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SUMMARY 

The present study is focused on the isolation and structure elucidation of bioactive natural compounds 

as well as on the semi-synthesis and synthesis of new derivatives as inhibitors of HIV-1 Reverse 

Transcriptase, Carbonic Anhydrase, DNA Gyrase, and human Rinoviruses replication. 

As regards the first target, we found that the EtOAc extract of the Sardinian plant Teucrium flavum 

subp. glaucum was able to inhibit the HIV-1 RT associated RNase H function. A bioassay-guided 

fractionation of the extract yielded six secondary metabolites and, among all, the flavone Cirsiliol 

was the most potent inhibitor of RNase H function with an IC50 of 8.2 µM. Furthermore, the 

hydrolysis of the inactive Teuflavoside led to one known and three new neo-clerodanes. Among all, 

Flavuglaucin B was the most potent inhibitor with an IC50 of 9.1 µM. Site-directed mutagenesis and 

docking studies indicated that Flavuglaucin B bind to the RT allosteric pocket close to RNase H site. 

Concernig carbonic anhydrases (CAs), the phytochemical investigation of two extracts of the plant 

Magydaris pastinacea, endowed with inhibitory activity toward this enzyme, resulted in the isolation 

of one new and fourteen known coumarins. All compounds were selective toward the tumor-

associated CA IX and CA XII since none was active against the off target CA I and CA II up the 

concentration of 100 µM. Some coumarins revealed a strong inhibitory effect toward CA IX and CA 

XII with Kis in the range of 74.5-5.7 nM. Molecular docking experiments revealed that the most 

potent coumarin could be hydrolyzed by the Zn2+ activated water molecule of the enzyme cavity and 

the open compound is stabilized by several hydrogen bonds and π-π interactions in the catalytic site 

of CA XII.  

Based on the evidence that the phenylpropanoid (E)-3-(3,4-dimethoxyphenyl)-2-propen-1-yl(Z)-2-

[(Z)-2-methyl-2-butenoyloxymethyl)butenoate isolated from Bupleurum fruticosum, behaved as a 

potent capsid binder, three series of derivatives were synthesized modifying both the phenylpropyl 

group and the aliphatic ester chain. Interestingly, biological tests revealed that the most part of the 

synthesized compounds exhibited no cellular toxicity up to 100 µM and showed a reversal of 

selectivity towards the viral species B, HRV-14. Among all, some of the phenylpiperazine or 

piperidinylpyridine derivative amides, inhibited the replication of HRV-14 with EC50 values in the 

low micromolar range. 

Bacterial DNA gyrase is an interesting target for the discovery of new antibacterial compounds, 

overcoming bacterial resistance, insufficient penetration and effluxing and boosting antibacterial 

activity. Based on this evidence, Ciprofloxacin, a well known Gyrase A inhibitor, was combined with 

benzothiazole-based gyrase B inhibitors. All dual compounds displayed potent antibacterial activity 

against E.coli due to the interaction of the hybrids with the GyrA and/or topoisomerase IV 
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ParC subunits, while inhibition of GyrB was not strong enough to provide a substantial contribution 

to the observed antibacterial activity. 
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Introduction 
 

Natural products from plants and microorganisms have been the basis for treating human diseases,1 

either in the form of extracts or as single compounds. Awareness and application of plants to prepare 

food and medicine have been realized through trial and error and gradually human became conscious 

of their properties. Since ancient times in several countries such as China, Greece, Egypt and India, 

medicinal plants were used as a resource for the treatment of diseases.2 As a matter of fact, the term 

medicinal plant refers to a variety of plants that have medicinal properties. The earliest written 

evidence of the use of medicinal plants for preparation of drugs has been found on a Sumerian clay 

slab from Nagpur dating back to nearly 5000 years ago. Moreover, according to some inscriptions, 

Egyptians and Chinese, who used plants as medicine since more than 27 centuries BC, were among 

the earliest human beings who did so.3 Ancient Greek people were also familiar with the medicinal 

properties of some medicinal plants, and Hippocrates, the founder of Greek medicine and Aristotle, 

pupil of Hippocrates, used medicinal plants for the treatment of diseases. After that, Theophrastus, a 

Greek scientist, founded the School of Medicinal Plants. Then, Pedanius Dioscorides, a physician and 

surgeon in the years 75-45 BC, wrote an encyclopedia, called De Materia Medica, to describe 600 

therapeutic medicinal plants.4,5  

Phytotherapy is widely being used across the world on a constantly growing basis. The global trend 

of synthetic compounds has turned to herbal drugs, which can be refered as a return to nature. In 

recent years, according to the WHO, more than 80% of inhabitants of the world used traditional 

medicines for their primary health care needs.6 This figure included not only a large population of 

China, India, which are the countries with great varieties of medicinal plant, but also many advanced 

Countries.7 Traditional Chinese medicine uses over 5000 plant species, while Indian system of 

traditional medicine uses about 7000 plant species.8 From 1959 to 1980, in USA 25% of all 

prescriptions contained plant extracts or active principles prepared from higher plants and only in 

1980 costumers paid more than $ 8000 million for prescriptions containing plants derivatives6,9 and 

between 1990 and 2000, an increase of over 380 % in sales in the United States was recorded.10  

In the past the method of using herbal drug was the employment of crude plant or parts of plant. In 

1829 from the bark of the willow tree (Salix spp.), the French pharmacist H. Leroux isolated for the 

first time a non-steroidal anti-inflammatory drugs (NSAIDs) salicin. Salicin was shown to be a 

prodrug that was converted to salicylic acid in the intestinal tract and liver after oral administration. 

Salicylic acid, when taken orally, possesses excellent anti-inflammatory, analgesic, and antipyretic 

properties; however, even its sodium salt is difficult to tolerate for lengthy periods because of the 

irritation and damage it produces in the mouth, esophagus, and, particularly, the stomach. Aspirin 
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was introduced into medicine in 1899 and found to be equally effective and better tolerated (Figure 

1).11  

 

 

Figure 1. Chronology of drug development from willow bark. 

 

Currently, it is estimated that over 50% of the available drugs are derived from medicinal plants;12 

indeed, a lot of plant-originated drugs have been discovered and various secondary metabolites are 

actually in use as for example, morphine identified from Opium, digoxin from Foxglove, quinine from 

Cinchona bark, pilocarpine from Maranham Jaborandi, taxol from Taxus brevifolia. 

It is reported that 11% of the 252 drugs considered as basic and essential by the WHO were 

exclusively of flowering plant origin.13 49% of the total anti-cancer drugs approved between years 

1940-2014 were natural products or directly derived therefrom. 64% of the newly synthesized anti-

hypertensive drugs during the period of 1981-2014 have origin in natural products.14 

Drug development has followed a progression from a natural product, to a synthetic modification of 

that natural compound (e.g. Aspirin) to a synthetic one apparently showing little relationship to its 

natural forebears. An example is the drug ibuprofen, which was introduced in American market in 

1974 as one of the first of a new generation of NSAIDs, developed in order to reduce side effects 
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associated with prolonged use of aspirin such as increased bleeding tendencies and gastrointestinal 

irritation. 

Thus, although natural products continue to play a highly significant role in the drug discovery, they 

suffer from several limitations that require chemical modifications leading to semi-synthetic 

derivatives or totally synthetic analogues with better characteristics. 

The most widespread limitations facing the development of drugs from natural compounds are the 

following: 

 Toxicity 

 Low potency 

 Low selectivity 

 Low bioavailability and/or poor solubility 

 Natural products are often present in plants in small quantities or as mixtures in extracts, 

which require labor-intensive and time-consuming purification procedures. Obtaining further 

quantities for preclinical studies requires long time that would have a substantial impact on 

the development time line. 

 

Focusing on the anticancer and antimicrobials drugs, below some examples of semi-synthetic and 

totally synthetic drugs obtained from natural scaffolds. 

Podophyllotoxin was isolated for the first time in 1880 by Podwyssotzki from the roots and rhizomes 

of the North American plant Podophyllum peltatum L., commonly known as the American mandrake 

or May apple and recognized as a potent antitumor factor. 

 

  

Figure 2. Chemical structure of podophyllotoxin (left) and etoposide (right) 

 

It has been shown that podophyllotoxin has anti-neoplastic properties that prevent the polymerization 

of tubulin which thereby induce cell cycle arrest at mitosis and impede the formation of the mitotic-

spindles microtubules, preventing cancer cells development.15 Unfortunately, podophyllotoxin is too 
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toxic for clinical application but podophyllotoxin analogues such as etoposide (Figure 2) and 

teniposide, possessing higher therapeutic indices, have been approved for the treatment of various 

solid tumors.16  

 

Paclitaxel is an antitumor compound isolated from Taxus brevifolia and it is classified as microtubule-

stabilizing agent.17 The limited natural availability of this drug made it the focus of many synthetic 

investigations and extensive SAR studies. 

Paclitaxel, along with several key precursors (the baccatins), occurs in the leaves of various Taxus 

species, and the ready semi-synthetic conversion of the baccatins to paclitaxel has provided a major 

natural source of this important class of drugs.  

             

Figure 3. Structure of 10-deacetylbaccatin (left) and paclitaxel (right) 

 

Despite the potent antitumor activity, paclitaxel caused undesirable side effects due to its extremely 

low solubility and to the associated formulation. Thus, it was apparent in the early 1990s that it would 

be essential to develop new taxane anticancer agents with fewer side effects, and superior 

pharmacological properties.  

Later, it was discovered that the european yew Taxus baccata was a source of 10-deacetylbaccatin 

III, lacking the side chain at C13 and the acetyl group at C10, a precursor that could provide paclitaxel 

through a relatively simple route. The semi-synthetic analog docetaxel is more potent and soluble 

than paclitaxel and is used against many tumors instead of paclitaxel.17 More recently, by means of 

other synthetic or semi-synthetic methodologies, such as the β-lactam synthon method,18 new taxanes 

with improved water solubility and potency against MDR-expressing cells and tumors (cabazitaxel, 

Figure 4) or with oral bioavailability (ortataxel, Figure 4) are in clinical trials or approved in cancer 

theraphy.19 

 

HO
OH

HO O OH

O

H
O O

O

O

O

HO

O
O

OH

O
H

O O

O

O

O

O
NH

HO

O



5 

 

                             

Figure 4. Structure of cabazitaxel (left) and ortataxel (right) 

 

Another interesting plant drug prototype is represented by camptothecin. It is a cytotoxic quinoline 

alkaloid isolated from the bark and stems of Campototheca acuminata and represents a unique  mode  

of  anticancer  activity targeting human topoisomerase I.20 Unfortunately, due to a poor solubility and 

some severe side-effects observed in clinical studies including hemorrhagic cystitis, the clinical trials 

were abandoned in 1974.  

 

Figure 5. Structure of camptothecin 

 

In order to improve the solubility, pharmacokinetics and toxicity, several camptothecin semi-

synthetic derivatives were synthesized and among all, irinotecan and topotecan (Figure 6) reached 

the market.21  

 

                      

Figure 6. Structure of irinotecan (left) and topotecan (right) 
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Most antibiotic classes in use were discovered from Actynomices, Penicillum and Cephalosporium 

genera and, as in the case of anticancer drugs, many natural antibiotics could not be used as they were 

because of low potency/low bioavability/pharmacocinetics problems or toxicity.  

Probably, the best known case regards the antibiotic Cephalosporin C (Figure 7) discovered by 

Abraham and his colleagues in Oxford as a minor component of the antibiotic complex produced by 

Cephalosporium acremonium, a mold cultivated from a Sardinian sewage outfall by Prof. Giuseppe 

Brotzu in 1948 (Figure 7).22 In vitro and in vivo antibacterial screening of Cephalosporin C showed 

a very low potency against Gram negative bacteria and also a low chemical stability that precluded a 

therapeutic use. Cefalotin (Figure 7), the first semi-synthetic cephalosporin, was obtained by 7-

aminocephalosporanic acid (7-ACA), which is derived from chemical deacylation of Cephalosporin 

C. With respect to Cephalosporin C, Cefalotin showed much more potency, chemical stability and a 

larger antibacterial spectrum. Nowadays 7-ACA is the key intermediate for producing about two 

thirds of cephalosporins in clinical use. 23  

    

Figure 7. Structure of Cephalosporin C (left) and Cefalotin (right) 

 

Plants furnished the first drug (Quinine, Figure 8) effective against malaria that has been used as one 

of the most effective treatments for malaria to date.24 However, the low therapeutic index of quinine 

together with the widespread P. falciparum strains resistant to this drug, led to quinine synthetic 

analogs with few side effects. 

 

Figure 8. Structure of Quinine 
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Another plant-derived anti-malarian drug is represented by artemisinin (Figure 9), isolated in 1971 

by Tu You You from the plant Artemisia annua.24 Due to the importance of artemisinin in combating 

malaria, You You was awarded the joint Nobel Prize in Physiology or Medicine in 2015.25 The 

discover that artemisinin metabolite, dihydroartemisinin (Figure 9), was the active compound, led to 

substitute in the antimalarian theraphy artemisinin with the reduced product dihydroartemisinin or 

with the semi-synthetic prodrug derivatives artemether, artesunate and arteether.24  

                  

Figure 9. Structure of Artemisinin (left) and Dihydroartemisinin (right) 

 

Natural compounds are still proving to be an invaluable source of medicines for humans. The success 

stories discussed here indicate that optimization of pharmacokinetics, stability, potency, and/or 

selectivity of natural products by targeted chemical modifications enables the development of natural 

products-based drugs.  

Plant-derived and other natural product secondary metabolites have provided many novel prototype 

bioactive molecules, some of which have led to important drugs that are available on the market 

today.   
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1. Natural and hydrolyzed compounds from Teucrium flavum 

subsp. glaucum as inhibitors of HIV-1 RT RNase H function 

 

1.1 Human Immunodeficiency Virus (HIV) 

 

1.6.3  Short history of the discovery of HIV 

Human Immunodeficiency virus known by the acronym HIV is the cause of the Acquired Immune 

Deficiency Syndrome (AIDS). HIV is characterised at the biological level by a profound depression 

of cellular immunity and clinically by infections in immunodepressed patients. Person afflicted with 

AIDS do not die because of AIDS itself but they die because of other opportunistic diseases for the 

reason that HIV weakens the immunity and reduces ability to fight. The World Health Organization 

(WHO) report indicated that the high increase in financing for HIV programs in low- and middle-

income countries is beginning to reach results. As a matter of fact, many countries are making 

progress in lowering AIDS deaths and preventing new infections; however, in 2017, there were 36.9 

million [31.1 million–43.9 million] people living with HIV, whose 35.1 million [29.6 million–41.7 

million] are adults and 1.8 million [1.3 million–2.4 million] are children (<15 years).1 The US Federal 

Drug Administration (FDA) has already approved 25 drugs for the treatment of AIDS.  

In 1983 Luc Montagnier and his colleagues from the Pasture Institute, claimed to have discovered the 

virus HIV. HIV was firstly considered similar to Human T Leukemia virus (HTLV) because of these 

various manifestations: the decrease in the levels of a CD4+ T cells and HTLV was one of those 

responsible agents. Moreover, there were animal models in which retroviruses caused not only 

leukemias or lymphomas, but also an AIDS-like syndrome. Furthermore, HTLV was transmitted 

through blood and sexual activity.2, 3  Therefore, all these evidences lead to the start a search for the 

new virus. In 1984 biological and molecular characterization4-6 on HIV, so renamed by an 

International Nomenclature Committee, confirmed its relationship with AIDS. The identification had 

been a real challenge because this patology is characterised by clinical signs that appeared years after 

the infection had occurred, and by then, patients usually had numerous other infections. It was finally 

accepted by the scientific and medical community and it was further supported by the isolation of a 

second virus (HIV-2), from West African patients in 1986.7  
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1.1.2  HIV Morphology 

HIV is grouped to the genus Lentivirus within the family of Retroviridae, subfamily 

Orthoretrovirinae.8 The virus particle is spherical in shape with about 145 nm (95-166 nm range) in 

diameter with an outer lipid membrane as its envelope.9 The HIV genome is made of two identical 

single-stranded RNA molecules that are enclosed within the core of the virus, with several molecules 

like RT/RNase H and integrase (IN) that bound to the nucleic acid.8 The proviral DNA is generated 

by reverse transcriptase that converts the viral RNA genome into DNA, it degrades RNA and 

integrates double-stranded into the human genome. The DNA genome contains at both ends long 

terminal repeat (LTR) sequences. The 5' LTR region codes for the promotor for transcription of the 

viral genes. The genome is composed of 9 open reading frames encoding 15 viral proteins.10 From 5’ 

to 3’ the reading frame encode, respectively, the Gag, Pol, and Env polyproteins, which are cleaved 

into individual proteins, during the maturation, the budding process and release of virions from the 

cell. The four Gag proteins and the two Env structural components involved in making up the core 

and outer membrane envelope, while the three Pol proteins, encapsulated within the particle, have 

enzymatic functions. There are, also, two regulatory proteins, Tat and Rev, and four accessory 

proteins (Vif, Vpr, Vpu, Nef) one of these, Vpu, is important in assembly of the virion. HIV-2 codes 

for Vpx instead of Vpu, which is partially responsible for the reduced pathogenicity.11 
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Figure 1. Structure of HIV 

 

1.1.3 Replication of HIV 

HIV-1 replication cycle could be divided into 15 steps, as depicted in Figure 2. Entry of HIV into the 

host cell requires the binding of one or more gp120 molecules on the virus to CD4 molecules on the 

host cell’s surface. Interaction of the gp120 subunit of the HIV-1 envelope with CD4 is followed by 

binding to an additional coreceptor, either the CC chemokine receptor CCR5 or the CXC chemokine 

receptor CXCR4.12-15 The replication begins with the interaction of the viral genome into a host 

chromosome. 

 

 

Figure 2. Replication cycle of HIV 
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1.2 Reverse Transcriptase (RT) 

The HIV-1 reverse transcriptase (RT) is a multifunctional enzyme that shows all these activities: 

 RNA-dependent DNA polymerase (RDDP) 

 DNA-dependent DNA polymerase (DDDP) 

 Ribonuclease H (RNase H) 

This enzyme is a heterodimer composed of 2 subunits with 560 and 440 residues, p66 (66kDa) and 

p51 (51kDa). Both subunits share the same amino acid sequence, but p66 contains polymerase and 

RNase H domain, while p51 plays a more structural role.16 

RT catalyzes the conversation of a single-stranded viral RNA to a DNA, mediated by RDDP, which 

uses RNA, as a reference, to synthesize a single-stranded of DNA. RNAse H plays a central role in 

the replication cycle because it splits the hybrid RNA/DNA during transcription; afterward DDDP 

uses DNA to complete the double helix. Finally, IN integrates it into the host DNA.17 

RNase H active site is located in p66 near the carboxyl terminus starting from Tyr427
18 and it has been 

revealed to be a sequence-nonspecific endonuclease, belonging to the nucleotidyl-transferase 

superfamily.19 X-ray diffraction proved the structure of RNAase H: a central 5-stranded mixed β-

sheet flanked by four α-helices in an asymmetric distribution.20 The active center of the RNase H 

domain is characterized by a highly conserved DEDD domain, containing D549, E478, D443 and 

D498, which coordinates two divalent cations (Mn2+ or Mg2+) required to hydrolyze the RNA 

substrate. Mutations in any of these four residues inhibit its activity.21 The most recent studies have  

demonstrated the presence of two-metal ions in the active city as a critical role in the catalysis.19,22 
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Figure 3. Structure of the RNase H domain of HIV-1 RT 

 

Mechanism of action 

The reverse transcription starts with the connection of tRNALys3 to the primer binding site (PBS) 

near the 5´-end of the genome. RT elongates the tRNA primer to the 5’ end of the viral genome, 

forming the (-)-strand stop DNA. During the (-)-strand synthesis, RNase H degrades the RNA of the 

RNA/DNA hybrid intermediate. The new-strand is transferred to the 3' end of the template RNA. 

Then, while the (-)-strand continues its elonging, RNase H degrades the entire template RNA almost 

only leaving the polypurine tract (PPT) as primer for the (+)-strand DNA synthesis; afterward, the 

RNase H removes the PPT and tRNA and the second strand transfer takes place. The synthesis 

continues until the double stranded DNA molecule is completed.23,24 
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Figure 4. RT-mediated reverse transcription process of HIV-1 

 

1.3 Anti-HIV Drugs 

The first drug approved for the treatment of the AIDS was an HIV reverse transcriptase inhibitor, 

azidothymidine also known as Zidovudine. Therefore, reverse transcriptase has been the first target 

in the treatment of HIV and it led to the development of antiretroviral therapy. In the fight against 

AIDS, highly active antiretroviral therapy (HAART) proposed by Dr. David Ho in 1996 has achieved 

great success in controlling AIDS epidemic. HAART transforms HIVinfection from an inevitably 

fatal disease into a manageable chronic ailment and drastically reduced the morbidity and mortality 

of HIV-infected patients.25  

Despite HAART has great contribution in HIV treatment, associated undesirable side effects of RT 

inhibitors and development of drug resistance strains limits the use of this therapy. Therefore, 
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medicinal chemists are still exploring continuously new anti-HIV drug candidates with increased 

potency, novel targets, improved pharmacokinetic properties, and reduced side effects. 

Nowadays, there are 26 drugs licensed for treatment of HIV infection,26 classified into four categories 

based on the mode of action:  

 Reverse transcription Inhibitors (NRTIs and NNRTIs). 

 Drugs that block the viral entry into the hostcell with entry inhibitors, including fusion 

inhibitor 

 Drug inhibiting integration of viral DNA with host genetic material (Integrase Inhibitors) 

 Protease inhibitors that block the viral maturation 

In this PhD thesis we focused the attention on the NRTIs and NNRTIs. 

 

1.3.1  Reverse transcription Inhibitors (NRTIs and NNRTIs) 

RT inhibitors can be classified as Nucleoside Reverse Transcriptase Inhibitors (NRTIs) and Non-

Nucleoside Reverse Transcriptase Inhibitors (NNRTIs).  

 

NRTIs 

NRTIs are nucleoside or nucleotide analogues that are converted into triphosphate derivatives that 

act as competitive inhibitors with natural dNTPs for incorporation in the nascent DNA chain,27 thus 

DNA elongation is blocked due to the lack of a 3’-OH in the ribose ring. The first drug approved was 

AZT. However, its use in AIDS patients was soon recognized useless, indeed it induced mutation of 

the virus.28 After the discovery of AZT, six other drugs were approved in treatment of HIV and HBV: 

 Didanosine (ddI [2‘,3‘-dideoxyinosine]) 

 Zalcitabine (ddC [2‘,3‘-dideoxycytidine]) 

 Stavudine (d4T [2‘,3‘-didehydro-3‘-deoxythymidine]) 

 Lamivudine (3TC [2‘,3‘-dideoxy-3‘-thiacytidine]) 

 Abacavir (ABC) [(1S, 4R)-4-(2-amino-6-(cyclopropylamino)- 9H-purin-9-yl)-2-

cyclopentene-1-methanol] 

 Emtricitabine [(-) FTC (2‘,3‘-dideoxy-5-fluoro-3‘-thiacytidine). 

There are two mechanism of resistance developed against NRTIs. The first includes resistant species 

that could be able to recognise the triphosphate derivatives of NRTIs. The second involves the 
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acquisition of mutations known as ‘thymidine analogue resistance mutations’ (TAMs) because they 

appear after treatment with AZT or d4T; the mutated virus are able to phosphorolysed 30-terminal 

chain-terminators from blocked DNA primers.29 

 

 

Figure 5.  Nucleoside/Nucleotide reverse transcriptase inhibitors (NRTIs) 

 

NNRTIs drugs 

Instead of NRTIs, NNRTIs are small hydrophobic compounds that bind at a hydrophobic pocket that 

is situated approximately 10 Å from the RT DNA polymerase active site,30 serving as no-competitive 

inhibitors31,32 in HIV-1, but not in HIV-2. FDA-approved NNRTIs includes nevirapine (NVP), 

delavirdine, efavirenz (EFV), MIV-150 and three diarylpyrimidine (DAPY) derivatives including 
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etravirine (ETV) rilpivirine (RPV) and dapivirine (DAP). It has been suggested at least three 

mechanisms of action, that are not mutually exclusive: 

1) the first theory suggests that the drug binding distorts the geometry of tyrosine-methionine-

aspartic acid-aspartic acid moiety (YMDD) in the DNA polymerase catalytic site locking the 

enzyme in an inactive conformation;33 

2) Hsiou et al. reported a deformation of ‘primer grip’, a region involved in the precise 

positioning of the primer DNA strand in the polymerase active site, preventing the 

establishment of a ternary complex.34 

3) Since the mobility of the thumb might be important for the translocation of templete and 

primer, Kohlstaedt et al T/P translocation, NNRTIs could reduce this mobility blocking the 

translocation and elongation of the nascent DNA moiety.30 

NNRTIs drugs have been included in first-line antiretroviral therapy (ART), typically composed by 

NVP, EFV or RPV in combination with two NRTIs; moreover, in 2008 ETR has been included in 

this treatment. NVP is used to prevent mother-to-child transmission; an analog of DAP is under study 

to test if a vaginal ring can prevent HIV-1 infection in women; a microbicide gel formulation 

containing the urea-PETT derivative MIV-150 is in a phase I study to evaluate safety, 

pharmacokinetics, pharmacodynamics and acceptability; a long acting RPV formulation is under-

development for pre-exposure prophylaxis (PrEP).35 
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Figure 6. Non-Nucleoside Reverse Transcriptase Inhibitor (NNRTI) 

 

 

Figure 7. Use of NNRTIs in HIV-1 prevention and treatment strategies 
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that the cross-resistance could be possible in case of HIV-infection during NNRTI-containing PrEP 

or microbicide therapy, especially with DAPY analogs (DAP, RPV and ETR).35 

 

1.3.2 Inhibitors of RNase H function 

Even though RNase H inhibitors have been described as early as 1990,36 none of these have been 

approved for clinical purpose so far. Nevertheless, RNase H remains an attractive target for HIV 

therapy. Nowadays several promising compounds have been reported to inhibit HIV-1 replication at 

low concentration targeting RNase H function. RNase H inhibitors can be divided in two groups 

according to their mechanism of action: active site directed inhibitors and allosteric inhibitors.17 

 

Active Site-Directed Inhibitors 

The active site-directed inhibitors bind to the RNase H catalytic center by interacting with two metal 

cations; this interaction blocks the access of the metals to the phosphodiester bond in the RNA strand, 

thereby preventing the metal catalyzed hydrolysis reaction.37 This subgroup contains several 

compounds such as: diketo acids, N-hydroxyimides, hydroxylated tropolones, pyrimidinol carboxylic 

acids, naphthyridinones and nitrofuran-2-carboxylic acid carbamoylmethyl esters (NACMEs). 

Diketo Acids (DKAs). DKAs were initially developed as integrase inhibitors. Due to similarities 

between HIV IN and RT RNase H domain, DKAs were evaluated for potential inhibition of HIV-1 

RNase H activity.38 4-[5-(benzoylamino)thien-2-yl]-2,4-dioxobutanoic acid (BTDBA) is one of the 

most active compounds. In order to be active the presence of metal cations seems to be essential. 

Thus it is probably that BTDBA binds directly the active site metal ions, confirmed by a moderate 

activity against HIV IN.39 However, BTDBA did not show viral replication inhibition in cell culture.  

Tramontano et coll.40 reported that the DKA 6-[1-(4-fluorophenyl)methyl-1H-pyrrol-2-yl)]-2,4-

dioxo-5-hexenoic acid ethyl ester (RDS-1643) inhibited RNase H activity with an IC50 value of 13 

μM, selectively, but also inhibits the replication in MT-4 cell culture (EC50 = 14 μM, CC50 = 63 μM) 

either of wild either of resistant HIV-1 NNRTI strains. Therefore, RDS 1643 could be considered a 

promising compound. 
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Figure 8. structure of BTDBA (left) and of RDS-1643 (right) 

        

N-hydroxyimides (RNHI) were originally developed against influenza virus endonuclease because 

they are able to bind the metal ions in the active site. The pharmacophore is characterized by three 

oxygen atoms that mimic the enzyme active site metal ion interaction with the substrate during 

catalysis. Thus it would be expected to be competitive inhibitors of RNase H catalysis, confirmed by 

the crystal structures of the RNase H domain in complex with N-hydroxyimide inhibitors.41,42 

Unfortunately, none of the compounds was able to inhibit HIV replication. Among all, 2-hydroxy-

4H-isoquinoline-1,3-dione showed potent inhibition of HIV-1 RNase H activity with IC50 values in 

the range of 0.6-1 μM, but inactive against RT polymerase activity. The structure-activity relationship 

studies showed that the N-hydroxy group is essential for the activity as well as the enol and 

substitutions on the phenyl moiety.42 2-hydroxy-4-methoxycarbonylisoquinoline-1, 3(2H, 4H)-dione 

inhibits RT RNase H in vitro with IC50 of 61 nM and also HIV IN with less potency (IC50 ~ 5 μM). 

Therefore the weak antiviral activity, (EC50 ~ 13 μM), is mainly due to IN inhibition.43 

 

Figure 9. Chemical structures of 2-hydroxy-4H-isoquinoline-1,3-dione (left) and 2-hydroxy-4-

methoxycarbonylisoquinoline-1, 3(2H, 4H)-dione (right) 
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The pyrimidinol carboxylic acids (PCA) have been designed by Kirschberg et coll.44 based on 

structural analysis of DKAs, N-hydroxyimides and tropolones. These compounds coordinate with the 

two metal ions in the active site and selectively target the viral RNase H. The SAR studies showed 

that the carboxylate and phenolic hydroxyl groups are essential for dual metal chelation. Several 

compounds have been synthesised with modification on 2-position of pyrimidinol ring and some 

showed a methylene linker introduced between the pyrimidinol ring and phenyl ring (Figure 10); 

further optimisation on the benzyl moiety of A led to compound B as the most active PCA, inhibiting 

HIV-1 RNase H and human RNase H with IC50 values of 0.17 μM and 70 μM, respectively. However, 

none of these compounds were reported to have antiviral activity. 

 

                       

Figure 10. Chemical structure of the most active pyrimidinol carboxylic acids A (left) and B (right) 

 

In 2010, Williams et coll., with the purpose to obtain potent and selective RNase H inhibitors, 

designed naphthyridinones as new class of RNase H active site inhibitors.45 The former compound 

in this series was MK1 that inhibited RT RNase H in vitro with IC50 of 0.11 µM, the HIV IN (IC50 = 

0.9 µM), but had no effect on the polymerase activity of RT (IC50 > 50 µM). MK1 showed good 

antiviral activity (EC50 = 2.5 µM). An analog of MK1, substituted at the 4-position, demonstrated the 

best potency to inhibit RNase H with IC50 of 45 nM, with 290- and 530-fold more selectivity for the 

RT polymerase and IN. This compound reported antiviral activity in the range of sub-micromolar 

(EC50 < 0.2 µM); however, it is quite cytotoxic so that the in vitro specificity is insufficient to enable 

estimation of antiviral activity.37 
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Figure 11. Chemical structure of the most active naphthyridinones  

NACMEs have been discovered by Fuji et coll.46. Among all derivatives, 5-nitro-furan-2-carboxylic 

acid adamantan-1-carbamoylmethyl ester (c) and 5-nitrofuran- 2-carboxylic acid [[4-(4-bromo-

phenyl)-thiazol-2-yl]-(tetrahydrofuran-2-ylmethyl)-carbamoyl]-methyl ester (d) were the most 

interesting compounds, which selectively inhibited RNase H activity in μM range, while did not have 

activity against HIV-1 IN or RT RDDP. Moreover, compound d was able to inhibit HIV-1 replication 

at a concentration of 20-25 µM. The SAR studies demonstrated that 5-nitrofuran moiety is essential 

for the activity. As a matter of fact, the substitution with other groups caused a drastic decrease in 

potency. Hiroshi et al.47 designed new derivatives of 5-nitro-furan-2-carboxylic acid and one of these 

(e) improved by 18-fold the inhibition of RNase H. 

  

Figure 12. Chemical structure of the most active NACMEs 

 

1.3.3  Synthetic Allosteric Inhibitors (RNHIs) 

Synthetic RNHIs target a region outside the RNase H domain, an allosteric site. Up to now, only two 

class of compounds have been identified: N-acyl hydrazones and thiophene-3-carboxamides and 

thienopyrimidinones. Interestingly, both categories contain similar fragments in their structures and 

probably possess a common pharmacophore model.17 
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There is evidence that binding of NNRTIs as well as mutations in the allosteric pocket in the RT DNA 

polymerase domain have an impact on the activity RT RNase H, probably due to a change in the 

positioning of the RNA/DNA duplex nucleic acid after protein conformation changes in the 

polymerase domain, following NNRTI binding.48-50  

N-acyl hydrazones 

Ilina et coll.37 have been the first group that reported N-(4-tert-Butylbenzoyl)-2-hydroxy-1 

naphthaldehyde hydrazone (BBNH) as a good HIV RT RNase H inhibitor at low micromolar 

concentration, inhibiting both the RNase H and DNA polymerase activities of HIV RT. 

Afterwards, some antiviral analogues of BBNH have been designed; these compounds, such as 

DHBNH, showed reduced metal binding and increased cytotoxicity. DHBNH is a potent HIV-1 

RNase H inhibitor with an IC50 value of 0.5 μM, but it did not have an effect on the RT RDDP 

enzyme.51 It has been confirmed by crystal structure of HIV-1 RT complexed with DHBNH, which 

also indicates the interaction with a new site, located between the polymerase active site and the non-

nucleoside RT inhibitor (NNRTI) allosteric binding pocket (NNIBP). Modifications at para-position 

of the benzoyl ring of DHBNH could increase the inhibition of the RT polymerase activity by 

interacting with NNIBP. 

Recently, new RNase H inhibitor, BHMP07 has been synthesized; it binds to a pocket in the interface 

between the p51 subunit and the RNase H domain of the RT p66 subunit, probably recognising the 

region in the RNase H fragment.52 

 

  

Figure 13. Structure of BBNH (left) and DHBNH (right) 
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Thiophene-3-carboxamides 

Two thiophene-3-carboxamides, NSC727447 and NSC727448, were identified as inhibitors of 

RNase H activity of HIV-1 and HIV-2 RT, with IC50 values of 2.0 and 3.2 μM, respectively.53 

Moreover, NSC727447 is a selective RNase H inhibitor, indeed it did not show activity against DNA 

polymerase or pyrophosphorolysis up to the concentration of 50 μM. 

 

  

Figure 14. Chemical structure of thiophene-3-carboxamides derivatives. 

 

Thienopyrimidinones 

Based on the previous cyclized thiophene-3-carboxamides, Masaoka et al.54 reported a series of novel 

thienopyrimidinones with substitutions on the thiophene or the C2 position of the pyrimidinone ring. 

Among all, the most active derivatives were those with 3,4’-dihydroxyphenyl ring binding the 

allosteric site of RNase H function. It provides a new starting point for future optimisation. 

Thiocarbamates and 1,2,4-triazoles were identified as inhibitors of HIV RT RNase H at Wyeth 

company.55 However, there are no structural data supporting this theory of interaction with RT RNase 

H domain, while studies and crystallography show the binding in the NNRTI pocket in the RT DNA 

polymerase domain.56,57 Ilina et al. designed some triazole-derivatives,37 but results suggest that these 

compounds bind RT polymerase NNRTI binding site and it is not ideal, because they would 

antagonize an entire class of active drugs. Nevertheless, other information about the binding on 

NNRTI-site, could be useful in the synthesis of dual inhibitors (RT polymerase, RT RNH) 
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1.4 Anti Rnase H Natural And Natural-Derived Compounds 

 

Tropolones are terpenoids isolated from cupressaceae plants that contain a metal ion-chelating 

pharmcophore moiety. These compounds show several biological effects such as antitumor, 

antifungal, insecticidal and antimicrobial effects. 

In National Cancer Institute library of pure natural products were identified two hydroxylated 

tropolones as effective and selective inhibitors of HIV-1 RNase H: β-thujaplicinol (2,7-dihydroxy-4-

(1-methylethyl) 2,4,6-cycloheptatrien-one) and manicol (1,2,3,4-tetrohydro-5,7-dihydroxy-9-

methyl-2-(1-methylethenyl)-6Hbenzocyclohepten-6-one) (Figure 15); the former was the most potent 

with IC50 values of 0.2 μM for the inhibition of HIV-1 RNase H and 50 μM for E.coli RNase H,58 

while the second one had inhibitory activity against the human HIV-1 RNase H and E.coli RNase H 

with IC50 values of 1.5 and 40 μM, respectively. Interestingly, it was also observed that β-

thujaplicinol, when used in combination with an NNRTI, calanolide A, showed activity due to the 

synergistic effect on HIV-1 RT polymerase function and RNase H.17 Another tropolone analog, β-

thujaplicin (2-hydroxy-4-(methylethyl)-2,4,6-cycloheptatrien-1-one), lacking the OH group in 

posizion 7 of the heptatriene ring, was completely inactive, supporting the importance of 2,7-

dihydroxy moiety of the activity.  

 

 

Figure 15. Structure of β-thujaplicinol, manicol and β-thujaplicin 

 

Besides troponole derivatives, which are active Site-Directed Inhibitors on RNase H, natural products 

were discovered and screened for inhibitory activities against HIV-1 RNase H.  

Among all, a secondary metabolite isolated from sponge Smenospongia, illimaquinone, inhibited the 

RNase H activity with an IC50 value of 15 μM and low activity against RDDP. In the same study it 

had been reported that a replacement of 6'-hydroxyl group on the quinone ring with a methyl or acetate 
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group reduces the activity, which indicates that hydroxyl in ortho position to the carbonyl group is 

essential.36 

Ardimerin digallate, isolated from the plant of Ardisia japonica, showed IC50 values of 1.5 and 1.1 

μM for HIV-1 and HIV-2 RNase H in vitro, respectively, indicating a galloyl group as an important 

for anti-HIV activity.59 1,3,4,5-Tetragalloylapiitol, extracted from Hylodendron gabunensis, inhibits 

HIV-1 and HIV-2 RNase H with IC50 of 0.24 and 0.13 μM and human RNase H at low value (IC50 = 

1.5 μM).60 Three new galloyl arbutins, obtained from Eugenia hyemalis, showed a good activity HIV-

1 RNase H in vitro.61 6”-O-galloylsalidroside, one of the eight compounds isolated from Distylium 

racemosum with the best IC50 values against HIV-2 and human RNase H of 3.51 and 1.71 μM, 

respectively.62 

Esposito et al. reported a novel series of anthraquinone and alizarine analogs, showing interesting 

IC50 values for both RT-associated functions. 63 

During our ongoing search for bioactive secondary metabolites from plants, we discovered several 

RNase H inhibitors from the ayurvedic  plant Ocimum sanctum.64 Among the identified triterpenes, 

ursolic acid was the most potent inhibitor with a IC50 value of 5.5 µM but also oleanolic acid and 

pomolic acid showed high potency with IC50 values of 7.5 and 9.3 µM, respectively. The cyclohexane 

ring seems to be essential for the activity, indeed, the substitution with a cyclopentane, as reported in 

betulinic acid, reduced the potency. Although these compounds have already showed to possess anti 

HIV-1 RT effect,65,66  their anti-RNase H activity has been reported for the first time. Besides 

triterpenes, tetradecyl ferulate demonstrated an interesting anti-RNase H effect with a IC50 of 12.1 

µM. Due to the synthetic accessibility of ferulic acid derivatives, a structure-activity relationship 

study was carried out. For this reason, a series of esters and amides of ferulic and caffeic acids were 

synthesized and, among all, the most active was N-oleylcaffeamide, which displayed a strong 

inhibitory activity towards both RT-associated functions, ribonuclease H (IC50 = 0.68 µM) and DNA 

polymerase (IC50 = 2.3 µM). Indeed, it was observed that a short chain allowed a dual activity against 

RT functions, while the introduction of double bonds in long alkyl chain ferulates regains the anti 

RDDP activity and increases potency towards RNase H function. Moreover, caffeic acid derivatives 

are more active than ferulic acid derivatives, which indicates the importance of free hydroxyl groups 

of catechol ring to enhance potency towards both RNase H and RDDP. Finally, it was also observed 

that the substitution of ester moiety with an amide function increases the activity of caffeic acid 

derivatives; on the contrary, it results in lose of potency toward RNase H enzyme in ferulic acid 

derivatives, while the RDDP inhibition was increased of 2-fold. 
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Figure 16. Structure of natural and synthetic compounds from O.sanctum 

 

1.5 Advanced-Stage Anti-HIV Natural Products 

 

Several natural products are in an advanced-stage of development in HIV therapy. 

Calanolides A, a coumarin isolated from the tropical rainforest Tree, Calophyllum lanigerum, was 

identified as inhibitor of HIV-1 replication and cytopathicity with EC50 values of 0.02 μM and 0.5 

μM, respectively. It inhibited HIV-1 RT interacting near the active site of the enzyme and interfering 

with dNTP binding.  When combined to nevirapine an increase of the activity was observed.67 In 

addition, calanolide A is active against the AZT-resistant G-9106 strain and also against the 

pyridinone-resistant A17 strain, which are resistant to non-nucleoside RT inhibitors.68 Nevertheless, 

they were inactive against DNA polimerases and HIV-2 RT. The latest information insert Calanolide 

A in phase IB trials for evaluation of the safety, pharmacokinetics, and effects in HIV-positive 

patients.69 
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Figure 17. Structure of Calanolide A 

  

Bevirimat [3-O-(30,30-dimethylsuccinyl)betulinic acid or PA-457] is a semi-synthetic derivative of 

betulinic acid.70 Li et coll.,70 demonstrated that PA-457 inhibits replication of WT and drug-resistant 

HIV-1 isolates, also it does not block virus attachment, entry or inhibit RT/PR activity in vitro. 

Bevirimat, as indinavir, blocks virus replication at a time point after the completion of viral DNA 

integration and Tat expression. Therefore, it inhibits virion maturation, blocking a late step in Gag 

processing involved in the conversion of the capsid precursor (p25) to mature capsid protein (p24). 

This inhibition led to the production of non-infectious and immature viral particle, with virions that 

display spherical, acentric cores and with an additional electron-dense layer inside the viral 

membrane. They also found that a single mutation, which confers resistance to PA-457, maps to the 

p25 to p24 cleavage site. Based on the potent in vitro and in vivo antiviral activity, PA-457 was 

granted ‘Fast-Track’ New Drug Development status by the US FDA in December 2004.71 Since 2008, 

it is under phase IIb clinical trial.72 So far, it has been observed that Bevirimat has a favorable 

pharmacokinetic profile in healthy humans and HIV-infected patients after a single oral 

administration.73,74 Indeed it is well oral absorbed, it has long half-life, which could support once-

daily dosing;73 it is not oxidatively metabolized and it is eliminated by hepatic glucuronidation.75 

 

Figure 18. Structure of Bevirimat 

O O

CH3

O

O

CH3H3C

OH
H3C

CH3

COOH

O

O

O

HO

Bevirimat



29 

 

PA1050040, an analog of bevirimat, is a maturation inhibitor, as well. It seems to be active against 

bevirimat-resistant strains and resistant to approved ARVs. Now it is in phase I of clinical trials for 

single-dose testing. 

DCK, 30R,40R-di-O-(-)-camphanoyl-(+)-cis-khellactone, is suksdorfin derivative, more potent 

against HIV-1 with an EC50 0.049 μM.76 Preliminary studies on the mechanism of action indicated 

that it inhibits replication in infected cells, after viral entry, but before integration and it did not block 

HIV-RT, PR, and IN activity. 4-Methyl-DCK was 10 times more active than DCK with an EC50 of 

0.0059 μM.77 Currently it is under preclinical trial. 

Cyanovirin-N (CV-N) is a 11-kDa virucidal protein, isolated from cultures of the cyanobacterium 

(blue-green alga) Nostoc ellipsosporum. Boyd et coll.78 reported that CV-N irreversibly inactivates 

diverse laboratory strains and primary isolates of HIV-1 and HIV-2 and simian immunodeficiency 

virus at low nanomolar concentrations. In addition, it interferes with cell-to-cell fusion and 

transmission of HIV-1 infection. Therefore, the activity is due, at least in part, to the interaction with 

glycoprotein gp120. Moreover, CV-N is resistant to physicochemical denaturation, increasing its use 

in anti-HIV therapy. Indeed, cyanovirin-N binds high-mannose oligosaccharides on the viral 

envelope, which are cell receptors essential for viral entry and cell-to-cell fusion.79 It could be used 

as a systemic compound to control viral load or in the development of microbiocides to prevent 

primary viral infection. It was showed that PEGylated cyanovirin-N would be helpful to overcome 

problems associated with the use of proteins.80 Now it is under preclinical phase of clinical trial. 

 

 

 

 

 

 

 



30 

 

1.6 Teucrium flavum subsp. glaucum 

 

The genus Teucrium (Lamiaceae) comprises more than 300 species, and is widely distributed in 

Europe (50 species), especially in the Mediterranean area. Teucrium species are generally aromatic 

and ornamental plants as well as are valued as pollen sources. The name Teucrium derives from 

Teucer, a son of Talomon, king of Salamis. Teucer was the first to use in ancient Greek age the 

Teucrium species for their curative properties such as diuretic, antiseptic, antipyretic, antispasmodic 

agents and for the treatment of digestive and pulmonary deseases (coughs and asthma).81 The 

activities are mainly due to the presence of flavonoids, phenolic acids, diterpenoids.82-84 The genus 

Teucrium is one of the richest sources of clerodane diterpenes that have been recognised as insect 

antifeedants85 and potent hepatotoxics.86 Teucrium species were also used as alimentary plants and 

some of them are currently employed for flavouring beer and wine, herbal teas, bitters and liqueurs.87  

 

     

Figure 19. Teucrium flavum subsp. glaucum 

Teucrium flavum subsp. glaucum is an evergreen perennial shrub with pubescent stems up to 60 cm, 

triangular-ovate leaves and yellow flowers, which appears from May to August, collected in terminal 

spikes; it grows up in the calcareous areas of “Supramonte di Orgosolo” and “Monte Marganai” 

(Iglesias) up to 1000 m above sea level. This species is represented in the Mediterranean flora by four 

subspecies: flavum, glaucum, gymnocalyx and hellenicum.88 Relatively to Italy, which displays 

glaucum and flavum subspecies as islander and continental species respectively, Sardinia and Corsica 

islands are the only one that display the glaucum subsp. The glaucum subsp. exhibited some 

particolarities compared to the other subspecies: plant size is around 25–50 cm,  the leaf length is 
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1.5–2 cm and the leaf and stem are partially covered by peltate hair.89 Moreover, T. flavum oils are 

dominated by hydrocarbons (60.5–83.7%) and all compounds have been identified in both subspecies, 

glaucum and flavum.90  

In literature there are few works concerning the chemical composition of the genus Teucrium flavum; 

Harborne et coll.82 identified the widespread presence of flavonoids like cirsiliol, cirsimaritin, 

cirsilineol, salvigenin and 5-hydroxy-6,7,3’,4’-tetramethoxyflavone. Two studies83,91 reported the 

isolation of the diterpenoids teuflidin and teuflin, while there is only one study about T. flavum subsp. 

glaucum describing the identification of a neo-clerodane diterpenoid (teuflavin), a 19-nor-neo-

clerodane glucoside (teuflavoside), the neo-clerodane diterpene teuflin and the flavone salvigenin.84 
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1.6.1  Aim and Objectives 

 

As described in the previous chapter, various plant secondary metabolites have been identified as 

HIV-1 RT-associated RNase function inhibitors and some were also able to block the HIV 

replication.40,45,70, 76 During the continuous search of secondary plant metabolites with inhibitory 

action of the HIV-1 RT RNase function, we found that the ethyl acetate (EtOAc) extract from the 

leaves of Teucrium flavum subsp. glaucum showed a significant inhibitory activity of this enzyme 

function with an IC50 of 28.6 g/ml. In order to identify the molecules responsible of this activity, we 

decided to carry out a bioguided fractionation of the extract.  

The secondary metabolites were identified mainly by 1D and 2D NMR techniques as well as HR-MS 

and tested toward RNase H and RDDP activities of HIV-1 RT. In order to justify the interaction of 

the most active compound(s) against RT, site-directed mutagenesis was performed.  

Finally, with the aim to gain a deeper understanding of the RT–ligand interactions docking 

experiments were carried out. 
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1.6.2  Results and Discussion 

 

The active extract was subjected to vacuum liquid chromatography (VLC) with solvent mixtures of 

increasing polarity. Therefore, 45 fractions were obtained that, on the basis of their similarity in TLC, 

were combined into seven main fractions (F1-F7). Six fractions were further tested in the RT RNase 

H inhibition assay. The screening showed that the anti-RNase activity was concentrated in three 

fractions (F2-F4) and in particular on the fourth one which was able to inhibit this function with an 

IC50 of 9.9 µg/ml (Table 1). Due to the low yield of F1 fraction (42.4 mg), it was purified without 

testing. The F5-F7 fractions had no effect on the RT up to the concentration of 100 µg/ml (Table 1). 

 

Table 1. Results of RT RNase H function inhibition by T. flavum subsp. glaucum fractions 

Extract/Fractions HIV-1 RT 

RNase H 

IC50 (µg/ml)a 

EtOAc extract 28.6 ±  3.0 

F1 ND 

F2 25.6 ± 7.4 

F3 20.3 ± 4.0 

F4 9.9 ± 2.5 

F5 >100 (100%)b 

F6 >100 (100%)b 

F7 >100 (100%)b 

aConcentration capable of inhibiting 50% of enzyme activity 

bPercentage of residual enzyme activity in the presence of 100 µg/ml extract 

 

 

Therefore, we decided to purify the three most active fractions using chromatographic techniques 

such as column chromatography, solid phase extraction (SPE), VLC and semi-preparative HPLC. 

These techniques have allowed to isolate three flavones (1-3), a diphenyl ether (4) and a neo-

clerodane, teuflavin (5) (Figure 20), whose structures have been elucidated mainly by mono and two-

dimensional Nuclear Magnetic Resonance and Mass Spectrometry (ESI MS) techniques. With the 

aim to find a structure-activity relationship, we also decided to purify the two inactive fractions F5 

and F6 resulting in the isolation of a further neo-clerodane, teuflavoside (6). 
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In particular, from F1 fraction a new natural molecule, the methyl ester of 3-[4-(2-acethoxyethyl)-

phenoxy]-benzoic acid (4), was isoalted. Salvigenin (3) was isolated from fractions 2-4, while 

cirsimaritin (2) and cirsiliol (1) from F3 and F4, respectively. Teuflavin (5) was purified from F3 

while teuflavoside (6) from F5 and F6 (Figure 20). 
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Figure 20. Structure of the compounds isolated from T. flavum subsp. glaucum 
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Since in a previous PhD work,92 we identified another clerodane diterpene, columbine, with a 

moderate anti-RNase H action (IC50 = 46.5 M) (Figure 21), while its glucosidic derivative 

(columbine β-glucoside) was inactive (IC50>100 µM), we decided to verify whether the hydrolysis of 

teuflavoside would lead to an aglycone with inhibitory activity on the RT RNase H function.  

 

 

Figure 21. Structures of columbine and columbine β-glucoside 
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room temperature, EtOAc was added and the organic phase separated by separatory funnel. The 

organic layer was evaporated under reduced pressure to afford the crude product. TLC analysis 

revealed different spots and as consequence, the mixture was separated by column chromatography 

and semi-preparative HPLC (RP HPLC) to give one known (10) and three new (7-9) clerodane 

diterpenes (Figure 22). The structures of the compounds were elucidated by 1D and 2D NMR 

experiments as well as HR-ESI MS. 

 

Scheme 1. Isolation procedure for compounds 7-10 
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Figure 22. Hydrolyzed compounds obtained from teuflavoside  
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1.6.3 Structure elucidation of compounds 1-6 isolated from Teucrium flavum 

subp. glaucum  

 

Compound 4 

The 1H NMR spectrum (CDCl3, 500 MHz) of compound 4 showed a cluster of four doublets at low 

fields at 7.95 (d, J = 9 Hz), 7.08 (d, J = 8.5 Hz), 6.85 (d, J = 8.5 Hz), 6.77 (d, J = 8.5 Hz) ppm, each 

integrating for two protons, characteristic of 1,4-disubstituted phenyl rings (Figure 23). Furthermore, 

two methylene groups at 4.24 (2H, t, J = 7 Hz) and 2.86 (2H, t, J = 7 Hz) ppm, one methyl singlet at 

2.04 (s) and one methoxyl at 3.95 (s) could be detected in the same spectrum. 

 

 

Figure 23. 1H NMR Spectrum of compound 4 measured in CDCl3, 500 MHz. 

The 13C NMR spectrum showed fourteen signals which were sorted into six quaternary carbons 

(124.4, 130.9, 154.2, 159.8, 166.8, 171.1 ppm), two methyl groups (21 and 51.9 ppm), two 

methylenes (34.2, 65.2 ppm) and four aromatic methines (115.2, 115.3, 130, 131.9 ppm), each of 

these latter corresponding to two carbons (Figure 24). 
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Figure 24. 13C NMR Spectrum of compound 4 measured in CDCl3, 100 MHz. 

The COSY spectrum (Figure 25) revealed a correlation between the aromatic protons at 7.95 and 

those at 6.77 ppm as well as between the protons at 7.08 with those at 6.77 ppm. In the same spectrum, 

the cross-peaks between the two methylene groups at 4.24 and 2.86 ppm suggested they were directly 

connected. 
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Figure 25. COSY spectrum of compound 4 measured in CDCl3, 500 MHz 

The HSQC experiments permitted the assignment of each proton to the corresponding carbon (Figure 

26). 
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Figure 26. HSQC spectrum of compound 4 measured in CDCl3, 500 MHz. 

HMBC experiments exhibited correlations from the methylene group at 4.24 ppm to the carbonyl at 

171.1 ppm, from the other methylene at 2.86 to the carbons at 65.2, 130.1 and 130.9 ppm, and from  

the aromatic protons at δ 6.77 to the carbons at 130.9 and 154.2 ppm, allowed to identificate a 4-

oxyphenethyl acetate moiety (Figure 26). In the HMBC spectrum, further cross-peaks between the 

proton at δ 7.95 with the carbons at 131.9, 159.8 and 166.8 ppm allowed to identify compound 4 as 

3-[4-(2-acethoxyethyl)-phenoxy]-benzoic acid methyl ester (Figure 27). Compound 4 is a new natural 

product. 
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Figure 27. HMBC spectrum of compound 4 measured in CDCl3, 500 MHz. 
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Compound 1 

Compound 1 was identified as salvigenin  (5-hydroxy-4',6,7-trimethoxyflavone), based on 1D (1H e 

13C NMR) and 2D NMR (DQF-COSY, HSQC, HMBC) spectra and by comparison with literature 

data.93 

 

 

Figure 28. 1H NMR Spectrum of compound 1 measured in CDCl3, 500 MHz. 
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Compound 2 

Compound 2 has been identified as cirsimaritin (4',5-dihydroxy-6,7-dimethoxyflavone) 

 through 1D (1H e 13C NMR) and 2D NMR (DQF-COSY, HSQC, HMBC) spectra and by comparison 

with literature data .94,95 

 

 

Figure 29. 1H NMR spectrum of compound 2 measured in CDCl3, 500 MHz. 
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Compound 3 

Compound 3 has been identified as Cirsiliol (3',4',5-trihydroxy-6,7-dimethoxyflavone) by 1D (1H e 

13C NMR) and 2D NMR (DQF-COSY, HSQC, HMBC) spectra and its structure confirmed by 

comparison with data literature data.94 

 

 

Figure 30. 1H NMR Spectrum of compound 3 measured in CD4O, 500 MHz 
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Compound 5 

Compound 5 was identified as teuflavin by 1D (1H and 13C NMR), and 2D NMR spectra, and by 

comparison with the literature data. 84 

 

  

Figure 31. 1H NMR Spectrum of compound 5 measured in CDCl3, 500 MHz 
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Compound 6 

Compound 6 was identified as tinosporaside by 1D (1H and 13C NMR), and 2D NMR spectra (see 

experimental part), and by comparison with the literature data.84 

 

 

Figure 32. 1H NMR Spectrum of compound 6 measured in CDCl3, 500 MHz 
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1.6.4 Structure elucidation of compounds 7-10 obtained from the hydrolysis 

of teuflavoside 

 

Compound 7 

Compound 7 showed an ion peak at m/z 379.1519 (M + Na) (calcd 379.1515) in the HR-ESIMS 

(positive mode), accounting for an elemental composition of C21H24O5. 

 

 

Figure 33. HR-ESIMS spectrum of compound 7 

The comparison of the 1H and 13C NMR spectra of compound 7 (Figures 34-35) with those of 

teuflavoside (6) (Figure 32) showed the lack of the 2'-O-acetil-β-D-glucopyranoside moiety (Figures 

32-34). 
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Figure 34. 1H NMR spectrum of compound 7 measured in CDCl3, 500 MHz.  

 

 

Figure 35. 13C NMR spectrum of compound 7 measured in CDCl3, 100 MHz. 
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In the 1H NMR spectrum of 7 two olefinic protons at 5.86 (1H, s, br) and 5.77 (1H, s, br) ppm, not 

present in the spectrum of teuflavoside, could be detected, while the signal at δ 4.82 (1H, m) relative 

to the oxymethinic proton at position 6 of teuflavoside was missing in the spectrum of compound 7. 

These changes suggested that hydrolysis of the glycosidic moiety was accompanied by others 

structural modifications. 

From the HSQC spectrum of compound 7 it was possible to assign the respective carbons to each 

proton. In particular, the two olefinic protons at 5.86 and 5.77 ppm were assigned to the carbons at 

128.2 and 121.6 ppm, respectively (Figure 36).  

 

 

Figure 36. HSQC spectrum of compound 7 measured in CDCl3, 500 MHz. 

The long-range correlations observed in the HMBC spectrum of 7 between the methylene protons at 

4.79 (1Ha, d, J = 12.5 Hz) and 4.61 (1Hb, d, J = 12.5 Hz) ppm with the carbons at δ 170.9 (COCH3), 

131.6 (C-4), 130.6 (C-5) and 128.2 (C-3), and the olefinic proton at 5.86 with the carbons at 130.6 

(C-5), 65.3 (C-1') and 24.2 (C-1) ppm, and the olefinic proton at 5.77 with the carbons at 131.6 (C-

4), 45.2 (C-10) 34.6 (C-7) ppm (Figure 37), clearly indicate the presence of two double bonds at 

position C-3/C-4 and C-5/C-6. ROESY experiments and analysis of scalar (3JH-H) coupling of H-8, 

H-12 and H-17 confirmed the same stereochemistry of teuflavoside (Figure 38). DQF-COSY, HSQC, 
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HMBC, and ROESY experiments allowed the complete assigment of all signals and the identification 

of the structure as reported in Figure 39. Compound 7 is new to the literature and was trivially named 

Flavuglaucin A. 

As shown in Scheme 2, the acid hydrolisys of teuflavoside involved the loss of the sugar, dehydration, 

and subsequent rearrangement of the double bonds (Scheme 2). 

 

Figure 37. HMBC spectrum of compound 7 measured in CDCl3, 500 MHz. 
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Figure 38. ROESY spectrum of compound 7 measured in CDCl3, 500 MHz. 

 

 

Figure 39. Crucial correlations observed in the HMBC spectrum of compound 7 
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Scheme 2. Mechanism of hydrolysis for compound 7 

Compound 7. Yellow oil, 1H NMR (500 MHz, CDCl3) δH 1.00 (d, 3H, J = 6.5 Hz, H-17), 1.53 (ddd/m, 

1H, J = 12.0 Hz, J = 5.5 Hz, H-1), 1,89 (m, 1H, H-8), 1.99 (d, 1H, J = 12.0 Hz , H-1), 2.07 (s, 3H, 

COCH3), 2.29 (m, 4H, H-2, H-7-H-10), 2.51 (m, 3H, H-7, H-11), 4.62 (d, 1H, J =12.5 H-1’), 4.80 (d, 

1H, J = 12.5, H-1’), 5.46 (t, 1H, H-12), 5.77 (s br, 1H, H-6), 5.87 ( s br, 1H, H-3), 6.40 (s, 1H, H-14), 

7.43 (t, 1H, H-15), 7.45 (s, 1H, H-16) ppm; 13C NMR (100 MHz, CDCl3) δC 17.53 (C-17), 21.07 (C-

3’), 24.35 (C-1), 25.92 (C-2), 31.74 (C-7), 34.56 (C-8), 41.26 (C-11), 45.22 (C-10), 50.42 (C-9), 

65.27 (C-1’), 71.81 (C-12), 108.07 (C-14), 121.62 (C-6) , 125.79 (C-13), 128.2 (C-3), 130.63 (C-5), 

131.59 (C-4), 139.29 (C-16), 143.99 (C-15), 170.93 (C-2’), 176.35 (C-18) ppm. 
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Compound 8 

Compound 8 showed an ion peak at m/z 337.1399 (M + Na) (calcd 337.1392) in the HR- ESIMS 

(positive mode), accounting for an elemental composition of C19H22O4.  

 

Figure 40. HR ESI MS of compound 8 

 

The 1H NMR spectrum of compound 8 (Figure 41) was almost superimposible to that of compound 

7, except for the absence of the acetyl group ( 2.07, s), and the shift of 0.5 ppm to high fields of the 

oxymethylene protons located at C-1'.  

The absence of the acetyl group in 8 was confirmed in the HMBC spectrum (Figure 42) by the absence 

of cross-peaks between the oxymethylene protons at C-1' (H-1’a: 4.24 (d, 1H, J =12.5 Hz); H-1’b: 

4.33 (d, 1H, J = 12.5 Hz) with carbonyl groups.  

As far as we know, compound 8 is new to the literature and was trivially named Flavuglaucin B. 
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Figure 41. 1H NMR Spectrum of compound 8 measured in CDCl3, 500 MHz 

 

 

Figure 42. HMBC Spectrum of compound 8 measured in CDCl3, 500 MHz. 

HO

O
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Figure 43. Some important correlations observed in the HMBC spectrum of compound 8 

Compound 8. yellow oil, 1H NMR (500 MHz, CDCl3) δH 1.01 (d, 3H, J = 6.5, H-17), 1.52 (ddd/m, 

1H, J = 12 Hz, J = 5.5 Hz, H-1), 1.89 (m, 1H, H-8), 2.0 (m, 1H, H-1), 2.30 (m, 4H, H-2, H-7, H-10), 

2.51 (m, 3H, H-7, H-11), 4.24 (d, 1H, J =12.5 H-1’), 4.33 (d, 1H, J = 12.5 , H-1’), 5.05 ( s br, H, OH),  

5.46 (t, 1H, H-12), 5.86 ( s br, 1H, H-3), 5.91 (s br, 1H, H-6), 6.40 (s, 1H, H-14), 7.43 (t, 1H, H-15), 

7.45 (s, 1H, H-16) ppm; 13C NMR (100 MHz, CDCl3) δC 17.63 (C-17), 24.58 (C-1), 25.81 (C-2), 

31.64 (C-7), 34.60 (C-8), 41.20 (C-11), 45.30 (C-10), 50.55 (C-9), 64.10 (C-1’), 71.85 (C-12), 108.09 

(C-14), 121.27 (C-6) , 125.79 (C-3), 125.82 (C-13) 130.74 (C-5), 135.93 (C-4), 139.42 (C-16), 144.04 

(C-15), 176.50 (C-18) ppm. 
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Compound 9 

The HR-ESIMS (Figure 44) showed a molecular ion at m/z 315.1593 (M + 1)+ (calcd 315.1596). This 

molecular mass in combination with 1H and 13C NMR data allowed the molecular formula to be 

established as C19H22O4.  

 

 

Figure 44. HR-ESIMS spectrum of compound 9 

 

The analysis of the 1H NMR spectrum of compound 9 (Figure 45) showed that the low field region 

is similar to that of teuflavoside but the olefinic protons at C-3/C-4 and C-5/C-6 of compounds 7 and 

8, are absent in 9. Moreover, a methyl group at 1.85 ppm (3H, s) appeared in the spectrum of 9. 
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Figure 45. 1H NMR spectrum of compound 9 measured in CDCl3, 500 MHz 

 

The HMBC spectrum of 9 revealed that the above mentioned methyl group was correlated with a 

carbonyl at 197.6 ppm and two unsaturated quaternary carbons at 131.0 and 154.2 ppm (Figure 46). 

In the same spectrum, the carbonyl group at 197.6 was correlated to the methylene at 1.88 (1H-a, m) 

and 2.30 (1H-b, m). 

 

O
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Figure 46. HMBC Spectrum of compound 9 measured in CDCl3, 500 MHz. 

 

These two methylenes are directly connected, as demonstrated by their cross-peaks in the COSY 

spectrum (Figure 47). 

 

Figure 47. COSY spectrum of compound 9 measured in CDCl3, 500 MHz 

In the HMBC spectrum of 9, further correlations of methyl group at 1.02 (1H, d, J = 7 Hz) ppm with 

carbons at 39.0, 54.9 and 29.1 ppm together with those of the methylene proton at 1.73 (1H, m) with 

9 
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the methylene at 2.05 (1H, m) ppm observed in the COSY spectrum, allowed to identify the decalinic 

nucleus shown in figure 48. 

 

 

Figure 48. Partial structure of compound 9 

DQF-COSY, HSQC, HMBC, and ROESY experiments allowed the complete assigment of all signals 

and the identification of the structure as reported in Figure 49. Compound 9 is a previously 

undescribed molecule and was trivially named Flavuglaucin C. 

.  

Figure 49. Some important correlations observed in the HMBC spectrum of compound 9 

 

 Compound 9. Trasparent solid, 1H NMR (500 MHz, CDCl3) δH 1.03 (d, 3H, J = 6.5, H-17), 1.72 (dd, 

1H, J = 14.0, J = 3.5, H-7), 1.80 (m br, 1H,  H-8), 1.85 (s, 3H, H-18), 1.88 (m br, 1H, H-1’ ), 2.06 

(dd, 1H, J = 13.5, J = 4.5, H-6), 2.13 (m, 1H, H-7), 2.31 (m, 1H, H-1), 2.33 (m, 1H, H-2), 2.46 (t, 1H, 

H-11), 2.49 (s br, 1H, H-10), 2.54 (m, 1H, H-2), 2.59 (m, 1H, H-11), 2.99 (dt, 1H, H-6), 5.41 (t, 1H, 

H-12), 6.41(s, 1H, H-14), 7.45 (t br, 1H, H-15), 7.47 (s br, 1H, H-16) ppm; 13C NMR (100 MHz, 

O

CH3

CH3
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CDCl3) δC 10.81 (C-18), 17.04 (C-17), 23.33 (C-1), 29.10 (C-7), 30.50 (C-6), 35.54 (C-2), 38.88 (C-

8), 40.68 (C-11), 47.06 (C-10), 54.54 (C-9), 71.82 (C-12), 107.83 (C-14),125.86 (C-13), 131.68 (C-

4),  139.25 (C-16), 143.97 (C-15), 154.99 (C-5), 176.98 (C-20), 198.29 (C-3) ppm. 

 

Compound 10 

The structure of compound 10 (figure 49) was deduced from the study of 1D and 2D NMR spectra 

and MS (Figures 49-56) and confirmed by comparison with the spectral data reported in the 

literature.84 

 

  

Figure 50. 1H NMR spectrum of compound 10 measured in CDCl3, 500 MHz 
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1.6.5 Inhibitory effects on HIV-1 RT-associated functions and structure-

activity relationships  

 

All compounds were tested against RNase H and polymerase function (RDDP) of the HIV-1 RT by 

the research group of Prof. Enzo Tramontano (Department of Life and Environmental Sciences, 

University of Cagliari). 

The assays revealed that the anti-RNase H activity of the extract was mainly due to the flavone 

cirsiliol (3) with an IC50 of 8.2 µM and to a much lower extent (IC50 = 89 µM) to the flavone 

cirsimaritin (2), while the flavone salvigenin was completely inactive up to the concentration of 100 

µM. 

The SAR analysis of the three flavones pointed out the importance of the catechol group to inhibit 

the RNase H function. Indeed, removing the hydroxyl group from C-3´ position of cirsiliol (3) lead 

to cirsimaritin (2) with a decrease in the activity of 10 folds.  In addition, methoxylation of hydroxy 

group at C-4’ of cirsimaritin lead to salvigenin (1) that was completely inactive (IC50 >100 µM). 

Therefore, the maximum activity occured when both hydroxyl groups are present at C-3’ and C-4’ of 

the B ring. The importance of the cathecol group to inhibit the RHase H function was already 

observerd in our previous work, comparing a series of caffeic and ferulic acid derivatives (Figure 

51).64 

 

Figure 51. RNase H function inhibition values (IC50) of the caffeic and ferulic acid derivatives 
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The new natural molecule 4 as well as the neo-clerodanes teuflavin (5) and teuflavoside (6) resulted 

inactive up to the concentration of 100 µM; the lack of activity of teuflavoside was not surprising 

because it was purified from an inactive fraction.   

Among the semi-synthetic neo-clerodanes, Flavuglaucin B (8) showed the greatest inhibitory activity 

on RNase H function with an IC50 of 9.1 µM. Flavuglaucin A (7) was 3 folds less active when 

compared with 8. This data seemed to indicate that the alcohol function was important for interaction 

with the binding site of the RT. Flavuglaucin C (9) and compound 10 were 3 to 5 folds less active 

than Flavuglaucin B. With respect to Flavuglaucin B, in compounds 9 and 10 the hydroxymethyl 

moiety has been replaced by a methyl o aldehyde group, respectively, conferming the importance of 

the alcoholic function.  However, the presence of only one double bond in the decalinic nucleus of 

compounds 9 and 10 change the molecular planarity and thus could influence the interaction with RT.  

The neo-clerodanes 7-10 were also evaluated against the RT polymerase function (RDDP) but none 

inhibitory activity was observed up the concentration of 100 µM (Table 2). 
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Table 2. Effect of the isolated and hydrolized compounds on the HIV-1 RT-associated RNase H and 

RDDP functions 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Compounds HIV-1 RT RNAse H 

IC50 (µM)a 

HIV-1 RT RDDP 

IC50 (µM)a 

 

1 

 

>100 (80%)b 

 

ND 

 

2 

 

89 ± 7 

 

 

ND 

 

 

3 

 

 

8.2 ± 0.6 

 

 

 

ND 

 

 

4 

 

 

 

>100 (80%)b 

 

 

 

ND 
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>100 
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aConcentration with inhibit 50% of enzyme activity; bPercentage of residual enzyme activity in the presence of 100 µM 

of the compound; cND: Not Done 

 

 

 

 

 

6 

 

 

>100 (74%)b 

 

 

NDc 

 

 

8 

            

 

 

9.1 ± 0.2 

 

 

 

 

>100 (80%)b 

 

 

9 

 

 

 

52.4 ± 0.4 

 

 

 

>100 (80%)b 

 

 

10 

 

 

 

36.4 ± 0.4 
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1.6.6 Site-Directed Mutagenesis 

 

Since the neo-clerodane Flavuglaucin B was not able to inhibit the RDDP function and it does not 

contain any functionality able to bind to the RNase H active site, we supposed that compound 

Flavuglaucin B might bind to an allosteric RT site. In order to verify this hypothesis, this compound 

was chosen to perform site-directed mutagenesis, determining the independent impact of several 

amino acid substitutions on the potency of the compound to inhibit the RNase H function. All the 

choosed aminoacids are localized in the RNase H domain and are crucial for the binding with the 

RNase H function inhibitors. 

With the aim of verifying a possible interaction for Flavuglaucin B in the allosteric site described by 

Himmel et al.,51 residue V108 was replaced by a phenylalanine in such a way that it reduced the space 

at disposal of the compound for the binding in this site. Results showed a slight increase in IC50 when 

compound 8 Flavuglaucin B was assessed against V108F, compared with the wild type enzime 

(Figure 52). 

The next mutation involved the residue A502 located in the alpha helix close to the second allosteric 

binding pocket. This pocket is in the RNase H domain, between the RNase H active site and the 

primer grip region, close to the interface of subunits p66 and p51. A 502 residue was replaced by a 

phenylalanine with the aim to cause a movement of alpha helix that reduces the space between the 

two subunits p51 and p66, thus hindering the entrance of the compound in the pocket. Also in this 

case, Flavuglaucin B showed a moderate loss in potency (3.5-fold).  

Conversely, Flavuglaucin B showed a significant loss in potency in the case of R448A (5.5-fold), 

R557A (6.5-fold) and, especially, A508V that totally impaired the RNase H inhibition by 

Flavuglaucin B (IC50>100 M), suggesting that it had strong interactions within the allosteric pocket 

located between the RNase H active site and the primer grip region, close to the interface of subunits 

p66 and p51. 
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Figure 52. Effect of Flavuglaucin B (8) on the HIV-1 RT associated RNase H function of mutated 

RTs 
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1.6.7 Docking experiment 

 

To further investigate the mechanism of action of Flavuglaucin B, we carried out QM polarized 

(QMPL) docking experiments. QMPL docking workflow combines docking with ab initio methods 

for ligand charges calculation within the protein environment. Subsequently, the best poses were 

subjected to molecular energy minimization to consider induced-fit protein conformation change (that 

takes place after ligand binding) and implicit water solvation.  

These studies suggested that Flavuglaucin B could be able to bind into an allosteric pocket close to 

RNase H catalytic site interacting with several residues through hydrogen bonds: Gln428, Gln509, 

Lys431, a cation-π with Lys424 and several hydrophobic interactions (e.g Leu425, Leu429, Tyr532, 

Ala508) (Figure 53 a and b). 

Hence, when bound to this site, Flavuglaucin B might induce the RNase H domain to a position in 

which the active site might no longer be able to catalyze hydrolysis cleavage of the RNA strand in 

the of RNA:DNA duplex. The single point mutation of residue Ala508 to Val in an attempt to reduce 

the space available for Flavuglaucin B accommodation seems to confirm this mechanism of action.  

The docking results into the mutated enzyme show that the compound is not able to be accommodated 

in the same position and it loses several important interactions (Figure 53, c and d) 

 

 

 

 



69 

 

 

Figure 53. 3D representation of the putative binding mode obtained by docking experiments. a) 

RTwt- Flavuglaucin B c) A508V-RT- Flavuglaucin B complex and the relative 2D representation of 

the complexes stabilizing interactions with the binding site residues 
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1.6.8 Conclusion 

 

From the ethyl acetate extract of the leaves of Teucrium flavum subsp. glaucum three flavonoids (1-

3), two clerodanes (5-6) and a new diphenyl ether (4) were isolated. Moreover, the acid hydrolysis of 

teuflavoside (6) lead to the identification of one known (10) and three new neo-clerodanes, 

Flavuglaucin A-C (7-9).84 

A bioguided fractionation of the extract permitted to identify the flavone cirsiliol as the principal 

responsible of the inhibitory activity of the RT-associated RNase H function of the extract. The 

diterpene clerodanes (5-6) were completely inactive up to a concentration of 100 µM. As far as we 

know, the inhibition of the RNase H function of the RT of HIV-1 by cirsiliol has not been reported 

in the literature. In a previous work, cisiliol was able to inhibit, at very high concentrations, the RT 

of the avian myeloblastosis virus, the agent responsible for acute myeloblastic leukaemia.96 It is 

interesting to note that cirsiliol was also able to inhibit the HIV-1 integrase at a concentration of 12 

µM,97 suggesting cirsiliol  as a dual inhibitor of HIV-1.  

As regards the products obtained from the hydrolysis of teuflavoside, detailed NMR studies showed 

that the acid environment did not lead to the expected aglycone, but to a series of clerodanes resulting 

from dehydration from position 6 and subsequent molecular rearrangement. The results seem to be in 

agreement with those of Savona et al.84 reporting that acid hydrolysis of the 18,2’-bis-

deacetylteufavoside did not lead to the corresponding aglycone. With the aim to assay the anti-RNase 

H function of the aglycone of teuflavoside (montanin B), an enzymatic hydrolysis of teuflavoside 

with β-glucosidase is currently in course. 

All semi-synthetic compounds (7-10) showed inhibitory activity on the RNase H activity and, in 

particular, the neo-clerodane Flavuglaucin B (8) was the most potent, with an IC50 of 9.1 µM. None 

molecule was able to inhibit the RDDP function of reverse transcriptase up to a concentration of 100 

µM. As far as we know, this is the first time that clerodane diterpenes have been identified as 

inhibitors of HIV-1 RT-associated RNase H activity. 

Site-directed mutagenesis studies suggested that Flavuglaucin B bind to the RT allosteric pocket 

located between the RNase H active site and the primer grip region, close to the interface of subunits 

p66 and p51 

These results prompt us to undergo further studies to verify if the semi-synthetis neo-clerodanes are 

able to inhibit the HIV-1 replication.  
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1.7 EXPERIMENTAL PART 
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1.7.1 Materials and methods 

 

1.7.1.1 General procedures 

Optical rotations were measured in CHCl3 at 25 °C using a PerkinElmer 241 polarimeter. UV spectra 

were recorded on a GBC Cintra 5 spectrophotometer. NMR spectra of all isolated compounds were 

recorded at 25 °C on a Unity Inova 500NB high-resolution spectrometer (Agilent Technologies) 

operating at 500 MHz for 1H and 100 MHz for 13C, respectively or on a VARIAN UNITY INOVA 

400 MHz instrument. All spectra were measured at 25°C in CDCl3 or CD4O and using the 

undeuterated residue of CHCl3 in CDCl3 (
1H 7.23 ppm and 13C 77.0 ppm) or CH3OH in CD4O (1H 

3.34 ppm and 13C 49.0 ppm) as a reference. HRESIMS were measured on an Agilent 6520 Time of 

Flight (TOF) MS instrument (Agilent Technologies). Analytical data of the isolated compounds were 

in agreement within ± 0.4% of the theoretical values. Column chromatography was carried out under 

TLC monitoring using silica gel (40−63 μm, Merck) and Sephadex LH-20 (25−100 μm, Pharmacia). 

For VLC, silica gel (40−63 μm) (Merck) was used. TLC was performed on silica gel 60 F254 or RP-

18 F254 (Merck).  LiChrolut RP-18 (40−63 μm) 500 mg, 3 mL (Merck) solid phase extraction (SPE) 

cartridges were also used. Semipreparative HPLC was conducted by means of a Varian 920 LH 

instrument fitted with an autosampler module with a 1000 μL loop. The peak purities were monitored 

using a dual-wavelength UV detector settled at 254 and 360 nm. The column was a 250 x 10 mm 

HyperClone C-18-ODS, particle size 5 m (Phenomenex). 

 

1.7.1.2 Plant material 

 

Teucrium flavum subsp. glaucum was collected in July 2003 at Orgosolo Supramonte. The plant was 

identified by Professor Bruno De Martis of the Department of Botanical Sciences (2003) of the 

University of Cagliari. 

 

1.7.1.3 Extraction and isolation of natural compounds 

The air-dried and powdered leaves of Teucrium flavum were ground and extracted firstly with n-

hexane, then with ethyl acetate (EtOAc) and finally with methanol.  

From the percolation with EtOAc at room temperature, 117 g of green extract were obtained. An 

aliquot of 18.19 g of the extract was subjected to VLC (silica gel, 150 g, 40−63 μm) using a step 

gradient of n-hexane−EtOAc−MeOH to yield four main fractions.  
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Solvents  Fr of VLC 

n-hexane-EtOAc (75%-25%) Fr 1-8 

n-hexane-EtOAc (50%-50%) Fr 9-13 

n-hexane-EtOAc (25%-75%) Fr 14-17 

EtOAc (100%) Fr 18-21 

EtOAc-MeOH (75%-25%) Fr 22-26 

EtOAc-MeOH (50%-50%) Fr 27-31 

MeOH (100%) Fr 32-34 

 

After combinding fractions 7-9 (42.4 mg), 10-17 (310 mg), 18-31 (13.5 g), 32-24 (170 mg) of the 

ethyl acetate extract VLC I, the 18-31 fraction of the VLC I was further purified with a VLC II using 

a step gradient of dichloromethane (CH2Cl2) and methanol (MeOH). 

 

Solvents Fr of VLC 

CH2Cl2- MeOH (95%-5%) Fr 1-9 

CH2Cl2- MeOH (90%-10%) Fr 10-15 

CH2Cl2- MeOH (80%-20%) Fr 16-20 

 

The following fractions have been tested on the RT RNase H function, in order to bioguide the 

isolation of potentially active compounds: 

 F1 = fr 10-17 VLC I 

 F2 = fr 6 VLC II 

 F3 = fr 7 VLC II 

 F4 = fr 9-10 VLC II 

 F5 = fr 11-13 VLC II 

 F6 =fr 14-16 VLC II 

Fraction 7-9 (42.4 mg) VLC I was not tested in advance due to its small quantity and was directly 

chromagraphed by CC over Sephadex LH-20 using MeOH as eluent, yielding fraction 25-35. This 

fraction was further chromatographed over Sephadex LH-20 (MeOH) by to give an impure compound 
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that was purified by RP-18 SPE using acetonitrile−H2O (7:3) as eluent, to give compound 4 (1.8 mg). 

86.8 mg of F1, was purified by RP-18 SPE using ACN: H2O (7:3) as eluents, to remove chlorophyll, 

obtaining a yellow white solid, which was finally purified by CC over Sephadex LH-20 (MeOH) to 

give compound 1 (salvigenin,3.5 mg)  

A portion of fraction F2 (900 mg) was subjected to CC over silica gel (90g) using DCM-MeOH 

(9.75:0.25) as eluent, to furnish fractions 115-122, 161-240 and 241-341. Fraction 115-122 was 

purified twice using Sephadex LH-20 (MeOH) to give compound 1, (salvigenin, 2.4 mg). Fraction 

161-240 (150 mg), was purified using Sephadex LH-20 (MeOH), to give fraction 27-43, followed by 

RP-HPLC, using acetonitrile−H2O (7:3, flow 2.5 mL/min) as eluent, to provide a white solid 

(cirsimaritin, 2), (1.9 mg tR = 8.82 min,) and compound 1 (salvigenin, 1 mg, tR=12.1 min). Finally, 

fraction 241-341 (120 mg) was purified using Sephadex LH-20 (MeOH) to give compound 2 

(cirsimaritin, 4.4 mg), and fraction 17-26 which was further chromatographed by RP-18 SPE using 

MeOH-H2O (7:3) as mobile phase, to give 86.8 mg of an impure compound. This fraction was further 

subjected to CC over silica gel (5g), using CH2Cl2-MeOH (9.75:0.25) as eluent, to give a white solid 

(teuflavin, 5, 11.3 mg).  

An aliquot of fraction F3 (590 mg) was chromatographed by CC over Sephadex LH-20 using MeOH 

as eluent, to give the subfraction 49-55, which was further purified by Sephadex (MeOH), to produce 

a further subfraction (35-60).  

This fraction was further purified by RP-18 SPE using ACN-H2O (5:5) as eluent, to give compound 

3 (Cirsiliol, 1.4 mg). 

Based on TLC analysis, fraction 8 of VLC II was found to be very similar to F3. Therefore, it was 

subjected to VLC III (silica gel 40−63 μm) using a step gradient of CH2Cl2 and MeOH. 

 

Solvents Fr of VLCIII 

CH2Cl2- MeOH (97.5%-2.5%) Fr 1-11 

CH2Cl2-MeOH (90%-10%) Fr 12-13 

 

According to TLC, fraction 7-8 and 9-11 of VLC III were combined and investigated. Fraction 7-8 

of VLC III (75.5 mg), was chromatographed using Sephadex LH-20 (MeOH), to give compound 3, 

(Cirsiliol,1.3 mg), already isolated from F3. 
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From fraction 9-11 (50 mg) of VLC III a CC over Sephadex LH-20 (MeOH) permitted to isolate 

further 0.6 mg of Cirsiliol (3).  

Finally, a NMR analysis of fraction 9-10 (VLC II, 2.3 g) revealed that it was Tinosporaside (6). 

 

1.7.1.4 Hydrolysis of Teuflavoside (6)  

The hydrolysis was performed by reacting 800 mg of teuflavoside (6) with 5.6 ml of 2N H2SO4 in 95 

ml of distilled water. 

Procedure: 

The aqueous solution of H2SO4 2N was raised to 95°C. Subsequently, 800 mg of teuflavoside, 

dissolved in 3 ml of methanol, were added to the acid solution and reacted for 20 minutes.  After 

cooling, the solution was first diluted in water and then extracted with ethyl acetate in a separatory 

funnel.  

The solvent was removed by vacuum and the residue (550 mg) was chromatographed over silica gel 

(25g), using CH2Cl2-EtOAc (9.75:0.25) as eluent. After TLC comparison similar fractions were 

combined and four fractions were obtained: 

- 40-47 (26.1 mg),  

- 48-71 (28.9 mg), 

- 72-92 (10.5 mg), 

- 145-190 (25.1 mg). 

Fractions 40-47 and 145-190 were rapresented by compound 7 (26.1 mg) and 8 (25.1 mg), 

respectively. 

Fraction 48-71 (28.9 mg) was chromatographed by RP-HPLC, using acetonitrile:H2O (flow rate 2.5 

ml/min), to give a transparent semi-solid compound (10) (1.4 mg, tR= 10 min), and compound 7 (2.1 

tR= 13 min). Fraction 72-92 (10.5 mg) was chromatographed by RP-HPLC, using 

acetonitrile:H2O(6:4, flow 2.5 mL/min) giving a transparent solid, compound 9 (1.2 mg, tR=9.5 

minutes), and  compound 10 (0.6 mg, tR= 10 min).  
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1.7.1.5 Inhibition test of the RT RNAse H function  

RNAse H activity was evaluated in 100 µL of a mixture containing 50 mM Tris-HCl (pH 7.8, 1mM 

dithiothreitol (DTT), 80 mM KCl, 6 mM MgCl2, RNA/DNA hybrid (5′-

GTTCTTTTTCCTGCCTGAC-3′-fluorescein, 5′-CAAAGAAAAGGGGGGACUG-3′-Dabcyl) and 

3.8 nM RT). The reaction mixture was incubated for 1 h at 37 °C after which the reaction was stopped 

by addition of EDTA and the products were measured with a Victor 3 (Perkin) instrument at 490/528 

nm.    
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1.7.2 Experimental data of the known compounds isolated from Teucrium 

flavum supb glaucum  

 

Compound 1 

Salvigenin (1) data (1H and 13C NMR) are in agreement with those reported in the literature93 (For 

the 1H NMR spectrum see the Results and Discussion section). 

 

 

Figure 54. 13C NMR Spectrum of compound 1 measured in CDCl3, 100 MHz. 

 

Salvigenin: yellow solid; 1H NMR (500 MHz, CDCl3) δH 3.90 (s, 3H, 4’-OCH3) 3.93 (s, 3H, 6-OCH3), 

3.97 (s, 3H, 7-OCH3), 6.55 (s, 1H, H-3), 6.59 (s, 1H, H-8), 7.02 (d, 2H, J = 9.0 Hz, H-3’, H-5’), 7.85 

(d, 2H, J = 9.0 Hz, H-2’, H-6’), 12.87 (s br, 1H, H-5) ppm ; 13C NMR (100 MHz, CD3OD) δC 55.54 

(4’-OCH3), 56.31 (6-OCH3), 60.85 (7-OCH3), 90.57 (C-8), 104.18 (C-3), 114.53 (C-3’, C-5’), 116.96 

(C-10), 123.09 (C-1’), 128.01(C-2’, C-6’), 135.49 (C-6), 148.23 (C-9), 153.23 (C-5), 154.468 (C-4’), 

158.72(C-7), 162.62 (C-2), 183.67 (C-4) ppm. 
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Compound 2 

Cirsimaritin (2) data (1H and 13C NMR) are in agreement with those reported in the literature94 (For 

the 1H NMR spectrum see the Results and Discussion section). 

 

Figure 55. 13C NMR spectrum of compound 2 measured in CDCl3, 100 MHz 

Cirsimaritin: yellow solid; 1H NMR (500 MHz, CD3OD) δH 3.93 (s, 3H, 6-OCH3), 4.07 (s, 3H, 7-

OCH3), 6.75 (s, 1H, H-3), 6.91 (s, 1H, H-8), 7.03 (d, 2H, J = 8.5 Hz, H-3’, H-5’), 7.98 (s, 2H, J = 8.5 

Hz, H-2’, H-6’) ppm; 13C NMR (100 MHz, CD3OD) δC 57.00 (6-OCH3), 61.07 (7-OCH3), 92.30 (C-

8), 103.80 (C-3), 115.65 (C-10), 116.33 (C-5’), 117.05 (C-3’), 123.18 (C-1’), 129.01 (C-6’), 129.38 

(C-6), 129.53 (C-2’), 152.69 (C-9), 153.34 (C-5), 159.06 (C-7), 160.70 (C-4’), 166.63 (C-2), 184.25 

(C-4) ppm. 

 

Compound 3 

Cirsiliol (3) data (1H and 13C NMR) are in agreement with those reported in the literature95 (For the 

1H NMR spectrum see the Results and Discussion section). 

Cirsiliol: yellow solid; 1H NMR (500 MHz, CD3OD) δH 3.93 (s, 3H, 6-OCH3), 4.08 (s, 3H, 7-OCH3), 

6.70 (s, 1H, H-3), 6.89 (s, 1H, H-8), 7.01 (d, 1H, J = 8.5 Hz, H-5’), 7.50 (d, 1H, J = 8.5 Hz, H-2’), 

7.52 (dd, 1H, J = 8.5 Hz, J = 2.5 Hz, H-6’) ppm; 13C NMR (100 MHz, CD3OD) δC 56.85 (7-OCH3), 

60.91 (6-OCH3) 92.16 (C-8), 103.73 (C-3), 106.50 (C-10), 114.05 (C-2’), 116.68 (C-5’), 120.25 (C-



79 

 

6’), 123.30 (C-1’), 133.50 (C-6), 147.10 (C-3’), 150.90 (C-4’), 153.34 (C-5), 155.60 (C-9), 160.40 

(C-7), 166.70 (C-2), 184.25 (C-4) ppm. 

 

Compound 5 

Compound 5 was identified as Teuflavin through the study of the 1D (1H and 13C NMR), and 2D 

NMR spectra (DQF-COSY, HSQC, HMBC), mass spectrometry (ESI MS), specific optical rotation 

and by comparison with data reported in literature.84 (For the 1HNMR spectrum see the Results and 

Discussion section). 

 

Figure 56. 13C NMR Spectrum of compound 5 measured in CDCl3, 100 MHz. 

Teuflavin: colorless solid; 1H NMR (500 MHz, CDCl3) δH 0.99 (d, 3H, J = 7.0 Hz, H-17), 1.60 (t, 2H, 

H-7), 1.92 (d, 1H, J = 2.5 Hz , H-11), 1.97 (s, 3H, COCH3), 2.07 (m, 1H, H-8), 2.23 (m, 1H, H-1), 

2.33 (m, 1H, H-2), 2.46 (d, 1H, J = 6.5, H-11), 2.70 (m, 1H, H-2), 2.73 (m, 1H, H-10), 2.81 (d, 1H, J 

= 6.0, H-18), 3.10 (m, 1H, H-1), 3.66 (dd, 1H, J = 10.0 Hz, J = 1.5 Hz, H-6), 3.72 (d, 1H, J =6.5 , H-

18), 3.89 (dd, 1H, J = 10.5, Hz, J = 0.5 Hz , H-19), 4.40 (d, 1H, J = 10.5, H-19) 5.18 (q, 1H, J = 6.5, 

Hz, J = 3.5 Hz, H-12), 5.43 (s, 1H, H-20) 6.43 (dd, 1H, 3J = 1.5, Hz, J = 0.5 Hz, H-14), 7.41 (t, 1H, 

H-15), 7.43 (m, 1H, H-16) ppm; 13C NMR (100 MHz, CDCl3)  δC 16.97 (C-17), 20.78 (COCH3
*), 

22.23 (C-1), 35.49 (C-8), 37.07 (C-7), 41.87 (C-2), 44.71 (C-10), 45.42 (C-11), 46.84 (C-5), 53.73 

(C-9), 57.17 (C-18), 62.04 (C-4), 66.33 (C-6), 67.76 (C-19), 70.49 (C-12), 99.86 (C-20), 108.80 (C-

14), 124.92 (C-13), 139.47 (C-16), 143.50 (C-15), 170.63 (CO*CH3), 206.57 (C-3) ppm. 
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Compound 6 

Compound 6 was identified as Teuflavoside through the study of the 1D (1H and 13C NMR), and 2D 

NMR (DQF-COSY, HSQC, HMBC) spectra, specific optical rotation and by comparison with the 

data reported in the literature84 (For the 1H NMR spectrum see the Results and Discussion section). 

 

 

Figure 57. 13C NMR Spectrum of compound 6 measured in CDCl3, 100 MHz 

Teuflavoside: solid colorless; 1H NMR (500 MHz, CDCl3) δH 0.95 (d, 3H, J = 6.5 Hz, H-17), 1.49 

(m, 2H, , H-1, H-2), 1,76 (m, 2H, H-1, H-7), 1.97 (m, 1H, H-8), 2.01 (m, 2H, H-2), 2.08 (s, 3H, H-

8’), 2.09 (s, 3H, H-20), 2.11 (s, 1H, H-3), 2.13 (m, 1H, H-7), 2.32 (dd, 1H, J = 14.0 Hz, J = 8.5 Hz, 

H-11),  2.52 (dd, 1H, J = 14.0 Hz, J = 8.5 Hz H-11), 2.74 (s br, 1H, H-10), 3.35 (m. 1H, H-5’), 3.54 

( t, 1H, H-4’), 3.60 (t, 1H, H-3’), 3.78 (dd, 1H, J = 12.0 Hz, J = 5.0 Hz, H-6’), 3.88 (dd, 1H, J = 12.0 

Hz, J = 3.0 Hz, H-6’) 4.56 (m, 2H, H-7, H-18), 4.74 (t, 1H, H-2’), 4.82 (t, 1H, H-6), 4.87 (d, J = 12.0 

Hz. H-18),  5.37 (t, 1H, H-12), 6.39 (s, 1H, H-14), 7.43 (m, 1H, H-15), 7.45 (s, 1H, H-16) ppm; 13C 

NMR (100 MHz, CDCl3) δC 17.00 (C-17), 20.38 (C-1), 20.95 (C-8’), 21.07 (C-20), 25.40 (C-2), 27.86 

(C-3), 32.88 (C-8), 34.29 (C-7), 40.83 (C-11), 40.84 (C-10), 53.38 (C-9), 62.22 (C-6’), 63.44 (C-18), 

71.16 (C-4’), 71.92 (C-12), 73.04 (C-6), 74.37 (C-2’), 75.56 (C-5’), 75.64 (C-3’), 99.20 (C-1’), 

108.10 (C-14), 125.45 (C-13), 131.70 (C-4), 133.75 (C-5), 139.45 (C-16), 144.06 (C-15), 170.72 (C-

7’), 171.56 (C-19), 177.03 (C-21) ppm. 
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Compound 10 

The analytical and spectroscopic (1H and 13C NMR) data of compound 10 are in agreement with those 

reported in the literature.84 (For the 1H NMR spectrum see the Results and Discussion section). 

 

 

Figure 58.  13C NMR Spectrum of compound 10 measured in CDCl3, 100 MHz 

 

Figure 59. HR ESI MS spectrum of compound 10 

 

1H NMR (500 MHz, CDCl3) δH 1.03 (d, 3H, J = 6.5, H-17), 1.37 (dd br, 1H , J = 14.0, J = 4.5, H-2), 

1.46 (dd, 1H , J = 10.0, J = 3.0, H-1), 1.74 (dd, 1H, J = 13.5, J = 2.0, H-7), 1.80 (m, 1H, H-8), 1.88 

(d br, 1H, J = 10.0, H-2, ), 1.99 (d, 2H, J = 13.0, H-6, H-3), 2.16 (m, 2H, H-7, H-1), 2.42 (d, 1H, J = 
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9.0, H-11),  2.45 (d, 1H, J = 9.0, H-10), 2.50 (s br, H-3), 2.60 (dd, 1H, J = 9.0, J = 5.0, H-11), 3.85 

(dt, 1H, H-6), 5.41 (t, 1H, H-12), 6.41(s, 1H, H-14), 7.45 (t br, 1H, H-15), 7.47 (s br, 1H, H-16) ppm; 

13C NMR (100 MHz, CDCl3) δC 17.21 (C-17), 20.82 (C-2), 22.43 (C-3), 25.88 (C-1), 27.67 (C-6), 

30.29 (C-7), 39.20 (C-8), 40.92 (C-11), 47.68 (C-10), 55.08 (C-9), 71.94 (C-12), 108.11 (C-14), 

125.27 (C-13), 133.60 (C-4), 139.49 (C-16), 144.12 (C-15), 155.97 (C-5), 172.47 (C-20), 190.12(C-

18) ppm. 
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1.7.3 Molecular modelling 

 

Ligand preparation 

The ligand was built within the Maestro platform. The most stable conformation has been determined 

by molecular mechanics conformational analysis performed with Macromodel software version 9.2.98 

using the Merck Molecular Force Fields (MMFFs)99 and GB/SA water implicit solvation model,100 

Polak-Ribiére Conjugate Gradient (PRCG) method, 5000 iterations and a convergence criterion of 

0.05 kcal/(mol Å). All the other parameters were left as default.  

Protein preparation  

The coordinates for reverse transcriptase enzyme was taken from the RCSB Protein Data Bank101 

(PDB codes 1rti).102 The protein was prepared by using the Maestro Protein Preparation Wizard. 

Original water molecules were removed. 

Starting from wt protein the mutated enzymes A508V-RT was generated. Mutated RT was minimized 

considering OPLS force field in GB/SA implicit water, setting 10000 steps interactions analysis with 

Polak-Ribier Coniugate Gradient (PRCG) method and a convergence criterion of 0.05 kcal/mol. 

Docking protocol 

 Molecular docking studies were performed using QMPL workflow protocol.103 Grids were defined 

around the refined structure by centering on the residue Q500 (located in the RNaseH domain) and 

fixing the box volume (46x46x46 Å). The other settings were left as default.  

Post docking protocol 

 In order to better take into account, the induced fit phenomena, the most energy favored generated 

complexes were fully optimized with the OPLS2005 force field in GB/SA implicit water. The 

optimization process was performed setting 10000 steps iteractions up to the derivative convergence 

criterion equal to 0.05 kJ/(mol*Å). The resulting complexes were considered for the binding modes 

graphical analysis with Pymol and Maestro. 
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2. Human Rhinovirus  
 

               Human Rhinoviruses (HRVs) are the most common viral infectious agents. These are 

members of the family Picornaviridae and the genus Enterovirus. HRVs are first discovered in 1950s 

and they are classified in three species (RV-A,- B, and -C) according to phylogenic sequence criteria 

and distinct genomic features.1 Clinical isolates of RV-A and RV-B were in 1987,2 while the third 

species (RV-C) was identified by the International Committee on Taxonomy of Viruses in 2009.3  

There are multiple HRVs in each species designated as “serotypes” or “strains”. Hundred different 

types of strains were collected from sample of patients called prototype or reference set. Partial 

sequencing of viral capsid-encoding regions, non-coding regions, and a limited number of complete 

genomes led to a division of the original ninety-nine strains into two species: HRV-A (containing 74 

serotypes) and HRV-B (containing 25 serotypes).4 To explain how antiviral compounds that belong 

to HRV-A and B draw a distinction between these two groups of viruses, it is assumed that the 

hydrophobic pocket of capsid viral protein 1 (VP1), which is the binding site for the capsid inhibitors, 

is dimorphic in shape and/or composition. As matter of fact, it has been demonstrated that the higher 

activity of short-chained capsid inhibitors compounds was against group B (serotypes 1A, 2 e 16), 

while members of group A (es, HRV-3 and -14) were more sensitive to longer chain antiviral 

compounds; therefore, Andries et al5 suggested that group A has longer and narrower hydrophobic 

pocket than group B. 

HRV-C strains have a genomic organisation similar to that of HRV-A and HRV-B; however, there 

are several distinct characteristics supporting their classification as a new species.  

HRVs are the main responsible of the upper respiratory infections such as the common cold. It is 

known that colds are responsible for millions of work hours lost by sniffling patients, but the public 

perception is that HRV infections are generally benign. Therefore, the consequences of HRV 

infections are often overlooked.6 

 

2.1 Structure of HRV 

 

HRVs are positive-sense, single-stranded-RNA (ssRNA) viruses of approximately 7.200 bp. The 

genome is composed of a single gene, the translated protein of which is cleaved by virally encoded 

proteases to yield 11 proteins. The viral capsid contains four proteins. VP1, VP2, VP3, and VP4, that 

hold the RNA genome, while the non-structural proteins are involved in viral genome replication and 

assembly. Three larger proteins (VP1–3, ̴ 30 kDa each) are located on the external surface of the 

virus, account for the virus antigenic diversity, while smaller protein VP4 ( ̴ 7 kDa) lines the inner 

surface, interfacing with VP1–3 and RNA, anchors the RNA core to the capsid. There are 60 copies 
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each of the four capsid proteins, giving the virion an icosahedral structure, with a canyon in VP1 that 

is used as a site of attachment to cell surface receptors. 

 

 

Figure 1. A schematic view of HRV14 icosahedral capsid (A) and partial capsid surface bound with 

an antiviral drug (B).  

 

2.1.1 Replication  

HRVs are generally temperature-restricted in replication, with optimal growth at 33–35 °C, and the 

temperature observed in the tracheobronchial tree is often lower than body core temperatures and so 

are permissive for HRV replication.7 

Virus uptake occurs via clathrin-dependent or -independent endocytosis, or via macropinocytosis. 

The virions undergo conformational changes that yield hydrophobic subviral particles. This process 

is initiated by ICAM-1 and/or the low-pH environment in endosomes. It is thought that the RNA 

genome crosses the endosome membrane into the cytosol through a pore formed by viral proteins or 

after membrane rupture. After the entry of RNA genome inside the cytosol, the host cell ribosome 

translates the positive-sense, single-stranded RNA into structural (capsid) and nonstructural proteins. 

The virion is then assembled and packaged prior to cellular export via cell lysis (Figure 2).8  
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Figure 2. Viral replication in airway epithelial cells 

 

2.2 Rhinovirus cellular receptors 

 

RV-A and RV-B serotypes are also classified into two groups, major and minor. The “major group” 

utilises, a single receptor, the cell surface receptor intercellular adhesion molecule 1 (ICAM-1); the 

other one attaches to and enters cells via the low-density lipoprotein receptor (LDLR),9 whereas RV-

C receptor remained unknown until recently10 Bochkov et coll.1 have discovered cadherin-related 

family member 3 (CDHR3), a transmembrane protein with yet unknown biological function that 

mediates virus binding and replication. 

Cell entry and uncoating are initiated when HRVs recognize their respective receptors. By the cryo-

EM reconstructions of HRV-ICAM-1 it is observed that: ICAM-1 binds primarily to the floor and 

south wall of the canyon then, there is a conformational change in the virus surface, visible on the 

right-hand side of the diagram.  

It is reported that the walls and the floor of the canyon probably bind to domain D1 and open the 

channel. This requires an empty hydrophobic pocket and flexibility of VP1, which is a largest part of 

the north and south walls of the canyon. The opening of the pentamer vertex, induced by the binding 

of ICAM-1 molecules, may facilitate externalization of VP4 and other internal viral components, 

including RNA. 
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Virus attachment on the receptor is distal from the plasma membrane. This property may be relevant 

for infection of cells by viruses and may reflect the enhanced ability of the N-terminal Ig domain to 

penetrate into the HRV canyon.11 

 

 

Figure 3. Schematic representation of a proposed two-step binding mechanism between ICAM-1 and 

major-group HRVs 

 

The low-density lipoprotein receptor (LDLR) is a cell-surface glycoprotein. This family comprises at 

least three members that can bind and internalize RV including the LDLR, the very low-density 

lipoprotein receptor (VLDLR), and the LDLR related protein (LRP). These receptors can be 

recognized by the presence of ligand-binding repeats, epidermal growth factor precursor repeats, 

YMTD spacer domains (β-propeller modules), a single transmembrane domain and a relatively short 

cytoplasmic tail. This one contains motifs for interaction with a number of cytoplasmic adaptor and 

scaffold proteins and mediates signal transduction.12,13  
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Figure 4. Schematic illustrating the uptake of lipoprotein particles by the LDLR 

 

The entry of a receptor-ligand complex into cells occurs at clathrin-coated pits. The complex is 

subsequently delivered to the low-pH environment of the endosome, where dissociation of the 

complex takes place. The receptor is then returned to the cell surface in a process called receptor 

recycling.13 The most important physiologic ligand for the receptor is LDL, which contains a single 

copy of apolipoprotein B-100 and carries approximately 65% to 70% of plasma cholesterol in 

humans.14,15  

 

2.3 Clinical syndromes of RV infection 

 

Acute respiratory infections represent a major cause of human disease and the second most important 

cause of death among children under five years of age.16,17  

HRVs are the most frequent cause of respiratory illness including common cold, bronchitis and 

pneumonia and provoke exacerbations of asthma, cystic fibrosis, and chronic obstructive pulmonary 

disease (COPD)7, 18-20. Studies on COPD have revealed that higher values of CRP and respiratory 

viruses, especially rhinovirus (57%), are more frequently detected in exacerbations in hospitalized 

patients.20 HRVs are typically found in the majority of young children and adults with acute 

symptoms of asthma18,21;  
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The relationship between HRV infections and asthma reveals that infants who develop virus-induced 

wheezing episodes are at high risk for asthma, but most acute wheezing illnesses in infancy resolve 

with no long-term sequelae. Once asthma has been established, HRV infections are the most common 

cause of acute exacerbations, especially in children. This is plausible because the lungs and the 

immune system are growing and developing during infancy and might be especially vulnerable during 

this period of time. 22 

As well in adults, there is a correlation with exacerbation of asthma, in fact it is seasonal and in 

temperate climates there are strong peaks in morbidity in September, shortly after children return to 

school. It is interesting to notice individuals with asthma do not necessarily have more colds, and 

neither the severity nor the duration of upper respiratory symptoms is enhanced during experimental 

HRV infections in adults with asthma. It means the viral infections are specific to the lower airway.23 

Moreover, there is evidence that viral infections exert synergistic effects together with other events 

to provoke asthma symptoms. For instance, the effects of colds on asthma exacerbations are greatest 

in allergic individuals24 and are amplified by exposition to allergens25 and air pollutants.26 There is 

now evidence that the immune response to respiratory viral infections contributes to airway 

obstruction and respiratory symptoms. The mechanisms are associated with the activation of 

inflammatory cascade with proinflammatory cytokines and mediators that enhance airway hyper 

responsiveness and airway obstruction.21 

 

 

Figure 5.  Mechanisms of RV-induced exacerbations of asthma, and therapeutic implications. 
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2.4 Antiviral agents for treatment of HRV infection 

 

Despite the huge medical and socio-economical relevance of common cold, there are still no approved 

drugs for the treatment of these infections. However, in recent years several molecules have been 

reported as promising therapeutic targets. 

 

2.4.1 Capsid Inhibitors 

 

The viral capsid was identified as the first potential target for inhibition of viral replication. During 

the infection, ICAM-1 binds into the canyon, inducing conformational changes that eventually lead 

to uncoating of the virus and release of the viral RNA. The capsid binders bind into the hydrophobic 

pocket, under the canyon floor.27 This event induces conformational changes, thereby increasing the 

rigidity of the virion and decreasing the ability of the virion to interact with its receptor (Figure 6). 

For instance, WIN compounds are one of the earliest discovered classes of Enterovirus inhibitors that 

work in this way and some structural studies demonstrated that, after accidental discovery, these 

compounds underwent several modifications to improve their antiviral properties.  

 

 

Figure 6. Mechanism of action of capsid binders 

 

Pleconaril 

WIN63843 (pleconaril) showed a high oral bioavailability (~70%)28,29 and a broad spectrum activity30 

against enteroviruses and rhinoviruses. Pleconaril is the first of a new generation capsid inhibitors 

that binds to hydrophobic sites within the cavities and it has a large volume of distribution with >99% 
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plasma protein bound. It has good penetration into the central nervous system, and absorption is 

increased when taken with food, particularly fats.29 The trifluoromethyl substituent on the oxadiazole 

ring increasing the half-life by reducing degradation in the liver by enzymes involved in oxidative 

processes.31 In previous studies pleconaril was tested for oral activity in animal models infected by 

coxsackievirus, members of the family Picornaviridae and the genus Enterovirus as HRVs. The 

treatment increased the survival rate for prophylactic and therapeutic dosing regimens and 

dramatically reduced virus levels in target tissues of animals. Therefore, it was considered a 

promising new drug candidate for potential use in the treatment of human enteroviral infections.30 

Pharmacokinetic studies of pleconaril have been taken in adults, children and neonates in 1999.28 29 

It was demonstrated that the concentrations of pleconaril 12 h after a single oral dose remain 2.5 more 

than in vitro. In pre-clinical trials, no differences from placebo have been noted like cardiovascular 

and central nervous system side-effects.  

 In 2002, after the submission of pleconaril for the treatment of the common cold, the drug was 

rejected by the FDA mainly due to safety issues.32 Then it has been licensed to Schering-Plough in 

2003 to be developed as nasal spray for the treatment of common cold symptoms exacerbations of 

asthma/COPD in high-risk patients. This study has been completed in 2007, but results of this study 

have not been revealed yet.33  

 

 

Figure 7. Structure of Pleconaril 

 

Pirodavir 

Pirodavir (R77975) has been known to have a good level of potency and a broad spectrum of 

antirhinoviral activity (HRV-A and B), to a lesser extent, that of other enteroviruses.  

Previous studies found that pirodavir: 

- is able to inhibit the replication of 80 % of serotypes at concentrations of 1 mg/ml or less.34  

- frequent intranasal sprays of pirodavir (six times daily) provided protection protective against 

rhinovirus illness, when administration was begun before viral exposure and continued 

afterward. Three times daily administration provided no protection, and the treatment begun 
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24 h after rhinovirus challenge. However, the small number of subjects enrolled in that study 

precluded an assessment of pirodavir’s therapeutic use.35  

- intranasal sprays of pirodavir (2 mg for six times daily for 5 days) were associated with 

significant antiviral effects but no clinical benefit.36 

- Oral delivery of the ester-derivate pirodavir is not feasible given the fact that it is hydrolysed 

to an inactive acid and has an unpleasant taste and the more frequent presence of blood in the 

nasal mucus.37 

 

 

Figure 8. Structure of Pirodavir 

 

Vapendavir 

Vapendavir is a more recent capsid inhibitor that shows activity against HRV-A and HRV- B 

serotypes and some strains of EV.38 

 

 

Figure 9. Structure of Vapendavir 

 

 

2.4.2 3C protease inhibitors 

3C protease plays an essential role in viral replication. In fact it is responsible for proteolytic cleavage 

of polyprotein into proteins that are structurally and enzymatically essential for viral life-cycle.39 

Enviroxime and Enveroxime-related compounds are the most promising anti-HRV molecules  
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Figure 10. Structure of Enviroxime 
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2.5 Aim and Objectives 

 

In our recent work,40 the phytochemical investigation of the anti-HRV CH2Cl2 extract obtained from 

Bupleurum fruticosum, led to the isolation of a series of phenylpropenoids and polyacetylenes (Figure 

11). Among all, (E)-3-(3,4-dimethoxyphenyl)-2-propen-1-yl(Z)–2-[(Z)-2-methyl-2-

butenoyloxymethyl)butenoate (Figure 11), revealed the most advantageous selectivity index 

inhibiting HRV-A39 species. This compound showed an IC50 value of 2.4 ± 0.04 µM and a moderate 

cytotoxicity versus HeLa cells (7.6 ± 1.8 μM).  

SAR studies allowed us to identify some basic structural requirements for the antiviral action. In 

particular, the substitution of a methoxy group at C-3 position of the phenyl ring of (E)-3-(3,4-

dimethoxyphenyl)-2-propen-1-yl(Z)-2-[(Z)-2-methyl-2-butenoyloxymethyl)butenoate with a 

hydrogen, as in (E)-3-(4-methoxyphenyl)-2-propen-1-yl(Z)-2-[(Z)-2-methyl-2-

butenoyloxymethyl)butenoate, annulled the activity (EC50 >36.3 μM) and increased the cytotoxicity 

(Figure 11). The replacement at the same time of the angeloyl and 3-methoxy groups with a hydrogen 

atom, as in 4-O-methylcinnamyl angelic acid ester, led to a reduced activity (∼10 fold). An ester 

functionality seems essential for the antiviral activity since 4-methoxycinnamyl alcohol and 3,4-

dimethoxycinnamyl alcohol proved to be completely inactive. A 3,4-dimethoxyphenyl ring and an 

ester function were necessary but not sufficient since 4-O-methyl-(E)-coniferyl angelic acid ester, 

containing a shorter alkyl chain with respect to the most active compound, was not able to inhibit the 

replication of HRVs.  

The anti-HRV mechanism of action of the most active phenylpropenoid was evaluated with the aim 

of the time-of-drug-addition assay, compared to pirodavir, a known capsid inhibitor (Table 1). This 

assay revealed that the antiviral behaviour of this natural compound is quite similar to that showed 

by pirodavir, and means that (E)-3-(3,4-dimethoxyphenyl)-2-propen-1-yl (Z)-2-[(Z )-2-methyl-2-

butenoyloxymethyl)butenoate is an antiviral molecule which exerts its activity in the early phases of 

viral replication and behaves as a capsid binder towards HRV 39. In contrast with pirodavir, addition 

of the natural compound to the infected HeLa cells after 1h post binding still resulted in a strong 

reduction in virus yield (78%) and after 2-3 h post binding resulted less effective (65% and 50% 

reduction, respectively) but still significant. The remarkable inhibitory effect when added after virus 

binding (1-3 h) suggested the ability for the natural compound to enter the host cells and to act with 

a further mode of action probably based on the uncoating of viral genome or on inhibition of protein 

synthesis.  
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Figure 11. Structures of the secondary metabolites isolated from Bupleurum fruticosum 
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Table 1: Effect of addition of the phenylpropenoid and Pirodavir at different times during HRV 

growth cycle in HeLa cells. The phenylpropenoid and Pirodavir were used at a concentration of 5 

µg/mL. 

 

Subsequently, computational studies were carried out in order to identify the key residues involved 

in the interaction of VP1-HRV39 with the natural compound. The binding pocket of serotype 39 is 

characterized by the presence of highly hydrophobic residues. These studies indicate that the amino 

acids concerned in the bonds with the phenylpropenoid are: Tyr144, Leu100, Ile122, Tyr190, Leu184 

and Val236. Moreover, complex of the phenylpropenoid was stabilized by hydrogen bonds with 

Thr100, with the oxygen of the methoxy group of the phenyl ring. It fit nicely the binding pocket and 

is able to occupy most of it, by establishing a large number of hydrophobic interactions with the 

aliphatic chain. The selectivity of the most active phenylpropenoid toward HRV39 could be explained 

by the different interactions of this compound with VP1. Indeed, in VP1-HRV14 the presence of 

Tyr128 with its steric hindrance does not allow a proper accommodation into the hydrophobic binding 

pocket. In VP1-HRV39, Tyr128 is replaced by an isoleucine, which is a key residue in 

protein−compound interactions.40  
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Figure 12. 3D and relative 2D representation of the phenylpropenoid and putative binding mode 

resulting from the docking experiments into the built model of VP1-HRV39. The key residues are 

highlighted in green in the 3D depiction. 

 

 

Figure 13. Docking of the phenylpropenoid inside VP1-HRV14 (pdb code 1NCQ) where Tyr128 of 

VP1-HRV14 and Ile122 of VP1-HRV39 are highlighted in yellow and green respectively. 

Tacking into account the SAR and docking studies of the natural phenylpropenoid, I decided to 

synthesize some analogues in order to improve the antiviral potency and/or the selectivity index (SI) 

of the natural compound. 
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2.5.1 Results And Discussion 

 

2.5.1.1 Synthesis of 2-(3,4-dimethoxyphenoxy)ethyl esters of aliphatic and 

aromatic acids (14a-e) 

The first series of newly synthesized compounds were designed preserving the dimethoxyphenyl 

group, which proved to be essential for the activity, as reported for the phenylpropenoid and others 

capsid inhibitors.40-42 The original aliphatic chain of the natural compound was simplified and, since 

all the most promising capsid-binding inhibitors posses a phenoxyalkyl chain, the propenic moiety 

linked to the benzene ring of the natural compound was replaced by an oxyethyl group. The aliphatic 

satured or unsatured ester portions have been chosen so that the dimensions of the new synthetic 

molecules were similar to that of the natural phenylpropenoid.  

I first prepared 2-(3,4-dimethoxyphenoxy)ethanol (11) by reaction of 3,4-dimethoxyphenol with 

ethylene carbonate in DMF at reflux (Scheme 1), obtaining the expected product in high yield (84%). 

The commercial aliphatic carboxylic acids (12a-e) were reacted with ethyl chloroformate in the 

presence of triethylamine (TEA) and dimethylaminopyridine, at -15 °C, via an intermediate, 

represented by a mixed anhydride (13a-e), which was not isolated (Scheme 1). This reaction allowed 

the activation of the acid function. Then, the addition of alcohol to the reaction mixture led to the 

ester derivatives 14a-e. 
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Scheme 1. General procedure for the synthesis of 2-(3,4-dimethoxyphenoxy)ethanol derivatives 

(14a-e) 

 

2.5.1.2 Synthesis of heterocyclic amides 15a-d,f,n, 16a,b,e and 17a-d 

On the basis of the biological results of compounds 14a-e (see next paragraph), the second series of 

derivatives were synthesized replacing the 2-(3,4-dimethoxyphenoxy)ethanolic group with 

heterocyclic systems, such as phenylpiperazine, piperidinylpyridine and morfolinpyperidine,  leading 

to the corresponding amides 15a-d,f,n, 16a,b,e and 17a-d (Figure 14). The new derivatives contain 

an amide function instead of an ester. Since it is known that an ester moiety is potentially a target of 

human esterases, this modification could preserve the molecules from the enzymatic hydrolysis.  

  

 

Figure 14. General structure of the heterocyclic amides synthesized 15a-d,f,n; 16a,b,e; 17a-d 
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In the second series of molecules, the mixed anhydrides (13a-n) were prepared according to the 

procedure reported for compounds 14a-e. The mixed anhydrides were not isolated and the addition 

of an excess of a secondary amine to the reaction mixture led to the amides 15a-d,f,n, 16a,b,e, and 

17a-d. 

 

 

Scheme 2. General procedure for the synthesis of heterocyclic amides 15a-d,f,n, 16a,b,e, and 17a-d 
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2.5.2 Anti-Rhinovirus activity of compounds 14 a-e, 15ad,f,n, 16 a,b,e and 17 a-d 

 

All derivatives (14a-e, 15ad,f,n, 16a,b,e and 17a-d) were tested at the Department of Microbiology 

and Immunology, Rega Institute for Medical Research, Leuven, Belgium by the group of Professor 

Johan Neyts. The cytotoxicity has been evaluated on HeLa cells and the anti-HRV activity was tested 

on Rhinovirus 02 (HRV-A02) and Rhinovirus 14 (HRV-B14) belonging to the serotype A and B, 

respectively (Table 2). The antiviral potency was evaluated by the method of inhibition of the virus-

induced cytopathic effect in HeLa cells and expressed as EC50, i.e. as an effective dose to reduce the 

cytopathic effect by 50%. Pleconaril was used as a reference. Cytotoxicity (CC50) was assessed in 

parallel in compound-treated, uninfected cells. 

The antiviral screening indicated that all of the 2-(3,4-dimethoxyphenoxy) ethanol derivatives did not 

show any antiviral effect up to100 µM, except for the naphthalene-bearing compound 14e that 

revealed a moderate activity against HRV-A02 and HRV-B14 with EC50 of 15.3 and 24.6 µM, 

respectively (Table 2).  Interestingly, compounds 14a-e were not toxic up to 100 µM.  

Unlike the 3,4-dimetoxybenzene derivatives, various heterocyclic amides showed strong activity in 

the low micromolar range and, with respect to the natural compound, a reversal of selectivity towards 

the viral species B (HRV-14) was observed. In particular, among the phenylpiperazine amides (15a-

d,f,n), we first assessed their antiviral activity only varying the aliphatic chain. Thus, among 

compounds 15a-d, the most active was 15c, containing a decanoic chain, with an EC50 of 5.7 µM and 

selectivity index (SI) of 14 (Table 2). The substitution in 15c of the decanoic moiety with an octanoic, 

7-octenoic or 9-decenoic led to complete loss of activity (EC50 >100) as in 15d, or a decrease in the 

activity as for 15b (EC50 = 45 µM) and 15a (EC50 = 11.9 µM).  

The importance of the decanoic chain was also confirmed introducing electron withdrawing or donor 

groups in the phenyl ring as reported for compounds 15g, 15j and 15m. Furthermore, when alogen 

atoms were introduced in the phenyl ring of 15c, the 3,4-dichloro substitution resulted more 

favourable respect to the 4-fluorine substitution. The most active compound of the phenylpiperazine 

amides was the 4-methoxyphenyl derivative 15m with an EC50 of 1.0 µM, value very close to that of 

the 3,4-dichlorophenylpiperazine 15g (EC50 = 1.4 µM). Moreover, 15m revealed the best SI (>100). 

In a third series of compounds, we evaluated the influence of the substitution of the phenylpiperazine 

moiety with a piperidinylpyridine. Also in this case, the piperidinylpyridine amide 16a, containing a 

10 carbon aliphatic chain, yielded the best inhibition of HRV-B14 with a IC50 value of 1.4 µM (Table 

2).   
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Table 2. Inhibition of replication of HRV-A02 and HRV-B14 serotypes by compounds 14 a-e, 15a-

d, 3f-n, 16 a, b, e, and 17 a-d  

Compound CC50
a 

µM 

EC50
b 

µM (SI)c 

EC50
b 

µM (SI)c 

 HeLa HRV-B14 HRV-A02 

  

 14a 

 

 

>100                    

 

 

>100 

 

 

>100 

 

  14b 

 

 

>100                    

 

 

>100 

 

 

>100 

 

14c 

 

 

>100                    

 

 

>100 

 

 

>100 

 

14d 

 

 

>100                    

 

 

>100 

 

 

>100 

 

     14e 

 

 

>100                    

 

 

24.6 ± 1.7 (4.1) 

 

 

15.3 ± 0.1 (6.5) 
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  15a 

 

 

81.8 ± 3.1 

 

 

11.9 ± 1.1 (6.9) 

 

 

>100  

 

      15b 

 

>100 

 

45.0 ± 2.4 (2.2) 

 

>100 

 

     15c 

 

 

79.2 ± 2.2 

 

 

5.7 ± 0.01 (13.9) 

 

 

>100  

 

    15d 

 

 

>100                    

 

 

>100 

 

 

>100 

 

  15f 

 

 

98.3 ± 4.8 

 

 

4.0 ± 0.1 (24.6) 

 

 

>75 

 

  15g 

 

 

98.0 ± 3.3 

 

 

1.4 ± 0.08 (70) 

 

 

>75  

 

  15h 

 

 

88.3 ± 3.8 

 

 

>15  

 

 

>15  
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   15i 

 

77 ± 1.7 

 

6.7 ± 0.1 (11.5) 

 

>100  

 

  15j 

 

 

75.4 ± 5.1 

 

 

3.1 ± 0.08 (24.3) 

 

 

>100  

 

  15k 

 

 

>100 

 

 

>100 

 

 

>100 

 

  15l 

 

 

>100 

 

 

2.9 ± 0.05 (34.5) 

 

 

>100 

 

  15m 

 

 

>100 

 

 

1.0 ± 0.02 (100) 

 

 

>100 

 

  15n 

 

 

>100 

 

 

>100 

 

 

>100 

 

  16a 

 

 

81.1 ± 6.0 

 

 

1.4 ± 0.07 (57.9) 

 

 

>75 
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  16b 

 

>100 

 

>100 

 

>100 

 

  16e 

 

 

>100 

 

 

>100 

 

 

>100 

 

 17a 

 

 

>100 

 

 

>100 

 

 

>100 

 

  17b 

 

 

>100 

 

 

>100 

 

 

>100 

 

  17c 

 

 

>100 

 

 

>100 

 

 

>100 

 

 

  17d 

 

 

>100 

 

 

>100 

 

 

>100 

 

Pleconaril 

 

>100 

 

0.2 ± 0.01 (500) 

 

0.3 ± 0.02 (333) 

aCC50: cytotoxic concentration for 50% of cell death, measured with MTT assay in HeLa cells.  

bEC50: effective concentration for 50% inhibition of each HRV species measured with MTT assay in HeLa 

cells. cSI: selective index, calculated by CC50/EC50. 
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2.5.3 Conclusion 

 

In conclusion, I synthesized two series of derivatives, the first (14a-e) were analogues of the anti-

HRV39 (E)-3-(3,4-dimethoxyphenyl)-2-propen-1-yl (Z)-2-[(Z)-2-methyl-2-

butenoyloxymethyl)butenoate, obtained simplyfing the aliphatic chain and replacing the propenic 

moiety linked to the benzene ring of the natural compound by an oxyethyl group. However, these 

compounds were completely inactive against both serotypes HRV A and B.  

Subsequently, the second series of derivatives was synthesized replacing the 3,4-dimethoxy-

phenylpropenic group of the natural compound with heterocyclic systems such as phenylpiperazine 

(15a-d,f,n),  piperidinylpyridine (16a,b,e) or morfolinpyperidine (17a-d), linked by an amide group 

with the same satured or unsatured aliphatic chain employed for the series 14a-e.  

Biological tests have shown that all compounds have a low cytotoxicity on HeLa cells and, among 

all, the p-methoxyphenyl derivatives (15 l-n) were not toxic up to 100 µM, while that of the natural 

compound was 20.3 µM. 

Anti-HRV assays revealed that compounds 15m, 16a, 15g were more active than the natural 

compound to inhibit HRV replication showing an EC50 values of 1.0, 1.4, 1.5 µM, respectively, 

whereas the EC50 for the natural phenylpropanoid was 2.4 µM. However, and more interestingly, 

compounds 15m, 16a and 15g showed a selectivity index that was significantly higher than that of 

the natural compound. In particular, among all, the most intriguing compound was the 4-

methoxyphenyl derivative 15m showing a SI>100 whereas the SI of the natural phenylpropenoid was 

8.4.   

Furthermore, all the synthetic derivatives revealed a high selectivity against the serotype B (HRV-

B14) whereas the natural compound was selective towards the serotype A (HRV-A39). 

A further benefit of the heterocyclic amides is that they have a potential greater metabolic stability 

against human esterases, than that of the natural compound. 

These new compounds can offer a valid "scaffold" for the development of new drugs against the cold 

virus, an etiological agent for which, at moment, there is no approved drug. 
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2.6 EXPERIMENTAL PART 
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2.6.1 Materials and Methods 

 

2.6.1.1 General procedures 

 

The NMR spectra were recorded at 25 °C on a high-resolution Unity Inova 500NB spectrometer 

(Agilent Technologies, CA, USA) operating at 500 MHz for 1H and 100 MHz for 13C or on a 

VARIAN UNITY INOVA 400 MHz instrument. All spectra were measured at 25°C in CDCl3 or 

CD4O and using the undeuterated CHCl3 residue in CDCl3 (
1H 7.26 ppm and 13C 77.0 ppm) and 

CH3OH in CD4O (1H 3.34 ppm and 13C 49.0 ppm) as a reference. HRESIMS were measured on an 

Agilent 6520 time of flight (TOF) MS instrument (Agilent Technologies). Column chromatography 

was conducted using silica gel (40-63 µm, Merck), aluminium oxide (neutral) and Sephadex LH-20 

(25-100 µm, Pharmacy) as stationary phases and monitoring the TLC fractions. TLC was performed 

on silica gel 60 F254 or RP-18 F254 (Merck). LiChrolut RP-18 (40−63 μm) 500 mg, 3 ml (Merck) solid 

phase extraction (SPE) cartridges were also used. Semi-preparative HPLC was conducted using a 

Varian LH 920 instrument with autosampler. The column was a Varian RP-18 of 250 x 10 mm, 

particle size 5 µm. The wavelength of UV detection was 254 and 360 nm 

 

2.6.1.2 Synthesis of compound 11-17 

 

Synthesis of 2-(3,4-dimethoxyphenoxy)ethanol derivatives 2-(3,4-dimethoxyphenoxy)ethanol 

(11) 

7.7 g (50 mmol) of 3,4-dimethoxyphenol, dissolved in 3.7 ml of dimethylformamide (DMF), reacted 

with 5.81 g (66 mmol) of ethylene carbonate and 1.85 g tetraethylammonium bromide (8.8 mmol) 

for 6 h at 140°C until the TLC analysis revealed total disappearance of starting reagent. The resulting 

mixture was filtered at room temperature. The liquid part was separated by separating funnel 

containing DMF, distilled water and ethyl acetate. After this preliminary separation, the organic phase 

was anhydrified with sodium sulfate (Na2SO4). After filtration, the solution was evaporated and the 

resulting solid was purified by liquid chromatography under vacuum (VLC) with silica gel using n-

hexane/ethyl acetate (6:4) as eluents, to give compound 11 (2-(3,4-dimethoxyphenoxy)ethanol, yield 

84%). 

 

Figure 15. Scheme of synthesis of 2-(3,4-dimethoxyphenoxy)ethanol 11. 
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H3CO OH
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i: ethylene carbonate, C4H12BrN,DMF,140 °C, 6 h,
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Synthesis of 14a 

0.67 ml of ethyl chloroformate (7.06 mmol) and 0.98 ml of TEA (7.06 mmol) were add of a 

suspension of 9-decenoic acid (1.0 g, 1.1 ml, 5.88 mmol) (2a) in CH2Cl2 and the reaction mixture was 

left to shake for 5 h at -15 °C until the complete disappearance of the original product. Subsequently, 

the mixture obtained has been filtered at room temperature. 

2-(3,4-dimethoxyphenoxy)ethanol (11) (7.06 mmol) and DMAP (0.060 g, 0.49 mmol) were 

added  and left for 15 hours at room temperature. Then, The solvent was evaporated and the product 

was purified by VLC (silica gel) using n-hexane/ethyl acetate (9:1) as eluents, to give 0.190 g of 

compound 14a. 

 

 

 

 

Figure 16. Structure of compound 14a 

Compound 14a. yellow oil, yield: 9%;  HR-ESIMS (positive mode) m/z 351.2166 [M + H]+ (calcd 

for C20H31O5, 351.2166); 1H NMR (500 MHz, CDCl3):δ  6.748 (d, 1H, J=9 Hz, H-5’’), 6.526 (d, 1H, 

J=3 Hz, H-2’’), 6.374 (d,d, 1H, J=0.5 Hz, j= 3, H-6’’), 5.770 (m, 1H, H-9), 4.937 (m, 2H, H-10), 

4.384 (t, 2H,H-2’), 4.097 (t, 2H,H-1’), 3.826 (s, 3H, OCH3), 3.804 (s, 3H, OCH3), 2.32 (m, 2H, H-

2), 2.002 (q, 2H, H-3), 1.612 (m, 2H, H-8), 1.324 (m, 8H, H-4, H-7) ppm; 13C NMR (100 MHz, 

CDCl3): δC 173.660 (C-1), 153.042 (C-3′′), 149.841 (C-4′′), 143.771 (C-1′′) 138.923 (C-9), 114.079 

(C-10), 111.762 (C-5′′), 103.879 (C-6′′), 101.074 (C-2′′), 66.506 (C-1′), 62.576 (C-2′), 56.334 (C-

3′′OCH3), 55.733 (C-4′′OCH3), 34.055 (C-2), 33.614 (C-3), 28.968 (C-8), 28.923 (C-7), 28,784 (C-

6), 28.716 (C-4), 24.774 (C-5) ppm. 

 

 

 

Synthesis of ester 14b 

0.16 ml of ethyl chloroformate (1.68 mmol) and 0.23 ml of TEA (1.68 mmol) were added to a 

suspension of 7-octenoic acid (0.2 g, 0.22 ml, 1.4 mmol) in CH2Cl2 (2.5 ml) and the reaction mixture 

was left under agitation for 5 h at -15 °C until the TLC showed the complete disappearance of the 

original product.  The mixture was filtered at room temperature. 

2-(3,4-dimethoxyphenoxy)ethanol (11) (1.68 mmol) and DMAP (0.01 g, 0.082 mmol) were added 

for 17 hours at room temperature. Then, the solvent was evaporated under pressure and the product 
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was purified by VLC (silica gel) using toluene/ethyl acetate as eluents (8:2), to give 95.7 mg of 

compound 14b.  

 

 

.  

 

Figure 17. Structure of compound 14b 

Compound 14b transparent oil, yield: 21%; HR-ESIMS (positive mode) m/z 323.1862 [M + H]+ 

(calcd for C18H27O5, 323.1853); 1H NMR (500 MHz, CDCl3):δH  6.762 (d, 1H, J=8.5 Hz, H-5’’), 

6.537 (d, 1H, J=2.5 Hz, H-2’’), 6.386 (d,d, 1H, J=0.5 Hz, j=3, H-6’’), 5.772 (m, 1H, H-7), 4.948 (m, 

2H, H-8), 4.397 (t, 2H, H-2’), 4.111 (t, 2H, H-1’), 3.839 (s, 3H, OCH3), 3.819 (s, 3H, OCH3), 2.343 

(t, 2H, J=8, H-2), 2.025 (q, 2H, H-3), 1.636 (m, 2H, H-6), 1.366 (m, 4H, H-4, H-5) ppm; 13C NMR 

(100 MHz, CDCl3): δC 173.614 (C-1), 153.081 (C-3′′), 149,892 (C-4′′), 143.827 (C-1′′), 138.680 (C-

7), 114.347 (C-8), 111.788 ( C-5′′), 103.901 (C-6′′), 101.119 (C-2′′), 66.551 (C-1′), 62.630 (C-2′), 

56.396 (C-3′′ OCH3), 55.796 (C-4′′ OCH3), 34.056 (C-2), 33.449 (C-3), 28.482 (C-6), 28.432 (C-4), 

24.685 (C-5) ppm. 

 

Synthesis of the ester 14c 

0.33 ml of ethyl chloroformate (3.49 mmol) and 0.49 ml of TEA (3.49 mmol) were added to a 

sospension of decanoic acid (0.5 g, 2.91 mmol) in CH2Cl2 (5.0 ml) and the reaction mixture was left 

to shake for 5 h at -15 °C until the complete disappearance of the original product. Subsequently, the 

mixture has been filtered at room temperature.2-(3,4-Dimethoxyphenoxy)ethanol (11) (3.49 mmol) 

and DMAP (0.03 g, 0.25 mmol) were added for 17 hours at room temperature. Then, the solvent was 

then evaporated and the product was purified by a column chromatography with silica gel, using n-

hexane/ethyl acetate as eluents (8:2), to give 0. 245 g of compound 14c.  

 

 

 

Figure 18. Structure of compound 14c 

Compound 14c. transparent oil, yield: 20%;  HR-ESIMS (positive mode) m/z 353.2294 [M + H]+ 

(calcd for C20H33O5, 353.2323);  1H NMR (500 MHz, CDCl3): δ 6.742 (d, 1H, J=8.5 Hz, H-5’’), 6.521 

(d, 1H, J=3 Hz, H-2’’), 6.368 (d,d, 1H, J=0.5 Hz, J= 3, H-6’’), 4.377 (t, 2H, H-2’), 4.091 (t, 2H, H-
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1’), 3.820 (s, 3H, OCH3), 3.798 (s, 3H, OCH3), 2.319 (t, 2H, H-2), 1.606 (m, 2H, H-3), 1.226 (s, 11H, 

H-4/H-9), 0.848 (t, 3H, J=7.5, H-10) ppm; 13C NMR (100 MHz, CDCl3): δ 173.622 (C1), 153.064 

(C-3′′), 149.857 (C-4′′), 143.785 (C-1′′),111.761 (C-5′′), 103.876 (C-6′′), 101.079 (C-2′′), 66.519 ( C-

1′), 62.546 (C-2′), 56.327 (C-3′′ OCH3), 55.742 (C-4′′ OCH3), 34.086 (C-2), 31.749 (C-3), 29.306 (C-

4), 29.160 (C-5), 29.144 (C-6), 29.010 (C-7), 24.824 (C-8), 22.544 (C-9), 13.913 (C-10)ppm. 

 

Synthesis of the ester 14d 

0.40 ml of ethyl chloroformate (4.16 mmol) and 0.58 ml of TEA (4.16 mmol) were added to a 

sospension of octanoic acid (0.5 g,0.55 ml, 3.47 mmol) in CH2Cl2 (5.0 ml) and the reaction mixture 

was left to shake for 5 h at -15 °C until the complete disappearance of the original product.  Then, the  

rmixture was filtered at room temperature. 

2-(3,4-Dimethoxyphenoxy)ethanol (11) (4.16 mmol) and DMAP (0.03 g, 0.25 mmol) were added for 

16 hours at room temperature. The solvent was evaporated at reduced pressure and the product was 

subjected to column chromatography (silica gel) by using n-hexane/ethyl acetate as eluents in a ratio 

of 8:2 to give 0.375g of compound 14d.  

 

 

 

 

Figure 19. Structure of compound 14d 

Compound 14d. transparent oil, yield: 33%;  HR-ESIMS (positive mode) m/z 325.1984 [M + H]+ 

(calcd for C18H29O5, 325.2009);  1H NMR (500 MHz, CDCl3): δ 6.762 (d, 1H, J=8.5 Hz, J-5’’), 6.540 

(d, 1H, J=3 Hz, H-2’’), 6.387 (d,d, 1H, J=0.5 Hz, j= 3, H-6’’ ), 4.396 (t, 2H, H-2’), 4.110 (t, 2H, H-

1’), 3.839 (s, 3H, OCH3), 3.817 (s, 3H, OCH3), 2.339 (t, 2H, H-2), 1.627 (m, 2H, H-3), 1.276 (m, 8H, 

H-4/H-7), 0.862 (t, 3H, H-8) ppm; 13C NMR (100 MHz, CDCl3): δC 173.587 (C1), 153.029 (C-3′′), 

149.821 (C-4′′), 143.745 (C-1′′), 111.733 (C-5′′), 103.838 (C-6′′),101.042 (C-2′′), 66.480 (C-1′), 

62.512 (C-2′), 56.297 (C-3′′ OCH3), 55.693 (C-4′′ OCH3), 34.045 (C-2), 31.506 (C-3), 28.919 (C-4), 

28.771 (C-5), 24.785 (C-6), 22.437 (C-7), 13.889 (C-8) ppm. 
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Synthesis of the ester 14e 

0.33 ml of ethyl chloroformate (3.49 mmol and 0.49 ml of TEA (3.49 mmol) were added to a 

sospension of 2-naphthoic acid (0.5 g, 2.91 mmol) (2a) in CH2Cl2 (5.0 ml) and the reaction mixture 

was left to shake for 5 h at -15 °C until the TLC showed the complete disappearance of the original 

product.  The resulting mixture was filtered at room temperature. 

2-(3,4-Dimethoxyphenoxy)ethanol (11) (3.49 mmol) and DMAP (0.03 g, 0.25 mmol) were added for 

15 hours at room temperature. Then, the solvent was then evaporated and the product was purified 

by VLC (silica gel) using n-hexane/ethyl acetate as eluents (7:3) to give an impure product, which   

was further purified by RP- HPLC using acetonitrile/H2O (7:3, flow 2.5 ml/min) to give 0.100 g of 

compound 14e.  

 

 

 

 

Figure 20. Structure of compound 14e 

Compound 14e. white solid, yield: 20%;  HR-ESIMS (positive mode) m/z 353.1381 [M + H]+ (calcd 

for C21H21O5, 353.1383); 1H NMR (500 MHz, CDCl3): δ 8.615 (s, 1H, H-3), 8.076 (d,d, 1H, J=0.5 

Hz, j=2, H-4), 7.941 (d, 1H, J=8 Hz, H-11), 7.873 (d, 2H, J=8.5 Hz, H-9, H-10), 7.562 (m, 2H, H-7, 

H-8), 6.789 (d, 1H, J=9 Hz, H-5’’), 6.607 (d, 1H, J=3 Hz, H-2’’), 6.473 (d,d, 1H, J=0.5 Hz, j= 3, H-

6’’), 4.716 (t, 2H, H-2’), 4.323 (t, 2H, H-1’),  3.846 (s, 3H, OCH3), 3.832 (s, 3H, OCH3) ppm;13C 

NMR (100 MHz, CDCl3): δ 166.636 (C1), 153.197 ( C-3′′), 149,925 (C-4′′), 143.880 (C-1′′), 135.550 

(C-2), 132.408 (C-5), 131.226 (C-3), 129.309 (C-11), 128.277 (C-4), 128.105 (C-6), 127.707 (C-9), 

127.086 (C-10), 126.620 (C-7), 125.219 (C-8), 111.819(C-5′′), 104.145 (C-6′′), 101.260 (C-

2′′),66.715 (C-1′), 63.598 (C-2′), 56.404 (C-3′′ OCH3), 55.818 (C-4′′ OCH3) ppm. 

 

Synthesis of the amide 15a 

0.67 ml of ethyl chloroformate (7.06 mmol) and 0.98 ml of TEA (7.06 mmol) were added to a 

suspension of 9-decenoic acid (1.0 g, 1.1 ml, 5.88 mmol) in CH2Cl2 (13 ml) and the reaction mixture 

was left to shake for 5 h at -15 °C until the complete disappearance of the starting reagent.  The 

resulting mixture was filtered at room temperature. 

 Phenylpiperazine amine (1.912 g, 1.80 mL) and DMAP (0.060 g, 0.49 mmol) were added to 

anhydride 13a for 15 hours at room temperature. Then, the solvent was then evaporated and the 

product was washed with acetone and filtered to give a crystalline powder and a solution. The solution 
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was evaporated (2.59 g) and chromatographied with alumina column, using n-hexan and EtOAc (8:2) 

as solvents, to give 0.314 g of the final compound 15a.  

 

 

 

 

Figure 21. Structure of compound 15a 

Compound 15a. orange solid, yield: 68%;  HR-ESIMS (positive mode) m/z 315.2430 [M + H]+ (calcd 

for C20H31N2O, 315.2430); 1H NMR (500 MHz, CDCl3): δ 7.28 (m, 2H, H-6’, H-10’), 6.94 (d, 2H, 

3J =8.0, H-7’, H-9’), 6.90 (d, 1H, 3J =7.0, H-8’) 5.80 (m, 1H, H-7), 4.99 (dq, 1H, H-8), 4.93 (dq, 1H, 

H-8), 3.78 (s, 2H, H-2’, H-3’) , 3.63 (s, 2H, , H-2’, H-3’), 3.16 (m, 4H, H-1’-H-4’), 2.36 (t, 1H, H-2), 

2.04 (q, 2H, H-3), 1.65 (m, 2H, H-8), 1.37 (m, 8H, H-4, H-7) ppm; 13C NMR (100 MHz, CDCl3): δ 

171.65 (C-1), 150.85, 139.05, 129.20, 120.54, 116.62, 1114.14, 49.85, 49.47, 45.50, 41.37, 33.71, 

33.26, 29.39, 29.22, 28.92, 28.81, 25.29 ppm. 

 

Synthesis of the amide 15b 

0.16 ml of ethyl chloroformate (1.68 mmol) and 0.23 ml of TEA (1.68 mmol) were added to a 

suspension of 7-octenoic acid (0.2 g, 0.22 ml, 1.4 mmol) in CH2Cl2 (4 ml) and the reaction mixture 

was left to shake for 5 h at -15 °C until the complete disappearance of the starting compound.  The 

resulting mixture was filtered at room temperature. 

Phenylpiperazine amine (0.453 g, 0.43 ml) and DMAP (10 mg, 0.082 mmol) were added to anhydride 

13b ,for 15 hours at room temperature. Subsequently, the solvent was evaporated and the product 

washed with acetone and filtered to give a crystalline powder and a solution. The solution was 

evaporated (0.77 g) and chromatographed with alumina column, using n-hexan and EtOAc (8:2) as 

solvents, to give 0.241. g of the final compound 15b.  

 

 

 

Figure 22. Structure of compound 15b 
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Compound 15b. orange solid, yield: 60%;  HR-ESIMS (positive mode) m/z 287.2107 [M + H]+ 

(calcd for C18H27N2O, 287.2118); 1H NMR (500 MHz, CDCl3): δ 7.48 (t, 2H, H-6’, H-10’), 6.94 (d, 

2H, 3J =8.5, H-7’, H-9’), 6.90 (d, 1H, 3J =7.0, H-8’) 5.80 (m, 1H, H-7), 5.0 (dq, 1H, H-8), 4.94 (dq, 

1H, H-8), 3.78 (s, 2H, H-2’, H-3’) , 3.62 (s, 2H, , H-2’, H-3’), 3.16 (m, 4H, H-1’-H-4’), 2.36 (t, 1H, 

H-2), 2.07 (q, 2H, H-3), 1.67 (m, 2H, H-6), 1.41 (m, 4H, H-4, H-5) ppm; 13C NMR (100 MHz, 

CDCl3): δ 171.55 (C-1), 150.87, 138.80, 129.20,120.53, 116.61, 114.35, 49.83, 49.44, 45.48, 41.37, 

33.56, 33.19, 28.90, 28.65, 25.13 ppm. 

 

Synthesis of the amide 15c 

0.33 ml ethyl chloroformate (3.49 mmol) and 0.50 ml TEA (3.49 mmol) were added to a suspension 

of decanoic acid (0.5 g, 2.91 mmol) in CH2Cl2 and the reaction mixture was left to shake for 5 h at -

15 °C until the complete disappearance of the strating compound. The resulting mixture was filtered 

at room temperature. 

Phenylpiperazine amine (0.943g, 0.89mL) DMAP (30mg, 0.25 mmol) were added to anhydride 13c, 

which had not been isolated, for 15 hours at room temperature. When the reaction was over, the 

solvent was evaporated and the crude product was washed with acetone and filtered, leaving a white 

crystalline solid and a solution. The solution was evaporated to give 1.55 g of a white solid, which 

was purified by VLC (alumina) using n-hexane/ethyl acetate (8:2) as eluent, to give 0.300 g of amide 

15c.  

 

 

 

Figure 23. Structure of compound 15c 

Compound 15c. white crystal, yield: 33%;  HR-ESIMS (positive mode) m/z 317.2537 [M + H]+ 

(calcd for C20H33N2O, 317.2587);  1H NMR (500 MHz, CDCl3): δ 7.29 (t, 2H, H-6’, H-10’), 6.92 (d, 

2H, 3J = 8.5, H-7’, H-9’), 6.88 (d, 1H, 3J = 7.0, H-8’), 3.76 (t, 2H, H-1’, H-4’), 3.61 (t br, 2H, H-1’, 

H-4’), 3.15 ( t, 4H, H-2’, H-3’), 2.35 (t, 2H, H-2), 1.64 (m, 2H, H-3), 1.29 (m, 12H, H-4/H-9), 0,87 

(t, 3H, H-10) ppm; 13C NMR (100 MHz, CDCl3 ): δ 171.65 (C-1), 150.91 (C-5’), 129.13 ( C6’-C10’), 

120.39 (C-8’), 116.52 ( C-7’, C-9’), 49.73 ( C-1’), 49.36 (C-4’), 45.49 ( C-2’), 41.36 ( C-3’), 33.25 ( 

C-2), 31.78 (C-3), 29.46, 29.42, 29.39, 29.22, 25.30, 22.57 (C-9), 14.01 ( C-10) ppm. 
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Synthesis of the amide 15d 

0.40 ml ethyl chloroformate (4.16 mmol) and 0.58 ml TEA (4.16 mmol) were added to a suspension 

of octanoic acid (0.5 g, 0.55 mL, 3.47 mmol) in CH2Cl2 and the reaction mixture was left to shake 

for 5 h at -15 °C until the complete disappearance of the original product. The resulting mixture was 

filtered at room temperature. 

Phenylpiperazine amine (1.06 mL, 6.94 mmol) and DMAP (30mg, 0.25 mml) were added to 

anhydride 13d, which had not been isolated, for 15 hours at room temperature. When the reaction 

was over, the solvent was evaporated and the crude product was washed with acetone and filtered, 

leaving a white crystalline solid and a solution. The solution was evaporated to give 1.78 g of a white 

solid, which was purified through VLC (alumina) using n-hexane/ethyl acetate (8:2) as elunt, giving 

0.150 of impure product. It was washed with aceton and filtered. The resulting solution was 

evaporated to give 89.6 mg of the pure product 15d.  

 

 

 

 

Figure 24. Structure of compound 15d 

Compound 15d. white crystal, yield: 9%;  HR-ESIMS (positive mode) m/z 289.2270 [M + H]+ (calcd 

for C18H29N2O, 289.2274);    1H NMR (500 MHz, CDCl3): δ 7.27 (t, 2H, H6’, H-10’), 6.94 (d, 2H, 3J 

= 8.0, H-7’, H-9’), 6.90 (d, 1H, 3J = 7.0, H-8’), 3.78 (t br, 2H, H-1’, H-4’), 3.63 (t br, 2H, H-1’, H-

4’), 3.17 ( m, 4H, H-2’, H-3’), 2.36 (t, 2H, H-2), 1.65 (m, 2H, H-3), 1.32 (m, 8H, H-4/H-7), 0,88 (t, 

3H, H-8)ppm; 13C NMR (100 MHz, CDCl3 ): δ 171.75 (C-1), 129.26 (C-5’), 117.31 (C-8’), 116.73 ( 

C6’-C10’), 112.88 ( C-7’, C-9’), 50.02 ( C-1’), 49.56 (C-4’), 45.50 ( C-2’), 41.86 ( C-3’), 33.33 ( C-

2), 31.70 (C-3), 29.45, 29.08, 25.37, 22.60 (C-7), 14.05 ( C-8) ppm. 

 

Synthesis of the amide 15f 

0.33 ml ethyl chloroformate (3.49 mmol) and 0.50 ml TEA (3.49 mmol) were added to a suspension 

of 9-decenoic acid (0.495 g, 0.54 ml, 2.91 mmol) in CH2Cl2 and the reaction mixture was left to shake 

for 5 h at -15 °C until the complete disappearance of the original product. The resulting mixture was 

filtered at room temperature. 

Phenylpiperazine amine with Cl2 (0.806 g, 3.49 mmol) and DMAP (0.305g, 2.49 mmol) were added 

to anhydride 13f, which had not been isolated, for 15 hours at room temperature. The, the solvent was 

evaporated and an aliquot (1/3) of the impure product was purified in Sephadex using MeOH as 
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eluent. The crude product was washed with acetone to give a white crystalline solid and a solution. 

After solvent evaporation, 24.5 mg of compound 15f were obtained.  

The remaining aliquot (2/3) was purified by VLC using n-hexane/ethyl acetate (7.5:2.5) as eluent, to 

give 220 mg of compound 15f.  

 

 

 

Figure 25. Structure of compound 15f 

Compound 15f. yellow oil, yield: 22%;  HR-ESIMS (positive mode) m/z 383.1654 [M + H]+ (calcd 

for C20H29Cl2N2O, 383.1651);     1H NMR (500 MHz, CDCl3): δ 7.25 (d, 1H, 3J = 9.0, H-6’), 6.95 (d, 

1H, 4J = 2.5, H-9’), 6.73 (dd, 1H, 3J = 9.0,  4J = 2.5 , H-10’), 5.79 (m, 1H, H-9), 4.98 ( dq, 1H, H-10), 

4.92 ( dq, 1H, H-10),  3.75 (t, 2H, H-1’, H-4’), 3.61 (t, 2H, H-1’, H-4’), 3.13 (m, 4H, H-2’, H-3’), 

2.34 (t, 2H, H-2), 2.03 (q, 2H, H-8), 1.64 (m, 2H, H-3), 1.36 (m, 8H, H-4/H-7)ppm; 13C NMR (100 

MHz, CDCl3 ): δ 171.84 (C-1), 150.26 (C-5’), 139.03 ( C-7’), 130.55 (C-6’), 117.76 ( C-8’), 115.73 

( C-9’), 114.11 (C-10’), 49.17 ( C-1’), 48.88 (C-4’), 45.73 ( C-2’), 41.14 ( C-3’), 33.70 (C-2), 33.22 

(C-3), 29.36, 29.20, 29.05, 28.88, 28.80, 25.25, 24.85 ppm. 

 

Synthesis of the amide 15g 

0.33 ml ethyl chloroformate (3.49 mmol) and 0.50 ml TEA (3.49 mmol) were added to a suspension 

of decanoic acid (0.5 g, 2.91 mmol) in CH2Cl2 and the reaction mixture was left to shake for 5 h at -

15 °C until the complete disappearance of the starting compound. The resulting mixture was filtered 

at room temperature. 

Phenylpiperazine amine (0.806g, 3.49 mmol) and DMAP (30.5mg, 0.25 mmol) were added to 

anhydride 13g, which had not been isolated, for 15 hours at room temperature. Then, the solvent 

evaporated and the crude product (1.82 g), purified by gel chromatography on Sephadex using MeOH 

as eluent to give 1.06 of compound 15g.  

 

 

 

Figure 26. Structure of compound 15g 
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Compound 15g. white solid, yield: 95%;  HR-ESIMS (positive mode) m/z 385.1820 [M + H]+ (calcd 

for C20H31Cl2N2O, 385.1807);   1H NMR (500 MHz, CDCl3): δ 7.29 (d, 1H, 3J = 9.0, H-6’), 6.96 (d, 

1H, 4J = 2.5, H-9’), 6.74 (dd, 1H, 3J = 9.0,  4J = 3.0 , H-10’), 3.76 (t, 2H, H-1’, H-4’), 3.61 (t, 2H, H-

1’, H-4’), 3.14 (m, 4H, H-2’, H-3’), 2.35 (t, 2H, H-2), 1.64 (m, 2H, H-3), 1.29 (m, 12H, H-4/H-9), 

0.87 (t, 3H, H-10)ppm; 13C NMR (100 MHz, CDCl3 ): δ 171.79 (C-1), 150.22 (C-5’), 132.96 ( C-7’), 

130.59 (C-6’), 123.19 ( C-8’), 117.84 ( C-9’), 115.84 (C-10’), 49.73 ( C-1’), 48.98 (C-4’), 45.20 ( C-

2’), 41.10 (C-3’), 33.28 (C-2), 31.85 (C-3), 29.46, 29.45, 29.41, 29.25, 25.32, 22.64 (C-9), 14.07 ( C-

10) ppm. 

 

Synthesis of the amide 15h 

0.33 ml ethyl chloroformate (3.49 mmol) and 0.50 ml TEA (3.49 mmol) were added to a suspension 

of octanoic acid (0.42 g, 0.46mL, 2.91 mmol)  in CH2Cl2 and the reaction mixture was left to shake 

for 5 h at -15 °C until the complete disappearance of the starting compound. The resulting mixture 

was filtered at room temperature. 

Phenylpiperazine amine (0.806g, 3.49 mmol) and DMAP (30.5mg, 0.25 mmol) were added to 

anhydride 13h, which had not been isolated, for 15h at room temperature. When the reaction was 

over, the solvent was evaporated and the crude product was washed with acetone and filtered, leaving 

a white crystalline solid and a solution. The solution was dried and the residue purified with gel 

chromatography on Sephadex using MeOH as solvent, to give 0.275 g of compound 15h.  

 

 

 

Figure 27. Structure of compound 15h 

Compound 15h. yellow solid, yield: 26%;  HR-ESIMS (positive mode) m/z 357.1506 [M + H]+ 

(calcd for C18H27Cl2N2O, 357.1495);    1H NMR (500 MHz, CDCl3): δ 7.28 (d, 1H, 3J = 9.0, H-6’), 

6.94 (d, 1H, 4J = 3.0, H-7’, H-9’), 6.74 (dd, 1H, 3J = 9.0, 3J = 3.0 H-8’), 3.75 (1, 2H, H-1’, H-4’), 

3.63 (t, 2H, H-1’, H-4’), 3.14 ( m, 4H, H-2’, H-3’), 2.35 (t, 2H, H-2), 1.64 (m, 2H, H-3), 1.30 (m, 8H, 

H-4/H-7), 0,87 (t, 3H, H-8)ppm; 13C NMR (100 MHz, CDCl3 ): δ 171.80 (C-1), 150.04 (C-5’), 132.95 

( C-7’), 130.98 (C-6’), 123.21 ( C-8’), 117.85 ( C-9’), 115.86 (C-10’), 49.28 ( C-1’), 48.99 (C-4’), 

45.78 ( C-2’), 41.09 ( C-3’), 33.33 ( C-2), 31.68 (C-3), 29.41, 29.06, 25.41, 22.98 (C-7), 14.04 ( C-8) 

ppm. 
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Synthesis of the amide 15i 

0.33 ml ethyl chloroformate (3.49 mmol) and 0.50 ml TEA (3.49 mmol) were added to a suspension 

of 9-decenoic acid (0.54 ml, 2.91 mmol) in CH2Cl2 and the reaction mixture was left to shake for 5 h 

at -15 °C until the complete disappearance of the starting compound. The resulting mixture was 

filtered at room temperature. 

Penylpiperazine amine (0.629 g, 3.49 mmol) and DMAP (30.5 mg, 0.25 mmol) were added to 

anhydride 13i, which had not been isolated, for 15 hours at room temperature.  When the reaction 

was over, the solvent was evaporated and the crude product was washed with acetone and filtered, 

leaving a white crystalline solid and a solution. The solution was dried and the residue 

cromatographied by VLC (silica gel) using n-hexane/ethyl acetate (7.5:2.5) as eluent, to give 0.300 g 

of the compound 15i.  

 

 

 

Figure 28. Structure of compound 15i 

Compound 15i. yellow oil, yield: 31%;  HR-ESIMS (positive mode) m/z 333.2282 [M + H]+ (calcd 

for C20H30FN2O, 333.2337);    1H NMR (500 MHz, CDCl3): δ 6.96 (t, 2H, H-7’, H-9’), 6.87 (m, 2H, 

H-6’, H-10’) 5.79 (m, 1H, H-9), 4.97 ( dq, 1H, H-10), 4.91 ( dq, 1H, H-10),  3.76 (t, 2H, H-1’, H-4’), 

3.61 (t, 2H, H-1’, H-4’), 3.06 (m, 4H, H-2’, H-3’), 2.34 (t, 2H, H-2), 2.03 (q, 2H, H-8), 1.65 (m, 2H, 

H-3), 1.35 (m, 8H, H-4/H-7) ppm; 13C NMR (100 MHz, CDCl3 ): δ 171.84 (C-1), 161.09, 158.51, 

147.59, 139.02, 118.45 , 115.70 , 114.12,  50.82 ( C-1’), 50.41 (C-4’), 45.54 ( C-2’), 41.42 ( C-3’), 

33.68 (C-2), 33.23 (C-3) 29.36, 29.20, 28.89, 28.79, 25.27 ppm. 

 

Synthesis of the amide 15j 

0.33 ml ethyl chloroformate (3.49 mmol) and 0.50 ml TEA (3.49 mmol) were added to a suspension 

of decanoic acid (0.5g, 2.91 mmol) in CH2Cl2 and the reaction mixture was left to shake for 5 h at -

15 °C until the complete disappearance of the starting compound. The resulting mixture was filtered 

at room temperature. 
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Phenylpiperazine amine (0.629g, 3.49 mmol) and DMAP (30.5mg, 0.25 mmol) were added to 

anhydride 13j, which is not isolated, for 15 hours at room temperature. When the reaction was over, 

the solvent was evaporated and the crude product was washed with acetone and filtered, leaving a 

white crystalline solid and a solution. The solution was purified through VLC (silica gel) using n-

hexane/ethyl acetate (7.5:2.5) as eluent, to give amide 15j.  

 

 

 

Figure 29. Structure of compound 15j 

Compound 15j. white crystal, yield: 29%;  HR-ESIMS (positive mode) m/z 335.2464 [M + H]+ 

(calcd for C20H32FN2O, 335.2493);     1H NMR (500 MHz, CDCl3): δ 6.97 (t, 2H, H-7’, H-9’), 6.88 

(m, 2H, H-6’, H-10’), 3.77 (t br, 2H, H-1’, H-4’), 3.62 (t, 2H, H-1’, H-4’),  3.06 (m, 4H, H-2’, H-3’), 

2.35 (t, 2H, H-2), 1.64 (m, 2H, H-3), 1.29 (m, 12H, H-4/H-9), 0,87 (t, 3H, H-8) ppm; 13C NMR (100 

MHz, CDCl3 ): δ 171.73 (C-1), 158.60 (C-8’), 147.60 ( C-5’), 118.98 (C-7’), 118.51 ( C-9’), 115.75 

( C-6’), 115.57 (C-10’), 50.88 ( C-1’), 50.47 (C-4’), 45.99 ( C-2’), 41.45 ( C-3’), 33.31 ( C-2), 31.84 

(C-3), 29.48, 29.44, 29.41, 29.24, 25.36, 22.63 (C-9), 13.97 ( C-10) ppm. 

 

Synthesis of the amide 15k 

0.33 ml of ethyl chloroformate (3.49 mmol) and 0.50 ml of TEA (3.49 mmol) were added to a 

suspension of octanoic acid (0.46g, 2.91 mmol) in CH2Cl2 and the reaction mixture was left to shake 

for 5 h at -15 °C until the complete disappearance of the starting compound. The resulting mixture 

was filtered at room temperature. 

Phenylpiperazine amine (0.629 g, 3.49 mmol) and DMAP (30.5mg, 0.25 mmol) were added to 

anhydride 13k, which is not isolated, for 15 hours at room temperature. When the reaction was over, 

the solvent was evaporated and the crude product was washed with acetone and filtered, leaving a 

white crystalline solid and a solution. The solution was dried and purified through VLC (silica gel) 

using n-hexane/ethyl acetate (7.5:2.5) as eluent, to give o.390 g of amide 15k. 

 

 

Figure 30. Structure of compound 15k 
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Compound 15k. white solid, yield: 44%;  HR-ESIMS (positive mode) m/z 307.2202 [M + H]+ (calcd 

for C18H28FN2O, 307.2180);     1H NMR (500 MHz, CDCl3): δ 6.98 (t, 2H, H-7’, H-9’), 6.89 (q, 2H, 

H-6’, H-10’), 3.77 (t, 2H, H-1’, H-4’), 3.62 (t, 2H, H-1’, H-4’), 3.07 (m, 4H, H-2’, H-3’), 2.35 (t, 2H, 

H-2), 1.65 (m, 2H, H-3), 1.28 (m, 8H, H-4/H-7), 0,88 (t, 3H, H-8) ppm; 13C NMR (100 MHz, CDCl3 

): δ 171.72 (C-1), 158.62 (C-8’), 147.59 ( C-5’), 118.61 (C-7’), 118.55 ( C-9’), 115.78 ( C-6’), 115.60 

(C-10’), 50.93 ( C-1’), 50.52 (C-4’), 45.58 ( C-2’), 41.44 ( C-3’), 33.31 ( C-2), 31.70 (C-3), 29.44, 

29.07, 25.36, 22.99 (C-7), 14.04 ( C-8) ppm. 

 

Synthesis of the amide 15l 

0.33 ml ethyl chloroformate (3.49 mmol) and 0.50 ml TEA (3.49 mmol) were added to a suspension 

of 9-decenoic acid (0.54g, 2.91 mmol) in CH2Cl2 and the reaction mixture was left to shake for 5 h at 

-15 °C until the complete disappearance of the starting compound. The resulting mixture was filtered 

at room temperature. 

Phenylpiperazine amine (0.671 g, 3.49 mmol) and DMAP (30.5mg, 0.25 mmol) were added to 

anhydride 13l, which is not isolated, for 15 hours at room temperature.  When the reaction was over, 

the solvent was evaporated and the crude product was washed with acetone and filtered, leaving a 

white crystalline solid and a solution. The solution was dried and the residue purified through VLC 

(silica gel) using n-hexane/ethyl acetate (7:3) as eluent to give 0.340 g of compound 15l.  

 

 

 

Figure 31. Structure of compound 15l 

Compound 15l. beige solid, yield: 34%;  HR-ESIMS (positive mode) m/z 345.2523 [M + H]+ (calcd 

for C21H33N2O2, 345.2537);      1H NMR (500 MHz, CDCl3): δ 6.91 (d, 2H, 3J = 7.0,  H-7’, H-9’), 6.84 

(d, 2H, 3J = 9.0, H-6’, H-10’), 5.80 (m, 1H, H-9), 4.98 ( dq, 1H, H-10), 4.92 ( dq, 1H, H-10), 3.76 (s, 

5H, H-1’, H-4’, H-8’), 3.62 (t br, 2H, H-1’, H-4’), 3.03 (m, 4H, H-2’, H-3’), 2.35 (t, 2H, H-2), 2.03 

(q, 2H, H-8), 1.64 (m, 2H, H-3), 1.36 (m, 8H, H-4/H-7 ppm; 13C NMR (100 MHz, CDCl3 ): δ 171.62 

(C-1), 154.42 , 145.39, 139.05, 118.88, 114.51, 114.13 (C-5’) , 55.51 ( OCH3), 51.39 ( C-1’), 50.96 

(C-4’), 45.66 ( C-2’), 41.52 ( C-3’), 33.71 (C-2), 33.26 (C-3), 29.39, 29.72, 28.92, 28.82, 25.40 ppm. 
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Synthesis of the amide 15m  

0.33 ml ethyl chloroformate (3.49 mmol) and 0.50 ml TEA (3.49 mmol) were added to a sospension 

of decanoic acid (0.5g, 2.91 mmol) in CH2Cl2 and the reaction mixture was left to shake for 5 h at -

15 °C until the complete disappearance of the starting compound. The resulting mixture was filtered 

at room temperature. 

Phenylpiperazine amine (0.671g, 3.49 mmol) DMAP (30.5mg, 0.25 mmol) were added to anhydride 

13m, which had not been isolated, for 15 hours at room temperature. When the reaction was over, the 

solvent was evaporated and the crude product was washed with acetone and filtered, leaving a white 

crystalline solid and a solution. The solution was dried and the residue purified through VLC (silica 

gel) using n-hexane/ethyl acetate (7:3) as eluent, to give 0.310 g of compound 15m.  

 

 

 

Figure 32. Structure of compound 15m 

Compound 15m. white solid, yield: 31%;  HR-ESIMS (positive mode) m/z 347.2688 [M + H]+ (calcd 

for C21H35N2O2, 347.2993);      1H NMR (500 MHz, CDCl3): δ 6.91 (d, 2H, 3J = 9.0,  H-7’, H-9’), 6.85 

(d, 2H, 3J = 9.0, H-6’, H-10’), 3.77 (s, 5H, H-1’, H-4’, H-8’), 3.62 (t br, 2H, H-1’, H-4’), 3.04 (m, 

4H, H-2’, H-3’), 2.35 (t, 2H, H-2), 1.65 (m, 2H, H-3), 1.35 (m, 12H, H-4/H-9), 0.88 (t, 3H, H-10) 

ppm; 13C NMR (100 MHz, CDCl3 ): δ 171.72 (C-1), 159.22, 139.14, 118.91 (C-7’-C-9’), 114.55 ( C-

6’, C-10’), 55.56 (OCH3), 51.43 ( C-1’), 50.98 (C-4’), 45.72 ( C-2’), 41.57 ( C-3’), 33.34 ( C-2), 31.86 

(C-3), 29.5, 29.46, 29.43, 29.26, 25.39, 22.66 (C-9), 14.08 (C-10) ppm 

 

 

Synthesis of the amide 15n 

0.33 ml of ethyl chloroformate (3.49 mmol) and 0.50 ml of TEA (3.49 mmol) were added to a 

suspension of octanoic acid (0.46g, 2.91 mmol) in CH2Cl2 and the reaction mixture was left to shake 

for 5 h at -15 °C until the complete disappearance of the starting compound. The resulting mixture 

was filtered at room temperature. 

Phenylpiperazine amine (0.671g, 3.49 mmol) DMAP (30.5mg, 0.25 mmol) were added to anhydride 

13n, which had not been isolated, for 15 hours at room temperature.  When the reaction was over, the 

solvent was evaporated and the crude product was washed with acetone and filtered, leaving a white 
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crystalline solid and a solution. The solution was dried and the residue purified through VLC (silica 

gel) using n-hexane/ethyl acetate (7:3) as eluent to give 0.410 g of compound 15n.  

 

 

 

Figure 33. Structure of compound 15n 

Compound 15n. beige solid, yield: 44%;  HR-ESIMS (positive mode) m/z 319.2346 [M + H]+ (calcd 

for C19H31N2O2, 319.2380);       1H NMR (500 MHz, CDCl3): δ 6.91 (d, 2H, 3J = 9.0,  H-7’, H-9’), 

6.85 (d, 2H, 3J = 9.0, H-6’, H-10’), 3.77 (s, 5H, H-1’, H-4’, H-8’), 3.62 (t br, 2H, H-1’, H-4’), 3.05 

(m, 4H, H-2’, H-3’), 2.35 (t, 2H, H-2), 1.64 (m, 2H, H-3), 1.31 (m, 8H, H-4/H-7), 0.88 (t, 3H, H-10) 

ppm; 13C NMR (100 MHz, CDCl3 ): δ 171.67 (C-1), 154.49, 135.47, 118.91 (C-7’-C-9’), 114.52 ( C-

6’, C-10’), 55.52 (OCH3), 51.42 ( C-1’), 50.89 (C-4’), 45.66 ( C-2’), 41.51 ( C-3’), 33.29 ( C-2), 31.67 

(C-3), 29.42, , 29.05, 25.35, 22.57 (C-7), 14.02 (C-8) ppm. 

 

Synthesis of the amide 16a 

0.05 ml ethyl chloroformate (0.564 mmol) and 0.08 ml TEA (0.564 mmol) were added to a sospension 

of 9-decenoic acid (0.09g, 0.47 mmol) in CH2Cl2 and the reaction mixture was left to shake for 5 h at 

-15 °C until the complete disappearance of the original product. The resulting mixture was filtered at 

room temperature. 

 Piperidinylpyridine amine (90 mg) and DMAP (2.4 mg, 0.019 mmol) were added to anhydride 13a, 

which had not been isolated, for 15 hours at room temperature. When the reaction was over, the 

solvent was evaporated and the crude product was washed with ethyl ether and filtered, leaving a 

white crystalline solid and a solution. The solution was evaporated and the solid (0.222 mg) was 

chromatographed with an alumina column using n-hexane/ethyl ether/ (3:7) as eluent, to give 10.3 

mg of amide 16a.  

 

 

Figure 34. Structure of compound 16a 
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Compound 16a. beige solid, yield: 7%;  1H NMR (500 MHz, CDCl3): δ 8.53 (d, 2H, J =3.5 H-8’, H-

9’), 7.12 (d, 2H, J =6.0, H-7’, H-10’)  5.80 (m, 1H, H-9), 4.98 (dq, 1H, H-10), 4.92 (dq, 1H, H-10), 

4.82 (d, 1H, J = 12.5, H-5’), 4.00 (d, 1H, J = 14.0, H-1’), 3.13 (t, 1H, H-5’), 2.74 (m, 1H, H-1’), 2.62 

(t, 1H, H-6’), 2.35 (t, 2H, H-2), 2.31 (t, 1H, H-3’), 2.04 (q, 2H, H-2’, H-4’), 1.91 (t, 2H, H-2’, H-4’), 

1.61 (m, 4H, H-3, H-8), 1.33 (m, 6H, H-4/H-7) ppm; 13C NMR (100 MHz, CDCl3): δ 171.60 (C-1), 

153.82, 149.99, 139.10, 122.15, 114.17, 45.95, 42.08, 41.92, 33.75, 33.45, 33.10, 31.96, 29.46, 29.27, 

28.97, 28.86, 25.39 ppm. 

 

 

 

Synthesis of the amide 16b 

0.06 ml of ethyl chloroformate (0.672 mmol) and 0.09 ml of TEA (0.672 mmol) were added to a 

suspension of 7-octenoic acid (0.08 g, 0.09ml, 0.56 mmol) in CH2Cl2 and the reaction mixture was 

left under agitation for 5 h at -15 °C until the complete disappearance of the starting compound. The 

resulting mixture was filtered at room temperature. 

Piperidinylpyridine amine (0.109g, 0.672 mmol) and DMAP (2.4mg, 0.019 mmol) were added to 

anhydride 13b, which had not been isolated, for 15 hours at room temperature. When the reaction 

was over, the solvent was evaporated and the crude product (0.222 g) was chromatographed with 

alumina column using phase n-hexane/ethyl acetate (5:5) as eluent, to give 0.120 g of compound 16b.  

 

 

Figure 35. Structure of compound 16b 

 

Compound 16b. white solid, yield: 75%;  HR-ESIMS (positive mode) m/z 287.2116 [M + H]+ (calcd 

for C18H27N2O, 287.2118);        1H NMR (500 MHz, CDCl3): δ 8.49 (s, 2H, H-8’, H-9’), 7.09 ( d, 2H, 

3J =5.5, H-7’, H-10’)  5.77 (m, 1H, H-7), 4.96 (dq, 1H, H-8), 4.90 (dq, 1H, H-8), 4.78 (d, 1H, 3J = 

13.0, H-5’), 3.96 (d, 1H, 3J = 13.5, H-1’), 3.10 (t, 1H, H-5’), 2.71 (m, 1H, H-1’), 2.59 (t, 1H, H-6’), 

2.52 (s br, 1H, H-3’), 2.33 (t, 2H, H-2), 2.03 (q, 2H, H-2’, H-4’), 1.87 (t, 2H, H-2’, H-4’), 1.59 (m, 

4H, H-5, H-6), 1.37 ( m, 4H, H-3, H-4) ppm; 13C NMR (100 MHz, CDCl3): δ 171.42 (C-1), 153.78, 
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149.80, 138.75, 122.08, 114.27, 45.82, 41.94, 41.81, 33.50, 33.26, 32.96, 31.84, 28.85, 28.58, 25.13 

ppm. 

 

 

Synthesis of the amide 16e 

0.053 ml ethyl chloroformate (0.558 mmol) and 0.08 ml TEA (0.558 mmol) were added to a 

suspension of 2-naphthoic acid (0.08g, 0.465 mmol) in CH2Cl2 and the reaction mixture was left to 

shake for 5 h at -15 °C until the complete disappearance of the starting compound. The resulting 

mixture was filtered at room temperature. 

Piperidinylpyridine amine (0.09 g, 0.558 mmol) and DMAP (2.5mg, 0.019 mmol ) were added to 

anhydride 13e, which had not been isolated, for 15 hours at room temperature.  When the reaction 

was over, the solvent was evaporated and the crude product was purified by alumina column 

chromatography using n-hexane/ethyl acetate (5:5) as eluent, providing 15 mg of impure compound, 

which was further purified in Sephadex using MeOH as eluent, to give 10.5 mg of compound 16e.  

 

 

 

Figure 36. Structure of compound 16e 

Compound 16e. white solid, yield: 7%;  HR-ESIMS (positive mode) m/z 317.1648 [M + H]+ (calcd 

for C21H21N2O, 317.1648);         1H NMR (500 MHz, C6D6): δ 8.55 (d, 2H, 3J = 5.5, H-1’, H-5’), 7.93 

(s, 1H, H-3), 7.60 (m, 4H, H-6, H-7, H-8, H-9), 7.25 (m, 2H, H-4, H-11), 6.55 (d, 2H, 3J = 6.0, H-2’, 

H-4’), 2.45 (m, 2H, H-8’, H-9’), 2.03 (m, 1H, H-6’), 1.25 (s br, 6H, H-7’, H-8’, H-9’, H-10’) ppm; 

13C NMR (100 MHz, CDCl3 ): δ 170.49 (C-1), 154.02 (C-3’), 149.71* (C-1’, C-5’), 133.68 (C-2) , 

133.24 (C-5) , 132.73 (C-10), 128.37 (C-11), 128.34 (C-9), 127.79* (C-6), 127.08* (C-3), 126.73* 

(C-4), 124.16* (C-7, C-8),   122.23 (C-2’, C-4’), 42.06* (C-6’), 32.13* (C-7’, C-8’, C-9’, C-10’) ppm.  

 

Synthesis of the amide 17a 

0.34 ml of ethyl chloroformate (3.53 mmol) and 0.50 ml of TEA (3.53 mmol) were added to a 

suspension of 9-decenoic acid (0.5 g, 0.55 ml, 2.94 mmol) in CH2Cl2 and the reaction mixture was 
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left under agitation for 5 h at -15 °C until the complete disappearance of the starting compound. The 

resulting mixture was filtered at room temperature. 

Morfolinpyperidine amine (0.99g, 5.88 mmol) and DMAP (30 mg, 0.25 mmol) were added to 

anhydride 13a, which had not been isolated, for 15 hours at room temperature. When the reaction 

was over, the solvent was evaporated and the crude product (221.8 mg) was chromatographed with 

SEPHADEX using MeOH as eluent, providing an impure product (1.55 g), which was purified with 

alumina column chromatography using  n-hexane/ethyl acetate (5:5) as eluents to give 0.490 g of 

compound 17a.  

 

Figure 37. Structure of compound 17a 

Compound 17a orange oil, yield: 52% ;  HR-ESIMS (positive mode) m/z 323.2693 [M + H]+ (calcd 

for C19H35N2O2, 323.2693); 1H NMR (500 MHz, CDCl3): δ 5.79 (m, 1H, H-9), 4.97 (dq, 1H, H-10), 

4.91 (dq, 1H, H-10), 4.62 (d, 1H, 3J = 13.0, H-5’), 3.88 (d, 3J = 13.0, H-1’), 3.71 (t, 4H, H-7’, H-8’), 

3.0 (t, 1H, H-5’), 2.54 (t, 4H, H-6’, H-9’), 2.35(t, 1H, H-3’), 2.30 (t, 2H, H-2), 2.02 (q, 2H, H-8), 1.87 

(t, 1H, H-2’, H-4’), 1.60 (m, 2H, H-3), 1.38 (m, 2H, H-2’-H-4’), 1.30 (s, 8H, H-4/H-7) ppm; 13C NMR 

(100 MHz, CDCl3): δ 171.41 (C-1), 139.13, 114.13, 67.14, 61.98, 49.74, 44.79, 40.82, 33.72, 33.35, 

29.42, 29.23, 28.93, 28.83, 25.38 ppm. 

 

Synthesis of the amide 17b 

0.33 ml of ethyl chloroformate (3.49 mmol) and 0.50 ml of TEA (3.49 mmol) were added to a 

suspension of 7-octenoic acid (0.2 g, 1.4 mmol) in CH2Cl2 and the reaction mixture was left under 

agitation for 5 h at -15 °C until the complete disappearance of the original product. The resulting 

mixture was filtered at room temperature. 

Morfolinpyperidine amine (0.476 g, 2.8 mmol) and DMAP (30 mg, 0.082 mmol) were added to 

anhydride (13b), which had not been isolated, for 15 hours at room temperature. When the reaction 

was over, the solvent was removed in a vacuum and the crude product (1.02 g) was chromatographed 

with alumina column chromatography using   n-hexane/ethyl acetate (5:5) as solvents to give 372.2 

of compound 17b.  
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Figure 38. Structure of compound 17b 

Compound 17b. orange oil, yield: 90%;  HR-ESIMS (positive mode) m/z 295.2381 [M + H]+ (calcd 

for C17H31N2O2, 295.2380);    1H NMR (500 MHz, CDCl3): δ 5.80 (m, 1H, H-7), 4.99 (dq, 1H, H-8), 

4.93 (dq, 1H, H-8), 4.64 (d, 1H, 3J = 14.5, H-5’), 3.90 (d, 1H, 3J = 14.5, H-1’), 3.74 (s, 4H, H-7’, H-

8’), 3.01 (t, 1H, H-5’), 2.57 (t, 5H, H-1’, H-6’, H-9’), 2.44 (s br, 1H, H-3’), 2.32 (t, 2H, H-2), 2.05 (q, 

2H, H-6), 1.89 (t, 1H, H-2’, H-4’), 1.63 (m, 2H, H-3), 1.42 (m, 2H, H-2’-H-4’), 1.35 (m, 4H, H-4/H-

6) ppm; 13C NMR (100 MHz, CDCl3): δ 171.32 (C-1), 138.78, 114.27, 67.14, 61.85, 49.74, 44.73, 

40.78, 33.52, 33.22, 28.90, 28.87, 28.61, 27.92, 25.17 ppm. 

 

Synthesis of the amide 17c 

0.16 ml of ethyl chloroformate (1.7 mmol) and 0.22 ml of TEA (1.7 mmol) were added to a suspension 

of decanoic acid (0.5 g, 2.91 mmol) in CH2Cl2 and the reaction mixture was left under agitation for 5 

h at -15 °C until the complete disappearance of the starting compound. The resulting mixture was 

filtered at room temperature. 

Morfolinpyperidine amine (0.99 g, 5.82 mmol) and DMAP (30 mg, 0.25 mmol) were added to 

anhydride (13c), which had not been isolated, for 15 hours at room temperature. When the reaction 

was over, the solvent was evaporated and the crude product (1.44 g) was chromatographed with 

alumina column chromatography using n-hexane/ethyl acetate (5:5) as solvents, to give 0.170 g of 

compound 17c.  

 

 

Figure 39. Structure of compound 17c 

Compound 17c. orange solid, yield: 18%;  HR-ESIMS (positive mode) m/z 325.2854 [M + H]+ (calcd 

for C19H37N2O2, 325.2850);     1H NMR (500 MHz, CDCl3): 4.62 (d, 1H, 3J = 13.5, H-5’), 3.87 (d, 3J 

= 12.0, H-1’), 3.71 (t, 4H, H-7’, H-8’), 3.0 (t, 1H, H-5’), 2.56 (t, 4H, H-6’, H-9’), 2.42 (t, 1H, H-3’), 

2.33 (t, 2H, H-2), 1.90 (t, 1H, H-2’, H-4’), 1.62 (m, 2H, H-3), 1.41 (m, 2H, H-2’-H-4’), 1.27 (s, 12H, 
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H-4/H-9), 0.89 (t, 3H, H-10) ppm; 13C NMR (100 MHz, CDCl3): δ 171.47 (C-1), 117.31, 67.15, 62.00, 

49.75, 44.80, 33.40, 31.84, 29.50, 29.44, 29.41, 29.24, 25.44, 22.63, 14.06 ppm. 

 

Synthesis of the amide 17d 

0.140 ml of ethyl chloroformate (4.16 mmol) and 0.58 ml of TEA (4.16 mmol) were added to a 

suspension of octanoic acid (0.5 g, o.55 ml, 3.47 mmol) in CH2Cl2 and the reaction mixture was left 

under agitation for 5 h at -15 °C until the complete disappearance of the starting compound. The 

resulting mixture was filtered at room temperature. 

Morfolinpyperidine amine (1.2 g, 6.94 mmol) and DMAP (20 mg, 0.16 mmol) were added to 

anhydride (13d), which had not been isolated, for 15 hours at room temperature. When the reaction 

was over, the solvent was evaporated and the crude product (1.67 g) was chromatographed with 

alumina column chromatography using n-hexane/ethyl acetate (5:5) as solvents, to give 0.420 g of 

compound 17d.  

 

 

Figure 40. Structure of compound 17d 

Compouns 17d. yellow solid, yield: 41%;  HR-ESIMS (positive mode) m/z 297.2531 [M + H]+ (calcd 

for C17H33N2O2, 297.2537);     1H NMR (500 MHz, CDCl3): δ 4.65 (d, 1H, 3J = 16.0, H-5’), 3.91 (d, 

1H, 3J = 17.0, H-1’), 3.75 (s, 4H, H-7’, H-8’), 3.01 (t, 1H, H-5’), 2.57 (t, 5H, H-1’, H-6’, H-9’), 2.44 

(s br, 1H, H-3’), 2.31 (t, 2H, H-2), 1.89 (m, 1H, H-2’, H-4’), 1.61 (m, 2H, H-3), 1.42 (t br, 2H, H-2’-

H-4’ 1.28 (m, 8H, H-4/H-7), 0.88 (t.3H, H-8) ppm; 13C NMR (100 MHz, CDCl3): δ 171.32 (C-1), 

67.15, 61.97, 49.74, 44.79, 40.80, 33.73, 31.67, 29.44, 29.05, 28.93, 27.93, 25.42, 22.57, 14.02 ppm. 
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2.6.2 Citotoxic effect on HeLa cells 

 

The cytotoxicity of the test compounds was evaluated by measuring the effect produced on cell 

morphology and cell growth in vitro. Cell monolayers were prepared in 24-well tissue culture plates 

and exposed to various concentrations of the compounds. Plates were checked by light microscopy 

after 24, 48 and 72 h. Cytotoxicity was scored as morphological alterations (e.g., rounding up, 

shrinking, detachment). The viability of the cells was determined by a tetrazolium-based colorimetric 

method using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), as previously 

described.24,26 The 50% cytotoxic dose (CC50) is the concentration of the compound that reduced 

the absorbance of the control sample by 50%. 

 

2.6.2.1 Method of reducing the cytopathic effect 

 

HeLa cells were seeded at a density of 1.8 x 104 cells per well (100 μL) in 96-well culture plates. 

Studies on rhinoviruses were performed using the MEM Rega 3 medium associated with 2% FBS, 2 

mM L-glutamine, 0.075% NaHCO3 and 30 mM MgCl2. The cells had the ability to adhere throughout 

the night, after which a series of dilutions of the compound and the viral inoculum were added. The 

cultures were then incubated for 3 days at 35° until a complete cytopathic effect (virus-induced CPE) 

was observed, in the untreated and in the control status of the infected viruses. After removal of the 

medium, 100 μL of red-free MEM phenol containing 5% MTS-phenazine was added. After an 

incubation of 1h at 35°, the optical density of each well at 496 nm was determined with a microplate 

reader. The optical density values were converted to control percentage, the EC50 was calculated by 

logarithmic interpolation as the concentration of compound that was effective against virus-induced 

CPE. In addition, the cell and morphology of the monolayer after the addition of each compound was 

evaluated microscopically for minor signs of CPE or adverse effects caused by the compound.  
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3 Antibiotics 
 

The discovery of antibiotics is rightly considered one of the most significant health-related events of 

modern times. As a matter of fact, these natural products, biosynthesized by microorganisms, are able 

to prevent the growth of bacteria and, thus, cure infectious diseases. The definition of “antibiotic,” as 

first proposed by Selman Waksman, the discoverer of streptomycin, is a generic term used to describe 

any class of organic molecule that inhibits or kills microbes by specific interactions with bacterial 

targets, without any specific classification.1 

Paul Ehrlich, since he promoted the use of salvarsan, as a new scientific approach to the treatment of 

infectious diseases of humans, can be considered the father of chemotherapy era. Afterwards, in 1928, 

Alexander Fleming discovered the antibiotic penicillin and only in 1940, a bacterial penicillinase was 

identified by two members of the penicillin discovery team.2 The history of antibiotics discovery and 

resistance can be divided in four phases: the dark ages, the golden ages, the lean years and the 

disenchantment period.3 The first period was also called pre-antibiotic era. It included Semmelweis’s 

advice of hand washing as a way of avoiding infection; it ended with the discovery of the first 

effective antibiotic sulphonamides and it is directly connected to the development of specific 

mechanisms of resistance which has restricted their therapeutic use. During the golden ages, most of 

the antibiotics, such as tetracycline, rifamycin, quinolone and aminoglycoside families, used today, 

were discovered, to name just a few. In contrast, the lean years were characterised by a low rate of 

new antibiotic discovery and the attention was focused on pharmacologic, biochemical, target, mode-

of-action and genetic studies, in order to understand and improve the use of antibiotics. Furthermore, 

in the middle of 1960’the foundation of the FDA Office of New Drugs, after the thalidomide disaster, 

established stricter requirements for novel compounds, which slowed the registration of new drugs, 

including antibiotics. In addition, the discovery of new drugs is often more problematic than for other 

therapeutic areas. It is due to the limited antibiotic penetration into bacterial cells, resistance 

mechanisms, such as efflux pumps, and drug-inactivating enzymes, and to the required high 

concentrations that sometimes provokes side effects. These are some of the biggest complications in 

antibiotic development.4,5 In 2000 started the disenchantment period. This era was characterised by 

the failure of the investment in genome-based methods and lead many companies to discontinue their 

antibacterial discovery programs.3  
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Figure 1. New antibiotics approved for human use in the last 30 years6 

 

 

Figure 2. History of antibiotic discovery and concomitant development of antibiotic resistance3 

 

In the last 60s, an enormous amount of antibiotics has been produced and employed for the treatment 

of numerous infectious diseases. They have provided better costs and encouraged inappropriate use 

in medical practice, such as underdosing, prescriptions to treat minor bacterial infections or viral 

infections7 and uncontrolled use in animals to increase meat production.8 Moreover, outer membrane 

of some Gram-negative bacteria, blocks antibiotics access to their targets inside the cell and leads to 

the development of resistant strains.9 Another important aspect of bacteria-resistance is that the 
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antibacterials research is still focused on improved versions of existing molecules and not on novel 

targets. These events led to the development of antibiotic-resistance and economic burdens in term 

of period and cost of hospital care. The term “superbugs” is used to describe microbes with high 

morbidity and mortality due to multiple mutations, which increased resistance to the antibiotic classes 

recommended for their treatment; sometimes, super resistant strains have acquired increased 

virulence and transmissibility.3 Antibiotic resistance is a huge problem over the world. For this 

reason, in 2014, WHO (World Health Organization) understood the urgent need for a global 

surveillance system, which was activated in 2015 and was called Global Antimicrobial Surveillance 

System (GLASS). It works together with WHO Collaborating Centres and existing antimicrobial 

resistance surveillance networks and it based its studies on the experience of other WHO surveillance 

programmes in order to monitor antimicrobial resistance (AMR) at a global level. 

 

 

Figure 3. Global distribution of Antimicrobial Surveillance System (GLASS) 

 

Compared to 2017, GLASS has revealed a 64% increase in country enrolment and more than twice 

the number of countries submitting AMR data in 2018, indicating a collective understanding and 

engagement toward AMR.10, 11  A report of 2017 indicated that at least 700,000 people die of resistant 

bacterial infections globally every year and it is estimated that in 2050 the value would rise up to 10 

million. WHO analysed many potential solutions to combat AMR, which included investment in 

research and development of new antibiotics, reduction of antibiotic use in rearing of livestock and 

vaccination.12 It has been observed that the prophylactic use of bacterial vaccines prevents bacterial 



139 

 

infections, thus antibiotic prescriptions, whereas viral vaccines could reduce inappropriate antibiotic 

prescriptions for a viral disease and limit superinfections that require antibacterial therapy.13 There 

are several benefits from the vaccination. First of all, vaccines work by training the immune system 

to recognize and respond to a pathogen, avoiding infection or decreasing disease severity.14 Secondly, 

immunization could prevent millions of deaths every year, a number that could grow if people 

continue to be vaccinated.15 For instance, if a population is not immunized against bacteria, most 

members of the population are susceptible to the pathogen. The infection of a susceptible individual 

can be rapidly spread to other susceptible individuals and require antibiotic therapy, which, 

sometimes lead to antibiotic resistance bacteria, over the world. On the contrary, if a large number of 

population have been vaccinated, there will be lower antibiotic use, preventing and reducing the 

development of AMR. Besides, many vaccines also protect unvaccinated individuals through a 

process called herd immunity; in this way transmission of the infection is interrupted and limited to 

a small number of susceptible people who had not been immunized or immunocompromised.16 

 

 

Figure 4. Susceptibility to the bacteria of immunized and not immunized population. 

 

Viral vaccines, such as influenza vaccines, are able to decrease secondary bacterial infection, like 

pneumonia and otitis media17 and thus prevent antibiotic use, sometimes inappropriately prescribed. 
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The table below presents global antibiotic resistance data associated with major bacterial pathogens, 

from 2000 to 2014, and shows that Gram-negative Enterobacteriaceae, such as Escherichia coli, 

Klebsiella pneumoniae, Enterobacter spp., are the greatest threat to human health with the highest 

levels of resistance.18, 19  

 

Table 1. Global antibiotic resistance data associated with major bacterial pathogens (2000-2014) 

 

 

The European Antimicrobial Resistance Surveillance Network (EARS-Net) is the main EU 

surveillance system for AMR. A group of 30 countries, composed of all EU Member States and two 

EEA countries (Iceland and Norway) reported AMR data for 2017 to EARS-Net before the end of 

August 2018.20 These data serve as important indicators on the occurrence and spread of AMR in 

Europe. Among all, E. coli-AMR is one of the most spread E. coli is a Gram-negative bacterium 

usually present on the intestinal microbiota of humans, but it is also a common cause of severe 

infections. EARS-Net reported that in 2017, the highest resistance percentage toward E. coli was for 

aminopenicillins (58.7%), followed by fluoroquinolones (25.7%), third-generation cephalosporins 

(14.9%) and aminoglycosides (11.4%). 
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Figure 5. Percentage of E. coli resistance to fluoroquinolones, by country, EU/EEA countries in 2017 

 

The graphic above shows that the states at the Mediterranean area, such as Italy, Spain, Portugal, 

Malta, Greece, and the Eastern Europe countries have the highest value of resistance to 

fluoroquinolones, between 25 to 50%.  

A similar distribution has been perceived in S. aureus resistance (MRSA). S. aureus is a Gram-

positive bacterium that frequently colonises the skin; however, it is also an opportunistic 

microorganism, leading cause of skin, soft tissue, bone and bloodstream infections. In 2017, the 

percentage of MRSA was around 16.9%, significantly lower than 2014. As observed among the states 

of Mediterranean area. 
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 Figure 6. Percentage of S. aureus resistance to to meticillin (MRSA), by country, EU/EEA countries 

in 2017 

 

Italy showed one of the highest percentage of antibacterial resistance against Gram + and Gram- 

bacteria. For instance, percentage of MRSA, in Italy, is about twice compared to the other EU 

countries, with around 40% versus 22%, E. coli resistance to the third-generation cephalosporins 

presents values of 21% for Italy against 11% of EU states.20 

 

Figure 7: MRSA resistance, on the left, and E. coli resistance to third-generation cephalosporins, on the right 
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This problem is intensified by a poor global initiative to develop new antibacterial agents. However, 

some industrialised countries, such as the UK, have raised political awareness of the grave risk to 

national and international health and most governments dedicate approximately 1% of their GDP to 

research and development new antibacterial drug.6 Publically funded patents for new NCEs often 

remain unexploited because of insufficient funding available to support the development phase. 

Nevertheless, some public-private partnerships, such as Europe’s Innovative Medicines Initiative 

(IMI), may remove this obstacle supporting the research. Moreover, the emerging economies of 

Brazil, Russia, India, China and South Africa (the BRICS), which are all home to excellent 

pharmaceutical companies that produce generic medicines, could encourage and finance drug 

development. It is central to reduce the costs and encourage companies to invest in new drugs.6 As a 

matter of fact, it is reported that it takes more than 10 years to bring a new drug to market and the 

costs incurred are well in excess of one billion dollars.21 Additionally, phase III clinical trials, which 

is crucial to ensure patient safety, account for over half the cost of drug development.22 Therefore, 

various forms of incentives could be provided, including interest-free credits, tax reductions from 

national governments, cash rewards from international funds and extended patent life for products 

deemed essential in healthcare sector.23 

Consequently, developing new drugs to solve antibacterial infections have global importance and 

need to be supported with the knowledge that microbial evolution will constantly continue and drug 

resistance will always emerge as a result of natural selection. These opportunities could ensure that 

future generations benefit from antibiotics as our has done.6 

 

3.1  Mechanism of antibiotic resistance 

 

The evolution of resistant strains is a natural phenomenon by which microorganisms respond towards 

antibiotics. Indeed, during DNA replication several mutation are likely and casual, at a frequency of 

∼10-9 to 10-10 per gene and copying errors may lead to the partial or complete deletion of individual 

genes.24 As a result, some proteins that are targets of antibacterials can be modified, drug-inactivation 

or efflux systems may be up- or down-regulated, and uptake pathways (porins and active transporters) 

can be modified. In addition, DNA transfer, via plasmids, play an important role on the dissemination 

of resistance.25 Within plasmids, resistance genes are often carried by transposons. Some transposons 

are directly transferred between bacteria, especially among Gram + ones, whereas MRSA 

staphylococci use lysogenic bacteriophages as a vehicle.26 Gram – bacteria use integrons, which are 

natural recombination systems that facilitate the acquisition and expression of resistance determinants 
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behind a single promoter, as observed in sulfonamides (sul1), and streptomycin (aadA3).27 The 

dissemination of plasmids, transposons, and integrons among bacteria and species give rise to so-

called gene epidemics. Many of the resistance determinants discovered on plasmids originated in the 

chromosomes of other species, for instance the plasmid-mediated SHV b-lactamases are derived from 

the chromosomal b-lactamases of Klebsiella pneumonia and several CTX-M cefotaximases are 

chromosomal escapes from Kluyvera spp.28 Many plasmids and transposons transmit multiple 

resistance genes conferring resistance to different antibacterials. 

 

3.2  Targets of antibacterial drugs 

Antibiotic are divided according to the step of cell life inhibited; indeed, they can interfere with cell-

wall biosynthesis, protein biosynthesis, RNA polymerase, inhibition of replication systems, the folic 

acid metabolism or they could modify the membrane structure. 

 

 

 

Figure 8. The four resistance acquisition pathways, the four main mechanisms of resistance, and the 

five main targets for antibiotics29  
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3.3  DNA gyrase 

 

Among all antibiotic targets, I focused my studies on DNA gyrase, which has attracted attention since 

its discovery in 1976, when it was first isolated from E. coli30 and identified as a target of the 

aminocoumarin class of antibacterial compounds, e.g. novobiocin. 

DNA gyrase belongs to the family of topoisomerases. DNA topoisomerases are enzymes that catalyse 

changes in the topology of DNA,31,32 indeed they can interconvert relaxed and supercoiled forms or 

introduce and remove chains and knots.33 DNA topoisomerases are classified in two types, type I 

which catalyse the transient breakage of one strand, while type II breaks both strains of DNA.34 All 

enzymes relax supercoiled DNA, but only DNA gyrase (a type II enzyme) can also introduce negative 

supercoils, after ATP hydrolysis.35,36 Eukaryotic type II topoisomerases  such as human or yeast topo 

II, are large single-subunit enzymes (∼170 kDa) and are active as homodimers, while prokaryotic 

enzymes, like gyrase and topoisomerase IV, are heterotetrameric proteins composed of two subunits: 

A and B in the case of gyrase, which associate to form an A2B2 complex in the active enzyme.37 This 

difference in structure is necessary for the selectivity toward prokaryotic enzymes. Prokaryotic DNA 

gyrase is composed of two A subunits (GyrA) and two B subunits (GyrB), whereas topoisomerase IV 

consists of two C subunits (ParC) and two E subunits (ParE), which are homologous to GyrA and 

GyrB, respectively.38 The GyrA and ParC subunits are involved in DNA transit, while the GyrB and 

ParE subunits contain an ATP-binding domain.37 

 

 

Figure 9. Models for bacteria topoisomerase II tetramers: DNA gyrase (left) and topoisomerase IV 

(right)39 
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3.3.1 Mechanism of DNA supercoiling by DNA gyrase 

The mechanism of action of DNA gyrase is known as the “two-gate mechanism”.40,41 DNA gyrase 

possesses three interfaces: the N-terminal domain of GyrB (N-gate), the GyrA–GyrB–DNA interface, 

where the DNA is cleaved (DNA gate), and the C-terminal area of coiled coils called exit gate (E). 

 

Figure 10. Structure of DNA gyrase 

 

The mechanism of cleavage could be summarised in the following steps: 

1. the DNA G (or gate) segment associates with the enzyme and DNA is wrapped around the 

enzyme in aright-handed supercoil of ∼130 base pairs.42 

2. Wrapping of DNA on the gyrase C terminal domains facilitates a T segment, belonging to the 

same DNA molecule, to reach the N over the G segment, in preparation for strand passage.43 

3. After ATP binding, GyrB dimerises and traps the T segment. The G segment is transiently 

cleaved forming DNA–phosphorus tyrosyl bonds 4 bp apart, resulting in the covalent 

attachment of GyrA to the DNA.44,45 

4. Hydrolysis of one ATP is essential for GyrB rotation and for the passage of the T segment 

through the cleaved G segment. 

5. The last step consists in release of the T segment and in relegation of the G segment, 

introducing two negative supercoils into the DNA molecule. Hydrolysis of the second ATP 

produces ADP, which opens the N gate and resets the enzyme for the next supercoiling cycle.  

The gyrase supercoiling reaction is a complex process, which has become an attractive target for 

discovery of antibacterial agents. 
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Figure 11. DNA gyrase mechanism of action38 

 

3.4  DNA gyrase inhibitors 

 

There are two main mechanisms which are responsible of antibacterial activity of DNA gyrase 

inhibitors. The first consists in the stabilisation of the covalent enzyme–DNA complex, blocking 

GyrA subunit; quinolones, which interrupts DNA cleavage-relegation, are an example. The second 

mechanism which is present in compounds such as novobiocin, involves the inhibition of enzymatic 

activity by targeting ATP-binding sites at the GyrB. In addition, other compounds, like 

simocyclinones, could prevent DNA binding. 

 

3.4.1 Quinolones 

Fluoroquinolones (FQs), are so far the most interesting antibacterials targeting DNA gyrase. One of 

the most known FQ is ciprofloxacin. They originated from nalidixic acid, by-product discovered 

during the synthesis of chloroquine.46 The first-generation quinolones, nalidixic acid and oxolinic 

acid, displayed weak activity, while fluoroquinolones, such as norfloxacin and ciprofloxacin (second 

generation), levofloxacin (third generation), moxifloxacin and gemifloxacin (fourth generation) 

showed clinical and commercial success, due to its high potency against bacteria.47,48,49 Quinolones 

inhibit the DNA supercoiling and relaxation stabilising a covalent complex with GyrA and 5′ ends of 



148 

 

the broken DNA.50,51 The aromatic rings are found to be stacked against the DNA bases at the site of 

DNA cleavage, while Ser and Asp (or Glu) residues in GyrA and Mg2+ ion52 are involved in the 

binding. Furthermore, it has been demonstrated that 3-oxo-4-carboxylic acid moiety binds the active 

site, and replacement of the carboxylic acid group results in reduction of the potency.53,54 However, 

the exact interactions of the drugs with the proteins are not completely clear.38 

 

3.4.2 Aminocoumarins 

Aminocoumarins are well-known as the ‘Cinderellas’ of the gyrase inhibitors, compared to 

fluoroquinolones.38 Although they bind to gyrase, they did not show significant clinical success. For 

instance, aminocoumarins, novobiocin, clorobiocin and coumermycin A1, are natural products 

isolated from Streptomyces species, which contain a 3-amino-4,7-dihydroxycoumarin ring with some 

substitution in position 8’ and 3’. These antibacterial compounds have been known since the 1950s 

for their inhibitory activity on DNA synthesis in bacteria. Only later was discovered the enzymatic 

inhibition of ATPase by competing with ATP in GyrB subunit,55-57 in a domain that does not bind 

ATP by itself, but overlap the site and prevent the ATP-binding,58 despite aminocoumarins have 

limited structural resemblance to ATP. It is noteworthy that mutations conferring resistance to 

aminocoumarins tend to inactivate the enzyme due to their proximity to the ATPase active site.38 

Nevertheless coumarins were not considered promising drugs due to their poor activity against Gram-

negative bacteria, high cytotoxicity and low solubility. For instance, novobiocin was the only GyrB 

inhibitor to be used in clinical practice, which has progressed beyond phase I clinical trials.39 

Unfortunately, it was rapidly withdrawn from the market due to its toxicity and to the high rate of 

resistance development. Several studies focused on the development of novobiocin analogues were 

unsuccessful due to their adverse pharmacokinetic profile and lack of activity.59 

 

3.4.3 Simocyclinones 

Simocyclinones are classified as hybrid antibiotics containing both aminocoumarin and polyketide 

elements. SD8 is known as ‘two headed’ antibiotic because, through its elements, it targets two 

separate binding pockets in the N-terminal domain of GyrA, avoiding  DNA binding.60 Moreover, 

Sissi et al.61 have found a second binding site in the C-terminal domain of GyrB. Although 

simocyclinones possess modest antibacterial activity against Gram-positive and are ineffective 

against Gram-negative,62,63 they appear to have higher potency in clinical settings.62 Indeed, they 

showed inhibitory activity toward bacterial gyrase 64,60 of E. coli and S. aureus.65 
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3.4.4 Use of Quinolones 

Since the discovery of nalidixic acid, in 1962, FQs have been introduced in clinical for the treatment 

of urinary infections.66 Nowadays, FQs, are among the most common drugs approved for the 

treatment of upper and lower respiratory infections, and some skin, bone, soft tissue infections and 

community acquired pneumonia.67,68 In addition, 4-quinolones displayed also antitumor, 

antitubercular, anti-HIV and antimalarial activities.69,70 However, in the last five decades, antibiotic 

resistance develops rapidly and spreads widely throughout the world, creating urgent needs to develop 

new antibacterial agents. The main strategy was to synthesize new analogues or modify existing FQs 

with lower or without cross-resistance to the existing antibiotics. Therefore, manv ciprofloxacin-

based derivatives have been synthesized and some of them exhibited promising potency. It has been 

demonstrated that carboxylic acid plays a key role, indeed modification at C-3 position resulted in 

loss of the activity,71,72 whereas when carboxylic acid was replaced by an aromatic amide group, 

significant enhancements of potency are observed.73 Furthermore, the derivatives with an ester group 

exhibited greater dermal penetration and higher efficacy in the treatment of methicillin susceptible S. 

aureus (MSSA) and MRSA.74 

 

Figure 12. Structure of ciprofloxacin 

 

Several FQs substituted at N-1 position of core structure and at N4-position of piperazinyl exhibited 

considerable activity.75,76 For instance, the introduction of N4-carboxymethyl increases the 

antibacterial activity slightly,77 while N4-formyl reduces the potency.78 Moreover, acylation of the 

piperazinyl nitrogen showed highly effect against Gram-positive and Gram-negative bacteria and 

several derivatives possess good activity against MRSA and Bartonella species.79 The arene sulfonyl 

moiety linked in N4-position presented comparable activity to ciprofloxacin, having the same binding 

mode with additional classical and non-classical hydrogen bonds,80 while carboxamide derivatives 

seem to be less potent than ciprofloxacin.81 In addition, it was observed that chloro-substituted 

phenethyl group attached to a piperazine ring displayed excellent in vitro activity against Gram-

positive and Gram-negative, which was sometimes superior to the others,82 indicating that piperazine 

NH substitution with moieties of different size is tolerated without loss of gyrase A inhibition. 
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3.4.5 Novel DNA GyrB inhibitors 

Despite new GyrB and dual targeting GyrB/ParE inhibitors have been already identified, none have 

advanced into the clinic. Several of these compounds, such as 5-(3-pyrazolyl)-thiazoles,83 

azaindoles,84 pyrrolo[2,3-d]pyrimidines,85,86 imidazo[1,2-a]pyridine ureas,87 benzimidazole ureas88 

and pyrrolamides89,90 target the ATP-binding site of GyrB and/or ParE. Most of the dual inhibitors 

displayed potent MICs values against Gram positive, but only few showed activity against Gram 

negative bacteria. 

Based on previous work, the research group of the Faculty of Pharmacy of the University of Ljubljana 

has been investigating some novel DNA Gyrase B inhibitors. For instance, Tomašič et al.,91 starting 

from a library of marine alkaloid oroidin analogues, identified low micromolar inhibitors of E. coli 

DNA gyrase based on the 5,6,7,8-tetrahydroquinazoline and 4,5,6,7- tetrahydrobenzo[1,2-d]thiazole 

scaffolds. Structure-based optimization of these compounds led to inhibitors with improved activity 

in the nanomolar range, in which tetrahydrobenzothiazole derivatives result more potent than 

tetrahydroquinazoline ones. Supercoiling assay, in agreement with ATPase assay, SPR experiment 

and SAR, suggested that these inhibitors bind to the ATP-binding site of the E. coli enzyme, while 

they display a weaker inhibition of S. aureus DNA gyrase. Subsequently, 2-(2-aminothiazol-4-

yl)acetic acids designed as ring-opened analogues of the 4,5,6,7-tetrahydrobenzo[1,2-d]thiazoles, 

displayed lower DNA gyrase inhibition with IC50 values between 15.9 and 169 µM against Gram-

positive and Gram-negative bacteria. However, docking studies suggested similar binding modes for 

benzothiazoles and thiazoles, with two hydrogen bonds with Asp73 and Arg136.92 

 

 

Figure 13.  Analogues of the alkaloid oroidin 
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Then, based on the knowledge that Asp73 sidechain carboxylate of DNA gyrase forms two hydrogen 

bonds with the two NH groups of the ethylurea moiety,93 while the nitrogen atom of the central 

scaffold forms an additional hydrogen bond with a conserved water molecule, some ethylurea 

derivatives of 4,5,6,7-tetrahydrobenzo[1,2-d]thiazole-2,6-diamine, 2-(2-aminothiazol-4-yl)acetic 

acid, and benzo[1,2-d]thiazole-2,6-diamine were synthetized. The results of the in vitro E. coli DNA 

gyrase supercoiling assay showed that the most potent the were benzo[1,2-d]thiazoles-based 

ethylurea derivatives with an IC50values in the low micromolar range, while other series of 

compounds were only weakly active or inactive, probably due to the lack of cation-π interaction 

between the Arg76 side-chain and the ring of these inhibitors. Antibacterial activity showed weak 

inhibition of bacterial growth at 50 μM against Gram-positives like S. aureus, E. faecalis, and Gram-

negatives like E. coli, and P. aeruginosa. It could be due to the efflux pump action, micromolar 

enzyme inhibition or poor penetration through the bacterial cell wall.94 

To optimize π-stacking with Glu50-Arg76 salt bridge and hydrogen bond interactions with Arg136, 

the thiazole-carboxylic acid moiety was replaced by an oxadiazole-carboxylic acid (Figure 14). The 

first generation inhibitors present the 1,3,4-oxadiazole moiety directly linked to the phenyl ring, while 

the second generation show a methylene/imine linker connecting the phenyl and oxadiazole 

moieties.95 

 

Figure  14. Substituted oxadiazoles as novel scaffold of DNA gyrase 

 

Among all, the most active compound was 5-((4-(3,4-dichloro-5-methyl-1H-pyrrole-2-

carboxamido)phenyl)amino)-1,2,4-oxadiazole-3-carboxylic acid which displayed an IC50 of 1.2 µM 

against E. coli DNA gyrase and micromolar inhibition of E. coli topoisomerase IV Furthermore, it 
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also exhibited a modest inhibition against E. faecalis (MIC90 = 75 µM), but no activity against the 

tested Gram-negative bacteria. As predicted by docking, this compound was active thanks to the 

flexible linker, which directs the carboxylic acid function toward Arg136 and to 5-methyl-3,4-

dichloropyrrole moiety, which increase the potency compared to 4,5-dibromopyrrole. The reason 

probably lies in the smaller size of the binding pockets of S. aureus DNA gyrase that results from 

differences in certain amino acid residues in the ATP binding site.91,96 3,4-Dichloro-5-methylpyrrole 

with smaller groups on the pyrrole ring bind more effectively to the enzyme. 

Cotman et al.97 synthesized some 1H-pyrrole-2-carboxamido-tyrosine derivatives; overall, the most 

promising compounds inhibited the ATPase activity of DNA-gyrase B of Gram-positive and Gram-

negative bacteria with IC50 values in the low micromolar range and had a good antibacterial activity 

against S. aureus and E. faecalis with minimal inhibitory concentrations (MIC90) between14 and 28 

µg/mL. 

Zidar et al. designed, synthesized and tested different series of N-phenyl-4,5-dibromopyrrolamides 

and N-phenylindolamides against E. coli. and S. aureus.96,98 Among all, the most potent compound 

was 2-((4-(4,5-dibromo-1H-pyrrole-2-carboxamido) phenyl)amino)-2-oxoacetic acid (No 9a) with an 

IC50 of 0.18 µM against E. coli gyrase and weaker activity against S. aureus. It has been confirmed 

by docking experiment, which showed the interaction of the carbonyl amide with Arg136 instead of 

Arg76 and hydrogen bonds between carboxylate group and Arg76 and Arg136. However, it did not 

display any considerable antibacterial effect, which can be attributed to the poor penetration into the 

cell and/or the activity of efflux pumps.98 

 

Figure 15. Structure of compound No 9a 

 

Based on an ongoing research aimed to improve GyrB inhibitory potency and antibacterial activity, 

some novel N-phenylpyrrolamides have been synthesized.99,100 Several compounds showed low 

nanomolar IC50 values against DNA gyrase, and low micromolar MIC values against E. faecalis and 

S. aureus. 
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Figure 16. General structure of N-phenylpyrrolamides derivatives. 

 

These results indicated that 4-dichloro-5-methyl-pyrrolamides in Part A create more favourable 

interactions than 4,5-dibromopyrrolamides. Furthermore, lipophilic substituents at the 3-position of 

the Part B benzene ring (e.g. methoxy, isopropoxy and benzyloxy substituents) interact with the 

hydrophobic floor of the enzyme.100 As predicted with docking experiments, 2-aminoethoxy 

substituents were generally more potent; indeed, the amino group of the 2-aminoethoxy substituent 

could form an H-bond with Ala100 that is part of the flexible loop formed by Gly97-Ser108. 

Moreover, free carboxylic acids in the part C are essential for the activity since they are able to 

establish ionic interactions and/or hydrogen bonds with the Arg136 side chain in the binding site of 

the enzyme, while esters can only interact with weaker hydrogen bonds. In addition, compounds with 

alanine side chains in Part C displayed the strongest inhibitory activity. As a result, the most active 

compound in enzymatic assays was (S)-4-(5-((1-carboxyethyl)carbamoyl)-2-(3,4-dichloro-5-methyl-

1H-pyrrole-2 carboxamido) 3-isopropoxybenzoyl)-L-valine with an IC50value of 38 nM against E. 

coli gyrase and 93 nM against S. aureus gyrase, and was also active against E. coli topoisomerse IV 

(IC50= 0.45 µM) and S. aureus topoisomerase IV (IC50= 0.28 µM). However, it showed no 

antibacterial activity against S. aureus and around 3µM toward E. faecalis, comparable to 

ciprofloxacin,. On the other hand, the analogue oxadiazolone, (S)-3,4-dichloro-N-(2-isopropoxy-4-

((1-(5-oxo-4,5-dihydro-1,3,4-oxadiazol-2-yl)ethyl)carbamoyl)phenyl)-5-methyl-1H-pyrrole-2-

carboxamide, which displayed only an IC50 value of 85 nM against E. coli DNA gyrase, possessed 

the strongest antibacterial activity, with MIC values of 1.56 μM against E. faecalis, and 3.13 μM 

against wild type S. aureus, methicillin-resistant S. aureus (MRSA) and vancomycin-resistant 

Enterococcus (VRE). It was active against E. coli strains only in the presence of efflux inhibitor 

PAβN, suggesting that it is sensible to the efflux mechanism.100 

Subsequently, the optimisation of these derivatives led to more potent N-phenylpyrrolamides, 

substituted with piperidin-4-yloxy in benzyl ring, such as (S)-4-(5-((1-carboxyethyl)carbamoyl)-2-

(3,4-dichloro-5-methyl-1H-pyrrole-2-carboxamido)phenoxy)piperidin-1-ium chloride. It displayed 

excellent IC50 values of 6.9 nM against E. coli DNA gyrase and 0.96 µM against S. aureus 
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topoisomerase IV. Several compounds displayed antibacterial activity against Gram-positive strains. 

The most potent was a quinolone derivative, 7-(3,4-dichloro-5-methyl-1H-pyrrole-2-carboxamido)-

1-ethyl-4-oxo-1,4-dihydroquinoline-3-carboxylic acid, that inhibited the growth of several bacteria 

with excellent MIC values: E. faecalis (MIC = 1.56 µM), S. aureus (MIC = 0.78 µM), S. pyogenes 

(MIC = 0.72 µM), MRSA (MIC = 2.5 µM) and MRSA VISA - extremely drug resistant strain of S. 

aureus (MIC = 2.5 µM).101 

Afterwards, in several reviews it has been described that benzothiazole is a common scaffold in many 

therapeutically useful compounds.102 For instance, it shows promising activities against several 

Gram-positive and Gram-negative bacteria, and also against Mycobacterium tuberculosis. They block 

proteins involved in either cell division or in biosynthesis of the bacterial cell wall,103 such as type II 

Topoisomerases (DNA gyrase and topoisomerase IV). Studies have defined that some benzothiazole 

compounds are selective inhibitors of the DNA gyrase and topoisomerase IV, with no inhibition of 

human type II topoisomerases, and with potent antibacterial activities against several Gram-positive 

bacterial strains, such as Streptococcus pneumoniae, E. faecalis, S.aureus, S. epidermidis, and 

Propionbacterium acnes, with MICs from 0.008 μg/mLto 0.12 μg/mL,104,105 but not active against 

most of the tested Gram-negative.104 

Thus, Giorgjieva et al.59 replaced the central tetrahydrobenzothiazole core with a planar aromatic 

benzothiazole scaffold, in order to enable additional cation−π interaction of the benzene ring with 

Arg76 within the Glu50-Arg76 salt bridge, which was shown to be important for the inhibition of 

DNA gyrase B.39 Then dibromopyrrole moiety was replaced by a smaller dichloropyrrole moiety to 

improve activity against S. aureus DNA gyrase and E. coli and S. aureus topoisomerase IV, which 

possess a smaller hydrophobic pocket compared to that of E. coli DNA gyrase.91 Moreover, docking 

experiments suggested similar binding modes of compounds incorporating the pyrrole-2-

carboxamido moiety at positions 6 and 2 of the central heterocyclic core, therefore two series of 

compounds which bind to the position 2 or 6 of the benzothiazole were synthetized. These compounds 

were nearly equipotent with the 4,5,6,7-tetrahydrobenzo[1,2-d]thiazole compounds as inhibitors of 

E. coli DNA gyrase but displayed improved inhibition of S.aureus DNA gyrase and topoisomerase 

IV from both bacteria. For instance, the crystal structure of 2-((2-(4,5-dibromo-1H-pyrrole-2- 

carboxamido)benzothiazol-6-yl)amino)-2-oxoacetic acid, one of the most active compound, in 

complex with E. coli DNA gyrase B, revealed that the pyrrole nitrogen forms a hydrogen bond with 

the side chain of Asp73. The 4,5-dibromopyrrole moiety forms additional hydrophobic contacts with 

Val43, Asn46, Val71, Val120, Thr165, and Val167, while the benzothiazole scaffold forms 

hydrophobic interactions with the Glu50, Gly77, Ile78, and Pro79 amino-acid residues. Moreover, 
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docking studies showed that the acyl moiety is important for interactions with the Arg136 residue. 

However, no significant antibacterial activity against both Gram-negative and Gram-positive bacteria 

was observed, most likely due to efflux of inhibitors. Indeed, some of the compounds possessed only 

weak antibacterial activity against E. faecalis. These results provide a good starting point to design 

improved DNA gyrase inhibitors with antibacterial activity. 
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3.5  Aim and Objectives 

 

As a part of an ongoing research program focused on the design of new GyrB inhibitors, some 

compounds have been synthesized.  

We recently reported several structural types of low-nanomolar pyrrole-2-carboxamide GyrB 

inhibitors59,91,96 and established the binding mode of 2-((2-(4,5-dibromo-1H-pyrrole-2-

carboxamido)benzo[d]thiazol-6-yl)amino)-2-oxoacetic acid (1a; IC50 E. coli = 58 nM),59 and 4,5-

dibromo-pyrrole analog of 1b (IC50 E.coli = 43 nM),106 to GyrB from E. coli with X-ray 

crystallography. However, most of these inhibitors were devoid of in vitro antibacterial activity 

because of insufficient permeation and/or extrusion by bacterial efflux pumps.59,106 

Dual targeting of GyrB and structurally similar topoisomerase IV ParE subunits has been suggested 

to prolong the onset of resistance in bacteria because mutations at both essential sites are less probable 

than single mutations at GyrB or ParE ATP-binding sites.107,108  

 

 

Figure 17. Ciprofloxacin and GyrB inhibitors 1a-e. 

This observation evoked our interest in the design and preparation of the first dual inhibitors of Gyr 

A and Gyr B that could open new avenues for DNA gyrase inhibition and fighting bacterial 

resistance.29  



157 

 

Designed multiple ligands can be obtained by linking, merging or fusing individual pharmacophores 

in a way tolerated by respective targets.109-112 Several 4-quinolone hybrids with trimethoprim,113 

linezolid,114 and tobramycin115 were obtained, and these as well as other studies81,116  demonstrated 

that moieties of different sizes attached to the piperazine NH group of ciprofloxacin are well tolerated, 

with retention of DNA gyrase inhibition and antibacterial activity. Furthermore, exposure of the 

terminal carboxylate group of our GyrB inhibitors to bulk water observed in the crystal structure of 

the 4,5-dibromo-1H-pyrrole-2-carboxamide inhibitor 1a bound to E. coli GyrB and simulated by 

docking for a reversed inhibitor 1d (IC50 E.coli = 38 nM)59 should allow functionalization in this 

region without losing DNA gyrase B inhibitory activity (positions in ciprofloxacin and in 1a-e which 

should tolerate substitution without loss of DNA gyrase inhibition are colored red; Figure 1). 

 

Figure 18. GyrA/GyrB inhibitor hybrids 2a-b and 3a-b. 

 

 

The presence of carboxylate groups in 1a, 1b and 1d did not seem critical for GyrB inhibition since 

the N-acetyl analog of 1b (1c; IC50 E. coli = 9 nM) and its reversed analog N-(2-acetamido-

benzo[d]thiazol-6-yl)-3,4-dichloro-5-methyl-1H-pyrrole-2-carbox-amide (1e; IC50 E. coli = 66 nM) 

also showed good inhibition of DNA gyrase. Because DNA gyrase A-inhibiting fluoroquinolones and 

our pyrrole-2-carboxamide GyrB inhibitors 1a-e do not share common structural features that would 

allow fusion of both pharmacophores, we decided to use a merging strategy to combine the GyrA 

inhibitor ciprofloxacin and our GyrB inhibitors in the same molecule and obtain hybrid compounds 

2 and 3 containing both GyrA and GyrB-inhibiting pharmacophores (Figure 2). Docking of 
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compounds 2b and 3b to E. coli GyrB (PDB: 4DUH)117 and to S. aureus GyrA (PDB: 5CDQ)118 

suggested that they could bind to both subunits since there was no steric clash with GyrA or GyrB 

binding site residues. (the reason for using S. aureus DNA gyrase A structure and not the one from 

E. coli is a simple fact that there is no experimental E. coli GyrA structure available in PDB). We 

further anticipated that merging our GyrB inhibitors with highly permeable ciprofloxacin would 

facilitate entry of the hybrid GyrA/GyrB inhibitors and make them active against bacteria. 
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3.5.1 Results and discussion 

 

The hybrids 2a and 2b were prepared (Scheme 1) by acylation of the amines 7a and 7b with 

chloroacetyl chloride and subsequent substitution of chlorine in 8a and 8b with ciprofloxacin.  Amine 

7a was obtained by selective N2 acylation of the diamine 6 with 4,5-dibromopyrrole-2-yl 

trichloromethyl ketone, whereas the amine 7b was prepared by acylation of 6-nitrobenzo[d]thiazol-

2-amine (4) with 3,4-dichloro-5-methyl-pyrrole-2-carboxylic acid chloride and subsequent reduction 

of the nitro group in the obtained 5b. 

 

Scheme 1. (a) 3,4-dichloro-5-methyl-1H-pyrrole-2-carbonyl chloride, toluene, reflux, 18 h; (b) H2, Pd/C (10%), 1.5 bar, 

EtOH, rt, 18 h; (c) SnCl2  2 H2O, EtOH, reflux, 24 h; (d) 4,5-dibromopyrrole-2-yl-trichloromethyl ketone, K2CO3, DMF, 

80 °C, 20 h; (e) ClCH2COCl, Et3N, dichloromethane, rt, 24 h; (f) acryloyl chloride, K2CO3, THF, ice bath, 0.5 h; (g) 

ciprofloxacin, KI, Na2CO3, CH3CN, reflux, 4 h; (h) ciprofloxacin, CH3CN/AcOH, reflux, 72 h 
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For the synthesis of the isomeric hybrids 3a and 3b (Scheme 2) bearing a 1H-pyrrole-2-carboxamido 

moiety at position 6, 4 was acylated with chloroacetyl chloride119, and the obtained nitro derivative 

10 was reduced to the 6-aminobenzothiazole derivative 11 by catalytic hydrogenation over 10% Pd 

on charcoal in ethyl acetate. Attempts to reduce the nitro group of 10 with tin(II) chloride in ethanol 

or with sodium sulfide nonahydrate were not successful since, in both cases, reduction of the nitro 

group was accompanied by amide bond cleavage, and benzo[d]thiazole-2,6-diamine was isolated as 

the main product. The amine 11 was coupled with 4,5-dibromo-pyrrole-2-carbonyl chloride or 3,4-

dichloro-5-methyl-pyrrole-2-carbonyl chloride in the presence of triethylamine in dioxane, and the 

resulting intermediates 12 underwent nucleophilic substitution with unprotected ciprofloxacin to 

produce the target inhibitors 3a and 3b. The final compounds 2a-b and 3a-b were purified on 

Sephadex LH-20 to remove traces of ciprofloxacin. 

 

Scheme 2. (a) ClCH2COCl, Et3N, dichloromethane, rt, 12 h; (b) H2, Pd/C (10%), EtOAc, rt, 24 h; (c) 4,5-dibromo-1H-

pyrrole-2-carboxylic acid chloride or 3,4-dichloro-5-methyl-1H-pyrrole-2-carboxylic acid chloride, Et3N, dioxane, rt, 18 

h; (d) ciprofloxacin, KI, Na2CO3, CH3CN, reflux, 12 h. 
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3.5.2 Biological results 

 

3.5.2.1 Enzymatic Inhibition Results 

 

A DNA gyrase supercoiling assay 59,91,96 demonstrated weaker inhibition of E. coli DNA gyrase by 

the hybrids 2a-b and 3a-b (IC50 values from 0.17 to 6.2 µM) than by the GyrB inhibitors 1a-e (IC50 

values from 9 to 66 nM) and slightly weaker inhibition than by the GyrA inhibitor ciprofloxacin 

(Table 1). The hybrids 2a and 2b with ciprofloxacin bound to position 6 of a benzothiazole core were 

better (submicromolar) inhibitors than 3a and 3b that possessed low micromolar E. coli gyrase IC50 

values. Whereas increasing the size of the 6-(N-acetylamino) substituent of 1c, producing 8b (N-

chloroacetyl), and 2b in each case resulted in a ca. 20-fold increase in IC50 irrespective of the size of 

the N-substituent, increasing the size of the 2-(N-acylamino) substituent in the series 1e (N-acetyl) 

→ 12b (N-chloroacetyl) → 3b clearly increased the IC50 values at each step, increasing in total 78-

fold from 1e to 3b. This observation indicated that appending the ciprofloxacin moiety to position 6, 

resulting in the compounds 2a and 2b, is better tolerated than its attachment to position 2, producing 

the compounds 3a and 3b. Because the observed inhibition of E. coli DNA gyrase in the supercoiling 

assay could not be undoubtedly attributed to inhibition of the GyrA or GyrB subunit, a DNA gyrase 

ATPase assay (Table 1) was performed to detect binding of the hybrid compounds to E. coli GyrB. 

Further, MIC assays in the E. coli wild-type strain and in two strains with a mutated GyrB or mutated 

fluoroquinolone-binding sites were performed to assess the effect of the hybrids on E. coli (Table 2). 
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Table 2. Inhibition of E. coli DNA gyrase supercoiling and ATPase activities 

Compound MW Supercoiling 

IC50 (M) 

ATPase 

IC50 (M) 

1a 

 

485.85 

 
0.0580.03 

 

n.d. 

 

1b 

 

413.23 

 
0.0430.03 

 

n.d. 

 

1c 

 

383.25 

 
0.00950.002 

 

n.d. 

 

1e 

 

383.25 

 
0.0660.008 

 

n.d. 

 

2a 

 

787.45 

 
0.910.37 

 

0.270.01 

 

2b 

 

712.58 

 
0.170.03 

 

0.0550.005 

 

2c 

 

726.61 

 
0.160.01 

 

0.0540.025 

 

3a 

 

787.45 

 
6.21.7 

 

0.350.18 

 

3b 

 

712.58 

 
5.22.0 

 

0.320.19 

 

8a 

 

492.57 

 
2.30.2 

 

n.d. 

 

8b 

 

417.70 

 
0.180.02 

 

n.d. 

 

12a 

 

492.57 

 
0.430.02 

 

0.380.09 

 

12b 

 

417.70 

 
0.330.02 

 

n.d. 

 

novobiocin 

 

612.62 

 
0.170.01 

 

0.160.05 

 

ciprofloxacin 313.35 0.120.02 n.d. 

n.d.: not determined 
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3.5.2.2 Antibacterial Results  

 

All four hybrid compounds (2a-b and 3a-b) displayed potent activity against the E. coli strains ATCC 

25922 and K-12 MG1655 in the presence of the efflux pump inhibitor PaβN (MIC values between 

130 and 439 ng/mL). MIC values in the absence of PaβN were in the range 1481-3333 ng/mL in the 

strains ATCC 25922 and K-12 MG1655, which indicates that the hybrids 2a-b and 3a-b are not 

intensively effluxed in E. coli. The antibacterial activity of the hybrids in the absence of an efflux 

pump inhibitor was confirmed also against gram-negative Shigella flexneri HNCMB 20018 and 

Shigella sonnei HNCMB 25021 (MICs between 1481 and 3333 ng/mL) as well as against  Klebsiella 

pneumoniae ATCC 10031 (MICs between 293 and 658 ng/mL). These results indicate good 

penetration of the studied GyrA/GyrB-inhibiting hybrids through the bacterial cell wall and provide 

evidence that their efflux in E. coli and in other tested bacteria is not intensive and not detrimental 

for their anti-bacterial activity. However, the hybrid molecules 2a-b and 3a-b did not show any 

reduction in antibacterial activity in the E. coli K-12 MG1655 GyrB R136C mutant and suffered a 

substantial loss of antibacterial activity toward the E. coli mutant in which the fluoroquinolone-

binding site was abolished by four mutations (E. coli K-12 MG1655 GyrA S83L, D87N; ParC S80I, 

E84G). This finding indicates that the observed antibacterial activity of the hybrid molecules 2a-b 

and 3a-b is mainly due to interaction with GyrA and/or ParC and not with the GyrB subunit. Although 

the ATPase assay demonstrated that the hybrids 2a-b and 3a-b inhibit the GyrB subunit, the inhibition 

is obviously too weak (IC50 values between 0.055 and 0.35 µM) to result in antibacterial activity. 

Assuming that increasing the flexibility of the linker between the GyrB and GyrA inhibitor moieties 

could increase GyrB inhibition, we synthesized the hybrid 2c, a homolog of the hybrid 2b that was 

most potent in the supercoiling and ATPase assays, possessing an additional methylene group 

between the ciprofloxacin and GyrB inhibitor moieties (Scheme 1). To this end, the amine 7b was 

acylated with acryloyl chloride in the presence of potassium carbonate in tetrahydrofuran, and the 

obtained acrylamide 9 was reacted with ciprofloxacin to produce the compound 2c with an elongated 

linker. However, the hybrid 2c displayed behavior similar to that of 2b in the supercoiling assay (IC50 

= 0.16 µM), ATPase assay (IC50 = 0.054 µM) and MIC assays in E. coli, demonstrating that 

elongating the linker by one C-atom did not increase GyrB inhibition and antibacterial activity against 

the wild-type and mutated E. coli strains. 
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Table 3. MIC values (ng/mL) of the hybrids 2a, 2b, 2c, 3a and 3b. 

Bacterium 2a 2b 2c 3a 3b I CCP[a] 

E. coli ATCC 25922 + 

PaβN 

130 130 500 130 130 4.4 

E. coli K-12 MG1655 + 

PaβN 

 

439 

 

 

439 

 

 

250 

 

 

293 

 

 

293 

 

 

6.6 

 

 

E. coli ATCC 25922 

 

 

2222 

 

 

1481 

 

 

439 

 

 

1481 

 

 

1481 

 

 

9 

 

 

E. coli K-12 MG1655 

 

 

3333 

 

 

1481 

 

 

658 

 

 

1481 

 

 

2222 

 

 

12 

 

 

S. flexneri HNCMB 20018 

 

 

3333 

 

 

1481 

 

 

658 

 

 

1481 

 

 

2222 

 

 

12 

 

 

S. sonnei HNCMB 25021 

 

 

3333 

 

 

1481 

 

 

658 

 

 

1481 

 

 

2222 

 

 

12 

 

 

K. pneumoniae ATCC 

10031 

 

658 

 

 

293 

 

 

195 

 

 

293 

 

 

293 

 

 

4 

 

 

E. cloacae ATCC 13047 

 

 

5000 

 

 

 

2222 

 

 

1481 

 

 

2222 

 

 

3333 

 

 

26 

 

 

E. coli GyrB R136C + 

PaβN 

 

439 

 

 

439 

 

 

250 

 

 

293 

 

 

293 

 

 

6.6 

 

 

E. coli K-12 MG1655  

GyrA S83L, D87N;  

ParC S80I, E84G + PaβN 

5000 5000 16000 5000 20000 33000 

[a] CP = ciprofloxacin 

To investigate bacterial evolvability toward the dual inhibitors, as many as 1010 wild-type E. coli cells 

were exposed to a 4×MIC concentration of the tested compounds in a standard frequency of resistance 

assay.120 The two tested E. coli strains showed similar potential to develop spontaneous resistance 
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against the hybrid molecules as they did against ciprofloxacin (Table 3). This result supports other 

aforementioned results indicating that the observed antimicrobial activity of the tested hybrid 

molecules is due mainly to their interaction with GyrA and/or ParC, whereas GyrB inhibition by the 

hybrid molecules is limited. Therefore, resistance can arise in the form of canonical mutations against 

ciprofloxacin derivatives on GyrA and/or ParC 

 

Table 4. Frequency of resistance against a 4MIC concentration of the hybrids 2a-c and 3a-b and 

ciprofloxacin 

Bacterium                                       Frequency of resistance ( 10-9) 

 2a 2b 2c 3a 3b CP[a] 

E. coli K-12 

MG1655 

 

1.30 

 

 

2.60 

 

 

3.13 

 

 

3.07 

 

 

4.43 

 

 

1.56 

 

E. coli ATCC 25922 

 

11.2 4.17 11.9 4.88 13.9 6.31 

[a] CP = ciprofloxacin 
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3.5.3 Molecular modelling study 

 

3.5.3.1 Docking of compounds 5b and 10b in E. coli DNA GyrB ATP-binding site 

(PDB: 4DUH) 
 

 

 

Figure 19. Docking experiment into the E. coli DNA gyrase B ATP-binding site of compound 5b 
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Figure 20. docking experiment into the E. coli DNA gyrase B ATP-binding site of compound 10b 

 

Compounds 5b and 10b were docked into the E. coli DNA gyrase B ATP-binding site using GOLD 

(The Cambridge Crystallographic Data Center). Both compounds were drawn in ChemDraw and then 

minimized using Chem3D and MMFF94 force field. Carboxylic group was drawn in the form of the 

carboxylate ion. Binding site for docking was prepared in GOLD GUI using crystallized ligand for 

definition of the binding site. Genetic algorithm was repeated 10 times and 10 docking solutions were 

checked visually. 

These preliminary docking experiments place the benzothiazolpyrrolamide moiety in the GyrB ATP-

binding pocket, while the fluoroquinolone part of the hybrid is oriented toward solvent, but docking 

also predicts some additional interactions. These results confirmed the enzymatic binding of 5b and 

10b on GyrB, since there is no steric clash with the protein with such a big ligand.  
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3.5.3.2 Crystal structure of moxifloxacin 

 

 

Figure 21. Docking in S. aureus DNA GyrA (PDB: 5CDQ) in the complex with moxifloxacin and 

DNA 

 

Figure 22. Crystal structure of moxifloxacin 

 

The crystal structure of moxifloxacin, which predicts the interaction of this fluoroquinolone with S. 

aureus DNA GyrA and DNA, has been already reported. S. aureus DNA gyrase structure, and not 

that from E. coli, was used, because there was no crystal structure of E. coli DNA gyrase A available 

in PDB. The binding should be similar because of the high sequence homology in Gram positive and 

negative bacteria. Moreover, moxifloxacin is very similar to ciprofloxacin and fluoroquinolone core 
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binds the same way in both cases. As observed in the x-ray structure, moxifloxacin interacts with 

Mg2+ ion, some van der Waals interactions, hydrogen bonds with Ser84 and several stacking 

interactions with DNA bases. 

 

3.5.3.3 Docking of compounds 5b and 10b in S.aureus DNA GyrA (PDB: 5CDQ) 

 

 

 

Figure 23. Docking experiment into the S. aureus DNA gyrase A binding site of compound 5b 
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Figure 24. Docking experiment into the S.aureus DNA gyrase A binding site of compound 10b 

 

The fluoroquinolone moiety of both compounds seems to interact to the GyrA binding site in the 

same way as reported in the crystal structure of moxifloxacin. Conjugation of ciprofloxacin with 

GyrB inhibitor does not hinder its binding to GyrA. Moreover, additional interactions are predicted 

between GyrA and GyrB inhibitor. However, to confirm such a binding mode additional studies, 

especially by X-ray crystallography are needed.  
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3.5.4 Conclusion 

 

In conclusion, the first dual DNA gyrase A and B inhibitors reported in this paper enter E. coli, from 

which they are not intensively effluxed, and display a strong antibacterial activity due to the 

interaction of the hybrids with the GyrA and/or topoisomerase IV ParC subunits. As demonstrated by 

DNA gyrase ATPase and MIC assays, inhibition of GyrB by the presented hybrids, although present, 

is not strong enough to provide a substantial contribution to the observed antibacterial activity. In 

perspective, hybrids combining a benzothiazole DNA gyrase B inhibitor and the DNA gyrase A 

inhibitor ciprofloxacin in the same molecule connected by a cleavable linker, are a logical extension 

of the presented concept that could result in strong inhibition of both the DNA gyrase A and B 

subunits in the bacterial cell and in potent antibacterial activity. 
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3.6  EXPERIMENTAL PART 
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3.6.1 General information 

 

Chemicals were obtained from Acros Organics (Geel, Belgium), Sigma-Aldrich (St. Louis, MO, 

USA) and Apollo Scientific (Stockport, UK) and used without further purification. Analytical TLC 

was performed on silica gel Merck 60 F254 plates (0.25 mm), using visualization with UV light and 

visualization reagents. Column chromatography was carried out on silica gel 60 (particle size 240–

400 mesh). HPLC analyses were performed on a Waters 2695 Separations Module with a Waters 

2996 Photodiode Array UV-Vis detector or Thermo Scientific UltiMate 3000 HPLC system using a 

Zorbax Eclipse Plus C18 5-μm column (4.6 × 150 mm or 4.6 × 250 mm, Agilent, USA), a flow rate 

of 1.0 mL/min and detection at 254 nm. The eluent consisted of 0.1% trifluoroacetic acid in water as 

solvent A and acetonitrile as solvent B, with gradient: 5 min of 90% A, then gradient to 30% A in 15 

min and 5 min of 30% A. Melting points were determined on a Reichert hot stage microscope and 

are uncorrected. 1H and 13C NMR spectra were recorded at 400 and 100 MHz, respectively, on a 

Bruker AVANCE III 400 spectrometer (Bruker Corporation, Billerica, MA, USA) in DMSO-d6 

solutions, with TMS as the internal standard. IR spectra were recorded on a PerkinElmer Spectrum 

BX FT-IR spectrometer (PerkionElmer, Inc., Waltham, MA, USA) or Thermo Nicolet Nexus 470 

ESP FT-IR spectrometer (Thermo Fisher Scientific, Waltham, MA, USA). Mass spectra were 

obtained using a Exactive™ Plus Orbitrap Mass Spectrometer (Thermo Fischer Scientific Inc., 

Waltham, MA 02451 USA). The purity of the tested compounds was established to be ≥95%. The 

tested compounds contained less than 0.1% ciprofloxacin impurity. 

 

3.6.2 Synthesis procedures and analytical data of compounds 

 

3,4-Dichloro-5-methyl-N-(6-nitrobenzo[d]thiazol-2-yl)-1H-pyrrole-2-carboxamide (5b): To a 

solution of compound 4 (1.045 g, 5.35 mmol) in dry toluene (26 mL) 3,4-dichloro-5-methyl-1H-

pyrrole-2-carbonyl chloride (0.542 g, 2.55 mmol) was added and the mixture was heated under reflux 

for 4h and followed by TLC (silica gel; CH2Cl2/MeOH = 9/1, Rf=0.85). The reaction mixture was 

evaporated in vacuo, triturated with 1M HCl and filtered off to give 0.870 g of compound 5b as dark 

green crystals (yield: 92%). mp >300 oC; 1H NMR (400 MHz, DMSO-d6) δ 2.29 (s, 3H, CH3), 7.91 

(d br, 1H, 3J = 9.2 Hz, Ar-H4), 8.30-8.33 (dd, 1H, 3J = 9.2 Hz, 4J = 2.4 Hz, Hz, Ar-H5), 9.08 (s br, 

1H, Ar-H7), 12.17 (s br, 1H, NHCO) 12.39 (s br, 1H, pyrrole-NH) ppm; 13C NMR (100 MHz, DMSO-

d6) δ 10.99, 110.04, 117.44, 117.67, 119.05, 121.91, 121.95, 125.24, 125.83, 128.14, 128.83, 130.42, 

142.95 ppm; IR (ATR) ν 3335, 1632, 1557, 1509, 1424, 1300, 1184, 1046, 829, 736, 735, 554 cm-1; 

HRMS (ESI-) m/z for C13H7Cl2N4O3S [M-H]-: calcd. 368.96214, found 368.96215. 
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Benzothiazole-2,6-diamine (6): A solution of compound 4 (2.45 g, 130 mmol) in EtOH (150 mL) 

was hydrogenated over 10% Pd/C (0.245 g, 10 wt. percent) in Parr hydrogenator at 1.5 bar pressure 

at room temperature for 17 h and the reaction followed by TLC (silica gel; CH2Cl2/MeOH = 9/1, Rf= 

0.40). The reaction mixture was filtered warm through Celite to remove the catalyst and the filtrate 

was evaporated in vacuo to give 2.135 g (yield: 99%) of a dark brown amorphous powder; mp 156-

158 oC (mp Ref.121 204 oC); 1H NMR (400 MHz, DMSO-d6) δ 4.89 (s br, 2H, 6-NH2),  6.49-6.52 (dd, 

1H, 3J = 8.4 Hz, 4J = 2.4 Hz, Ar-H5), 6.82 (d, 1H, 4J = 2.4 Hz, Ar-H7), 6.95 (s br, 2-NH2 ), 7.04 (d, 

1H, 3J = 8.4 Hz, Ar-H4) ppm; IR (ATR) ν 3261, 3095, 1612, 1540, 1463, 1280, 1224, 1118, 809, 575 

cm-1; MS (ESI+) m/z for C7H8N3S = 165.9 [M+H]+.  

 

N-(6-Aminobenzo[d]thiazol-2-yl)-4,5-dibromo-1H-pyrrole-2-carboxamide) (7a): To a stirred 

solution of the amine 6 (0.500 g, 3.03 mmol) in DMF (21 mL) 2,2,2-trichloro-1-(4,5-dibromo-

pyrrolidin-2-yl)-ethanone (1.12 g, 3.03 mmol) and and Na2CO3 (0.321 g, 3.03 mmol) was added.  The 

mixture was heated at 80°C under reflux for 22 h (TLC, silica gel; CH2Cl2/MeOH =9/1, Rf= 0.75), 

evaporated in vacuo and the residue treated with 20 mL of water. The precipitate was filtered off  to 

give pure coupled product 7a as brown powder (0.477 g, yield: 37%); mp 191-193 oC (mp Ref.91 269-

271 oC); 1H NMR (400 MHz, DMSO-d6) δ 5.21 (s br, 2H, NH2), 6.73 (dd, 1H, 3J = 8.4 Hz, 4J= 2.0 

Hz, Ar-H5), 7.03 (d, 1H, 4J = 2.0 Hz, Ar-H7), 7.42-7.4 (m, 2H, Ar-H4, pyrrole-H3), 12.31 (s br, 1H, 

NHCO), 13.18 (s br, 1H, pyrrole-NH) ppm; IR (ATR) ν 2848, 1534, 1400, 1323, 1266, 1158, 976, 

813, 738, 661, 550 cm-1; MS (ESI+) m/z for C12H9Br2N4OS = 414.8 [M+H]+; MS (ESI-) m/z for 

C12H7Br2N4OS = 412.8 [M-H]-.  

 

4,5-Dibromo-N-(6-(2-chloroacetamido)benzo[d]thiazol-2-yl)-1H-pyrrole-2-carboxamide (8a): 

To a stirred mixture of the amine 7a (0.700 g, 1.7 mmol) and chloroacetyl chloride (0.441 g, 0.31 

mL, 3.91 mmol) in dry dichloromethane (140 mL) triethylamine (0.257 g, 0.35 mL, 2.55 mmol) was 

added dropwise over 5 minutes at room temperature.  After 24 h when TLC (silica gel; 

CH2Cl2/MeOH, Rf= 0.80) showed complete conversion of the amine, the solution was evaporated in 

vacuo and the residue triturated with saturated NaHCO3 solution (30 mL), 1M hydrochloric acid (30 

mL) and water.  After filtration the residual water was removed azeotropically with toluene and the 

product was dried to give 0.672 g of  light brown compound 8a (yield: 80%); mp >300 oC; 1H NMR 

(400 MHz, DMSO-d6) δ 4.30 (s , 2H, CH2), 7.51 (d, 1H, 4J = 2.4 Hz, pyrrole-H3), 7.53-7.58 (dd, 1H, 

3J = 8.8 Hz, 4J = 1.8 Hz, Ar-H5), 7.74 (d, 1H, 3J = 8.8 Hz, Ar-H4), 8.32 (d, 1H, 4J = 1.8 Hz, Ar-7), 
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10.5 (s, 1H, 6-NHCO), 12.6 (s br, 1H, 2-NHCO), 13.25 (d br, 1H, 4J = 2.4 Hz, pyrrole-NH)  ppm; 

13C NMR (100 MHz, DMSO-d6) δ 43.56, 99.01, 108.52, 111.86, 115.99, 118.77, 120.42, 125.66, 

132.11, 134.45, 145.03, 157.00 , 157.58, 164.56 ppm; IR (ATR) ν 3121, 1646, 1536, 1468, 1407, 

1380, 1320, 1273, 1174, 978, 816, 739, 553 cm-1; HRMS (ESI+) m/z for C14H10Br2ClN4O2S [M+H]+: 

calcd. 490.8574, found 490.8575. 

 

1-Cyclopropyl-7-(4-(2-((2-(4,5-dibromo-1H-pyrrole-2-carboxamido)benzo[d]thiazol-6-

yl)amino)-2-oxoethyl)piperazin-1-yl)-6-fluoro-4-oxo-1,4-dihydroquinoline-3-carboxylic acid 

hydrochloride (2a): A stirred mixture of compound 8a (0.200 g, 0.41 mmol), ciprofloxacin (0.272 

g, 0.82 mmol) and potassium iodide (0.068 g, 0.41 mmol) in acetonitrile (25 mL) was heated under 

reflux for 4 h (TLC, silica gel; CH2Cl2/MeOH = 9/1, Rf =0.0-0.20). The precipitate was filtered off 

and triturated with 1M hydrochloric acid (10 mL) to remove most of ciprofloxacin. The solid residue 

(0.205 g, yield: 75%) was purified with column chromatography on Sephadex LH-20 (30 g), eluting 

first with MeOH and then with DMSO to give 0.089 g of pure 2a as bright brown crystals (yield: 

28%); mp 207-209 oC;  1H NMR (400 MHz, DMSO-d6) δ 1.19 (m, 2H, CH2 – cyclopropyl), 1.33 (m, 

2H, CH2 – cyclopropyl), 2.80 (m br, 4H, 2×CH2-piperazine), 3.29  (s, 2H, COCH2), 3.44 (m br, 4H, 

2×CH2-piperazine), 3.84 (m br, 1H, CH-cyclopropyl), 7.47 (s br, 1H, pyrrole- H3), 7.59 (d, 1H, 4JH,F 

= 7.2 Hz, quinolone-H8),  7.63-7.65 (dd, 1H, 3J = 8.8 Hz, 4J = 1.6 Hz, Ar-H5), 7.71 (d, 1H, 3J = 8.8 

Hz, Ar-H4), 7.93 (d, 1H, 3J H,F = 13.2 Hz, quinolone-H5), 8.36 (d, 1H, 4J = 1.6 Hz, Ar-H7), 8.67 (s, 

1H, quinolone-H2), 9.97 (s, 1H, 6-NHCO), 12.54 (s br, 1H, 2-NHCO), 13.13 (s br, 1H, NH-pyrrole), 

15,24 (s br, 1H, COOH) ppm;  13C NMR (100 MHz, DMSO-d6) δ 7.57, 35.90, 42.56,  51.97,  51.99, 

66.31,  99.04, 106.56,  106.72, 108.52, 111.07 (d, 2JC,F  = 21 Hz, quinolone-C5), 111.99, 116.02, 

118.87, 118.98, 120.40, 125.68, 132.02, 134.36,  139.13,144.3, 144.76, 148.14 (d, 2JC,F  = 14 Hz, 

quinolone-C7), 152.07, 152.50, 152.93 (d, 1JC,F  = 248 Hz, quinolone-C6), 165.94, 176.26, 176.37 

ppm; IR (ATR) ν 2926, 1832, 1662, 1626, 1509, 1455, 1256, 1136, 1014, 944, 826, 806, 746, 514 

cm-1; HRMS (ESI-) m/z C31H25Br2FN7O5S [M-H]-: calcd. 783.9994, found 784.0010; HPLC: tr = 

19.06 min (95.7% at 280 nm).  

 

N-(6-Aminobenzo[d]thiazol-2-yl)-3,4-dichloro-5-methyl-1H-pyrrole-2-carboxamide  (7b): A 

stirred mixture of the compound 5b (0.570 g, 1.53 mmol) and  SnCl2 2H2O (1.74 g, 7.7 mmol) in 

dry EtOH (45 mL)  was heated under reflux for 24 h (TLC, silica gel; CH2Cl2/MeOH= 50/1, Rf=0.17) 

and evaporated in vacuo.  2M NaOH (5 mL) was added to arrive at pH 8-9. The solution was extracted 
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with  ethyl acetate, the organic phase was washed with 1M HCl and brine, dried over Na2SO4, filtered 

and evaporated under reduced pressure to give 0.343 g (yield: 44%) of 7b as a mustard colored 

powder; mp 267-269 oC; 1H NMR (400 MHz, DMSO-d6) δ 2.28 (s, 3H, CH3), 7.34-7.36 (dd, 1H, 3J 

= 8.4 Hz, 4J = 2.4 Hz, Ar-5), 7.79 (d, 1H, 3J = 8.4 Hz, Ar-H4), 7.90 (s, 1H, Ar-H7), 9.84 (s br, 2H, 

NH2), 11.88 (s br, 1H, NHCO), 12.55 (s br, 1H, pyrrole-NH)  ppm; 13C NMR (100 MHz, DMSO-d6) 

δ 10.96, 109.80, 115.22, 115.58, 117.14, 120.62, 120.96, 128.82, 129.89, 132.26, 157.23, 157.27, 

159.08 ppm; IR (ATR) ν 2904, 2707, 2538, 1638, 1548, 1463, 1406, 1262, 1040, 918, 821, 747, 672, 

648 cm-1; HRMS (ESI-) m/z for C13H9Cl2N4OS [M-H]-: calcd. 338.9880, found 338.9883. 

 

3,4-Dichloro-N-(6-(2-chloroacetamido)benzo[d]thiazol-2-yl)-5-methyl-1H-pyrrole-2-

carboxamide (8b): To a stirred mixture of  amine 7b (0.300 g, 0.88 mmol) and chloroacetyl chloride 

(0.227 g, 0.16 mL, 2.02 mmol) in dry dichloromethane (60 mL) triethylamine (0.133 g, 0.18 mL, 1.32 

mmol) was added dropwise over 5 minutes at room temperature. After 43h when TLC (silica gel; 

CH2Cl2/MeOH, Rf=0.8) showed complete conversion of the amine, the solution was evaporated in 

vacuo and triturated with satd. NaHCO3 solution , 1M hydrochloric acid (15 mL) and water.  After 

filtration the residual water was removed azeotropically with toluene and the product was dried to 

give 0.331 g of compound 8b as a grey powder (yield: 90 %); mp >300 oC; 1H NMR (400 MHz, 

DMSO-d6) δ 2.27 (s, 3H, CH3), 4.31 (s, 2H, CH2), 7.55-7.58 (dd, 1H, 3J = 8.8 Hz, 4J = 2.2 Hz, Ar-

H5), 7.70 (d, 1H, 3J = 8.8 Hz, Ar-H4), 8.32 (d, 1H,4J = 2.2 Hz, Ar-7), 10.57 (s, 1H, 2-NHCO); 12.44 

(s br, 1H, 6-NHCO) ppm, pyrrole-NH not seen; 13C NMR (100 MHz, DMSO-d6) δ 10.95, 43.54, 

109.70, 111.89, 114.96, 117.32, 118.79, 119.87, 129.67, 131.68, 134.55, 143.69, 157.29, 157.89, 

164.59 ppm; IR (ATR) ν 3085, 1655, 1508, 1403, 1255, 1159, 1023, 819, 741, 667, 555 cm-1; HRMS 

(ESI-) m/z for C15H10Cl3N4O2S  [M-H]-: calcd. 414.9596, found 414.9599.  

 

1-Cyclopropyl-7-(4-(2-((2-(3,4-dichloro-5-methyl-1H-pyrrole-2-carboxamido)benzo[d]thiazol-

6-yl)amino)-2-oxoethyl)piperazin-1-yl)-6-fluoro-4-oxo-1,4-dihydroquinoline-3-carboxylic acid 

hydrochloride (2b): A stirred mixture of compound 8b (0.200 g, 0.48 mmol), ciprofloxacin (0.318 

g, 0.96 mmol) and potassium iodide (0.08 g, 0.48 mmol) in acetonitrile (25 mL) was heated under 

reflux for 3 h. (TLC, silica gel; CH2Cl2/MeOH = 9/1, Rf =0.0-0.20). The residue was filtered off and 

washed with 1M hydrochloric acid (20 mL) to remove ciprofloxacin. The solid residue (0.205 g, 

yield: 75%) was purified with column chromatography on Sephadex LH-20 (30 g), eluting first with 

MeOH and then with DMSO to give 2b as bright beige crystals (0.068 g, yield: 20%); mp 195-197 
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oC; 1H NMR (400 MHz, DMSO-d6) δ 1.19 (m,  2H, CH2 – cyclopropyl), 1.32 (m, 2H, CH2 – 

cyclopropyl), 2.27 (s, 3H, CH3), 2.79 (m br, 4H, 2×CH2-piperazine), 3.29 (s, 2H, COCH2), 3.43 (m 

br, 4H, 2×CH2-piperazine), 3.84 (m br, 1H, CH-cyclopropyl), 7.60 (d, 1H, 4JH,F = 7.2 Hz, quinolone-

H8),  7.63-7.68 (m, 2H, Ar-H5, Ar-H4), 7.93 (d, 1H, 3J H,F = 13.6 Hz , quinolone-H5), 8.35 ( s, 1H, 

Ar-H7), 8.67 (s, 1H, quinolone-H2), 9.98 (s, 1H, 6-NHCO), 11.6 (s br, 1H, 2-NHCO), 12.30 (s br, 

1H, NH-pyrrole), 15.24 (s br, 1H, COOH) ppm; 13C NMR (100 MHz, DMSO-d6) δ 7.58, 10.96, 35.92, 

42.51, 51.78, 51.81, 66.32, 106.61, 106.74, 109.71, 111.08 ((d, 2JC,F  = 23 Hz, quinolone-C5), 112.11, 

112.13, 114.91, 118.91, 119.01, 120.01, 129.74, 131.91, 134.26, 139.09, 144.09, 144.51, 148.11 (d, 

2JC,F  = 10 Hz, quinolone-C7), 152.88 (d, 1JC,F  = 248 Hz, quinolone-C6), 157.02, 157.18, 165.89, 

176.32, 176.33 ppm; IR (ATR) ν 2917, 2828, 1659, 1625, 1612, 1503, 1453, 1256, 1013, 949, 745, 

544 cm-1; HRMS (ESI-) m/z C32H27Cl2FN7O5S [M-H]-: calcd. 710.1161, found 710.1178; HPLC: tr = 

20.08 min (99.32% at 280 nm). 

 

N-(6-Acrylamidobenzo[d]thiazol-2-yl)-3,4-dichloro-5-methyl-1H-pyrrole-2-carboxamide (9): 

To a stirred mixture of amine 7b (0.135 g, 0.40 mmol) and potassium carbonate (0.066 g, 0.48 mmol) 

in dry THF (20 mL) acryloyl chloride (0.043 g, 0.038 mL, 0.48 mmol) was added dropwise over 5 

minutes at room temperature. After 20 min when TLC (silica gel; CH2Cl2/MeOH = 9/1, Rf=0.5) 

showed complete conversion of the amine, the solution was evaporated in vacuo. Dry residue was 

then dissolved in ethyl acetate and washed with satd. NaHCO3 solution, 1M hydrochloric acid (15 

mL) and brine, and afterwards dried over Na2SO4, filtered and evaporated under reduced pressure.  

Recrystallization from acetonitrile gave 0.096 g of compound 9 as a light brown powder (yield: 62 

%); mp 243-247 oC; 1H NMR (400 MHz, DMSO-d6) δ 2.27 (s, 3H, CH3), 5.79 (dd, 3J = 10.1 Hz, 2J 

= 2.0 Hz, 1H, CH2), 6.29 (dd, 3J = 17.0 Hz, 2J = 2.0 Hz, 1H, CH2), 6.48 (dd, 3J = 17.0 Hz, 3J = 10.1 

Hz, 1H, CH), 7.61 (dd, 3J = 8.7 Hz, 4J = 2.1 Hz, 1H, Ar-H5), 7.71 (d, 3J = 8.3 Hz, 1H, Ar-H4), 8.42 

(s, 1H, Ar-H7), 10.34 (s, 1H, 6-NHCO), 11.68 (s br, 1H, 2-NHCO), 12.33 (s br, 1H, NH-pyrrole); IR 

(ATR) ν 3350, 1646, 1608, 1526, 1463, 1405, 1267, 1229, 1195, 1092, 1063, 1041, 983, 890, 864, 

816, 795, 693, 591, 555, 520 cm-1; HRMS (ESI+) m/z C16H13Cl2N4O2S [M+H]+: calcd. 395.0131, 

found 395.0132; HPLC: tr = 8.62 min (96.05% at 254 nm). 

 

1-Cyclopropyl-7-(4-(3-((2-(3,4-dichloro-5-methyl-1H-pyrrole-2-carboxamido)benzo[d]thiazol-

6-yl)amino)-3-oxopropyl)-piperazin-1-yl)-6-fluoro-4-oxo-1,4-dihydroquinoline-3-carboxylic 

acid (2c): A stirred mixture of compound 9 (0.038 g, 0.096 mmol) and ciprofloxacin (0.032 g, 0.096 
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mmol) in acetonitrile (7 mL) and acetic acid (1 mL) was heated under reflux for 72 h. (TLC, silica 

gel; CH2Cl2/MeOH = 9/1, Rf =0.37). The residue was filtered off and the precipitate was further 

triturated with 1M hydrochloric acid (30 mL) and methanol (5 mL), filtered and dried to give 2c as 

brown powder (0.011 g, yield: 16%); mp 252-255 oC; 1H NMR (400 MHz, DMSO-d6) δ 1.14-1.21 

(m, 2H, CH2 – cyclopropyl), 1.27-1.38 (m, 2H, CH2 – cyclopropyl), 2.27 (s, 3H, CH3), 2.58 (t, 2H, 

COCH2CH2),  2.65-2.73 (m, 4H, 2×CH2-piperazine), 2.78 (t, 2H, COCH2CH2), 3.79-3.84 (m, 1H, 

CH-cyclopropyl), 7.54 (dd, 3J = 8.8 Hz, 4J = 2.0 Hz, 1H, Ar-H5), 7.58 (d, 1H, 4JH,F = 7.6 Hz, 

quinolone-H8), 7.68 (s br, 1H, Ar-H4), 7.92 (d, 1H, 3J H,F = 13.2 Hz , quinolone-H5), 8.35 (s, 1H, Ar-

H7), 8.67 (s, 1H, quinolone-H2), 10.23 (s, 1H, 6-NHCO), 11.67 (s br, 1H, 2-NHCO), 12.32 (s br, 1H, 

NH-pyrrole), 15.25 (s br, 1H, COOH), 2×CH2-piperazine covered by water peak; solubility too poor 

to perform 13C experiment; IR (ATR) ν 3365, 2831, 1724, 1673, 1648, 1629, 1549, 1463, 1406, 1379, 

1297, 1258, 1139, 1098, 1041, 948, 903, 872, 818, 745, 690, 621, 592, 557, 519  cm-1; HRMS (ESI-

) m/z C33H29Cl2FN7O5S [M-H]-: calcd. 724.1317, found 724.1338; HPLC: tr = 6.44 min (96.84% at 

254 nm). 

 

2-Chloro-N-(6-nitro-benzothiazol-2-yl)-acetamide (10): To a stirred mixture of 6-

nitrobenzo[d]thiazol-2-amine (4) (3.90 g, 20 mmol) and chloroacetyl chloride (2.48 g ,1.76 mL), 22 

mmol) in dichloromethane (150 mL) triethylamine (2.22 g, 3.06 mL, 22 mmol) was added dropwise 

over 5 minutes at room temperature.  After 18 h when TLC (silica gel; CH2Cl2/MeOH, Rf= 0.60) 

showed complete conversion of the starting amine, the solution was evaporated in vacuo and triturated 

with satd. NaHCO3 solution. The precipitate was filtered off, washed with water and recrystallized 

from acetone (220 mL) to give 3.69 g (yield: 68%) of compound 10 as pale yellow powder; mp 204-

206 oC (mp Ref.119 190 oC); 1H NMR (400 MHz, DMSO-d6) δ 4.54 (s, 2H, CH2), 7.93 (d, 1H, 3J = 

8.8 Hz, Ar-H4), 8.31 (dd, 1H, 3J = 8.8 Hz, 4J = 2.4 Hz, Ar-H5), 9.12 (d, 1H, 4J = 2.4 Hz, Ar-H7), 

13.15 (s br, 1H, NHCO) ppm;  13C NMR (100 MHz, DMSO-d6) δ 42.55 ,119.16, 120.83, 121.82, 

132.19, 143.12, 153.31, 163.09, 166.64 ppm; IR (ATR)  3298,  3090, 2943, 1716, 1510, 1443, 1331, 

1275, 1144, 902, 813, 747, 550 cm-1; MS (ESI-) m/z for C9H5ClN3O3S = 269.7 [M-H]-. 

 

N-(6-Amino-benzothiazol-2-yl)-2-chloro-acetamide (11): A solution of compound 10 (1 g, 3.68 

mmol) in ethyl acetate (300 mL) was hydrogenated over 10% Pd/C (0.200 g, 20 wt. percent) in Parr 

hydrogenator at 1.5 bar pressure at room temperature for 17 h and followed by TLC (silica gel; 

CH2Cl2/MeOH = 9/1). The reaction mixture was filtered warm through Celite to remove the catalyst 
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and the filtrate was evaporated in vacuo. The crude residue was triturated with 1M hydrochloric acid 

(40 mL), filtered and the filtrate was neutralized with solid NaHCO3 to pH 8. The precipitate was 

filtered off, washed with water and dried to give 0.520 g (yield: 59 %) of a grey amorphous powder;  

mp >300 oC; 1H NMR (100 MHz, DMSO-d6) δ 4.41 (s, 2H, CH2), 5.34 (s br, 2H, NH2), 6.73 (dd, 1H, 

3J = 8.4 Hz, 4J = 2.0 Hz, Ar-H5), 7.03 (d, 1H, 4J = 2.0 Hz, Ar-H7), 7.44 (d, 1H, 3J = 8.4 Hz, Ar-H4), 

12.40 (s br, 1H, NHCO) ppm; 13C NMR (400 MHz, DMSO-d6) δ 42.45, 106.76, 116. 

 

4,5-Dibromo-N-(2-(2-chloroacetamido)benzo[d]thiazol-6-yl)-1H-pyrrole-2-carboxamide (12a): 

To a stirred solution of the amine 11 (0.242 g, 1 mmol) and 4,5-dibromo-1H-pyrrole-2-carbonyl 

chloride (0.331 g, 1.15 mmol) in dioxane (11.8 mL) triethylamine (0.116 g, 1.15 mmol, 0.16mL) was 

added. The mixture was stirred for 22 h at room temperature and followed by TLC (silica gel; 

CH2Cl2/MeOH = 9/1, Rf= 0.55), evaporated in vacuo and the residue triturated with saturated 

NaHCO3 solution (10 mL) , 1M hydrochloric (10 mL) acid and water.  After filtration the residual 

water was removed azeotropically with toluene and the product was dried to give 12a as a brown 

powder (yield: 0.248 g, 50%), mp 188-200 oC; 1H NMR (100 MHz, DMSO-d6) δ 4.47 (s, 2H, CH2), 

7.26 (d, 1H, 4J = 2.4 Hz, pyrrole-H3), 7.69 (dd, 1H, 3J = 8.8 Hz, 4J = 2.0 Hz, Ar-H5), 7.75 (d, 1H, 3J 

= 8.8 Hz, Ar-H4), 8.41 (d, 1H, 4J = 2.0 Hz, Ar-H7), 10.04 (s, 1H, 6-NHCO), 12.70 (s br, 1H, 2-

NHCO), 12.95 (d br, 1H, 4J = 2.4 Hz, pyrrole-NH)  ppm; 13C NMR (400 MHz, DMSO-d6) δ 42.47, 

98.16, 105.95, 112.48, 113.82, 119.57, 120.71, 127.84, 131.93, 134.98, 144.65, 156.57, 157.26, 

165.74 ppm; IR (ATR) ν 3129, 2954, 1638, 1524, 1410, 1330, 1274, 1182, 975, 806, 644 cm-1; HRMS 

(ESI+) m/z for C14H10Br2ClN4O2S [M+H]+: calcd. 490.8574, found 490.8574. 

 

1-Cyclopropyl-7-(4-(2-((6-(4,5-dibromo-1H-pyrrole-2-carboxamido)benzo[d]thiazol-2-

yl)amino)-2-oxoethyl)piperazin-1-yl)-6-fluoro-4-oxo-1,4-dihydroquinoline-3-carboxylic acid 

hydrochloride (3a): A stirred mixture of compound 12a (0.200 g, 0.41 mmol), ciprofloxacin (0.272 

g, 0.82 mmol) and potassium iodide (0.068 g, 0.41 mmol) in acetonitrile (25 mL) was heated under 

reflux for 3.5 h  (TLC silica gel, CH2Cl2/MeOH = 9/1, Rf = 0.0-0.20). The precipitate was filtered off  

and triturated with 1M hydrochloric acid (10 mL)  to remove most of ciprofloxacin. The solid residue 

(0.218  g, yield 68%) was purified with column chromatography on Sephadex LH-20 (30 g), eluting 

first with MeOH and then with DMSO to give bright brown crystals; (0.147 g, yield: 46 %); mp 201-

203 oC; 1H NMR (400 MHz, DMSO-d6) δ 1.20 (m, 2H, CH2 – cyclopropyl), 1.33 (m, 2H, CH2 – 

cyclopropyl), 2.82 (m br, 4H, 2×CH2-piperazine), 3.41 (m br, 4H, 2×CH2-piperazine), 3.49 (s, 2H, 
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COCH2), 3.84 (m br, 1H, CH-cyclopropyl), 7.26 (d, 1H, 4J = 2.8, pyrrole-H3),  7.61 (d, 1H, 4JH,F = 

7.6, quinolone-H8), 7.67- 7.70 (dd, 1H, 3J = 8.8 Hz, 4J = 2.0 Hz,  Ar-H5), 7.74 (d, 1H, 3J = 8.8 Hz, 

Ar-H4), 7.93 (d, 1H, 3J H,F = 13.2 Hz, quinolone-H5), 8.40 (d, 1H, 4J = 2.0 Hz, Ar-H7), 8.68 (s, 1H, 

quinolone-H2), 10.02 (s, 1H, 6-NHCO), 12.17 (s br, 1H, 2-NHCO), 12.94 (d br, 1H, 4J = 2.8 Hz, 

pyrrole-NH), 15,25 (s br, 1H, COOH) ppm; 13C NMR (100 MHz, DMSO-d6) δ 7.56, 35.88, 42.52, 

49.16, 51.99, 98.17, 105.91, 106. 54, 106.71, 110.99 (d, 2JC,F  = 22 Hz , quinolone-C5), 112.43, 113.87, 

118.74, 119.51, 120.52, 127.85, 131.85, 134.91, 139.15, 144.58 (d, 2JC,F  = 6 , quinolone-C7),144.60, 

148.06, 152.9 (d, 1JC,F  = 247 Hz, quinolone-C6), 156.54, 157.24, 165.92, 176.33, 176.35 ppm; IR 

(ATR) ν 2933, 2834, 1717, 1626, 1523, 1461, 1257, 1136, 1016, 944, 825, 748, 551 cm-1; HRMS 

(ESI-) m/z for  C31H25Br2FN7O5S  [M-H]-: calcd. 783.9994, found 784.0004; HPLC: tr = 19.50 min 

(97.1% at 280 nm). 

 

3,4-Dichloro-5-methyl-N-(2-(2-chloroacetamido) benzo[d]thiazol-6-yl)-1H-pyrrole-2-

carboxamide (12b):  To a stirred solution of the amine 11 (0.302 g, 1.25 mmol) and 3,4-dichloro-5-

methyl-1H-pyrrole-2-carbonyl chloride (0.306 g, 1.44 mmol) in dioxane (14.6 mL) triethylamine 

(0.148 g, 1.44 mmol, 0.20 mL), was added. The mixture was stirred for 22 h at room temperature an 

controlled by TLC (silica gel; CH2Cl2/MeOH = 9/1, Rf= 0.55). The reaction mixture was evaporated 

in vacuo and the residue triturated with saturated NaHCO3 solution (10 mL), 1M hydrochloric acid 

(10 mL) and water and dried by azeotropic distillation with toluene to give 0.195 g of a grey powder 

(yield: 37%); mp 254-256 oC (from DMF/MeOH = 1:2); 1H NMR (400 MHz, DMSO-d6) δ 2.25 (s, 

3H, CH3) 4.47 (s, 2H, CH2), 7.67 (dd, 1H, 3J = 8.8 Hz, 4J = 2.2 Hz, Ar-H5) 7.75 (d, 1H, 3J = 8.8 Hz, 

Ar-H4), 8.38 (d, 1H, 4J = 2.2 Hz, Ar-H7), 9.67 (s, 1H, 6-NHCO), 12.29 (s br, 1H, 2-NHCO), 12.70 

(s, 1H, pyrrole-NH)  ppm; 13C NMR (100 MHz, DMSO-d6) δ 10.76, 42.47, 108.50, 111.62, 112.40, 

119.35, 119.53, 120.68, 127.93, 131.93, 134.81, 144.66, 156.66, 157.12, 165.81 ppm; IR (ATR) ν 

3397, 3248, 1648, 1531, 1463, 1328, 1249, 1040, 806, 744, 666, 549 cm-1; HRMS (ESI-) m/z for 

C15H10Cl3N4O2S [M-H]-: calcd. 414.9596, found 414.9599. 

 

1-Cyclopropyl-7-(4-(2-((6-(3,4-dichloro-5-methyl-1H-pyrrole-2-carboxamido)benzo[d]thiazol-

2-yl)amino)-2-oxoethyl)piperazin-1-yl)-6-fluoro-4-oxo-1,4-dihydroquinoline-3-carboxylic acid 

hydrochloride (3b): A stirred mixture of compound 12b (0.160 g, 0.38 mmol), ciprofloxacin (0.252 

g, 0.76 mmol) and potassium iodide (0.063 g, 0.38 mmol) in acetonitrile (20 mL) was heated under 

reflux for 5 h (TLC, silica gel; CH2Cl2/MeOH = 9/1, Rf =0.0-0.20). The precipitate was filtered off 

and triturated with 1M hydrochloric acid (10 mL) to remove most of ciprofloxacin. The solid residue 
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(0.205 g, yield: 75%) was purified with column chromatography on Sephadex LH-20 (30 g), eluting 

first with MeOH and then with DMSO to give 3b as bright beige crystals (0.070 g, yield: 26 %); mp 

278-280 oC (from DMF/MeOH = 1:2); 1H NMR (400 MHz, DMSO-d6) δ 1.20 (m, 2H, CH2 – 

cyclopropyl), 1.33 (m, 2H, CH2 – cyclopropyl), 2.24 (s, 3H, CH3), 2.83 (m br, 4H, 2×CH2-piperazine), 

3.41 (m br, 4H, 2×CH2-piperazine), 3.49 (s, 2H, COCH2), 3.84 (m br, 1H, CH-cyclopropyl), 7.61 (d, 

1H, 4JH,F =7.6 Hz, quinolone-H8), 7.64-7.66 (dd, 1H, 3J = 8.8 Hz, 4J = 2.0 Hz, Ar-H5), 7.74 (d, 1H, 

3J = 8.8 Hz, Ar-H4), 7.93 (d, 1H, 3J H,F = 13.2 Hz, quinolone-H5), 8.36 (d, 1H, 4J = 2.0 Hz, Ar-H7), 

8.68 (s, 1H, quinolone-H2), 9.59 (s, 1H, 6-NHCO), 12.20 (s br, 2H, 2-NHCO, NH-pyrrole), 15.25 (s 

br, 1H, COOH) ppm; 13C NMR (100 MHz, DMSO-d6) δ 7.51, 10.68, 35.86, 42.40, 47.06, 51.64, 

106.70, 106.85 108.51, 111.01 (d, 2JC,F  = 21 Hz, quinolone-C5), 111.97, 112.20, 118.98, 119.10, 

119.43, 120.55, 127.75, 131.75, 134.97, 139.00, 144.04, 144. 3 (d, 2JC,F  = 7.4 Hz ,quinolone-C7), 

148.1, 152.8 (d, 1JC,F  = 248 Hz, quinolone-C6), 156.34. 156.99, 165.79, 176.26, 176.28 ppm; IR 

(ATR) ν 2917, 2828, 1726, 1642, 1624, 1529, 1450, 1251,1137, 1015, 939, 806, 748, 580 cm-1; 

HRMS (ESI-) m/z for C32H27Cl2FN7O5S [M-H]-: calcd. 710.1161, found 710.1167; HPLC: tr = 20.65 

min (98.30 % at 280 nm). 
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3.6.3 1H and 13C NMR spectra, IR spectra and HPLC chromatograms 

 

Benzothiazole-2,6-diamine (6) 
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N-(6-Aminobenzo[d]thiazol-2-yl)-4,5-dibromo-1H-pyrrole-2-carboxamide) (7a) 
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4,5-Dibromo-N-(6-(2-chloroacetamido)benzo[d]thiazol-2-yl)-1H-pyrrole-2-carboxamide (8a) 
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1-Cyclopropyl-7-(4-(2-((2-(4,5-dibromo-1H-pyrrole-2-carboxamido)benzo[d]thiazol-6-

yl)amino)-2-oxoethyl)piperazin-1-yl)-6-fluoro-4-oxo-1,4-dihydroquinoline-3-carboxylic acid 

hydrochloride (2a) 
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3,4-Dichloro-5-methyl-N-(6-nitrobenzo[d]thiazol-2-yl)-1H-pyrrole-2-carboxamide (5b) 
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N-(6-Aminobenzo[d]thiazol-2-yl)-3,4-dichloro-5-methyl-1H-pyrrole-2-carboxamide (7b) 
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3,4-Dichloro-N-(6-(2-chloroacetamido)benzo[d]thiazol-2-yl)-5-methyl-1H-pyrrole-2-

carboxamide (8b) 
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1-Cyclopropyl-7-(4-(2-((2-(3,4-dichloro-5-methyl-1H-pyrrole-2-carboxamido)benzo[d]thiazol-

6-yl)amino)-2-oxoethyl)piperazin-1-yl)-6-fluoro-4-oxo-1,4-dihydroquinoline-3-carboxylic acid 

hydrochloride (2b) 
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N-(6-acrylamidobenzo[d]thiazol-2-yl)-3,4-dichloro-5-methyl-1H-pyrrole-2-carboxamide (9) 
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1-Cyclopropyl-7-(4-(3-((2-(3,4-dichloro-5-methyl-1H-pyrrole-2-carboxamido)benzo[d]thiazol-

6-yl)amino)-3-oxopropyl)piperazin-1-yl)-6-fluoro-4-oxo-1,4-dihydroquinoline-3-carboxylic 

acid (2c) 
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2-Chloro-N-(6-nitro-benzothiazol-2-yl)-acetamide (10) 
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N-(6-Amino-benzothiazol-2-yl)-2-chloro-acetamide (11) 
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4,5-Dibromo-N-(2-(2-chloroacetamido)benzo[d]thiazol-6-yl)-1H-pyrrole-2-carboxamide (12a) 
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1-Cyclopropyl-7-(4-(2-((6-(4,5-dibromo-1H-pyrrole-2-carboxamido)benzo[d]thiazol-2-

yl)amino)-2-oxoethyl)piperazin-1-yl)-6-fluoro-4-oxo-1,4-dihydroquinoline-3-carboxylic acid 

hydochloride (3a) 
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3,4-Dichloro-5-methyl-N-(2-(2-chloroacetamido)benzo[d]thiazol-6-yl)-1H-pyrrole-2-

carboxamide (12b) 
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1-Cyclopropyl-7-(4-(2-((6-(3,4-dichloro-5-methyl-1H-pyrrole-2-carboxamido)benzo[d]thiazol-

2-yl)amino)-2-oxoethyl)piperazin-1-yl)-6-fluoro-4-oxo-1,4-dihydroquinoline-3-carboxylic acid 

hydrochloride (3b) 
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3.6.4 Escherichia coli DNA gyrase inhibition assay 

 

The assays for the determination of IC50 values against E. coli and S. aureus DNA gyrase were 

performed according to the previously reported procedures.91 

3.6.4.1 Escherichia coli DNA gyrase ATP-ase assay 

 

A commercial Inspiralis E. coli DNA gyrase ATP-ase assay was performed as described in Ref. 91 

3.6.4.2 Minimum inhibitory concentration measurements 

 

Minimum Inhibitory Concentrations (MICs) were determined using a standard serial broth 

microdilution technique according to the EUCAST guidelines.122 Briefly, bacterial strains were 

inoculated from frozen cultures onto MHBII agar plates and were grown overnight at 37 °C. Next, 

independent colonies from each strain were inoculated into 1 ml MHBII medium and were propagated 

at 37 °C, 250 rpm overnight. To perform MIC assays, 12-step serial dilutions using 1.5-fold dilution-

steps of the given antibiotic were generated in 96-well microtiter plates (Sarstedt 96-well microtest 

plate with lid, flat base). Antibiotics were diluted in 100 μl of MHBII medium. Following dilutions, 

each well was seeded with an inoculum of 5×104 bacterial cells. Each measurements were performed 

at least in 4 parallel replicates. Following inoculations, plates were covered with lids and wrapped in 

polyethylene plastic bags to minimize evaporation but allow for aerobic O2 transfer. Plates were 

incubated at 37 °C under continuous shaking at 150 RPM for 18 hours in an INFORS HT shaker. 

After incubation, OD600 of each well on the microwell plate was measured using a Biotek Synergy 2 

microplate reader. MIC was defined as the antibiotic concentration which inhibited the growth of the 

bacterial culture, i.e., the drug concentration where the average OD600 increment of the three 

replicates was below 0.05. 

3.6.4.3 Frequency of resistance measurements 

 

The occurrence of spontaneously arising resistant bacteria was quantified using the ‘frequency of 

resistance’ assay.120 Overnight cultures of E. coli K-12 MG1655 and E. coli ATCC 25922 strains 

were grown using cation-adjusted Mueller Hinton II Broth (MHBII). Bacterial cultures were washed 

once in equal volume of fresh MHBII medium. Washed cultures containing approximately 3×109 

CFU/mL were plated onto MHBII supplemented with 1% agarose (SeaKem LE, Lonza Bioscience) 

plates containing 4×MIC of the test agent to allow generation and enumeration of resistant mutants. 

Ciprofloxacin was used as comparator antibiotic. Cultures were also diluted in MHBII and were 

plated onto drug-free agar plates for the enumeration of total viable cells. Plates were incubated at 
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37 °C for 24 hours. The spontaneous frequency of resistance was expressed as a ratio of the number 

of resistant colonies (CFU/mL) to the total number of viable cells (CFU/mL). 
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4 Magydaris pastinacea 

 

Magydaris pastinacea (Lam.) Paol. (Apiaceae) [syn.: Magydaris tomentosa] is a plant that 

spontaneously grows in few regions of Mediterranean area like Sicily, Sardinia, Corse, Baleares and 

North Africa (Tunisia, Algeria and Morocco).1,2 It is characterized by a thick, striated, sulcate stalk, 

and reaches a height of over two metres. The leaves are large and white, and velvety underneath; the 

primordia are undivided or have 3-5 lobes and are crenate, while the leaves have three long oval 

segments. The umbels are large (40-50 pedicels) with white flowers; the fruit is oblong with slightly 

flattened sides.3 

 

             

Figure 1.   Magydaris pastinacea 
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Like most plants belonging to the family of Apiaceae, its aerial parts are very rich in several 

coumarins and furanocoumarins, which are the main responsible of skin irritation, with intense 

redness and streaking for a few weeks, as noted on the arms of people that were picking other plants 

in its vicinity.4 Interestingly, M. pastinaceaa quickly turned the skin of the hands persistently dark 

when touched. This phenomenon is probably due to low polarity compounds occurring in trichomes 

of the plant’s organs breaking under pressure. 

 

4.1 Phytochemical and biological studies of M. pastinacea 

In literature there are some studies concerning the chemical composition and biologicalactivity of this 

plant. Cerri et al4,5 isolated several coumarin and furocoumarin glucosides from the fresh rhizomes, 

which showed inhibitor activity on platelet aggregation, probably acting specifically on the 

intraplatelet metabolism of arachidonic acid. In 1996  Camarda et al. 6 identified some known 

coumarins from the fruit. More recently, the antibacterial and anticoagulant activities of the 

coumarins isolated from the flowers were investigated.7 It was observed that some coumarins isolated 

from the aceton and methanol extracts were active against Gram-positive and Gram-negative bacteria. 

Among all, imperatorin and citropten were the most potent. The anticoagulant results indicated that 

the isolated compounds weakly prolonged the Prothrombin Time (PT) value, while meranzine hydrate 

exhibited a pro-coagulant activity, as demonstrated by the shortening of the PT value.7 Then, one year 

later, the same research group isolated new irregular acyclic diterpene, magytomol acetate, from the 

petroleum ether extract of the flowers,8 Thereafter, an analysis on the essential oil of the flowers of 

M. pastinacea collected in Sicily and Algeria was reported.9 Some differences between the oil 

composition of two populations of the Magydaris were observed. Moreover, a moderate antimicrobial 

activity of the essential oil was detected. A further study of the petroleum ether extract of M. 

pastinacea flowers reported the isolation of several furanocoumarins such as xanthotoxin, 

xanthotoxol, isopimpinellin and bergaptene as well as simple coumarins. The extract has been 

evaluated in vitro on murine monocye/macrophages (J774A.1), human melanoma (A375) and human 

breast cancer (MCF-7) tumor cell lines for its cytotoxic activity, showing a major activity against the 

latter, with an IC50 of  0.94 μg/ml.10 These results were better than the single compounds constituting 

the most part of the extract, such as xanthotoxin for which has been previously reported a significant 

antiproliferative activity of 10 μg/ml against MCF-7 cell line,11 while xanthotoxol showed a similar 

IC50 value (11.92 μg/ml).12 This finding could be explained by some synergic effects arising among 

the furanocoumarins occurring in the extract. 
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Furanocoumarins are phototoxic and photogenotoxic natural constituents occurring in a broad variety 

of plants used in cosmetics, food and drugs but especially known for their photosensitizing UV-

induced action and used in many drugs for skin disorders such as psoriasis and vitiligo.13 

 

4.2 Carbonic anhydrase 

Carbonic anhydrases (CAs, EC 4.2.1.1) are ubiquitous metallo-enzymes, which are widely present in 

prokaryotes and eukaryotes. These enzymes catalyse a very simple but essential physiological 

reaction of the life cycle of many organisms, the reversible hydration of carbon dioxide to bicarbonate 

and protons according to the following reaction:14  

  

This reaction, which represents the basis for the regulation of acid–base balance in organisms, occurs 

also without a catalyst but it is too slow. Moreover, CAs participate in a number of physiological 

processes, such as  

 CO2 and HCO3
− transport between metabolizing tissues and lungs,  

 pH and CO2 homeostasis, 

  bone resorption, production of body fluids,  

 biosynthetic reactions such as gluconeogenesis, lipogenesis, ureagenesis in animals and CO2 

fixation (in plants and algae), 

 calcification, 

 tumorigenicity and many other physiological or pathological processes.15-19  

These enzymes are encoded by seven distinct gene families known to date, the α-, β-, γ-, δ-, ζ-, η- and 

θ-CAs.20-23 α-CAs are normally monomers and rarely dimers, which are present in vertebrates, 

protozoa, algae, and cytoplasm of green plants and in some Bacteria.24,20 β-CAs are dimers, tetramers, 

or octamers; they are predominantly found in Bacteria, algae and chloroplasts of both mono- as well 

as dicotyledons, but also in many fungi and some Archaea. 20,24, 25 γ -CAs are trimers, found in 

Archaea, cyanobacteria, and most types of Bacteria.20,26 δ- the and ζ-CAs are probably monomers 

present only in marine diatom,27 where it plays a crucial role in carbon dioxide fixation. ζ-CA’s family 

contain three different active sites in the same protein, therefore it can be considered a 

pseudotrimer.28-31 η-CAs seems to be present only in protozoa,32 but its role is poorly understood for 

the moment.27 

CO2 + H2O HCO3
- + H+
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Nowadays, there are at least 25 CA inhibitors (CAIs) exploited in the therapy of different diseases, 

such as glaucoma,33 epilepsy,34 ulcers,35 osteoporosis,36 obesity,37 Alzheimer’s disease,24 and 

cancer.38 For instance, human CA II (hCA II), hCA IV, and hCA XII are usually referred as anti-

glaucoma drug targets,33,39 hCA IX and hCA XII are well-known tumor-associated isoforms,40,41 hCA 

VA is a promising drug target for the treatment of obesity,42 while hCA VII is a drug target for the 

treatment of neuropathic pain and epilepsy.43,44 Moreover, in the last decades, it was demonstrated 

that these enzymes presented in some organism, such as protozoa, bacteria and fungi,  constitute new 

drug targets with the potential to design anti-infectives and can be used for the structure-based drug 

design of novel generation, isoform-selective inhibitors.25,45 Due to their ubiquitous and their critical 

role in cell homeostasis, indiscriminate inhibition of many hCA isoforms lead to detrimental side 

effects. 

CAs are classified according to their distribution in human body. For instance, some of them are 

cytosolic (CA I, CA II, CA III, CA VII, CA XIII), others are membrane-bound (CA IV, CA IX, CA 

XII, CA XIV and CA XV), CA VA and CA VB are mitochondrial, and CA VI is secreted in saliva 

and milk. Moreover, three acatalytic forms, CA-related proteins (CARP), CARP VIII, CARP X, and 

CARP XI, seem to be cytosolic proteins too.17,24,37 

 

4.2.1 Inhibition Mechanisms of CAs 

All CAs are metalloenzymes, but whereas α-, β-, and δ-CAs use Zn(II) ions at the active site,24,46  the 

γ-CAs are probably Fe(II) enzymes, but they are active also with bound Zn(II) or Co(II) ions.28, 31,30, 

47 The ζ-class uses Cd(II) or Zn(II) to perform the physiologic reaction catalysis.31, 47 

X-ray crystallographic data show that the metal ion from the CA active site is coordinated by three 

His residues (His 94,His 96 and His 119), in the α- and γ-classes, while in the β-class two His are 

replaced by two Cys residues. The fourth ligand is a water molecule/hydroxide ion acting as a 

nucleophile in the catalytic cycle of the enzyme.20, 22, 24 The zinc-bound water is also engaged in 

hydrogen bond interactions with the hydroxyl moiety of Thr 199, which is bridged to the carboxylate 

moiety of Glu 106. All these interactions increase the nucleophilicity of the zinc-bound water 

molecule and orient CO2 in order to be attacked by Zinc ion.14,17  

The main step of the catalytic process is the formation of the active form of the enzyme (A), the metal 

hydroxide species, by the transfer of a proton from the metal-coordinated water molecule to the 

solvent, possibly via proton-shuttling residues. 20,48 The active form of the enzyme attacks a CO2 

molecule bound in a hydrophobic pocket nearby located (B), leading to the formation of bicarbonate 
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coordinated to Zn(II), C. The bicarbonate ion is then displaced by a water molecule and liberated into 

solution, forming the inactive, acid form of the enzyme (D), with water coordinated to Zn(II). To 

return to form A, a proton transfer reaction from the active site to the environment or by buffers 

present in the medium occurs. 

 

Figure 2. General inhibition mechanisms of CAs 

 

 

The rate-limiting step in catalysis is the second reaction, i.e., the proton transfer that regenerates the 

zinc hydroxide species of the enzyme.14,17 

 

EZn²⁺—OH⁻+ CO₂↔ EZn²⁺—HCO₃⁻↔ EZn²⁺—OH₂+ HCO₃⁻ 

 

EZn²⁺—OH₂↔ EZn²⁺—OH⁻+ H⁺ 

 

In some active isozyme, such as CA IV, CA V, CA VII and CA IX, assisted by a histidine residue 

(His 64) at the entrance of the active site, as well as by a cluster of histidines that protrudes from the 

rim of the active site to the surface of the enzyme, assuring a very efficient proton transfer process, 

for the most active isozyme, CA II.49 
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4.3 Carbonic anhydrase Inhibitors 

Inhibition of the CAs has pharmacologic applications in many fields, such as diuretics,50 

antiglaucoma,33 anticonvulsant,51,52 antiobesity,52 and anticancer agents/diagnostic tools, 22,24 but they 

are also used as anti-infectives agents (antifungal, antibacterial, and antiprotozoan potential drugs). 

CA inhibitors can be divided into different groups:  

1) The metal ion binders (anion, sulfonamides, and their bioisosteres, dithiocarbamates, xanthates, 

etc.) 

2) Compounds which anchor to the zinc-coordinated water molecule/hydroxide ion (phenols, 

polyamines, thioxocoumarins, sulfocumarins); 

3) Compounds binding out of the active site53 

4) Compounds occluding the active site entrance, such as coumarins and their isosteres 

 

Figure 3.  History of CAIs 

 

However, in the last period, the precise mechanism of action of other classes of CAIs is not known 

due to the fact that they were not yet crystallized in adducts with the enzyme. For example, the 

secondary sulfonamide moiety is present in a large variety of clinically used drugs, such as the sulfa 

drugs like sulfadiazine and sulfapyridine.54,55 A particular feature of these new classes of CAIs 

discovered in the last years is that they show a much higher isoform-selectivity profile compared to 

most sulfonamides and sulfamates. As a matter of fact, they could show less side effects and more 
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efficacy for the treatment of the classical pathologies associated with these enzymes but also to newer 

ones such as neuropathic pain,56 cerebral ischemia,57 and tumors.58,59 

4.3.1 The zinc binders as CAIs 

 

Figure 4. CAIs belonging to the zinc binders. 

 

This group included sulfonamides, sulfamates, and sulfamides (which are in fact sulfonamide 

isosters). These CAIs bind in deprotonated form (zinc-binding group, ZBG, SO2NH-), to the Zn(II) 

ion of the enzyme active site, which is in a tetrahedral geometry. The ZBG participates in strong 

interactions with the gate keeper residues Thr199–Glu106. The scaffold may occupy either the 

hydrophylic or hydrophobic (or both) halves of the active site, whereas the tails generally are 

orientated toward the exit of the cavity where the most variable amino acid residues are present.24 

Sulfonamides are the most important class of CAIs, discovered already in 1940; they are in clinical 

use for more than 50 years, at the first as antimicrobial drugs and, then, as diuretics and antiglaucoma 

drugs.17,24,60 They include: acetazolamide (AAZ), methazolamide (MZA), ethoxzolamide (EZA), 

sulthiame , dichlorophenamide (DCP), dorzolamide (DZA) , brinzolamide (BRZ), sulpiride (SLP), 

zonisamide (ZNS), topiramate (TPM), saccharin (SAC), celecoxib (CLX), chlorothiazide/highceiling 

diuretics of types including hydrochlorothioazide (HCT), furosemide etc. Sulfonamides bind in a 

tetrahedral geometry to the Zn(II) ion in the deprotonated state, with the nitrogen atom of the moiety 

coordinated to Zn(II) and a network of hydrogen bonds, involving amino acid residues of the 

enzyme;22,53,61 moreover, the heterocyclic part of the inhibitor interacts with the hydrophilic and 

hydrophobic residues of the catalytic cavity.44,62 Most of sulfonamides act as potent CAIs and are in 
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clinical use for decades, but the high number of isoforms in humans, their rather diffuse localization 

in many tissues/organs and the lack of isozyme selectivity toward specific isoforms, led to a wide 

range of side effect.17,24 For instance, acetazolamide, an antiglaucoma agent, has a limited use due to 

numerous side effects caused by inhibition of CAs other than those present in the eye ciliary processes 

(i.e., CA II, IV, and XII), leading to fatigue, paresthesias, and kidney stones.24 Moreover, some of the 

side-effects observed in obese epileptic patients treated with topiramate or zonisamide consisted of a 

significant weight loss.63 It is due to the lipogenesis inhibition of some CA isozymes involved in the 

carboxylation of pyruvate to oxaloacetate (mitochondrial isoforms CA VA and VB) and of 

acetylcoenzyme A to malonylcoenzyme A (cytosolic isoform CA II). Therefore, a combination of 

topiramate  with phentermine, Qnexa, is in Phase III clinical trials for the treatment of obesity.64  

Anions inhibitors are important both for understanding the mechanisms of CAs enzymes  and for 

designing novel types of inhibitors.53,61 
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Figure 5. Clinically used sulfonamide and sulfamate CAIs  

It is known that some of aromatic/heterocyclic sulfonamides and sulfamates have good affinity for 

IX isoform and were assessed as potent inhibitors of growth of a multitude of tumor cell lines, but 

they do not show specificity the remaining CA isozymes (CA I–VII and XII–XV) found in mammals, 

resulting in many side effects. 

Therefore, the main scope of the drug design campaigns in the last years was to obtain isoform-

selective CAIs inhibitors for the various isoforms involved in different pathologies. Several 

approaches were reported for obtaining compounds that specific target the tumor-associated isoforms 

such as charged compounds or sugar containing sulfonamides/sulfamates/sulfamides, which cannot 
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cross plasma membranes due to their charged character and their highly hydrophilic character and 

thus inhibit selectively only extracellular CAs (CA IX and XII),24,65 nanoparticles coated with CAIs 

66 and hypoxia-activatable compounds which use hypoxic tumors to convert an inactive prodrug into 

an active CAI.67 

 

4.3.2 CAIs anchoring to the zinc-coordinated water/hydroxide ion 

 

Figure 6. Compounds which anchor to the Zn(II)-coordinated water molecule/hydroxide ion 

 

These inhibitors are characterized by a presence of an anchoring group (AG) which is attached to a 

scaffold which can interact with the two halves of the active site (as for the zinc binders). The main 

difference with the zinc binders consists in the fact that the inhibitor is not in a direct contact with the 

metal ion, but through an AG. The AG might belong to a various chemical functionalities such as 

phenolic OH (A, resorcinol),68-70 primary amine (B, spermine),69 COOH (C, 2,5-dihydroxybenzoic 

acid),70 COOMe (D, xylariamide),71 and SO3H (E, hydrolysed 6-bromo-sulfocoumarin) 72 moieties. 
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Figure 7. Chemical structures of compounds which anchor to the Zn(II)-coordinated water 

molecule/hydroxide ion 

 

4.3.3 CA inhibition which bind out of the active site 

 

Figure 8. Compounds which inhibit the CAs by binding out of the active site 
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This mechanism has been discovered quite recently. It was observed that the electronic density of the 

inhibitor was in an adjacent binding pocket to the active site. CA inhibitor blocks His64, in its out 

conformation, which is the shuttle of a proton from the zinc-coordinated water molecule to the 

environment, with generation of the zinc hydroxide species of the enzyme.17,24,51 Indeed, His64 has a 

high flexibility with two main conformations, the in one (closer to the metal ion) and the out one, 

toward the exit of the active site cavity. 61 

 

4.3.4 CA inhibition by occlusion of the active site entrance 

 

Figure 9. Compounds which inhibit the CAs by occluding the entrance to the active site 

 

These compounds inhibit CAs by occluding the entrance of the active site cavity and binding far away 

from the metal ion compared to the previous two type of inhibitors. Compounds acting by this 

mechanism of inhibition possess a sticky group (SG) attached to a scaffold which can be aromatic, 

heterocyclic, or aliphatic.61 They may also incorporate a tail, which interact with residues on the 

surface of the protein.73 This mechanism has been reported for the first time for coumarins.74  
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4.4 Coumarins 

Coumarins occur as secondary metabolites in seeds, roots and leaves of many plant species, notably 

in high concentration in the tonka bean and thus the name comes from a French word, coumarou, 

used for the tonka bean. Plant coumarins are phytoalexins, defense compounds produced when the 

plant is under threat from other organisms. Their function is not clear, although suggestions include 

plant growth regulations, fungistasis, bacteriostasis and, even, waste products.75 They have attracted 

interest owing to a range of biological activities including antimicrobial, antiviral, anticancer, 

antioxidant and antiinflammatory properties.76 

Coumarins act as prodrugs because α CAs possess esterase activity which is responsible for the 

hydrolysis of the lactone ring of coumarins (A-B); the obtained 2-hydroxycinnamic acids interferes 

with the binding in the neighbourhood of the metal ion of the enzyme. The product of hydrolysis may 

bind as cis isomers, as observed for bulkier groups A1, 77 or as trans isomers, as reported for less 

bulky groups B1. 74  

 

 

Figure 10. Mechanism of CA inhibition by coumarins 

 

The most relevant aspect of this inhibition is that coumarins bind in the entrance region which is the 

most variable between the various isoforms. Therefore, it has important consequence for the design 

of CAIs, since compounds binding in that region should interact differently with the various CAs and 

thus show isoform selectivity. 
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4.4.1 Anti-tumour properties of coumarins 

As reported above, it is known that isozymes CA IX and XII are overexpressed in many tumors24,78 

and show a restricted expression in normal tissues. Indeed, solid tumours show an alkaline pH inside 

the cells and an acid pH in microenvironment, which allows them to survive in hypoxic conditions 

and to metastasize. CA IX and CA XII, containing extracellular enzyme active sites, appear to 

participate in this process via their ability to catalyse hydration of CO2 to bicarbonate and a proton 

and regulate intratumoral pH. CA IX shows restricted expression in normal tissues but is tightly 

associated with different types of tumors, because it is inducted by tumor hypoxia that involves HIF-

1 binding to a hypoxia response element in the CA9 promoter. CA XII is present in many normal 

tissues and overexpressed in some tumors. It is also induced by hypoxia, but the molecular mechanism 

remains undetermined. High catalytic activity of these two CA isoforms supports their role in 

acidification of the tumor. Therefore, modulating extracellular tumor pH by inhibiting CA activity, 

is a promising approach to anticancer therapy. 

In previous works, the anti-tumour properties of coumarins have been reported. Davis et al.79, for the 

first time, had used a Nature Bank to provide a diverse collection of coumarins pharmacophore, which  

have been tested against some CAs isoenzymes (I, II, VII, IX, XII and XIII).  For instance, these 

coumarins revealed CA inhibition profiles consistent with a lot of compounds which inhibited, 

selectively or at both, CA IX and XII, in submicromolar range. 

Winum et al.80 reported a sweet approach against cancer, incorporating various glycosyl moieties not 

only into sulfonamides/sulfamates/sulfamides but also in position 7 of the coumarins. The results 

indicated that they are weak inhibitors of CA I and CA II but very effective against CAIX and CAXII 

with activity in the nanomolar range.81 These glycosidic carbonic anhydrase IX inhibitors blocked 

the growth of primary tumours and metastasis in a human and mouse model of orthotopic, CA IX-

positive breast cancer. 

 

Figure 11. Structures of the synthesized glycosyl coumarins  
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In 2010, it was investigated the CAIs potency of a series of coumarins incorporating hydroxy-, chloro- 

and/or chloromethyl- moieties at positions 3-, 4-, 6- and 7- of the heterocyclic ring. All coumarins 

displayed a weak activity against cytosolic isoforms CA I and II, but some of them presented 

effective, submicromolar inhibition of the transmembrane, tumor-associated isoforms CA IX and XII, 

depending to the nature and the position of the groups substituting the coumarin ring. Indeed, the 

most active coumarin bearing an OH group at position 6, showed KIs >100 µM against CA I and II, 

KIs of 0.198 µM against CA IX and  KIs of 0.683 µM against CA XII, being thus a selective CA 

inhibitor.82  

Based on the evidence that 7-hydroxycoumarin (umbelliferone) and some of its derivatives are 

selective inhibitors of the tumor-associated isoforms CA IX and XII,82 several umbelliferone-based 

compounds were synthetized. They resulted potent inhibitors at low nanomolar concentration against 

CAIX and CA XII and showed relevant selectivity over ubiquitous hCA I and hCA II isoforms. 

Moreover, the substitution of the OH with an ester group in position 6 or 7 led to a reduction of the 

inhibition on CA IX and CA XII, as well as the introduction of an aryl group at C-4 and a methyl in 

position 8 of the coumarin nucleus.83 

Nocentini et al., 84 synthesized other 7-substituted coumarins incorporating aryl-triazole moieties by 

using click chemistry. Most of the coumarins were weak inhibitors or did not inhibit significantly 

hCA I and II, but showed low nanomolar inhibitory action against the transmembrane isoforms, with 

a KI of 14.3–34.4 nM against hCA IX and of 4.7–37.8 nM against hCA XII. A crucial aspect is that 

all derivatives are hCA IX/XII selective inhibitors over hCA I and II, which constitutes a very 

important feature for this class of compounds.  

In our previous work,85 a small library of coumarin and psoralen derivatives together with a series  of 

psoralen-benzenesulfonamide hybrids showing potent and selective inhibition of the tumor associated 

hCA IX and XII isoforms in the low nanomolar range, were synthesized. A SAR study highlighted 

different activity profile, according to the substitution of the phenyl ring. Indeed, the introduction of 

a halogen atom (Cl or F) in position 4 of the phenyl substituent of coumarins derivatives oriented the 

activity and selectivity toward the IX isozyme, while a methyl substituent increase the activity toward 

the hCA XII isoform. As regards psoralen derivatives, the biological activity is more influenced by 

the size of the substituent on the phenyl ring rather than by its nature, indeed unsubstituted phenyl 

and a fluorophenyl psoralen derivatives resulted the most potent inhibitors. In the case of the psoralen-

benzenesulfonamide hybrids, an inhibition toward IX and XII isozymes ranging from nanomolar to 

low nanomolar, was observed but a lower selectivity is generally measured toward the off-target 

isozyme hCA II.  
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Docking simulations well explain the selectivity of these compounds. In fact, coumarins and psoralen 

derivatives are not able to enter deeply in the active site of hCA II because of the steric hindrance of 

Phe 131, but they perfectly fit into the active site of hCA IX and hCA XII, where Phe 131 is 

substituted by Val 130 and Ala 129, respectively. As a matter of fact, the coumarin moiety could 

reach the catalytic site and be hydrolysed. In contrast with previous reported binding mode of 

coumarins,77 these derivatives interacts as a bidentate chelator with Zn2+. Benzenesulfonamide 

compounds act interacting with the sulfonamide moiety, while the coumarin portion, oriented outside 

the pocket, cannot be hydrolysed, indicating that these compounds may act as traditional Zn2+ binders, 

probably due to the strong interaction between SO2NH2 and Zn2+, which, on the one hand, may lead 

to very potent compounds but, on the other, could affect selectivity.85 
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4.5 Aim and Objectives 

In view of the importance of coumarins as inhibitors of CA and the rich presence of this class of 

compounds in the seeds of M. pastinacea, we first decided to assay, in collaboration with the research 

group of Prof. Claudiu Supuran of the University of Florence, the inhibitory activity of the petroleum 

ether and ethyl acetate extracts toward four hCA isoforms. Since both extracts exhibited high activity 

(Table 2), we proceed to isolate, identify and test against the four CA isoenzymes the coumarins 

contained therein.  

 

4.5.1   Isolation and characterization of compounds 1-15 

The petroleum ether and ethyl acetate extracts of M. pastinacea showed high potency to inhibit hCA 

IX and XII isoforms (Table 2) and were therefore subjected to fractionation by silica gel vacuum-

liquid chromatography (VLC), column chromatography (silica gel and Sephadex LH 20) and semi-

preparative HPLC (Polymeric RP-HPLC) to give one new angular dihydrofurocoumarin (11) along 

with ten linear furocoumarins (1-10) and four simple coumarins (12-15) (Figure 12). 
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Scheme 1. Isolation procedure of coumarins from the petroleum ether extract  
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Scheme 2. Isolation procedure of coumarins from the ethyl acetate extract 
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Figure 12. Structures of coumarins and furocoumarins isolated from M. pastinacea extracts  
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4.5.2 Structure elucidation of compounds 1-15  

Compound 11 

The HR-ESIMS of compound 11 showed a molecular ion at m/z 277.1078 (M + H)+ which is in 

accordance with the molecular formula C15H16O5 (calcd. 277.1076) (Figure 13). 

 

Figure 13. HR-ESIMS spectrum of compound 11 measured in positive mode 

The 1H NMR spectrum of compound 11 showed two doublets at 6.23 (H-3, J = 9.5 Hz) and 7.59 (H-

4, J = 9.5 Hz) ppm and a singlet at 6.77 ppm characteristic of a coumarin nucleus substituted at C-6, 

C-7 and C-8 (Table 1). In the high field spectrum region a further singlet at δ 3.91 (3H, s) was 

characteristic of a methoxy group, while two singlets at 1.25 (3H, s) and 1.40 (3H, s) were assigned 

to two tertiary methyl groups. Finally, the signals at 3.36 (2H, dd, J = 1.5, 9 Hz) and 4.86 (1H, t, J = 

9 Hz) could be ascribed to a methylene and a methine group, respectively (Table 1). 
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Figure 14. 1H NMR spectrum (500 MHz, CDCl3) of magydarin (11) 

 

The 13C NMR spectrum highlighted 14 carbons of which those at 161.2, 143.7 and 112.8 ppm were 

characteristic respectively of C-2, C-3 and C-4 of a coumarin nucleus 
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Figure 15. 13C NMR spectrum (100 MHz, CDCl3) of magydarin (11) 

The connectivity of each proton with its respective carbon has been identified through HSQC 

experiment.   
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Figure 16. HSQC spectrum (500 MHz CDCl3) of magydarin (11) 

In the HMBC spectrum, the correlations between the aromatic proton at δ 6.77 (1H, s) and the carbons 

at 152.5, 146.1, 143. 7 and 141.8 ppm located this proton at position 5 of the coumarin system (Figure 

17). This was confirmed by the fact that no cross-peak of this proton with the carbon at 143.7 ppm 

could be observed if it would be located at C-6, C-7 or C-8. In the same spectrum the cross-peaks 

between the signal at 1.25 (s) and the carbons at 26.1, 71.8 and 92.2 ppm and between the signal at 

1.40 (s) ppm and the carbons at 24.1, 71.8 and 92.2 ppm, confirmed the presence of two geminal 

methyls.  
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Figure 17. HMBC spectrum (500 MHz CDCl3) of magydarin (11) 

Further correlations of the methylene protons at δ 3.36 (2H, dd, J = 1.5, 9 Hz) with the carbons at 

71.8, 92.2, 115.5, 146.1 and 152.5 ppm fixed the 1,1-dimethyl-2-oxypropanol chain at C-8 of the 

coumarin nucleus.  

 

 

Figure 18. Partial structure of the compound 11 

 

In the HMBC experiment it could be observed that the methoxyl group at 3.91 ppm was linked to the 

coumarin nucleus on carbon at 141.8 ppm. This data, together with the correlation between the 
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aromatic proton at C-5 and carbon at 141.8 ppm, allowed us to place the methoxy group at C-6.  

(Figure 19). 

 

Figure 19. Partial structure of the compound 11 

The absence of further aromatic protons and the presence of only one alcohol group (δ 1.58) in the 

proton spectrum, suggested the cyclization of the alcohol chain at position 7 of the coumarin ring. 

 (Figure 20). 

 

Figure 20. ROESY spectrum (500 MHz CDCl3) of magydarin (11) 
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HSQC, HMBC, and ROESY experiments allowed the complete assignment of all signals and the 

identification of the structure as reported in Figure 21.  
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Figure 21. Main HMBC correlations observed for compound 11 

 

The absolute configuration of the (+)-diidrofurocoumarin 11 has been established studying its 

Electronic Circular Dicroism (ECD) spectrum. The positive Cotton effect at 348 nm in the ECD 

spectrum (Figure 23) was ascribed to the n → π* electronic transition of the unsaturated lactone ring, 

which permitted the assignment of the (2'S) absolute configuration (Figure 22) based on the modifed 

octant rule.86
,
87 In fact, the 1-hydroxy-1-methylethyl group was located in the upper left (+) octant. 

Compound 11 is a previously undescribed diidrofurocoumarin and was named magydarin. 

   

 

Figure 22. Structure of compound 11 
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Figure 23. ECD spectrum of compound 11                      Figure 24. UV spectrum of compound 11 

 

Table 1. 1H NMR and 13C NMR Spectroscopic Data for Compound 11 (CDCl3,  in ppm) 

Compound 11 

position δC, type  δH (J in Hz) 

2 161.2, C  

3 112.8, CH  6.23, d (9.5) 

4 143.7, CH 7.59, d (9.5) 

5 109.4, CH 6.77, s 

6 141.8, C  

7 146.1, C  

8 115.5, C  

9 152.5, C  

10 112.8, C  

2ʹ 92.2, CH 4.86, t, (9) 

3ʹ 28.2 CH2 3.36, dd (1.5, 9) 

4ʹ 71.8, C  

5ʹ 24.1 CH3 1.25, s 

6ʹ 26.1, CH3 1.40, s 

OCH3 56.4, CH3 3.91, s 
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Compound 10 

The absolute configuration of the (+)-heraclenol acetate88 10 is not reported in the literature and 

therefore it has been established through the acetylation of the isolated (-)-heraclenol 9, for which the 

S configuration  has been previously assigned.89,90  

The specific optical rotation of compound 9 ([α]D
25= -7.1) revealed that its absolute configuration is 

S.91 Acetilation with acetic anhydride in pyridine of (-)-S-heraclenol yielded S-heraclenol acetate 

possessing a specific optical rotation []25
D +10 (Scheme 3). As consequence, the natural (+)-

heraclenol acetate (10) must have an absolute configuration S.   

 

 

Scheme 3. Acetilation of (-)-S-heraclenol 
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Compound 4 

Compound 4 has been identified as trichoclin by comparison with analytical and spectroscopic data 

reported in the literature.92 However, trichoclin contain a double bond whose geometric configuration 

could not be determined by comparison with the data reported in the literature. 

 

 

Figure 25. 1H NMR Spectrum of compound 4 measured in CDCl3, 500 MHz 

 

In order to assign the Z or E configuration to the double bond, a ROESY spectrum (Figure 26) of 

compound 4 was recorded. The ROESY spectrum revealed a cross-peak between the olefinic proton 

at δ 5.74 (1H, t, J = 7 Hz) and the oxymethylene protons at 5.05 (2H, d, J = 7 Hz) but the correlation 

between the proton at δ 5.74 with the methyl group at 1.87 (3H, s) ppm could not be observed. This 

is well suited to an E geometry. In fact, a 3D molecular model of E-trichoclin highlight that the 

distance between the olefinic proton and the oxymethylene protons is 3.2 Å, whereas the distance 

between the same proton and the methyl group is 4 Å. 
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Figure 26. ROESY spectrum of compound 4 

 

In the case of Z isomer, the distance of 3.9 Å between the olefinic proton and the oxymethylene 

protons preclude any correlation whereas the short distance (2.3 Å) of the methyl at δ 1.87 with 

methine at 5.74 ppm should be enought to give a cross-peak in the ROESY spectrum. 

Thus, compound 4 has been identified as E-trichoclin (Figure 27) 

 

 

Figure 27. Structure of E-trichoclin 
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Compound 5 

Compound 5 has been identified as 5-methoxy-trichoclin by comparison with analytical and 

spectroscopic data reported in the literature 92 With respect to trichoclin,  compound 5 contained the 

same chain and an additional methoxyl at position 5. 

 

 

Figure 28. 1H NMR Spectrum of compound 5 measured in CDCl3, 500 MHz 

 

As for E-trichoclin, the geometry of 5-methoxy-trichoclin double bond was determined by ROESY 

experiments. In the ROESY spectrum the cross peak between the olefinic proton at δ 5.73 (1H, t, J = 

7 Hz) and the methylene protons at δ 4.89 (2H, d, J = 7.5 Hz), but not the methyl group at δ 1.87 (3H, 

s) could be observed (Figure 29). Therefore, compound 5 has been identified as E-5-methoxy-

trichoclin (Figure 30):  
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Figure 29. ROESY spectrum of compound 5 

 

 

Figura 30. Structure of compound 5 
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Compounds 1-3, 6-10 and 12-15 

The structures of bergapten (1), xanthotoxin (2), isopimpinellin (3), imperatorin (6), phellopterin (7), 

heraclenin (8), (-)-heraclenol (9), osthol (12), meranzin (13), 2′-acetoxy-3′-hydroxy-osthol (14) and 

umbelliprenin (15) were deduced from the 1D and 2D NMR spectra and confirmed by comparison of 

1H- and 13C NMR data with those reported in the literature.7,92,93-98 (See experimental part). 
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Figure 31. Structures of the known compounds isolated from the two extracts of M. pastinacea  
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4.5.3 Inhibitory effects of compounds 1-15 toward human carbonic 

anhydrase 

The petroleum ether and ethyl acetate extracts together with all the isolated coumarins were tested 

against four hCA isoenzymes (I, II, IX and XII) (Table 2). The results showed that both extracts were 

selective towards the tumor-associated CA IX and CA XII since none was active against CA I and 

CA II up the concentration of 100 ng/ml, whereas they were highly potent expecially against CA XII. 

The ethyl acetate extract was more potent respect to the ether extract either against CA IX (Ki = 1.74 

ng/ml) either against CA XII (Ki = 0.5 ng/ml).   

The furocoumarins 1-9, 11 and coumarins 12, 15 inhibited both hCA IX and hCA XII in a nanomolar 

range and they were completely inactive (Ki values > 10.000 nM) against hCA I and II, thus showing 

high selectivity over these isoforms that are considered responsible of side-effects of CAIs. 

Interestingly, meranzin (13) and especially the furocoumarin 10, inhibited exclusively the IX isoform 

of CA with Ki ratios XII/IX > 5 and > 52, respectively. On the contrary, compound 14 was a selective 

inhibitor of the XII isoform with a Ki ratio IX/XII > 34. 

The most potent compound was umbelliprenin (15), with a Ki value against CA XII of 5.8 nM, 

comparable to that of acetazolamide (AAZ) and demonstrated high selectivity over the off-target CA 

I/II isoforms (Ki ratios I/XII > 1724). Also S-heraclenol (9) (Ki = 27.5 nM), osthol (12) (Ki = 75 nM) 

and the furocoumarin 5 (Ki = 63.5 nM) revealed a strong inhibitory effect toward CA IX (heraclenol) 

and CA XII (osthol and E-5-methoxy-trichoclin). 

The SAR study pointed out that, in the 8-O-monosubstituted furocoumarins (2, 4, 6, 8-10), the 2,3-

dihydroxy-3-methylbutyl moiety present in S-heraclenol (9), elicited the better inhibitory profile 

towards hCA IX (Ki = 27.5 nM). (+)-S-heraclenol acetate (10) compared to S-heraclenol, showed a 

reduction of inhibitory effects toward hCA IX and hCA XII and most interestingly, a high selectivity 

towards the poorly expressed in healthy tissues hCA IX over hCAXII with a selectivity index >52. 

Among furocoumarins 2, 4, 6, 8-10, we found that, in compounds 2, 4, 6, the introduction of a 

methoxy group at C-5, giving compounds 3, 5, 7, furnished enhanced inhibitory activity against hCA 

IX and hCA XII. In particular, when the methoxy derivative 5 was compared with E-tricholin (4), a 

23-fold gain in potency toward the isoform CAXII was observed.  

As regards 7-methoxy-8-alkyl coumarins (12-14), osthol (12) was the most potent of the hCAXII 

inhibitors (Ki = 75 nM), highlighting the importance of a prenyl chain at C-8. 

The new angular dihydrofurocoumarin, magydarin (11), had submicromolar inhibition of the 

validated cancer-associated isozymes hCA IX and XII with Kis of 150.9 and 623 nM, respectively.  
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Table 2. Effect of the isolated compounds against hCA I, II, IX and XII 

KI (nM)* 

Extract/Compound hCA I hCAII hCA IX hCA XII 

Petroleum ether 

 

>100a >100a 20a 0.8a 

Ethyl acetate 

 

>100a >100a 1.74a 0.5a 

 

 1 

 

 

 

>10000 

 

 

>10000 

 

 

1953 
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>10000 

 

 

>10000 

 

 

194.8 
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>10000 

 

 

>10000 
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 4  

 

>10000 >10000 2339 550.0 
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>10000 
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6 

 

>10000 >10000 221.4 832.9 

 

7 

>10000 >10000 201.9 786.9 

 

 8 

 

>10000 >10000 162.5 835.6 

 

9 

 

>10000 >10000 27.5 813.8 

 

10 

 

 

>10000 

 

 

>10000 

 

 

192.5 

 

 

>10000 

 

 

 

11 
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>10000 
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 12 

 

>10000 >10000 2471 74.5 

 

 13 

 

>10000 >10000 1888 >10000 

 

14 

 

 

 

 

>10000 

 

 

 

>10000 

 

 

 

>10000 

 

 

 

290.9 

 

 

                                 

                                   15 

>10000 >10000 266.4 5.8 

AAZ 250.0 12.1 25.8 5.7 

aData expressed in ng/ml 

* Mean from 3 different assays, by a stopped flow technique (errors were in the range of  5-10 % of the reported values). 
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4.5.4 In silico modelling of the interation of compounds 9, 11, 15 with CAS 

Compounds 9, 11 and 15 are characterized by an interesting activity toward the CA-XII isoform, 

therefore, their mechanism of action was investigated in more detail by means of computational 

methods. The protocol consisted in docking experiments followed by energy minimization of 

obtained complexes. 

In particular, recently an interesting CA inhibition mechanism was reported for coumarin derivatives. 

61,77 This was also found as plausible mechanism of action of previous synthesized compounds.99 

Hence, the coumarin derivatives 15, 11 and 9 were docked to understand if coumarin moiety could 

be hydrolyzed by the Zn2+ activated water molecule of the enzyme cavity, which acts as a very potent 

nucleophile.  

These experiments showed that only compound 15 was able to dock the coumarin portion close 

enough to the Zn2+ (Figure 32a). Therefore, only this compound could be hydrolyzed. Instead, the 

compounds 11 and 9 binding did not show the right orientation, probably because of steric hindrance 

of furocoumarin moiety (Figure 32b, 32c). 

Then, the 15 open compound conformations (E/Z) were subjected to docking experiments in order to 

predict the binding mode of hydrolyzed forms. 

It is possible to see in figure 33 as both conformations diastereoisomers are stabilized by several 

hydrogen bonds and π-π interactions in the catalytic site. The hydrophobic portion fold up and is 

stabilized by internal contacts and interactions with hydrophobic residues in the cavity. The predicted 

affinity of open compounds was estimated to be better than the closed one. 
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Figure 32. 3D representation of the putative binding mode obtained by docking experiments. a) CA 

-XII-15 c) CA -XII-11, e) CA -XII-9 and the relative 2D representation of the complexes stabilizing 

interactions with the binding site residues. 
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Figure 33. 3D representation of the putative binding mode obtained by docking experiments. a) CA 

-XII-15-openE c) CA -XII-15-openZ and the relative 2D representation of the complexes stabilizing 

interactions with the binding site residues. 
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4.5.5 Cytotoxicity of compounds 1-15 toward cancer cells 

On basis of the CA inhibition results, the growth inhibitory effect of the most the most 

active/interesting coumarins (5, 9, 10, 12, 15) against HeLa tumor cell line have been carried out 

(Table 3). Umbelliprenin showed moderate cytotoxicity against HeLa cells (IC50=75µM) and this 

result is in accord with other studies reporting low cytotoxicity of the compound toward the breast 

cancer cell lines MCF and 4T1.100,101 However, umbelliprenin was effective to inhibit tumor growth, 

angiogenesis and metastasis in mammary‐tumor‐bearing mice when intraperitoneally 

administrated.102 This date were confirmed by Zhang et al.103, which provided evidence that 

umbelliprenin may inhibit the growth, invasion and migration of gastric cancer cells by targeting the 

Wnt signaling pathway, with little to no harm in the lung, heart and kidney. 

The low cytotoxicity of umbelliprenin may be related to its very high liposolubility. This hypothesis 

was confirmed by the fact that when umbelliprenin was encapsulated in nanoliposomes its 

antiproliferative effect against 4T1 cells increased by 5 folds. 100  Also osthol (12) showed only a 

moderate cytotoxicity with an IC50 of 98 M but, as reported in previous works,104, 105 its cytotoxicity 

greatly depends on the cancer cell line.  

Most importantly, CA IX and CA XII are overexpressed in cancer cells under hypoxic condition. 

Thus, the moderate antiproliferative action showed by the isolated compounds is not surprising since 

the assay has been carried out under normoxic conditions. 

 

 

Table 3. Cytotoxic effect of compounds 5, 9-12 and 15 evaluated toward cancer HeLa cells 

Compound IC50
a 

(µM) 

5 >100  

9 >100 

11 >100 

10 >100  

12 98  

15 75  

a
Concentration of compound that reduces the cell viability to 50% measured at 48h. 
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4.5.6 Conclusion 

Fifteen coumarins were isolated from the seeds of M. pastinacea. Magydarin (11) is new to the 

literature, while meranzine (13), xanthotoxin (2), E-trichoclin (4), E-5-methoxy-trichoclin (5), 

fellopterin (7), (+)-S-heraclenol acetate (10) and meranzine acetate hydrate (14) were isolated for the 

first time from this plant. None of the fifteen isolated coumarins have ever been evaluated for its 

inhibitory activity on carbonic anhydrases. All isolated compounds were inactive towards the 

ubiquitous cytosolic isoform hCA I and II (Ki > 10000 nM) that are considered responsible for the 

side-effects of CAIs. On the contrary, they were significantly active against the tumor-associated 

isoforms hCA IX and XII. CA XII was inhibited with single-digit Ki by umbelliprenin (15) (5.7 nM) 

and with Kis spanning in the nanomolar range (63.5-74.5 nM) by compounds 5 and 12. As regards 

the other tumor-associated isoform hCA IX, it was potently inhibited by S-heraclenol (9) (Ki = 27.5 

nM) and, to a lesser extent, by the new furocoumarin magydarin (11). Particularly noteworthy is the 

selectivity of heraclenol acetate (10) towards hCA IX over hCAI, hCAII and hCAXII (SI>52). As far 

as we know, umbelliprenin is the most potent natural coumarin CA inhibitor. 

Molecular docking experiments suggested that the most potent coumarin 15 could be hydrolyzed in 

the enzyme catalytic pocket. Furthermore, docking experiments estimated that the predicted affinity 

of open compounds was better than that of the closed ones. Overall the computational methods helped 

to rationalize the strong activity of compound 15 toward the CA-XII isoform and to suggest a 

plausible mechanism of action that would be further investigated to confirm it.  

Future work on these compounds will attempt to synthesize analogues with lower lipophilicity to 

achieve a better drug-like profile. 
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4.6 EXPERIMENTAL PART 
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4.6.1  Materials and Methods 

4.6.1.1 General procedures 

 

Optical rotations were measured in CHCl3 or MeOH at 25 °C using a Perkin-Elmer 241 polarimeter. 

Circular dichroism spectra were recorded on a JASCO J-810 spectropolarimeter equipped with a 

Peltier temperature controller using a 10 mm path-length cell. All measurements were performed in 

methanol at compound concentration of 300 µM. Each reported spectrum represents the average of 3 

scans recorded with 1-nm step resolution. Observed ECD signals were converted to molar ellipticity 

[Θ] = deg x cm2 x dmol-1. UV spectra were recorded on a GBC Cintra 5 spectrophotometer. NMR 

spectra of all isolated compounds were recorded at 25 °C on Unity Inova 500NB high-resolution 

spectrometer (Agilent Technologies, CA, USA) operating at 500 MHz for 1H and 100 MHz for 13C, 

respectively. Spectra were measured in CDCl3 and CD3OD and referenced against residual non-

deuterated solvents. HRESIMS were measured on an Agilent 6520 Time of Flight (TOF) MS 

instrument. Column chromatography was carried out under TLC monitoring using silica gel (40-63 

m, Merck), and Sephadex LH-20 (25-100 m, Pharmacia). For vacuum-liquid chromatography 

(VLC), silica gel (40-63 m) (Merck) was used. TLC was performed on silica gel 60 F254 or RP-18 

F254 (Merck). LiChrolut RP-18 (40−63 μm) 500 mg, 3 mL (Merck) solid phase extraction (SPE) 

cartridges were also used. Semi-preparative HPLC was conducted by means of a Varian 920 LH 

instrument fitted with an autosampler module with a 1000 µL loop. The peak purities were monitored 

using a dual-wavelength UV detector settled at 254 and 360 nm. The columns were a 250 x 10 mm 

Spherisorb silica, particle size 5 m (Waters) and a 300 x 7.5 mm Polymeric Reversed Phase (PLRP-

S 100 Å), particle size 8 m (Varian).  

4.6.1.3  Plant material  

 

The seeds of M. pastinacea were collected in July 2017 at Siniscola (Nuoro), Sardinia, Italy. The 

plant material was identified by Prof.. Marco Leonti (University of Cagliari, Department of 

Biomedical Sciences). A voucher specimen (No. 0485) was deposited in the Herbarium of the 

Department of Life and Environmental Science, Drug Sciences Section, University of Cagliari. 
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4.6.1.3 Petroleum ether extract 

 

Air-dried and powdered seeds of M. pastinacea (720 g) were ground and extracted with petroleum 

ether (3.5 L) by percolation at room temperature to give 77.6 g dried extract. The remaining plant 

material was then extracted with EtOAc (3 L), giving 42 g dried extract.  

An aliquot (20 g) of the petroleum ether extract was subjected to Vacuum Liquid Chromatography 

(VLC) (silica gel, 90 g, 40-63 m) using a step gradient of n-hexane/ethyl acetate (9 : 1 to 0 : 10, 500 

mL each) to yield 24 fractions. Based on the TLC similarities, identical fractions were combined to 

give a total of eight fractions (F1-F8). Fraction F3 (0.98 g) was separated by column chromatography 

(CC) over silica gel using toluene/CH2Cl2 (7 : 3) as eluent to isolate compound 15 (96 mg). Fraction 

F4 (1.55 g) was chromatographed by CC over silica gel using hexane-EtOAc (1 : 9) as eluent giving 

compound 12 (330 mg). Fraction F7 (1.04 g) was purified by CC over silica gel, using CH2Cl2-EtOAc 

(9.5 : 0.5) as eluent to give eight subfractions (F7.1 - F7.8). F7.2 (11 mg) was subjected to 

chromatography by Sephadex LH (MeOH) yielding compound 1 (3 mg). Subfraction F7.3 (110 mg) 

was further subjected to CC over silica gel using CH2Cl2 as eluent to give compound 2 (2.5 mg) and 

a white solid (90 mg). The obtained solid was purified further by PLRP HPLC using acetonitrile : 

H2O (6 : 4, flow 2.5 mL/min) as eluent to give compound 2 (1.5 mg, tR 11.2 min) and compound 3 

(1.2 mg, tR 13 min). Subfractions F.7.6 and F7.8 were purified by Sephadex LH-20 (MeOH) yielding 

compounds 8 (38.9 mg) and 13 (170 mg), respectively. Fraction F8 (800 mg), after purification by 

CC over Sephadex LH-20 (MeOH), furnished compound 13 (670 mg). 

 

4.6.1.4 Ethyl acetate extract 

An aliquot (16.6 g) of the EtOAc extract was subjected to Vacuum Liquid Chromatography (VLC) 

(silica gel, 80 g, 40-63 m) using a step gradient of n-hexane/ethyl acetate/MeOH (9 : 0 : 0 to 0 : 1: 

9, 500 mL each) to yield 38 fractions. Based on the TLC similarities, identical fractions were 

combined to give a total of ten fractions (F1-F10). An aliquot (0.5 g) of F3 (3.74 g) was 

chromatographed over silica gel using CH2Cl2 as eluent, giving compound 6 (61.2 mg) and compound 

7 (4.7 mg). An aliquot (50 mg) of F4 (1.56 g) was purified and an impure compound (12 mg) that 

was purified by PLRP HPLC using acetonitrile : H2O (7 : 3, flow 2 mL/min) as eluent to give 

compound 2 (3.9 mg, tR 8.5 min) and compound 1 (2.1 mg, tR 14.2 min). Fraction F6 (0.18 g) was 

subjected to CC over silica gel using CH2Cl2 : EtOAc (7.5 : 2.5) as eluent, giving eight subfractions 

(F6.1 – F6.8). Fraction F6.3 (41 mg) was further chromatographed by PLRP HPLC, using acetonitrile 

: H2O (5 : 5, flow of 2 mL/min) as eluent, to give compounds 4 (1 mg, tR 13.2 min) and 5 (1.3 mg, tR 
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15.2 min). Fraction F6.5 (6.5 mg) was separated by PLRP HPLC, using acetonitrile : H2O (5 : 5, flow 

of 2 mL/min) as eluent, to give compounds 10 (0.9 mg, tR 8.5 min) and 11 (2.8 mg, tR 7.5 min). An 

aliquot (40 mg) of F7 (70 mg) was chromatographed on CC over Sephadex LH-20 (MeOH) to furnish 

an impure compound (16 mg) that was further purified by PLRP HPLC using acetonitrile : H2O (5:5, 

flow 2 ml/min) as eluent, to give compound 11 (1.3 mg, tR 11.0 min), compound 10 (1 mg, tR 13 min), 

compound 4 (1.2 mg, , tR 14.5 min) and compound 5 (3.6 mg, , tR 15.5 min). Fraction F8 (165 mg) 

was subjected to CC over Sephadex LH (MeOH), yielding four subfraction (F8.1 – F8.4). Subfraction 

F8.2 (34.8 mg) was purified by CC over Sephadex LH-20, followed by PLRP HPLC using acetonitrile 

: H2O (4 : 6, flow 2.0 ml/min) as eluent, to give compound 14 (3.8 mg, tR 13.5 min). Subfraction F8.3 

(42.2 mg) was purified by PLRP HPLC using acetonitrile : H2O (4 : 6, flow 2.0 ml/min) as eluent, to 

give compound 9 (5.1 mg, tR 9.5 min). Subfraction F8.4 (30 mg), was further subjected to CC over 

Sephadex LH-20 (MeOH) to yield compound 9 (2.7 mg). 

 

 

4.6.1.5 Semi-Synthesis of (+)-heraclenol acetate (10) 

 

To a solution of (-)-heraclenol (9) (38.9 mg, 0.13 mmol) in pyridine (2 mL) acetic anhydride (0.012 

ml, 0.13 mmol) was added dropwise and left at room temperature for 48 h. The crude product was 

dried and purified by CC (Sephadex LH-20), using MeOH as eluent to provide 24.9 mg of (+)-

heraclenol acetate (10).106 
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4.6.2 Structural Elucidation of the known compounds 

Compound 1 

Compound 1 was identified as bergapten through the study of the spectra 1D (1H and 13C NMR), and 

2D NMR (DQF-COSY, HSQC, HMBC) and for comparison with the data reported in the literature.98 

 

   

Figure 34. 1H NMR Spectrum of compound 1 measured in CDCl3, 500 MHz 
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Figure 35. 13C NMR Spectrum of compound 1 measured in CDCl3, 100 MHz 

 

Figure 36. 1H NMR (500 MHz, CDCl3) δH 4.27 (s, 3H, OCH3), 6.28 (d, 1H, 3J = 9.5, H-3), 7.02 (d, 

1H, 4J = 1.5 H-3’), 7.14 (d, 1H, 4J = 0.5 H-8’), 7.59 (d, 1H, 4J = 2.5 H-2’), 8.16 (d, 1H, , 3J = 9.5, H-

4); 13C NMR (100 MHz, CDCl3) δC 60.12 (OCH3), 93.91(C-8), 105.00 (C-3’), 112.62 (C-6, C-3), 

139.15 (C-4), 144.76 (C-2’) ppm. 

 

 

 

 

O O
O

OCH3
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Compound 2 

Compound 2 was identified as xanthotoxin through the study of the spectra 1D (1H and 13C NMR), 

and 2D NMR (DQF-COSY, HSQC, HMBC) and for comparison with the data reported in the 

literature.98 

 

 

Figure 37. 1H NMR Spectrum of compound 2 measured in CDCl3, 500 MHz 
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Figure 38. 13C NMR Spectrum of compound 2 measured in CDCl3, 100 MHz 

 

Figure 39.1H NMR (500 MHz, CDCl3) δH 3.92 (d, 3H,4J = 0.5, OCH3), 6.37 (d, 1H, 3J = 9.5, H-

3),6.82 (s, 1H, H-3’), 7.35 (s, 1H, H-5),7.69 (s, 1H, H-2’), 7.76 (d, 1H,3J = 9.5, H-4); 13C NMR (100 

MHz, CDCl3) δC 61.3 (OCH3), 106.7 (C-3), 112.9 (C-5), 114.8 (C-3), 116.5 (C-4a), 126.1 (C-6), 

132.9 (C-8), 143.09 (C-4), 144.3 (C-8a), 145.1 (C-2’), 146.6 (C-7), 160.4 (C-2) ppm. 
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O
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Compound 3 

Compound 3 has been identified as isopimpinellin through the study of the spectra 1D (1H and 13C 

NMR), and 2D NMR (DQF-COSY, HSQC, HMBC) and for comparison with the data reported in the 

literature.98 

 

 

Figure 40. 1H NMR Spectrum of compound 3 measured in CDCl3, 500 MHz 
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Figur 41. 13C NMR Spectrum of compound 3 measured in CDCl3, 100 MHz 

 

Figure 42. 1H NMR (500 MHz, CDCl3) δH 4.17 (s, 6H, OCH3), 6.29 (d, 1H, 3J = 10, H-3),6.99 (d, 

1H,4J = 2 H-3’), 7.63 (d, 1H,4J = 2.5 H-2’), 8.12 (d, 1H,, 3J = 10, H-4);13C NMR (100 MHz, CDCl3) 

δC 60.87 (OCH3), 61.72 (OCH3), 105.07 (C-3’), 107.73 (C-4a), 112.94 (C-3), 112.97 (C-6), 139.35 

(C-4, C-8), 143.74 (C-8a), 144.31 (C-5), 145.12 (C-2’), 150.04 (C-7), 160.43 (C-2) ppm. 
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Compound 4 

Compound 4 has been identified as E-trichoclin (for the 1H NMR and ROESY spectra see Results 

and Discussion) 

 

Figure 43. 13C NMR Spectrum of compound 4 measured in CDCl3, 100 MHz 
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Compound 5 

Compound 5 has been identified as 5-methoxy-trichoclin (for the 1H NMR and ROESY spectra see 

Results and Discussion) 

 

 

Figure 44. 13C NMR Spectrum of compound 5 measured in CDCl3, 100 MHz 
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Compound 6 

Compound 6 was identified as imperatorin through the study of the spectra 1D (1H and 13C NMR), 

and 2D NMR (DQF-COSY, HSQC, HMBC) and for comparison with data reported in the literature.94 

 

Figure 45. 1H NMR Spectrum of compound 6 measured in CDCl3, 500 MHz 
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Figure 46. 13C NMR Spectrum of compound 6 measured in CDCl3, 100 MHz 

 

Figura 47. 1H NMR (500 MHz, CDCl3) δH 1.72 (s, 3H, H-5’’), 1.74 (s, 3H, H-4’’),5.0 (d, 2H,3J = 7.5, H-

1’’),5.61 (m, 1H, H-2’’), 6.36 (d, 1H,3J = 9.5, H-3), 6.81, (d, 1H, 3J = 2.5, H-3’),7.35 (s, 1H, H-5), 7.68 (d, 

1H,3J = 2.5, H-2’), 7.75 (d, 1H, 3J = 9.5, H-4); 13C NMR (100 MHz, CDCl3) δC 18.01 (C-5’’), 25.76 (C-4’’), 

70.13 (C-1’’), 106.68 (C-3’), 113.12 (C-5), 114.64 (C-3), 116.45 (C-4a), 119.76 (C-2’’), 125.83 (C-6), 131.64 

(C-8), 139.66 (C-3’’), 143.80 (C-8a), 144.29 (C-4), 146.57 (C-2’), 148.59 (C-7), 160.46 (C-2) ppm. 
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Compound 7 

Compound 7 was identified as phellopterin through the study of spectra 1D (1H and 13C NMR), and 

2D NMR (DQF-COSY, HSQC, HMBC) and for comparison with data reported in the literature.94 

 

 

Figure 48. 1H NMR Spectrum of compound 7 measured in CDCl3, 500 MHz 
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Figure 49. 13C NMR Spectrum of compound 7 measured in CDCl3, 100 MHz 

 

Figura 50. 1H NMR (500 MHz, CDCl3) δH 1.70 (s, 3H, H-5’’), 1.74 (s, 3H, H-4’’), 4.17 (s, 3H, 

OCH3), 4.85 (d, 2H,3J = 7.0, H-1’’),5.60 (m, 1H, H-2’’), 6.28 (d, 1H,3J = 10, H-3), 6.99, (d, 1H, 3J = 

2.5, H-3’),7.62 (d, 1H,3J = 2.0, H-2’), 8.12 (d, 1H, 3J = 9.5, H-4); 13C NMR (100 MHz, CDCl3) δC 

18.07 (C-5’’), 25.80 (C-4’’), 60.80(OCH3), 70.39 (C-1’’), 105.03 (C-3’), 107.63 (C-4a), 112.84, 

114.61 (C-6),  119.88 (C-2’’), 126.97 (C-8), 139.33 (C-4), 139.62 (C-3’’), 144.36 (C-8a), 144.37 (C-

5), 145.07 (C-2’), 150.80 (C-7), 160.48 (C-2) ppm.  
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Compound 8 

Compound 8 was identified as heraclenin through the study of the 1D spectra (1H and 13C NMR), 

and 2D NMR (DQF-COSY, HSQC, HMBC) and for comparison with the data reported in the 

literature.93 

 

Figure 51. 1H NMR Spectrum of compound 8 measured in CDCl3, 500 MHz 
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Figure 52. 13C NMR Spectrum of compound 8 measured in CDCl3, 100 MHz 

 

Figure 53. COSY Spectrum of compound 8 measured in CDCl3, 500 MHz 
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Figure 54. HSQC Spectrum of compound 8 measured in CDCl3, 500 MHz 

 

Figure 55. HMBC Spectrum of compound 8 measured in CDCl3, 500 MHz 
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Figure 56. 1H NMR (500 MHz, CDCl3) δH 1.29 (s, 3H, CH3), 1.35 (s, 3H, CH3), 3.32 (t, 1H, 3J = 5.5, H-2’’), 

4.59 (t, 2H,3J = 6.0, H-1’’), 6.38, (d, 2H, 3J = 6.0, H-3), 6.83 (s, 1H, H-3’), 7.40 (s, 1H, H-5), 7.70 (s, 1H, H-

2’), 7.77 (d, 1H, 3J = 9.5, H-4); 13C NMR (100 MHz, CDCl3) δC 18.86 (C-5’’), 24.55 (C-4’’), 58.15 (C-3’’), 

61.32 (C-2’’), 72.48 (C-1’’), 106.79 (C-4), 113.13 (C-3’, C-3), 113.83 (C-3’, C-3), 114.85 (C-4a), 116.53 (C-

6), 125.98 (C-8), 143.64 (C-8a), 144.24 (C-4), 146.79 (C-2’), 148.36 (C-7), 160.27 (C-2) ppm. 
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Compound 9 

Compound 9 was identified as (-)-heraclenol, through the study of the spectra 1D (1H and 13C 

NMR), and 2D NMR (DQF-COSY, HSQC, HMBC) and for comparison with the data reported in the 

literature.91 

 

Figure 57. 1H NMR Spectrum of compound 9 measured in CDCl3, 500 MHz 
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Figure 58. 13C NMR Spectrum of compound 9 measured in CDCl3, 100 MHz 

 [α]D
20= -7.14 

 

Figure 59. 1H NMR (500 MHz, CD4O) δH 1.30 (s, 3H, H-4’’), 1.34 (s, 3H, H-5’’), 3.87 (dd, 1H,3J = 

7.5 ,4J = 2.5, H-2’’), 4.42 (dd, 1H,3J = 10.0 ,4J = 7.5, H-1’’), 4.76 (dd, 1H,3J = 10.0 ,4J = 2.5, H-1’’), 

6.38 (d, 1H,3J = 9.5, H-3), 6.84 (d, 1H, 3J = 2.0, H-3’), 7.40 ( s, 1H, H-5),7.71 (d, 1H,3J = 1.5, H-2’), 

7.77 (d, 1H, 3J = 9.5, H-4); 13C NMR (100 MHz, CDCl3) δC 25.09 (C-5’’), 26.69 (C-4’’), 71.53 (C-

3’’), 75.75 (C-1’’), 76.04 (C-2’’), 106.88 (C-3’), 113.81 (C-5), 114.87 (C-3), 116.51 (C-4a), 

126.05(C-6) , 131.60 (C-8) , 143.38 (C-8a), 144.24 (C-4), 146.84 (C-2’), 147.99 (C-7), 160.09 (C-2) 

ppm.  
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Compound 10 

Compound 10 was identified as (S)-heraclenol acetate through the study of the spectra 1D (1H and 

13C NMR), and 2D NMR (DQF-COSY, HSQC, HMBC), by synthesis and for comparison with the 

data reported in the literature.88 

 

Figure 60. 1H NMR Spectrum of compound 10 measured in CD4O, 500 MHz 
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Figure 61. 13C NMR Spectrum of compound 10 measured in CD4O, 100 MHz 

 

Figure 62. COSY Spectrum of compound 10 measured in CD4O, 500 MHz 
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Figure 63. HSQC Spectrum of compound 10 measured in CD4O, 500 MHz 

 

Figure 64. HMBC Spectrum of compound 10 measured in CD4O, 500 MHz 
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Figure 65. ROESY Spectrum of compound 10 measured in CD4O, 500 MHz 

 

 

Figura 66. 1H NMR (500 MHz, CD4O) δH 1.32 (s, 3H, H-4’’), 1.35 (s, 3H, H-5’’), 2.17 (s, 3H, 

COCH3), 4.54 (dd, 1H,3J = 11.5 ,4J = 9.0, H-1’’), 5.11 (dd, 1H,3J = 11.5 ,4J = 2.5, H-1’’ ), 5.30 (dd, 

1H,3J = 9.0 ,4J = 2.5, H-2’’ ), 6.47 (d, 1H,3J = 9.5, H-3), 7.06 (d, 1H, 3J = 2.5, H-3’),7.68(s, 1H, H-

5), 7.99 (d, 1H,3J = 2.5, H-2’), 8.11 (d, 1H, 3J = 9.5, H-4); 13C NMR (100 MHz, CDCl3) δC 21.02 

(COCH3), 25.89 (C-5’’), 26.63 (C-4’’), 71.84 (C-3’’), 73.51 (C-1’’), 78.90 (C-2’’), 108.00 (C-3’), 

115.15 (C-3), 115.30 (C-5), 118.10 (C-4a), 127.83 (C-6), 132.19 (C-8), 146.52(C-4), 148.53 (C-2’), 

170.60 (COCH3) ppm.   
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 Compound 11 

Magydarin (11): white powder; []25
D + 96.3 (c 0.05, CH2Cl2); UV (MeOH) λmax (log ε) 348 (8.5) nm; 

ECD (300 µM, MeOH) λ (Δε) 348 (+2950) nm; 1H (CDCl3, 500 MHz) and 13C (CDCl3, 100 MHz) 

NMR, see Table 1; HRTOFESIMS m/z 277.1078 [M +H]+ (calcd for C15H16O5, 277.1076).  

 

Compound 12 

Compound 12 was identified as osthol, through the study of 1D spectra (1H and 13C NMR), and 2D 

NMR spectra (DQF-COSY, HSQC, HMBC) and for comparison with data reported in the literature.96 

 

 

Figure 67. 1H NMR Spectrum of compound 12 measured in CD3Cl, 500 MHz 
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Figure 68. 13C NMR Spectrum of compound 12 measured in CD3Cl, 100 MHz 

 

Figure 69. 1H NMR (500 MHz, CDCl3) δH 1.68 (s, 3H, H-4’), 1.85 (s, 3H, H-5’), 3.55 (d, 2H, 3J = 

7.5, H-1’), 3.93 (s, 3H, OCH3), 5.24 (t, 1H, H-2’), 6.24 (d, 2H, 3J = 9.5, H-3), 6.85 (d, 1H, 3J = 8.5 

H-6), 7.30 (d, 1H, 3J = 8.5 H-5), 7.62 (d, 1H, 3J = 9.5, H-4) ppm; 13C NMR (100 MHz, CDCl3) δC 

17.87 (C-5’), 21.88 (C-1’), 25.72 (C-4’), 55.99 (OCH3), 107.31 (C-6), 112.90 (C-3), 112.94 (C-4a), 

117.9 (C-8), 121.10 (C-2’), 126.16 (C-5), 132.53 (C-3’), 143.68 (C-4), 152.77 (C-8a), 160.17 (C-7), 

161.29 (C-2) ppm. 

 

 

O OH3CO
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Compound 13 

Compound 13 was identified as meranzin through the study of the 1D spectra (1H and 13C NMR), and 

2D NMR (DQF-COSY, HSQC, HMBC) and for comparison with data reported in the literature.97 

 

Figure 70. 1H NMR Spectrum of compound 13 measured in CD3Cl, 500 MHz 
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Figure 71. 13C NMR Spectrum of compound 13 measured in CD3Cl, 100 MHz 

 

                                               

Figure 72. 1H NMR (500 MHz, CDCl3) δH 1.27 (s, 3H, H-5’), 1.48 (s, 3H, H-4’),3.01 (m, 2H, H-

1’),3.19 (m, 1H, H-2’),3.92 (s, 3H, OCH3), 6.23 (d, 1H, 3J = 9.5, H-3),6.86 (d, 1H, 3J = 9.0, H-6), 

7.35 (d, 1H, 3J = 8.5, H-5),7.62 (d, 1H, 3J = 9.5, H-4), 13C NMR (100 MHz, CDCl3) δC 19.09 (C-5’), 

22.47 (C-4’), 24.52 (C-1), 56.12 (OCH3), 59.31 (C-3’), 62.98 (C-2’), 107.40 (C-6), 112.95 (C-4a), 

113.12 (C-3), 114.25 (C-8), 127.12 (C-5), 143.67 (C-4), 153.40 (C-8a), 160.71 (C-7), 161.01 (C-2) 

ppm. 
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Compound 14 

Compound 14 was identified as 2′-acetoxy-3′-hydroxy-osthol through the study of the spectra 1D (1H 

and 13C NMR), and 2D NMR (DQF-COSY, HSQC, HMBC) and for comparison with the data 

reported in the literature. 92,95 

 

 

Figure 73. 1H NMR Spectrum of compound 14 measured in CD3Cl, 500 MHz 
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Figure 74. 13C NMR Spectrum of compound 14 measured in CD3Cl, 100 MHz 

 

Figure 75. COSY Spectrum of compound 14 measured in CD3Cl, 500 MHz 
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Figure 76. HSQC Spectrum of compound 14 measured in CD3Cl, 500 MHz 

 

Figure 77. HMBC Spectrum of compound 14 measured in CD3Cl, 500 MHz 
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Figure 78. 1H NMR (500 MHz, CD4O) δH 1.31 (s, 3H, H-5’), 1.37 (s, 3H, H-4’), 1.75 (s br, 1H, OH), 

1,81 (s, 3H, COCH3), 3.09 (dd, 1H,3J = 14.0, 4J = 2.5, H-1’), 3.30 (dd, 1H,3J = 13.5 ,4J = 3.5,H-1’), 

3.94 (s, 3H, OCH3), 5.09 (dd, 1H,3J = 10.0 ,4J = 2.5, H-2’), 6.23 (d, 1H,3J = 9.5, H-3), 6.83 (d, 1H, 

3J = 8.5, H-6),7.33 (d, 1H,3J = 8.5, H-5), 7.61 (d, 1H, 3J = 9.5, H-4); 13C NMR (100 MHz, CDCl3) δC 

20.62 (COCH3), 23.31 (C-1’), 25.18 (C-4’), 26.50 (C-5’), 56.15 (OCH3), 72.48 (C-3’), 79.10 (C-2’), 

107.19 (C-6), 112.74 (C-4a), 112.96 (C-3), 114.75 (C-8), 127.20 (C-5), 143.71 (C-4), 153.47 (C-8a), 

160.70 (C-7), 161.03 (C-2), 170.51 (C-1’’). 
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Compound 15 

Compound 15 was identified as umbelliprenin through the study of the 1D spectra (1H and 13C 

NMR), and 2D NMR (DQF-COSY, HSQC, HMBC) and for comparison with data reported in the 

literature.107 

 

 

Figure 79. 1H NMR Spectrum of compound 15 measured in CD3Cl, 500 MHz 
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Figure 80. 13C NMR Spectrum of compound 15 measured in CD3Cl, 100 MHz 

 

Figure 81. 1H NMR (500 MHz, CDCl3) δH 1.59 (d, 6H, H-14’, H-15’), 1.68 (s, 3H, H-13’), 1.76 (s, 

3H, H-12’),1.97 (t, 2H, H-7’, H-9’), 2.05 (m, 2H, H-8’), 2.13 (m, 4H, H-4’, H-5’)  4.60 ( d, 2H,3J = 

7.0, H-1’)5.09 ( m, 2H, H-6’, H-10’), 5.47 (t, 1H, H-2’), 6.24 (d, 1H,3J = 5.5, H-3), 6.83 (t, 1H,H-8), 

6.85 (d, 1H,4J = 2.0, H-6), 7.35 (d, 1H,3J = 8.5, H-5),7.62 (d, 1H, 3J = 9.0 , H-4);13C NMR (100 MHz, 

CDCl3) δC 16.04 (C-13’), 16.77 (C-12’), 17.68 (C-15’), 25.68 (C-14’), 26.15 (C-5’), 26.70 (C-9’), 

39.52 (C-4’), 39.67 (C-8’), 65.50 (C-1’), 101.61 (C-8), 112.43 (C-4a), 112.97 (C-3), 113.22 (C-2’), 

118.45 (C-6), 123.49 (C-10’), 124.29 (C-6’), 128.64 (C-5), 131.31 (C-11’), 135.59 (C-7’), 142.36 (C-

3’), 143.39 (C-4), 155.89 (C-8a), 161.26 (C-2), 162.17 (C-7) ppm. 
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4.6.3 Molecular modelling 

 

4.6.3.1 Ligand preparation 

 

The ligands were built within the Maestro platform. The most stable conformation has been 

determined by molecular mechanics conformational analysis performed with Macromodel software 

version 9.2.106 using the Merck Molecular Force Fields (MMFFs)108 and GB/SA water implicit 

solvation model,109 Polak-Ribier Conjugate Gradient (PRCG) method, 5000 iterations and a 

convergence criterion of 0.05 kcal/(mol Å). All the other parameters were left as default.  

 

4.6.3.2 Protein preparation  

 

The coordinates for CA enzyme was taken from the RCSB Protein Data Bank110 (PDB codes 

4ww8).111 The protein was prepared by using the Maestro Protein Preparation Wizard. Original water 

molecules were removed. 

 

4.6.3.3 Docking protocol  

 

Molecular docking studies were performed using QMPL workflow protocol. Grids were defined 

around the refined structure by centering on crystallized ligand. The other settings were left as default.  

 

4.6.3.4 Post docking protocol  

 

In order to better take into account, the induced fit phenomena, the most energy favored generated 

complexes were fully optimized with the OPLS2005 force field in GB/SA implicit water.112 The 

optimization process was performed setting 10000 steps interactions up to the derivative convergence 

criterion equal to 0.05 kJ/(mol*Å). The resulting complexes were considered for the binding modes 

graphical analysis with Pymol and Maestro. 
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4.6.4       Biological evaluation 

4.6.4.1 Carbonic anhydrase inhibition assay  

 

An Applied Photophysics stopped-flow instrument has been used for assaying the CA catalyzed CO2 

hydration activity.113 Phenol red (at a concentration of 0.2 mM) was used as indicator, working at the 

absorbance maximum of 557 nm, with 20 mM Hepes (pH 7.5) as buffer and 20 mM Na2SO4 (for 

maintaining constant the ionic strength), following the initial rates of the CA-catalyzed CO2 hydration 

reaction for a period of 10−100 s. The CO2 concentrations ranged from 1.7 to 17 mM for the 

determination of the kinetic parameters and inhibition constants. For each inhibitor, at least six traces 

of the initial 5−10% of the reaction have been used for determining the initial velocity. The 

uncatalyzed rates were determined in the same manner and subtracted from the total observed rates. 

Stock solutions of inhibitor (0.1 mM) were prepared in distilled−deionized water, and dilutions up to 

0.01 nM were done thereafter with the assay buffer. Inhibitor and enzyme solutions were preincubated 

together for 6 hours at room temperature prior to assay in order to allow for the formation of the E−I 

complex. The inhibition constants were obtained by nonlinear least-squares methods using PRISM 3 

and the Cheng−Prusoff equation, as reported earlier,114-120 and represent the mean from at least three 

different determinations. All CA isoforms were recombinant ones obtained in-house as reported 

earlier.121-124 

 

4.6.4.2 Cytotoxic activity  

 
4.6.4.2.1  Cell culture 

 

Human carcinoma HeLa cell line was obtained from the American Type Culture Collection (ATCC, 

Rockville, MD). Cells were grown in Dulbecco’s modified Eagle’s medium (DMEM) with high 

glucose, supplemented with 10% foetal calf serum (FCS), penicillin (100 units/mL)–streptomycin 

(100 g/mL), and 2 mM L-glutamine in a 5% CO2 incubator at 37 °C. Subcultures of the HeLa cells 

were grown in T-75 culture flasks and passaged with a trypsin-EDTA solution. Cell culture materials 

were purchased from Invitrogen (Milan, Italy). 
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4.6.4.2.2 MTT assay 

 

The in vitro cytotoxic effect of coumarins 5, 9-12, 15 was evaluated in cancer HeLa cells by the MTT 

(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) reduction assay.125 Cancer cells 

were seeded in 96-well plates (density of 3×104 cells/mL) in 100 L of medium and cultured for 48 

h (80% of cell confluence). Cells were subsequently incubated for 48 h with various concentrations 

(0.1-100 M, dissolved in DMSO) of coumarins in culture medium (treated cells). Treated cells were 

compared for viability to untreated cells (control cells) and vehicle-treated cells (incubated for 48 h 

with an equivalent volume of DMSO; the maximal final concentration was 1%). After the cell medium 

removing and washing, cells were subjected to the MTT test (Rosa et al., 2017). After incubation (3 

h), colour development was measured at 570 nm with an Infinite 200 auto microplate reader (Infinite 

200, Tecan, Austria); the absorbance is proportional to the number of viable cells. Two independent 

experiments were performed. The results were calculated as the percentage of cell viability in 

comparison with non-treated control cells and expressed as IC50 value (the concentration of 

compound that reduces the cell viability to 50%). 
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