Fur-
thermore, it can be speculated that an equilibrium between dif-
ferent binding poses may be established depending on the chem-
ical nature of the moieties R1, R2 and R3. Since the two ligands
differ in R1, which points into the extracellular domain, this group
may influence the equilibrium of different binding poses.

Determination of Efficacy at hCB2R. CB2Rs are coupled
through Gi/o proteins and negatively regulate adenylate cyclase,
the enzyme that catalyzes the conversion of adenosine triphos-
phate (ATP) to cyclic adenosine monophosphate (cAMP).58

One of the notable CB2R biological responses is the regulation of
intracellular cAMP levels. CB2R agonists decrease cAMP levels
and revert forskolin-stimulated cAMP production, while CB2R
antagonists/reverse agonists increase cAMP levels and enhance
forskolin-stimulated cAMP production in cell lines.59 So the

Figure 8. Interaction network between the hCB2R and internal water
molecules between the orthosteric (Val3.32) and allosteric (Asp2.50)
binding site, obtained by MD simulations in the presence of 20a.

Figure 9. (a) Overlay of 20a and 20d in the binding pocket of the
hCB2R, obtained by MD simulations. (b) Differences in H-bond
interactions between the hCB2R and 20a or 20d.

Figure 7. Interaction sites of the hCB2R with (a) the benzimidazole
core, (b) the isopentyl side chain (R2), (c) the 4-ethoxy phenyl moiety
(R3), and (d) the carbonyl moiety (mediated by water molecules) of
compound 20a.
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detection of the cAMP concentration, for example, by ELISA, is a
common method for the identification of CB2R ligand activity.
In addition, receptor-mediated changes in the intracellular cAMP
concentration can be detected via changes in the expression level
of particular genes, which are regulated by the transcription
factor cAMP response-element binding (CREB) protein binding
to upstream cAMP response elements (CREs).60 Between poten-
tial cAMP-target genes, macrophage migration inhibitory factor
(MIF), which is highly expressed in multiple myeloma, is under
cAMP-induced expression, since a functional cAMP-responsive
element (CRE) in the proximal region of the MIF promoter is
detected.61,62 Signal transducer and activators of transcription
(STAT-3) is another gene highly expressed in multiple myeloma
cells, and its expression is also under CRE promoter control.63,64

Before evaluating the CB2R activity of the compounds, the
nontoxic concentration of each compound was evaluated by an
MTT assay, and the IC50 values were determined. U266 mye-
loma cells were treated with different concentrations of each
compound (up to 100 μM) for 48 h, and the cell viability was
calculated. As shown in Figure S1 of the Supporting Information,
the compounds show different cytotoxic activity inU266 cells, with
each IC50 value over 40 μM, calculated at 48 h post-treatment.
To evaluate the biological activity of the compounds (as ago-

nist or antagonist/reverse agonist), a cAMP assay was applied.
U266 cell lines were treated for 2 h with forskolin (10 μM) as the
cAMP-inducer, AM630 (25 μM) as the CB2R antagonist/reverse
agonist or with test compounds (50 μM) alone, and in com-
bination with AM630, respectively. In combination treatment,
U266 cells were pretreated with AM630 for 30 min and then
treated with the single test compounds. In the cAMP assay, we
found that forskolin increased the cAMP levels (as expected) and
so did AM630 (by inhibiting CB2R basal activity), compared to
vehicle-treated cells (Figure S2 of the Supporting Information).
All of the test compounds decreased cAMP levels compared to

vehicle, indicating that they are CB2R agonists. To further con-
firm this data, test compounds were incubated in competition with
AM630, and the results revealed that the compounds were able
to revert AM630-increased cAMP levels (Figure S2 of the Sup-
porting Information). By summarizing these results, we con-
firmed that test compounds A−D act, with different potency, as
CB2R agonists.
Since changes in the cAMP concentration can be detected via

changes in expression level of specific genes regulated by the

CREB binding to upstream cAMP response elements (CREs),
we selected two genes that are under cAMP-regulated transcrip-
tion, the macrophage migration inhibitory factor (MIF) and the
signal transducer and activator of transcription 3 (STAT-3).
First, U266 cells were treated with forskolin to confirm that MIF
and STAT-3 are under cAMP-induced transcription. As shown,
both gene levels increase compared with vehicle-treated cells
(Figure 10), confirming that this assay can show changes in the
cAMP levels. Then, U266 cells were treated with test compounds
A−D alone and in combination with AM630. The results show
that AM630 increases the expression of MIF and STAT-3, con-
firming that AM630 increases the cAMP levels (Figure 10), as
previously evidenced by cAMP ELISA, while all of our test
compounds reduced MIF and STAT-3 expression levels com-
pared with vehicle-treated cells and reduced AM630-induced
MIF and STAT-3 when coincubating our test compounds and
AM630 (Figure 10).
Herein, we confirmed that AM630 was able to increase cAMP

production inU266 cells and that all compounds tested were able
to reduce basal cAMP levels and to reverse the AM630-induced
increase of cAMP concentration. An additional sensitive tool for
evaluating variation in intracellular cAMP levels is the detection
of CREB-induced gene expression.65,66 In this context, the tran-
scription of two genes highly expressed in U266 cells, MIF and
STAT-3, were found to be under CREB regulation.62,63 So, we
applied a RT/PCRmethodology to evaluate theMIF and STAT-3
gene expression levels in U266 cells. This experimental approach
confirmed that AM630 as well as forskolin, by increasing the
cAMP levels, induced MIF and STAT-3 expression, while test
compounds reduced MIF and STAT-3 gene expression levels
both when used alone or when combined with AM630. Since all
of this data was strongly evidenced by cAMP ELISA and
RT/PCR, we were able to characterize the agonist activity of test
compounds and this data provides evidence that the entire set of
test compounds acts as CB2R agonists, further confirming the
data obtained by the cAMP ELISA assay.

μ-Opioid Receptor Binding. As already described above,
dual-acting compounds have been developed to be applied for
a variety of different targets in various diseases. One example is
merged/dual-acting μ-opioid (MOP) receptor agonists/neuro-
nal nitric oxide synthase (nNOS) inhibitors for the treatment
of pain. Such a set of compounds was designed by Renton et al.
on the basis of several NOS inhibitors and etonitazene, a well-known

Figure 10. Test compounds (A−D, 20a−c, 20e, and 23) reduce MIF and STAT-3 gene expression. U266 cells were treated with test compounds
(50 μM), forskolin (10 μM), or AM630 (25 μM) for 2 h. In combination experiment (AM630 plus test compounds), U266 cells were preincubated with
AM630 for 30 min before adding the test compounds. MIF and STAT-3 mRNA levels were determined by qRT-PCR. GAPDH was used for
normalization. Data are expressed as relative fold with respect to vehicle-treated cells used as the control. Data are expressed as mean± SD *p < 0.01 vs
untreated; # vs AM630.
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MOP receptor agonist developed in the 1960s.67,68 Dur-
ing the development of our own dual-acting compounds, we
came across etonitazene, which shows strong structural simi-
larities: an electron-withdrawing substituent at position 5 of the
benzimidazole core (red), a 4-ethoxybenzyl moiety at position 2
(green), and a basic amine linked with an ethylene bridge to N1

(blue), with the latter structural feature only shown by some of
our compounds (Figure 11). On the basis of these observations,

we tested our lead compounds A, B, andD in a radioligand bind-
ing assay at the MOP receptor (HEK cells transient transfected
with the hMOP receptor) to evaluate unwanted interactions with
theMOP receptor and to avoid them in further compound devel-
opment (Table 2).
Radioligand binding studies confirmed our assumptions. While

compound D, with the highest structural analogy, shows a signif-
icant, albeit moderate, three-digit nanomolar binding to the MOP
receptor (D, Ki(MOP) = 556.0 nM; Table 2), lead compound
A only shows a one-digit micromolar affinity (A, Ki(MOP) =
6.7 μM; Table 2). This is probably due to the lack of a basic
amine. Compound B, which does lack not only the basic amine
but also the methylene unit between the benzimidazole core and
the 4-ethoxy phenyl moiety, shows the lowest affinity at theMOP
receptor (B, Ki(MOP) = 53.6 μM; Table 2). Based on these
observations for “designing out” the MOP affinity, a basic amine

attached over an alkylene linker to N1 should advantageously be
avoided and themethylene unit should be substituted by a 2-amino
moiety. Substitution/removal of the electron-withdrawing amide
function at position 5 should be avoided to keep affinity/activity
at hCB2R and BChE as discussed above (cf. Table 1 and ref 36).

In Vivo Studies. Lead compounds A and B and compound
20a were tested for their neuroprotectant and pro-cognitive effects
in the in vivo mouse model of AD, in which neuroinflammation
and cognitive deficits are induced by the intracerebroventricular
injection of the oligomerized Aβ25−35 peptide into the mouse
brains.28,69,70

Each compound was solubilized in DMSO/saline or DMSO/
Tween-80/saline vehicle solutions (cf. Supporting Information
for detailed description). Compounds were fully dissolved, and
no precipitation was observed. Extended (in vitro) pharmaco-
kinetic studies were not conducted since they are beyond the
scope of this work.71

The prepared compounds were injected intraperitoneally
between day 1 and 7. Animal status and weight were checked
daily during the treatments. Vehicle solutions, compounds A and
B, did not affect weight gains (+0.3 g/day on average). Com-
pound 20a decreased weight gain (+0.2 g/day at 0.3 mg/kg,
+0.1 g/day at 1 mg/kg, and 0 g/day at 3 mg/kg) but did not
provoke weight loss. No treatment induced behavioral alteration,
prostration, signs of abdominal pain, or changes in the fur aspect,
suggesting that high DMSO concentrations applied in some
groups were well-tolerated. Moreover, since the injection period
was limited and animals were used for behavioral observation 24 h
after the last injection, vehicle-treated animals showed the per-
formances expected for Sc.Aβ- or Aβ25−35-treated groups.69,70

The amyloid peptide was injected on day 1 and the behavioral
examination performed between day 8 and 10. All animals were
then sacrificed on day 11 and their brains stored at −80 °C
(Figure 12).
The spontaneous alternation performance, an index of spatial

working memory, was tested on day 8 in the Y-maze test. Long-
term memory response was measured on days 9 and 10 in a step-
through passive avoidance test.

Repeated Treatment with Compounds A, B, and 20a.
As described above, none of the treatments (ip for the com-
pounds solubilized inDMSO/water or DMSO/Tween-80/water
and ICV for peptides solubilized inwater) affected themouse body

Figure 11. Structural similarities between etonitazene68 and (exemplary)
lead compound D: an electron-withdrawing substituent at position 5 of
the benzimidazole (red), a 4-ethoxybenzyl moiety at position 2 (green),
and a basic amine linked with an ethylene bridge to N1 (blue).

Table 2. Biological Evaluation of Radioligand Binding Studies at the hMOP Receptor

aScreened on membranes of HEK cells transiently transfected with the hMOP receptor; values are mean values from at least 2 independent
experiments performed in triplicates.
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weight, suggesting a good tolerability. Animals gained about 2.1 g
during the 7 day treatment period.
Spontaneous Alternation Performances. CB2 agonist A

attenuated, significantly but partially, the Aβ25−35-induced alter-
nation deficit at the highest dose tested, 3 mg/kg (Figure 13a).

Dual-acting compounds B and 20a showed significant preven-
tions at 1 and 3 mg/kg (Figure 13b,c). Note that the Aβ25−35
treatment slightly, but significantly for compounds A and B
(Figure 13c,d), increased locomotion, measured in terms of
number of arms entered during the session, in these experiments.
This is not routinely observed but remains pertinent considering
the model. Slight variations with compounds A andBwere noted
(Figure 13c,d).
Passive Avoidance Test. For the long-term memory

response, CB2 agonist A failed to show any prevention of the
step-through latency deficit induced by Aβ25−35, at all doses
tested (Figure 14a). Dual-acting compound B showed significant
prevention of the latency diminution at the highest dose tested,

3 mg/kg (Figure 14b). Compound 20a dose-dependently
attenuated the step-through latency deficit induced by Aβ25−35
with significant effects at 1 and 3 mg/kg (Figure 14c).
Escape latency was also measured. For compounds A and B,

the Kruskal−Wallis ANOVA did not lead to significant effects
(Figure 14d,e), but tendencies could be noted. The Aβ25−35 treat-
ment led to an increase in escape latency, and several groups
treated with the compounds, particularly at the highest doses,
showed a trend of a reduction of the latency close to the (Sc.Aβ/V)
control group data (Figure 14d,e). For compound 20a, the
ANOVA was significant and the Aβ25−35-induced increase was
highly significant, while the two highest doses of 20a significantly
prevented the Aβ25−35-induced increase (Figure 14f).
A protective activity for dual-acting compounds B and 20a on

the two behavioral responses analyzed at doses of 1−3 mg/kg
was shown, and compound 20a appeared as the most active
with sustained prevention of Aβ25−35-induced learning deficits in
both tests at 1 mg/kg. Since compound A is a potent hCB2R
agonist, but weakly potent BChE inhibitor and compounds B
and 20a show balanced low micromolar activities at both targets,
the in vivo studies prove cognition enhancement for such dual-
acting compounds and, of course, also prove penetration of the
blood−brain barrier. Obviously, the solubilization conditions were
not optimized, and the vehicle solutions used here remain first-
attempt choices and will be improved in future studies. However,
a correct bioavailability was expected for a small dual-acting
compound with a much lower molecular weight compared to
conventional covalently connected hybrid molecules. The
compounds described herein are “true” hybrids in a way that
these molecules merge the respective pharmacophores for two
targets, whereas compounds termed “hybrid molecules” in the
literature in the vast majority of cases covalently connect two
distinct molecules that act at two different targets and therefore
have a high molecular weight.34,35

Figure 12. Protocol followed. Abbreviations key: Cpd, compound; ICV,
intracerebroventricular injection; YMT, spontaneous alternation test in
the Y-maze; ST-PA, step-through passive avoidance test.

Figure 13. Effect of test compounds A, B, and 20a on Aβ25−35-induced
spontaneous alternation deficits in mice. Animals received Aβ25−35 or
Sc.Aβ peptide (9 nmol ICV) on day 1 and the test compounds
(0.3 mg/kg ip) or vehicle solution (V, DMSO 20% in saline or DMSO
20%, Tween-80 2% in saline) od between days 1−7. Alternation
performance was tested on day 8. Data shown mean ± SEM. ANOVA:
F(4,54) = 6.55, p < 0.001, n = 9−14 per group in part a; F(4,54) = 5.43,
p < 0.001, n = 8−14 per group in part b; F(4,57) = 4.05, p < 0.01, n = 9−14
per group in part c; F(4,54) = 2.72, p < 0.05 in part d; F(4,54) = 4.70, p < 0.01
in part e; F(4,57) = 0.59, p > 0.05 in part f. * p < 0.05, ** p < 0.01,
*** p < 0.001 vs (Sc.Aβ+V)-treated group; ## p < 0.01, ### p < 0.001 vs
(Aβ25−35+V)-treated group; Dunnett’s test.

Figure 14. Effect of test compounds A, B, and 20a on Aβ25−35-induced
passive avoidance deficits in mice. Animals received Aβ25−35 or Sc.Aβ
peptide (9 nmol ICV) on day 1 and the test compounds (0.3 mg/kg ip)
or vehicle solution (V, DMSO 20% in saline or DMSO 20%, Tween-80
2% in saline) od between days 1−7. Training was performed on day 9
and retention measured on day 10. Data show median and interquartile
range. Kruskal−Wallis ANOVA: H = 19.0, p < 0.001, n = 9−14 per
group in part a; H = 15.0, p < 0.01, n = 8−14 per group in part b; H =
21.1, p < 0.001, n = 11−14 in part c; H = 6.89, p > 0.05 in part d; H =
6.34, p > 0.05 in part e; H = 19.7, p < 0.001 in part f. * p < 0.05, ** p <
0.01, *** p < 0.001 vs (Sc.Aβ+V)-treated group; # p < 0.05, ## p < 0.01
vs (Aβ25−35+V)-treated group; Dunn’s test.
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■ DISCUSSION AND CONCLUSION

Taken together, a compound library based on benzimidazoles
and 2-aminobenzimidazoles was synthesized and SARs were
investigated with respect to the hCB1R and hCB2R affinity and
the AChE and hBChE inhibition, respectively. Generally, the
compounds show excellent selectivity over both hCB1R and
AChE, and several compounds show well-balanced affinities at
the two desired targets in the low micromolar range. Molecular
docking and dynamics studies were performed applying for the
first time a homology model of the hCB2 based on the recently
published crystal structure of the hCB1 receptor bound to an
agonist in the orthosteric binding site. While compound 20a
binds, as expected, to the orthosteric binding site, a stable amino
acid and water interaction network was observed which extends
into the allosteric binding site. Nitro-benzimidazoles can show a
significant potency at the MOP receptor, and MOP affinities of
dual-acting compounds could be designed out, e.g., by removing
the basic nitrogen atom in the alkyl chain. Furthermore, it was
proven for the first time by a cAMP assay as well as by two cAMP
response elements (MIF and STAT-3) that the compounds act as
agonists at the hCB2R and might therefore exhibit antineuroin-
flammatory effects in vivo also. In an in vivo study with mice
showing neuroinflammation and cognition deficits after Aβ25−35
ICV administration, the ability and superiority of a well-balanced
dual-acting compound compared to a high-affinity hCB2R ago-
nist with moderate BChE inhibition in improving cognition at
dosages from 1 to 3mg/kg were demonstrated. This shows that it
is possible to design small molecules that act specifically at two
very different targets like a GPCR and an enzyme with a high
selectivity and a good potency in the same concentration range to
yield compounds with a pronounced in vivo activity. The devel-
opment methods like compound design and application of com-
putational methods shown in this work will hopefully provide
support in related drug development efforts for dual-acting
compounds.

■ EXPERIMENTAL SECTION
General Information. All reagents were used without further puri-

fication and bought from common commercial suppliers. For anhydrous
reaction conditions, THF was dried prior to use by refluxing over
sodium slices for at least 2 days under an argon atmosphere. Thin-layer
chromatography was performed on silica gel 60 (alumina foils with
fluorescent indicator 254 nm). For detection, iodine vapor and UV light
(254 and 366 nm) were used. For column chromatography, silica gel 60
(particle size 0.040−0.063 mm) was used. Nuclear magnetic resonance
spectra were recorded with a Bruker AV-400 NMR instrument (Bruker,
Karlsruhe, Germany) in CDCl3, and chemical shifts are expressed in
ppm relative to CDCl3 (7.26 ppm for 1H and 77.16 ppm for 13C).72

Purity was determined by HPLC (Shimadzu Products), containing a
DGU-20A3R degassing unit, a LC20AB liquid chromatograph, and a
SPD-20AUV/vis detector. UV detection was measured at 254 nm.Mass
spectra were obtained by a LCMS 2020 (Shimadzu Products). 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 MeOH/water with 0.1%
formic acid was used. Parameters: A = water, B =MeOH, V(B)/(V(A) +
V(B)) = from 5% to 90% over 10min, 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%.
General Procedure for the Synthesis of Target Compounds

20a−e. The respective ester compound 17 (1 equiv) was dissolved in a
THF/water mixture (2:1), and LiOH (2 equiv) was added. The mixture
was refluxed for 12 h. THF was evaporated, and the aqueous residue was
acidified with 2 M aqueous HCl (pH = 4). The organic phase was
separated with EtOAc and washed with water and brine. After the

residue was dried over Na2SO4, the solvent was removed in vacuo and
the product was used without further purification. The respective acid
(1 equiv) was dissolved in DMF, and NEt3 (1.5 equiv), HBTU
(1.1 equiv), and the appropriate amine (1 equiv) were added in one
portion. The mixture was stirred overnight at room temperature. Then,
EtOAc and an aqueous saturated NaHCO3 solution were added. The
organic layer was washed several times with water and brine and dried
over anhydrous Na2SO4. The solvent was removed in vacuo, and the
product was purified by column chromatography.

2-(4-Ethoxybenzyl)-N,1-diisopentyl-1H-benzo[d]imidazole-5-car-
boxamide (20a). 20a was obtained as a light yellow solid (0.26 mmol,
0.11 g, 79%). 1H NMR(400 MHz, CDCl3): δ = 8.08 (d, J = 1.2 Hz, 1H),
7.76 (dd, J = 8.4, 1.5 Hz, 1H), 7.23 (d, J = 8.5 Hz, 1H), 7.10 (d, J =
8.4 Hz, 2H), 6.78 (d, J = 8.5 Hz, 2H), 6.41 (s, 1H), 4.21 (s, 2H), 3.99−
3.90 (m, 4H), 3.46 (dd, J = 13.8, 6.5 Hz, 2H), 1.71−1.61 (m, 1H), 1.56−
1.45 (m, 3H), 1.34 (t, J = 7.0 Hz, 5H), 0.92 (d, J = 6.6 Hz, 6H), 0.86
(d, J = 6.6 Hz, 6H) ppm. 13C NMR (101 MHz, CDCl3): δ = 167.96,
158.05, 154.83, 141.97, 137.29, 129.47, 129.05, 127.68, 122.05, 117.78,
114.86, 109.29, 63.46, 42.67, 38.56, 38.43, 38.05, 33.69, 26.11, 25.98,
22.49, 22.31, 14.75 ppm. ESI: m/z calcd for C27H37N3O2 [M + H]+,
436.29; found, 436.35. HPLC purity: 98% (retention time = 11.03 min).

2-(4-Ethoxybenzyl)-1-isopentyl-N-phenyl-1H-benzo[d]imidazole-
5-carboxamide (20b). 20b was obtained as a light yellow solid
(0.21 mmol, 92.0 mg, 64%). 1H NMR (400 MHz, CDCl3): δ = 8.71−
8.75 (m, 1H), 8.23 (s, 1H), 7.79−7.81 (m, 1H), 7.65−7.66 (d, J =
7.7 Hz, 2H), 7.18−7.25 (m, 3H), 6.97−7.03 (m, 3H), 6.68−6.70 (m, 2H),
4.12 (s, 2H), 3.84−3.90 (m, 4H), 1.18−1.30 (m, 6H), 0.79−0.81 (d, J =
6.6 Hz, 6H) ppm. 13C NMR (101 MHz, CDCl3): δ = 166.40, 158.20,
155.00, 141.04, 138.74, 137.33, 129.61, 129.01, 127.31, 124.18, 122.82,
120.36, 118.06, 114.96, 109.78, 63.57, 42.93, 38.06, 33.52, 26.24, 22.40,
14.86 ppm. ESI: m/z calcd for C28H31N3O2 [M + H]+, 442.24; found,
442.15. HPLC purity: 96% (retention time = 10.69 min).

2-(4-Ethoxybenzyl)-N-hexyl-1-isopentyl-1H-benzo[d]imidazole-5-
carboxamide (20c). 20c was obtained as a light yellow solid (0.15 mmol,
68.0mg, 45%). 1HNMR (400MHz, CDCl3): δ = 8.03 (s, 1H), 7.80−7.82
(m, 1H), 7.30−7.33 (d, J = 8.5 Hz, 1H), 7.08−7.10 (d, J = 8.6 Hz, 2H),
6.75−6.77 (m, 2H), 6.46 (m, 1H), 4.25 (s, 2H), 4.00−4.04 (m, 2H),
3.90−3.96 (q, J = 7.0 Hz, 2H), 3.41−3.46 (m, 2H), 1.36−1.61 (m, 14H),
0.89−0.91 (m, 9H) ppm. 13C NMR (101 MHz, CDCl3): δ = 167.91,
158.46, 154.92, 140.02, 136.83, 130.12, 129.85, 127.02, 122.99, 117.06,
115.18, 110.11, 63.72, 43.25, 40.51, 38.17, 33.40, 31.77, 29.85, 26.93,
26.39, 22.82, 22.54, 14.99, 14.26 ppm. ESI: m/z calcd for C28H39N3O2
[M + H]+, 450.30; found, 450.25. HPLC purity: 99% (retention time =
11.23 min).

(2-(4-Ethoxybenzyl)-1-isopentyl-1H-benzo[d]imidazol-5-yl)-
(piperidin-1-yl)methanone (20d). 20d was obtained as a light yellow
solid (0.15mmol, 68.0 mg, 45%). 1HNMR (400MHz, CDCl3): δ = 7.72
(s, 1H), 7.27−7.30 (m, 1H), 7.20−7.23 (d, J = 9.2 Hz, 1H), 7.07−7.10
(d, J = 8.7, 2H), 6.74−6.76 (m, 2H), 5.95 (s, 1H), 4.22 (s, 2H),
3.91−3.92 (m, 2H), 3.41−3.58 (br, 2H), 1.44−1.61 (m, 7H), 1.29−1.32
(m, 5H), 0.82−0.83 (d, J = 6.6 Hz, 6H) ppm. 13C NMR (101 MHz,
CDCl3): δ = 170.73, 158.22, 154.33, 135.65, 130.75, 129.63, 127.52,
122.29, 117.87, 115.02, 109.77, 63.58, 42.85, 38.12, 33.58, 26.21, 24.75,
22.42, 14.87 ppm. ESI: m/z calcd for C27H35N3O2 [M + H]+, 434.27;
found, 434.15. HPLC purity: 98% (retention time = 10.35 min).

N-((3s,5s,7s)-Adamantan-1-yl)-2-(4-ethoxybenzyl)-1-isopentyl-
1H-benzo[d]imidazole-5-carboxamide (20e). 20e was obtained as a
light yellow solid (0.23 mmol, 113.0 mg, 70%). 1H NMR (400 MHz,
CDCl3): δ = 7.98 (s, 1H), 7.74−7.76 (d, J = 8.7 Hz, 1H), 7.30−7.33
(d, J = 8.7 Hz, 1H), 7.10−7.12 (m, 2H), 6.77−6.80 (m, 2H), 5.95
(s, 1H), 4.25 (s, 2H), 4.02−4.06 (m, 2H), 3.92−3.98 (d, J = 7.0 Hz, 2H),
2.14 (m, 9H), 1.72 (m, 6H), 1.54−1.61 (m, 1H), 1.35−1.39 (t, J = 7.0 Hz,
3H), 0.89−0.91 (d, J = 7.1 Hz, 6H) ppm. 13CNMR (101MHz, CDCl3):
δ = 167.19, 158.34, 154.87, 140.19, 131.68, 129.76, 127.10, 122.52,
117.11, 115.10, 109.92, 63.64, 52.53, 43.13, 41.83, 38.12, 36.57,
33.37, 29.70, 26.29, 22.48, 14.93 ppm. ESI: m/z calcd for C32H41N3O2
[M + H]+, 500.32; found, 500.25. HPLC purity: 99% (retention time =
11.77 min).

General Procedure for the Synthesis of Target Compounds
23 and 24. The respective bromine compound 21 or 22 (1 equiv) was
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dissolved in DMF, and piperidine (2.5 equiv), Na2CO3 (3 equiv), and a
catalytic amount of NaI were added. Themixture was stirred at 70 °C for
12 h. After the reaction has finished, water was added and the organics
were extracted with dichloromethane. The organic phase was washed
several times with water and afterward dried over Na2SO4. The solvent
was removed in vacuo, and the crude product was afterward purified by
column chromatography using dichloromethane/methanol/NH3, aq
25% (15:1:0.1), as the eluent system.
2-(4-Ethoxybenzyl)-N,N-diethyl-1-(4-(piperidin-1-yl)butyl)-1H-

benzo[d]imidazole-5-carboxamide (23). 23 was obtained as a light
yellow oil (0.12 mmol, 58.0 mg, 46%). 1H NMR (400 MHz, CDCl3):
δ = 8.00 (s, 1H), 7.74 (t, J = 0.8 Hz, 1H), 7.29 (d, J = 0.8 Hz, 1H), 7.15
(m, 2H), 6.82 (m, 2H), 4.25 (s, 2H), 3.96−4.03 (m, 4H), 3.30−3.61
(m, 4H), 2.52 (s, 3H), 2.36 (t, J = 7.2 Hz, 2H), 1.67−1.73 (m, 2H),
1.48−1.54 (m, 4H), 1.37 (t, J = 7.2 Hz, 3H), 1.13−1.27 (m, 10H) ppm.
13C NMR (101 MHz, CDCl3): δ = 171.90, 158.16, 154.57, 142.17,
135.89, 131.29, 129.66, 128.08, 121.50, 117.70, 115.01, 109.72, 63.62,
57.74, 54.00, 43.88, 33.87, 27.28, 24.62, 23.58, 22.93, 14.94 ppm. ESI:
m/z calcd for C30H42N4O2 [M + H]+, 491.34; found, 491.25. HPLC
purity: 97% (retention time = 6.78 min).
2-(4-Ethoxybenzyl)-N,N-diethyl-1-(6-(piperidin-1-yl)hexyl)-1H-

benzo[d]imidazole-5-carboxamide (24). 24 was obtained as a light
yellow oil (0.26 mmol, 0.13 g, 70%). 1H NMR (400 MHz, CDCl3):
δ = 7.98 (s, 1 H), 7.72 (m, 1H), 7.25−7.26 (m, 1H), 7.11 (m, 2 H), 6.79
(m, 2 H), 4.22 (s, 4 H), 3.93−3.99 (m, 4 H), 3.27−3.59 (m, 4 H), 2.41
(s, 3 H), 2.28 (t, J = 8 Hz, 2 H), 1.58−1.65 (m, 4 H), 1.50−1.53 (m, 2 H),
1.39−1.47 (m, 3 H), 1.35 (t, J = 7.2 Hz, 3 H), 1.20 (m, 9 H) ppm. 13C
NMR (101 MHz, CDCl3): δ = 171.88, 158.09, 154.55, 142.18, 135.98,
131.09, 129.52, 128.05, 121.34, 117.63, 114.91, 109.64, 63.54, 59.02,
54.44, 44.16, 33.87, 29.50, 27.25, 26.83, 26.26, 25.48, 24.15, 14.88 ppm.
ESI:m/z calcd for C32H46N4O2 [M+H]+, 519.37; found, 519.13. HPLC
purity: 96% (retention time = 7.06 min).
General Procedure for the Synthesis of Target Compounds

30−32. The respective thiourea compound 27, 28, or 29 (1 equiv) was
dissolved in anhydrous THF, and NEt3 (1.5 equiv) and EDCI·HCl
(2.5 equiv) were added. The mixture was refluxed for 3−5 h. Afterward,
EtOAc was added, and the organic layer was washed with brine. The
crude product was purified by column chromatography.
2-((4-Ethoxybenzyl)amino)-N,N-diethyl-1-isopentyl-1H-benzo[d]-

imidazole-5-carboxamide (30). The crude product was purified by
column chromatography using petroleum ether and EtOAc (1:10) as
eluent system. 30was obtained as a light brown solid (0.71 mmol, 0.31 g,
38%). 1H NMR (400MHz, CDCl3): δ = 7.42 (d, J = 1.0 Hz, 1H), 7.33−
7.28 (m, 2H), 7.04 (dd, J = 8.0, 1.5 Hz, 1H), 6.97 (d, J = 8.0 Hz, 1H),
6.87−6.82 (m, 2H), 4.61 (d, J = 5.3 Hz, 2H), 4.00 (q, J = 7.0 Hz, 2H),
3.79 (dd, J = 16.4, 9.0 Hz, 1H), 3.43 (d, J = 3.8 Hz, 4H), 1.61−1.49
(m, 3H), 1.39 (t, J = 7.0Hz, 3H), 1.21−1.09 (m, 6H), 0.91 (d, J = 6.2Hz,
6H) ppm. 13C NMR (101MHz, CDCl3): δ = 13.79, 15.10, 23.00, 25.79,
37.93, 42.33, 47.91, 64.02, 114.72, 115.46, 119.32, 121.03, 129.99,
133.41, 134.45, 141.67, 151.22, 155.09, 172.78 ppm. ESI: m/z calcd for
C26H36N4O2 [M + H]+, 437.28; found, 437.25. HPLC purity: 97%
(retention time = 8.53 min).
2-((4-Ethoxyphenyl)amino)-N,N-diethyl-1-(2-(piperidin-1-yl)-

ethyl)-1H-benzo[d]imidazole-5-carboxamide (31). The crude prod-
uct was purified by column chromatography using dichloromethane/
methanol/NH3, aq 25% (50:1:0.1), as the eluent system. 31 was
obtained as a light yellow solid (0.56 mmol, 0.26 g, 85%). 1H NMR
(400 MHz, CDCl3): δ = 7.52−7.43 (m, 3H), 7.05 (dt, J = 5.9, 3.0 Hz,
1H), 6.96 (d, J = 8.1 Hz, 1H), 6.88−6.81 (m, 2H), 3.97 (dt, J = 14.0,
4.9 Hz, 4H), 3.51−3.32 (m, 4H), 2.67 (dd, J = 5.4, 3.0 Hz, 2H), 2.51
(s, 4H), 1.68−1.59 (m, 4H), 1.54−1.42 (m, 2H), 1.38−1.32 (m, 3H),
1.23−1.02 (m, 6H) ppm. 13C NMR (101 MHz, CDCl3): δ = 172.23,
154.35, 153.75, 142.04, 134.81, 133.71, 130.28, 120.74, 118.80, 115.22,
114.89, 106.63, 63.77, 55.27, 53.48, 43.24, 41.56, 25.84, 23.75, 14.91,
13.85 ppm. ESI: m/z calcd for C27H37N5O2 [M + H]+, 464.29; found,
464.15. HPLC purity: 96% (retention time = 6.18 min).
N,N-Diethyl-2-((4-phenoxyphenyl)amino)-1-(2-(piperidin-1-yl)-

ethyl)-1H-benzo[d] imidazole-5-carboxamide (32). The crude prod-
uct was purified by column chromatography using dichloromethane/
methanol/NH3, aq 25% (50:1:0.1), as the eluent system. 32 was

obtained as a light brown solid (0.82 mmol, 0.42 g, 61%). 1H NMR
(400 MHz, CDCl3): δ = 7.59−7.51 (m, 2H), 7.43 (d, J = 1.1 Hz, 1H),
7.25−7.16 (m, 2H), 7.03 (dt, J = 8.7, 4.3 Hz, 1H), 6.99−6.86 (m, 6H),
3.98−3.90 (m, 2H), 3.46−3.22 (m, 4H), 2.67−2.61 (m, 2H), 2.49 (s,
4H), 1.65−1.55 (m, 4H), 1.50−1.41 (m, 2H), 1.14−0.98 (m, 6H) ppm.
13C NMR (101 MHz, CDCl3): δ = 172.22, 158.17, 153.12, 151.41,
141.87, 136.50, 134.66, 130.44, 129.60, 122.61, 120.29, 120.24, 119.07,
118.02, 115.06, 106.84, 59.92, 55.35, 41.60, 31.62, 25.84, 23.73,
13.88 ppm. ESI: m/z calcd for C31H37N5O2 [M + H]+, 512.29; found,
512.20. HPLC purity: 97% (retention time = 7.79 min).

N-(2-(4-Ethoxybenzyl)-1-isopentyl-1H-benzo[d]imidazol-5-yl)-
benzamide (39). Benzoic acid (1 equiv) was dissolved in DMF, and
NEt3 (1.5 equiv), HBTU (1.1 equiv), and amine 38 (1 equiv) were added
in one portion. The mixture was stirred overnight at room temperature.
EtOAc and a saturated aqueous NaHCO3 solution were added. The
organic layer was washed several times with water and brine and dried
over anhydrous Na2SO4. The solvent was removed in vacuo, and the
product was purified by column chromatography using petroleum ether
and EtOAc (1:2) as the eluent system. 39 was obtained as a colorless
solid (0.42 mmol, 0.19 g, 64%). 1HNMR (400MHz, CDCl3): δ = 8.08−
7.95 (m, 4H), 7.56−7.42 (m, 3H), 7.29 (d, J = 9.3 Hz, 1H), 7.22−7.15
(m, 2H), 6.82 (dd, J = 8.6, 4.4 Hz, 2H), 4.43 (s, 2H), 4.08−4.01 (m, 2H),
4.01−3.93 (m, 2H), 1.62−1.50 (m, 1H), 1.41−1.32 (m, 5H), 0.89 (d, J =
6.6 Hz, 6H) ppm. 13C NMR (101 MHz, CDCl3): δ = 165.98, 158.21,
150.89, 134.89, 131.75, 129.82, 129.61, 128.70, 127.33, 123.31, 114.98,
110.59, 109.88, 63.51, 42.97, 37.93, 33.09, 26.15, 22.33, 14.77 ppm.
ESI:m/z calcd for C28H31N3O2 [M+H]+, 442.24; found, 442.10. HPLC
purity: 99% (retention time = 9.27 min).
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Chemistry 

General Informations 

 

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

suppliers. For anhydrous reaction conditions, THF was dried prior to use by refluxing over 

sodium slices for at least two days under argon atmosphere. 

Thin layer chromatography was performed on silica gel 60 (alumina foils with fluorescent 

indicator 254 nm). For detection iodine vapor and UV light (254 nm and 366 nm) were used. 

For column chromatography, silica gel 60 (particle size of 0.040 mm – 0.063 mm) was used. 

Nuclear magnetic resonance spectra were recorded with a Bruker AV-400 NMR instrument 

(Bruker, Karlsruhe, Germany) in CDCl3 and chemical shifts are expressed in ppm relative to 

CDCl3 (7.26 ppm for 
1
H and 77.16 ppm for 

13
C).

1 

Purity was determined by HPLC (Shimadzu Products), containing a DGU-20A3R degassing 

unit, a LC20AB liquid chromatograph and a SPD-20A UV/Vis detector. UV detection was 

measured at 254 nm. Mass spectra were obtained by a LCMS 2020 (Shimadzu Products). As 

stationary phase a Synergi 4U fusion-RP (150 * 4.6 mm) column and as mobile phase a 

gradient of MeOH / water with 0.1% formic acid was used. Parameters: A: water, B: MeOH, 

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

V(B)/(V(A)+V(B)) = 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 purity was ≥95%. 
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Synthesis 

 

General procedure I for amide formation (for compounds 14 – 16, 20a – e, 36 and 39) 

The respective acid (1 eq.) was dissolved in DMF and NEt3 (1.5 eq.), HBTU (1.1 eq.) and 

the appropriate amine (1 eq.) were added in one portion. The mixture was stirred overnight at 

room temperature. Then, EtOAc and a sat. NaHCO3 solution were added. The organic layer 

was washed several times with water and brine and dried over anhydrous Na2SO4. The solvent 

was removed in vacuo and product was purified by column chromatography. 

 

General procedure II for aryl halogen substitution (for compounds 4 – 8 and 34) 

The respective halogenated aryl compound (1 eq.) was dissolved in EtOH and NEt3 (1.5 

eq.) and the appropriate amine (1.1 eq.) were added. The mixture was stirred overnight at 50 

°C. Afterwards, the solvent was removed in vacuo and the residue taken up in EtOAc. The 

organic layer was washed with brine, dried over anhydrous Na2SO4 and the solvent removed 

in vacuo. Product was used without further purification. 

 

General procedure III for the reduction of the nitro moiety (for compounds 9 – 13 and 38) 

The respective nitro compound (1 eq.) was dissolved in EtOH and SnCl2·2 H2O (6.2 eq.) 

added. The mixture was refluxed overnight under argon atmosphere. After cooling to 0 °C, 

the mixture was basified (pH = 10) with 1 M NaOHaq until precipitation. The precipitate was 

filtered off by suction and the solution concentrated in vacuo. The residue was suspended in 

water and extracted with CH2Cl2. The organic layer was dried over anhydrous Na2SO4 and the 

solvent was removed in vacuo. Product was used without further purification. 
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General procedure IV for the cyclisation of the benzimidazole derivatives (for compounds 

17 – 19 and 37) 

The respective acetamide compound (1 eq.) was dissolved in glacial acetic acid, and the 

mixture refluxed for 1.5 h. The solution was then concentrated in vacuo, basified (pH = 10) 

with NH3,aq. (25%) and extracted with CH2Cl2. The organic layer was dried over anhydrous 

Na2SO4, the solvent removed in vacuo and the pure product obtained after column 

chromatography. 

 

General procedure V for the formation of the isothiocyanates
2
 (for compounds 26a – c) 

The respective amine (1 eq.) and NEt3 (1.2 eq.) were dissolved in anhydrous THF and 

cooled down to 0 °C. CS2 (10 eq.) was added dropwise over a period of 20 minutes and the 

mixture stirred overnight at room temperature. The mixture was again cooled down to 0 °C 

and a solution of Boc2O (1 eq.) and DMAP (cat.) in anhydrous THF added dropwise. The 

reaction was stirred for further 2 h. The solvent was removed in vacuo and Et2O added until 

precipitation. The precipitate was filtered off and the filtrate was concentrated in vacuo. The 

crude product was purified by column chromatography if necessary. 

 

General procedure VI for the formation of thiourea derivatives (for compounds 27 – 29) 

The respective diamino compound (1 eq.) was dissolved in anhydrous THF and the 

appropriate isothiocyanate (1.0 eq. to 1.1 eq.) added. The mixture was stirred for 3 h to 7 h at 

room temperature. Afterwards, EtOAc was added and the organic layer washed with brine. 

The crude product was purified by column chromatography. 
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Synthesis of ethyl 4-fluoro-3-nitrobenzoate (2) 

 

2 

4-Fluoro-3-nitrobenzoic acid (5.4 mmol, 1.0 g) was dissolved in ethanol (20 mL) and a 

catalytic amount of concentrated sulfuric acid was added. The mixture was refluxed for 12 h. 

After the reaction has finished, solvent was removed in vacuo and the crude residue was taken 

up in EtOAc. The organic phase was washed with water and a saturated aqueous NaHCO3 

solution. After the organic phase was dried with Na2SO4, solvent was removed in vacuo, 

which afforded the product as a white solid (4.29 mmol, 0.91 g, 79%) 

1
H NMR (400 MHz, CDCl3): δ = 8.88 – 8.85 (m, 1H), 8.31 (s, 1H), 8.07 – 8.03 (m, 1H), 4.35 

(q, J = 7.1 Hz, 2H), 1.38 (t, J = 7.1 Hz, 3H) ppm.  

13
C NMR (101 MHz, CDCl3): δ = 165.34, 147.86, 136.51, 131.32, 129.61, 117.51, 113.58, 

61.12, 14.53 ppm. 

 

Synthesis of N,N-diethyl-4-fluoro-3-nitrobenzamide (3) 

 

3 

4-Fluoro-3-nitrobenzoic acid (8.1 mmol, 1.5 g) was dissolved in dichloromethane and a 

catalytic amount of DMF was added. The mixture was cooled down to 0 °C, oxalyl chloride 

(121.5 mmol, 10.4 mL) was added portionwise and stirred for 1.5 h at room temperature. 

Dichloromethane and oxalyl chloride were then removed in vacuo. The remaining residue was 
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dissolved in dichloromethane, cooled down to 0 °C and a mixture of NEt3 (24.37 mmol, 3.37 

mL) and HNEt2 (8.91 mmol, 0.93 mL) in dichloromethane was added dropwise. The mixture 

was stirred for 3 h at room temperature, washed with brine and dried over anhydrous Na2SO4. 

Dichloromethane was removed in vacuo to obtain the crude product, which was then purified 

by column chromatography using petroleum ether and ethyl acetate (1:1) as eluent system. 3 

was obtained as an orange oil (6.22 mmol, 1.50 g, 77 %). 

1
H NMR (400 MHz, CDCl3): δ = 8.03 (d, J = 2.0, 4.8 Hz, 1H), 7.61 – 7.64 (m, 1H), 7.29 (dd, 

J = 1.6, 8.8 Hz, 1H), 3.34 (d, J = 10 Hz, 4H), 1.08-1.21 (m, 6H) ppm. 

13
C NMR (101 MHz, CDCl3): δ = 167.47, 156.77, 154.11, 136.86, 133.81, 124.42, 118.81, 

43.44, 13.99 ppm. 

ESI: m/z calcd for C11H13FN2O3 [M+H]
+
: 241.10; found: 241.10. 

 

Synthesis of ethyl 4-(isopentylamino)-3-nitrobenzoate (4) 

 

4 

The reaction was carried out according to general procedure II using ethyl 4-fluoro-3-

nitrobenzoate 2 (4.29 mmol, 0.91 g), isopentylamine (4.29 mmol, 0.5 mL) and NEt3 (6.44 

mmol, 0.89 mL). 4 was obtained as a yellow oil (4.25 mmol, 1.19 g, 99%). 

1
H NMR (400 MHz, CDCl3): δ = 8.88 – 8.85 (m, 1H), 8.31 (s, 1H), 8.07 – 8.03 (m, 1H), 6.88 

– 6.83 (m, 1H), 4.35 (q, J = 7.1 Hz, 2H), 3.39 – 3.33 (m, 2H), 1.83 – 1.72 (m, 1H), 1.65 (q, J 

= 14.5, 7.1 Hz, 2H), 1.38 (t, J = 7.1 Hz, 3H), 0.99 (d, J = 6.8 Hz, 6H) ppm.  
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13
C NMR (101 MHz, CDCl3): δ = 165.34, 147.86, 136.51, 131.32, 129.61, 117.51, 113.58, 

61.12, 41.63, 37.79, 26.11, 22.57, 14.53 ppm. 

ESI: m/z calcd for C14H20N2O4 [M+H]
+
: 281.15; found: 281.00. 

 

Synthesis of N,N-diethyl-4-(isopentylamino)-3-nitrobenzamide (5) 

 

5 

The reaction was carried out according to general procedure II using N,N-diethyl-4-fluoro-3- 

nitrobenzamide 3 (4.9 mmol, 1.2 g), isopentylamine (4.9 mmol, 0.6 mL) and NEt3 (7.4 mmol, 

1.0 mL). 5 was obtained as a yellow oil (4.8 mmol, 1.5 g, 95 %). 

1
H NMR (400 MHz, CDCl3): δ = 8.19 (d, J = 2.0 Hz, 1 H), 8.07 (br, NH), 7.48 (dd, J = 8.8, 

2.0 Hz, 1 H), 6.81 (d, J = 8.8 Hz, 1 H), 3.37 (q, J = 6.8 Hz, 4 H), 3.27 (t, J = 7.2 Hz, 2 H), 

1.67 – 1.71 (m, 1 H), 1.56 (q, J = 7.1 Hz, 2 H), 1.14 (t, J = 7.0 Hz, 6 H), 0.91 (d, J = 6.8 Hz, 6 

H) ppm. 

13
C NMR (101 MHz, CDCl3): δ = 169.50, 146.02, 135.22, 130.61, 125.68, 123.18, 113.96, 

41.95, 41.37, 37.71, 25.95, 22.44, 13.55 ppm. 

ESI: m/z calcd for C16H25N3O3 [M+H]
+
: 308.20; found: 308.00. 
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Synthesis of N,N-diethyl-3-nitro-4-((2-(piperidin-1-yl)ethyl)amino)benzamide (6) 

 

6 

The reaction was carried out according to general procedure II using N,N-diethyl-4-fluoro-3- 

nitrobenzamide 3 (5.4 mmol, 1.3 g), commercially available 2-(piperidin-1-yl)ethan-1-amine 

(5.4 mmol, 0.8 mL) and NEt3 (8.1 mmol, 1.2 mL). 6 was obtained as yellow oil (5.3 mmol, 

1.6 g, 98%) 

1
H NMR (400 MHz, CDCl3): δ = 8.61 (s, 1H), 8.21 (s, 1H), 7.48 (d, J = 8.8 Hz, 1H), 6.80 (d, 

J = 8.9 Hz, 1H), 3.45 – 3.28 (m, 6H), 2.61 (t, J = 6.1 Hz, 2H), 2.40 (s, 4H), 1.60 – 1.53 (m, 

4H), 1.45 – 1.36 (m, 2H), 1.15 (t, J = 7.0 Hz, 6H) ppm. 

13
C NMR (101 MHz, CDCl3): δ = 169.44, 145.74, 134.94, 130.72, 125.56, 123.28, 114.27, 

56.12, 54.15, 39.89, 38.55, 36.41, 25.99, 24.36 ppm. 

ESI: m/z calcd for C18H28N4O3 [M+H]
+
: 349.22; found: 349.30. 

 

Synthesis of N,N-diethyl-4-((4-hydroxybutyl)amino)-3-nitrobenzamide (7) 

 

7 

The reaction was carried out according to general procedure II using N,N-diethyl-4-fluoro-3- 

nitrobenzamide 3 (1.16 mmol, 0.28 g) and 4-amino-1-butanol (1.39 mmol, 0.12 g). 7 was 

obtained as a dark orange oil (1.16 mmol, 0.36 g, > 99%). 
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1
H NMR (400 MHz, CDCl3): δ = 8.27 (d, J = 2.0 Hz, 1H), 8.20 (br, 1H), 7.56 (dd, J = 2.0, 

6.8 Hz, 1H), 6.89 (d, J = 8.8 Hz, 1H), 3.73 (t, J = 6.0 Hz, 2H), 3.48 (s, 1H), 3.37-3.47 (m, 

6H), 1.82-1.89 (m, 2H), 1.69-1.76 (m, 2H), 1.22 (t, J = 7.2 Hz, 6H) ppm. 

13
C NMR (101 MHz, CDCl3): δ = 169.57, 146.07, 135.38, 130.75, 125.80, 123.70, 114.10, 

62.39, 43.09, 30.06, 25.59 ppm. 

ESI: m/z calcd for C15H23N3O4 [M+H]
+
: 310.18; found: 310.05. 

 

Synthesis of N,N-diethyl-4-((6-hydroxyhexyl)amino)-3-nitrobenzamide (8) 

 

8 

The reaction was carried out according to general procedure II using N,N-diethyl-4-fluoro-3- 

nitrobenzamide 3 (1.54 mmol, 0.37 g), 6-amino-1-hexanol (1.85 mmol, 0.22 g) and NEt3 (2.3 

mmol, 0.3 mL). 8 was obtained as a dark orange oil (1.38 mmol, 0.47 g, 89%). 

1
H NMR (400 MHz, CDCl3): δ = 8.27 (s, 1 H), 8.17 (br, NH), 7.55 (dd, J = 2.0, 6.8 Hz, 1 H), 

6.87 (d, J = 8.8 Hz, 1 H), 3.66 (t, J = 6.4 Hz, 2 H), 3.32-3.47 (m, 6 H), 2.05 (d, J = 9.6 Hz, 1 

H), 1.72-1.79 (m, 2 H), 1.57-1.63 (m, 2 H), 1.44-1.49 (m, 4 H), 1.21 (t, J = 7.2 Hz, 6 H) ppm. 

13
C NMR (101 MHz, CDCl3): δ = 172.13, 149.27, 136.78, 132.12, 125.80, 123.23, 115.11, 

61.67, 43.07, 32.31, 30.12, 27.66, 25.63 ppm. 

ESI: m/z calcd for C17H27N3O4 [M+H]
+
: 338.21; found: 338.10. 
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Synthesis of ethyl 3-amino-4-(isopentylamino)benzoate (9) 

 

9 

The reaction was carried out according to general procedure III using ethyl 4-

(isopentylamino)-3-nitrobenzoate 4 (4.0 mmol, 1.13 g) and SnCl2·2 H2O (20.2 mmol, 4.6 g). 

9 was obtained as a light yellow oil (4.0 mmol, 1.0 g, > 99%) and immediately used for the 

next reaction step. 

ESI: m/z calcd for C14H22N2O2 [M+H]
+
: 251.18; found: 251.05. 

 

Synthesis of 3-amino-N,N-diethyl-4-(isopentylamino)benzamide (10) 

 

10 

The reaction was carried out according to general procedure III using N,N-diethyl-4-

(isopentylamino)-3-nitrobenzamide 5 (1.09 mmol, 0.34 g) and SnCl2·2 H2O (5.45 mmol, 1.22 

g). 10 was obtained as colourless oil (0.84 mmol, 0.23 g, 77%) and immediately used for the 

next reaction step. 

ESI: m/z calcd for C16H27N3O [M+H]
+
: 278.22; found: 278.15. 
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Synthesis of 3-amino-N,N-diethyl-4-((2-(piperidin-1-yl)ethyl)amino)benzamide (11) 

 

11 

The reaction was carried out according to general procedure III using N,N-diethyl-3-nitro-4-

((2-(piperidin-1-yl)ethyl)amino)benzamide 6 (2.90 mmol, 1.01 g) and SnCl2·2 H2O (17.4 

mmol, 3.9 g). 11 was obtained as a light yellow oil (2.86 mmol, 0.91 g, 98%) and 

immediately used for the next reaction step. 

ESI: m/z calcd for C18H30N4O [M+H]
+
: 319.24; found: 319.45. 

 

Synthesis of 3-amino-N,N-diethyl-4-((4-hydroxybutyl)amino)benzamide (12) 

 

12 

The reaction was carried out according to general procedure III using N,N-diethyl-4-((4-

hydroxybutyl)amino)-3-nitrobenzamide 7 (1.16 mmol, 0.36 g) and SnCl2·2 H2O (6.96 mmol, 

1.57 g). 12 was obtained as a pale yellow oil (1.16 mmol, 0.32 g, > 99%) and immediately 

used for the next reaction step. 

ESI: m/z calcd for C15H25N3O2 [M+H]
+
: 280.20; found: 280.15. 
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Synthesis of 3-amino-N,N-diethyl-4-((6-hydroxyhexyl)amino)benzamide (13) 

 

13 

The reaction was carried out according to general procedure III using N,N-diethyl-4-((4-

hydroxyhexyl)amino)-3-nitrobenzamide 8 (1.38 mmol, 0.47 g) and SnCl2·2 H2O (8.28 mmol, 

1.87 g). 13 was obtained as a pale yellow oil (1.32 mmol, 0.41 g, 96%) and immediately used 

for the next reaction step. 

ESI: m/z calcd for C17H29N3O2 [M+H]
+
: 308.23; found: 308.15. 

 

Synthesis of ethyl 3-(2-(4-ethoxyphenyl)acetamido)-4-(isopentylamino)benzoate (14) 

 

14 

The reaction was carried out according to general procedure I using ethyl 3-amino-4-

(isopentylamino)benzoate 9 (4.0 mmol, 1.0 g) and  2-(4-ethoxyphenyl)acetic acid (4.0 mmol, 

0.6 g). The crude product was purified by column chromatography using petroleum ether and 

EtOAc (1:1) as eluent system. 14 was obtained as light brown oil (2.18 mmol, 0.90 g, 60%). 

1
H NMR (400 MHz, CDCl3): δ = 7.86 – 7.82 (m, 1H), 7.73 – 7.71 (m, 1H), 7.32 – 7.29 (m, 

2H), 6.97 – 6.94 (m, 2H), 6.65 (d, J = 8.7 Hz, 1H), 4.32 (q, J = 7.1 Hz, 2H), 4.17 (q, J = 7.1 
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Hz, 2H), 3.74 (s, 2H), 3.14 – 3.08 (m, 2H), 1.70 – 1.65 (m, 1H), 1.50 – 1.40 (m, 5H), 1.37 (t, 

J = 7.1 Hz, 3H), 0.96 (d, J = 6.6 Hz, 6H) ppm. 

13
C NMR (101 MHz, CDCl3): δ = 170.98, 166.57, 158.77, 147.35, 130.61, 130.25, 127.97, 

126.60, 121.68, 118.58, 115.51, 110.82, 63.67, 60.51, 41.77, 38.75, 38.29, 26.11, 22.68, 

14.94, 14.57 ppm. 

ESI: m/z calcd for C24H32N2O4 [M+H]
+
: 413.24; found: 413.10. 

 

Synthesis of 3-(2-(4-ethoxyphenyl)acetamido)-N,N-diethyl-4-((4-hydroxybutyl)amino)-

benzamide (15) 

 

15 

The reaction was carried out according to general procedure I using 3-amino-N,N-diethyl-4-

((4-hydroxybutyl)amino)benzamide 12 (1.16 mmol, 0.32 g) and 2-(4-ethoxyphenyl)acetic 

acid (1.16 mmol, 0.21 g). The crude product was purified by column chromatography using 

petroleum ether and EtOAc (1:2) as eluent system. 15 was obtained as light brown oil (0.49 

mmol, 0.22 g, 43%). 

1
H NMR (400 MHz, CDCl3): δ = 7.88 (s, 1H), 7.32 - 7.43 (m, 2H), 7.15 (d, J = 8.8 Hz, 2H), 

6.83 (d, J = 8.4 Hz, 2H), 4.73 (s, 2H), 4.05 - 4.21 (m, 4H), 3.34 - 3.66 (m, 4H), 3.28 (t, J = 

6.8, 2H), 1.51 - 1.81 (m, 4H), 1.39 (t, J = 7.2 Hz, 3H), 1.19 - 1.29 (m, 6H) ppm. 
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13
C NMR (101 MHz, CDCl3): δ = 171.84, 155.18, 149.51, 142.00, 135.86, 131.43, 130.48, 

129.59, 127.90, 121.70, 117.76, 115.19, 114.66, 109.59, 61.67, 59.46, 43.42, 32.56, 31.95, 

29.82, 28.16, 14.94, 14.32 ppm. 

ESI: m/z calcd for C25H35N3O4 [M+H]
+
: 442.26; found: 442.30. 

 

Synthesis of 3-(2-(4-ethoxyphenyl)acetamido)-N,N-diethyl-4-((6-hydroxyhexyl)amino)-

benzamide (16) 

 

16 

The reaction was carried out according to general procedure I using 3-amino-N,N-diethyl-4-

((4-hydroxyhexyl)amino)benzamide 13 (1.32 mmol, 0.41 g) and 2-(4-ethoxyphenyl)acetic 

acid (1.32 mmol, 0.23 g). The crude product was purified by column chromatography using 

petroleum ether and EtOAc (1:2) as eluent system. 16 was obtained as yellow oil (0.69 mmol, 

0.32 g, 53%). 

1
H NMR (400 MHz, CDCl3): δ = 7.88 (s, 1H), 7.27 - 7.39 (m, 2H), 7.16 (d, J = 8.8 Hz, 2H), 

6.86 (d, J = 8.4 Hz, 2H), 4.89 (s, 2H), 3.93 - 4.05 (m, 4H), 3.34 - 3.66 (m, 4H), 3.28 (t, J = 

6.8, 2H), 1.51 - 1.81 (m, 6H), 1.39 (m, 5H), 1.18 - 1.27 (m, 6H) ppm. 

13
C NMR (101 MHz, CDCl3): δ = 171.84, 151.11, 149.31, 142.12, 135.86, 131.43, 130.61, 

129.47, 127.90, 121.70, 117.76, 115.08, 114.66, 109.60, 60.44, 43.43, 33.95, 32.56, 30.33, 

29.82, 28.16, 27.57, 14.94, 14.34 ppm. 
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ESI: m/z calcd for C27H39N3O4 [M+H]
+
: 470.29; found: 470.30. 

 

Synthesis of ethyl 2-(4-ethoxybenzyl)-1-isopentyl-1H-benzo[d]imidazole-5-carboxylate (17) 

 

17 

The reaction was carried out according to general procedure IV using ethyl 3-(2-(4-

ethoxyphenyl)acetamido)-4-(isopentylamino)benzoate 14 (2.18 mmol, 0.90 g). 17 was 

obtained as light brown oil (2.08 mmol, 0.82 g, 95%) and was used for the next reaction step 

without purification. 

1
H NMR (400 MHz, CDCl3): δ = 8.44 (s, 1H), 7.95 – 7.91 (m, 1H), 7.21 (d, J = 8.4 Hz, 1H), 

7.10 (d, J = 8.8 Hz, 2H), 6.78 (d, J = 8.8 Hz, 2H), 4.35 (q, J = 7.1 Hz, 2H), 4.20 (s, 2H), 3.96 

– 3.89 (m, 4H), 1.56 – 1.46 (m, 1H), 1.39 – 1.28 (m, 8H), 0.85 (d, J = 6.8 Hz, 6H) ppm. 

13
C NMR (101 MHz, CDCl3): δ = 167.17, 158.05, 155.08, 142.21, 138.53, 129.49, 127.69, 

124.35, 123.82, 121.71, 114.86, 108.88, 63.44, 60.71, 42.67, 38.04, 33.77, 26.11, 22.31, 

14.76, 14.37 ppm. 

ESI: m/z calcd for C24H20N2O3 [M+H]
+
: 395.23; found: 395.15. 
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Synthesis of 2-(4-ethoxybenzyl)-N,N-diethyl-1-(4-hydroxybutyl)-1H-benzo[d]imidazole-5-

carboxamide (18) 

 

18 

The reaction was carried out according to general procedure IV using 3-(2-(4-

ethoxyphenyl)acetamido)-N,N-diethyl-4-((4-hydroxybutyl)amino)-benzamide 15 (0.40 mmol, 

0.24 g). The crude product was purified by column chromatography using petroleum ether 

and EtOAc (1:2) as eluent system. 18 was obtained as light brown oil (0.35 mmol, 0.15 g, 

88%). 

1
H NMR (400 MHz, CDCl3): δ = 7.76 (s, 1H), 7.27 - 7.33 (m, 2H), 7.15 (d, J = 8.8 Hz, 2H), 

6.83 (d, J = 8.4 Hz, 2H), 4.27 (s, 2H), 3.93 - 4.05 (m, 4H), 3.34 - 3.66 (m, 4H), 3.28 (t, J = 

6.8, 2H), 1.51 - 1.81 (m, 4H), 1.39 (t, J = 7.2 Hz, 3H), 1.18 - 1.27 (m, 6H) ppm. 

13
C NMR (101 MHz, CDCl3): δ = 171.84, 158.28, 154.51, 142.04, 136.86, 131.43, 130.48, 

129.59, 127.90, 121.70, 117.76, 115.08, 114.66, 109.60, 63.64, 60.46, 42.43, 33.96, 32.56, 

29.82, 28.16, 14.94, 14.34 ppm. 

ESI: m/z calcd for C25H33N3O3 [M+H]
+
: 424.26; found: 424.30. 
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Synthesis of 2-(4-ethoxybenzyl)-N,N-diethyl-1-(4-hydroxyhexyl)-1H-benzo[d]imidazole-5-

carboxamide (19) 

 

19 

The reaction was carried out according to general procedure IV using 3-(2-(4-

ethoxyphenyl)acetamido)-N,N-diethyl-4-((6-hydroxyhexyl)amino)-benzamide 16 (0.79 mmol, 

0.48 g). The crude product was purified by column chromatography using petroleum ether 

and EtOAc (1:2) as eluent system. 19 was obtained as light brown oil (0.55 mmol, 0.25 g, 

70%).  

1
H NMR (400 MHz, CDCl3): δ = 7.76 (s, 1H), 7.27 - 7.33 (m, 2H), 7.15 (d, J = 8.8 Hz, 2H), 

6.83 (d, J = 8.4 Hz, 2H), 4.27 (s, 2H), 3.93 - 4.05 (m, 4H), 3.34 - 3.66 (m, 4H), 3.28 (t, J = 

6.8, 2H), 1.51 - 1.81 (m, 6H), 1.39 (m, 5H), 1.18 - 1.27 (m, 6H) ppm. 

13
C NMR (101 MHz, CDCl3): δ = 171.84, 158.28, 154.51, 142.00, 135.86, 131.43, 130.61, 

130.48, 129.59, 127.90, 121.70, 117.76, 115.19, 115.08, 114.66, 109.60, 63.64, 43.42, 33.95, 

32.56, 30.33, 29.82, 28.16, 27.57, 14.94, 14.22 ppm. 

ESI: m/z calcd for C27H37N3O3 [M+H]
+
: 452.29; found: 452.32. 
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Synthesis of 1-(4-bromobutyl)-2-(4-ethoxybenzyl)-N,N-diethyl-1H-benzo[d]imidazole-5-

carboxamide (21) 

 

21 

Hydroxy compound 18 (0.40 mmol, 0.17 g) was dissolved in dichloromethane, cooled to 0 °C 

and phosphorous tribromide (1.00 mmol, 90.0 µL) was added. The mixture was stirred for 10 

min at 0 °C and was then allowed to warm to room temperature and stirred for further 12 h. 

After the reaction has finished, the mixture was quenched with water and neutralized with a 

saturated aqueous NaHCO3 solution. The organics were extracted with dichloromethane and 

afterwards dried over Na2SO4. The solvent was removed in vacuo and the bromine compound 

21 was obtained without further purification (0.39 mmol, 189.7 mg, 98%). 

1
H NMR (400 MHz, CDCl3): δ = 7.76 (s, 1H), 7.27-7.33 (m, 2H), 7.15 (d, J = 8.8 Hz, 2H), 

6.83 (d, J = 8.4 Hz, 2H), 4.27 (s, 2H), 3.93-4.05 (m, 4H), 3.70 (t, J = 6.8, 2H), 3.34-3.66 (m, 

4H), 1.51-1.81 (m, 4H), 1.39 (t, J = 7.2 Hz, 3H), 1.18-1.27 (m, 6H) ppm. 

13
C NMR (101 MHz, CDCl3): δ = 170.67, 158.28, 154.51, 142.09, 135.86, 131.43, 130.61, 

130.48, 129.59, 127.90, 121.70, 117.76, 115.19, 115.08, 114.66, 109.60, 63.64, 43.42, 33.95, 

32.56, 29.82, 28.16, 14.94, 14.34 ppm. 

ESI: m/z calcd for C25H32BrN3O2 [M+H]
+
: 485.17, 487,17; found: 486.18, 488.15. 
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Synthesis of 1-(6-bromohexyl)-2-(4-ethoxybenzyl)-N,N-diethyl-1H-benzo[d]imidazole-5-

carboxamide (22) 

 

22 

Hydroxy compound 19 (1.31 mmol, 0.59 g) was dissolved in dichloromethane, cooled to 0 °C 

and phosphorous tribromide (3.30 mmol, 0.31 mL) was added. The mixture was stirred for 10 

min at 0 °C and was then allowed to warm to room temperature and stirred for further 12 h. 

After the reaction has finished, the mixture was quenched with water and neutralized with a 

saturated aqueous NaHCO3 solution. The organics were extracted with dichloromethane and 

afterwards dried over Na2SO4. The solvent was removed in vacuo and the bromine compound 

22 was obtained without further purification (1.21 mmol, 0.62 g, 92%). 

1
H NMR (400 MHz, CDCl3): δ = 7.76 (s, 1H), 7.27 - 7.33 (m, 2H), 7.15 (d, J = 8.8 Hz, 2H), 

6.83 (d, J = 8.4 Hz, 2H), 4.27 (s, 2H), 3.93 - 4.05 (m, 4H), 3.34 - 3.76 (m, 4H), 3.28 (t, J = 

6.8, 2H), 1.51 - 1.86 (m, 6H), 1.40 (m, 5H), 1.18 - 1.27 (m, 6H) ppm. 

13
C NMR (101 MHz, CDCl3): δ = 171.84, 158.28, 154.51, 141.88, 135.86, 131.43, 130.61, 

130.48, 129.59, 127.90, 121.70, 117.76, 115.19, 115.08, 114.66, 109.60, 63.64, 43.42, 33.95, 

32.56, 30.33, 29.82, 28.16, 27.57, 14.94, 14.34 ppm. 

ESI: m/z calcd for C27H36BrN3O2 [M+H]
+
: 513.20, 515.20; found: 514.22, 516.24. 
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Synthesis of 1-ethoxy-4-(isothiocyanatomethyl)benzene (26a) 

 

26a 

The synthesis was carried out according to general procedure V using (4-

ethoxyphenyl)methanamine (4.63 mmol, 0.67 mL), carbon disulfide (46.4 mmol, 2.8 mL), 

NEt3 (5.56 mmol, 0.77 mL) and Boc2O (4.63 mmol, 1.01 g). The crude product was purified 

by column chromatography using petroleum ether and EtOAc (10:1) as eluent system. 26a 

was obtained as a colorless liquid (4.14 mmol, 0.81 g, 89%) 

1
H NMR (400 MHz, CDCl3): δ = 7.25 – 7.20 (m, 2H), 6.94 – 6.88 (m, 2H), 4.61 (s, 2H), 4.03 

(q, J = 7.0 Hz, 2H), 1.43 (t, J = 7.0 Hz, 3H) ppm. 

13
C NMR (101 MHz, CDCl3): δ = 159.04, 131.87, 128.42, 126.21, 114.87, 63.58, 48.33, 

14.85 ppm. 

 

Synthesis of 1-ethoxy-4-isothiocyanatobenzene (26b) 

 

26b 

The synthesis was carried out according to general procedure V using p-phenetidine (7.28 

mmol, 0.94 mL), carbon disulfide (72.8 mmol, 4.4 mL), NEt3 (8.74 mmol, 1.2 mL) and 

Boc2O (7.28 mmol, 1.58 g). 26b was obtained as a light brown solid (6.14 mmol, 1.10 g, 

84%) 
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1
H NMR (400 MHz, CDCl3): δ = 7.15 (m, 2H), 6.84 (m, 2H), 4.02 (q, J = 8.4 Hz, 2H), 1.41 

(t, J = 6.8 Hz, 3H) ppm. 

13
C NMR (101 MHz, CDCl3): δ = 158.15, 127.10, 116.36, 115.46, 64.01, 14.84 ppm. 

 

Synthesis of 1-isothiocyanato-4-phenoxybenzene (26c) 

 

26c 

The synthesis was carried out according to general procedure V using p-phenoxy aniline (5.4 

mmol, 1.0 g), carbon disulfide (54.0 mmol, 3.3 mL), NEt3 (6.5 mmol, 0.9 mL) and Boc2O 

(5.4 mmol, 1.2 g). The crude product was purified by column chromatography using only 

petroleum ether as eluent system. 26c was obtained as a colorless liquid (4.1 mmol, 0.93 g, 

76%) 

1
H NMR (400 MHz, CDCl3): δ = 6.93 – 6.98 (m, 2H), 7.00 – 7.05 (m, 2H), 7.14 – 7.21 (m, 

3H), 7.34 – 7.41 (m, 2H) ppm. 

13
C NMR (101 MHz, CDCl3): δ = 119.27, 119.42, 124.13, 125.87, 127.16, 130.01, 135.02, 

156.30, 156.58 ppm. 

 

Synthesis of 3-(3-(4-ethoxybenzyl)thioureido)-N,N-diethyl-4-(isopentylamino)benzamide (27) 

 

27 
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The reaction was carried out according to general procedure VI using o-phenylene diamine 10 

(2.96 mmol, 0.82 g) and isothiocyanate 26a (2.96 mmol, 0.57 g). The crude product was 

purified by column chromatography using dichloromethane:methanol:NH3, aq. 25% (20:1:0.1) as 

eluent system. 27 was obtained as light yellow oil (1.85 mmol, 0.85 g, 61%). 

1
H NMR (400 MHz, CDCl3): δ = 7.23 – 7.12 (m, 4H), 6.88 – 6.82 (m, 2H), 6.82 – 6.77 (m, 

1H), 4.71 (d, J = 5.3 Hz, 2H), 3.31 (dd, J = 13.8, 6.8 Hz, 4H), 3.05 – 2.97 (m, 2H), 1.64 (m, 

1H), 1.37 (td, J = 6.7, 1.9 Hz, 5H), 1.08 (t, J = 7.0 Hz, 6H), 0.91 (d, J = 6.6 Hz, 6H) ppm. 

13
C NMR (101 MHz, CDCl3): δ = 182.40, 171.34, 158.99, 158.40, 146.10, 129.15, 128.37, 

127.80, 126.16, 114.84, 114.55, 110.32, 63.54, 63.43, 48.29, 41.55, 38.17, 26.05, 22.61, 

14.85, 14.79 ppm. 

ESI: m/z calcd for C26H38N4O2S [M+H]
+
: 471.27; found: 471.15. 

 

Synthesis of 3-(3-(4-ethoxyphenyl)thioureido)-N,N-diethyl-4-((2-(piperidin-1-yl)ethyl)amino) 

benzamide (28) 

 

28 

The reaction was carried out according to general procedure VI using o-phenylene diamine 11 

(2.86 mmol, 0.91 g) and isothiocyanate 26b (2.86 mmol, 0.51 g). The crude product was 

purified by column chromatography using dichloromethane:methanol:NH3, aq. 25% (20:1:0.1) as 

eluent system. 28 was obtained as light yellow oil (0.66 mmol, 0.33 g, 23%). 
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1
H NMR (400 MHz, CDCl3): δ = 7.30 (d, J = 8.8 Hz, 2H), 7.18 (s, 1H), 6.82 (d, J = 8.9 Hz, 

2H), 6.80 – 6.76 (m, 1H), 6.56 (d, J = 8.9 Hz, 1H), 3.96 (t, J = 5.7 Hz, 2H), 3.40 (d, J = 6.7 

Hz, 4H), 3.13 (s, 2H), 2.56 (dd, J = 11.6, 5.4 Hz, 2H), 2.39 (s, 4H), 1.53 (m, 6H), 1.41 – 1.30 

(m, 3H), 1.13 (t, J = 7.0 Hz, 6H) ppm. 

13
C NMR (101 MHz, CDCl3): δ = 206.72, 181.86, 171.24, 157.09, 145.79, 128.43, 127.89, 

126.89, 116.83, 114.72, 114.31, 110.81, 63.64, 56.94, 54.29, 53.50, 43.26, 38.58, 30.88, 

25.86, 24.29, 14.79, 14.17 ppm. 

ESI: m/z calcd for C27H39N5O2S [M+H]
+
: 498.28; found: 498.15. 

 

Synthesis of N,N-diethyl-3-(3-(4-phenoxyphenyl)thioureido)-4-((2-(piperidin-1-yl)ethyl) 

amino)benzamide (29) 

 

29 

The reaction was carried out according to general procedure VI using o-phenylene diamine 11 

(2.60 mmol, 0.83 g) and isothiocyanate 26c (2.60 mmol, 0.59 g). The crude product was 

purified by column chromatography using dichloromethane:methanol:NH3, aq. 25% (20:1:0.1) as 

eluent system. 29 was obtained as light yellow oil (1.34 mmol, 0.73 g, 51%). 

1
H NMR (400 MHz, CDCl3): δ = 7.48 (d, J = 8.7 Hz, 1H), 7.37 – 6.52 (m, 11H), 3.66 – 3.11 

(m, 6H), 2.63 (m, 2H), 2.55 – 2.30 (m, 4H), 1.62 – 1.48 (m, 4H), 1.45 – 1.37 (m, 2H), 1.23 – 

1.12 (m, 6H) ppm. 
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13
C NMR (101 MHz, CDCl3): δ = 181.78, 171.26, 169.58, 157.06, 154.87, 145.92, 129.75, 

129.71, 127.92, 126.27, 123.37, 123.30, 118.96, 118.92, 118.88, 118.61, 56.98, 54.32, 43.27, 

39.83, 31.61, 25.87, 24.27, 13.88 ppm. 

ESI: m/z calcd for C31H39N5O2S [M+H]
+
: 546.28; found: 546.15. 

 

Synthesis of N-isopentyl-2,4-dinitroaniline (34) 

 

34 

The reaction was carried out according to general procedure II using 1-chloro-2,4-

dinitrobenzene 33 (7.40 mmol, 1.50 g), isopentylamine (8.20 mmol, 0.95 mL) and NEt3 (11.1 

mmol, 1.52 mL). 34 was obtained as a yellow solid (7.26 mmol, 1.84 g, 98%). 

1
H NMR (CDCl3, 400 MHz): δ = 9.11 (d, J = 2.6 Hz, 1H), 8.52 (s, 1H), 8.26 (dd, J = 9.5, 2.6 

Hz, 1H), 6.94 – 6.91 (m, 1H), 3.46 – 3.38 (m, 2H), 1.84 – 1.64 (m, 3H), 1.00 (d, J = 6.5 Hz, 

6H) ppm. 

13
C NMR (CDCl3, 101 MHz): δ = 148.38, 135.92, 130.34, 130.27, 124.35, 113.90, 41.89, 

37.48, 25.96, 22.38 ppm. 

ESI: m/z calcd for C11H15N3O4 [M+H]
+
: 254.11; found: 254.00. 
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Synthesis of N
1
-isopentyl-4-nitrobenzene-1,2-diamine (35) 

 

35 

The reaction was carried out according to Freitag et al.
3
 by dissolving dinitro compound 34 

(1.97 mmol, 0.50 g) in methanol. The solution was refluxed and a mixture of Na2S·H2O 

(60%) (19.7 mmol, 3.16 g) and NaHCO3 (19.7 mmol, 1.65 g) in water was added dropwise 

over a period of 1 h. The reaction was refluxed for further 4 h. After the reaction has cooled 

down to room temperature, methanol was evaporated and residue was taken up in EtOAc. The 

organics were extracted with EtOAc (3 times) and the combined organic phase was washed 

twice with water. The organic phase was dried over Na2SO4 and the solvent was removed in 

vacuo. The crude product was purified by column chromatography using petroleum ether and 

EtOAc (2:1) as eluent system. 35 was obtained as a red solid (1.38 mmol, 0.31 g, 70%). 

1
H NMR (CDCl3, 400 MHz): δ = 7.84 (dd, J = 8.9, 2.2 Hz, 1H), 7.66 (d, J = 2.4 Hz, 1H), 

6.56 (d, J = 8.9 Hz, 1H), 3.23 (t, J = 6.4 Hz, 2H), 1.79 – 1.68 (m, 1H), 1.59 (dd, J = 14.7, 7.1 

Hz, 2H), 0.97 (d, J = 6.6 Hz, 6H) ppm. 

13
C NMR (CDCl3, 101 MHz): δ = 145.09, 138.01, 131.14, 119.76, 112.96, 108.38, 41.94, 

38.07, 26.04, 22.53 ppm. 

ESI: m/z calcd for C11H17N3O2 [M+H]
+
: 224.13; found: 224.00. 
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Synthesis of 2-(4-ethoxyphenyl)-N-(2-(isopentylamino)-5-nitrophenyl)acetamide (36) 

NH

H
NO2N

O
O

 

36 

The reaction was carried out according to general procedure I using o-phenylene diamine 35 

(4.61 mmol, 1.04 g) and 2-(4-ethoxyphenyl)acetic acid (5.07 mmol, 0.91 g). 36 was obtained 

as brown oil (4.52 mmol, 1.73 g, 98%). 

1
H NMR (400 MHz, CDCl3): δ = 8.03 – 7.91 (m, 2H), 7.28 (d, J = 8.4 Hz, 2H), 6.94 – 6.88 

(m, J = 7.5 Hz, 2H), 6.56 (d, J = 9.1 Hz, 1H), 4.02 (dt, J = 11.9, 6.0 Hz, 2H), 3.72 (s, 2H), 

3.15 – 3.06 (m, 2H), 1.67 – 1.58 (m, J = 13.3, 6.7 Hz, 1H), 1.45 – 1.38 (m, 5H), 0.93 (d, J = 

6.6 Hz, 6H) ppm. 

13
C NMR (101 MHz, CDCl3): δ = 171.27, 158.68, 148.68, 137.03, 130.39, 126.33, 124.69, 

122.72, 121.36, 115.48, 115.34, 63.53, 43.17, 41.73, 38.63, 25.91, 22.46, 14.80 ppm. 

ESI: m/z calcd for C21H27N3O4 [M+H]
+
: 386.20; found: 386.00. 
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Synthesis of 2-(4-ethoxybenzyl)-1-isopentyl-5-nitro-1H-benzo[d]imidazole (37) 

 

37 

The reaction was carried out according to general procedure IV using amide 36 (4.52 mmol, 

1.73 g). The crude product was purified by column chromatography using petroleum ether 

and EtOAc (3:1) as eluent system. 37 was obtained as a colorless solid (2.78 mmol, 1.02 g, 

62%). 

1
H NMR (CDCl3, 400 MHz): δ = 8.65 (d, J = 2.1 Hz, 1H), 8.18 (dd, J = 8.9, 2.1 Hz, 1H), 

7.31 (d, J = 8.9 Hz, 1H), 7.15 (d, J = 8.6 Hz, 2H), 6.87 – 6.80 (m, 2H), 4.29 (s, 2H), 4.09 – 

3.94 (m, 4H), 1.65 – 1.51 (m, 1H), 1.45 – 1.33 (m, 5H), 0.91 (d, J = 6.6 Hz, 6H) ppm. 

13
C NMR (CDCl3, 101 MHz): δ = 158.29, 157.11, 143.57, 141.47, 139.35, 129.57, 126.88, 

118.35, 116.02, 115.04, 109.22, 63.53, 43.09, 38.08, 33.80, 26.17, 22.31, 14.77 ppm. 

ESI: m/z calcd for C21H25N3O3 [M+H]
+
: 368.19; found: 368.10. 

HPLC purity: 99% (Retention time: 11.66 min). 
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Synthesis of 2-(4-ethoxybenzyl)-1-isopentyl-1H-benzo[d]imidazol-5-amine (38) 

 

38 

The reaction was carried out according to general procedure III using nitro compound 37 

(1.44 mmol, 0.53 g) and SnCl2·2 H2O (7.21 mmol, 1.63 g). The crude product was purified by 

column chromatography using only EtOAc as eluent system. 38 was obtained as a light 

yellow oil (1.33 mmol, 0.45 g, 93%). 

1
H NMR (400 MHz, CDCl3): δ = 7.01 (d, J = 8.5 Hz, 2H), 6.92 (d, J = 14.1 Hz, 1H), 6.90 – 

6.84 (m, 1H), 6.67 (d, J = 8.5 Hz, 2H), 6.53 – 6.47 (m, 1H), 4.02 (s, 2H), 3.86 – 3.75 (m, 2H), 

3.75 – 3.65 (m, 4H), 1.44 – 1.32 (m, 1H), 1.21 (t, J = 7.0 Hz, 4H), 1.16 – 1.08 (m, 2H), 0.73 

(d, J = 6.7 Hz, 6H) ppm. 

13
C NMR (101 MHz, CDCl3): δ = 169.90, 156.80, 151.86, 142.71, 141.18, 128.43, 127.50, 

113.66, 111.10, 108.51, 103.35, 62.32, 41.27, 37.02, 32.61, 25.01, 21.30, 13.72 ppm. 

ESI: m/z calcd for C21H27N3O [M+H]
+
: 338.22; found: 338.05. 

HPLC purity: 98% (Retention time: 7.89 min). 
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Biological Evaluation 

Inhibition of AChE and BChE 

 

AChE (E.C. 3.1.1.7, from electric eel or humans) and BChE (E.C. 3.1.1.8, from equine) were 

purchased from Sigma-Aldrich. BChE (E.C. 3.1.1.8, from humans) was kindly provided by 

Oksana Lockridge from the University of Nebraska, Medical Center. DTNB (Ellman’s 

reagent), ATC and BTC iodides were obtained from Fluka Analytical, tacrine hydrochloride 

was purchased from Sigma-Aldrich. 

The stock solutions of the test compounds were prepared in ethanol (33.3 mM) and diluted to 

the desired concentrations. For the testing 50 µL DTNB and 50 µL enzyme were added to 1.5 

mL of the buffer. After 50 µL of the test compound was added, the mixture was incubated for 

4.5 min. Afterwards, 10 µL ATC or BTC were added and the mixture was allowed to incubate 

for further 2.5 min. Enzyme activity was then observed via UV (λ = 412 nm).  
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Radioligand Binding Studies on hCB2R and hCB1R 

 

SR-144,528 (inverse agonist for hCB2R) was bought from Santa Cruz Biotechnology Inc.; 

unlabeled CP-55,940 (unspecific agonist for hCB2R and hCB1R) was bought from Sigma-

Aldrich Life Science; radioactive labeled [
3
H]CP-55,940 was bought from Hartmann Analytic 

GmbH; Rimonabant (inverse agonist for hCB1R) was obtained by an in-house synthesis. 

Cells were a kindly gift from AbbVie Laboratories (Chicago, U. S. A.). Human embryonic 

kidney cells (HEK) stably expressing the hCB2R were grown in Dulbecco's modified Eagle's 

medium containing high glucose supplemented with 8 % fetal calve serum and 25 µg/ml 

zeocin in a 37 °C incubator in the presence of 5% CO2. Chinese hamster ovary cells (CHO) 

stably expressing the hCB1R were grown in Ham's F-12 Nutrient Mix supplemented with 8  

fetal calve serum and 400 µg/ml geneticin in a 37 °C incubator in the presence of 5% CO2. 

Cells were splitted twice a week. 

Cells (either HEK cells stably expressing hCB2R or CHO cells stably expressing hCB1R) 

were harvested and homogenized in Tris-EDTA buffer (50 mM Tris-HCl pH = 7.4; 1 mM 

MgCl2 · 6 H2O; 1 mM EDTA) using an ultra turax for 2x 15 s bursts. The suspensions were 

centrifuged for 10 min at 1 408 g at 4 °C. The pellets were discarded and the supernatant was 

centrifuged at 140 657 g for 50 min at 4 °C. The final membrane pellet was homogenized in 

binding buffer (50 mM Tris-HCl pH = 7.4; 5 mM MgCl2 · 6 H2O; 2.5 mM EDTA), shock 

frosted with liquid nitrogen and stored at -80°C until use.  

Saturation assays were done similar to Murkherjee et al.
4
 to determine the KD-value of the 

membrane samples. Saturation assays were done with 8 concentrations of [
3
H]CP-55,940 

ranging from 0.088 nM to 4.4 nM. Reactions were started by adding 8 µg membrane per well 

of a 96 well Multiscreen filter plate (Millipore) containing the radioligand in assay buffer (50 

mM Tris-HCl, pH = 7.4; 5 mM MgCl2 · 6 H2O; 2.5 mM EDTA; 2 mg/ml BSA). After 3 h 

incubation at room temperature the reaction was stopped by vacuum filtration and each well 
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was washed 4 times with cold binding buffer (50 mM Tris-HCl, pH = 7.4; 5 mM MgCl2 · 6 

H2O; 2.5 mM EDTA). The filter plate was dried at 40 °C. Activity was counted in a Micro 

Beta Trilux-Counter (Wallac) using IRGA Safe plus-scintillation cocktail (Perkin Elmer). 

Competition assays were done with 5-11 concentrations of replacing ligands (0.1 nM – 0.4 

mM) and 0.44 nM [
3
H]CP-55,940. Non-specific binding was determined using 10 µM 

compound 1 for hCB2R and 10 µM rimonabant for hCB1R. 

To determine the EC50 values, statistical evaluations and sigmoidal dose-response curve 

fittings were performed with GraphPad Prism 5 software for Windows (Version 5.01, August 

7, 2007). 

Ki values was determined when displacement of [
3
H]CP 55,940 was higher than 60% at 100 

µM test compound concentration. According to the Cheng-Prusoff equation: 

 

�� =
����

1 +

�∗
��

 

 

with [L*] as radioligand concentration (0.44 nM), the Ki value was calculated of at least two 

individual experiments. 

KD values and standard errors were for hCB2R KD(hCB2R) = 4.31 ± 2.10 and for hCB1R 

KD(hCB1R) = 2.24 ± 1.15. 
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Radioligand Binding Studies on hMOP Receptor 

 

Cell Culture: 

All experiments were performed with transiently transfected HEK 293-TSA cells (Sigma, 

Munich, Germany). Cells were cultured in DMEM (Dulbecco’s modified Eagle’s medium) 

(PAN Biotech, Aidenbach, Germany), supplemented with 4,5 g/L Glucose, 2 mM L-Glutamin 

10% FCS (Biochrome), 100 units/mL penicillin and 0,1 mg/mL streptomycin, at 37 °C, 5% 

CO2. To split cells, growth medium was removed by aspiration and cells were washed once 

with 5 ml of phosphate-buffered saline (Sigma), followed by trypsinization for 1-2 minutes in 

1.5 ml of Trypsin 0.05% / EDTA 0.02% (PAN biotech) solution. 

 

Transfection of Cells: 

The day before transfection 90% confluent 15 cm cell-culture dishes were split 1:8. On day 

of transfection the medium was exchanged and 20 mL fresh DMEM was added. Transfections 

were set up using 10 µg empty Vector (pcDNA 3.0) mixed with 10 µg pcDNA3.0 encoding 

for the human µ-opioid receptor wildtype in 450 µL milliQ water. Afterwards 50 µL of 2.5 M 

CaCl2 solution was added and mixed well. To this Mixture 500 µL of 2x BBS-buffer (pH = 

6.95) were added, vortexed and incubated for 20 minutes at 25 °C. Then the mixture was 

added dropwise on the dishes with fresh medium. Cells were then kept for 48 hours in cell-

culture before harvesting. 

 

Membrane Preparation: 

Transfected HEK 293-TSA Cells from eight 15 cm dishes were grown until 90% 

confluence and harvested in buffer solution (5 mM TRIS, 2 mM EDTA, pH = 7.4) using a cell 

scratcher. Cells were pelleted by 10 minutes centrifugation at 800g. The pellet was 

resuspended in 15 mL phosphate-buffered saline containing 20 mM HEPES and 10 mM 
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EDTA at pH 7.4. The following steps were all carried out at 4 °C. The resuspended cells were 

homogenized with two 15-second bursts of an Ultra-Turrax Homogenizer (TP 18-10, IKA, 

Staufen, Germany) and afterwards transferred to centrifuge tubes. After 10 minutes 

centrifugation at 3200 rpm and 4 °C (JA-17 rotor, Beckman Coulter GmbH, Krefeld, 

Germany) the supernatant was transferred to ultracentrifuge-tubes. Ultracentrifugation was 

done at 37000 rpm and 4 °C for 40 minutes (70 Ti rotor, Beckman Coulter GmbH, Krefeld, 

Germany). The pellet was resuspended in buffer (50 mM Tris, 100 mM NaCl, 3 mM MgCl2, 

pH = 7.4) and the ultracentrifugation and resuspension steps were repeated once. The 

resulting suspension was homogenized to ensure homogenous dispersion. The product was 

transferred in aliquots and frozen using liquid nitrogen. Aliquots were stored at -80°C. Protein 

concentration was measured using a BCA-kit (Pierce BCA Protein Assay Kit, Life 

Technologies GmbH, Darmstadt, Germany). Receptor-concentration was measured as Bmax 

by [³H]-Diprenorphine saturation-binding. 

 

 

Heterologous Competition Radio-Ligand Binding: 

A mixture of  cell-membranes (adjusted protein-amount which represents 15 pM receptor-

concentration) and 0.28 nM [³H]-Diprenorphine (3H-DPN, PerkinElmer, Rodgau, Germany) 

was incubated with varying concentrations of the analyzed compounds in a binding buffer (50 

mM Tris, 100 mM NaCl, 3 mM MgCl2, pH = 7.4). Unspecific binding was determined with 

10 µM concentration of naloxone (Tocris Bioscience, Bristol, UK). Binding reactions were 

incubated for 4 h at 25 °C assuring constant agitation. Free radioligand was separated from 

bound radioligand by fast filtration and washing with 4 °C binding buffer on a 96-well 

filtermat (GF/C –Filtermat A, PerkinElmer, Rodgau, Germany) using a 96-well Harvester 

(MachIII, Tomtec Inc. , Hamden, USA). Radioligand activity was measured by scintillation 
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counting with aid of a melt-on scintillator (MeltiLex, PerkinElmer, Rodgau, Germany). 

Competition binding data were fit to a one-site Ki model using GraphPad PRISM 7.0. 

Determination of Efficacy 

 

Materials and Methods 

Cell culture  

U266 MM cell line was purchased from ATCC (LGC Standards, Milan, IT). Cell 

authentication was performed by IST (Genova, Italy). Cell line was cultured in RPMI1640 

medium (Lonza, Milan, IT) supplemented with 10% foetal bovine serum (FBS), 2 mM L-

glutamine, 100 IU/ml penicillin, 100 µg/ ml ampicillin/streptomycin,1 mM sodium pyruvate 

and growth at 37°C with 5% CO2 and 95% humidity.  

 

Compounds  

AM630 and forskolin (Tocris Bioscience, Bristol, UK) were dissolved in DMSO at 25 mM 

concentration. Test compounds were dissolved at 50 mM concentration in DMSO. All 

compounds were aliquoted and used one time after defrosting. 

 

MTT assay  

U266 cell line (4 x 10
4
 cells/ml) were seeded in 96-well plates, in final volume of 100 µl/ 

well. After one day of incubation, compounds or vehicles were added at different 

concentration. Six replicates were used for each treatment. At the indicated time point, cell 

viability was assessed by adding 0.8 mg/ml of 3-[4,5-dimethylthiazol- 2-yl]-2,5 diphenyl 

tetrazolium bromide (MTT) (Sigma Aldrich) to the media. After 3 h, the plates were 

centrifuged, the supernatant was removed, and the pellet was solubilized with 100 µl/well 

DMSO. The absorbance of the samples against a background control (medium alone) was 

measured at 570 nm using an ELISA reader microliter plate (BioTek Instruments, Winooski, 
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VT, USA). In some experiments, one hour of pre-incubation with forskolin or AM630 was 

performed. Each sample was evaluated in six wells and in two independent experiments. 

 

cAMP assay 

1 x 10
6
/ml U266 cells were plated in 24 wells plate and treated with the appropriate 

compounds for 2 hours. After treatment, the cells were processed for detection of cAMP 

levels, using the cAMP assay kit (Enzo Life Sciences, Farmingdale, NY, USA) according to 

the manufacturer's protocol. The concentration of cAMP was calculated by measuring the 

absorbance at 450 nm with an ELISA reader. Each compound was evaluated in duplicated and 

in two independent assay. cAMP levels were represent as pmol/mg of protein. 

 

RNA extraction and RT/PCR 

At the appropriate incubation times, total RNA from treated and vehicle U266 cell was 

extracted using the RNeasy MiniKit (Qiagen), and cDNA was synthesized using the High-

Capacity cDNA Archive Kit (Applied Biosystems, Foster City, PA) according to the 

manufacturer’s instructions. 

Quantitative real-time polymerase chain reactions (qRTPCR) for MIF, STAT-3 and 

GAPDH were performed using the iQ5 Multicolor Real-Time PCR Detection System (Bio-

Rad, Hercules, CA). PCR reaction was performed with SYBRGreen qPCR mastermix 

(Qiagen) using 500 ng of cDNA for reaction, following the amplification protocol indicated 

by the manufacture’s instruction. All samples were assayed in triplicates in the same plate and 

GAPDH levels were used to normalize mRNA contents, and target gene levels were 

calculated by the 2
-∆∆Ct

 method. cDNA from forskolin-treated cells was used as CREB-

induced MIF and STAT-3 positive control. cDNA from cells treated with test compound A 

were used for CB2 agonist MIF and STAT-3 gene expression control. cDNA from AM630-
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treated cells was used for antagonist/inverse agonist CB2 MIF and STAT-3 expression 

control. Each sample was evaluated in triplicate and in three different experiments. 

 

 

Statistical analysis 

The statistical significance for MTT and RT/PCR assay was determined by analysis of 

variance (ANOVA). The calculation of IC50 was performed by non-lin fit of log-dose vs 

response, using Prism 5.01 (Graph Pad) software. cAMP concentration was calculated 

utilizing a 4 parameter logistic (4PL) curve fitting program.  
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Figure S1. Test compounds (A-D, 20a-c, 20e and 23) effect on U266 cell viability. U266 

cells were treated with different doses of test compounds or AM630 (from 0 to 100 µM) and 

cell viability was evaluated at 72 h post-treatments, by MTT assay. Data shown are expressed 

as mean ± S.D. of three independent experiments. IC50 of test compounds and AM630 are 

indicated. Each compound was tested in six wells/experiments. 
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Figure S2. The effect of test compounds on AM630-induced stimulation of cAMP production 

in U266 cells. 4 x 104U266 cells were plated in 24 well plates and treated for 24 hours with 

the appropriate compound. In combination treatments, U266 cells were pre-incubated with 25 

µM AM630 for 30 minutes before adding test compounds. U266 cell lines were treated with 

forskolin (10 µM), AM630 (25 µM), test compounds (50 µM). cAMP concentration was 

represented as picograms for mg of protein (pg/mg). * indicate any values that are 

significantly different from vehicle treated cells (**P < 0.01), #° indicate any values that are 

significantly different from AM630 treated cells (**P < 0.01). Values represent the mean ± 

S.D. (n= 4) calculated from two wells/treatment and in two independent experiments. 
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in vivo Studies 

 

Aim of the study 

To test 3 compounds A, B and 20a as protectant drugs in the in vivo mouse model of 

Alzheimer's disease induced by intracerebroventricular (i.c.v.) injection of oligomerized 

Aβ25-35 peptide.  

Each compound was injected intraperitoneally (i.p.) o.d. between day 1 and 7, as 

summarized in Figure 12 (see manuscript). The peptide was injected on day 1 and behavioural 

examination performed between day 8 and 10. All animals were then sacrificed on day 11 and 

their brain stored at -80°C awaiting further biochemical analyses.  

 

Methods 

Animals 

Male Swiss mice, 6 weeks old and weighing 30-35 g, from JANVIER (Saint Berthevin, 

France), were kept for housing and experiments took place within the animal facility building 

of the University of Montpellier (CECEMA, Office of Veterinary Services agreement # B-34-

172-23). Animals were housed in groups with access to food and water ad libitum, except 

during behavioral experiments. They were kept in a temperature and humidity controlled 

animal facility on a 12 h/12 h light/dark cycle (lights off at 07:00 pm). All animal procedures 

were conducted in strict adherence to the European Union directive of September 22, 2010 

(2010/63/UE). 

 

Drugs preparation 

Compounds were weighed, solubilized in pure DMSO and a stock solution at 1 mg/ml was 

prepared in DMSO/saline or DMSO/Tween-80/saline. The percentage of DMSO in saline 

were 20% for compound A, 60% for compound B and 20% for compound 20a after a 
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presolubilization in Tween-80 (10% final; Sigma-Aldrich). The stock solution, corresponding 

to a dose of 5 mg/ml if injected, could be kept at +4°C for a couple of days and dilutions (0.6 

x, 0.2 x, 0.06 x) were prepared from it. Vehicle solutions used for control groups were DMSO 

20% in saline for compounds A and B and DMSO 20%, Tween-80 3% in saline for 

compound 20a. 

 

Amyloid peptides preparation and injection 

Mice were anesthetized with isoflurane 2.5% and were injected i.c.v. with Aβ25-35 peptide (9 

nmol/mouse) or Sc.Aβ peptide (9 nmol/mouse), in a final volume of 3 µl/mouse, according to 

the previously described method.
5-10

 Homogeneous oligomeric preparation of Aβ25-35 peptide 

was performed by incubation 4 days at 37 °C according to Maurice et al..
5
 The Sc.Aβ peptide 

solution was also incubated but does not oligomerize.
5-11 

 

Spontaneous alternation performances 

On day 8, all animals were tested for spontaneous alternation performance in the Y-maze, 

an index of spatial working memory. The Y-maze is made of grey polyvinylchloride. Each 

arm is 40 cm long, 13 cm high, 3 cm wide at the bottom, 10 cm wide at the top, and 

converging at an equal angle. Each mouse will be placed at the end of one arm and allowed to 

move freely through the maze during an 8 min session. The series of arm entries, including 

possible returns into the same arm, was checked visually. An alternation was defined as 

entries into all three arms on consecutive occasions. The number of maximum alternations is 

therefore the total number of arm entries minus two and the percentage of alternation was 

calculated as (actual alternations / maximum alternations) x 100. Parameters included the 

percentage of alternation (memory index) and total number of arm entries (exploration 

index).
5-7, 9, 10

 Animals that shown an extreme behavior (Alternation percentage < 20% or > 
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90% or number of arm entries < 10 were discarded from the calculation. In this study, no 

animal was discarded accordingly (0% attrition). 

 

Passive avoidance test  

On days 9 and 10, a passive avoidance test was performed. The apparatus is a two-

compartment (15 x 20 x 15 cm high) box with one compartment illuminated with white 

polyvinylchloride walls and the other darkened with black polyvinylchloride walls and a grid 

floor. A guillotine door separates each compartment. A 60 W lamp positioned 40 cm above 

the apparatus lights up the white compartment during the experiment. Scrambled foot shocks 

(0.3 mA for 3 s) were delivered to the grid floor using a shock generator scrambler (Lafayette 

Instruments, Lafayette, USA). The guillotine door was initially closed during the training 

session. During the training session, on day 9, each mouse was placed into the white 

compartment. After 5 s, the door was raised. When the mouse entered the darkened 

compartment and placed all its paws on the grid floor, the door was closed and the foot shock 

delivered for 3 s. The step-through latency, that is, the latency spent to enter the darkened 

compartment, and the number of vocalizations was recorded. The retention test was carried 

out 24 h after training, on day 10. Each mouse was placed again into the white compartment. 

After 5 s, the door was raised. The step-through and escape latencies (corresponding to the re-

exit from the darkened compartment) were recorded up to 300 s. Animals that show all 

latencies during the training and retention session lower than 10 s are considered as failing to 

respond to the procedure and were discarded from the calculations. In this study, no animal 

was discarded accordingly. 

 

Sacrifice and Brain sampling 
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On day 11, all animals were sacrificed, their brains dissected out to isolate the hippocampus 

and cortex. Samples were frozen in liquid nitrogen and stored at -80°C awaiting further 

analysis. 

 

Statistical analyses 

All values, except passive avoidance latencies, were expressed as mean ± S.E.M. Statistical 

analyses were performed on the different conditions using one-way ANOVA (F value), 

followed by the Dunnett’s post-hoc multiple comparison test. Passive avoidance latencies do 

not follow a Gaussian distribution, since upper cut-off times are set. They were therefore 

analyzed using a Kruskal-Wallis non-parametric ANOVA (H value), followed by a Dunn's 

multiple comparison test. p < 0.05 was considered as statistically significant. 

 

  



 

S43 

 

References 

[1] Gottlieb, H. E.; Kotlyar, V.; Nudelman, A. NMR Chemical Shifts of Common 

Laboratory Solvents as Trace Impurities. J. Org. Chem. 1997, 62, 7512 – 7515. 

[2] Munch, H.; Hansen, J. S.; Pittelkow, M.; Christensen, J. B.; Boas, U. A. A new efficient 

synthesis of isothiocyanates from amines using di-tert-butyl dicarbonate. Tetrahedron Lett. 

2008, 49, 3117 – 3119. 

[3] Freitag, M.; Schemies, J.; Larsen, T.; El Gaghlab, K.; Schulz, F.; Rumpf, T.; Jung, M.; 

Link, A. Synthesis and biological activity of splitomicin analogs targeted at human NAD
+
-

dependent histone deacetylases (sirtuins). Bioorg. Med. Chem. 2011, 19, 3669 – 3677. 

[4] Murkherjee, S.; Adams, M.; Whiteaker, K.; Daza, A.; Kage, K.; Cassar, S.; Meyer, M.; 

Yao, B. B. Species comparison and pharmacological characterization of rat and human CB2 

cannabinoid receptors. Eur. J. Pharmacol. 2004, 505, 1 – 9. 

[5] Maurice, T.; Lockhart, B. P.; Privat, A. Amnesia induced in mice by centrally 

administered β-amyloid peptides involves cholinergic dysfunction. Brain Res. 1996, 706, 181 

– 193. 

[6] Maurice, T.; Su, T. P.; Privat, A. Sigma1 (σ1) receptor agonists and neurosteroids 

attenuate β25-35-amyloid peptide-induced amnesia in mice through a common mechanism. 

Neuroscience 1998, 83, 413 – 428. 

[7] Meunier, J.; Ieni, J.; Maurice, T. The anti-amnesic and neuroprotective effects of 

donepezil against amyloid β25-35 peptide-induced toxicity in mice involve an interaction with 

the σ1 receptor. Br. J. Pharmacol. 2006, 149, 998 – 1012. 

[8] Meunier, J.; Villard, V.; Givalois, L.; Maurice, T. The γ-secretase inhibitor 2-[(1R)-1-

[(4-chlorophenyl)sulfonyl](2,5-difluorophenyl)amino]ethyl-5-fluorobenzenebutanoic acid 



 

S44 

 

(BMS-299897) alleviates Aβ1-42 seeding and short-term memory deficits in the Aβ25-35 mouse 

model of Alzheimer's disease. Eur. J. Pharmacol. 2013, 698, 193 – 199. 

[9] Villard, V.; Espallergues, J.; Keller, E.; Alkam, T.; Nitta, A.; Yamada, K.; Nabeshima, 

T.; Vamvakides, A.; Maurice, T. Anti-amnesic and neuroprotective effects of the 

aminotetrahydrofuran derivative ANAVEX1-41 against amyloid beta(25-35)-induced toxicity 

in mice. Neuropsychopharmacology 2009, 34, 1552 – 1566. 

[10] Villard, V.; Espallergues, J.; Keller, E.; Vamvakides, A.; Maurice, T. Anti-amnesic and 

neuroprotective potentials of the mixed muscarinic receptor/sigma1 (σ1) ligand ANAVEX2-

73, a novel aminotetrahydrofuran derivative. J. Psychopharmacol. 2011, 25, 1101 – 1117. 

[11] Zussy, C.; Brureau, A.; Delair, B.; Marchal, S.; Keller, E.; Ixart, G.; Naert, G.; 

Meunier, J.; Chevallier, N.; Maurice, T.; Givalois, L. Time-course and regional analyses of 

the physiopathological changes induced after cerebral injection of an amyloid-β fragment in 

rats. Am. J. Pathol. 2011, 179, 315 – 334. 

 

 

 



Appendix IV 

 

 

Dolles, D.; Strasser, A.; Wittmann, H.-J.; Marinelli, O.; Nabissi, M.; Pertwee, R. G.; Decker, 

M. The First Photochromic Affinity Switch for the Human Cannabinoid Receptor 2. Adv. 

Therap. 2018, DOI: 10.1002/adtp.201700032.  

 

Copyright (2018) Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. Reproduced with 

permission. 

http://onlinelibrary.wiley.com/doi/10.1002/adtp.201700032/abstract 

 

 

 

http://onlinelibrary.wiley.com/doi/10.1002/adtp.201700032/abstract


FULL PAPER
Photopharmacology www.advtherap.com

The First Photochromic Affinity Switch for the Human
Cannabinoid Receptor 2

Dominik Dolles, Andrea Strasser, Hans-Joachim Wittmann, Oliviero Marinelli,
Massimo Nabissi, Roger G. Pertwee, and Michael Decker*

The hCB2R plays an important in the immune system and is centrally
expressed in microglia. The hCB2R activated by agonists hold great
therapeutic potential, e.g., in neuroinflammation. It is currently not yet
elucidated how pathophysiological processes are mediated by the hCB2R.
Here, photochromic affinity switches based on a drugable benzimidazole core
through azologization and computational studies are developed.
Structure-activity relationships (SARs) lead to compounds with high
selectivity over hCB1R that can be reversibly switched to a higher affinity
cis-form proved on the receptor level by radioligand binding studies and
translating into an affinity change in a functional GTPγS assay. cAMP ELISA
and the change in expression level of two genes regulated by CREB proves
that the compounds act as partial agonists.

1. Introduction

Human cannabinoid receptors (hCBRs) consist of two subtypes
of G-protein coupled receptors (GPCRs), hCB1R, and hCB2R.
CB1Rs are found in the central nervous system.[1] The identifi-
cation of (-)-trans-�9-tetrahydrocannabinol (�9-THC) as a phyto-
cannabinoid initiated drug development efforts targeting the en-
docannabinoid system. As a result, the hCB1R-selective inverse
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agonist SR141716A (rimonabant) had been
approved as a drug for obesity in Eu-
ropean countries, albeit its putative risk
of psychiatric problems led to its suspen-
sion from the market in 2008. Far less is
known about the hCB2R and its role in the
healthy, but especially in the diseased hu-
man body. It was first recognized as the “pe-
ripheral” CBR,[2] since hCB2Rs are localized
in the immune system and modulate im-
mune cell migration and cytokine release.[3]

More recently, it was shown that the hCB2R
is located in the central nervous system
also, mainly expressed in microglial cells.
Pronounced overexpression of CB2R and

fatty acid amide hydrolase is observed in
neuroinflammatory processes in the brain and specifically in
microglia cells that surround β-amyloid plaques.[4] The expres-
sion level correlates well with Aβ42-level and plaque forma-
tion, although not directly with cognitive status, indicating that
pathogenic processes lead to hCB2R overexpression.[5] Due to the
expression of hCB2R in activated microglia and the possibility of
reduction of cell activation by hCB2R agonists, therapeutic appli-
cation of such compounds is promising. It was shown in sev-
eral in vitro-assays that hCB2R agonists and partial agonists re-
duce both the number of activated microglia cells surrounding
Aβ plaques and the level of pro-inflammatory cytokines. It is cur-
rently not yet elucidated how exactly these effects are mediated
by the hCB2R, in which sequence (patho)physiologic activation
takes place and which time-scale is underlying these processes.[6]

Both hCBR subtypes are activated to the same extent by en-
docannabinoids and classical phytocannabinoids like �9-THC,[7]

which also activates GPR18, GPR55, peroxisome proliferator-
activated receptor gamma nuclear receptor, and Transient Recep-
tor Potential Ankyrin 1 (TRPA1) and Transient Receptor Potential
Vannilloid-type 2 (TRPV2) cation channels at >1 µm.[8]

In the last years “photopharmacology” has rapidly emerged
and found remarkable application for the control of biologi-
cal functions by light with the unprecedented spatio-temporal
solution that was made possible by chemical photoswitches
that are incorporated into biologically active molecules. The un-
derlying principle is the fast and reversible change of their
chemical structure to yield photoisomers with a structural and
polarity change that can exhibit different binding to a biolog-
ical target.[9–11] Azobenzenes and diarylethenes are currently
the most widely applied and the most versatile templates, with
regard to chemical and photochemical stability, stability in bi-
ological media, the “orthogonality” or lack of interference with
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Figure 1. Azologization approach to obtain 5-substituted benzimidazole
azobenzenes.

the assay readout of the biological system, and especially their
medicinal chemical compatibility for small and biologically ac-
tive molecules.[9–13] Remarkably and surprisingly, GPCRs, next
to enzymes the most important drug targets, have only been
addressed very recently with photoswitchable tool compounds.
Targets have been the metabotropic glutamate receptors,[14,15]

the class B glucagon-like peptide-1 receptor,[16,17] the adenosine,
the dopamine and μ-opioid receptor,[18–20] and the muscarinic
acetylcholine receptor.[9] At the same time of the preparation
of this manuscript, Westphal et al. described photoswitchable
THC-derivatives, two of which act as CB1R agonists, as shown
by coupling with an inwardly-rectifying potassium channel and
forskolin-stimulated cAMP production.[21] Both ligands act in the
nanomolar range and one influences efficacy as well as affinity.
Herein, we describe the design of benzimidazole-based photo-

switches by “azologization” that change specifically affinity at the
hCB2R upon irradiation.[13,22] We describe their synthesis, pho-
tochemical characterization, radioligand binding studies, GTPyS
data with regard to affinity and efficacy, and computational stud-
ies. In contrast to the above work describing THC-derivatives, our
compounds (a) are highly selective for the hCB2R over the hCB1R,
(b) show higher affinity when “switched on” (to the cis-form),
which is of considerable importance when using such GPCR
ligands as molecular tool compounds for investigating receptor-
activation kinetics,[9] and (c) lack a concomitant change in ef-
ficacy. Therefore a single pharmacological compound property
(here affinity over efficacy) can be investigated at a given time.

2. Chemistry

Based on our work on hCB2R ligands[24] and on structure-activity
relationship (SAR) results obtained by AstraZeneca,[25] we inves-
tigated a reasonable position, where a (substituted) azobenzene
could be introduced. In the manner described by Trauner and
colleagues,[12] the azologization approach was applied and as sug-
gested by computational studies the diethylamide side chain at
position 5 was replaced by an azobenzene with different substi-
tution patterns (Figure 1).
For the introduction of the (substituted) azobenzenes at po-

sition 5 of the benzimidazole core, synthesis started from com-
mercially available 1-chloro-2,4-dinitrobenzene 1 (Scheme 1). In
the first step, a nucleophilic aromatic substitution with isopenty-
lamine was performed to obtain 2 in quantitative yields. Selective
one-sided reduction of the 2-nitro moiety to obtain N1-isopentyl-
4-nitrobenzene-1,2-diamine 3 was carried out according to Frei-
tag et al.[26] using sodium sulfide as reducing agent. o-Phenylene
diamine 3was then reacted with 2-(4-ethoxyphenyl)acetic acid us-

ing HBTU. For cyclization, amide 4 was refluxed in glacial acetic
acid and 5-nitro benzimidazole 5 was obtained. The nitro moiety
was then reduced by using tin(II) to yield 5-amino benzimida-
zole 6. For the azo-coupling, the respective (substituted) anilines
7a–i were first partially oxidized to the nitroso moiety 8a–i using
oxone[19] and then coupled with the 5-amino benzimidazole 6 in
a Mills reaction under acidic conditions. The resulting (substi-
tuted) 5-azobenzene benzimidazoles 9a–i were obtained in mod-
erate to good yields.

3. Photophysical Properties

Photochromic behavior of compounds 9a–i was investigated by
UV-spectroscopy using a 50 µm solution in ethanol. All com-
pounds measured show a clear photochromic behavior with π–
π* and n–π* transitions at absorptionmaxima of around 325 nm
and 430 nm, respectively. All compounds can be stably switched
from the trans-state to the cis-state by usingUV light (λ = 366 nm)
and vice versa by day light. This process can be repeated formany
cycles. All compounds show long thermal stability at room tem-
perature (>3 h) (Figure 2). In addition, trans:cis ratios were also
quantified for all compounds by HPLC (cf. Supporting Informa-
tion Table S1). Under daylight all compounds remain to �85%
in the trans-form. Using UV (λ = 366 nm) all compounds can
almost quantitatively be switched to the cis-forms.

4. Pharmacological Evaluation and Computational
Studies

All target compounds were tested for their affinity to both hCB1R
and hCB2R in radioligand binding studies. The aim was not to
obtain compounds with high affinity towards hCB2R with selec-
tivity over the hCB1R, but also to effectively increase this affinity
upon irradiation with UV-light (“switching-on”).
All compounds tested show high affinity towards hCB2R in

the two-digit or low three-digit nanomolar range. The cis-isomers
show increased affinity compared to the trans-isomer. The most
pronounced effect was obtained by the introduction of a sub-
stituent and altering its position. The unsubstituted 9a-trans
shows high affinity towards hCB2R and selectivity over hCB1R.
After irradiation, affinity of 9a-cis towards hCB2R does not change
significantly (Ki(hCB2R) = 28.9 nm), but selectivity is greatly
decreased (hCB1R displ. of radioligand at 10 µm = 84%). The
two ortho-substituted compounds 9b-trans and 9e-trans show
high affinity towards hCB2R, but only show a slight affinity
change when irradiated with UV-light. para-Substitution does
not only decrease affinity towards hCB2R, but affects affinity (9g-
trans: Ki(hCB2R) = 152.4 nm and 9g-cis: Ki(hCB2R) = 129.5 nm).
The best results regarding affinity switch are obtained by meta-
substitution (Figure 6A): 9c-trans and 9f-trans show three-digit
nanomolar affinity towards hCB2R, and affinity is strongly in-
creased upon irradiation (Table 1).
Lastly, we introduced larger substituents to see, if steric hin-

drance further enhance affinity switch. Meta-substitution with
ethyl (9d), isopropyl (9h), or chlorine (9i) still provide compounds
with high affinity towards hCB2R, but no significant change in
affinity is observed.

Adv. Therap. 2018, 1700032 C© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1700032 (2 of 6)

http://www.advancedsciencenews.com
http://www.advtherap.com


www.advancedsciencenews.com www.advtherap.com

Scheme 1. Synthesis of 5-azobenzene benzimidazoles: i) isopentylamine, NEt3, EtOH, rt, 24 h; ii) Na2S · H2O, NaHCO3, MeOH/H2O, reflux, 4 h; iii)
2-(4-ethoxyphenyl)acetic, HBTU, NEt3, DMF, rt, 12 h; iv) glacial acetic acid, reflux, 6 h; v) SnCl2·2 H2O, EtOH, reflux, 6 h; vi) oxone, CH2Cl2/H2O, rt, 4
h; vii) acetic acid, CH2Cl2, rt, 24 h.

Figure 2. A) UV spectrum of 9c (trans: solid line; cis: dotted line), B) switching cycles of 9c, C) thermal stability at room temperature of 9c over a period
of >3 h.

Compounds 9c-trans and 9c-cis were docked in two different
orientations into the homology model of the hCB2R. Within
mode I, the ethoxyphenyl moiety of both compounds was docked
into the orthosteric binding site mainly formed by the amino
acids Val3.32, Thr3.33, Phe3.36, Phe183 (E2-loop), Leu5.40, Trp5.43,
Leu5.44, Trp6.48, Val6.51, Met6.55, and Leu7.41. For this mode (data
not shown), the experimentally determined affinities at the
hCB2R in dependence of the substitution pattern at the azoben-

zene moiety could not be explained. For mode II, both com-
pounds were docked with the (substituted) azobenzene moiety
in the orthosteric binding pocket. Data suggest that the m-CH3

azobenzene moiety of 9c-trans is located in an aromatic side
pocket formed by the amino acids Phe3.36, Trp5.43, and Trp6.48,
while the m-CH3 azobenzene moiety of 9c-cis is embedded in an
aromatic side pocket, mainly formed by the amino acids Phe183
(E2-loop), Tyr5.39, and Trp5.43 (Figure 3).
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Table 1. Results of radioligand binding studies at hCB1R and hCB2R.

Compound hCB2R Ki (pIC50 ± SD)
or [3H]CP55,950 displ.

at 10 µm

hCB1R Ki (pIC50 ± SD)
or [3H]CP55,950 displ.

at 10 µm

CP55,940 28.1 nm (7.5 ± 0.1) 20.2 nm (7.7 ± 0.1)

Rimonabant 4.0% 143.0 nm (6.8 ± 0.1)

9a-trans 39.7 nm (7.4 ± 0.1) 48%

9a-cis 28.9 nm (7.5 ± 0.1) 84%

9b-trans 41.8 nm (7.4 ± 0.2) 62%

9b-cis 16.3 nm (7.8 ± 0.2) 69%

9c-trans 147.6 nm (6.8 ± 0.1) 59%

9c-cis 17.7 nm (7.8 ± 0.1) 73%

9d-trans 122.8 nm (6.9 ± 0.1) 54%

9d-cis 32.4 nm (7.5 ± 0.1) 67%

9e-trans 41.5 nm (7.4 ± 0.1) 73%

9e-cis 25.7 nm (7.6 ± 0.2) 88%

9f-trans 194.5 nm (6.7 ± 0.1) 47%

9f-cis 35.5 nm (7.4 ± 0.1) 55%

9g-trans 152.4 nm (6.8 ± 0.1) 57%

9g-cis 129.5 nm (6.9 ± 0.2) 74%

9h-trans 392.5 nm (6.4 ± 0.1) 50%

9h-cis 82.6 nm (7.1 ± 0.1) 50%

9i-trans 88.9 nm (7.1 ± 0.1) 51%

9i-cis 41.8 nm (7.4 ± 0.2) 65%

Figure 3. Overlay of the binding mode of 9c-trans (green carbon atoms)
and 9c-cis (violet carbon atoms) in binding pocket of the hCB2R, obtained
by docking studies (For reasons of clarity only the core of 9 is shown).

For 9c-trans, a slight steric clash of the m-CH3 with Thr3.37 is
observed (Figure 4), which explains its reduced affinity. In con-
trast, them-CH3 of 9c-cis fits well into a small cavity, which is not
occupied of 9a-cis, which explains the slightly increased affinity
of 9c-cis compared to 9a-cis. The same is true for other small side
chains in the m-position, e.g. for 9d and 9f. The ethoxy moiety at
o-position of 9e-trans and 9e-cis is well tolerated, because there is
a small gap in the binding site, where the ethoxy moiety is able to
bind (Figure 4). In contrast, a substituent in p-position is neither
tolerated for the trans nor for the cis configuration, because, as

Figure 4. 9a-trans (left) and 9a-cis (right), docked into the binding pocket
of the hCB2R. Shown is the presence (green arrows) or absence (red ar-
rows) of additional gaps for small substituents at the azobenzene moiety
in o-, m-, and p-position.

shown for 9a, there is no vacant gap in the binding pocket (Figure
4), which is in well accordance to the experimentally determined
affinities (Table 1). Summarizing up, the present docking study
shows well that in contrast to the o- and p-substitution, only small
substituents in m-position lead to an affinity switch between de-
scribed trans- and cis-configured azobenzene derivatives.
To investigate efficacy, representative unsubstituted com-

pound 9a (with no significant change in affinity upon irradi-
ation) was checked in a cAMP ELISA assay and via changes
in the expression level of two genes, which are regulated by
the transcription factor cAMP response-element binding protein
(CREB) binding to upstream cAMP response elements (CRE).[27]

Macrophage Migration Inhibitory Factor (MIF) and Signal Trans-
ducer and Activator of Transcription (STAT-3) were selected as
genes, both are highly expressed inmultiplemyeloma cells under
CREB promotor control. As shown in Figure 5, the compound be-
haves as a partial agonist antagonizing the effect of the standard
CBR antagonist AM630. Partial agonism should antagonize the
effect of a potent agonist like CP55,940 as measured in GTPγS
studies.
Compound 9c with the largest (i.e., eight- to ninefold, Figure

6A) difference in affinity upon irradiation and good selectivity
over hCB1R was subsequently investigated in GTPγS studies to
check whether an affinity change is also reflected in an assay

Adv. Therap. 2018, 1700032 C© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1700032 (4 of 6)

http://www.advancedsciencenews.com
http://www.advtherap.com


www.advancedsciencenews.com www.advtherap.com

Figure 5. Compounds 9a-trans and 9a-cis reduce MIF and STAT-3 gene ex-
pression. U266 cells were treated with 9a-cis or 9a-trans (50 µm), AM630
(25 µm) for 2 h. In combination experiment (AM630 plus 9a-trans or 9a-
cis), U266 cells were pre-incubated with AM630 for 30 min before adding
9a-trans or 9a-cis. MIF and STAT-3 mRNA levels were determined by qRT-
PCR. GAPDH was used for normalization. Data are expressed as relative
fold with respect to vehicle treated cells used as control. Data are ex-
pressed as mean ± SD. *p < 0.01 versus untreated; # versus AM630.

Figure 6. A) Radioligand binding data of 9c-trans and 9c-cis, B) GTPγ S re-
sults for CP55,940 and CP55,940 + 1 µm 9c-trans, C) GTPγ S results for
CP55,940 and CP55,940 + 1 µm 9c-cis. Symbols represent mean values
± SEM (n = 6). Mean EC50, Emin, and Emax values for CP-55,940 deter-
mined in the presence or absence of 9c-trans or 9c-cis, together with the
95% confidence limits of these values, are listed in Table 2 of supporting
information. The asterisks indicate that the mean response to a particular
concentration of CP-55 940 in the presence of 9c-trans or 9c-cis is signifi-
cantly different from the mean response to the same concentration of CP-
55 940 in the absence of 9c-trans or 9c-cis, displayed in the same Figure
(6B or 6C; **p < 0.01; ***p < 0.001; Student’s unpaired t-test).

which uses different experimental conditions and reflects intra-
cellular signaling. As in the reporter gene assay for cAMP, no
change in efficacy was observed upon irradition (data not shown).
Indeed, at a concentration of 1 µmof 9c, a twofold rightshift of the
curve of the standard hCBR agonist CP55,940 can be observed
(Figure 6B, C; for experimental details and data cf. Supporting
Information), proving affinity switching behavior in a functional
assay also.
Taken together, SARs led to the first nanomolar hCB2R-

selective affinity switch, with activation upon irradiation and no
concomitant switch in efficacy, which might help to elucidate
the yet unknown role of this GPCR, e.g., in neurodegenerative
disorders.

5. Experimental Section
For experimental details: see Supporting Information.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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Chemistry 

General Information 

 

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

suppliers.  

Thin layer chromatography (TLC) was performed on silica gel 60 (alumina foils with 

fluorescent indicator 254 nm). For detection iodine vapor and UV light (254 nm and 366 nm) 

were used. For column chromatography, silica gel 60 (particle size of 0.040 mm – 0.063 mm) 

was used. 

Nuclear magnetic resonance spectra were recorded with a Bruker AV-400 NMR instrument 

(Bruker, Karlsruhe, Germany) in CDCl3 and chemical shifts are expressed in ppm relative to 

CDCl3 (7.26 ppm for 1H and 77.16 ppm for 13C).1 

The LCMS-system from Shimadzu Products, contained a DGU-20A3R degassing unit, a 

LC20AB liquid chromatograph and a SPD-20A UV/Vis detector. Mass spectra were obtained 

by a LCMS 2020. As stationary phase a Synergi 4U fusion-RP (150 * 4.6 mm) column and as 

mobile phase a gradient of MeOH / water with 0.1% trifluoroacetic acid was used. Parameters: 

A: water, B: MeOH, V(B)/(V(A)+V(B)) = 5 % to 90 % over 10 min, V(B)/(V(A)+V(B)) = 90 

% for 5 min, V(B)/(V(A)+V(B)) = 90 % to 5 % over 3 min. Both methods were performed with 

a flow rate of 1.0 mL/min. UV detection was measured at 254 nm. 
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General procedure I for the partial oxidation of anilines (for compounds 8a-i) 

The respective aniline (1 eq.) was dissolved in CH2Cl2 and an aqueous solution of oxone 

(commercially available mixture of 2 KHSO5·KHSO4·K2SO4) (1 eq.) was added. The mixture 

was stirred at room temperature for 3 h to 5 h. The end of the reaction was indicated by TLC. 

The organic and the aqueous phase were separated and the aqueous phase was extracted with 

CH2Cl2. The combined organic phases were washed with aqueous HCl (5%) and brine and were 

afterwards dried over anhydrous Na2SO4. The solvent was removed in vacuo and the crude 

product was used immediately for the next reaction step.  

 

General procedure II for the Mills reaction / azo-coupling (for compounds 9a-i) 

The respective aniline (1 eq.) was dissolved in a 1:1 mixture of CH2Cl2 and acetic acid. The 

respective nitroso compound (4-6 eq.) was added and the mixture was stirred at room 

temperature for 24 h. After the reaction has finished, water and CH2Cl2 was added and the 

phases were separated. The organic phase was dried over anhydrous Na2SO4 and the solvent 

was removed in vacuo. The crude product was purified by column chromatography if necessary. 
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Synthesis of N-isopentyl-2,4-dinitroaniline (2) 

 

2 

1-chloro-2,4-dinitrobenzene 1 (7.40 mmol, 1.50 g, 1 eq.) was dissolved in EtOH and NEt3 (11.1 

mmol, 1.52 mL, 1.5 eq.) and isopentylamine (8.20 mmol, 0.95 mL, 1.1 eq.) were added. The 

mixture was stirred overnight at 50 °C. Afterwards, the solvent was removed in vacuo and the 

residue taken up in EtOAc. The organic layer was washed with brine, dried over anhydrous 

Na2SO4 and the solvent removed in vacuo. Product was obtained as yellow solid used without 

further purification (7.26 mmol, 1.84 g, 98%). 

1H NMR (CDCl3, 400 MHz): δ = 9.11 (d, J = 2.6 Hz, 1H), 8.52 (s, 1H), 8.26 (dd, J = 9.5, 2.6 

Hz, 1H), 6.94 – 6.91 (m, 1H), 3.46 – 3.38 (m, 2H), 1.84 – 1.64 (m, 3H), 1.00 (d, J = 6.5 Hz, 

6H) ppm. 

13C NMR (CDCl3, 101 MHz): δ = 148.38, 135.92, 130.34, 130.27, 124.35, 113.90, 41.89, 

37.48, 25.96, 22.38 ppm. 

ESI: m/z calcd for C11H15N3O4 [M+H]+: 254.11; found: 254.00. 

 

Synthesis of N1-isopentyl-4-nitrobenzene-1,2-diamine (3) 

 

3 

The dinitro compound 2 (1.97 mmol, 0.50 g) was dissolved in methanol. The solution was 

refluxed and a mixture of Na2S·H2O (60%) (19.7 mmol, 3.16 g) and NaHCO3 (19.7 mmol, 1.65 

g) in water was added dropwise over a period of 1 h. The reaction was refluxed for further 4 h. 

After the reaction has cooled down to room temperature, methanol was evaporated and residue 

was taken up in EtOAc. The organics were extracted with EtOAc (3 times) and the combined 

organic phase was washed twice with water. The organic phase was dried over Na2SO4 and the 

solvent was removed in vacuo. The crude product was purified by column chromatography 

using petroleum ether and EtOAc (2:1) as eluent system. 3 was obtained as a red solid (1.38 

mmol, 0.31 g, 70%). 
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1H NMR (CDCl3, 400 MHz): δ = 7.84 (dd, J = 8.9, 2.2 Hz, 1H), 7.66 (d, J = 2.4 Hz, 1H), 6.56 

(d, J = 8.9 Hz, 1H), 3.23 (t, J = 6.4 Hz, 2H), 1.79 – 1.68 (m, 1H), 1.59 (dd, J = 14.7, 7.1 Hz, 

2H), 0.97 (d, J = 6.6 Hz, 6H) ppm. 

13C NMR (CDCl3, 101 MHz): δ = 145.09, 138.01, 131.14, 119.76, 112.96, 108.38, 41.94, 

38.07, 26.04, 22.53 ppm. 

ESI: m/z calcd for C11H17N3O2 [M+H]+: 224.13; found: 224.00. 

 

Synthesis of 2-(4-ethoxyphenyl)-N-(2-(isopentylamino)-5-nitrophenyl)acetamide (4) 

 

4 

2-(4-ethoxyphenyl)acetic (5.07 mmol, 0.91 g, 1.1 eq.) was dissolved in DMF and NEt3 (1.5 

eq.), HBTU (1.1 eq.) and diamine 3 (4.61 mmol, 1.04 g, 1 eq.) were added in one portion. The 

mixture was stirred overnight at room temperature. Then, EtOAc and a sat. NaHCO3 solution 

were added. The organic layer was washed several times with water and brine and dried over 

anhydrous Na2SO4. The solvent was removed in vacuo and product 4 was obtained as brown 

oil (4.52 mmol, 1.73 g, 98%). 

1H NMR (400 MHz, CDCl3): δ = 8.03 – 7.91 (m, 2H), 7.28 (d, J = 8.4 Hz, 2H), 6.94 – 6.88 (m, 

J = 7.5 Hz, 2H), 6.56 (d, J = 9.1 Hz, 1H), 4.02 (dt, J = 11.9, 6.0 Hz, 2H), 3.72 (s, 2H), 3.15 – 

3.06 (m, 2H), 1.67 – 1.58 (m, J = 13.3, 6.7 Hz, 1H), 1.45 – 1.38 (m, 5H), 0.93 (d, J = 6.6 Hz, 

6H) ppm. 

13C NMR (101 MHz, CDCl3): δ = 171.27, 158.68, 148.68, 137.03, 130.39, 126.33, 124.69, 

122.72, 121.36, 115.48, 115.34, 63.53, 43.17, 41.73, 38.63, 25.91, 22.46, 14.80 ppm. 

ESI: m/z calcd for C21H27N3O4 [M+H]+: 386.20; found: 386.00. 
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Synthesis of 2-(4-ethoxybenzyl)-1-isopentyl-5-nitro-1H-benzo[d]imidazole (5) 

 

5 

The respective acetamide 4 (4.52 mmol, 1.73 g, 1 eq.) was dissolved in glacial acetic acid, and 

the mixture refluxed for 1.5 h. The solution was then concentrated in vacuo, basified (pH = 10) 

with NH3,aq. (25%) and extracted with CH2Cl2. The organic layer was dried over anhydrous 

Na2SO4, the solvent removed in vacuo. The crude product was purified by column 

chromatography using petroleum ether and EtOAc (3:1) as eluent system. 5 was obtained as a 

colorless solid (2.78 mmol, 1.02 g, 62%). 

1H NMR (CDCl3, 400 MHz): δ = 8.65 (d, J = 2.1 Hz, 1H), 8.18 (dd, J = 8.9, 2.1 Hz, 1H), 7.31 

(d, J = 8.9 Hz, 1H), 7.15 (d, J = 8.6 Hz, 2H), 6.87 – 6.80 (m, 2H), 4.29 (s, 2H), 4.09 – 3.94 (m, 

4H), 1.65 – 1.51 (m, 1H), 1.45 – 1.33 (m, 5H), 0.91 (d, J = 6.6 Hz, 6H) ppm. 

13C NMR (CDCl3, 101 MHz): δ = 158.29, 157.11, 143.57, 141.47, 139.35, 129.57, 126.88, 

118.35, 116.02, 115.04, 109.22, 63.53, 43.09, 38.08, 33.80, 26.17, 22.31, 14.77 ppm. 

ESI: m/z calcd for C21H25N3O3 [M+H]+: 368.19; found: 368.10. 

 

Synthesis of 2-(4-ethoxybenzyl)-1-isopentyl-1H-benzo[d]imidazol-5-amine (6) 

 

6 

The respective nitro compound 5 (1.44 mmol, 0.53 g, 1 eq.) was dissolved in EtOH and SnCl2·2 

H2O (7.21 mmol, 1.63 g, 6.2 eq.) added. The mixture was refluxed overnight under argon 
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atmosphere. After cooling to 0 °C, the mixture was basified (pH = 10) with 1 M NaOHaq until 

precipitation. The precipitate was filtered off by suction and the solution concentrated in vacuo. 

The residue was suspended in water and extracted with CH2Cl2. The organic layer was dried 

over anhydrous Na2SO4 and the solvent was removed in vacuo. Product 6 was obtained as a 

light yellow oil (1.33 mmol, 0.45 g, 93%) and used without further purification. 

1H NMR (400 MHz, CDCl3): δ = 7.01 (d, J = 8.5 Hz, 2H), 6.92 (d, J = 14.1 Hz, 1H), 6.90 – 

6.84 (m, 1H), 6.67 (d, J = 8.5 Hz, 2H), 6.53 – 6.47 (m, 1H), 4.02 (s, 2H), 3.86 – 3.75 (m, 2H), 

3.75 – 3.65 (m, 4H), 1.44 – 1.32 (m, 1H), 1.21 (t, J = 7.0 Hz, 4H), 1.16 – 1.08 (m, 2H), 0.73 (d, 

J = 6.7 Hz, 6H) ppm. 

13C NMR (101 MHz, CDCl3): δ = 169.90, 156.80, 151.86, 142.71, 141.18, 128.43, 127.50, 

113.66, 111.10, 108.51, 103.35, 62.32, 41.27, 37.02, 32.61, 25.01, 21.30, 13.72 ppm. 

ESI: m/z calcd for C21H27N3O [M+H]+: 338.22; found: 338.05. 

 

Synthesis of 1-methyl-2-nitrosobenzene (8b) 

 

8b 

The reaction was carried out according to general procedure I using o-toluidine (3.79 mmol, 

0.41 mL) and oxone (3.79 mmol, 1.16 g). The crude product was immediately used without 

further purification for the next reaction step (3.79 mmol, 0.46 g, > 99%). 

 

Synthesis of 1-methyl-3-nitrosobenzene (8c) 

 

8c 
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The reaction was carried out according to general procedure I using m-toluidine (2.13 mmol, 

0.23 mL) and oxone (2.13 mmol, 0.65 g). The crude product was immediately used without 

further purification for the next reaction step (2.13 mmol, 0.26 g, > 99%). 

 

Synthesis of 1-ethyl-3-nitrosobenzene (8d) 

 

8d 

The reaction was carried out according to general procedure I using 3-ethyl aniline (4.43 mmol, 

0.55 mL) and oxone (4.43 mmol, 1.36 g). The crude product was immediately used without 

further purification for the next reaction step (4.43 mmol, 0.59 g, > 99%). 

 

Synthesis of 1-ethoxy-2-nitrosobenzene (8e) 

 

8e 

The reaction was carried out according to general procedure I using o-phenetidine (1.65 mmol, 

0.22 mL) and oxone (1.65 mmol, 0.51 g). The crude product was immediately used without 

further purification for the next reaction step (1.65 mmol, 0.25 g, > 99%). 

 

Synthesis of 1-ethoxy-3-nitrosobenzene (8f) 

 

8f 
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The reaction was carried out according to general procedure I using m-phenetidine (3.91 mmol, 

0.52 mL) and oxone (3.91 mmol, 1.20 g). The crude product was immediately used without 

further purification for the next reaction step (3.91 mmol, 0.59 g, > 99%). 

 

Synthesis of 1-ethoxy-4-nitrosobenzene (8g) 

 

8g 

The reaction was carried out according to general procedure I using p-phenetidine (1.42 mmol, 

0.18 mL) and oxone (1.42 mmol, 0.44 g). The crude product was immediately used without 

further purification for the next reaction step (1.42 mmol, 0.21 g, > 99%). 

 

Synthesis of 1-isopropoxy-3-nitrosobenzene (8h) 

 

8h 

The reaction was carried out according to general procedure I using 3-isopropyl aniline (4.43 

mmol, 0.65 mL) and oxone (4.43 mmol, 1.36 g). The crude product was immediately used 

without further purification for the next reaction step (4.43 mmol, 0.73 g, > 99%). 

 

Synthesis of 1-chloro-3-nitrosobenzene (8i) 

 

8i 
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The reaction was carried out according to general procedure I using 3-chloroaniline (1.78 mmol, 

0.19 mL) and oxone (1.78 mmol, 0.55 g). The crude product was immediately used without 

further purification for the next reaction step (1.78 mmol, 0.27 g, > 99%). 

 

Synthesis of 2-(4-ethoxybenzyl)-1-isopentyl-5-(phenyldiazenyl)-1H-benzo[d]imidazole (9a) 

 

9a 

The reaction was carried out according to general procedure II using amine 6 (0.51 mmol, 0.17 

g) and nitroso benzene (3.03 mmol, 0.33 g). The crude product was purified by column 

chromatography using petroleum ether and EtOAc (2:1) as eluent system. The pure product was 

obtained as bright orange solid (0.34 mmol, 0.15 g, 67%). 

1H NMR (400 MHz, CDCl3): δ = 8.30 (dd, J = 7.1, 1.9 Hz, 1H), 7.90 – 7.84 (m, 3H), 7.48 – 

7.34 (m, 3H), 7.26 (d, J = 8.7 Hz, 1H), 7.14 – 7.08 (m, 2H), 6.79 – 6.73 (m, 2H), 4.25 (s, 2H), 

3.92 (ddd, J = 12.1, 8.9, 5.2 Hz, 4H), 1.55 – 1.48 (m, 1H), 1.38 – 1.28 (m, 5H), 0.85 – 0.83 (d, 

J = 6.7 Hz, 6H) ppm. 

13C NMR (101 MHz, CDCl3): δ = 158.18, 154.82, 152.73, 149.03, 141.48, 136.94, 130.54, 

129.60, 129.05, 127.33, 122.75, 117.22, 115.80, 114.98, 109.62, 63.52, 42.91, 38.09, 33.56, 

26.19, 22.35, 14.79 ppm. 

ESI: m/z calcd for C27H30N4O [M+H]+: 426.56; found: 427.20. 

HPLC purity: > 99%  

trans:cis ratio: 88:12 (Retention time (trans): 12.4 min; Retention time (cis): 10.7 min). 
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Synthesis of 2-(4-ethoxybenzyl)-1-isopentyl-5-(o-tolyldiazenyl)-1H-benzo[d]imidazole (9b) 

 

9b 

The reaction was carried out according to general procedure II using amine 6 (0.63 mmol, 0.21 

g) and nitroso compound 8b (3.79 mmol, 0.46 g). The crude product was purified by column 

chromatography using petroleum ether and EtOAc (3:1) as eluent system. The pure product was 

obtained as dark orange solid (0.17 mmol, 75 mg, 27%). 

1H NMR (400 MHz, CDCl3): δ = 8.38 (d, J = 1.6 Hz, 1H), 7.94 (dd, J = 8.6, 1.8 Hz, 1H), 7.68 

(d, J = 7.7 Hz, 1H), 7.36 – 7.24 (m, 4H), 7.21 – 7.15 (m, 2H), 6.87 – 6.81 (m, 2H), 4.28 (s, 2H), 

4.04 – 3.94 (m, 4H), 2.73 (s, 3H), 1.64 – 1.51 (m, 1H), 1.41 (dt, J = 18.1, 6.9 Hz, 5H), 0.91 (d, 

J = 6.6 Hz, 6H) ppm. 

13C NMR (101 MHz, CDCl3): δ = 157.07, 153.98, 149.76, 148.27, 141.48, 136.70, 136.20, 

130.13, 129.33, 128.52, 126.66, 125.37, 116.85, 114.42, 114.17, 113.89, 108.33, 62.46, 41.75, 

37.10, 32.79, 25.13, 21.33, 16.50, 13.76 ppm. 

ESI: m/z calcd for C28H32N4O [M+H]+: 440.59; found: 441.25. 

HPLC purity: > 99%  

trans:cis ratio: 87:13 (Retention time (trans): 12.6 min; Retention time (cis): 10.8 min). 

 

Synthesis of 2-(4-ethoxybenzyl)-1-isopentyl-5-(m-tolyldiazenyl)-1H-benzo[d]imidazole (9c) 

 

9c 
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The reaction was carried out according to general procedure II using amine 6 (0.36 mmol, 0.12 

g) and nitroso compound 8c (2.13 mmol, 0.26 g). The crude product was purified by column 

chromatography using petroleum ether and EtOAc (2:1) as eluent system. The pure product was 

obtained as dark orange solid (0.29 mmol, 0.13 g, 81%). 

1H NMR (400 MHz, CDCl3): δ = 8.37 (d, J = 1.6 Hz, 1H), 7.92 (dd, J = 8.7, 1.8 Hz, 1H), 7.77 

– 7.72 (m, 2H), 7.43 – 7.36 (m, 1H), 7.33 – 7.28 (m, 1H), 7.28 – 7.24 (m, 1H), 7.20 – 7.15 (m, 

2H), 6.86 – 6.81 (m, 2H), 4.29 (s, 2H), 4.02 – 3.95 (m, 4H), 2.46 (s, 3H), 1.63 – 1.51 (m, 1H), 

1.43 – 1.35 (m, 5H), 0.90 (d, J = 6.6 Hz, 6H) ppm. 

13C NMR (101 MHz, CDCl3): δ = 157.09, 153.85, 151.81, 147.89, 141.16, 137.87, 136.14, 

130.23, 128.53, 127.82, 126.55, 121.75, 119.33, 115.79, 115.06, 113.90, 108.46, 62.46, 41.79, 

37.07, 32.71, 25.14, 21.32, 20.36, 13.76 ppm. 

ESI: m/z calcd for C28H32N4O [M+H]+: 440.59; found: 441.30. 

HPLC purity: > 99%  

trans:cis ratio: 94:6 (Retention time (trans): 12.8 min; Retention time (cis): 10.8 min). 

 

Synthesis of 2-(4-ethoxybenzyl)-5-((3-ethylphenyl)diazenyl)-1-isopentyl-1H-benzo[d] 

imidazole (9d) 

 

9d 

The reaction was carried out according to general procedure II using amine 6 (0.74 mmol, 0.25 

g) and nitroso compound 8d (4.43 mmol, 0.59 g). The crude product was purified by column 

chromatography using petroleum ether and EtOAc (2:1) as eluent system. The pure product was 

obtained as orange oil (0.60 mmol, 0.27 g, 81%). 

1H NMR (400 MHz, CDCl3): δ = 8.41 (d, J = 1.6 Hz, 1H), 7.95 (dd, J = 8.7, 1.7 Hz, 1H), 7.83 

– 7.76 (m, 2H), 7.44 (t, J = 7.7 Hz, 1H), 7.33 (t, J = 8.6 Hz, 2H), 7.18 (d, J = 8.6 Hz, 2H), 6.85 
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(d, J = 5.7 Hz, 2H), 4.35 (s, 2H), 4.05 – 3.96 (m, 4H), 2.78 (q, J = 7.6 Hz, 2H), 1.64 – 1.54 (m, 

1H), 1.43 – 1.31 (m, 8H), 0.91 (d, J = 6.6 Hz, 6H) ppm. 

13C NMR (101 MHz, CDCl3): δ = 176.46, 158.15, 154.99, 152.86, 149.11, 145.30, 140.94, 

136.55, 130.28, 129.59, 128.94, 127.28, 121.92, 120.44, 117.41, 114.98, 109.70, 63.50, 42.86, 

37.96, 28.80, 26.17, 22.30, 21.01, 15.51, 14.75 ppm. 

ESI: m/z calcd. for C29H34N4O [M+H]+: 455.62; found: 455.20. 

HPLC purity: 97% 

 trans:cis ratio: 92:8 (Retention time (trans): 11.9 min; Retention time (cis): 10.6 min). 

 

Synthesis of 2-(4-ethoxybenzyl)-5-((2-ethoxyphenyl)diazenyl)-1-isopentyl-1H-benzo[d] 

Imidazole (9e) 

 

9e 

The reaction was carried out according to general procedure II using amine 6 (0.41 mmol, 0.14 

g) and nitroso compound 8e (1.65 mmol, 0.25 g). The crude product was purified by column 

chromatography using petroleum ether and EtOAc (3:1) as eluent system. The pure product was 

obtained as dark orange oil (0.10 mmol, 47 mg, 24%). 

1H NMR (400 MHz, CDCl3): δ = 8.38 (s, 1H), 7.95 (d, J = 8.7 Hz, 1H), 7.71 (dd, J = 8.0, 1.7 

Hz, 1H), 7.42 – 7.29 (m, 2H), 7.18 (d, J = 8.2 Hz, 2H), 7.12 – 7.05 (m, 1H), 7.05 – 6.97 (m, 

1H), 6.84 (d, J = 8.6 Hz, 2H), 4.34 – 4.23 (m, 4H), 4.04 – 3.95 (m, 4H), 1.62 – 1.49 (m, 4H), 

1.45 – 1.36 (m, 5H), 0.91 (d, J = 6.6 Hz, 6H) ppm. 

13C NMR (101 MHz, CDCl3): δ = 158.14, 156.34, 154.77, 149.58, 142.74, 131.80, 129.58, 

127.56, 120.94, 117.61, 117.07, 115.72, 114.96, 114.80, 109.46, 65.48, 63.51, 42.86, 38.10, 

33.68, 26.19, 22.35, 15.00, 14.79 ppm. 

ESI: m/z calcd for C29H34N4O2 [M+H]+: 470.62; found: 471.20. 
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HPLC purity: 98%  

trans:cis ratio: 85:15 (Retention time (trans): 11.5 min; Retention time (cis): 10.5 min). 

 

Synthesis of 2-(4-ethoxybenzyl)-5-((3-ethoxyphenyl)diazenyl)-1-isopentyl-1H-benzo[d] 

Imidazole (9f) 

 

9f 

The reaction was carried out according to general procedure II using amine 6 (0.65 mmol, 0.22 

g) and nitroso compound 8f (3.91 mmol, 0.59 g). The crude product was purified by column 

chromatography using petroleum ether and EtOAc (2:1) as eluent system. The pure product was 

obtained as dark orange solid (0.57 mmol, 0.27 g, 88%). 

1H NMR (400 MHz, CDCl3): δ = 8.37 (d, J = 1.6 Hz, 1H), 7.91 (dd, J = 8.7, 1.7 Hz, 1H), 7.60 

– 7.53 (m, 1H), 7.50 – 7.44 (m, 1H), 7.40 (t, J = 8.0 Hz, 1H), 7.30 (d, J = 8.7 Hz, 1H), 7.21 – 

7.12 (m, 2H), 7.03 – 6.97 (m, 1H), 6.88 – 6.79 (m, 2H), 4.28 (s, 2H), 4.13 (q, J = 7.0 Hz, 2H), 

3.98 (q, J = 7.0 Hz, 4H), 1.61 – 1.50 (m, 1H), 1.45 (t, J = 7.0 Hz, 3H), 1.42 – 1.34 (m, 5H), 0.90 

(d, J = 6.7 Hz, 6H) ppm. 

13C NMR (101 MHz, CDCl3): δ = 173.11, 158.65, 157.07, 153.98, 152.94, 147.73, 141.21, 

136.21, 128.52, 126.57, 116.64, 115.83, 115.76, 115.15, 113.89, 108.46, 105.33, 62.66, 41.76, 

37.05, 32.63, 28.66, 25.12, 23.02, 21.31, 13.79 ppm. 

ESI: m/z calcd for C29H34N4O2 [M+H]+: 470.62; found: 471.25. 

HPLC purity: 99%  

trans:cis ratio: 95:5 (Retention time (trans): 12.6 min; Retention time (cis): 10.8 min). 
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Synthesis of 2-(4-ethoxybenzyl)-5-((4-ethoxyphenyl)diazenyl)-1-isopentyl-1H-benzo[d] 

Imidazole (9g) 

 

9g 

The reaction was carried out according to general procedure II using amine 6 (0.24 mmol, 80 

mg) and nitroso compound 8g (1.42 mmol, 0.21 g). The crude product was purified by column 

chromatography using petroleum ether and EtOAc (1:1) as eluent system. The pure product was 

obtained as dark orange solid (0.076 mmol, 36 mg, 32%). 

1H NMR (400 MHz, CDCl3): δ = 8.33 (d, J = 1.1 Hz, 1H), 7.97 – 7.88 (m, 3H), 7.34 (d, J = 8.7 

Hz, 1H), 7.20 (d, J = 8.5 Hz, 2H), 7.05 – 6.96 (m, 2H), 6.86 – 6.79 (m, 2H), 4.36 (s, 2H), 4.12 

(q, J = 7.0 Hz, 2H), 4.06 – 3.94 (m, 4H), 1.64 – 1.53 (m, 1H), 1.49 – 1.43 (m, 3H), 1.43 – 1.34 

(m, 5H), 0.91 (d, J = 6.6 Hz, 6H) ppm. 

13C NMR (101 MHz, CDCl3): δ = 160.25, 157.23, 153.34, 148.36, 145.87, 135.01, 128.63, 

125.98, 123.63, 118.74, 116.57, 114.00, 113.67, 113.56, 108.72, 62.80, 42.00, 36.99, 32.27, 

28.68, 25.17, 22.87, 21.32, 13.76 ppm. 

ESI: m/z calcd for C29H34N4O2 [M+H]+: 470.62; found: 471.20. 

HPLC purity: 96%  

trans:cis ratio: 88:12 (Retention time (trans): 12.2 min; Retention time (cis): 10.7 min). 
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Synthesis of 2-(4-ethoxybenzyl)-1-isopentyl-5-((3-isopropoxyphenyl)diazenyl)-1H-benzo[d] 

Imidazole (9h) 

 

9h 

The reaction was carried out according to general procedure II using amine 6 (0.74 mmol, 0.25 

g) and nitroso compound 8h (4.43 mmol, 0.73 g). The crude product was purified by column 

chromatography using petroleum ether and EtOAc (2:1) as eluent system. The pure product was 

obtained as orange oil (0.17 mmol, 86.0 mg, 32%). 

1H NMR (400 MHz, CDCl3): δ = 8.30 (d, J = 1.5 Hz, 1H), 7.85 (dd, J = 8.7, 1.7 Hz, 1H), 7.49 

– 7.42 (m, 1H), 7.42 – 7.39 (m, 1H), 7.36 – 7.30 (m, 1H), 7.26 (d, J = 8.7 Hz, 1H), 7.10 (d, J = 

8.6 Hz, 2H), 6.95 – 6.90 (m, 1H), 6.76 (d, J = 8.7 Hz, 2H), 4.66 – 4.58 (m, 1H), 4.26 (s, 2H), 

3.96 – 3.88 (m, 4H), 1.56 – 1.45 (m, 1H), 1.35 – 1.29 (m, 11H), 0.84 (d, J = 6.6 Hz, 6H) ppm. 

13C NMR (101 MHz, CDCl3): δ = 175.53, 160.01, 154.73, 151.99, 148.89, 146.30, 140.94, 

137.03, 131.10, 129.39, 127.94, 126.32, 121.92, 119.45, 118.52, 114.98, 109.70, 66.36, 64.86, 

42.86, 37.96, 32.91, 26.17, 21.30, 21.01, 14.75 ppm. 

ESI: m/z calcd for C30H36N4O [M+H]+: 485.64; found: 485.20. 

HPLC purity: 96%  

trans:cis ratio: 93:7 (Retention time (trans): 12.1 min; Retention time (cis): 10.7 min). 
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Synthesis of 5-((3-chlorophenyl)diazenyl)-2-(4-ethoxybenzyl)-1-isopentyl-1H-benzo[d] 

Imidazole (9i) 

 

9i 

The reaction was carried out according to general procedure II using amine 6 (0.29 mmol, 0.10 

g) and nitroso compound 8i (1.78 mmol, 0.25 g). The crude product was purified by column 

chromatography using petroleum ether and EtOAc (2:1) as eluent system. The pure product was 

obtained as orange solid (0.20 mmol, 93 mg, 70%). 

1H NMR (400 MHz, CDCl3): δ = 8.37 (d, J = 8.0 Hz, 1H), 7.96 – 7.88 (m, 2H), 7.83 (d, J = 7.5 

Hz, 1H), 7.48 – 7.37 (m, 2H), 7.33 (d, J = 8.7 Hz, 1H), 7.18 (d, J = 8.4 Hz, 2H), 6.83 (d, J = 

8.5 Hz, 2H), 4.30 (s, 2H), 4.04 – 3.95 (m, 4H), 1.64 – 1.51 (m, 1H), 1.44 – 1.34 (m, 5H), 0.91 

(d, J = 6.6 Hz, 6H) ppm. 

13C NMR (101 MHz, CDCl3): δ = 158.19, 155.09, 153.56, 148.65, 141.89, 137.47, 135.05, 

130.17, 130.08, 129.59, 127.35, 122.22, 121.71, 117.28, 116.20, 114.98, 109.67, 63.51, 42.92, 

38.10, 33.67, 26.19, 22.35, 14.79 ppm. 

ESI: m/z calcd for C27H29ClN4O [M+H]+: 460.20, 462.20; found: 461.20, 463.10. 

HPLC purity: > 99%  

trans:cis ratio: 95:5 (Retention time (trans): 13.9 min; Retention time (cis): 11.0 min). 
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Photophysical Properties 

 

UV spectra were obtained from 50 µM solution of the respective compound dissolved in 

ethanol: 
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9h
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A UV spectrum of compound 9c can be found in the manuscript (Figure 2).  

Switching cycles and thermal stability is shown in the manuscript (Figure 2) and applies to all 

compounds tested because of their high structural similarity. 

 

 

Table 1. trans:cis ratios of test compounds at daylight and after irradiation with UV light (λ = 

366 nm) 

Compound daylight 366 nm 

 trans cis trans cis 

9a 88 12 10 90 

9b 87 13 7 93 

9c 94 6 6 94 

9d 92 8 8 92 

9e 85 15 5 95 

9f 95 5 4 96 

9g 88 12 7 93 

9h 93 7 6 94 

9i 95 5 8 92 
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Pharmacological Evaluation 

 

Radioligand Binding Studies 

 

Unlabeled CP55,940 (unspecific agonist for hCB2R and hCB1R) was bought from Sigma-

Aldrich Life Science; radioactive labeled [3H]CP55,940 was bought from Hartmann Analytic 

GmbH; Rimonabant (inverse agonist for hCB1R) was obtained by an in-house synthesis. 

Cells were a kindly gift from AbbVie Laboratories (Chicago, U. S. A.). Human embryonic 

kidney cells (HEK) stably expressing the hCB2R were grown in Dulbecco's modified Eagle's 

medium containing high glucose supplemented with 8 % fetal calve serum and 25 µg/ml zeocin 

in a 37 °C incubator in the presence of 5% CO2. Chinese hamster ovary cells (CHO) stably 

expressing the hCB1R were grown in Ham's F-12 Nutrient Mix supplemented with 8  fetal calve 

serum and 400 µg/ml geneticin in a 37 °C incubator in the presence of 5% CO2. Cells were 

splitted twice a week. 

Cells (either HEK cells stably expressing hCB2R or CHO cells stably expressing hCB1R) were 

harvested and homogenized in Tris-EDTA buffer (50 mM Tris-HCl pH = 7.4; 1 mM MgCl2 · 

6 H2O; 1 mM EDTA) using an ultra turax for 2x 15 s bursts. The suspensions were centrifuged 

for 10 min at 1 408 g at 4 °C. The pellets were discarded and the supernatant was centrifuged 

at 140 657 g for 50 min at 4 °C. The final membrane pellet was homogenized in binding buffer 

(50 mM Tris-HCl pH = 7.4; 5 mM MgCl2 · 6 H2O; 2.5 mM EDTA), shock frosted with liquid 

nitrogen and stored at -80°C until use.  

Saturation assays were done similar to Murkherjee et al.2 to determine the KD-value of the 

membrane samples. Saturation assays were done with 8 concentrations of [3H]CP55,940 

ranging from 0.088 nM to 4.4 nM. Reactions were started by adding 8 µg membrane per well 

of a 96 well Multiscreen filter plate (Millipore) containing the radioligand in assay buffer (50 

mM Tris-HCl, pH = 7.4; 5 mM MgCl2 · 6 H2O; 2.5 mM EDTA; 2 mg/ml BSA). After 3 h 

incubation at room temperature the reaction was stopped by vacuum filtration and each well 

was washed 4 times with cold binding buffer (50 mM Tris-HCl, pH = 7.4; 5 mM MgCl2 · 6 

H2O; 2.5 mM EDTA). The filter plate was dried at 40 °C. Activity was counted in a Micro Beta 

Trilux-Counter (Wallac) using IRGA Safe plus-scintillation cocktail (Perkin Elmer). 

Competition assays were done with 5-11 concentrations of replacing ligands (0.1 nM – 0.4 mM) 

and 0.44 nM [3H]CP55,940.  

To determine the EC50 values, statistical evaluations and sigmoidal dose-response curve fittings 

were performed with GraphPad Prism 5 software for Windows (Version 5.01, August 7, 2007). 
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Ki values was determined when displacement of [3H]CP 55,940 was higher than 60% at 100 

µM test compound concentration. According to the Cheng-Prusoff equation: 

 

𝐾𝑖 =
𝐸𝐶50

1 +
[𝐿∗]
𝐾𝐷

 

 

with [L*] as radioligand concentration (0.44 nM), the Ki value was calculated of at least two 

individual experiments. KD values and standard errors were for hCB2R KD(hCB2R) = 4.31 ± 

2.10 and for hCB1R KD(hCB1R) = 2.24 ± 1.15. 

 

 

 

Figure 1. Radioligand binding data of 9f-trans (straight line) and 9f-cis (dotted line). 
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Determination of Efficacy 

 

Materials and Methods 

Cell culture  

U266 MM cell line was purchased from ATCC (LGC Standards, Milan, IT). Cell authentication 

was performed by IST (Genova, Italy). Cell line was cultured in RPMI1640 medium (Lonza, 

Milan, IT) supplemented with 10% foetal bovine serum (FBS), 2 mM L-glutamine, 100 IU/ml 

penicillin, 100 μg/ ml ampicillin/streptomycin,1 mM sodium pyruvate and growth at 37°C with 

5% CO2 and 95% humidity.  

 

Compounds  

AM630 and forskolin (Tocris Bioscience, Bristol, UK) were dissolved in DMSO at 25 mM 

concentration. Test compounds were dissolved at 50 mM concentration in DMSO. All 

compounds were aliquoted and used one time after defrosting. 

 

MTT assay  

U266 cell line (4 x 104
 cells/ml) were seeded in 96-well plates, in final volume of 100 μl/ well. 

After one day of incubation, compounds or vehicles were added at different concentration. Six 

replicates were used for each treatment. At the indicated time point, cell viability was assessed 

by adding 0.8 mg/ml of 3-[4,5-dimethylthiazol- 2-yl]-2,5 diphenyl tetrazolium bromide (MTT) 

(Sigma Aldrich) to the media. After 3 h, the plates were centrifuged, the supernatant was 

removed, and the pellet was solubilized with 100 μl/well DMSO. The absorbance of the samples 

against a background control (medium alone) was measured at 570 nm using an ELISA reader 

microliter plate (BioTek Instruments, Winooski, VT, USA). In some experiments, one hour of 

pre-incubation with forskolin or AM630 was performed. Each sample was evaluated in six 

wells and in two independent experiments. 

 

cAMP assay 

1 x 106/ml U266 cells were plated in 24 wells plate and treated with the appropriate compounds 

for 2 hours. After treatment, the cells were processed for detection of cAMP levels, using the 

cAMP assay kit (Enzo Life Sciences, Farmingdale, NY, USA) according to the manufacturer's 

protocol. The concentration of cAMP was calculated by measuring the absorbance at 450 nm 

with an ELISA reader. Each compound was evaluated in duplicated and in two independent 

assay. cAMP levels were represent as pmol/mg of protein. 
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RNA extraction and RT/PCR 

At the appropriate incubation times, total RNA from treated and vehicle U266 cell was 

extracted using the RNeasy MiniKit (Qiagen), and cDNA was synthesized using the High-

Capacity cDNA Archive Kit (Applied Biosystems, Foster City, PA) according to the 

manufacturer’s instructions. 

Quantitative real-time polymerase chain reactions (qRTPCR) for MIF, STAT-3 and GAPDH 

were performed using the iQ5 Multicolor Real-Time PCR Detection System (Bio-Rad, 

Hercules, CA). PCR reaction was performed with SYBRGreen qPCR mastermix (Qiagen) 

using 500 ng of cDNA for reaction, following the amplification protocol indicated by the 

manufacture’s instruction. All samples were assayed in triplicates in the same plate and 

GAPDH levels were used to normalize mRNA contents, and target gene levels were calculated 

by the 2-ΔΔCt method. cDNA from forskolin-treated cells was used as CREB-induced MIF and 

STAT-3 positive control. cDNA from cells treated with test compound A were used for CB2 

agonist MIF and STAT-3 gene expression control. cDNA from AM630-treated cells was used 

for antagonist/inverse agonist CB2 MIF and STAT-3 expression control. Each sample was 

evaluated in triplicate and in three different experiments. 

 

 

Statistical analysis 

The statistical significance for MTT and RT/PCR assay was determined by analysis of variance 

(ANOVA). The calculation of IC50 was performed by non-lin fit of log-dose vs response, using 

Prism 5.01 (Graph Pad) software. cAMP concentration was calculated utilizing a 4 parameter 

logistic (4PL) curve fitting program.  
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Figure 2. The effect of 9a-trans and 9a-cis on AM630-induced stimulation of cAMP 

production in U266 cells. 4 x 104 U266 cells were plated in 24 well plates and treated for 24 

hours with compounds 9a-trans and 9a-cis. In combination treatments, U266 cells were pre-

incubated with 25 µM AM630 for 30 minutes before adding 9a-trans or 9a-cis. U266 cell lines 

were treated with Forsk (10 µM), AM630 (25 µM), 9a-trans or 9a-cis (50 µM). cAMP 

concentration was represented as pictograms for mg of protein (pg/mg). * indicate any values 

that are significantly different from vehicle treated cells (**P < 0.01), # indicate any values that 

are significantly different from AM630 treated cells (**P < 0.01). Values represent the mean ± 

S.D. (n= 4) calculated from two wells/treatment and in two independent experiments. 
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[35S]-GTPγS binding assay 

 

CHO cells 

Chinese hamster ovary (CHO) cells stably transfected with cDNA encoding human cannabinoid 

CB2 receptors (Bmax = 215 pmol·mg-1) were purchased from PerkinElmer Life Sciences Inc. 

(Boston, MA, USA). They were maintained at 37°C in 5% CO2 in Dulbecco’s modified 

Eagles’s medium nutrient mixture F-12 HAM, supplemented with 1 mM L-glutamine, 10% 

fetal bovine serum, 0.6% penicillin–streptomycin and 400 µg·mL-1 G418. These hCB2 CHO 

cells were passaged twice weekly using PBS-EDTA buffer (1 mM EDTA in PBS solution).  

 

Membrane and whole-cell preparation.  

[35S]GTPγS assays were performed with hCB2 CHO cell membranes, prepared as described by 

Ross et al.[3]. For membrane preparation, cells were removed from flasks by scraping, 

centrifuged at 489 x g and then frozen as a pellet at -20°C until required. Before use in a 

[35S]GTPγS  assay, cells were defrosted and diluted in GTPγS binding buffer. 

 

[35S]-GTPγS binding assay 

The method used for measuring agonist-stimulated binding of [35S]GTPγS was based on a 

previously described protocol.[4] The assays were carried out with GTPγS binding buffer (50 

mM Tris-HCl, 50 mM Tris-base, 5 mM MgCl2, 1 mM EDTA, 100 mM NaCl, 1 mM 

dithiothreitol, 0.1% BSA) in the presence of [35S]GTPγS (0.1 nM) and GDP (30 mM) in a final 

volume of 500 µL. Binding was initiated by the addition of [35S]GTPγS to deep well blocks. 

Nonspecific binding was measured in the presence of 30 µM GTPγS. All assays were performed 

at 30°C for 60 min before termination by addition of ice-cold Tris binding buffer and vacuum 

filtration using a 24-well sampling manifold (Brandel Cell Harvester) and Brandel GF/B filters 

that had been soaked in wash buffer at 4°C for at least 24 h (Brandel Inc, Gaithersburg, MD, 

USA). The radioactivity was quantified by liquid scintillation spectrometry. In all these assays 

we used a protein concentration of 50 µg per well of membranes obtained from hCB2 CHO 

cells. [35S]GTPγS (1250 Ci·mmol-1) was obtained from PerkinElmer Life Sciences Inc. 

(Boston, MA, USA), GTPγS from Roche Diagnostic (Indianapolis, IN, USA) and GDP from 

Sigma-Aldrich. 

 

Some [35S]GTPγS assays were performed with samples of 9c-cis that had been switched from 

9c-trans by exposing the trans-isomer to UV light (365 nm) for 10 minutes in the presence of 
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red light but not of daylight or of any other kind of light. All additions to deep well blocks were 

made in the presence of red light only, after which the blocks were kept in total darkness (under 

aluminium foil), apart from brief exposures to red light.  

 

Analyisis of data 

Values have been expressed as means and variability as SEM or as 95% confidence limits. 

Mean EC50, mean minimal effect (Emin) and mean maximal effect (Emax) values, and SEM or 

95% confidence limits of these values, have been calculated by nonlinear regression analysis 

using the equation for a sigmoid concentration-response curve (GraphPad Prism. P values < 

0.05 were considered significant. 
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Table 2. Effects of 1 µM 9c on the mean EC50, Emin and Emax values of CP55,940 for its stimulation 

of [35S]GTPγS binding to membranes obtained from Chinese hamster ovary (CHO) cells stably 

transfected with human CB2 cannabinoid receptors.  

 

Treatment(s)  

in addition to  

CP55940 

 

 

CP55940 

parameters 

Mean 

EC50, Emin 

and Emax 

values of 

CP55940 

95% confidence 

limits 

n 

Figure 6b data     

None EC
50 

(nM) 1.22 0.56 & 2.66 6 

 

 

 

None E
min

 (%) 
9.84 6.45 & 13.22 

None E
max

 (%) 35.98 32.60 & 39.36 

     

1 µM 9c-trans EC
50 

(nM) 10.99# 5.87 & 20.56 6 

 

 

 

1 µM 9c-trans E
min

 (%) 
-2.47* -5.38 & 0.43 

1 µM 9c-trans E
max

 (%) 39.49 32.98 & 46.01 

     

Figure 6c data     

None EC
50 

(nM) 
0.98 0.36 & 2.64 6 

 

 

 

None E
min

 (%) 6.44 1.47 & 11.40 

None E
max

 (%) 
36.76 31.82 & 41.70 

     

1 µM 9c-cis EC
50 

(nM) 
17.74# 7.81 & 40.30 6 

 

 

 

1 µM 9c-cis E
min

 (%) -15.30* -23.60 & -6.99 

1 µM 9c-cis E
max

 (%) 35.99 29.70 & 42.28 

 

Each symbol (# for EC50 and * for Emin), indicates a significant difference (P < 0.05) (Figure 6b) 

between a mean EC50 or Emin value of CP55,940 determined in normal light in the presence of 1 µM 

9c-trans, and a mean EC50 or Emin value of CP55,940 determined in normal light in the absence of 

1 µM 9c-trans, or (Figure 6c) between a mean EC50 or Emin value of CP55,940 determined in 

darkness or under red light in the presence of 1 µM 9c-cis, and a mean EC50 or Emin value of 

CP55,940 determined in darkness or under red light in the absence of 1 µM 9c-cis. Significant 

differences are indicated by non-overlapping 95% confidence limits.  
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Computational Studies 

 

For construction of a homology model of the hCB2R, based on the crystal structure of the 

hCB1R (pdb code: 5XRA)[5], the software SYBYL 7.0 (Tripos Inc.) was used. The first 18 

amino acids of the N-terminus and the last 44 amino acids of the C-terminus were not included 

into the homology model, because these parts are not present in the crystal structure. After 

deleting the flavodoxin, all amino acids, being different between the sequence of the hCB1R-

crystal and the hCB2R were mutated into the corresponding amino acids of the hCB2R. For 

modelling of the E2-loop, the amino acids Glu258 to Val263 of the CB1R-crystal were deleted 

and the missing amino acids of the hCB2R Cys179 to Pro182 were inserted, by applying the 

“LoopSearch” module of SYBYL. For modelling of the I3-loop the amino acids Ser222 to 

Met237 were also included using “LoopSearch”. The model was refined and energetically 

minimized, as described.[6] The compounds 9c-trans and 9c-cis were docked, in two different 

poses into the binding pocket of the homology model, inspired by the AM11542-hCB1R-crystal 

(pdb code: 5XRA).  
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