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Abstract 
 

Mitochondria are small cytoplasmic organelles remnant of a prokaryotic organism that had 

become a vital symbiotic partner to the eukaryotic cell early in the evolution. 

Mitochondria contain their own DNA, which is maternally inherited. These organelles 

adopt different shapes depending on the cell type and the metabolic demands of the cell. 

They have a typical double membrane structure: the smooth outer membrane (OMM) that 

contains many copies of a transport protein porin, which forms aqueous channels allowing 

molecules with a maximal molecular weight of 5000 Daltons to penetrate the membrane; 

the inner membrane (IMM), conspicuously folded, forming tubular or lamellar structures 

called cristae, which are connected to it by narrow tubular structures, cristae junctions. In 

between of these two membranes there is the inter-membrane space (IMS). Mitochondria 

nourish cells by converting energy from carbon sources into ATP (adenosine triphosphate). 

Additionally, they are important for thermogenesis, calcium and iron homeostasis, 

intracellular signaling and apoptosis, various metabolic intermediary pathways including 

metabolism of amino acids, lipids, cholesterol, steroids and nucleotides through oxidative 

phosphorylation (OXPHOS). The mitochondria are involved in homeostasis, as said 

before. When the cytoplasmic Ca2+ increases above certain levels (>10 µM), a drastically 

rise of Ca2+ in the mitochondria and matrix is verified. Eventually, when the mitochondria 

is excessing of accumulation of Ca2+, it causes the opening of  a non-specific large-

conductance channel in the inner mitochondrial membrane, commonly referred to as the 

permeability transition pore (PTP), that collapses the membrane potential, induces swelling 

of the inner membrane.  

Another main role of mitochondria is the regulation of the programmed cell death 

mechanism, also called apoptosis. The two main pathways through which this cell death 

process is initiated are the intrinsic and extrinsic cell death pathways, both converging on 

caspase activation. p53 is a central protective node and its main function is to prevent the 

propagation of damaged cells that are potentially mutagenic by orchestrating defense 

pathways of apoptosis, cell cycle arrest, senescence and DNA repair. P53 is regulated by a 

protein MDM2 (Murine Double Minute 2).  

In the cancerogenesis framework it could be placed the MAGMAS (mitochondria-

associated granulocyte macrophage CSF signaling molecule) protein. Magmas is located in 

the mitochondrial inner membrane and it is highly conserved, it is essential for 

mitochondrial activity and cell survival. This protein can also be called as Tim 16 or Pam 

16. With the cooperation between Tim 14 (Pam 18) and Tim 16 and the formation of 



heterodimer, Magmas is able to regulate the carriage of protein precursors in the 

mitochondrion through transport proteins. Since Magmas is a gene that induces GM-CSF 

and it is involved in the transport of mitochondrial proteins, some studies have been 

accomplished to evaluate the effect of the gene expression in healthy and neoplastic 

tissues.  

Ischemia and Reperfusion Injury (IRI) Inhibitors 

Ischemia is a restriction in blood supply to tissues, causing a shortage 

of oxygen and glucose needed for cellular metabolism (to keep tissue alive). Ischemia is 

generally caused by problems with blood vessels, with resultant damage to or dysfunction 

of tissue. During ischemia, ATP synthesis is inhibited, and existing ATP is cleaved into 

ADP and phosphate. Since oxidative phosphorylation is interrupted, proton ions 

accumulate into mitochondrial matrix and pH quickly decreases.  

The final result is a Ca2+ accumulation into mitochondria and its inhibited reuptake by ER. 

So, since ETC still inactive and ROS generated, these are inductors of mPTP opening and 

also they contribute to the decrease of IMM transmembrane potential,  inducing the 

apoptosis intrinsic pathway. 

There are some agents known to inhibit with alternative mechanism mPTP. The most known 

inhibitor of mitochondrial ATP synthase is Oligomycin, that is a macrolide with a 26 

membered lactone ring, isolated from Streptomyces diastatochromogenes. On the 

Olygomicyn structure basis we synthetized some compounds, as potential mPTP inhibitors. 

Several of those have been obtained from Isatine and 5-Fluoroisatine, maintaining the 

same scaffold but with different modifications at key positions. Specifically we introduced 

diverse (poly)cyclic ketones with or without N-alkylation at the isatine nitrogen (a,b,c). In 

addition, we synthetized a small library of N-benzyl-piperidone derivatives with the 

general structure (d). We chose these last molecules because of the presence of two spiro 

centers that gives rigidity to the structure and also for their steric hindrance. They could be 

potentially interesting as inhibitors as well (Figure 1). 

 

Figure 1. 

Some of these products showed a good activity in inhibiting the opening of mPTP. 

 

https://en.wikipedia.org/wiki/Blood
https://en.wikipedia.org/wiki/Tissue_(biology)
https://en.wikipedia.org/wiki/Oxygen
https://en.wikipedia.org/wiki/Glucose
https://en.wikipedia.org/wiki/Cellular_metabolism
https://en.wikipedia.org/wiki/Blood_vessel


Nutlins as anti-cancer drugs 

Among the different therapeutic strategies evaluated pharmacologically, the attention has 

been focused on the drug design able to modulate the p53-MDM2 interaction. The 

structure of this complex p53/MDM2 is known pretty well, as a matter of fact there is a 

tridimensional structure available with specific interaction sites of the MDM2 hydrophobic 

pocket. Nutlins, which is the first and more important class of small molecules, are cis-

imidazoline analogs which inhibit the interaction between MDM2 and tumor suppressor 

p53. The most important is (-)-Nutlin-3, which is commonly used in anti-cancer studies. 

 

Figure 2: (-)-Nutlin-3 structure. 

The aim of this project was to find a synthetic pathway to obtain only (-)-Nutlin-3, because 

of its activity, as product, instead of the racemic mixture, as mostly reported in literature. 

 MAGMAS Inhibitors 

Magmas complex, located in the mitochondrial inner membrane, is essential for the 

mitochondrial survival; its inhibition causes cell death. 

On the basis of published analysis in literature, the compound 84 seems to be a good 

Magmas inhibitor, because the concentration of 10 μM is able to completely inhibit the cell 

proliferation. Another compound that, recently, showed good activity of inhibiting the cell 

proliferation was the product 89, that maintain the structure of 84 but with the reduction of 

the two olefin moiety.  

 

  

Figure 3: structure of compound 84 and 89. 
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1. Introduction  

Mitochondria are recognized as one of the most important targets for new drug design 

in cancer, cardiovascular, and neurological diseases. 

 

1.1 Mitochondria 

Mitochondria are small cytoplasmic organelles remnant of a prokaryotic organism that had 

become a vital symbiotic partner to the eukaryotic cell early in the evolution1. 

As an essential step in the process of eukaryotic evolution, the size of the mitochondrial 

chromosome was drastically reduced, and the behavior of mitochondria within eukaryotic 

cells radically changed2.  

Mitochondria contain their own DNA, which is maternally inherited. These organelles 

adopt different shapes depending on the cell type and the metabolic demands of the cell. 

Their two predominant morphologies are reflected in the Greek name of the organelle – 

‘mitos’ for thread and ‘chondros’ for grain. Mitochondria are usually 0.5-1 µm in size. 

They have a typical double membrane structure (figure 1): the smooth outer membrane 

(OMM) that contains many copies of a transport protein porin, which forms aqueous 

channels allowing molecules with a maximal molecular weight of 5000 Daltons to 

penetrate the membrane; the inner membrane (IMM), conspicuously folded, forming 

tubular or lamellar structures called cristae, which are connected to it by narrow tubular 

structures, cristae junctions. In between of these two membranes there is the inter-

membrane space (IMS). 

 
Figure 1: mitochondria structure. 

 

The core of the mitochondria is the matrix that includes a vast number of enzymes that 

facilitates biological reactions (except glycolysis), such as pyruvate dehydrogenase (PDH), 
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citrate synthase, carbamoyl phosphate synthetase, pyruvate carboxylase acyl-CoA 

dehydrogenase and transaminases and it is where the mitochondrial DNA (mtDNA) is 

located.  

Two distinct genetic systems encode mitochondrial proteins: mtDNA and nuclear DNA 

(nDNA). mtDNA is a small 16.6 kb circle of double stranded DNA that codes for 13 

respiratory chain polypeptides of respiratory complexes I, III, IV, and V (only complex II 

is solely composed of proteins encoded by nuclear genes) and 24 nucleic acids necessary 

for intra-mitochondrial protein synthesis3. 

Mitochondria are involved in cellular homeostasis. They nourish cells by converting 

energy from carbon sources into ATP (adenosine triphosphate). Additionally, they are 

important for thermogenesis, calcium and iron homeostasis, intracellular signaling and 

apoptosis, various metabolic intermediary pathways including metabolism of amino acids, 

lipids, cholesterol, steroids and nucleotides through oxidative phosphorylation (OXPHOS). 
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1.2 Oxidative phosphorylation mechanism 

Oxidative phosphorylation is the metabolic pathway in which cells use enzymes to oxidize 

nutrients, to release energy which is used to produce ATP. In most eukaryotes this takes 

place inside mitochondria. Pyruvate generated from carbohydrates in glycolysis and fatty 

acids produced from triglycerides are necessary for the oxidative metabolism. These are 

selectively imported into the mitochondrial matrix and turned into acetyl CoA by the 

pyruvate dehydrogenase complex or the -oxidation pathway. The acetyl group then rules 

in the citric acid cycle, which produces substrates for OXPHOS, like NADH and FADH2. 

Electrons generated from NADH are passed along a series of carrier molecules called the 

electron transport chain (ETC), the products of this process are water and ATP. In this 

system, protons are pumped from the matrix across the mitochondrial inner membrane 

through respiratory complexes: I, III, and IV. The protons return to the mitochondrial 

matrix down their electrochemical gradient through ATP synthase, ATP is synthesized via 

complex V converting ADP and phosphate using this potential energy (figure 2). Thus the 

mitochondrion converts energy derived from chemical fuels by an OXPHOS process that is 

more efficient than anaerobic glycolysis. In the mitochondrion the metabolism of one 

molecule of glucose produces about 30 molecules of ATP, while only two molecules of 

ATP are produced by glycolysis in the cytoplasm. 

 
Figure 2: Oxidative phosphorylation and reactive oxygen species (ROS) production in mitochondria . 

 

The diagrams of the mitochondrial inner membrane show key components of the electron 

transport chain (ETC) above, and channels and transporters (below). Reducing equivalents 
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nicotinamide adenine dinucleotide (NADH) and flavin adenine dinucleotide (FADH2) 

produced from the 2 tricarboxylic acid (TCA) cycle feed electrons to the ETC along the 

mitochondrial inner membrane. The electrons flow through the ETC with the following 

sequence: two electrons are removed from NADH and transferred to ubiquinone, obtaining 

ubiquinol, that diffuses within the membrane, while complex I transfers the four protons 

across the membrane. Then complex II transports electrons from succinate, that is been 

oxidized, to coenzyme Q. Then the electrons pass through complex III to cytochrome C 

(Cyt C). Finally, complex IV, cytochrome oxidase, transports electrons from cyt C to O2, 

reducing it in H2O, during which coupled redox reactions drive H+ across the inner 

membrane, forming the proton gradient and the negative mitochondrial membrane 

potential ( ∆Ψ m =−150 to −180 mV). The free energy stored in the proton gradient and 

∆Ψ m, then, drive H+ through the mitochondrial ATP synthase (complex V), converting 

ADP to ATP. An estimated 0.1% to 1% of the electrons leak prematurely to O at 

complexes I, II, or III, resulting 2 in the formation of superoxide (O•− ). Multiple 

important mitochondrial channels located on the inner membrane including mitochondrial 

2 K channels (mito-K ), the mitochondrial Na+ /Ca2+ exchanger (mito-NCX), the inner 

membrane anion channel (IMAC), the permeability ATP transition pore (PTP), and the 

mitochondrial calcium uniporter (MCU) also contribute to the regulation of mitochondrial 

function, myocardial ROS, and cellular cation homeostasis4. 

Human mitochondrial (mt) ATP synthase, or complex V consists in two functional 

domains: F1, situated in the mitochondrial matrix, and Fo, located in the inner 

mitochondrial membrane.  

F1 is composed of three copies of each of subunits α and , and one each of subunits ,  

and . F1 subunits ,  and  constitute the central stalk of complex V. Fo consists of a 

subunit c-ring and one copy each of subunits a, b, d, F6 and the oligomycin sensitivity-

conferring protein (OSCP)5 (figure 3). Therefore, FO is also called C-ring, because it is 

formed by 10 hydrophobic C subunits organized to form an oligomeric ring that makes up 

the FO rotor 6.  The F1 domain is composed by five different subunits located in the 

mitochondrial matrix. Three α and three  subunits are alternative placed to form a ring out 

of a central linear  subunit. Its main role is the catalysis of the reaction between ADP and 

phosphate to form ATP. This is due to a rotational catalysis mechanism in three steps, 

based on a constantly alternate affinity of each one of the three  subunit to ADP and 

Phosphate, to ATP and to none of them. In this way, firstly a  subunit binds ADP and 

Phosphate. Secondly it acquires a major affinity to ATP and, hence, it catalyzes the 

formation of ATP itself. Finally, it loses its affinity to ATP and it releases it into the 
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matrix. FO and F1 domains link together with a lateral bridge, consisting of , α and  

subunits and thanks to  one, which connects  subunit with the c ring. Because of this 

ATPase structure, protons influx and ATP synthesis are deeply connected. 

It is required three conditions to synthetize ATP: a substrate able to be oxidized, as NADH, 

a ADP molecule and phosphate. Obviously, if the oxidation reaction is inhibited, even the 

electron and, hence, the proton fluxes are repressed. Thus, ATPase receives no stimulation 

by the proton motive force to the production of ATP. However, more noticeably, even the 

ATP synthesis inhibition represses the electron flux. Clearly, both the transport of electrons 

and the synthesis of ATP have to happen, without even one of the two processes, the flux 

of electrons is inhibited as much as the ATP synthesis. When Oligomycin A binds the C 

ring, physically inhibits the return of protons to the matrix through ATPase channel and 

eventually the outside of the mitochondrion develops such a large positive charge that the 

electron transport chain can no longer pump protons against the gradient, inhibiting the 

oxidation reactions. 

 

 

 
Figure 3: ATP synthase structure and mechanism. 

 

ATPase can promote either ATP synthesis or the opposite reaction, meaning the ATP 

hydrolysis.  When the cell is in hypoxic status, the transfer of electrons to the oxygen can’t 

be accomplished and the oxidative phosphorylation is interrupted. In this condition, 

ATPase could promote the ATP hydrolysis instead of the synthesis, causing a drastic 

reduction of ATP levels. However, this process can be inhibited by a small protein (84 
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aminoacids) IF1, that binds two molecules of ATP synthase, inhibiting their activity. This 

inhibitor is active only in its dimerization form (figure 4), which happens when pH 

decreases under 6.5. In a hypoxic cell, the main source of ATP is the glycolysis and 

pyruvic acid produced by the anaerobic metabolism, reducing the pH of the cytosol and the 

mitochondrial matrix. This condition promotes the IF1 dimerization7, to inhibit the ATP 

hydrolysis. When the aerobic metabolism is restored, the production of pyruvic acid slows 

down, the cytosolic pH increases, the dimer IF1 becomes unstable and so the inhibition of 

ATPase is removed8. The reactive oxygen species, also, will be regenerated. 

 
Figure 4: ATPase dimer stabilized by IF1. 

 

1.3 Ca 
2+

 homeostasis and mPTP 

It is clearly established that mitochondria play a key role in different pathophysiological 

contexts9. They are very efficient machines for decoding intracellular signals and in 

particular the calcium (Ca2+) one. 

Calcium is mainly stored in endoplasmatic reticulum and in Golgi apparatus, where it 

reaches a concentration of 300-600 µM and 200-500 µM. It is even present at lower 

concentration in the cytosol, which has normally Ca2+ of 100nM. Ca2+ can also be found 

into mitochondria in resting condition of 100nM concentration. 

Ca2+ import across the outer mitochondrial membrane occurs through the voltage-

dependent anion channels (VDAC). VDAC is as a large voltage-gated channel, fully 

opened with high-conductance and weak anion-selectivity at low transmembrane potentials 

(< 20–30 mV), but switching to cation selectivity and lower conductance at higher 

potentials. Ca2+ mitochondrial traffic across the inner mitochondrial membrane  takes place 

essentially through two pathways: i) an electrophoretic “uniporter” that transports 

Ca2+ down the electrical gradient established by the respiratory chain, and ii) a 

Na+/Ca2+ exchanger, mostly expressed in excitable cells (muscle and brain), and a 
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H+/Ca2+ exchanger, that represents the prevailing route in most other tissues. These 

electroneutral antiporters prevent the attainment of an electrochemical equilibrium.  

When the cytoplasmic Ca2+ increases above certain levels (>10 µM), a drastically rise of 

Ca2+ in the mitochondria and matrix is verified. Eventually, when the mitochondria is 

excessing of accumulation of Ca2+, it causes the opening of a non-specific large-

conductance channel in the inner mitochondrial membrane, commonly referred to as the 

permeability transition pore (PTP), that collapses the membrane potential, induces swelling 

of the inner membrane. This occurs because the increased permeability of the inner 

mitochondrial membrane to small molecules mediates equilibration of all low molecular 

weight osmolytes whilst retaining proteins within their respective compartments. Since the 

matrix protein concentration is higher than that in the cytosol and intermembrane space, it 

exerts a colloidal osmotic pressure leading to swelling of the matrix compartment. 

Swelling can occur without inner membrane rupture because the cristae unfold, but as the 

matrix expands, it exerts pressure on the outer membrane that eventually ruptures, making 

the release of the proteins from IMS into the cytoplasm. 

As said before, the inner mitochondrial membrane no longer maintains a barrier to protons 

which leads to dissipation of the proton motive force. The resulting uncoupling of 

oxidative phosphorylation not only prevents mitochondria from making ATP, but the 

proton-translocating ATPase goes into reverse.  

The precise mechanisms of PTP regulation are only partially understood, as the molecular 

structure of the pore remains an unsolved riddle. Assemblage of PTP components might be 

a rare event, to avoid unwanted mitochondrial depolarization and damage. A subset of 

proteins was proposed to constitute core components of the channel. These candidate 

components included: the outer mitochondrial membrane porin, also known as  VDAC 

(voltage-dependent anion channel); the matrix chaperone CyP-D; the adenine nucleotide 

translocator (ANT) in the IMM; and more recently the mitochondrial phosphate carrier 

(PiC)10. 

Cyclophilin D is located in the matrix of mitochondria and it is thought to regulate the 

opening of the pore because cyclosporin A, which binds to CyP-D, inhibits the pore 

opening. ANT, mainly, exports ATP from the mitochondrial matrix and imports ADP into 

the matrix and it regulates the mPTP, as explained above. It can also cause aging-

dependent degenerative cell death (DCD) in yeast, which is sequentially manifested by 

inner membrane stress, mtDNA loss, and progressive loss of cell viability11. The 

mitochondrial phosphate carrier SLC25A3 (PiC) transports inorganic phosphate into the 

mitochondrial matrix, essential for the aerobic synthesis of ATP. It may play a role in 

https://en.wikipedia.org/wiki/Mitochondrial_matrix
https://en.wikipedia.org/wiki/Mitochondria
https://en.wikipedia.org/wiki/Adenosine_triphosphate
https://en.wikipedia.org/wiki/Mitochondrial_matrix
https://en.wikipedia.org/wiki/Adenosine_diphosphate
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mPTP formation12. Induction of the mPTP can lead to cell death, through apoptosis or 

necrosis. 

 

 
Figure 5: A hypothetical model of the mPTP that proposes an interaction among the ANT, PiC and F1Fo 

ATP synthase in the ATP synthasome. 

 

1.4 Mitochondria and apoptosis 

Another main role of mitochondria is the regulation of the programmed cell death 

mechanism, also called apoptosis. During this process, a family of cysteine-aspartate 

proteases known as caspases accelerates cell death through restricted proteolysis of over 

400 proteins. The two main pathways13 through which this cell death process is initiated 

are the intrinsic and extrinsic cell death pathways, both converging on caspase activation. 

In the extrinsic pathway, the cell ends its vital course because of extern signal by ligation 

of  membrane receptors, called death receptors. The tumor necrosis factors (TNF) are 

proteins that indicate to the cell to start the apoptotic process. The death receptors are all 

different, but it seems that they all show a similar structure to FAS (CD95), a 

transmembrane trimer, that binds the ligand-FAS, starting the first step of the apoptosis. 

The receptor is generally accompanied by a transmembrane domain and a DD domain 

(death domain). An adapter, that follows the DD domain, interfaces directly with the 

caspases. 

The extrinsic pathway is mediated by FAS through the activation of caspase 8 that, making 

its dimerization, activates a caspase 3, that interacts with the complex CAD/ICAD14. 

Specifically, caspase 3 cleaves ICAD and thus causes CAD to become activated. So, CAD 

at this point can proceed to the DNA lysis action. Caspases are also called cysteine–

aspartic proteases, because of their cysteine abilities to cleave a target protein only at the 

C-terminal of an aspartic acid amino acid. They are mainly distinguished into initiator 

caspases, able to activate the cascade, such as caspase 8 and 9, and effector caspases, such 

as 3, 6 and 7, responsible for the induction of apoptosis. Because of their important role in 
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cell death, they are normally in an inactive form, called procaspase, which can be turned 

into the active form. 

In the intrinsic pathway, also named the mitochondria-mediated pathway, the signal, that 

starts apoptosis, comes from the intern of the cell. It is a result of uncompensated cell stress 

signaling. For example, exposition to oxygen, excessive accumulation of calcium, DNA 

damage. The main cause seems to be correlated with the mPTP, that modifies the 

permeability of the mitochondrial membrane, plus with the presence of ROS, that induce 

the lipid peroxidation and, consequently, the rupture of OMM, there is the releasing of pro-

apoptotic molecules, including cytochrome C15, that start the apoptotic cascade.   

In physiological activity, cytochrome C leads to the transfer of one electron from ubiquinol 

to oxygen through complex III and IV and it is normally bind to cardiolipin, therefore, it 

cannot be extruded out of mitochondria. During ROS, which are generated as side product 

of ETC or during ischemia reperfusion injury, and Ca2+ induction, cardiolipin is oxidized 

and released cytochrome C out of OMM. Cytochrome C released binds itself to APAF-1, 

generating a multimolecular holoenzyme complex which is called apoptosome. 

Apoptosome is particularly important during apoptosis, because is able to activate 

procaspase 9 into caspase 9, thus inducing caspase cascade activity in an intrinsic way. 

There are other important factors released from the OMM: AIF and Endo G, which are 

caspases-indipendent apoptosis effector, active in DNA degradation onto nucleus and in 

chromatine condensation; SMAC (second mitochondria-derived activator of caspases), 

called also DIABLO (direct IAP-binding protein with low PI) for the fact that inhibits 

cytosolic inhibitor (IAP) proteins thus freeing caspases to activate apoptosis16. 
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Figure 6: Apoptosis pathway. 

 

 

1.5 p53 and mitochondria 

The tumor suppressor gene TP53 and its protein product p53 were discovered in 1979, and 

have since been the topic of intense study in the cancer biology field. 

It has a main role to maintain integrity of genetic heritage, stabilizing DNA and preventing 

mutations. p53 is now known to coordinate diverse cellular functions in response to a 

range of different stresses including oncogene activation, telomere shortening, hypoxia, 

metabolic stress, ribosomal stress, oxidative stress, viral infection, apoptosis and it rules as 

tumor suppressor.  

p53 is a central protective node and its main function is to prevent the propagation of 

damaged cells that are potentially mutagenic by orchestrating defense pathways of 

apoptosis, cell cycle arrest, senescence and DNA repair. Upon activation by a diverse type 

of stress stimuli, p53 induces apoptosis via transcription-dependent and transcription-

independent modes, two fundamentally different but synergistic mechanisms of action. In 
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the nucleus, p53 governs a complex transcriptional program that includes apoptotic target 

genes such as Puma, Noxa and Bax, but also genes with non-apoptotic, cell cycle arrest or 

as yet poorly defined functions. p53 works as tumor suppressor through some mechanisms: 

arresting temporary the cell cycle in G1-S to recognize the cell damage; activating the 

DNA repair through specific proteins; starting the apoptotic process, when the damage is 

irreparable.  

There are two classes of transcriptional targets involved in the apoptotic process:  

the components of the cell death extrinsic signals pathway (Death Receptor DR, TNF, 

receptors R); the main components of the intrinsic apoptotic pathway, mitochondria 

(APAF-1, key component of apoptosome, PUMA, NOXA). 

The intensive study of these surprising pathways has identified mitochondria as a major 

site of transcriptional-independent apoptotic activity of p53. Indeed, numerous publications 

report that p53 itself relocates and induces apoptosis directly at mitochondria, via the 

interaction with members of the Bcl-2 family17. This interaction leads to the induction of 

MOMP (mitochondrial outer membrane permeabilization). The direct or indirect activation 

of Bak and Bax proapoptotic members plays a central role in this mechanism. Binding of 

p53 to Bak, an intrinsic outer mitochondrial membrane, was found to catalyze Bak 

activation and cytochrome c release. Characterization of the p53–Bak interaction revealed 

the crucial importance of the DNA binding domain of p53 for interacting and 

oligomerizing with Bak. 

 

1.6 Interaction p53-MDM2 and cancerogenesis  

P53 is regulated by a protein MDM2 (Murine Double Minute 2). It is an enzyme, 

ubiquitin-ligase E3: the third one involved in the ligation of ubiquitin (Ub) to the proteins. 

At first the ubiquitin is activated with a molecule of ATP, through a thioester bond 

between the carboxyl functional group of the ubiquitin terminal Gly and the residue of Cys 

of enzyme E1. Successively, Ub is transferred to the active site of enzyme E2, where it is 

another Cys residue. At this point the ubiquitin-protein-ligase (E3) interacts with the 

hetero-dimer E2-protein to degrade. Ub binds Lys portion of the protein to eliminate, 

which happens in the proteasome. The ubiquitination process of p53 in the nucleus starts 

with signals of transportation that mediate the migration of p53 to the cytosol, where 

depending on the sites and the numbers of Ub bounded, there are many different pathways. 

Generally, there is an equilibrium between MDM2 and p53 expression: when there are 

events that induce the raising of the p53 expression, it causes the enhancement of the 

MDM2 expression too, that inhibits p53. But this p53-MDM2 system doesn’t work when 
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there are tumor cells, because there is an increase MDM2 that causes the degradation of 

p53, inducing problems of maintaining the integrity of genome. Some studies show that 

mdm2, the gene coding for MDM2, is a proto-oncogene, meaning that it can become an 

oncogene if there is an increase of its expression18, 19. 

To prevent or to decrease the interaction between p53 and MDM2 would give as 

consequence an enhancement of the tumor suppressor p53 activity and this could be a 

promising new strategy to apply in cancer cure.  About that, a possible approach for the 

therapy could be to avoid the interaction p53-MDM2 with molecules able to bind the two 

proteins and, then, leaving p53 free to express its function of tumor suppressor.  

 

 
Figure 7: Regulation of p53 by MDM2. p53 and MDM2 form an autoregulatory feedback loop.  

 

In the cancerogenesis framework it could be placed the MAGMAS (mitochondria-

associated granulocyte macrophage CSF signaling molecule) protein.  

Magmas is a mitochondrial protein, it is 13 kDa and it is expressed in the eukaryotic cells.  

It is supposed that this protein is involved in transduction signals of factors stimulating 

colonies of macrophages-granulocytes (GM-CSF); it is formed by 125 aminoacids with a 

leader sequence that includes 21 aminoacids, among which many are hydrophobic, some 

basic and none acid. 

It was possible to isolate the Magmas mitochondrial gene induced by GM-CSF and it was 

evaluated that its expression is variable in all tissues, but a big quantity of the protein is in 

the heart, in the skeletal muscle and in the pituitary gland. The induction of Magmas by 

GM-CSF could be a compensatory response to the energy required by cells, also it could 

be related to the cell differentiation or the reduced proliferation. 
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Magmas is located in the mitochondrial inner membrane and it is highly conserved, it is 

essential for mitochondrial activity and cell survival. This protein can also be called as Tim 

16 or Pam 16. With the cooperation between Tim 14 (Pam 18) and Tim 16 and the 

formation of heterodimer, Magmas is able to regulate the carriage of protein precursors in 

the mitochondrion through transport proteins. It exists, also, a strong collaboration between 

protein complexes in IMM (as Tim 23) and the ones in the OMM (as TOM). The structure 

of the import protein is obtained through the crystals analysis of the complex 

Tim16/Tim14 in a solution of sodium citrate with pH 7 and published in 2006 20. 

 

 

Figure 8: Import of protein precursors with a pre- sequence N-terminal (red) requires a cooperative action 

between TOM (grey) in the OMM and the TIM23 (orange) in IMM.  
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Figure 9: N-terminal arm of Tim14 embraces Tim16. (above) Ribbon model of Tim14–Tim16 heterodimer 

given in stereo representation. Tim14 is shown in red, Tim16 in blue. The N-terminal arm of Tim14 is 

highlighted in green. (below) Stereo representation of interacting parts of Tim14 and Tim16. Tim 14 is 

shown as ribbon model, Tim16 as surface model. The N-terminal arm of Tim14 that embraces helix III of 

Tim16 is represented as balls-and-sticks model, carbon atoms are colored in green, oxygen atoms in red and 

nitrogen atoms in blue. 

 

Since Magmas is a gene that induces GM-CSF and it is involved in the transport of 

mitochondrial proteins, some studies have been accomplished to evaluate the effect of the 

gene expression in healthy and neoplastic tissues. It is been examined a prostatic tissue 

with carcinoma where it is expressed the receptor GM-CSF: comparing the healthy 

prostatic tissue with the malignant one, it is been showed that the first one has higher levels 

of magmas than the other in two cases of three. 

These results don’t get along with the immunohistochemical studies where the high gene 

expression is in the malignant cells. One possible interpretation of this is that the 

expression of the gene magmas could be regulated post-transcriptionally in the prostatic 

cancer21. But the rule of the gene in this cancer is not clear yet; other factors could be 

involved, as resistance to the apoptosis, sensibility of growth factors in cancer cells. 

For this reason, there are many studies about Magmas and, specifically, if it can regulate 

the mitochondrial activity, if it is overexpressed or mutate in the malignant cells. The 

results could give a new approach to the cure of the prostatic cancer.  
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2. Ischemia and Reperfusion Injury (IRI) Inhibitors 

2.1 Aim and objectives 

Ischemia is a restriction in blood supply to tissues, causing a shortage 

of oxygen and glucose needed for cellular metabolism (to keep tissue alive). Ischemia is 

generally caused by problems with blood vessels, with resultant damage to or dysfunction 

of tissue. It also means local anemia in a given part of a body sometimes resulting from 

congestion (such as vasoconstriction, thrombosis or embolism). Ischemia comprises not 

only insufficiency of oxygen, but also reduced availability of nutrients and inadequate 

removal of metabolic wastes. Ischemia can be partial (poor perfusion) or total. 

Thus, physicians and biomedical researchers have strived to better understand the 

underlying mechanisms of ischemia-induced tissue damage for almost two centuries, with 

the hope for developing therapies to limit the devastating health and economic burdens 

imposed by disorders characterized by reductions in organ-specific blood flow. 

Discoveries reported over the past 30 years have been particularly impressive, vastly 

increasing our understanding of the molecular, cellular, tissue-specific, as well as systemic 

events that occur during ischemia per se. Evidence supporting the concept that reperfusion 

could paradoxically induce and exacerbate tissue injury and necrosis was also discovered 

early in this period and provided a major impetus for research because this component of 

tissue injury is amenable to therapeutic intervention22.  

During ischemia, ATP synthesis is inhibited, and existing ATP is cleaved into ADP and 

phosphate. Since oxidative phosphorylation is interrupted, proton ions accumulate into 

mitochondrial matrix and pH quickly decreases. In order to raise the pH, Na+-H+ exchanger 

is activated and there is an influx of Na+ into mitochondrial matrix. However, since Na+-K+ 

ATPase is also inactive during ischemia, the accumulation of Na+ induces Na+-Ca2+ 

antiporter with reverse activity. The final result is a Ca2+ accumulation into mitochondria 

and its inhibited reuptake by ER23. 

Reperfusion is needful to save the cells, however, it is also the cause of necrosis. That 

happens because when the capillary flow resumes, the catabolites that have accumulated 

are cleared and pH rises quickly. So, since ETC still inactive and ROS generated, these are 

inductors of mPTP opening and also they contribute to the decrease of IMM 

transmembrane potential, inducing the apoptosis intrinsic pathway. 

Ischemia-reperfusion injury concerns microvascular dysfunction in most organs and this is 

very dangerous and problematic in medical/surgical procedures, such as thrombolytic 

therapy, organ transplant, cardiopulmonary bypass. Since the mPTP seems to have a key 

https://en.wikipedia.org/wiki/Blood
https://en.wikipedia.org/wiki/Tissue_(biology)
https://en.wikipedia.org/wiki/Oxygen
https://en.wikipedia.org/wiki/Glucose
https://en.wikipedia.org/wiki/Cellular_metabolism
https://en.wikipedia.org/wiki/Blood_vessel
https://en.wikipedia.org/wiki/Anemia
https://en.wikipedia.org/wiki/Vasoconstriction
https://en.wikipedia.org/wiki/Thrombosis
https://en.wikipedia.org/wiki/Embolism
https://en.wikipedia.org/wiki/Nutrient
https://en.wikipedia.org/wiki/Metabolic_waste
https://en.wikipedia.org/wiki/Perfusion


16 
 

role in the IRI, part of my project is the synthesis of some inhibitors, with the opening 

channel as target. 

There are few agents known to be indirectly active as mPTP inhibitors, for example 

Bendavia, which interact with cardiolipin and is able to reduce ROS production and to 

maintain ETC activity during reperfusion, avoiding disproportion with gradient 

equilibrium. There are also some agents known to inhibit with alternative mechanism mPTP. 

One of them is Cyclosporin A (CsA), known since 1990 to bind mitochondrial cyclophilin D 

(mCypD), one of the most important member of mPTP, which is, hence, inhibited. 

 

Figure 10: Bendavia and Cyclosporin A structures. 

 

The most known inhibitor of mitochondrial ATP synthase is Oligomycin24, that is a 

macrolide with a 26 membered lactone ring, isolated from Streptomyces 

diastatochromogenes. It binds at the interface of subunit a and c-ring, blocking the rotary 

proton translocation in Fo. If the enzyme is well-coupled, the activity of F1 is also blocked. 

The mechanism provides that a subunit of mitochondrial F1-portion that connects F1 with 

Fo was named oligomycin-sensitivity conferring protein (OSCP). This is important to 

couple F1 and Fo and so, making the first one sensitive to Fo inhibitor oligomycin. 

The southern part (red in figure 11) of this macrolide binds to the surface of c10-ring and 

the carboxyl side chain of Glu59, which is essential for proton translocation, forms an H-

bond with oligomycin via a bridging water molecule. The remaining contacts between 

oligomycin and subunit c are mainly hydrophobic25 (figure 11). 

Taking this molecule as reference compound for mPTP opening inhibitor, the 1,7-

dioxaspiro[5.5]undecane portion of Oligomycin A could be an interesting starting point for 

the construction of new compounds libraries. Starting from evidences in a student’s work 

thesis26, where it was developed a synthetic approach that allowed us to obtain  

spiromolecules, having one spiro center as Oligomicyn A, we decided to advance the 
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research, synthetizing new molecules, having two spiro centers, to improve the activity. 

Specifically, I worked on synthesis of molecules having a dispiropyrrolidine structure, 

using Isatine and 5-Fluoroisatine as reagents and modifying many positions (Figure 12).   

 

                       

Figure 11: Structure of Oligomycin A and its connections with c-ring. 

 

As shown in figure 12, several compounds have been obtained from Isatine and 5-

Fluoroisatine, maintaining the same scaffold but with different modifications at key 

positions. Specifically we introduced diverse (poly)cyclic ketones without or with N-

alkylation at the isatine nitrogen (a,b,c). In addition, we synthetized a small library of N-

benzyl-piperidone derivatives with the general structure (d). We chose these last molecules 

because of the presence of two spiro centers that gives rigidity to the structure and also for 

their steric hindrance. They could be potentially interesting as inhibitors as well (Figure 

12). 

 

 

Figure 12: General structures of the compounds library. 
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2.2 Discussion   

The target dispiropyrrolidine compounds have been synthetized through “one-pot 

reactions”. These reactions are called, also, “tandem reactions” or “domino reactions”. In 

this kind of processes, isolation of intermediates is not required, as each reaction 

composing the sequence occurs spontaneously. So, no new reagents are added after the 

initial step.  

This category of multicomponent reactions can be included in “green chemistry”, since the 

purification of intermediates is not required, meaning there is an economic reduction of 

time, costs and labor. These cascade reactions are very innovative, starting from a simple 

substrate, complex organic molecules will be obtained. They work with a mechanism that 

permits to have each atom of the reagents included in the final product.  

Isatine has been used in biological field for being a precursor of many natural compounds.  

5-Fluoro Isatine seems to have some interesting pharmacokinetic properties about the 

metabolism process. 

 

Figure 13: Isatine structure                                                               Figure 14: 5-Fluoroisatine structure 

 

Another approach to synthesize di-spiromolecules led to a library of di-spiropiperidone-

tetrahydrothiophene heterocycles via Micheal addition between the intermediate formed 

from  N-benzyl piperidone reacted with different aromatic aldehydes, through a double 

aldolic reaction, and 1,4-dithiane-2,5-diol in presence of triethylamine. 

Tetrahydrothiophene is found in many natural and synthetic compounds that show 

biological activity: antibacterial, antioxidant, enzymatic activities27,28.   

Piperidone is interesting for many properties as anticancer, anticonvulsant, antimicrobial 

and anti-inflammatory29. 

                                                                      

Figure 15: intermediate by double Aldolic reaction.                Figure 16: general structure of N-

benzylpiperidone-

tetrahydrothiophene derivatives.        
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2.2.1 Synthesis of dispiropyrrolidine derivatives using Isatine  

Many compounds have been synthetized with Isatine as scaffold. It reacts with sarcosine 

and different cyclic ketones to give dispiropyrrolidine compounds with similar structures. 

 

 

Scheme 1: Isatine derivatives library. 

 

We firstly evaluated aliphatic cyclic ketones; then, we decided to use aromatic ones, as for 

example α-tetralone and acenaphthenone, inserting more aromatic elements, to increase the 

hydrophobic interactions with the enzyme.  

Another strategy it was to alkylate the amide nitrogen with benzylbromide to increase the 

steric hindrance.  

Moreover, I tried to use a different amino acid. So, instead of sarcosine, I utilized -

alanine, previously alkylated through a reductive amination by benzaldehyde. 
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Scheme 2: Isatine derivative using benzyl- -alanine. 

 

In these conditions the reaction with isatine and cyclohexanone to give dispiropyrrolidine 

derivative didn’t go well. The difficulty has been to purify the product, also obtained in 

low yield, because it comes as a diastereomeric mixture, confirmed from TLC and analytic 

HPLC, that shows two inseparable peaks, even by preparative HPLC. Also, our hypothesis 

is supported by NMR spectrum that shows unclear double peaks. 

So, we left this strategy to go back to the one using sarcosine.  

 

2.2.2 Synthesis of dispiropyrrolidine derivatives using 5-fluoro Isatine 

A second small library was made from a synthesis using 5-fluoro Isatine, since from the 

pharmacodynamics profile, having a fluorine atom in para position compared to the most 

electronegative atom, seems to be interesting to avoid the metabolic degradation.   

 

Scheme 3: 5-fluoro Isatine derivatives library. 
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2.2.3 Reaction mechanism for the synthesis of dispiropyrrolidines 

 

 

 

 

Scheme 4: mechanism of dispiropyrrolidines. 

 

The reaction between isatine and sarcosine is known to give the azomethine ylide 

formation 11. The imminium ion 5 undergoes two reactions hypothetically: a) 

decarboxylation to give 11 and b) nucleophilic substitution to give glycolic acid 7, that 

undergoes the carboxylation after the reaction with isatine 1, giving formaldehyde. 

Presumably, 11 reacts with formaldehyde to give imminium-alcohol 12, that with the keto-
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enol 3 to obtain 13; it cyclizes and after the dehydration it is obtained the 

dispiropyrrolidine 4.        

The mechanism hypothesized by a work in literature30 suggests that the reaction 

stoichiometry should be 2:2:1 (isatine:sarcosine:ketone); but it can actually be 1:1.5:1, 

since I obtained good yields, because of the isatine regeneration by dihydroisatine 10
30. 

  

2.2.4  Synthesis of dispiropiperidone-tetrahydrothiophene heterocycles 

The other small chemical library synthetized was the dispiropiperidone-

tetrahydrothiophene heterocycles. This synthesis is carried on in two steps:  

1- From N-benzyl piperidone, after a double Aldolic reaction, it is alkylated in 

positions 3 and 5; 

2- This product reacts with 1,4-dithiane-2,5-diol, in presence of triethylamine.  

To obtain these compounds, at first, N-benzyl piperidone is made to react with different 

aromatic aldehydes. Through a double Aldolic reaction, followed by dehydration, the 

ketone is alkylated in positions 3 and 5. 

Then, this product is used as an intermediate to start a second reaction with 1,4-dithiane-

2,5-diol, obtaining a double cyclization through a tandem reaction, which is Michael 

reaction.    
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Scheme 5: N-benzyl piperidone-tetrahydrothiophene heterocycles library. 
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2.2.5 Reaction mechanism to synthetize dispiropiperidone-

tetrahydrothiophene heterocycles  

 

2.2.5.1 Aldolic Reaction 

The first step is to alkylate N-benzyl piperidone in positions 3 and 5. 

 

Scheme 6: Aldolic reaction mechanism. 

 

N-benzyl piperidone 26, in its enolic form, which works as nucleophile, attacks the 

aromatic aldehyde. It is obtained the intermediate 40, which it can be seen as a -

hydroxyketone, that dehydrates thanks to the base (in this case NaOH); the monoalkylated 

41 attacks for a second time another molecule of aldehyde and so, it is achieved the final 

product 42, with  the two positions 3 and 5 alkylated. 

 

2.2.5.2 Tandem Micheal reaction 

Once obtained the product 42, the next reaction is a Micheal reaction and it is a tandem 

reaction, to give a final dispiro center compound. 
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Scheme 7: Michael reaction mechanism. 

 

The 2-mercaptoacetaldehyde molecules generated from the equilibrium with 1,4-dithiane-

2,5-diol 33, are deprotonated by the triethylamine (TEA) . The anion starts the Micheal 

addition over one of the conjugated double bonds of 43 in a stereoselective manner. 

Thanks to the aldolic reaction immediately after, it is obtained the monospiranic 

intermediate 44.  The next step is made by another mercapto acetaldehyde deprotonated in 

the same way, obtaining at the end the final product 45. 

It is interesting to know that the second  annulation involving the reaction of another anion 

of 2-mercaptoacetaldehyde to the monospiro intermediate again occurs on the same side as 

the initial Micheal addition presumably in a bid to obviate its steric interaction with the 

initially generated benzylic carbon 44
29. 

Moreover, at the beginning I used a procedure that suggested to use DCM with catalytic 

quantities of TEA, but this didn’t give me good results. So, following a second procedure, I 

changed the solvent in EtOH absolute and stoichiometric quantities of TEA, added at cold 

temperature31. This approach gave good results.  
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2.3 Conclusions and results 

The aim of the thesis was to synthetize dispirocenter compounds as mPTP inhibitors. 

Different synthetic strategies were used, to give three different chemical libreries. The 

synthesis of dispirocenter from isatine and 5-fluoro isatine with different cyclic ketones has 

been studied and the yields were high.  

The other type of reactions was from the piperidine as scaffold. 

These kind of reactions are different from the isatine derivatives and we are trying to 

optimize the conditions and to evaluate the optic purity. In some cases, it was not possible 

to obtain only dispiranic derivateves because for some the preference was to the 

monospiranic ones. This should be an advantage for synthetizing asymmetric molecules to 

be tested as mPTP inhibitors. 

Finally, I can say that I reached the results I prefigured and this allowed us to evaluate the 

compounds with biological preliminary tests about their activity. In the future it will be 

possible to synthetize spiranic derivatives considering a variety of substitutions on the 

nucleous of the structure in a coherent way with the biological results. 

A selection of these compounds were tested in order to determine their potency in 

inhibiting mPTP complex through the binding to the c-ring. To this aim, a Co2+-calcein 

assay has been performed, as it directly and efficiently allows to misure mPTP opening. 

Specifically, the protocol was applied by the research group of professor P. Pinton at the 

Dept. of Morphology, Surgery and Experimental Medicine of the University of Ferrara. 

This method is based on the decrease in calcein fluorescence, which is related to the mPTP 

opening.  

Calcein AM, a non-fluorescent acetomethoxy derivate of calcein, is used in this protocol. 

Basically, calcein AM diffuses into cellular compartments, where it is then hydrolized by 

estereases. In this form, the calcein is no longer able to diffuse reamining trapped and 

acquiring green fluorescence properties, visible under fluorescency microscopy. 

This protocol is applied to tumoral HeLa intact cells and there is a need to visualize 

selectively the mitochondrial calcein fluorescence. So, Co2+ is used, since it is a metal ion 

able to totally quench calcein emission and it is not connected to the mPTP opening 

pathway. When mPTP is closed, Co2+ is not able to influx into mitochondria. On the 

contrary, mPTP opening induce Co2+ entry into mitochondria, hence, a decrease in calcein 

fluorescence, which is used as mesaure for mPTP opening.  

For this reason, the administration of a mPTP opening stimulus (as ionomycin-mediated 

Ca2+ influx) is used and the system monitored as vehicle and control. 
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When a mPTP opening inhibitor have been pre-administrated to the system, this result in a 

neat inhibition of calcein decrease. In a protocol32 Cyclosporine A (CsA) was used for this 

purpose, as interact with Cyclophilin D (mCypD). As mentioned in the introduction 

section, mCypD is a component of the complex mPTP and its inhibitor CsA is tipically 

used to conduct mPTP opening studies. 

 

From the preliminary tests on a variety of compounds, taking as reference PP41 (figure 

17), that was already tested and showed already a good potency of inhibition (about 40%), 

some compounds showed also potential good results as mPTP opening inhibitors.  

As it is noticeable in figure 17, the compounds 22, 24 and 35 inhibit the pore opening in a 

relevant way: from 60% to a number very close to 100%. 

Other tests will study in deep their activity. 

 

Figure 17: Best activity of IRI inhibitors. 

 

In the follow graphic it is possible to see the results from the elaboration of these 

preliminary tests, where Ctrl is the ionomycin, as agonist of the mPTP opening. The 

concentration of the inhibitors are 5µM for these preliminary tests. Normally, the 

concentration is lower. 

 

Graphic 1: preliminary tests Co2+-calcein assay. 

Ctrl    18         20       22         19       24       22         23      35       PP41 
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3 Nutlins as anti-cancer drugs 

3.1  Aim and objectives  

Among the different therapeutic strategies evaluated pharmacologically, the attention has 

been focused on the drug design able to modulate the p53-MDM2 interaction. The 

structure of this complex p53/MDM2 is known pretty well, as a matter of fact there is a 

tridimensional structure available with specific interaction sites of the MDM2 hydrophobic 

pocket33. The interface between the two proteins is very small and this makes possible to 

think about new molecules with low molecular weight and so, with a high oral 

bioavailability.  

Among the various classes of compounds studied to inhibit the MDM2, only three showed 

an interesting pharmacological profile: cis-imidazolines, benzodiazepine-diones and spiro-

oxindoles (figure 18).       

 

Figure 18: cis-imidazolines, benzodiazepine-diones and oxindoles structures. 

 

The shared structure is a heterocyclic scaffold that supports three lipophilic groups 

mimicking the p53 α-helix conformation that exposes three lipophilic residues inside the 

pocket: Phe19, Trp23 and Leu26 (Figure 19).   

 

Figure 19: X-Rays structure of interaction between MDM2 and p53. 
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Some modifications have been made to these compounds. In particular, a polar group has 

been added to increase the solubility, in the same time one or more halogens as substituents 

in the aromatic functions allowed to improve the interaction intensity34. 

Nutlins, which is the first and more important class of small molecules, are cis-imidazoline 

analogs which inhibit the interaction between MDM2 and tumor suppressor p53. The most 

important is Nutlin-3, which is commonly used in anti-cancer studies. 

This MDM2 inhibitor has been discovered since 2004 by Vassilev et al., Hoffmann-La 

Roche Company (HLR) research group, through a specific screening among compounds 

library in Nutley, New Jersey. It is known that the two enantiomers of Nutlin-3 are 

different in affinity to MDM2, in particular (-)-Nutlin-3 is a p53 inductor 150 fold more 

potent than its enantiomer (+)-Nutlin-3.  

The aim of this project was to find a synthesis pathway to obtain only (-)-Nutlin-3 as 

product, instead of the racemic mixture of the two enantiomers, as mostly reported in 

literature.   
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3.2 Discussion 

3.2.1 Synthesis of racemic Nutlin-3 

Most of the synthesis in literature utilize the meso-diamine as building block, that is 

obtained through five steps starting from the 1,2-diphenylethan-1,2-dione (scheme 7), as 

described in Hoffmann-La Roche Company (HLR) synthesis35.     
 

 

Scheme 8: Synthesis of meso-diamine. 

 

The methods to synthetize cis-imidazoline scaffold, starting from meso-diamine 46, can be 

classified in two categories: 1) through the formation of monoamide 47, followed by 

cyclization, or 2) through condensation and cyclization in one step. 
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Scheme 9: First method to synthetize cis-imidazoline. 

 

In the first case (Scheme 9) there is the problem of di-acylation and the low yield of 

cyclization reaction. Specifically, with the use of 1,1’-carboyldiimidazole (CDI), the 

mono-acylation is not favorable compared the di-amide 48
36. The cyclization with POCl3 

gives the formation of 49 in high quantity37. With para-toluenesulfonic acid the reaction 

with 47b doesn’t reach the completeness because of the formation of its anhydride, while 

47a gives high yield38.  
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Scheme 10: Second method to synthetize cis-imidazoline. 

 

In the second case (Scheme 10), the condensation-cyclization of meso-diamine with ester 

52a can work using with an alkyl-aluminum, that besides to be pyrophoric, it is not easy to 

work-up because of colloidal character. 

The use of boric acid is another synthetic strategy to prepare 50-HCl in large scale.  

The imidazoline nitrogen is acylated by the use of phosgene, a gas very toxic, so it is 

preferable to use its synthetic equivalent, the triphosgene, less toxic and dangerous because 

also it is a solid. 

 

As it is known, a prochiral compound as meso-diamine 46, in absence of chiral agents, 

gives the racemic mixtures, because the possible transition states are enantiomeric and also 

isoenergetic. The enantiomers of Nutlin-3 have different activity, so the racemic mixture 

has to be treated to separate the pure enantiomer (-)-Nutlin-3. It can be used the 

supercritical chiral chromatography (FSC)39 or a resolution with chiral derivatives38.   

The separation is difficult, not cheap and it doesn’t follow the concept of atom economy, 

because the 50% of the product is lost. 

In general, synthetic methodologies that allow to be enantioselective, especially in 

pharmaceutical field, it is an important challenge from organic synthesis point of view. 
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3.2.2  Asymmetric synthesis of (-)-Nutlin-3 

In literature there are not many strategies to develop an enantioselective synthesis of (-)-

Nutlin-3. Only studies by Johnston et al. found the first and efficient way to synthetize the 

active enantiomer of Nutlin-3, with a high enantiomeric excess40,41,42. 

 

 

Scheme 11: asymmetric synthesis by Johnston et al. 

    

A step very important of this synthesis (Scheme 11) is the addiction of aryl-nitromethane 

55 to the N-Boc-immine 54, through the aza-Henry (or nitro-Mannich) reaction diastero- 

and enantio-selective, organocatalyzed by MeOPBAM. 

The next reduction of the nitro group with cobalt dichloride and NaBH4 gives a mono-

protected diamine, asymmetric (not meso anymore), that reacts with the 2-isopropoxy-4-

methoxybenzoic acid to give the amide 56. After deprotection, the primary amine is 

acylated with CDI, followed by 2-piperazinone. Finally, with phosphonium anhydride 

(Hendrickson reagent)43, obtained in situ from triphenylphosphinoxide (PPO) and 

trifluoromethanesulfonic anhydride, it happens a chemoselective cyclization by 

dehydration of urea-amide 57.  
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The disadvantages of this procedure are the high number of steps and purification through 

chromatography (considering also the preparation of the building blocks 54 and 55); the 

high cost of the cobalt dichloride; the difficulties of the purification of the final product 58 

because of the presence of PPO. 

 

3.2.3 Synthesis of a precursor of (-)-Nutlin-3, enantiomerically enriched. 

In 2011 Seidel et al. reported an interesting asymmetric reaction to prepare a mono-

protected diamine.  

 

Scheme 12: Synthesis mono-protected diamine 60. 

 

It is a reaction of desymmetrization (scheme 12) of the compound 46, using a new concept 

of nucleophile asymmetric catalysis, applied to the acylation with benzoic anhydride to the 

cis-1,2-diamine.  

In general, to use nucleophile chiral catalysts44 to acylate amines asymmetrically is very 

difficult because of the high nucleophilicity of primary amines. So, instead of this kind of 

catalysts, it is used an achiral catalyst, 4-dimethylamine pyridine (DMAP), in combination 

with a chiral anions receptor, called HB-Catalyst (Hydrogen Bonding Catalyst), as a 

thiourea45. By a screening of different chiral receptors, the amide-thiourea cat-1 is been 

identified and synthetized46,47 to optimize the reaction conditions to be more efficient in 

giving high yields and enantiomeric excess (figure 20). 

 

 

 

Figure 20: Structure of HB-catalyst (cat-1). 
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3.2.4 Co-catalysis DMAP-thiourea 

 

It is known that amino derivatives of pyridine with a strong electron-donor (as –NMe2 in 

DMAP), induce an acceleration of transfer speed of acyl, through a cationic intermediate 

N-acyl dimethylamino-pyridinium that, with the counter ion, makes an achiral ionic 

couple.  There is an increase of reactivity because of the concentration of equilibrium of N-

acyl dimethylamino-pyridinium48 intermediate and its higher electrophilicity.  

This pathway is commonly used in nucleophile asymmetric catalysis to transfer an acyl, 

introducing on the pyridine ring a chiral group49.   

 

Scheme 13: Chiral ionic couple by the cation pyridinium. 

 

Siedel et al. demonstrated that the effect that makes the cation pyridinium more reactive 

than the acylant agent, that generated it, can be improved if the counter ion is stabilized 

through a specific H-bonds donor: HB-catalyst. It is possible to have enantio-selection if 

the catalyst is enantio-pure. So, the ionic couple is made chiral in situ after a series of 

balances and the chirality is given by the anion (scheme 14).  

 

 

Scheme 14: chiral ionic couple made in situ. 

 

The advantages of this new approach compared the use of chiral derivatives of DMAP are: 

 The HB-catalyst gets the counter anion, leaving free the N-acyl pyridinium 

intermediate, increasing the electrophilicity; 

 The right choice of the reaction conditions makes the chiral ionic couple more 

soluble than the achiral one, facilitating the enantio-selection; 

 It is possible to use DMAP in stoichiometric quantities. 
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My work was to identify an easy, cheap and with not many steps procedure for an 

asymmetric synthesis of (-)-Nutlin-3, applying the concept of co-catalysis DMAP-thiourea 

chiral, developed by Seidel et al. to desymmetrize meso-diamine 46 with a symmetric 

anhydride (2-isopropoxy-4-methoxy benzoic anhydride).  

 

Therefore, the retrosynthetic approach is this: 

 

 

Scheme 15: Retrosynthesis of (-)-Nutlin-3. 

 

 

 



37 
 

3.2.5 Preparation of meso-diamine 46 

To prepare meso-diamine 46 the synthesis consists in two steps and it is efficient and 

stereospecific, without purifying through a chromatography; the yield is higher than the 

ones reported by HLR. 

 

 

Scheme 16: Synthesis of  46. 

 

In the mechanism of the first step the ammonium gives the trichloro-hydrobenzamide 62, 

that is deprotonated by a base and gives the ring formation to obtain the cis-

trichloroamaridine 63, analyzed by mass spectrometry. The intermediate 63 reacts with 

another molecule of p-chlorobenzaldehyde 61, obtaining the benzyliden-amide 64 (Scheme 

17). 

 

Scheme 17: Mechanism for the preparation of 64. 
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A collateral reaction, probably for the oxygen in the air, is the formation of the 65, not 

possible to hydrolyze in acid water. The opening of the cis-imidazoline ring with AlH3 at 

0°C in THF didn’t give any results. 
 

 

Figure 21: Aromatic trichloroamaridine structure. 

 

To avoid or reduce the formation of 65, the reaction is conducted in anaerobic atmosphere 

with presence of Argon. 

 

3.2.6 Preparation of anhydride 69 

The commercial 4-methoxy salicylic acid 66 is been alkylated with 2-bromopropane in 

presence of 4 equivalents of K2CO3 in DMF reflux for 3.5 hours to give the derivative 67 

with a 98% yield.  

The next step in EtOH with a solution of NaOH 2N gives the product 68 with good yield 

(94%) without needing the purification. The anhydride 69 is obtained from the reaction of 

68 with tosyl chloride. In this last step it is used a solvent-free method, giving a high yield 

(96%). 

   

 

Scheme 18: Preparation of anhydride 69. 

 

An alternative way to synthetize 69 was using the benzoic anhydride, in absence of 

solvents with acyl chloride and sodium 2-isopropoxy-4-methoxy benzoic salt in presence 

of DABCO (1,4-diazobicyclo[2.2.2]octane). But this procedure is been set aside because of 

low yields and the high numbers of steps. 
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3.2.7 Reaction of asymmetric acylation of meso-diamine 46 through DMAP-

thiourea co-catalysis 

 

The desymmetrization of meso-diamine 46, through the co-catalysis between DMAP 

thiourea cat-1 as HB catalyst, is an asymmetric acylation with 2-isopropoxy-4-methoxy 

benzoic anhydride 69. 

 

 

Scheme 19: Asymmetric acylation of meso-diamine. 

 

The hypothesis of the desymmetrization mechanism  provides the equilibrium between the 

acylation of DMAP and the N-acyl pyridinium cation, that gives the achiral ionic couple 

70. After adding cat-1 a second equilibrium is formed, that gives in situ the chiral ionic 

couple 71 with benzoate anion (scheme 20). The complex 71 has a steric hindrance that 

permits that the approach to the meso-diamine 46 comes preferably from only one side and 

the nucleophile attack to the carbonyl of N-acyl pyridinium happens from only one amine 

group of 46. The fact that there is a discrimination of -NH2 groups allows to obtain an 

enantiomeric enriched mixture of 56. 
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Scheme 20: Hypothesis of the mechanism. 

 

The conditions used as first were the same of the Seidel and coworkers protocol48 . 

This one provides: 1) the anhydride 69 reacts with DMAP in toluene at -78°C with 

molecular sieves MS-4Å for 15 minutes; 2) adding amide-thiourea cat-1 in catalytic 

quantities (10%) in toluene and after 15 minutes adding diamine 46; 3) after 1h, to add 

TEA and to leave stirring at -78°C until the anhydride disappeared.  

The yield of this procedure was very low and so it was necessary to optimize the reaction 

conditions, keeping in mind the mechanism that determines the selectivity. So, different 

parameters for the conditions are been studied, to improve the yield and the enantiomeric 

excess:  

- Temperature; 

- Time of reaction (when and how to add reagents); 

- Quantity of DMAP and cat-1; 

- The concentration. 

 

Temperature 

Working at room temperature the reaction, after adding all the reagents, the enantiomeric 

excess was 3% (entry 1, table 1). Increasing the catalytic quantity from 10% to 20% good 
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selectivity is been reached (entry 2, table 1). That probably means that the existence of a 

competition between the enantioselective way, having as intermediate 71, and the non 

enantioselective way, at room temperature, the first one is in majority.  

This hypothesis is confirmed by the background reaction between  69 and one equivalent 

of 46 in absence of DMAP and thiourea cat-1 at rt. In these conditions the racemic product 

(± 56) is obtained in 30 minutes with a yield of 46% (entry 3, table 1). The anhydride 69, 

then, at room temperature shows a high reactivity to 46. 

 

Time of reaction 

Using benzoic anhydride as substrate, the concentrations of the equilibrium between 

DMAP and N-acyl pyridinium salt are reached in 15 minutes at -78°C. But, verifying 

through mass spectrometry, the required time to obtain the intermediate 70, with the 

anhydride 69, is longer: the best results obtained were leaving stirring at rt 69 and DMAP 

for 18 hours, before to add thiourea and diamine (entry 7, table1). 

From these data it can be explained that the speed of the equilibrium of DMAP acylated is 

highly influenced by the acylating agent, so the time for the formation of the ionic couple 

conditions the enantiomeric excess. Seen the high reactivity of anhydride 69, if the meso-

diamine 46 is added before the formation of the equilibrium reported in the scheme 20, the 

reaction proceeds through the non enantioselective pathway, that doesn’t give the ee%. 

Another important aspect about the enantioselectivity is how the meso-diamine 46 is 

added. If it is added in toluene to the reaction mixture, drop by drop, instead of a fast 

addition , the equilibrium to give 71 is favored, and so the enantioselectivity is improved. 

For this reason the reaction time among anhydride 69, DMAP and cat-1 was increased to 

5h at -78°C (entry 9, table 1). The overall reaction time necessary to obtain good 

selectivity and conversion of the anhydride 69 is more compared the one reported for the 

benzoic anhydride48: in the first case it was necessary to leave the reaction stirring for 3 

days at -78°C, in the second one just 2 hours. 

 

Catalytic quantity 

To increase the ee of the amino-amide 56, it was necessary to enhance the quantities of 

DMAP and thiourea from a catalytic quantity (entry 1 and 2, table 1) passing through sub-

stoichiometric quantities (entry 4 and 5, table 1) to stoichiometric ones (entry 6 and 7, table 

1). This is explained from the fact that on contrary of when it is used the benzoic 

anhydride, during the reaction with 69, the DMAP-thiourea binomial, that permits the 

catalysis, doesn’t happen and so there is no a catalytic cycle. 
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On the other hand, an excess of cat-1 and DMAP doesn’t improve the enantioselectivity 

either (entry 8 and 9, table 1).  

 

Concentration 

If the reaction mixture is diluted until a concentration 0,01 M, compared to the meso-

diamine and anhydride, ee% values increase (entry 6 and 7, table 1).  

 

ENTRY DMAP 

and 

Cat. % 

TIME TEMPERATURE YIELD ee% 

1 10% 15 min 

21 h 

-78°C 

-78°C – r.t. 

35% 3% 

2 20% 15 min 

18 h 

r.t. 

-78°C 

18% 4% 

3 None / 

1 h 

 

r.t. 

46% 0% 

4 90% 3,5 h 

18 h 

r.t. 

-78°C 

45% 38% 

5 90% 3,5 h 

72 h 

r.t. 

-78°C – r.t. 

45% 30% 

6 100%** 4 h 

72 h 

r.t. 

-78°C 

44% 58% 

7 130%§§ 18 h 

72 h 

r.t. 

-78°C 

47% 67% 

8 150%°° 18 h 

1 h 

42,5 h 

r.t. 

-78°C 

-78°C 

47% 38% 

9 200%## 27 h 

5 h 

27 h 

r.t. 

-78°C 

-78°C 

60% 44% 

  

Table 1: Studies of different conditions to prepare compound 56.  
**Concentration meso-diamine and anhydride at 0,01M  
§§Concentration meso-diamine and anhydride at 0,01M, 1.5 eq. DMAP and 1.3 eq. cat-1. Addition meso-

diamine in 1h  
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°°Addition meso-diamine in 5 h  
## Addition meso-diamine after 5h of reaction among anhydride, DMAP, cat-1. 2.2 eq. TEA. 

 

3.2.8 cis-imidazoline ring formation 

 

The final steps to synthetize (-)-Nutlin-3 include the condensation of 2-piperazinone and 

the closing cis-imidazoline ring.  

The condensation reaction provides the intermediate 72 formation from a reaction with 

CDI, then the addition of 2-piperazinone pushes the reaction to completion, meaning 

having only the product 57 (yield 94%). This compound is a white solid and it doesn’t 

need to be purify by chromatography.  

 

 

Scheme 21: Condensation mechanism. 

 

The amide-urea 57 closing through dehydration was studied by Hendrickson and then by 

Johnston. The procedure requires the use of trifluoromethanesulfonic anhydride (Tf2O) and 

3 equivalents of triphenylphosphine oxide (PPO) to form in situ Hendrickson’s reagent 

(figure 22), very efficient as dehydrating agent.  

 

Figure 22: Hendrickson’s reagent structure. 

 

These conditions, as already said, are not advantageous because of the difficulty on 

eliminating the triphenylphosphine oxide. But anyway, with 4 equivalents of PPO and 4 

equivalents of Tf2O in CH2Cl2 at 0°C for 30 minutes, it is obtained the compound 57 with a 

80% yield  (Scheme 22). 
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Scheme 22: Closing ring reaction. 

 

Through HMBC analysis it was possible to establish that the isomer 73 wasn’t obtained 

(Figure 23). 

 

 

Figure 23: Not observed isomer of 58 structure. 

 

The dehydration with Hendrickson’s reagent was used also to the substrate 56 with a yield 

of 83%. The next acylation of imidazoline nitrogen of 51 with CDI, didn’t bring the 

expected results. So it was necessary to use the triphosgene. Either way, the starting 

reagent was still present by mass spectrometry analysis. 

Another way to cyclize the compound 56 was using para-toluene sulfonic acid and 

pyridine, as reported in literature38. 

Unfortunately, the yields, even increasing the number of the equivalents, were up to 17%. 

So, we decided to abandon these procedures. 
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3.2.9 Synthesis of HB-catalyst, thiourea cat-1 

The amide-thiourea cat-1 was prepared in three steps without difficulties. 

The commercial starting materials used are: 3,5-trifluoromethylbenzoic acid 74, trans-

cyclohexyl-diamine 75 and thiocyanate 76. 

As first step the anhydride-OSu 77 was prepared, starting from the acid 74 with an 

equivalent of N-hydroxy succinimide in dioxane, in presence of DCC 

(Dicyclohexylcarbodiimide)47. 

After purification through chromatography coloumn it was obtained a white solid with a 

yield of 91%. (scheme 23) 

The reaction between the diamine 75 and thiocyanate 76 gave the aminothiourea 78 with 

85% yield (scheme 23). 

 

 

Scheme 23: Synthesis of HB-catalyst cat-1. 

 

At the end, the conditions of the last step to synthetize cat-1, were the same reported by 

Siedel. The yield obtained is 72% (scheme 24). 

 

 

Scheme 24: Last step of cat-1 synthesis. 
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3.3 Conclusions and results 

The results described in this thesis permitted to develop an enantioselective synthesis with 

a cheap pathway and with just few number of steps and purifications of the inhibitor (-)-

Nutlin-3. 

The reaction of desymmetrization of the meso-diamine 46 showed to be very sensitive to 

the substrate used; the 2-isopropoxy-4-methoxy benzoic anhydride 69 synthesis was 

optimized to give enantiomeric excesses of 67% and yield 47%. 

This type of approach can be used for analogs of (-)-Nutlin-3, after a similar study to 

optimize the conditions and the right substrates. 

Our product was then biologically tested at the Dept. of Morphology, Surgery and 

Experimental Medicine at University of Ferrara. 

In order to functionally validate scalemic-Nutlin, it was performed a combination of 

biological assays aimed at assessing its ability to activate p53 pathway50. For this purpose 

scalemic-Nutlin was comparatively tested on p53wild_type (EHEB and JVM-2) as well as on 

p53mutated/deleted (BJAB and HL-60) leukemic cell lines used as control of specificity. In 

parallel, cell cultures were exposed to commercial Nutlin-3 used as positive control and for 

comparison. As shown in Figure 24, treatment with Nutlin-3 and scalemic-Nutlin, used in 

the range of 1–10 mM for up to 48 hours, exhibited a comparable dose-dependent 

cytotoxicity resulting in a significant reduction of cell viability (Figure 24A) coupled to 

apoptosis induction (Figure 24B) and cell cycle arrest (Figure 24C) specifically in 

p53wild_type but not in p53mutated/deleted cell lines. Consistently with the observed biological 

effects, molecular analysis of p53 pathway by protein (Western Blot) and RNA 

(quantitative RT-PCR) documented accumulation of p53 and transcriptional induction of 

two p53 transcriptional canonical targets, involved in promoting cell cycle arrest (p21) and 

modulation of apoptosis (MDM2), in response to treatment with scalemic-Nutlin (Figure 

24D). Moreover, as shown in Figure 23, the effects induced by scalemic-Nutlin was 

equally effective as commercial Nutlin-3. 
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Figure 24: biological assays of scalemic Nutlin-3. 

 

In conclusion, our biological tests established that (-)-Nutlin-3 we synthetized is as 

effective as the commercial eutomer in activating the p53 pathway50.  
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4 MAGMAS Inhibitors 

4.1 Aim and objectives 

As reported in introduction section, Magmas complex, located in the mitochondrial inner 

membrane, is essential for the mitochondrial survival; its inhibition causes cell death. 

Once the structure of the protein complex Tim14-Tim16 was confirmed by X-Ray, Prof. 

Jubinsky51 and his team synthetized a small chemical library, including substituted  

oxazines, boronic acids, chromenes and guanidine as pharmacophores (figure 25). 

 

 

Figure 25: Small chemical library by Jubinsky group. 

 

On the basis of published analysis by the American team, the compound 84 seems to be a 

good Magmas inhibitor, because the concentration of 10 μM is able to inhibit completely 

the cell proliferation.  

Therefore, I synthetized the compound 84 following the Jubinsky procedure, developing a 

mechanistic study for the phosphonium salt formation, a synthetic intermediate, analyzing 

it using NMR techniques; a SAR study about the lead compound has also been carried out, 

to obtain analogs to be evaluated in biological tests.  
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4.2 Discussion 

 

1.1.1 Synthesis of compound 84 ((E)-N-carbamimidoyl-4-((3-ethyl-2,4,4-

trimethylcyclohex-2-en-1-ylidene)methyl)benzamide) 

 

In Bioorganic & Medicinal Chemistry letters (2011) Paul T. Jubinsky51 reported the 

synthesis of the compound 84, potentially interesting in pharmaceutical field. 

 

 

Scheme 25: Synthesis of compound 84  
Reaction conditions: a) CH3MgBr, THF, 0°C, 72%; b) PPh3*HBr, CH3OH, 96%; 

c) BuLi, Et2O, Methyl 4-formylbenzoate, 27%;  d) NaOH, EtOH, 80%; e) CDI, DMF, Guanidine 90%. 
 

 
The first step is an alkylation of commercially available -Cyclocitral 79, to give the 

allylic alcohol 80, using methylmagnesim bromide. The preparation of phosphonium salt 

81 is made in MeOH at r.t. with an equivalent of PPh3 hydrobromide.  

The synthesis provides a Wittig reaction, starting from phosphonium salt 81, in THF, with 

n-BuLi and Methyl-4-formylbenzoate. After the formation of phosphonium ylide D at r.t., 

the reaction is conducted at -78°C to add the aldehyde drop by drop. The reaction proceeds 

with the formation of olefin 82, passing through the oxaphosphetane intermediate, with 

elimination of triphenylphosphine oxide. The Wittig product 82, isolated and analyzed by 

NMR is obtained with a 29% yield  (scheme 26). 
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Scheme 26: Wittig reaction mechanism. 

 

The next step is a reaction with the Wittig product in MeOH and NaOH added drop by 

drop. Then the acid treatment of the sodium salt formed and the crystallization with diethyl 

ether, it is obtained the intermediate 83 and it was possible to analyze it by X-Ray.  

The final product 84 it was obtained with a condensation between the acid 83 and the 

guanidine hydrochloride, previously activation of the acid with CDI and deprotonation of 

the amine group using tBuOK. The product is characterized via NMR techniques.  

 

4.2.2 Studies of the phosphonium salt   

The synthetic scheme by Jubinsky and co-workers showed a formation of a strange 

phosphonium salt 81a, that has a phosphonium atom bound to a quaternary carbon, so, it is 

devoid of an acid proton that allows the formation of phosphonium ylide. The reaction 

mechanism reported in literature52 is this: 
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Scheme 27: Reaction mechanism by Bhaskar Das et al. 

 

This postulated mechanism provides the obtaining of a strange phosphonium salt 81a, that 

after treatment with n-BuLi converts to secondary ylide C. This intermediate, after 

intramolecular H+ shift mechanism, gives the ylide D, which is active to react with the 

aldehyde to obtain Wittig product 82a.  

To support this mechanism, the authors show the NMR spectrum of the phosphonium salt 

81a (Figure 26). 

  

Figure 26: proton NMR of compound 81a. 
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The 1H spectrum shows many anomalies: 

 The assignment of the chemical shift protons signals doesn’t match with the signal 

peaks; 

 The signals integration is not coherent: from the structure of 81a should be 

aromatic 15H of the PPh3 but in the spectrum there are 31H; 

 The assignment of some protons is not correct: at 5.65-5.55 ppm there is a triplet 

that melts with a quartet; in 81a spectrum in this area it should be the signal of one 

proton as a quartet. Also, in the aliphatic area between 2.5-1 ppm it is missing a 

signal of CH2. 

     

For all these incongruences, we decided to follow the procedure by them and to focus the 

work on the phosphonium salt formation. 

 

Scheme 28: Phosphonium salt formation. 

 

The phosphonium salt 81 that we obtained was purified by chromatographyc coloumn and 

analyzed  by NMR (1H, 13C, DEPT, g-COSY, HMQC, HMBC, NOE). 

From this deep study the structure of the compound that we obtained is the 81 and not the 

81a (Figure 27).  

 
Figure 27: 

1H NMR of compound 81. 



53 
 

To better understand  the mechanism of this reaction we decided to study it step by step. 

The reaction needs the use of the PPh3-HBr, for this reason we thought to reproduce an 

acid environment treating the allylic alcohol 80 with HBr, without phosphine (Scheme 29). 

 

  
Scheme 29: Reaction with allylic alcohol 80. 

 

The secondary alcohol, in MeOH in acid conditions (HBr), protonates and loses a water 

molecule, generating an allylic secondary carbocation, that evolves in a diene intermediate 

85, because the reaction proceeds via elimination (E1) and part of the product is from the 

nucleophile substitution (SN1) 85a. Using tBuOH as solvent (scheme 30), it was possible to 

complete the conversion of the product 80 to 85 only, through an elimination E1 reaction. 

 

 

Scheme 30: Conversion to diene 85 using tBuOH. 

 

Analyzing and comparing by NMR spectroscopy the compound 85 and the phosphonium 

salt 81a, it can be seen that the two spectra are the same, besides the aromatic proton 

signals of PPh3, probably present as impurity in the American compound. 
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Figure 28: 
1H NMR of diene 85. 

 

The diene intermediate 85, purified, reacts with PPh3HBr in MeOH and it is obtained the 

phosphonium salt 81 (Scheme 31) that has a NMR spectrum as the product from the allylic 

alcohol 80 reaction with PPh3HBr. 

 

 

Scheme 31: Reaction between diene and PPh3HBr. 
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On the basis of these evidences, the hypothetic mechanism is this: 

 

Scheme 32: Hypothetic mechanism of 81. 

 

In acid environment the allylic alcohol 80 is protonated with next loss of water molecule 

and formation of carbocation; so, three different species can exist: the exocyclic secondary 

carbocation A’, the endocyclic secondary carbocation B’ and the diene 85. 

A’ evolves to diene 85 through an elimination mechanism E1 and in presence of 

triphenylphosphine there is an addition to the double bond to give the phosphonium salt 

81. 

The endocyclic secondary carbocation B’, in tautomeric equilibrium with A’, after the 

nucleophilic attack by the PPh3, it gives the phosphonium salt 81, via nucleophile 

substitution SN1. 

The phosphonium salt 81 is a classic phosphonium salt, in which the phosphorus atom is 

bound to the carbon that has an acid proton able to give the formation of ylide, after basic 

treatment. 

 



56 
 

4.2.3 SAR study about MAGMAS inhibitor 

 

The structure published by Jubinsky could be divided in three main parts: 

 Cyclohexene nucleus  

 Benzoyl scaffold through a double bond 

 A guanidine function 

 

 

Figure 29: Main parts of the structure 84. 

 

The compound 84 seems to bind to the interface of dimers Tim14 and Tim16 through 

hydrophobic interactions both with Tim 14 (Leu100, Lys111, Leu114, Gln115, Thr120) and with 

Tim16 (Phe95) and interactions as H-bond only with the monomer Tim14 through residues 

Glu121 and Lys168. 

 

Figure 30: Compound 84 interactions with Tim14-Tim16. 

 

This molecule with these interactions causes an inhibition to the cell growth.  

For this reason we decided to synthetize different analogues of this compound to better 

understand the various functionalities.  

From molecular modelling studies it seems necessary the presence of the guanidine to 

direct this compound to the interface. So, we thought to synthetize molecules that don’t 

have the guanidine group, to see an expected different interaction. 
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Scheme 33: Modification at the guanidine group. 

 

1. The precursor 83 of the final molecule 84 was taken in consideration. It was 

characterized by spectroscopy and also, obtaining the crystals of this compound, it was 

possible to do a X-Rays analysis in collaboration with Prof. Bertolasi of the Department of 

Chemistry of the University of Ferrara. 

 

 

Figure 31: X-Rays of compound 83. 

 

The crystals data about this compound are collected at room temperature (T=295 K) using 

a diffractometer Nonius Kappa CCD with radiation Mo-Kα monocromatized through a 

grafite crystal and corrected for Lorentz effects and polarization.  

The X-Rays structure permitted to confirm the result of NOE NMR analysis: the 

conformation of the esocyclic double bond is only trans. 
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2. It was synthetized also the compound 86 that it could be seen as the semplification 

of the guanidine derivative, obtained from the activation of the acid 83 with CDI and 

reacting with NH4OH conc. (Scheme 34). 

 

Scheme 34: synthesis of compound 86. 

 

3. We also thought that the compound 84 could have a metabolite as a ureic derivative 

as 87. So the synthesis of this compound is from the acid 83 as starting material and the 

urea commercially available; the reaction was in toluene, using as catalyst the 3,4,5-

trifluoromethylphenyl boronic acid, known as selective converter of acid function to urea 

derivatives53 (scheme 35). 

 

 

Scheme 35: Synthesis of compound 87. 

 

The high planarity of this structure (highlighted in red, figure 31), supported by X-Rays, 

seems to have an important rule to positionate the compound to the complex interface 

between Tim14 and Tim16. 
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Figure 32: X-Rays structure of compound 87. 

 

Another study was to reduce selectively one double bond or both two double bonds, to 

increase the mobility of the conformation of the structure and evaluate the effects in 

biological activity. 

The hydrogenation of double bonds was a catalytic process, using EtOH/AcOEt (50:50) 

with C/Pd 10% at atmospheric pressure and room temperature, gave a mixture of 

compounds 88 and 89, separated then by preparative HPLC. 

 

 

Scheme 36: Reduction of double bonds. 
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Study abroad – USA project 

4.2.4   2-amino-4(3H)-quinazolinone/2-aminoquinazoline derivatives as 

Magmas inhibitors analog 

 

During my PhD I have been in United States, specifically in Kansas City (MO), working 

for some months in one part of the project Magmas, at Prof. Bhaskar Das laboratories in 

the VA hospital. 

During these months I could focus myself in an interesting synthesis of aminoquinazoline 

derivatives as potential analogs of Magmas inhibitors. Starting from evidences in 

literature54, quinazolines have many biological activities55, as antibacterial, antifungal, 

antiinflammatory, cytotoxic, antihypertensive, anti-HIV, antioxidant, analgesic, 

anticonvulsivant, antimalarial and antitumoral, in particular in prostate cancer56.  

On this last one I focused my interest, because, as mentioned before, Magmas 

overexpression is verified in prostate cancer, so using the quinazoline biological properties 

mixed with the main important function of Magmas inhibitors as the guanidine in the 

structure seemed to be a good idea. Therefore, I decided to synthetize a small chemical 

library of amino-quinazolines and amino-quinazolinones, to then evaluate the biological 

activity as Magmas inhibitor. 

 

 

 

Scheme 37: Synthesis of 2-Amino-4(3H)-quinazolinone and 
2-Aminoquinazoline Derivatives. 
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The common routes used are often troublesome and some starting materials are not readily 

available or are difficult to prepare, so it was highly desirable to develop a more 

convenient and efficient method.  

Recently, great progress for copper-catalyzed N-arylations have been made and to 

synthetize these compounds I followed a procedure55 based on copper-catalyst system. It is 

a simple, practical and efficient strategy for synthesis of aminoquinazolinone and 

aminoquinazoline derivatives. 

The catalyst used was CuI and the solvent DMF in presence of the base Cs2CO3. It was 

observed that without the catalyst the reaction didn’t give any target product. The yield 

were good, around 85% for the aminoquinazolinones and 78% for the aminoquinazolines. 

The mechanism proposed for the reaction is the next: 

 

 

Scheme 38: Mechanism of the aminoquinazolinones, copper catalyzed. 

 

Coordination of substituted 2-bromobenzoic acid with copper(I) iodide first forms 94 in the 

presence of base (Cs2CO3). Oxidative addition of this intermediate and a complex of 

copper with guanidine provides coordinate 95, reductive elimination of 95 gives the N-

arylation product 96 of guanidine, releasing copper catalyst, and coupling of the carboxyl 

and amino groups in 96 affords the target product 91 leaving water. 

These compounds are still in biological evaluation. 
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4.3 Conclusions and results 

The biological activity was evaluated at Prof Degli Uberti laboratories at Hospital of Cona. 

It was evaluated the compound 84 and at the beginning it was showed a high expression of 

mRNA codifying for the Magmas gene in TT cells (human cells lines of the tyroid 

carcinoma). 

 

Then the expression was compared to the protein expression of Tim16. 

The data showed a high expression of Tim16 in TT cells. So, TT cells represent a good cell 

model to study the biological effects of the Tim16 inhibitors, codifying for the Magmas 

gene. 

The biological activity of 84 was evaluated through the cell vitality thanks to the ATPlite 

assay: a fluorescence assay that misures the quantity of ATP producted in the cells (graphic 

2).  

 

 
Graphic 2: ATPlite assay in TT cells.  

 

The activation of the apoptosis has been evaluated by a Caspases 3/7 assay, also a 

fluorescence assay to evaluate the activation of caspases 3 and 7. 

 

ATPlite assay on TT cells at 72h 

 Compound 84 
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Graphic 3: Caspases 3/7 assay on TT cells. 

 

The results show that the compound 84, at concentration 10 µM after 72 hours of 

treatment, inhibits the cell vitality of 85%, this reduction is associated to the activation of 

caspases 3/7. 

The compound 84 activates caspases 3/7 of the 900% more than the control. This result 

support the hypothesis that the compound 84 inhibits Tim 16 in vivo, in fact it was 

demonstrated that the Magmas overexpression protects the cells from apoptosis57.   

 

In conclusion, in this thesis it is proposed again the synthesis of the compound 84, already 

published by Prof. Bhaskar Das and co-workers; it is a molecule with a good biological 

interest, because it is able to inhibit the cell growth after interaction with Magmas. 

This biological effect is interesting in pharmacology field and more in oncology. In fact, it 

was shown that the Magmas expression is higher in tumor cells than healthy ones.  

This research, in which Magmas complex is involved, opens the prospective to synthetize 

new analog molecules able to interact with the dimer Tim14-Tim16, arresting the cell 

growth in tumor cells.  

 

Biological tests were also conducted on the compound 89 (the two double bonds are 

reduced). 

The tests have been evaluated it and so, we can have more information about the 

characterization of the complex and interaction with Tim14-Tim16. 

The compound was tested to see the chemioresistance getting lower, testing it with chemo 

drugs in vitro and in vivo. The compound should inhibit the overexpressed protein (Tim 

16). Some tests were carried out: ATPlite assay, Caspases 3/7 assay, western blot, 

immunoprecipitation test in vivo. 

Caspases 3/7 assay on TT cells at 72h 

Compound 84 
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Compound  89 has never been tested in this way and its effect on Tim16-Tim14 binding 

was unknown. To better understand the effects of it, the interaction of these proteins, 

including also mtHsp70, was investigated by co-immunoprecipitation (CoIP). This 

experiment was performed using the MCF7 cells, that display higher levels of Tim16, 

treated with the inhibitor at 5 µM concentration for 3 and 6 hours. Proteins were co-

immunoprecipitated with the Tim16 antibody (Figure 33 A). Protein level quantification 

was performed by densitometry analysis and the results of each protein densitometry are 

represented in a graph (Figure 33 B), and expressed as a ratio of the protein of interest and 

Tim16 (p/Tim16). 
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Figure 33: Co-immunoprecipitation of Tim16, Tim14 and mtHsp70 after 3 or 6h of treatment with 

compound 89. A) MCF7 cells were collected, immunoprecipitated and analysed with immunoblotting. B) 

Protein expression in the untreated and the treated cells expressed as the ratio between total protein and 

Tim16. 

 

In conclusion these tests suggest that compound 89 acts mainly at 3h, interfering in the 

binding between Tim16 and both Tim14 and mtHsp70. The compound seems to bind 

Tim16 in a reversible manner, since after 6 h the binding between Tim16 and both Tim14 

and mtHsp70 is partially restored. 

 

Compound 89 
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The LC-MS analysis showed that the compound 89 is able to interact with Magmas 

protein, since we see the compound inside the mitochondria (see figure 34 and 35). 

 

 

 

 

Figure 34: LC-MS spectrum of mitochondria collected at 3h, the compound 89 is inside it because we see 

the compound weight (330 as M+1). 

 

 

 

Figure 35: LC-MS spectrum of mitochondria collected at 6h, the compound 89 is inside it because we see 

the compound weight (330 as M+1). 
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The knowledge about the Magmas system and its inhibitors are still very limited 

nowadays. The inhibition of the cell growth, caused by the modulation of this system, has 

been evaluated only on tumor cells of prostate nature. 

The obtaining of this biological effect on tumor thyroid cells and this new compound 89 

test findings are a good result and permits to keep synthetizing new analogs, to increase the 

knowledge about Magmas complex interaction.  
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5 Experimental section 

5.1 Chemicals and methods 

Analytical thin-layer chromatography (TLC) was carried out using precoated silica gel 

plates Macherey-Nagel poligram SIL G/UV254 with thickness of the layer of 0,25 mm and 

further monitoring with 254/365 nm UV lamp. Column chromatography was performed 

using Isolera One (Biotage Sweden) or traditional column chromatography with silica gel 

60 (40-63 um). Melting point was measured with a Reichert Termovar (Austria). 1H, 13C, 

DEPT, bidimensional (gCOSY) and heterocorrelated (gHMQC, gHMBC) NMR spectra 

were recorded on a VARIAN 400 MHz instrument. Chemical shifts ( ) are reported in 

parts per million (ppm), using 7.256 ppm peak of deuterated chloroform as an internal 

standard and coupling constants (J) are reported in Hertz. Following abbreviations have 

been used for multiplicity: s=singlet, d=doublet, t=triplet, q=quartet, m=multiplet, 

bs=broad signal, dd=doublet of doublets, dt=doublet of triplets, td=triplet of doublets. 

Mass spectral analysis were performed by ESI MICROMASS ZMD 2000 electrospray 

mass spectrometer, after dissolution of compounds in a solution composed by 40:60:0,1 of 

H2O:CH3CN:TFA. High resolution mass spectrometry data were achieved using a ESI-Q-

TOF 6520 instrument coupled with a nano HPLC with Chip Cube® technology (Agilent 

Tecnologies, USA) For analytical controls Beckmann System Gold 168 HPLC have been 

used with LC column Kinetex 5μm EVO C18 100 A (250 X 4.6 mm) and a variable 

wavelength UV detector fixed to 220 nm. Analysis were conducted using two solution A 

and B containing, respectively, 100:0,1 H2O:TFA and 40:60:0,1 of H2O:CH3CN:TFA with 

different gradients for the products. For purification Water Delta Prep 4000 HPLC have 

been used with column Jupiter 10 μm C18 AXIA (100x 30,00 mm). For the hydrogenation 

reactions we used a continuous flow reactor H-Cube® (Thales-Nano, Hungary). 
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5.2 IRI inhibitors synthesis 

5.2.1 Synthesis of dispiropyrrolidines from Isatine 

Synthesis of compounds 15, 16, 17, 18: 

 

 

 

 

To a solution of isatine in MeOH, it is added sarcosine (1.5 eq) and the cyclic ketone (1 

eq). The reaction was stirred at 90°C for 12 hours. It was monitored by TLC (A1P1) and 

mass spectrometry (ESI). When the reaction was complete, it was quenched with NaHCO3 

sat. and H2O. The MeOH was evaporated and then, the reaction was extracted with EtOAc.  

After anhydrification with anhydrous sodium sulfate, the solution was evaporated under 

reduced pressure to give a crude product. It was purified by coloumn chromatography 

(Petroleum ether/ EtOAc 1:1). 

After crystallization (ethyl ether/petroleum ether 3:7) I obtained the final product.  

These compounds are solid and with a variable color from pale pink to yellowish. 

 

Compound 15: 

Yield 51% 

MS (ESI): [M+H]+ = 285,16 
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1H NMR (400 MHz, Chloroform-d)  8.86 (s, 1H), 7.32 – 7.09 (m, 1H), 7.09 – 6.93 (m, 

2H), 6.90 (d, J = 7.8 Hz, 1H), 3.26 (h, J = 3.9, 3.4 Hz, 2H), 2.68 (ddd, J = 12.7, 7.5, 5.3 

Hz, 1H), 2.44 (dt, J = 13.5, 3.9 Hz, 1H), 2.22 (dd, J = 14.6, 4.4 Hz, 1H), 2.08 (s, 3H), 2.03 

– 1.91 (m, 1H), 1.77 (ddd, J = 14.9, 11.5, 7.0 Hz, 1H), 1.67 (ddd, J = 14.7, 10.9, 3.7 Hz, 

2H), 1.59 – 1.45 (m, 2H), 1.43 – 1.32 (m, 1H).  

 
13C NMR (101 MHz, CDCl3)  212.01, 179.02, 141.71, 135.09, 129.55, 128.33, 127.09, 

123.44, 122.75, 115.29, 110.23, 62.83, 52.14, 41.30, 35.85, 35.64, 34.10, 27.70, 25.44, 

21.69. 

 
1
H-NMR compound 15 
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13
C-NMR compound 15 

 

 

 

Compound 16: 

Yield 51% 

MS (ESI): [M+H]+ = 299,17 
 

1H NMR (400 MHz, Chloroform-d)  9.01 (s, 1H), 7.29 – 7.09 (m, 1H), 7.05 – 6.75 (m, 

3H), 3.29 – 3.13 (m, 2H), 2.83 – 2.69 (m, 1H), 2.60 (dt, J = 14.6, 3.1 Hz, 1H), 2.26 – 2.11 

(m, 1H), 2.03 (s, 3H), 1.90 – 1.62 (m, 2H), 1.40 – 1.06 (m, 3H), 0.79 (d, J = 6.4 Hz, 3H). 

 
13C NMR (101 MHz, CDCl3)  211.40, 179.40, 141.51, 129.51, 127.51, 126.93, 122.64, 

110.30, 76.34, 62.84, 52.07, 45.37, 41.70, 35.71, 34.66, 34.54, 28.66, 21.86. 
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1
H-NMR compound 16 

 

 

13
C-NMR compound 16 
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Compound 17: 

Yield 52% 

MS (ESI): [M+H]+ = 332,40 

 
1H NMR (400 MHz, Chloroform-d)  10.20 (s, 1H), 8.35 – 8.01 (m, 4H), 7.62 (ddd, J = 

8.6, 7.3, 1.5 Hz, 1H), 7.41 – 6.43 (m, 20H), 4.39 (s, 3H), 3.49 (s, 4H), 2.79 – 2.02 (m, 

18H). 

 
13C NMR (101 MHz, CDCl3)  210.13, 162.80, 152.08, 143.47, 138.59, 135.13, 133.27, 

131.81, 128.45, 127.94, 126.87, 125.20, 123.52, 118.73, 115.15, 114.57, 109.84, 57.72, 

51.38, 27.74, 26.04. 

 

1
H-NMR compound 17 

 

 

 

 

 

 

 

 

 



73 
 

13
C-NMR and DEPT compound 17 

 

 

 

Compound 18: 

Yield 90% 

MS (ESI): [M+H]+ = 354,40 

 
1H NMR (400 MHz, Chloroform-d)  7.90 (d, J = 8.1 Hz, 1H), 7.85 (d, J = 7.0 Hz, 1H), 

7.70 (dd, J = 7.7, 5.8 Hz, 2H), 7.56 (dd, J = 8.1, 7.0 Hz, 1H), 7.47 (dd, J = 8.4, 7.0 Hz, 

1H), 6.91 (td, J = 7.7, 1.3 Hz, 1H), 6.76 (td, J = 7.6, 1.1 Hz, 1H), 6.46 (d, J = 7.7 Hz, 1H), 

3.84 (s, 1H), 3.64 (td, J = 9.5, 8.6, 4.1 Hz, 1H), 3.06 (td, J = 11.9, 5.1 Hz, 1H), 2.46 (ddd, J 

= 12.8, 8.5, 4.2 Hz, 1H), 2.30 (s, 4H). 
 

13C NMR (101 MHz, Chloroform-d)  204.87 , 177.95 , 142.05 , 141.52 , 132.66 , 132.53 , 

131.68 , 131.28 , 130.34 , 129.92 , 129.44 , 128.94 , 128.68 , 128.22 , 128.12 , 126.65 , 

124.89 , 122.66 , 122.53 , 121.70 , 121.58 , 109.67 , 109.60 , 79.00 , 63.48 , 52.45 , 35.98 , 

31.73 . 
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1
H-NMR compound 18 

 

 

13
C-NMR and DEPT compound 18 
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Synthesis of compound 20: 

 

 

To a solution of isatine in MeOH, it is added N-benzyl- -alanine (1.5 eq) and the 

cyclohexane (1 eq). The reaction was stirred at 90°C for 12 hours. It was monitored by 

TLC (A3P1) and mass spectrometry (ESI). When the reaction was complete, it was 

quenched with NaHCO3 sat. and H2O. The MeOH was evaporated and then, the reaction 

was extracted with EtOAc.  

After anhydrification with anhydrous sodium sulfate, the solution was evaporated under 

reduced pressure to give a crude product. It was purified by coloumn chromatography 

(Petroleum ether/ EtOAc 1:3). 

After crystallization with ethanol, I obtained the final product white-yellowish.  

 

Yield 32% 

 

MS (ESI): [M+H]+ = 374,14 

 

Since this is diastereomeric racemic mixture, the NMR below show many and a little 

confusing peaks. 
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1
H-NMR compound 20 

 

 

13
C-NMR and DEPT compound 20 
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Synthesis of compound 19: 

 

 

 

In a two-neck round bottom flask, previously treated to be humidity-free ambient, the 

dispiropyrrolidine is dissolved in DMF and NaH is added. Then, benzyl-bromide is added 

too.  

There is a chromatic change from yellow to green. The reaction goes in a short time: after 

30 minutes, monitored by TLC (A1P1), the organic solvent was evaporated. With diethyl 

ether the NaH salts rush. So, the solution is filtered off with a Gooch filter and the solvent 

is evaporated. Through a column chromatography (A1P1) we obtain the compound as a 

yellow solid.  

Yield 65% 

 

MS (ESI): [M+H]+ = 422,16 

 
 

1H NMR (400 MHz, Chloroform-d)  8.07 (dd, J = 7.3, 2.1 Hz, 1H), 7.43 – 7.13 (m, 8H), 

6.95 (t, J = 7.6 Hz, 1H), 6.86 – 6.72 (m, 2H), 6.62 (d, J = 7.8 Hz, 1H), 6.51 (t, J = 7.6 Hz, 

1H), 4.99 (d, J = 15.3 Hz, 1H), 4.84 (d, J = 15.3 Hz, 1H), 3.58 (s, 1H), 3.40 – 3.20 (m, 

1H), 2.57 (ddd, J = 12.6, 8.6, 4.2 Hz, 1H), 2.49 – 2.12 (m, 5H), 2.08 (s, 3H). 

 
13C NMR (101 MHz, cdcl3)  198.48, 142.95, 142.73, 135.37, 132.57, 132.20, 128.53, 

128.28, 127.41, 127.30, 127.16, 127.07, 126.21, 126.02, 121.47, 107.98, 57.18, 51.30, 

43.13, 35.01, 32.83, 31.37, 25.34. 
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1
H-NMR compound 19 

 
 
13

C-NMR and DEPT compound 19 
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5.2.2 Synthesis of dispiropyrrolidines from 5-fluoro isatine 

Synthesis of compounds 22, 23, 24:  

 

 

 

 

To a solution of 5-fluoro isatine in MeOH, it is added sarcosine (1.5 eq) and the cyclic 

ketone (1 eq). The reaction was stirred at 90°C for 12 hours. It was monitored by TLC 

(A1P1) and mass spectrometry (ESI). When the reaction was complete, it was quenched 

with NaHCO3 sat. and H2O. The MeOH was evaporated and then, the reaction was 

extracted with EtOAc.  

After anhydrification with anhydrous sodium sulfate, the solution was evaporated under 

reduced pressure to give a crude product. It was purified by coloumn chromatography 

(Petroleum ether/ EtOAc 1:1). 

After crystallization (ethyl ether/petroleum ether 3:7) I obtained the final product.  

 

Compound 22: 

It is a white solid. 

Yield 72% 

MS (ESI): [M+H]+ = 302,14 

 
1H NMR (400 MHz, Chloroform-d)  8.56 (s, 1H), 6.95 (td, J = 8.7, 2.6 Hz, 1H), 6.89 – 

6.76 (m, 2H), 3.33 – 3.12 (m, 2H), 2.62 (ddd, J = 12.8, 7.4, 5.7 Hz, 1H), 2.43 – 2.22 (m, 
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2H), 2.07 (s, 3H), 1.99 (ddd, J = 12.6, 8.4, 6.8 Hz, 1H), 1.83 (ddd, J = 15.0, 11.1, 7.0 Hz, 

1H), 1.75 – 1.55 (m, 2H), 1.45 – 1.37 (m, 1H). 

 
13C NMR (101 MHz, cdcl3)  211.58, 179.03, 160.25, 157.86, 137.59, 116.13, 115.89, 

115.21, 114.96, 110.65, 110.57, 62.95, 52.02, 41.19, 35.79, 35.36, 34.03, 25.34, 21.67. 

 
19F NMR (376 MHz, cdcl3)  -119.58, -119.59, -119.61, -119.62, -119.63, -119.64. 
 

1
H-NMR compound 22 
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13
C-NMR, DEPT e 

19
F-NMR compound 22 
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Compound 23: 

It is an orange solid. 

Yield 38% 

MS (ESI): [M+H]+ = 350,16 
1H NMR (400 MHz, Chloroform-d)  8.29 (s, 1H), 8.09 (dd, J = 7.7, 1.7 Hz, 1H), 7.37 – 

7.16 (m, 3H), 6.94 – 6.81 (m, 1H), 6.76 – 6.62 (m, 2H), 6.62 – 6.44 (m, 1H), 3.53 (q, J = 

8.4 Hz, 1H), 3.25 (ddd, J = 10.6, 8.8, 4.3 Hz, 1H), 2.58 (ddd, J = 12.7, 9.1, 4.2 Hz, 3H), 

2.42 (dt, J = 14.5, 4.1 Hz, 1H), 2.34 – 2.19 (m, 2H), 2.10 (s, 3H). 

 
13C NMR (101 MHz, cdcl3)  198.74, 159.86, 157.46, 143.25, 137.47, 137.45, 133.26, 

133.03, 128.14, 127.85, 126.97, 115.82, 115.58, 110.06, 109.98, 57.97, 51.89, 35.57, 

33.37, 31.96, 26.07. 

 
19F NMR (376 MHz, cdcl3)  -120.56. 

 
1
H-NMR compound 23 
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13
C-NMR, DEPT e 

19
F-NMR compound 23 
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Compound 24: 

It is an orange solid. 

Yield 40% 
1H NMR (400 MHz, Chloroform-d)  7.98 – 7.87 (m, 1H), 7.77 – 7.66 (m, 1H), 7.60 (ddd, 

J = 8.1, 7.1, 5.5 Hz, 1H), 7.50 (dd, J = 8.3, 7.1 Hz, 1H), 7.02 (dd, J = 8.6, 2.6 Hz, 1H), 6.66 

– 6.57 (m, 1H), 6.39 (dd, J = 8.4, 4.2 Hz, 1H), 3.87 – 3.78 (m, 3H), 3.61 (ddd, J = 10.7, 

8.8, 4.1 Hz, 1H), 3.05 (ddd, J = 13.0, 10.7, 5.4 Hz, 1H). 

 
13C NMR (101 MHz, Chloroform-d)  204.60 , 160.14 , 157.74 , 142.01 , 132.47 , 132.00 , 

131.43 , 130.35 , 128.70 , 128.28 , 128.06 , 125.01 , 122.59 , 121.83 , 121.77 , 116.04 , 

115.81 , 114.67 , 114.41 , 110.15 , 110.07 , 63.59 , 52.43 , 35.89 , 31.78 . 

 
19F NMR (376 MHz, Chloroform-d)  -120.60 (d, J = 488.2 Hz). 

 
1
H-NMR compound 24 
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13
C-NMR, DEPT e 

19
F-NMR compound 24 
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Synthesis of compound 25: 

 

 

In a two-neck round bottom flask, previously treated to be humidity-free ambient, the 

dispiropyrrolidine is dissolved in DMF and NaH is added. Then, benzyl-bromide is added 

too.  

There is a chromatic change from yellow to green. The reaction goes in a short time: after 

30 minutes, monitored by TLC (A1P1), the organic solvent was evaporated. With diethyl 

ether the NaH salts rush. So, the solution is filtered with a Gooch filter and the solvent is 

evaporated. Through a coloumn chromatography (A1P1) we obtain the compound as a 

yellow solid.  

Yield 99% 

MS (ESI): [M+H]+ = 441,16 
 

1H NMR (400 MHz, Chloroform-d)  8.09 (dd, J = 7.5, 1.9 Hz, 1H), 7.42 – 7.18 (m, 7H), 

6.89 – 6.76 (m, 1H), 6.65 (dd, J = 8.6, 2.6 Hz, 1H), 6.51 (dd, J = 8.5, 4.2 Hz, 1H), 5.01 – 

4.76 (m, 2H), 3.56 (s, 1H), 3.31 (td, J = 9.7, 8.6, 4.2 Hz, 1H), 2.58 (ddd, J = 12.7, 8.6, 4.2 

Hz, 1H), 2.52 – 2.15 (m, 4H), 2.08 (s, 3H). 

 
13C NMR (101 MHz, cdcl3)  198.75, 159.99, 157.58, 143.11, 139.51, 135.70, 133.15, 

129.02, 128.10, 127.84, 127.78, 126.96, 115.56, 115.32, 114.97, 109.16, 58.15, 52.00, 

43.94, 35.67, 33.47, 31.91, 26.02. 

 
19F NMR (376 MHz, acetone)  -125.90. 
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1
H-NMR compound 25 

 
 
13

C-NMR, DEPT e 
19

F-NMR compound 25 
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5.2.3 Synthesis of  intermediates through a double aldolic reaction 

Synthesis of compounds 27, 28, 29, 30, 31: 

 

 

 

To a solution of aldehyde in EtOH, it was added N-benzyl piperidone. Then, it was added 

NaOH and the reaction was stirred at r.t. for 2 hours. 

It was noticed a chromatic change from yellow to red, until to become brown. 

After 2 hours there is a rush and it was necessary to filter on Gooch, separating a yellow 

solid. 

 

Compound 27 (R=H): 

Yield 60% 

MS (ESI): [M+H]+ = 365,34 

 
1H NMR (400 MHz, Chloroform-d)  7.84 (s, 1H), 7.45 – 7.32 (m, 6H), 7.32 – 7.16 (m, 

3H), 3.89 (s, 2H), 3.73 (s, 1H). 

 
13C NMR (101 MHz, cdcl3)  136.77, 135.32, 130.48, 130.44, 129.14, 129.10, 128.79, 

128.66, 128.54, 128.47, 127.52, 61.47, 54.47. 
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1
H-NMR compound 27 

 
 

 
13

C-NMR, DEPT compound 27 
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Compound 28 (R=F): 

Yield 62% 

MS (ESI): [M+H]+ = 401,18 

 
1H NMR (400 MHz, Chloroform-d)  7.79 (s, 1H), 7.39 – 7.22 (m, 5H), 7.18 – 7.02 (m, 

2H), 3.85 (d, J = 1.9 Hz, 2H), 3.73 (s, 1H). 

 
13C NMR (101 MHz, cdcl3)  187.55, 164.26, 161.76, 137.22, 135.66, 132.95, 132.44, 

132.35, 131.43, 129.11, 128.53, 127.63, 115.97, 115.75, 61.50, 54.32. 

 
19F NMR (376 MHz, cdcl3)  -110.89. 
 

1
H-NMR compound 28 
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13
C-NMR, DEPT e 

19
F-NMR compound 28 
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Compound 30 (R=NO2): 

Yield 73% 

MS (ESI): [M+H]+ = 455,18 

 
1H NMR (400 MHz, Chloroform-d)  8.35 – 8.14 (m, 1H), 7.82 (d, J = 1.8 Hz, 4H), 7.54 – 

7.40 (m, 4H), 7.33 – 7.06 (m, 5H), 3.85 (d, J = 1.8 Hz, 4H), 3.74 (s, 2H). 

 
13C NMR (101 MHz, cdcl3)  186.93, 147.64, 141.42, 136.76, 136.06, 134.36, 130.85, 

129.00, 128.66, 127.89, 123.91, 61.57, 54.20. 

 
1
H-NMR compound 30 
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13
C-NMR, DEPT compound 30 

 

 

Compound 31 (R=Cl): 

Yield 55% 

MS (ESI): [M+H]+ = 433,18 
1H NMR (400 MHz, Chloroform-d)  7.76 (s, 4H), 7.40 – 7.32 (m, 4H), 7.28 (d, J = 0.5 

Hz, 4H), 3.87 – 3.80 (m, 4H), 3.73 (s, 2H). 

 
13C NMR (101 MHz, cdcl3)  135.50, 135.20, 133.66, 131.65, 129.09, 128.98, 128.57, 

127.69, 61.53, 54.34. 
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1
H-NMR compound 31 

 

 

13
C-NMR, DEPT compound 31 
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Compound 29 (R=CN): 

Yield 32% 

MS (ESI): [M+H]+ = 415,26 
 
1H NMR (400 MHz, Chloroform-d)  7.77 (s, 1H), 7.70 – 7.64 (m, 4H), 7.46 – 7.37 (m, 

4H), 7.33 – 7.20 (m, 5H), 3.82 (d, J = 1.8 Hz, 4H), 3.72 (s, 2H). 

 
13C NMR (101 MHz, cdcl3)  187.00, 139.52, 136.82, 135.61, 134.77, 132.38, 130.60, 

129.01, 128.78, 128.62, 127.84, 118.53, 112.46, 61.50, 54.16. 

 
1
H-NMR compound 29 
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13
C-NMR, DEPT compound 29 
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Synthesis of compound 32: 

 

 

 

To a solution of aldehyde in EtOH, it was added N-benzyl piperidone. Then, it was added 

NaOH and the reaction was stirred at r.t. for 2 hours. 

It was noticed a chromatic change from yellow to red, until to become brown. 

After 2 hours there is a rush and it was necessary to filter on Gooch, separating a yellow 

solid. 

 

Yield 60% 

MS (ESI): [M+H]+ = 465,26 
 
1H NMR (400 MHz, Chloroform-d)  8.00 (t, J = 1.6 Hz, 1H), 7.91 – 7.80 (m, 4H), 7.61 – 

7.42 (m, 3H), 7.35 – 7.11 (m, 3H), 4.01 (d, J = 1.8 Hz, 2H), 3.75 (s, 1H). 

 
13C NMR (101 MHz, cdcl3)  187.80, 137.34, 136.89, 133.68, 133.31, 133.19, 132.94, 

130.62, 129.17, 128.63, 128.49, 128.28, 127.79, 127.55, 127.21, 126.67, 61.60, 54.66. 

 
 

 

 

 

 

 

 

 

 

 

 



99 
 

1
H-NMR compound 32 

 

 

13
C-NMR, DEPT compound 32 
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5.2.4 Synthesis of dispiropiperidone-tetrahydrothiophene derivatives 

Synthesis of compounds 34, 35, 36, 37, 38: 

 

 

 

To a solution of the intermediate from the aldolic reaction in EtOH absolute (5ml), it was 

added the 1,4-dithiane-2,5-diol. The round-bottom flask was stirred at 0°C, once cold, it 

was added to the reaction triethylamine. The reaction was stirred from 0°C to r.t. for 3 

hours. 

After monitoring the formation of the product by TLC (A1P4), the solvent is evaporated 

and it was purified by coloumn cromatography.  

The NMR spectra are analyzed in DMSO.  

 

Compound 34 (R=H): 

White solid. 

Yield 92% 

MS (ESI): [M+H]+ = 517,17 

 
1H NMR (400 MHz, DMSO-d6)  7.75 – 7.59 (m, 8H), 7.47 – 7.39 (m, 4H), 7.40 – 7.26 

(m, 2H), 7.26 – 7.14 (m, 4H), 5.57 (s, 2H), 5.22 (t, J = 4.4 Hz, 2H), 5.16 (d, J = 4.1 Hz, 

1H), 3.40 (s, 1H), 3.34 (s, 1H), 3.18 (dd, J = 12.1, 4.5 Hz, 1H), 2.79 (d, J = 12.1 Hz, 1H), 

2.70 (d, J = 12.1 Hz, 1H), 1.56 (d, J = 12.2 Hz, 1H). 

 
13C NMR (101 MHz, dmso)  203.34, 141.97, 131.69, 130.66, 128.76, 128.29, 118.51, 

110.10, 79.25, 68.59, 60.73, 54.60, 51.32, 36.66. 
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1
H-NMR compound 34 

 
13

C-NMR and DEPT compound 34 
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Compound 35 (R=F): 

White solid. 

Yield 30% 

MS (ESI): [M+H]+ = 553,16 

 
1H NMR (400 MHz, DMSO-d6)  7.49 – 7.21 (m, 8H), 7.15 – 6.99 (m, 4H), 5.53 (s, 2H), 

5.22 (d, J = 4.6 Hz, 2H), 3.44 (s, 4H), 3.14 (dd, J = 12.2, 4.8 Hz, 2H), 2.73 (dd, J = 14.8, 

12.0 Hz, 2H), 1.56 (d, J = 12.1 Hz, 2H). 

 
13C NMR (101 MHz, dmso)  203.59, 162.45, 160.02, 138.45, 131.82, 131.56, 131.48, 

128.80, 128.35, 127.33, 114.61, 114.40, 79.14, 68.18, 60.95, 54.53, 50.70, 36.28. 

 
1
H-NMR compound 35 
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13
C, 

19
F-NMR and DEPT compound 35 
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Compound 37 (R=NO2): 

White solid. 

Yield 87% 

MS (ESI): [M+H]+ = 607,18 

 

 

Compound 38 (R=Cl): 

White solid. 

Yield 90% 

MS (ESI): [M+H]+ = 586,98 
 

1H NMR (400 MHz, DMSO-d6)  7.49 – 7.21 (m, 8H), 7.15 – 6.99 (m, 4H), 5.53 (s, 2H), 

5.22 (d, J = 4.6 Hz, 2H), 3.44 (s, 4H), 3.14 (dd, J = 12.2, 4.8 Hz, 2H), 2.73 (dd, J = 14.8, 

12.0 Hz, 2H), 1.56 (d, J = 12.1 Hz, 2H). 

 
13C NMR (101 MHz, dmso)  203.59, 162.45, 160.02, 138.45, 131.82, 131.56, 131.48, 

128.80, 128.35, 127.33, 114.61, 114.40, 79.14, 68.18, 60.95, 54.53, 50.70, 36.28. 

 
1
H-NMR compound 38 
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13
C-NMR and DEPT compound 38 

 

 

Compound 36 (R=CN): 

White solid. 

Yield 79% 

 

MS (ESI): [M+H]+ = 567,25 

 
1H NMR (400 MHz, DMSO-d6)  7.45 – 7.19 (m, 8H), 5.51 (s, 4H), 5.20 (t, J = 4.4 Hz, 

2H), 5.09 (d, J = 4.1 Hz, 2H), 3.43 (s, 4H), 3.34 (s, 2H), 3.14 (dd, J = 12.1, 4.7 Hz, 2H), 

2.72 (dd, J = 25.8, 12.1 Hz, 2H), 1.58 (d, J = 12.1 Hz, 2H). 

 
13C NMR (101 MHz, dmso)  203.58, 138.47, 134.81, 131.94, 131.38, 128.79, 128.35, 

127.77, 127.30, 79.21, 68.26, 60.85, 54.49, 50.85, 36.46. 
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1
H-NMR compound 36 

 
13

C-NMR and DEPT compound 36 
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Synthesis of compound 39: 

 

 

To a solution of the intermediate from the aldolic reaction in EtOH absolute (5ml), it was 

added the 1,4-dithiane-2,5-diol. The round-bottom flask was stirred at 0°C, once cold, it 

was added to the reaction TEA. The reaction was stirred from 0°C to r.t. for 3 hours. 

After monitoring the formation of the product by TLC (A1P4), the solvent is evaporated 

and it was purified by coloumn cromatography.  

The NMR spectra are analyzed in DMSO.  

White solid. 

Yield 80% 

MS (ESI): [M+H]+ = 617,21 
 

1H NMR (400 MHz, DMSO-d6)  7.47 – 6.99 (m, 8H), 5.56 (s, 4H), 5.25 (t, J = 4.4 Hz, 

2H), 5.13 (d, J = 4.0 Hz, 2H), 3.42 (s, 4H), 3.34 (s, 2H), 3.14 (dd, J = 12.1, 4.7 Hz, 2H), 

2.83 – 2.67 (m, 2H), 1.61 (s, 2H). 

 
13C NMR (101 MHz, dmso)  203.57, 138.56, 135.83, 129.61, 128.79, 128.37, 127.73, 

127.26, 79.40, 68.28, 61.01, 54.57, 51.45, 36.24. 
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1
H-NMR compound 39 

 
13

C-NMR and DEPT compound 39 
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5.3 (-)-Nutlin-3 

Synthesis of 4-chloro-N-((1S,2R)-2-((E)-(4-chlorobenzylidene)amino)-1,2-

bis(4-chlorophenyl)ethyl)benzamide 64: 

 

In a round-bottom flask it is added p-chlorobenzaldehyde (75.4 mmol) and ammonium 

acetate (3.5 eq.) in four aliquots every 5 minutes and the reaction was stirred at 120°C. 

After 18 h the residue was left to cool at r.t. and washed with petroleum ether. The crude 

product was then washed with NaOH 2N (pH>9) and filtered on gooch. The yellow 

compound was washed with Et2O and filtered again. Finally, it was obtained 7.8 g. of 

benzylidene-amide 64 (yield 76%) as a white solid. 

 

M.P. : 208-212°C. 

MS (ESI): [M+H]+ = 419.04 

 
1H NMR (400 MHz, Chloroform-d)  8.24 (s, 1H), 7.71 (d, J = 8.1 Hz, 2H), 7.59 (d, J = 

8.4 Hz, 2H), 7.48 – 7.35 (m, 4H), 7.23 (dd, J = 8.4, 2.9 Hz, 3H), 7.14 (t, J = 7.7 Hz, 4H), 

6.58 (s, 1H), 5.47 (dd, J = 7.7, 4.9 Hz, 1H), 4.94 (d, J = 4.9 Hz, 1H). 

 
13C NMR (101 MHz, CDCl3)  162.03, 129.92, 129.73, 129.31, 129.13, 128.71, 128.49, 

128.37, 76.06, 59.49. 
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1
H-NMR of compound 64 

 
13

C-NMR and DEPT of compound 64 
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Synthesis of (1R,2S)-1,2-bis(4-chlorophenyl)ethane-1,2-diamine 46: 

 

 

 

To a solution of benzylidene-amide 64 in H2SO4 (50% v/v) at 170°C for 24h, it was added 

water (30ml), after leaving the reaction to cool at r.t. and it was washed twice with Et2O. 

The aqueous phase was treated with NaOH 2N to pH 9 at 0°C and extracted with Et2O. 

The organic phase was dried on Na2SO4, filtered and the solvent evaporated.  

The final product 46 is a yellow solid. 

Yield 79% 

M.P. 128-130°C 

MS (ESI): [M+H]+ = 281.06 

 
1H NMR (400 MHz, Chloroform-d)  7.37 - 7.18 (m, 8H), 3.99 (s, 2H), 1.52 (s, 4H). 
13C NMR (101 MHz, CDCl3)  141.07, 133.53, 129.05, 128.72, 128.40, 62.1.  
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1
H-NMR of compound 46 

 

 
13

C-NMR and DEPT of compound 46 
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Synthesis of isopropyl 2-isopropoxy-4-methoxybenzoate 67: 

 

 

 

To a solution of 2-hydroxy-4-methoxybenzoic acid 66 (23.8 mmol) in DMF, it was added 

K2CO3 (4 eq.). After 15 minutes it was added 2-bromopropane (4 eq.). The mixture was 

stirred at 120°C for 3.5 h, then cooled at r.t. and the solvent evaporated. The residue was 

dissolved in EtOAc, then filtered on Gooch through diatomaceous earth and the solvent  

was washed with sodium bicarbonate. The organic phase was dried over Na2SO4 and 

evaporated to give the ester 67 as a yellow oil. 

Yield 98%. 

MS (ESI): [M+H]+ = 253.14 
 

1H NMR (200 MHz, Chloroform-d) : 7.75-7.70 (m, 1H), 6.45-6.39 (m, 2H), 5.16 (p, J= 

7.4 Hz, 1H), 4.50 (p, J= 6.2 Hz, 1H), 3.75 (s, 3H), 1.30 (m, 12H). 
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Synthesis of 2-isopropoxy-4-methoxybenzoic acid 68: 

 

 

 

To a solution of ester 67 (16.5 mmol) in EtOH (30 ml), it was added NaOH 2N (33ml). 

The mixture was stirred at 80°C for 2.5 h, then evaporated the solvent, it was dissolved in 

H2O and it was added HCl 2N until pH 3. The solution was extracted with EtOAc and the 

organic phase was dried over Na2SO4 and evaporated, to give an oil. 

Yield 94%. 

MS (ESI): [M+H]+= 211,09 

1H NMR (200 MHz, Chloroform-d) : 10.83 (bs, 1H), 8.14 (d, J= 9 Hz, 1H), 6.64 (dd, J= 

8.8, 2.4 Hz, 1H), 6.52 (d, J= 2.4 Hz, 1H), 4.80 (p, J= 6 Hz, 1H), 3.85 (s, 3H), 1.48 (d, J= 

6.2 Hz, 6H). 

IR: 3262.83, 2979.76, 1726.91, 1564.43 cm -1 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



115 
 

Synthesis of benzoic 2-isopropoxy-4-methoxybenzoic anhydride 69: 

 

 

 

Method A: 

In a round-bottom flask it was added the acid 68 and K2CO3 (4.34 eq.), then added drop to 

drop the tosyl chloride (0.6 eq.) in EtOAc (4 ml). The mixture was stirred for 20 min 

adding some drops of EtOAc to keep it homogeneous. Then, CH2Cl2 (15ml) was added and 

the solution was filtered on Gooch and the solvent evaporated, to obtain the anhydride 44 

as a white solid. 

Yield 96%. 

IR: 2980.15, 2843.06, 1737.45, 1715.92, 1603.27, 1566,35 cm-1 
1H NMR (200 MHz, Chloroform-d) : 8.02 (d, J= 9 Hz, 2H), 6.47 (m, 4H), 4.58 (p, J= 6 

Hz, 2H), 3.85 (s, 6H), 1.33-1.20 (m, 12H). 

 

Method B: 

2-isopropoxy-4-methoxybenzoyl chloride (2.42 mmol) was mixed with DABCO (1 eq.). 

Then sodium 2-isopropoxy-4-methoxybenzoate (1 eq.) was added and the crude was pestle 

for 20 minutes. The mixture was added to a solution of Et2O and water (30 ml and 25 ml) 

and extracted. The organic phase was dried over Na2SO4, filtered and the solvent 

evaporated to give the anhydride 69. 

Yield 18%. 
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Synthesis of N-((1S,2R)-2-amino-1,2-bis(4-chlorophenyl)ethyl)-2-

isopropoxy-4-methoxybenzamide 56: 

 

 

To a solution of anhydride 69 (0.74 mmol) in toluene (10ml), it was added DMAP (1.5 eq.) 

dissolved in dry toluene. The reaction was stirred at r.t. for 18 h and then brought to -78°C.  

In a flask the (1R,2R)-cat-1 was dissolved in toluene and EtOAc and this solution was 

added to the reaction through syringe. The reaction was stirred for 30 minutes, then a 

solution of meso-diamine 46 in toluene was added dropwise for 1 h. After 1 h, TEA (114 

µL) is added to the reaction. After 18 h the reaction is quenched with a solution of 

ammonia in methanol and washed with a solution of water and brine (1:1). The organic 

phase is extracted and evaporated. The crude is a rubbery yellow solid. It was purified by 

coloumn chromatography (petroleum ether/EtOAc 1.5:10), to obtain the final product 56 as 

a white solid.  

Yield 47% 

ee 67% 

M. P.= 181-185°C  

MS (ESI): [M+H]+  = 473,13 

 
1H NMR (400 MHz, Chloroform-d)  8.84 (d, J = 7.8 Hz, 1H), 8.11 (d, J = 8.8 Hz, 1H), 

7.29 – 7.16 (m, 5H), 7.01 (dd, J = 8.5, 3.0 Hz, 4H), 6.55 (dd, J = 8.8, 2.3 Hz, 1H), 6.48 (d, 

J = 2.3 Hz, 1H), 5.47 (dd, J = 7.9, 4.6 Hz, 1H), 4.74 (p, J = 6.1 Hz, 1H), 4.43 (d, J = 4.6 

Hz, 1H), 3.83 (d, J = 0.7 Hz, 3H), 1.41 (t, J = 5.8 Hz, 6H). 

 
13C NMR (101 MHz, CDCl3)  165.08, 163.51, 157.37, 140.00, 136.84, 134.31, 133.42, 

129.26, 128.56, 128.41, 114.95, 105.30, 100.51, 71.67, 59.25, 58.63, 55.66, 22.33, 22.18. 
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1
H-NMR compound 56 

 

 
13

C-NMR and DEPT compound 56 
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g-COSY, HMQC and HMBC compound 56 
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Synthesis of N-((1R,2S)-2-amino-1,2-bis(4-chlorophenyl)ethyl)benzamide 

60: 

 

 

 

To a solution of benzoic anhydride 59 (0.35 mmol) in toluene, it was added DMAP (0.1 

eq.) dissolved in toluene. The mixture was cooled at -78°C and stirred for 20 minutes. 

To the mixture it was added amide-thiourea (1R,2R)-cat-1 (0.1 eq), 5ml of toluene and 

2ml of ethyl acetate. It was stirred for 15 minutes, and then meso-diamine 46 (1 eq.) was 

added. After 1h TEA (1.1 eq.) was added. The reaction was quenched after 2 h with a 

solution of ammonia in methanol and washed with brine and water (1:1). The organic 

phase is extracted and evaporated. The crude is a rubbery yellow solid. It was purified by 

coloumn chromatography (petroleum ether/EtOAc 2.5:10) to give the amide 60 as a white 

solid.  

Yield 79% 

ee 43% 

M.P. = 168-172°C 

[α]d = - 2,05 (0,146 c, MeOH)  

MS (ESI): [M+H]+ = 385.21 

 
1H NMR (400 MHz, Methanol-d4)  7.57-7.25 (m, 13H), 5.29 (d, J = 9.2 Hz, 1H), 4.31 (d, 

J = 9.2 Hz, 1H). 

 
13C NMR (101 MHz, CD3OD)  169.52, 142.01, 139.78, 135.67, 134.79, 134.51, 132.63, 

130.79, 130.26, 129.84, 129.54, 129.45, 128.18, 60.47, 60.04. 
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1
H-NMR compound 60 

 
13

C-NMR and DEPT compound 60 
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Synthesis of N-((1R,2S)-1,2-bis(4-chlorophenyl)-2-(2-isopropoxy-4-

methoxybenzamido)ethyl)-3-oxopiperazine-1-carboxamide 57: 

 

 

 

To a solution of amine 56 (0.62 mmol) in dry CH2Cl2, it was added the CDI (1.2 eq.). The 

reaction was stirred at r.t. for 5 h and then, 2-piperazinone (1.6 eq.) was added. After 18 h, 

the solution was diluted with 30 ml of dry CH2Cl2 , extracted and washed with water three 

times and once with NaCl. The organic phase was dried over Na2SO4, evaporated the 

solvent, to give the urea 57, a white solid. 

Yield 94% 

M.P. = 210-213 °C 

[α]d =  + 29,67 (0,1 c, CHCl3) 

MS (ESI): [M+H]+ = 599.18 
 

1H NMR (400 MHz, Chloroform-d)  8.38 (d, J = 7.7 Hz, 1H), 8.26 (d, J = 8.8 Hz, 1H), 

8.02 (s, 1H), 7.82 (s, 1H), 7.28 (d, J = 8.2 Hz, 2H), 7.17 (d, J = 8.2 Hz, 2H), 6.95 (d, J = 

8.2 Hz, 2H), 6.89 (d, J = 8.1 Hz, 2H), 6.62 (dd, J = 8.9, 2.2 Hz, 1H), 6.45 (d, J = 2.1 Hz, 

1H), 5.77 (d, J = 7.6 Hz, 1H), 5.09 (s, 1H), 4.65 (p, J = 6.1 Hz, 1H), 4.15 (s, 2H), 3.85 (s, 

3H), 3.72 (d, J = 13.0 Hz, 1H), 3.60 (d, J = 12.6 Hz, 1H), 3.41 (s, 2H), 1.20 (d, J = 6.0 Hz, 

3H), 1.14 (d, J = 6.0 Hz, 3H). 

 
13C NMR (101 MHz, CDCl3)  167.48, 164.17, 157.44, 156.09, 136.56, 134.64, 134.08, 

133.51, 129.60, 128.83, 128.58, 128.22, 113.56, 105.55, 100.50, 71.64, 62.11, 57.94, 

55.77, 47.61, 41.40, 40.12, 22.12, 21.73. 
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1
H-NMR compound 57 

 

 
13

C-NMR and DEPT compound 57 

 

 

 

. 
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g-COSY, HMQC, HMBC compound 57 

 

 

 



126 
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Synthesis of 4-((4S,5R)-4,5-bis(4-chlorophenyl)-2-(2-isopropoxy-4-

methoxyphenyl)-4,5-dihydro-1H-imidazole-1-carbonyl)piperazin-2-one 

hydrate 58: 

 

 

 

Method A: 

To a solution of triphenyl phosphine oxide (1.17 mmol) in 25 ml of dry CH2Cl2 at 0°C, 

after 10 minutes triflic anhydride (4 eq.) was added and the reaction was stirred for 30 

minutes, then the amide-urea 57 (0.25 eq.) was added at 0°C. The solution was stirred for 

18 h at 0°C to r.t. and monitored by TLC. Once the starting material disappeared, the 

reaction was quenched with a solution of NaHCO3 saturated. The organic phase was 

extracted and dried over Na2SO4. The crude was purified by column chromatography 

(MeOH/CH2Cl2 0.5:9.5) to obtain (-)-58 as white solid. 

Yield 80% 

M.P.= 143-147°C  

[α]d = - 53,67 (0,1 c, CHCl3)  

MS (ESI): [M+H]+ = 581.17 

 

Method B: 

To a solution of 51 (0.043 mmol) in THF, Et3N (5.3 eq.) and triphosgene (8 eq.) at 0°C. 

The ixture was stirred for 2.5 h and the solvent evaporated. The residue was dissolved in 

CH2Cl2 and at 0°C a solution of 2-piperazinone in CH2Cl2 was added dropwise. The 

reaction was stirred for 1h at 0°C, then it was quenched with a satured solution of NaHCO3 

and it was extracted and washed with NaCl aq.; the organic phase was dried over Na2SO4, 

the solvent evaporated.  

 
1H NMR (400 MHz, Chloroform-d)  7.70 – 7.56 (m, 2H), 7.08 (d, J = 8.2 Hz, 2H), 7.03 

(d, J = 8.5 Hz, 2H), 6.93 (d, J = 8.4 Hz, 2H), 6.87 (d, J = 8.1 Hz, 2H), 6.62 (s, 1H), 6.55 
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(dd, J = 8.6, 2.1 Hz, 1H), 6.47 (d, J = 2.1 Hz, 1H), 5.66 – 5.56 (bs, 1H), 4.61 (p, J = 6.0 

Hz, 1H), 3.84 (s, 3H), 3.77 (d, J = 18.2 Hz, 1H), 3.63 (d, J = 18.3 Hz, 1H), 3.40 – 3.37 (m, 

1H), 3.27 – 3.15 (m, 1H), 3.00 (s, 2H), 1.38 (d, J = 6.0 Hz, 3H), 1.33 (d, J = 6.0 Hz, 3H). 

 
13C NMR (101 MHz, CDCl3)  166.76, 163.63, 161.07, 157.30, 154.33, 135.46, 134.58, 

133.55, 133.24, 132.63, 129.31, 128.63, 128.29, 128.18, 104.92, 100.30, 71.29, 69.41, 

55.74, 49.51, 42.09, 40.53, 22.19. 

 
1
H-NMR compound 58 

 
 

 

 

 

 

 

 

 

 

 

 



129 
 

13
C-NMR and DEPT compound 58 

 

 

g-COSY, HMQC, HMBC compound 58 
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Synthesis of the catalyst cat-1: 

Synthesis of 2,5-dioxopyrrolidin-1-yl 3,5-bis(trifluoromethyl)benzoate 77: 

 

 

 

To a solution of N-hydroxysuccinimide (1 eq.) and 3,5-trifluormethyl benzoic acid 74 

(10.0 mmol) in dry 1,4-dioxane, DCC (1.05 eq.) was added. After 3 h the precipitate was 

filtered on Gooch and the solvent evaporated. The crude was purified by column 

chromatography (EtOAc/Petroleum ether) to give the anhydride-Osu 77, as a white solid.  

Yield 91% 

 
1H NMR (400 MHz, Chloroform-d)  8.58 (d, J = 1.7 Hz, 2H), 8.19 (td, J = 1.6, 0.8 Hz, 

1H), 2.95 (m, 4H). 

 
13C NMR (101 MHz, CDCl3) : 168.73, 159.79, 132.82, 130.73, 128.42, 128.38, 127.61, 

123.96, 121.24, 25.79. 
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1
H-NMR compound 77 

 
13

C-NMR and DEPT compound 77 
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Synthesis of 1-((1S,2S)-2-aminocyclohexyl)-3-(3,5-

bis(trifluoromethyl)phenyl)thiourea 78: 

 

 

To a solution of cyclohexyl diamine 75 (1.2 eq.) in CH2Cl2, isocyanate 76 (7.30 mmol) was 

added. The reaction was stirred at r.t. for 10 h. The solvent then was evaporated and the 

crude was purified by column chromatography (MeOH/EtOAc) to give the product 78. 

Yield 85%  

[α]d = -58,6 (0,5 c, CHCl3) 

 
1H NMR (400 MHz, Chloroform-d) : 8.03 (bs, 2H), 7.57 (s, 3H), 6.40 (bs, 1H), 3.38 (bs, 

1H), 2.72 (bs, 2H), 1.95 (m, 2H), 1.75 (m, 2H), 1.26 (m, 4H). 

 
13C NMR (101 MHz, CDCl3) : 183.12, 171.26, 131.52, 122.73, 117.56, 63.07, 56.58, 

34.71, 32.10, 24.49. 
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Synthesis of N-((1S,2S)-2-(3-(3,5-

bis(trifluoromethyl)phenyl)thioureido)cyclohexyl)-3,5-

bis(trifluoromethyl)benzamide cat-1: 

 

To a solution of amino-thiourea 78 (1.61 mmol) in THF (33ml), the anhydride-Osu 77 (1 

eq.) was added. The mixture was stirred for 24 h at r.t., then 2 ml of NH4OH were added 

and then the solvent was evaporated. The crude was purified by column chromatography 

(EtOAc/Petroleu ether 3:7) to give the amide-thiourea cat-1 as a white solid. 

M.P.= 161-165 °C 

[α]d = +30 (0,5 c, CHCl3) 

MS (ESI): [M+H]+ = 626.11 

 

 

 
1H NMR (400 MHz, Chloroform-d)  8.84 (s, 1H), 8.30 - 8.18 (m, 2H), 7.94 (s, 1H), 7.79 

(d, J = 7.9 Hz, 1H), 7.71 (s, 2H), 7.60 (s, 1H), 4.68 (s, 1H), 4.00 - 3.90 (m, 1H), 2.28 - 2.16 

(m, 2H), 1.94 - 1.82 (m, 3H), 1.59 - 1.32 (m, 5H). 

 



135 
 

13C NMR (101 MHz, CDCl3)  181.68, 165.78, 139.40, 135.87, 132.61, 132.31, 127.58, 

127.58, 125.50, 124.15, 123.75, 119.18, 60.68, 57.13, 56.95, 32.24, 24.75, 21.24, 14.29. 

 
1
H-NMR compound cat-1 

 
13

C-NMR and DEPT compound cat-1 
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5.4 Magmas Inhibitors 

Synthesis of 1-(2,6,6-trimethylcyclohex-1-en-1-yl)ethanol 80: 

 

 

 

To a solution of -cyclocitral 79 (6.56 mmol) in THF, CH3MgBr (1.1 eq.) was added at 

0°C. The reaction was stirred overnight. The formation of the alcohol was monitored by 

TLC (EtOAc/Petroleum ether 1:6) and by mass spectrometry. The reaction was then 

quenched with NH4Cl sat. THF was then evaporated and the crude extracted with ethyl 

acetate. The organic phase was dried over Na2SO4 and after evaporated the solvent the 

compound was purified by column chromatography (EtOAc/Petroleum ether 1:9). The 

product 80 obtained was a white solid.  

Yield 82% 

MS (ESI): [M-H]+= 168.38 

 

IR: cm-13378.96 OH-stretching, 2906.78 C-H stretching, 1652.40 C=C stretching, 1064.62 

C-O stretching. 

 
1H NMR (400 MHz,CDCl3 )  4.50 (q, 1H, J =6.7 Hz, CH3-CH-OH), 1.92 (dd, 2H, J 

=13.9, 6.5 Hz, CH2-CH2-CH2), 1.85 (s, 3H, CH3-C=C), 1.57-1.37 (m, 2H, CH2-CH2-CH2), 

1.41 (d, 3H, J =6.7 Hz, CH3-CH-OH ), 1.40-1.37 (m, 2H, CH2-CH2-CH2), 1.09 (s, 3H, 

CH3-Cq-CH3), 0.95 (s, 3H, CH3-Cq-CH3).      

     
13C NMR (400 MHz, CDCl3)  141.25, 130.92, 67.12, 39.95, 34.70, 34.06, 28.64, 28.01, 

23.06, 21.03, 19.37     
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1
H-NMR compound 80 

 

                    

 
13

C-NMR and DEPT compound 80 
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Synthesis of 1-(3-ethyl-2,4,4-trimethyl-2 cyclohexane)-triphenyl 

phosphoranyliden bromide 81: 

 

 

 

To a solution of allylic alcohol 80 in MeOH, PPh3-HBr was added. The reaction was 

stirred at r.t. overnight. It was monitored by TLC (EtOAc/Petroleum ether 0.2:9.8) and by 

mass spectrometry. MeOH was evaporated and the compound is a sticky yellow solid. The 

isolation of the salt is made through a filtration on silica with EtOAc. After the evaporation 

of the solvent, the product 81 obtained is a white solid. 

Yield 96% 

M.P.= over 220°C  

MS (ESI): [M-H]+
 = 493,17  

 
1H NMR (400 MHz,CDCl3)  8.01-7.55 (m, 15H, Ph3-P),  5.60 (ddd, 1H,  J = 16.6 Hz, 5 

Hz, 3.2 Hz, H3), 2.49-2.40 (m, 1H, H2 or H2’), 2.20-2.10 (m, 3H, H2 or H2’, H1 e H1’), 1.54 

(d, 3H, J =3 Hz, H11), 1.32 (ddd, 1H, J = 13.3, 5.5, 2.8, H9 or H9’), 0.96 (s, 3H, H7 or H8), 

0.95 (t, 3H, J = 7.5 Hz, H10), 0.94 (m, 1H, H9 or H9’), 0.63 (s, 3H, H7 o H8). 

 
13C NMR (400 MHz, CDCl3)

  149.63, 134.57, 130.80, 130.17, 119.97, 119.18, 40.17, 

35.53, 27.82, 27.51, 22.64, 21.81, 21.53, 13.78. 
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1
H-NMR compound 81 
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31
P-NMR compound 81 
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Synthesis of (E)-methyl 4-((3-ethyl-2,4,4-trimethylcyclohex-2-en-1-

ylidene)methyl)benzoate 82: 

 

 

 

To a solution of salt 81 (2.13 mmol) in THF, BuLi was added (1 eq.) at r.t. and the reaction 

was stirred for 30 minutes, then the temperature was cooled to -78°C to add methyl 4-

formyl benzoate (1.1 eq.). The Wittig reaction was stirred overnight and monitored by TLC 

and mass spectrometry. Once the product was formed, the reaction was quenched with 

NH4Cl sat., THF evaporated and then extracted with ethyl acetate. The organic phase was 

dried over Na2SO4 and the solvent evaporated. The crude was purified by column 

chromatography and the product 82 was obtained as a brownish oil. 

Yield 29% 

MS (ESI): [M-H]+= 299.42 
 

IR: cm-1  2952 C-H stretching, 1717 C=O stretching, 1602 C =C stretching, 1102 C-O-C 

stretching; 961-610 C-H aromatic bending. 
 

1H NMR (400 MHz,CDCl3)  7.95 (d, 2H, J = 8.4 Hz, Har.), 7.32 (d, 2H, J = 8.2 Hz, Har.), 

6.40 (s, 1H, Cq-CH=Cq), 3.95 (s, 3H, OCH3), 2.6 (ddd, 2H, J = 8.2, 4.7, 1.7 Hz,CH2-CH2-

Cq=), 2.20 (q, 2H, J = 7.2 Hz, CH2-CH3), 1.95 (s, 3H, Cq-CH3), 1.50 (m, 2H, CH2-CH2-

Cq=), 1.15 (t, 3H, J = 7.2 Hz, CH2-CH3), 1.15 (s, 6H, CH3-Cq-CH3). 

 
13C NMR (400 MHz,CDCl3)  167.20, 148.91, 144.00, 142.29, 136.07, 129.95,  129.30, 

127.12, 126.17, 120.57, 52.06, 38.84, 35.95, 27.69, 24.36, 22.99, 15.28, 14.80. 
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1
H-NMR compound 82 

 

 
13

C-NMR and DEPT compound 82 
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Synthesis of (E)-4-((3-ethyl-2,4,4-trimethylcyclohex-2-en-1-

ylidene)methyl)benzoic acid 83:  

 

. 

To a solution of the Wittig product 82 (0.38 mmol) in MeOH, NaOH 2N (3 eq.) was added 

drop to drop. The reaction was stirred at r.t. and monitored by TLC (EtOAc/Petroleum 

ether 0.2:9.8) and by mass spectrometry. After 16 h the MeOH was evaporated, the 

reaction was treated with HCl (1N) until acid pH and the compound was extracted with 

ethyl acetate. The organic phase was dried and evaporated. Then the product was 

crystallized in diethyl ether and centrifuged. The product 83 was a white solid. 

Yield 74%  

M.P.=150-155° C  

MS (ESI): [M-H]+= 285.39  
 

1H NMR (400 MHz, MeOD)  7.95 (d, 2H, J =8.4Hz, CHar), 7.39(d, 2H, J =8.4 Hz, CHar), 

6.50 (s ,1H, CH=Cq ), 2.60 (m , 2H, CH2-CH2-Cq=), 2.30 (q, 2H, J = 7.6 Hz, CH2-CH3), 

1.91 (s, 3H, CH3-C=), 1.50 (m, 2H, CH2-CH2-Cq=), 1.15 (t, 3H, J = 7.6 Hz, CH2-CH3), 

1.15 (s, 6H, CH3-C-CH3). 

 

13C NMR (400 MHz, MeOD)  149.59,142.91, 142.12, 134.92, 130.12, 129.75, 128.41, 

127.17, 40.10, 36.80, 28.14, 25.31, 23.73, 15.48, 15.21.  
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1
H-NMR compound 83 

 
13

C-NMR and DEPT compound 83 
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Synthesis of (E)-N-carbamimidoyl-4-((3-ethyl-2,4,4-trimethylcyclohex-2-en-

1-ylidene)methyl)benzamide 84: 

 

 

 

The first step is the activation of the acid function 83 (1.33 mmol) with CDI (1 eq.) in 

DMF, the reaction was stirred at r.t. for 1 h. In another round-bottom flask a solution of 

guanidine chloride (2 eq.) in DMF and Dioxane (1:1.8) was added, and then the tBuOK (2 

eq.) was added too at 55°C for 30 minutes. There was the formation of KCl, that was 

removed by filtration. The guanidine solution then was added  to the acid reaction. It was 

monitored by mass spectrometry and was stirred for 15 minutes. DMF and Dioxane then 

were removed by evaporation and the product was crystallized in water at 0°C and MeOH 

to give a white solid 84. 

Yield 77% 

M.P.= 125-130 ° C   

MS (ESI): [M-H]+=  326.45 

 
1H NMR (400 MHz, Acetone-d6)  8.15 (s, NH), 8.00 (d, 2H, J = 8 Hz, CHar), 7.25 (d, 2H, 

J = 8 Hz, CHar), 6.50 (s, 1H, CH=Cq), 3.40 (s, NH), 2.60 (m, 2H, CH2-CH2-Cq= ),  2.25 

(q, 2H,  J = 7.6 Hz, CH2-CH3), 1.95 (s, 3H, CH3-C=), 2.50 (m, 2H, CH2-CH2-Cq=), 1.15 

(s, 6H), 1.15 (t, 3H).  

 
13C NMR (400 MHz, Acetone-d6)  173.13, 160.62, 147.94, 141.41, 141.14, 136.56, 

130.05, 129.60, 129.32, 128.10, 122.30, 39.68, 36.46, 30.46, 30.27, 30.08, 29.88, 29.69, 

29.50, 29.31, 28.02, 24.98, 23.40, 15.48, 15.17. 
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1
H-NMR compound 84 

 

 

 
13

C-NMR and DEPT compound 84 
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HMBC compound 84 
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Synthesis of (E)-6-ethylidene-1,5,5-trimethylcyclohex-1-ene 85: 

 

 

 

 

To a solution of the allylic alcohol 80 (1.19 mmol) in MeOH, HBr was added. The reaction 

was stirred for 30 minutes, when the starting material disappeared, monitoring by TLC 

(EtOAc/Petroleum ether 1:6), there was the formation of diene 85 and methyl ether 85a. 

The solvent was evaporated and NaOH 2N was added to remove the excess of HBr. Then 

the solution was extracted with ethyl acetate and the organic phase, dried and evaporated. 

The crude was purified by column chromatography and it was obtained the product as an 

oil. 

 

 1H NMR (400 MHz, CDCl3)  3.95 (q, 1H, J = 6.8 Hz, CH3O-CH-CH3), 3.20 (s, 3H, 

OCH3), 1.90 (t, 2H, J = 4.8 Hz,CH2-CH2-CH2-), 1.75 (s, 3H, CH3-Cq), 1.45 (m, 2H, CH2-

CH2-CH2-), 1.35 (d, 3H, J =6.8 Hz,CH3-CH), 1.30 (m, 2H, CH2-CH2-CH2-), 1.15 (s, 3H, 

CH3-Cq-CH3), 0.95 (s, 3H, CH3-Cq-CH3 ). 

 
 

13C NMR (400 MHz,CDCl3) 136.89, 130.76, 75.65, 55.63, 40.27, 34.04, 29.78, 29.03, 

27.91, 26.99, 21.49, 19.46.  
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Synthesis of (E)-6-ethylidene-1,5,5-trimethylcyclohex-1-ene 85: 

 

 

To a solution of allylic alcohol 80 (0.59 mmol) in t-BuOH, HBr was added to have the 

formation of the diene 85. The reaction was stirred and monitored by TLC and after 30 

minutes the reagent disappeared and the product formed. The t-BuOH was evaporated and 

NaOH 2 N was added at 0°C to basic pH to remove HBr in excess. After extraction with 

ethyl acetate, the organic phase was dried and evaporated. The crude was purified by 

column chromatography obtaining the diene 85 as a colorless oil. 

Yield 32% 
 

1H NMR (400 MHz,CDCl3)
  5.60 (m, 1H, CH=Cq-CH3), 5.53 (q, 1H, J = 7.5 Hz, CH-

CH3), 2.15 (m, 2H, CH2-CH2-CH), 1.95 (d, 3H, J = 7.2 Hz, CH-CH3), 1.79 (s, 3H, CH3-

C=), 2.45 (t, 2H, J = 12.2 Hz, CH2-CH2-CH), 1.20 (s, 6H, CH3-Cq-CH3). 

 
13C NMR (400 MHz, CDCl3)

  144.34, 133.67, 125.20, 119.47, 40.48, 34.79, 27.88, 22.95, 

21.88, 16.14. 
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Synthesis of (E)-4-((3-ethyl-2,4,4-trimethylcyclohex-2-en-1-

ylidene)methyl)benzamide 86: 

 

 

 

To a solution of the acid 83 (0.21 mmol) in DMF, CDI was added (1 eq.) and the NH4OH 

conc. (1.2 eq.) was too. The solvent was evaporated and the compound 86 was crystallized 

with Et2O and centrifuged. 

Yield 20%  

M.P.= over 220°C 

MS (ESI): [M-H]+=  284.41 

IR : 2966.39 C-H stretching benzene,1583.04,1543.12 N-H bending. 
 

1H NMR (200 MHz,CDCl3)  8.00 (d, 2H, J = 8.3 Hz, NH2) 7.77 (d, 2H, J = 8.2 Hz, CHar), 

7.35 (d, 1H, J = 8.1 Hz, CHar), 6.50 (s, 1H, CH=C), 2.60 (m, 2H, CH2-CH2-C=), 2.20 (q, 

2H, J = 2 Hz, CH2-CH3), 1.95 (s, 3H, CH3-C=), 1.55 (m, 2H, CH2-CH2-C=), 1.15 (s, 6H, 

CH3-Cq-CH3), 1.15 ( t, 2H, J = 2 Hz, CH2-CH3). 
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Synthesis of (E)-N-carbamoyl-4-((3-ethyl-2,4,4-trimethylcyclohex-2-en-1-

ylidene)methyl)benzamide 87: 

 

 

 

 

To a solution of the acid 83 (0.28 mmol) and urea in toluene, the catalyst 3,4,5-

trifluoromethyl-phenyl boronic acid (1.1 eq.) was added and the reaction was stirred at 

90°C overnight. The reaction was monitored by TLC and mass spectrometry. The solvent 

was evaporated and the compound washed with basic aqueous solution and extracted with 

ethyl acetate. The organic phase was dried and evaporated. The product 87 was purified by 

preparative HPLC. 

MS (ESI): [M-H]+=  327.46 
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Synthesis of N-carbamimidoyl-4-((3-ethyl-2,4,4-

trimethylcyclohexyl)methyl)benzamide 89: 

 

 

 

The compound 84 was dissolved in EtOH and EtOAc, C/Pd was added and it was used a 

balloon of H2. The reaction was stirred overnight and the day after was observed a green 

color. The product was filtered on Gooch through diatomeus earth to remove C/Pd.  

The liquid phase contained the products 88 and 89. The solvent was evaporated and 

through HPLC was possible to separate the two compounds because of their different 

retention time. The preparative HPLC was on column C18 using a gradient as A 

H2O+0.1% TFA and as B CH3CN 60%, H2O 40% + 0.1% TFA. 

 

Another method was to use the ThalesNano nanotechnology H-Cube machine to 

hydrogenate the compound 84 dissolved in EtOH (2M) and using C/Pd 10% as catalyst. 

At 60°C and 60 bar. 

The yield of product 89 of the reaction is almost 100%.    

 

MS (ESI): [M-H]+=  328.46 for 88 and 330.25 for 89 
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Synthesis of 2-amino-4(3H)-quinazolinone derivatives 90, 91, 92: 

 

 

 

A two-neck round bottom flask was charged with a magnetic stirrer, evacuated and 

backfilled with N2. Substituted 2-bromobenzoic acid 

(0.5 mmol), guanidine hydrochloride (1 mmol), Cs2CO3 (2 mmol, 652 mg) and DMF (3 

mL) were added. After stirring for 20 min under N2, CuI (0.1 mmol) was added to the 

flask. The reaction temperature was raised to 110 °C. After 40 h the resulting 

solution was cooled to r.t. and filtered, and the solid was washed with DMF (3 mL). The 

combined filtrate was concentrated with a rotary evaporator, and the residue was purified 

by column chromatography on silica gel to provide the final products as a white solid. 

Yield 64-85% 

MS (ESI): [M-H]+=  255.08 compound 90, 162.20 compound  91, 241.10 compound 92 

 

NMR spectra compound 91 
1H NMR (DMSO-d6, 300 MHz): d = 11.18 (br s, 1 H), 7.87 (dd, J = 7.9, 1.4 Hz, 1 H), 7.55 

(dt, J = 7.4, 1.7 Hz, 1 H), 7.19 (d, J = 8.3 Hz, 1 H), 7.09 (t, J = 7.6 Hz, 1 H), 6.50 (br s, 2 

H). 

 
13C NMR (DMSO-d6, 75 MHz): d = 163.5, 152.7, 134.6, 126.5, 123.7, 122.1, 117.6. 
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Synthesis of quinazolin-2-amine 93: 
 

 
 

A two-neck round bottom flask was charged with a magnetic stirrer, evacuated and 

backfilled with N2. 2-Bromobenzaldehyde and guanidine hydrochloride (1 mmol), L-

proline (0.2 mmol), Cs2CO3 (2 mmol, 652 mg) and DMF (5 mL) were added (200 mg of 4 

Å MS was added for 2-bromobenzaldehyde). After stirring for 20 min under N2, CuI (0.1 

mmol) was added to the flask, and then the reaction temperature was raised to 120 °C. 

After 40 h, the resulting solution was cooled to r.t. and filtered, and the solid was washed 

with DMF (3 mL). The combined filtrate was concentrated with the aid of a rotary 

evaporator, and the residue was purified by column chromatography on silica gel to 

provide the product 93 as yellow solid. 

Yield 48% 

MS (ESI): [M + H]+ = 229.2. 

 
1H NMR (CDCl3, 300 MHz): d = 8.99 (s, 1 H), 7.65 (m, 2 H), 7.56 

(d, J = 8.4 Hz, 1 H), 7.21 (t, J = 6.9 Hz, 1 H), 4.03 (m, 4 H), 2.57 

(m, 4 H), 2.39 (s, 3 H). 

 
13C NMR (CDCl3, 75 MHz): d = 161.5, 159.2, 152.3, 134.2, 127.5, 

125.7, 122.6, 119.7, 55.1, 46.2, 43.9. 
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5.4.1 Biological experimental section 

 

Qproteome Mitochondria Isolation kit protocol 

These tests are based on MCF7 cell lines (they are breast cancer cell lines isolated in 1970 

from 69 years old Caucasian woman, before these cells it was no possible to obtain breast 

cancer cell lines that were able to live longer than few months). 

The cells are seeded in a Petri dish, 1 million/mL each Petri, for 5 million total, (5 mL of 

DMEM-High Glucose added with 10% of FBS, 10 U/mL of antibiotic P/S, 0.025 µg/mL of 

antifungal fungizone).  

The day after the cells are treated with the compound 89 and collected after 3 hours and 6 

hours following the protocol  Qproteome Mitochondria Isolation kit to extract the 

mitochondria.  

This protocol58 provides some steps: 

Transfer a cell suspension containing approximately 5 x 106 to 2 x 107 cells into a 15 ml 

conical tube and centrifuge at 500 x g for 10 min at 4°C. Carefully remove and discard the 

supernatant.  

Wash the cells using 1 ml 0.9% sodium chloride solution.  

Resuspend the cell pellet in 1 mL or 2 mL ice-cold Lysis Buffer by pipetting up and down 

using a 1 mL pipette tip. Incubate for 10 min at 4°C on an end-over-end shaker.  

Ensure that Protease Inhibitor Solution has been added to Lysis Buffer.   

Centrifuge the lysate at 1000 x g for 10 min at 4°C.  

Carefully remove the supernatant.  This fraction primarily contains cytosolic proteins.  

Resuspend the cell pellet in 1.5 mL ice-cold Disruption Buffer by pipetting up and down 

using a 1 ml pipette tip. Complete cell disruption by using a blunt-ended needle and a 

syringe. Draw the lysate slowly into the syringe and eject with one stroke. Repeat 10 times. 

Ensure that Disruption Buffer has been supplemented with Protease Inhibitor Solution.  

Centrifuge the lysate at 1000 x g for 10 min at 4°C and carefully transfer the supernatant to 

a clean 15 ml tube. The pellet contains nuclei, cell debris, and unbroken cells. If desired, 

proteins can be re-extracted from the cell pellet by repeating steps 6 and 7 using 500 µl ice-

cold Disruption Buffer. The supernatants from each extraction should be combined before 

the next step.  

Carefully transfer the supernatant(s) into a fresh microcentrifuge tube and centrifuge at 

6000 x g for 10 min at 4°C.  
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Carefully remove the supernatant. The pellet contains mitochondria. The supernatant 

constitutes the microsomal fraction.  

Wash the mitochondrial pellet from step 10 with 1 ml Mitochondria Storage Buffer by 

carefully pipetting up and down using a 1 ml pipette tip. Centrifuge at 6000 x g for 20 min 

at 4°C.  

Resuspend the mitochondrial pellet in Mitochondria Storage Buffer or a buffer of choice 

for further analysis. 

 

LC/MS analysis procedure 

The mitochondria pellets  collected at 3 and 6 hours were treated with 1 mL of a mixture of 

CH3CN and H2O (6:4) with CF3COOH (0.1 %).  Cell membrane disruption was induced by 

ultrasonication for 10 min. After filtration (0.2 µm), the obtained solutions were analysed 

through LC-HRMS analysis performed by a ESI-Q-TOF Nano HPLC-CHIP Cube® 

Agilent 6520 instrument (Agilent Technologies USA) using a linear gradient (0.4µL/min) 

from 100% solvent A (97% water/3% acetonitrile/0.1% formic acid) to 90% solvent B 

(97% acetonitrile/3% water/0.1% formic acid) in 5 minutes and from 90% solvent B to 0% 

solvent B in 5 minutes, using a Zorbax C18 Coloumn (43mmX75µm, 5µm) equipped with 

enrichment coloumn (4mm 40nL).  
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59, Leu63: Leucine 63, Phe64: Phenylalanine 64, TEA: Triethylamine, OMM outer 
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DNA , SMAC second mitochondria-derived activator of caspases, DMAP 4-
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Expeditious Synthesis and Biological Characterization of
Enantio-Enriched
(-)-Nutlin-3

Anna Fantinati,[a] Sara Bianco,[a] Virginia Cristofori,[a] Alberto Cavazzini,[a] Martina Catani,[a]

Vinicio Zanirato,[a] Salvatore Pacifico,[a] Erika Rimondi,[b] Daniela Milani,[b] Rebecca Voltan,[b]

Paola Secchiero,[b] and Claudio Trapella*[a]

A concise and operationally simple synthesis of enantio-

enriched Nutlin-3 featuring the desymmetrization of 1,2-bis(4-

chlorophenyl)ethane-1,2-diamine as the key step is described.

The easy-to-make N-((1R,2R)-2-(3-(3,5-bis(trifluoromethyl)

phenyl)thioureido)cyclohexyl)-3,5-bis(trifluoromethyl)benza-

mide (and N-((1S,2S)-2-(3-(3,5-bis(trifluoromethyl)phenyl)thiour-

eido)cyclohexyl)-3,5-bis(trifluoromethyl)benzamide)) involved

as anion binding in the key desymmetrization step is the

completely recoverable chiral auxiliary. An array of biological

tests performed with the 84:16 (-)-Nutlin-3 scalemic mixture

showed activities comparable to those of the commercial

eutomer.

Introduction

In 2004, scientists from Hoffmann-La Roche discovered the first

class of highly potent, specific, and orally active MDM2

inhibitors featuring a tetrasubstituted imidazoline scaffold,

known as Nutlins.[1,2] Modifications and optimizations resulted

in a host of derivatives, the most potent in this series being

(-)-Nutlin-3 (Figure 1) which revealed a promising in vitro and

in vivo antitumor activity.[3]

Both experimental and computational studies have shown

that Phe19, Trp23, and Leu26 residues in p53 a-helix are the

crucial residues for the interaction with the binding cleft of

MDM2, while Nutlin-3 bound to MDM2 shows that both 4-

chlorophenyl groups perfectly fill the Leu26 and Trp23 pockets

and the isopropoxy group reaches deep into the Phe19 pocket.[4]

Notably, Hoffmann-La Roche entered one of the member of

this family into phase I clinical trials against advanced solid and

soft-tissue tumors and hematological malignancies.[5,6] The

intriguing overcrowded structure of nutlins stimulated inten-

sive chemical research aimed at developing efficient and

flexible synthetic strategies for their preparation.

Thus, Nutlin-3 in racemic form could be obtained following

the Hoffmann-La Roche synthesis reported both in patents[7] as

well as in two papers[8] in late 2012 but the obtainment of the

more potent enantiomer required the need for supercritical

fluid chromatography.[9]

A series of paper by Johnston and co-workers[10–12]

described the first catalytic enantioselective synthesis of (�)-

Nutlin-3 featuring a crucial carbon-carbon bond-forming addi-

tion of aryl nitromethanes to imines, producing aza-Henry

adducts at noncryogenic temperature (�20 8C) in high levels of

stereocontrol thanks to the identification of an electron rich

chiral Bis(Amidine) catalyst (BAM) and later to the discovery of

novel mono(amidine) organocatalysts (MAM). Thus, the aza-

Henry adduct 3 obtained by BAM-catalyzed reaction of the N-

Boc imine 1 and the aryl nitroalkane 2 underwent nitro group

reduction with CoCl2/NaBH4 to produce the free amine 4. The

latter compound was first acylated with 2-isopropoxy-4-

methoxybenzoic acid 5 using EDC coupling conditions, later

submitted to standard TFA-promoted Boc removal. Thus, the

monoamide 6, obtained as a white solid, could be taken to

(-)-Nutlin-3 by further two steps including carbamoylation
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Figure 1. Structure of (-)-Nutlin-3.
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reaction with 2-oxopiperazine to give 7 and final Hendrickson’s

dehydrative cyclization.[13] Notably, the procedure has been

used to prepare 17 g of (�)-Nutlin-3 in a single batch, with

column chromatography necessary after only three of the

steps.[12] This very nice synthetic approach is depicted in the

Scheme 1.

However, the relevant number of steps, the starting

materials themselves not being easily to make compounds, our

own interest in the field[14] coupled with the significant financial

hurdle represented by the price of (�)-Nutlin-3 from commer-

cial sources prompted us to examine the possibility to open a

shorter synthetic route shown in Scheme 2.

Results and Discussion

We were attracted to apply the Seidel’s desymmetrization

approach[15] of meso-1,2-diaryl-1,2-diaminoethanes in the pres-

ence of benzoic anhydride, DMAP as a nucleophilic catalyst,

and the thiourea-amide 9 as a benzoate-receptor co-catalyst.

The ternary organocatalyst complex resulting from the ion

pairing of the achiral benzoyl pyridinium cation and the chiral

thiourea-amide benzoate allowed for the preferential benzoyla-

tion of the (S) configured benzylamino group in a small library

of meso-1,2-diaryl-1,2-diaminoethanes including 8. The latter

being readily available by reaction of p-Cl-benzaldehyde with

ammonium acetate following reported directions.[16]

We were interested to apply this protocol using 2-

isopropoxy-4-methoxybenzoic acid anhydride 11, instead of

benzoic anhydride, as acylating agent of the meso-diamine 8

thus shortening the approach to the monoamide 6 already

described by Johnston and co-workers[12] avoiding the required

tedious protection-deprotection steps.

To this end, the chiral hydrogen-bonding anion receptor 9

required for the selective acylation of the (S)-configured amino

group of 8 according to Seidel’s findings[17] was prepared

starting from 1(R),2(R)-cyclohexanediamine while the meso-

diamine 8 was conveniently obtained by reaction of p-Cl-

benzaldehyde with ammonium acetate entailing on a stereo-

specific disrotatory ring closure.[16] The requisite anhydride 11

Scheme 1. Johnston and co-workers route to (-)-Nutlin 3.
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was synthesized from commercially available 4-methoxysalicylic

acid through dialkylation with isopropyl bromide in the

presence of potassium carbonate followed by saponification of

the dialkylated compound.[18] Eventually, the free acid under-

went smoothly TsCl/K2CO3-promoted intermolecular dehydra-

tion to the corresponding anhydride 11.

Having in hands the required reagents, we accomplished

the monobenzoylation of 8 following the directions established

by De and Seidel. Actually, the monoamide 10 could be

obtained in yield and optical purity overlapping data in the

literature.[15]

Instead, and not completely unexpectedly, the related

reaction with anhydride 11 gave rise to the anticipated

monoamide essentially as a racemate. We presume that, due to

steric reason, the assembly of the ternary organocatalyst

complex is prevented thus rac-6 was produced under non

catalytic conditions. In fact, recent studies by Seidel and co-

workers[19] on kinetic resolution of racemic benzylic amines via

organo-catalyzed amidation showed that substituted benzoic

anhydrides, without exception, provided poorer results without

showing a discernible trend with regard to electronics.

Therefore, we were forced to evaluate different reaction

parameters to improve the pivotal mono-amidation reaction

with gradual increasing of the thiourea catalyst loading and/or

reaction time (Table S1 Supporting Information). We were

aware that the monoacylation of a diamine is challenging since

the resulting monoamide is usually more reactive than the

diamine.[20] Actually, the a posteriori stereo-defined amino

amide ent-6 was recovered in 47% yield and 68% ee submitting

a cooled (-78 8C) toluene solution of meso-diamine 8 for 72 h to

the action of pre-formed chiral acyl-transfer reagent. The latter,

was in turn prepared mixing the anhydride 11(1.0 equiv.),

DMAP (1.5 equiv.), and the amide-thiourea 9 (1.3 equiv.) for

18 h at rt.

Much to our surprise, the positive optical power measured

for the Nutlin-3 produced following Johnston directions[12]

revealed that the undesired antipode was the predominant

enantiomer in the scalemic mixture.

For reasons that are not yet clear, in our hands the

desymmetrization reaction of 8 took place with reversal of the

enantioselectivity as compared to the closely related Seidel’s

organo-catalyzed mono benzoylation.[15] We cannot exclude a

different nature of the aroyl-transfer reagent involved in the

acylation step in comparison to the one advanced by Seidel

and co-workers. Thus, in order to produce the (-)-Nutlin-3

eutomer, we were forced to prepare ent-9 starting from

Scheme 2. Route to Enantio-Enriched (-)-Nutlin-3.
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1(S),2(S)-cyclohexanediamine. As expected, we were able to

obtain levorotatory Nutlin-3 as 84:16 scalemic mixture. Note-

worthy, the chiral auxiliary thiourea ent-9 could be recovered

almost-quantitatively from the reaction mixture by column

chromatography.

Biological results

In order to functionally validate scalemic-Nutlin, we have

performed a combination of biological assays aimed at

assessing its ability to activate p53 pathway. For this purpose

scalemic-Nutlin was comparatively tested on p53wild�type (EHEB

and JVM-2) as well as on p53mutated/deleted (BJAB and HL-60)

leukemic cell lines used as control of specificity. In parallel, cell

cultures were exposed to commercial Nutlin-3 used as positive

control and for comparison. As shown in Figure 2, treatment

with Nutlin-3 and scalemic-Nutlin, used in the range of 1–10

mM for up to 48 hours, exhibited a comparable dose-dependent

cytotoxicity resulting in a significant reduction of cell viability

(Figure 2A) coupled to apoptosis induction (Figure 2B) and cell

cycle arrest (Figure 2C) specifically in p53wild�type but not in

p53mutated/deleted cell lines. Consistently with the observed bio-

logical effects, molecular analysis of p53 pathway by protein

(Western Blot) and RNA (quantitative RT-PCR) documented

accumulation of p53 and transcriptional induction of two p53

transcriptional canonical targets, involved in promoting cell

cycle arrest (p21) and modulation of apoptosis (MDM2), in

response to treatment with scalemic-Nutlin (Figure 2D).

Moreover, as shown in Figure 2, the effects induced by

scalemic-Nutlin was equally effective as commercial Nutlin-3.

Conclusions

An expeditious synthetic approach to enantio-enriched (-)-Nut-

lin-3 has been developed by exploiting an unprecedented

chiral thiourea-promoted enantioselective N-acylation of meso-

1,2-diaryl-1,2-diaminoethane 8. Noteworthy, the enantioselec-

tivity we observed in the key desymmetrization step was

opposite to the one found by Seidel et al. in their innovative

related catalytic approach. Our protocol is advantageous in

terms of time-saving, atom-economy and costs. The need of

stoichiometric amounts of the chiral thiourea ent-9 was

partially compensated by its easy recover through chromato-

graphic purification. Our biological tests clearly established that

the scalemic (-)-Nutlin-3 we reached was as effective as the

commercial eutomer in activating the p53 pathway.

Supporting Information Summary

The detailed experimental section, one-dimension and two-

dimension NMR spectra, chiral HPLC and HRMS spectra of all

products are provided in the supporting information.
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Figure 2. Effects of Nutlin-3 and scalemic-Nutlin on leukemic cell lines.

p53wild�type as well as p53mutated/deleted B leukemic cell lines were exposed to

Nutlin-3 or scalemic-Nutlin (range 1–10 mM) for the times indicated in each

set of experiments. In A, cell viability in response to serial doses of both

Nutlin-3 and scalemic-Nutlin (range 1–10 mM), was calculated at 48 hours of

treatment as percentage with respect to the control vehicle cultures (set to

100%). In B, the percentage of apoptotic cells in response to Nutlin-3 or

scalemic-Nutlin (each used at 10 mM) was determined by flow-cytometry

after annexin-V/PI staining. In A and B, data are reported as the mean�SD of

results from four independent experiments. The asterisk indicates p<0.05

with respect to the untreated cultures of each cell line. In C, cell distribution

in the different phases of the cell cycle was analyzed by flow cytometry after

BrdU/PI staining. Representative cell cycle profiles of cultures, either left

untreated or treated with Nutlin-3 or scalemic-Nutlin, analyzed by flow

cytometry are shown. For each cytofluorimetric analysis, the rectangles

represent the cells in G0/G1, S, G2/M phases of the cell cycle. In D, the

expression levels of p53 target genes, p21 and MDM2, were assessed by

quantitative RT-PCR and results were indicated as folds of modulation with

respect to the control untreated cultures set at 1. Data are reported as

mean�SD of results from independent experiments. The asterisk indicates

p<0.05 with respect to untreated cultures. At the bottom, representative

Western Blot results documenting modulation of MDM2, p53 and p21

proteins by Nutlin-3 or scalemic-Nutlin are show.
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A diastereoselective synthesis of 
Cebranopadol, a novel analgesic 
showing Nop/mu mixed agonism
Anna Fantinati1, sara Bianco1, Remo Guerrini1, severo salvadori1, salvatore Pacifico1, Maria 

Camilla Cerlesi2, Girolamo Calo2 & Claudio trapella1

A diastereoselective synthesis of the title compound as a single E diastereomer has been efficiently 
accomplished by assembling the featured pyrano-indole scaffold of the spiro[cyclohexane-
dihydropyrano[3,4-b]-indole]-amine framework through an oxa-Pictet-Spengler reaction, promoted by 
a cheap and green Zeolite catalyst. Basic pharmacological experiments demonstrate that Cebranopadol 

acts as a mixed nociception/orphanin FQ (Nop) and mu (Mop) opioid receptor agonist useful for 

treatment of chronic pain.

Nociceptin/orphanin FQ (N/OFQ), the endogenous agonist of the N/OFQ peptide receptor (NOP) regulates 
various biological functions1 including pain transmission2. Grünenthal researchers have recently reported 
the results of structure activity studies3, 4 that led to the identification of Cebranopadol (trans-6′-fluoro-4′-
9′-dihydro-N,N-dimethyl-4-phenyl-spiro[ciclohexane-1,1′(3′H)-pyrano[3,4-b]indol]-4-amine) as a potent NOP 
and mu receptor (MOP) agonist (Fig. 1).

This compound binds with high affinity to the NOP and the MOP receptors and behaves as full agonist. 
Rodent studies demonstrated that Cebranopadol elicits potent and efficacious antinociceptive action in several 
models of nociceptive and neuropathic pain. Importantly, compared to morphine, Cebranopadol displayed a 
favorable side effect profile and reduced tolerance liability5. Cebranopadol is under clinical development and 
several clinical trials are assessing its analgesic therapeutic potential in different pain conditions6.

Results and Discussion
Grünenthal researchers synthetized Cebranopadol as retrosynthetically depicted in Fig. 2 based on a 
oxa-PictetSpengler reaction between the fluoro-silyl-indole 6, in turn prepared by Larock indole synthesis7 of 
the commercially available 2-iodo-4-fluoroaniline 8 and 1-silyl-1-butynol 9, and the aminoketone 7 bearing the 
structurally important 4-N,Ndimethylamino-4-phenyl-cyclohexane head by a two step approach involving a 
Strecker synthesis8 of monoketal protected 1,4-cyclohexanedione 1 by treatment with HNMe2. HCl/KCN (67–
99%) and a Bruylants reaction9 of the resulting aminonitrile with PhMgCl in THF at 0 °C to room temperature 
(low overall yield). It deals with a classical approach that at the end of the synthesis requires a diastereomer sep-
aration by HPLC.

Our interest in this area led us to be contemporaneously involved in the synthesis of Cebranopadol with two 
important guidelines in our project developed along the same pathway: a) avoid the use of highly toxic potassium 
cyanide; b) identifying suitable experimental conditions to make the oxa-PictetSpengler reaction diastereoselec-
tive. (Fig. 3).

The approach proposed a start from the cheap and commercially available ketone 1 that undergoes a Grignard 
reaction with phenyl magnesium bromide in THF for 12 h yielding the corresponding alcohol 3 at 70% yield. A 
nucleophilic substitution of the tertiary and benzylic alcohol using the classical sodium azide/TFA in chloroform 
approach failed. Different methods have been tried to overcome the very low yield (5%) because of the com-
petitive elimination reaction to an alkene. In our hands the best way to obtain the azide 5 was the reaction with 
trimethylsilylazide catalysed by indium tribromide10 that allowed us to obtain compound 5 in a clean and fast 
step with good yield (50%). Lithium aluminium hydride reduction to the primary amine 10 followed by reductive 
amination with formaldehyde allowed us to obtain the tertiary amine 4 in good overall yield. Deprotection of 
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the ketone using hydrochloric acid in acetone produced the intermediate 7 (Fig. 4). The stage was set for the cru-
cial oxa-Pictet-Spengler reaction which has been performed in different conditions such as bismuth triflate11, 12,  
hydrochloric acid, Zeolite beta-25 and 4 Å molecular sieves giving rise to a mixture of diastereomers in low yield. 
The cyclization reaction has been tried also using a TMSOTf at room temperature producing Cebranopadol in 
90% yield but lacking stereoselectivity4.

Much to our delight, the last synthetic steps involving an oxaPictet-Spengler reaction to install the dihy-
dropyrano[3,4-b]indole moiety have been performed in a diastereoselective manner using an unusual and green 
Zeolite catalyst11 and catalytic p-toluenesulphonic acid in refluxing toluene that allowed us to obtain the E dias-
tereomer exclusively as depicted in Fig. 5.

The setting up of an oxa-Pictet-Spengler reaction, allowed us to also obtain different pyrano indole scaffolds 
starting from commercially and non commercially available ketones. ROESY NMR experiments (see Supporting 

Figure 1. Cebranopadol.

Figure 2. Retrosynthesis of Cebranopadol.
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Figure 3. Different approaches to the synthesis of Cebranopadol.

Figure 4. Synthesis of intermediate 7.

Figure 5. Unusual diastereoselective oxa-Pictet-Spengler reaction.
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Information page S20)of the final compound confirms that the zeolite K-10 catalyst produced a single E diastere-
omer during the oxa-Pictet-Spengler reaction. On the contrary, the trimethylsilyl triflate approach allowed us to 
obtain a mixture of E and Z diastereomer with a good overall yield but without regioselectivity. The zeolite catalyst 
is easily recovered and its catalytic properties did not change up to 5 times reusing-cycle.

HR-LC-MS spectra of Cebranopadol obtained using Zeolite catalyst (panel A) and TMSOTf (panel B) are 
depicted in Fig. 6.

The basic pharmacological profile of Cebranopadol has been investigated by measuring calcium mobilization 
in cells coexpressing NOP or classical opioid receptors and chimeric G proteins as described in detail in Camarda 
et al.13, 14.

The results of these experiments, summarized in Table 1, indicated that Cebranopadol behaved as full agonist 
showing very similar potency at NOP and MOP receptors. Cebranopadol was also able to activate kappa (KOP) 

Figure 6. The HR-LC-MS spectra of Cebranopadol.
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and delta (DOP) opioid receptors but with lower potency and, in the case of the KOP receptor, lower efficacy. 
These findings are in line with those reported by Grünenthal researchers in receptor binding and stimulated [35S]
GTPgS binding experiments5.

Conclusions
In conclusion, we have developed a robust and easy method for the synthesis of Cebranopadol (in 15% overall 
yield) as a single E diastereomer using a green Zeolite catalyst in the key oxaPictet-Spengler reaction. The azide 
approach will allow us to easily insert different substituents onto the basic amine to better understand the crucial 
role of tertiary amines in the interaction with Asp130 and Asp147 of the NOP and MOP receptor binding pockets. 
Basic pharmacological experiments demonstrate that Cebranopadol acts as a mixed NOP/MOP agonist.

Methods
Chemical Materials and Methods. All NMR spectra were analysed using Mestre Nova 6.0.2 software 
and FID data are available on request. Analytical thin layer chromatography (TLC) was performed on silica 
gel Macherey-Nagel poligram SIL/UV 254 of 0.25 mm, visualization was achieved using UV light (254) and 
Potassium Permanganate (KMnO4) 2% in water. Flash column chromatography was undertaken using Isolera one 
(Biotage Sweden). Products were dried using sodium sulfate anhydrous Carlo Erba. Proton nuclear magnetic res-
onance (1H NMR) and carbon nuclear magnetic resonance (13C NMR) were recorded using VARIAN 400 MHz. 
All spectra were recorded using CDCl3 as a solvent otherwise the solvent was specified. Chemical shifts (δ) were 
quoted in ppm relative to residual solvent and coupling constants (J) were quoted in Hertz (Hz). Multiplicity 
was reported with the following abbreviations: s = singlet; d = doublet; t = triplet; q = quartet; m = multiplet; 
dd = doublet of doublet; dt = doublet of triplet, dq = doublet of quartet; Infrared (IR) spectra were recorded on 
a Perkin-Elmer FT-IR Spectrum 100 using zirconium-selenium diamond as a cell. Melting points were recorded 
using a Buchi-Tottoli and were reported uncorrected. Molecular weights were measured with a mass spectrom-
eter electrospray ESI MICROMASS ZMD 2000 and high resolution spectra with an Agilent ESI-Q-TOF LC/MS 
6520 System. Solvents and chemicals used for TLC, chromatographic purification, crystallization and reactions 
were reported with the following abbreviations: Et2O for diethyl ether, THF for tetrahydrofuran, AcOEt for ethyl 
acetate, DCM for methylene chloride, LiAlH4 for lithium aluminium hydride.

Synthesis of 8-phenyl-1,4-dioxaspiro[4.5]decan-8-ol (3). In a two neck round bottom flask, under 
an argon atmosphere, 1,4-cyclohexanedione monoethylene acetale (1) (1.5 g, 9.6 mmol) was dissolved in THF 
(50 mL). At 0 °C, phenyl magnesium bromide (20 ml, 19.22 mmol) was added and the reaction was stirred 
overnight at room temperature. The reaction mixture was checked by TLC (AcOEt/Petroleum ether 1:6), 
quenched with NH4Cl saturated solution and washed with AcOEt. The organic layers were dried with Na2SO4, 
filtered and the solvent was removed under vacuum. The crude product was purified by flash chromatography 
(AcOEt/ Petroleum ether 1:1) with an yield of 70% to give the title compound (3) as a white solid. MS (ESI): 
[M-OH]+. = 217.27, m. p.: 98–100 °C

1H-NMR (400 MHz, Chloroform-d), δ: 7.58–7.46 (m, 1 H, Ar), 7.41–7.31 (m, 2 H, Ar), 7.30–7.22 (m, 2 H, 
Ar), 4.03–3.91 (m, 4 H, O-CH2-CH2-O-), 2.24–2.05 (m, 4 H, CH2 cyclohexane), 1.86–1.77 (m, 2 H CH2 cyclohex-
ane), 1.74–1.64 (m, 3 H CH2 cyclohexane and -OH). 13C-NMR (100 MHz, Chloroform-d), δ: 148.59 (Cq-Ar), 
128.74, 128.42, 127.06, 124.64, (CH-Ar), 108,55 (-O-Cq-O), 72.57 (Ar-Cq-OH), 64.49 (-O-CH2-CH2-O), 64.38 
(-O-CH2-CH2-O), 36.73 (CH2 cyclohexane), 30.89 (CH2 cyclohexane).

Synthesis of 8-azido-8-phenyl-1,4-dioxaspiro[4.5]decane (5). In a round bottom flask, compound 
(3) (1 g, 4.27 mmol) was disolved in DCM (30 mL) and then trimehylsilyl azide (1.13 ml, 6.41 mmol) and indium 
tribromide (151.38 mg, 0.427 mmol) were added. The reaction mixture was stirred for 1 hour and then worked 
up with NaHCO3 until basic in pH. The reaction mixture was extracted twice with 30 mL of DCM each time, the 
organic layers were dried, filtered and concentrated. The crude product was purified by flash chromatography 
on silica gel in AcOEt/petroleum ether 1:3 to give the title compound (5) with a yield of 50% as a pale yellow 
oil. MS (ESI): [M-N3]+  = 217.25; 1H-NMR (400 MHz, Chloroform-d), δ: 7.57–7.11 (m, 5 H, Ar), 4.02–3.93 (m, 
4 H, O-CH2-CH2-O), 2.28–1.82 (m, 6 H, CH2 cyclohexane), 1.88–1.49 (m, 2 H, CH2 cyclohexane). 13C-NMR 
(100 MHz, Chloroform-d), δ: 143.36 (Cq-Ar), 128.81, 128.81, 127.63, 125.54 (CH-Ar), 107.89 (-O-Cq-O-), 65.90 
(Cq-N3), 64.59 (-O-CH2-CH2-O), 64.41 (-O-CH2-CH2-O), 33.74 (CH2 cyclohexane), 31.19 (CH2 cyclohexane).

Synthesis of 8-phenyl-1,4-dioxaspiro[4.5]decan-8-amine (10). To a solution of LiAlH4 (437 mg, 
11.53 mmol) in 15 mL of THF, was added the azide (5) (1 g, 3.83 mmol) disolved in the same solvent at 0 °C. The 

NOP MOP KOP DOP

pEC50 α pEC50 α pEC50 α pEC50 α

N/OFQ 9.59 1.00 inactive inactive inactive

Fentanyl inactive 8.13 1.00 inactive inactive

Dyn A inactive 6.67 0.82 8.54 1.00 7.73 0.99

DPDPE inactive inactive inactive 8.15 1.00

Cebra 7.28 0.89 7.20 0.99 5.98 0.55 6.31 0.81

Table 1. Pharmacological profile of Cebranopadol (Cebra) in cells coexpressing human recombinant NOP or 
classical opioid receptors and chimeric G protein.
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reaction mixture was stirred overnight and was monitored by ESI-mass and TLC (AcOEt/Petroleum ether 1:3), 
worked up with NaOH 5%(10 mL) and filtered over celite pad in Et2O. The solvent was removed under vacuum 
to give the compound (10) in quantitative yield pure enough to be used without purification in the next step. MS 
(ESI): [M + H]+ = 234.36, [M-NH2]+. = 217.39.

Synthesis of N,N-dimethyl-8-phenyl-1,4-dioxaspiro[4.5]decan-8-amine (4). To a solution of 
compound (10) (1 g, 3.71 mmol) in 50 mL of MeOH, formaldehyde (1.04 ml, 37.17 mmol), sodium triacetoxy-
borohydride (1.57 g, 7.43 mmol) and a catalytic amount of AcOH were added at room temperature. The reac-
tion mixture was stirred overnight at room temperature until the formation of the title compound. The solvent 
was concentrated to dryness, diluted in AcOEt and the organic layers were washed with NaOH 5% solution 
(2 × 20 mL) in order to obtain the tertiary amine (4) as a colourless sticky solid with a quantitative yield. The 
tertiary amine was purified by flash chromatography (eluent AcOEt/EtPt 3:1). MS (ESI): [M + H]+ = 262.35; 
HRMS (ESI): [M + H]+ Calc. = 262.180155; [M + H]+ Found = 262.18122. 1H NMR (400 MHz, Chloroform-d), 
δ: 7.34 (m, 5 H, Ar), 3.95 (ddd, 2 H, J = 6.1, 5.6, 1.4, -O-CH2-CH2-O), 3.89 (m, 2 H, -O-CH2-CH2-O), 2.31 (m, 
2 H, CH2 Cyclohexyl), 2.16 (m, 2 H, CH2 Cyclohexyl), 2.09 (s, 6 H, N(CH3)2), 1.80 (m, 2 H, CH2 Cyclohexyl), 1.49, 
(ddd, 2 H, J = 13.9, 10.9, 3.7, CH2 Cyclohexyl). 13C-NMR (100 MHz, Chloroform-d), δ:128.30, 128.00, 127.88, 
127.63, 125.33 (C-Ar), 108.75 (O-Cq-O) 64.62 (O-CH2-CH2-O), 64.38 (O-CH2-CH2-O), 48.82 (Cq-N(CH3)2), 
38.44 (N(CH3)2), 31.37 (CH2 Cyclohexyl), 30.38 (CH2 Cyclohexyl).

Synthesis of 4-(dimethylamino)-4-phenylcyclohexan-1-one (7). To a stirred solution of tertiary 
amine (4) (1 g, 3.81 mmol) in 70 mL of acetone, hydrochloric acid 10% was added to achieve an acid pH, the 
reaction mixture was stirred overnight at 65 °C. The reaction mixture was monitored by ESI-mass spectrometry 
(peak 218) and TLC (AcOEt/Petroleum ether /NH3 3:1: 0.3). The solvent was removed under vacuum and the 
residue diluted in 50 mL of AcOEt. The organic layers were washed with NaOH 10% (2 × 20 mL), dried, filtered 
and concentrated to give a crude product purified by flash chromatography on silica gel using as solvents AcOEt/
Petroleum ether/NH3 3:1:0.3 to give the title compound (7) as a white solid with a yield of 81%. HRMS (ESI): 
[M + H]+ Calc. = 218.153941; [M + H]+ Found = 218.15313. 1H NMR (400 MHz, Chloroform-d), δ: 7.43 (m, 5 H, 
CH-Ar), 2.65–2.57 (m, 4 H, CH2 Cyclohexyl), 2.37–2.24 (m, 4 H, CH2 Cyclohexyl), 2.19 (s, 6 H, N(CH3)2). 13C 
NMR (100 MHz, Chloroform-d), δ: 210.92 (C=O), 128.40, 127.74, 127.57, 125.33 (C-Ar), 62.92 (Cq-N(CH3)2), 
38.43 (N(CH3)2), 37.34 (CH2 Cyclohexyl), 32.54 (CH2 Cyclohexyl).

Synthesis of 2-(5-fluoro-2-(trimethylsilyl)-1H-indol-3-yl)ethan-1-ol (6). In a two neck round bot-
tom flask, under an argon atmosphere, the 4-fluoro-2-iodoaniline (8) (2 g, 8.43 mmol) was disolved in 15 mL of 
DMF. 4-(trimethylsilyl)but-3-yn-1-ol (9) (1.55 ml, 9.27 mmol), potassium carbonate (1.165 g, 8.43 mmol), lithium 
chloride (357 mg, 8.43 mmol), triphenylphosphine (144 mg, 0.42 mmol), palladium acetate (94 mg, 0.42 mmol) 
were added and the reaction was stirred overnight under reflux. The reaction was monitored by TLC (AcOEt/
Petroleum ether 1:4) and the solvent was removed under vacuum. The residue was dissolved in 30 mL of AcOEt 
and washed twice with brine (10 mL each), the organic layers were dried, filtered and concentrated in vacuo. The 
crude product was purified by flash chromatography with AcOEt/Petroleum ether 1:4 with a yield of 40% to give 
the title compound (6) as a yellow liquid. MS (ESI): [M + H]+ = 252.22; 1H-NMR (400 MHz, Chloroform-d), δ: 
8.21–8.14 (bs, 1 H, NH), 7.28–7.22 (m, 1 H, CH-Ar), 7.09–7.05 (m, 1 H, CH-Ar), 6.99–6.91 (m, 1 H, CH-Ar), 
3.92–3.84 (m, 2 H, Indol-CH2-CH2-OH), 2.98 (m, 2 H, Indol-CH2-CH2-OH), 0.12 (s, 9 H, Si-C(CH3)3). 13C-NMR 
(100 MHz, Chloroform-d), δ: 158.88, 156.55, 132.92, 128.04, 124.36, 113.42, 111.94, 111.75, 103.97, 63.16, 28.86, 
2.06, 0.38.

Synthesis of (1 s,4 s)-6′-fluoro-N,N-dimethyl-4-phenyl-4′,9′-dihydro-3′H-spiro[cyclohexane-
1,1′-pyrano[3,4-b]indol]-4-amine. (Cebranopadol). Method A. The ketone (7) (125 mg, 0.66 mmol), 
was solved in 15 mL of toluene with a catalytic amount of p-toluensulfonic acid; to the solution were added 
compound (6) (149 mg, 0.6 mmol)) and Zeolite K-10 (300 mg). The solution was heated under reflux with a 
Dean-Stark apparatus for 4 hours. The solvent was removed under vacuum and NaOH 2 N (20 mL) was added to 
the reaction mixture. The residue was filtered over a celite pad and disolved in AcOEt (20 mL). The organic layers 
were dried, filtered and concentrated to give a crude product that was purified by flash chromatography (AcOEt/
Petroleum ether 2:1) with a yield of 50% as a yellow solid that crystallized in MeOH.

Method B. In a two neck round bottom flask, under an argon atmosphere, compound (6) (84 mg, 0.336 mmol) 
was disolved in DCM (10 mL). Compound (7) (61 mg, 0.28 mmol), and trimethylsyliltriflate (65 mL, 0.28 mmol) 
were added whilst stirring at minus 78 °C for 20 hours. The reaction mixture was treated with NaOH 1 N whilst 
stirring for 30 minutes and was then washed with water (2 X 20 mL). The organic layers were dried, filtered and 
concentrated under vacuum to obtain a yellow solid that was crystallized in methanol to yield Cebranopadol as a 
diastereomeric mixture with 90% yield. MS (ESI): [M + H]+ = 379.21; HRMS (ESI): [M + H]+ Calc. = 379.218018; 
[M + H]+ Found = 379.21809. [M-N(CH3)2]+. = 334.16032; m.p. = 220 °C with decomposition. 1H-NMR (400 MHz, 
Chloroform-d),δ: 8.54 (s, 1 H, NH), 7.37 (m, 5 H, CH-Ar), 7.28 (m, 1 H, CH15), 7.13 (dd, J = 9.6, 2.5 Hz, 1 H, CH18), 
6.89 (ddd, J = 9.4, 8.8, 2.5 Hz, 1 H, CH16), 3.96 (t, J = 5.4 Hz, 2 H, -CH2 10), 2.75 (t, J = 5.4 Hz, 2 H, -CH2 9), 2.53 (d, 
J = 13.7 Hz, 2 H, CH2, C6e, C4e), 2.21 (d, J = 12.8 Hz, 2 H, CH2, C1a, C3a), 2.10 (s, 6 H, N(CH3)2), 2.07 (m, 2 H, -CH2, 
CH4a, CH6a), 1.93 (m, 2 H, -CH2, CH1e, CH3e). 13C-NMR(100 MHz, Chloroform-d), δ: 159.09 (C-17-Ar), 156.76 
(Cq-13), 141.34 (Cq-N-7), 139.06 (Cq, 21), 132.24 (Cq-N-13), 127.57, 127.05, 126.82 (CH-Ar), 125.57 (Cq-indol, 
14), 111,57 (CH, 15), 109.74 (CH, 16), 107.31 (Cq, 8), 103.44 (CH, 18), 72.20 (Cq Spiro, 2), 59.81 (CH2, 10), 58.79 
(Cq, 5), 38.34 (N-CH3, 22, 23), 30.93 (CH2, 1, 3), 28.35 (CH2, 4,6), 22.67 (-CH2, 9). 19F-NMR: δ: -125.60.



www.nature.com/scientificreports/

7Scientific RepoRts | 7: 2416  | DOI:10.1038/s41598-017-02502-9

References
 1. Lambert, D. G. The nociception/orphanin FQ receptor: a target with broad therapeutic potential. Nat. Rev. Drug Discov. 7, 694–710, 

doi:10.1038/nrd2572 (2008).
 2. Schroder, W., Lambert, D. G., Ko, M. C. & Koch, T. Functional plasticity of the N/OFQ-NOP receptor system determines analgesic 

properties of NOP receptor agonists. Br. J. Pharmacol. 171, 3777–3800, doi:10.1111/bph.2014.171.issue-16 (2014).
 3. Schunk, S. et al. Discovery of Spiro[cyclohexane-Dihydropyrano [3,4- B]indole]-Amines as Potent NOP and Opioid Receptor 

Agonists. ACS Med. Chem. Lett. 5, 851–856, doi:10.1021/ml500116x (2014).
 4. Schunk, S. et al. Discovery of a Potent Analgesic NOP and Opioid Receptor Agonist: Cebranopadol. ACS Med. Chem. Lett. 5, 

857–862, doi:10.1021/ml500117c (2014).
 5. Linz, K. et al. Cebranopadol: A Novel Potent Analgesic Nociceptin/Orphanin FQ Peptide and Opioid Receptor Agonist. J. 

Pharmacol. Exp. Ther. 349, 535–548, doi:10.1124/jpet.114.213694 (2014).
 6. Lambert, D. G., Bird, M. F. & Rowbotham, D. J. Cebranopadol: a first in-class example of a nociceptin/orphanin FQ receptor and 

opioid receptor agonist. Br. J. Anaesth. 114, 364–366, doi:10.1093/bja/aeu332 (2015).
 7. Larock, R. C. & Yum, E. K. Synthesis of indoles via palladium-catalyzed heteroannulation of internal alkynes. JACS 113, 6689–6690, 

doi:10.1021/ja00017a059 (1991).
 8. Dyker, G. Amino Acid Derivatives by Multicomponent Reactions. Angew. Chem. Int. Ed. Engl. 36, 1700–1702, doi:10.1002/

(ISSN)1521-3773 (1997).
 9. Kudzma, L. V., Spencer, H. K. & Severnak, S. A. A variant of the bruylants reaction. Synthesis of 4-heteroaryl-4-anilinopiperidines. 

Tetrahedron Letters 29, 6827–6830 (1988).
 10. Kumar, A., Sharma, R. K., Singh, T. V. & Venugopalan, P. Indium(III) bromide catalyzed direct azidation of α-hydroxyketones using 

TMSN3. Tetrahedron 69, 10724–10732, doi:10.1016/j.tet.2013.10.055 (2013).
 11. Lherbet, C. et al. Bismuth triflate-catalyzed oxa- and thia-Pictet–Spengler reactions: access to iso- and isothio-chroman compounds. 

Tetrahedron Letters 49, 5449–5451, doi:10.1016/j.tetlet.2008.07.007 (2008).
 12. Hegedus, A. & Hell, Z. Zeolite-catalyzed simple synthesis of isochromans via the oxa-Pictet–Spengler reaction. Org. Biomol. Chem. 

4, 1220–1222, doi:10.1039/b601314g (2006).
 13. Camarda, V. et al. Pharmacological profile of NOP receptors coupled with calcium signaling via the chimeric protein Gαqi5. Naunyn 

Schmiedebergs Arch. Pharmacol. 379, 599–607, doi:10.1007/s00210-009-0396-x (2009).
 14. Camarda, V. & Calò, G. Chimeric G proteins in fluorimetric calcium assays: experience with opioid receptors. Methods Mol. Biol. 

937, 293–306, doi:10.1007/978-1-62703-086-1 (2013).

Acknowledgements
This work was supported by funds from the Italian Ministry of University and Research (Grant FIRB 
RBFR109SBM to C.T.) The authors also greatly acknowledge Dr. Alberto Casolari and Dr. Elisa Durini for the 
one-dimension and two-dimensional NMR experiments and Dr. Erika Marzola for HR-LC-MS determinations.

Author Contributions
A.F., S.B. and C.T., designed research; A.F., S.B., R.G. S.P., and C.T. synthesized and purified the compounds; 
M.C.C. and G.C. performed pharmacological studies; G.C., R.G., S.S. and C.T. analyzed data; S.P., A.F., S.B., G.C. 
and C.T. wrote the paper.

Additional Information
Supplementary information accompanies this paper at doi:10.1038/s41598-017-02502-9

Competing Interests: The authors declare that they have no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2017

http://dx.doi.org/10.1038/nrd2572
http://dx.doi.org/10.1111/bph.2014.171.issue-16
http://dx.doi.org/10.1021/ml500116x
http://dx.doi.org/10.1021/ml500117c
http://dx.doi.org/10.1124/jpet.114.213694
http://dx.doi.org/10.1093/bja/aeu332
http://dx.doi.org/10.1021/ja00017a059
http://dx.doi.org/10.1002/(ISSN)1521-3773
http://dx.doi.org/10.1002/(ISSN)1521-3773
http://dx.doi.org/10.1016/j.tet.2013.10.055
http://dx.doi.org/10.1016/j.tetlet.2008.07.007
http://dx.doi.org/10.1039/b601314g
http://dx.doi.org/10.1007/s00210-009-0396-x
http://dx.doi.org/10.1007/978-1-62703-086-1
http://dx.doi.org/10.1038/s41598-017-02502-9
http://creativecommons.org/licenses/by/4.0/


Full Terms & Conditions of access and use can be found at
http://www.tandfonline.com/action/journalInformation?journalCode=ienz20

Download by: [Universita Di Ferrara] Date: 30 November 2017, At: 08:33

Journal of Enzyme Inhibition and Medicinal Chemistry

ISSN: 1475-6366 (Print) 1475-6374 (Online) Journal homepage: http://www.tandfonline.com/loi/ienz20

Naphthoquinone amino acid derivatives, synthesis
and biological activity as proteasome inhibitors

Mauro Marastoni, Claudio Trapella, Alessandra Scotti, Anna Fantinati,
Valeria Ferretti, Erika Marzola, Gallerani Eleonora, Riccardo Gavioli & Delia
Preti

To cite this article: Mauro Marastoni, Claudio Trapella, Alessandra Scotti, Anna Fantinati, Valeria
Ferretti, Erika Marzola, Gallerani Eleonora, Riccardo Gavioli & Delia Preti (2017) Naphthoquinone
amino acid derivatives, synthesis and biological activity as proteasome inhibitors, Journal of
Enzyme Inhibition and Medicinal Chemistry, 32:1, 865-877, DOI: 10.1080/14756366.2017.1334649

To link to this article:  https://doi.org/10.1080/14756366.2017.1334649

© 2017 The Author(s). Published by Informa
UK Limited, trading as Taylor & Francis
Group.

View supplementary material 

Published online: 28 Jun 2017. Submit your article to this journal 

Article views: 274 View related articles 

View Crossmark data Citing articles: 1 View citing articles 

http://www.tandfonline.com/action/journalInformation?journalCode=ienz20
http://www.tandfonline.com/loi/ienz20
http://www.tandfonline.com/action/showCitFormats?doi=10.1080/14756366.2017.1334649
https://doi.org/10.1080/14756366.2017.1334649
http://www.tandfonline.com/doi/suppl/10.1080/14756366.2017.1334649
http://www.tandfonline.com/doi/suppl/10.1080/14756366.2017.1334649
http://www.tandfonline.com/action/authorSubmission?journalCode=ienz20&show=instructions
http://www.tandfonline.com/action/authorSubmission?journalCode=ienz20&show=instructions
http://www.tandfonline.com/doi/mlt/10.1080/14756366.2017.1334649
http://www.tandfonline.com/doi/mlt/10.1080/14756366.2017.1334649
http://crossmark.crossref.org/dialog/?doi=10.1080/14756366.2017.1334649&domain=pdf&date_stamp=2017-06-28
http://crossmark.crossref.org/dialog/?doi=10.1080/14756366.2017.1334649&domain=pdf&date_stamp=2017-06-28
http://www.tandfonline.com/doi/citedby/10.1080/14756366.2017.1334649#tabModule
http://www.tandfonline.com/doi/citedby/10.1080/14756366.2017.1334649#tabModule


ORIGINAL ARTICLE
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ABSTRACT

The ubiquitin-proteasome system has been largely investigated for its key role in protein degradation
mechanisms that regulate both apoptosis and cell division. Because of their antitumour activity, different
classes of proteasome inhibitors have been identified to date. Some of these compounds are currently
employed in the clinical treatment of several types of cancer among which multiple myeloma. Here, we
describe the design, chemistry, biological activity and modelling studies of a large series of amino acid
derivatives linked to a naphthoquinone pharmacophoric group through variable spacers. Some analogues
showed interesting inhibitory potency for the b1 and b5 subunits of the proteasome with IC50 values in
the sub-mm range.
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Introduction

The proteasome enzymatic complex is widely involved in the
cytosolic and nuclear catabolism of most proteins behaving as a
protease with multiple catalytic sites1. The proteolytic action of
proteasome allows the elimination of impaired proteins and
results in the production of short-chain peptides that can be
exposed by the MHC complexes2. The ubiquitin-proteasome
system has been largely investigated for its key role in protein
degradation mechanisms that regulate both apoptosis and cell
division3,4. According to this system, the degradation of proteins is
the result of their conjugation with multiple ubiquitin units that
allow the recognition by the 26 S proteasome. The 26 S prote-
asome is composed of multiple subunits and is characterised by a
central 20 S core and two distal regions (19 S) displaying regulatory
activity. In the 20 S core, two external heptameric rings of a-sub-
units enclose two central heptameric rings of b-subunits. The 20 S
core exerts three typical catalytic activities that are specifically
located in the b1 (the peptidyl glutamyl peptide hydrolysing activ-
ity, PGPH), b2 (the trypsin-like activity, T-L) and b5 (the chymotryp-
sin-like, ChT-L) subunits5. The three catalytic b subunits have a
slightly different substrate specificity with a common mechanism
of proteolysis through an N-terminal threonine-dependent nucleo-
philic attack. Most of the cellular proteins undergo degradation
through this pathway that affects several processes such as cell
division, apoptosis or repair of DNA damages. As a consequence,
any alteration of this system may result in important pathologies,
including cancer.

Proteasome regulation by exogenous molecules able to
manipulate cellular activities has been receiving increasing atten-
tion6. Inhibitors of this multicatalytic complex are potential drugs
suitable in various therapeutic applications, therefore, natural and

synthetic molecules have been studied as 20 S catalytic subunits
inhibitors7–16. The first-generation proteasome inhibitor (PI) borte-
zomib is currently employed as an anti-cancer drug, although its
effectiveness seems to be restricted to a limited number of can-
cers17,18. The FDA-approved carfilzomib19 and ixazomib20 along
with oprozomib21, currently in advanced clinical trials, are exam-
ples of second-generation irreversible PIs with a peptide structure.

In the last years, we developed several classes of peptide-
based PIs having different pharmacophoric units such as
electrophilic groups potentially able to interact with the catalytic
threonine22–24. We have recently investigated a new series
of dipeptide-based derivatives bearing at the C-terminal a 2-
chloronaphthoquinone pharmacophoric group (structure b in
Figure 1)25. Some compounds of this series have been shown
to inhibit the post-acidic-like and the ChT-L active sites of the
proteasome in the mm range. The compound named PI-
083(NSC-45382), bearing the 2-cloronaphthoquinonic unit, and
other non-peptide analogues (general structure a in Figure 1),
are known to express a good inhibition against chymotryptic activ-
ity of the proteasome and the capacity to selectively inhibit
tumour cell proliferation26–28.

Herein, we describe the synthesis, the in vitro biological evalu-
ation of proteasome inhibition and modelling studies of a new
series of amino acid derivatives linked through the a-carboxylic
function to the 2-chloronaphthoquinone pharmacophoric group
(general structure c in Figure 1). The 2-chloronaphthoquinone
(ClNafQ), a potential electrophilic substrate for the catalytic threo-
nine, is linked to the selected residues by a diamine alkyl spacers.
Studies regarding the non-peptide PI-083 and its analogues, in
addition to our docking analysis with the previous dipeptidic
derivatives, suggest the potential interaction of the c-hydroxyl
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group of catalytic threonine with the 2-chloronaphthoquinone
unit. The L-amino acids (Leu, Asn, Phe, Ser) were selected for their
different physicochemical features. The chloronaphthoquinone
pharmacophore is linked to the carboxylic group of the central
residue by ethylenediamine (compounds 1–16), butylenediamine
(17–32) and cyclohexyldiamine (33–48) spacers having different
length and flexibility (see Table 1 for the detailed structures).
Finally, the a-amino group is functionalised with 2-methyl-3-
hydroxybenzoyl (HMB), p-nitrobenzoyl (NBz), benzoyl (Bz) or
1-naphthoyl (1-NaftCO) aromatic groups having variable electronic
and steric peculiarity.

Methods and materials

Chemistry-general

Amino acids, amino acid derivatives and chemicals were pur-
chased from Bachem, Novabiochem, and Fluka (Switzerland).
Crude products were purified by preparative reversed-phase HPLC
using a Waters Delta Prep 3000 system with a Jupiter column C18
(250� 30mm, 300Å, 15 m spherical particle size). The column was
perfused at a flow rate of 20ml/min, with a mobile phase-contain-
ing solvent A (10%, v/v, acetonitrile in 0.1% TFA), and a linear gra-
dient from 0% to 100% of solvent B (60%, v/v, acetonitrile in 0.1%
TFA); 30min was the time adopted for elution of the compounds.
HPLC analysis was performed using a Beckman System Gold with
a Luna C18 column (4.6� 100mm, 3 m particle size). Analytical
determination and retention time (Tr) of the peptides were
assayed via HPLC conditions in the above solvent system (solvents
A and B), programmed at flow rates of 0.5ml/min, using the fol-
lowing linear gradients: (a) from 0% to 90% B for 25min and (b)
from 30% to 100% B for 25min. No naphthoquinone derivative
showed more than 1% impurity when monitored at 220 and
254 nm. The molecular weights of the compounds were deter-
mined by electrospray ionisation (ESI) (MICROMASS ZMD 2000),
and the values are expressed as [MþH]þ. TLC was performed on
pre-coated plates of silica gel F254 (Merck, Darmstadt, Germany),

exploiting the following solvent systems: (c) AcOEt/n-hexane (1:1,
v/v), (d) CH2Cl2/methanol (9.5:0.5, v/v), (e) CH2CL2/methanol (9:1,
v/v) and (f) CH2CL2/methanol/toluene (17:2:1, v/v/v). Ninhydrin
(1%) or chlorine iodine spray reagents were employed to detect
the peptides. Melting points were determined by a Kofler appar-
atus and are uncorrected. Optical rotations were determined by a
Perkin–Elmer 141 polarimeter with a 10-cm water-jacketed cell. 1H
NMR spectroscopy was obtained using a Varian 400MHz spec-
trometer. All the assayed compounds described in this manuscript
were at least 95% pure as judged by HPLC and NMR.

Synthesis

The synthesis applied for the preparation of compounds 1–48 is
reported in Scheme 1. This synthetic strategy allowed us to obtain
the compounds with the least possible number of steps. The
entire synthesis was performed in solution wherein the L-amino
acids were suitably protected at the Na and linked to the selected
diamine spacers at the carboxylic group. The alkyldiamine linkers
were protected at one of the amine functionality with the Boc
group. Subsequently, the Fmoc-protected amino acids were con-
densed at the mono-protected diaminic spacers using 1-ethyl-3-(3-
dimethylaminopropyl)-carbodiimmide (WSC) and N-hydroxybenzo-
triazole (HOBt) as acylating agents. After treatment with piperidine
to remove the fluorenylmethoxycarbonyl (Fmoc), the Na function-
alisation was carried out by acylation with 3-hydroxy-2-methyl-
benzoic acid, 4-nitrobenzoic acid, benzoic acid or alpha-naphthoic
acid using 2-(1H-9-azabenzotriazole-1-yl)-1,1,3,3-tetramethyl-ami-
nium hexafluorophosphate (HATU) as a coupling agent. After the
Boc removal via TFA treatment, we proceeded to the final reaction
with 2,3-dichloro-naphthoquinone that takes place in a solution of
95% EtOH, in presence of N-methyl-morpholine. All products, after
purification by RP-HPLC, were analysed by mass spectrometry and
NMR. The analytical data of the compounds are reported in the
supporting material.

General synthetic procedures

a. Condensation with Fmoc-amino acids. The carboxylic compo-
nent (1mmol) was dissolved DMF (10ml) and, after cooling at
0 �C, WSC (1.1mmol), HOBt (1.1mmol) and the amine compo-
nent (1.1mmol) were added. The reaction mixture was stirred
for 1 h at 0 �C then overnight at room temperature. The solv-
ent was evaporated to give a residue that was suspended
with EtOAc and washed successively with 10% citric acid
(10ml), 5% NaHCO3 (10ml) and again with brine (10ml). The
organic phase was dried with Na2SO4, filtered and evaporated
to furnish the desired products that were used without fur-
ther purification.

b. Condensation with 2-methyl-3-hydroxybenzoic acid, p-nitroben-

zoic acid, benzoic acid or a-naphthoic acid. The carboxylic
component (1mmol) was dissolved DMF (6ml) and HATU
(1mmol) and DIPEA (1mmol) were added. Then a solution of
the appropriate amine (1mmol) and TEA (1mmol) in DMF
(6ml) was added. The mixture was stirred overnight at room
temperature. The solvent was evaporated to obtain a residue
that was suspended with EtOAc. The organic phase was
washed successively with 10% citric acid (2� 5ml), 5%
NaHCO3 (2� 5ml) and again with brine (2� 5ml). The
organic phase was dried with Na2SO4, filtered and evaporated
to give a solid residue that was crystallised (Et2O) and col-
lected after centrifugation.

O

O

Cl

HN
linkerTailing H-bond

acceptor

R'
H
N

N
H

H
N

N
H

O

O

OR

O

O

Cl

O

O

Cl
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NH-(CH2)2
NH-(CH2)4

NH-cHx
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(a)

(b)

(c)

Figure 1. (a) Schematic structure of non-peptide inhibitors bearing the 2-cloro-
naphthoquinonic unit. (b) The general structure of dipeptide derivatives with a 2-
chloronaphthoquinone group. (c) The generic structure of the new amino acid
derivatives linked to the 2-chloronaphthoquinone group.
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c. Fmoc Removal. The Fmoc protection was removed by treat-
ment at room temperature with a 20% piperidine solution in
DMF for 1 h. The solvent was evaporated and the desired
products were precipitated with ethyl ether, then separated
by centrifugation and collected.

d. Boc Removal. The Boc protection was removed by treatment
with 90% aqueous TFA (1ml for 1mmol of the Boc-protected
compound) for 1 h. After evaporation of the solvent, the resi-
due was triturated with ethyl ether and separated by
centrifugation.

e. Condensation with 2,3-dichloro-1,4-naphthoquinone. The amine
component (0.3mmol) was dissolved in 95% EtOH (15ml)

then N-methyl-morpholine (0.3mmol) and 2,3-dichloro-1,4-
naphthoquinone (0.6mmol) were added. The mixture was
heated at 115 �C for 3 d under stirring. After evaporation of
the solvent, the residue was triturated with ethyl ether and
separated by centrifugation.

Preparation of Boc-ethylene/butylene/trans-cyclohexyldiamine

The diamine (10mmol) was dissolved in a mixture of t-ButOH/H2O
(2:1, 20ml) then (Boc)2O (7mmol) was added and the reaction
was stirred for 2 h at room temperature. Water (20ml) was added
and the aqueous phase was extracted with n-pentane (2� 10ml).

Table 1. Inhibition of the proteasome subunits by the synthesised compounds.

O

O

Cl

R' Xaa NH-R-NH

Compd R' Xaa R IC50 (lm)a T-L IC50 (lm)a ChT-L IC50 (lm)a PGPH

1 HMB Leu –(CH2)2� 77.44 ± 6.51 >100 1.21 ± 0.08
2 NBz Leu –(CH2)2� 65.32 ± 5.91 >100 2.35 ± 0.21
3 Bz Leu –(CH2)2� 58.43 ± 5.13 >100 2.61 ± 0.23
4 1-NaftCO Leu –(CH2)2� 21.08 ± 1.85 0.82 ± 0.08 0.91 ± 0.07
5 HMB Asn –(CH2)2� 68.35 ± 5.14 8.47 ± 0.75 6.18 ± 0.55
6 NBz Asn –(CH2)2� 17.23 ± 1.09 0.92 ± 0.09 1.19 ± 0.13
7 Bz Asn –(CH2)2� 49.66 ± 3.87 7.99 ± 0.67 11.23 ± 0.98
8 1-NaftCO Asn –(CH2)2� 35.23 ± 2.77 76.25 ± 6.82 10.01 ± 1.27
9 HMB Phe –(CH2)2� >100 0.85 ± 0.07 0.88 ± 0.08
10 NBz Phe –(CH2)2� 35.40 ± 2.91 0.77 ± 0.06 0.24 ± 0.3
11 Bz Phe –(CH2)2� 53.18 ± 6.70 6.22 ± 0.48 1.05 ± 0.09
12 1-NaftCO Phe –(CH2)2� 49.75 ± 3.97 9.14 ± 1.02 35.76 ± 4.03
13 HMB Ser –(CH2)2� >100 >100 91.52 ± 7.69
14 NBz Ser –(CH2)2� 63.36 ± 7.01 83.47 ± 8.03 78.66 ± 8.14
15 Bz Ser –(CH2)2� 53.82 ± 4.88 24.11 ± 1.98 5.78 ± 4.35
16 1-NaftCO Ser –(CH2)2� >100 >100 >100
17 HMB Leu –(CH2)4� >100 11.50 ± 1.02 7.82 ± 0.71
18 NBz Leu –(CH2)4� >100 8.40 ± 0.72 10.54 ± 0.82
19 Bz Leu –(CH2)4� >100 10.12 ± 0.70 2.41 ± 0.14
20 1-NaftCO Leu –(CH2)4� >100 49.30 ± 5.02 45.35 ± 4.03
21 HMB Asn –(CH2)4� >100 65.38 ± 6.50 9.52 ± 1.09
22 NBz Asn –(CH2)4� >100 28.52 ± 3.05 >100
23 Bz Asn –(CH2)4� >100 24.19 ± 2.05 >100
24 1-NaftCO Asn –(CH2)4� >100 78.34 ± 6.95 >100
25 HMB Phe –(CH2)4� >100 17.50 ± 1.07 8.82 ± 0.71
26 NBz Phe –(CH2)4� >100 9.10 ± 0.6 10.54 ± 0.82
27 Bz Phe –(CH2)4� >100 10.12 ± 0.70 5.43 ± 0.44
28 1-NaftCO Phe –(CH2)4� 79.71 ± 6.97 9.30 ± 1.02 25.65 ± 3.03
29 HMB Ser –(CH2)4� 80.24 ± 6.91 45.68 ± 2.59 61.52 ± 4.99
30 NBz Ser –(CH2)4� 83.26 ± 7.21 88.74 ± 8.03 83.66 ± 8.16
31 Bz Ser –(CH2)4� >100 84.11 ± 6.08 3.55 ± 1.65
32 1-NaftCO Ser –(CH2)4� 60.75 ± 4.88 >100 83.62 ± 5.48
33 HMB Leu –cHx- >100 >100 >100
34 NBz Leu –cHx- >100 42.10 ± 5.02 >100
35 Bz Leu –cHx- >100 23.12 ± 1.70 >100
36 1-NaftCO Leu –cHx- >100 59.30 ± 6.42 73.67 ± 1.45
37 HMB Asn –cHx- >100 >100 >100
38 NBz Asn –cHx- >100 >100 >100
39 Bz Asn –cHx- >100 >100 >100
40 1-NaftCO Asn –cHx- >100 >100 >100
41 HMB Phe –cHx- >100 >100 >100
42 NBz Phe –cHx- >100 82.10 ± 6.52 >100
43 Bz Phe –cHx- >100 73.31 ± 3.90 >100
44 1-NaftCO Phe –cHx- >100 >100 83.37 ± 4.58
45 HMB Ser –cHx- >100 >100 >100
46 NBz Ser –cHx- >100 >100 5.78 ± 0.62
47 Bz Ser –cHx- >100 >100 3.42 ± 0.51
48 1-NaftCO Ser –cHx- >100 >100 11.71 ± 1.25
MG132 1.04 ± 0.092 0.0018 ± 0.00022 >10
aThe values reported are the mean ± SEM of three independent determinations.
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After separation, the aqueous phase was further extracted with
EtOAc (2� 50ml) and the latter organic phase was dried with
anhydrous Na2SO4 and evaporated to yield the desired com-
pounds that were employed without further purification.

Boc-ethylenediamine. Colourless oil, yield 85%.1H NMR (CDCl3)
d5.98 (bs, 1H), 3.08 (m, 2H), 2.69 (m, 2H), 1.75 (bs, 2H), 1.39 (s, 9H);
MS (MþHþ) 161.20; HPLC (Tr) 6.54min. Spectroscopic data are
consistent with those previously reported25.

Boc-butylenediamine. Colourless oil, yield 75%. 1H NMR (CDCl3)
d 4.70 (bs, 1H), 3.14 (m, 2H), 2.68 (t, 2H, J¼ 6.7), 1.68 (bs, 2H),
1.50–1.45 (m, 4H), 1.48 (s, 9H). MS (MþHþ) 189.22; HPLC (Tr)
7.24min. Spectroscopic data are consistent with those previously
reported29.

Boc-trans-cyclohexyldiamine. White solid, yield 96%. 1H NMR
(CDCl3): d 4.91–5.12 (bs, 1H), 3.31–3.41 (bs, 1H), 2.57–2.68 (m, 1H),
1.90–2.03 (bs, 2H), 1.87–1.97 (m, 4H), 1.44 (s, 9H), 1.10–1.24 (m,
4H). MS (MþHþ) 214.26; HPLC (Tr) 7.56min. Spectroscopic data
are consistent with those previously reported30.

Preparation of H-Xaa-NH-R-NH-boc

The intermediates with general structure Fmoc-Xaa-NH-R-NH-Boc
were first prepared by acylation of the appropriate Boc-protected
diamine with Fmoc-Xaa-OH following the general procedure (a).
Fmoc-protected derivatives were then treated according to the
general procedure for Fmoc removal (c) to give the desired H-Xaa-
NH-R-NH-Boc intermediates.

H-Leu-NH-(CH2)2-NH-Boc. White solid, yield 77%; 1H NMR,
(CDCl3) d: 3.49–3.41 (m, 2H), 3.18–3.14 (m, 1H), 3.05–3.00 (m, 1H),
2.90–2.88 (m, 1H), 1.78–1.76 (m, 1H), 1.39 (s, 9H), 1.36–1.32 (m,
2H), 0.94 (d, 3H, J¼ 7.4 Hz), 0.89 (d, 3H, J¼ 7.4 Hz); MS (MþHþ)
274.31.

H-Asn-NH-(CH2)2-NH-Boc. White solid, yield 67%; 1H NMR,
(CDCl3) d: 7.82 (bs, 1H), 5.11 (s, 2H), 3.79–3.76 (m, 1H), 3.58–3.54
(m, 2H), 3.47–3.42 (m, 2H), 3.12–2.90 (m, 1H), 2.85–2.72 (m, 1H),
1.45 (s, 9H);MS (MþHþ) 275.32.

H-Phe-NH-(CH2)2-NH-Boc. White solid, yield 88%; 1H NMR,
(CDCl3) d: 7.76 (bs, 1H), 7.44–7.42 (m, 2H), 7.32–7.29 (m, 3H), 5.13
(s, 2H), 3.91–3.88 (m, 1H), 3.56–3.52 (m, 2H), 3.46–3.45 (m, 2H),
3.44–3.42 (m, 1H), 3.20–3.18 (m, 1H), 1.44 (s, 9H);MS (MþHþ)
308.30.

H-Ser-NH-(CH2)2-NH-Boc. White solid, yield 67%; 1H NMR, (CDCl3)
d: 7.74 (bs, 1H), 5.13 (bs, 2H), 4.18–4.16 (m, 1H), 3.92–3.90 (m, 1H),
3.66–3.64 (m, 1H), 3.53–3.50 (m, 2H), 3.48–3.46 (m, 2H), 1.38 (s,
9H);MS (MþHþ) 248.28.

H-Leu-NH-(CH2)4-NH-Boc. White solid, yield 77%; 1H NMR,
(CDCl3) d: 8.00 (bs, 1H), 5.40 (bs, 2H), 3.49–3.41 (m, 5H), 1.78–1.76
(m, 1H), 1.55–1.54 (m, 2H), 1.51–1.49 (m, 2H), 1.43 (s, 9H),
1.34–1.33 (m, 2H), 0.93 (d, 3H, J¼ 7.4 Hz), 0.90 (d, 3H,
J¼ 7.4 Hz);MS (MþHþ) 302.24.

H-Asn-NH-(CH2)4-NH-Boc. White solid, yield 87%; 1H NMR,
(CDCl3) d: 7.79 (bs, 1H), 5.33 (bs, 2H), 3.79–3.77 (m, 1H), 3.55–3.53
(m, 2H), 3.44–3.42 (m, 2H), 2.91–2.89 (m, 1H), 2.87–2.86 (m, 1H),
1.54–1.53 (m, 2H), 1.50–1.49 (m, 2H), 1.43 (s, 9H);MS (MþHþ)
303.27.

H-Phe-NH-(CH2)4-NH-Boc. White solid, yield 64%;1H NMR, (CDCl3)
d: 7.99 (bs, 1H), 7.44–7.42 (m, 2H), 7.31–7.29 (m, 3H), 5.22 (bs, 2H),
3.89–3.87 (m, 1H), 3.56–3.53 (m, 1H), 3.22–3.18 (m, 5H), 1.52–1.50
(m, 2H), 1.49–1.47 (m, 2H), 1.42 (s, 9H);MS (MþHþ) 336.18.

H-Ser-NH-(CH2)4-NH-Boc. White solid, yield 77%; 1H NMR, (CDCl3)
d: 8.03 (bs, 1H), 5.20 (bs, 2H), 4.17–4.15 (m, 1H), 3.90–3.89 (m, 1H),
3.64–3.62 (m, 1H), 3.50–3.49 (m, 2H), 3.48–3.47 (m, 2H), 1.54–1.53
(m, 2H), 1.51–1.49 (m, 2H), 1.43 (s, 9H);MS (MþHþ) 276.29.

H-Leu-NH-cHx-NH-Boc. White solid, yield 77%; 1H NMR, (CDCl3)
d: 7.64 (bs, 1H), 5.44 (bs, 2H), 3.55–3.54 (m, 1H), 3.52–3.51 (m, 1H),
3.35–3.33 (m, 1H), 1.77–1.75 (m, 1H), 1.70–1.69 (m, 4H), 1.54–1.53
(m, 4H), 1.39 (s, 9H), 1.34–1.32 (m, 2H), 0.94 (d, 3H, J¼ 7.4 Hz), 0.89
(d, 3H, J¼ 7.4 Hz); MS (MþHþ) 328.22.

H-Asn-NH-cHx-NH-Boc. White solid, yield 87%; 1H NMR, (CDCl3)
d: 8.26 (bs, 1H), 7.24 (bs, 2H), 5.54 (bs, 2H), 3.78–3.76 (m, 1H),
3.55–3.53 (m, 2H), 2.90–2.88 (m, 1H), 2.85–2.83 (m, 1H), 1.77–1.73
(m, 4H), 1.50–1.47 (m, 4H), 1.38 (s, 9H);MS (MþHþ) 329.32.

H-Phe-NH-cHx-NH-Boc. White solid, yield 56%; 1H NMR, (CDCl3)
d: 8.44 (bs, 1H), 7.42–7.40 (m, 2H), 7.31–7.29 (m, 3H), 5.44 (bs, 2H),
3.89–3.87 (m, 1H), 3.58–3.56 (m, 1H), 3.54–3.53 (m, 2H), 3.19–3.18
(m, 1H), 1.78–1.73 (m, 4H), 1.49–1.44 (m, 4H), 1.38 (s, 9H);MS
(MþHþ) 362.15.

H-Ser-NH-cHx-NH-Boc. White solid, yield 57%; 1H NMR, (CDCl3) d:
8.15 (bs, 1H), 5.44 (bs, 2H), 4.16–4.13 (m, 1H), 3.97–3.96 (m, 1H),
3.64–3.62 (m, 1H), 3.58–3.56 (m, 1H), 3.54–3.52 (m, 1H), 1.77–1.73
(m, 4H), 1.54–1.51 (m, 4H), 1.38 (s, 9H);MS (MþHþ) 302.28.

Preparation of R'-Xaa-NH-R-NH2

The compounds with general structure R'-Xaa-NH-R-NH2 were pre-
pared through a first HATU-mediated coupling of intermediates H-
Xaa-NH-R-NH-Boc with 2-methyl-3-hydroxybenzoic acid, p-nitro-
benzoic acid, benzoic acid or a-naphthoic acid following the gen-
eral procedure (b). The resulting Boc-protected derivatives were
then treated according to the general method for Boc removal (d)
to give the target compounds as trifluoroacetate salts. Analytical
data and 1H-NMR spectra of representative compounds are listed
below. NMR spectra of the whole series can be found in the
Supplementary Material.

HMB-Leu-NH-(CH2)2-NH2. White solid, yield 54%; 1H NMR
(400MHz, CDCl3) d 7.30 (dd, J¼ 7.5, 1.4 Hz, 1H), 7.21–7.04 (m, 1H),

H Xaa

O

O

Cl

R = -(CH2)2-, -(CH2)4-, cHx;
Xaa = Leu, Asn, Phe, Ser;
R' = Hmb, NBz, Bz, 1-NaftCO

(Boc)2O

1) Fmoc-Xaa-OH, WSC, HOBt
2) Piperidine in DMF (20%)

2,3-dichloro-1,4-naphthoquinone

EtOH (95%), ∆

H2N-R-NH2

H2N-R-NH-Boc

NH-R-NH-Boc

R' Xaa NH-R-NH2

R' Xaa NH-R-NH

1) R'-OH, HATU, DIPEA
2) TFA

Scheme 1. Synthesis of naphthoquinone amino acid derivatives.
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6.90 (dd, J¼ 7.5, 1.4 Hz, 1H), 6.55 (s, 1H), 5.19 (s, 3H), 5.02 (s, 1H),
4.41 (t, J¼ 7.6 Hz, 1H), 3.95 (t, J¼ 7.6 Hz, 2H), 3.55 (s, 1H), 3.03 (t,
J¼ 7.6 Hz, 2H), 2.31 (s, 3H), 1.98–1.66 (m, 2H), 1.58 (t, J¼ 7.5 Hz,
1H), 1.23–0.86 (m, 6H);MS (MþHþ) 308.21.

HMB-Asn-NH-(CH2)2-NH2. Pale yellow solid, yield 79%; 1H NMR
(400MHz, CDCl3) d 7.30 (dd, J¼ 7.5, 1.5 Hz, 1H), 7.22–7.06 (m, 1H),
6.91 (dd, J¼ 7.5, 1.4 Hz, 1H), 6.55 (s, 1H), 5.58 (s, 3H), 5.19 (s, 1H),
5.07 (s, 2H), 4.83–3.91 (m, 2H), 3.61 (s, 1H), 3.14–2.96 (m, 3H),
2.87–2.83 (m, 1H), 2.19 (s, 3H);MS(MþHþ) 309.17.

HMB-Phe-NH-(CH2)2-NH2. White solid, yield 81%; 1H NMR
(400MHz, CDCl3) d 7.36–7.33 (m, 1H), 7.30–7.03 (m, 6H), 6.91 (dd,
J¼ 7.5, 1.4 Hz, 1H), 6.80 (s, 1H), 5.07 (s, 3H), 4.69–4.67 (m, 1H), 4.30
(s, 1H), 3.97–3.90 (m, 2H), 3.56 (s, 1H), 3.30–3.28 (m, 1H), 3.03–2.78
(m, 3H), 2.31 (s, 3H); MS(MþHþ) 342.18.

HMB-Ser-NH-(CH2)2-NH2. White solid, yield 77%; 1H NMR
(400MHz, CDCl3)d 7.18–7.01 (m, 2H), 6.97–6.87 (m, 1H), 5.50 (bs,
1H), 5.21 (s, 3H), 4.99 (s, 1H), 4.75–4.73 (m, 1H), 4.29–4.28 (m, 1H),
4.02–3.75 (m, 3H), 3.54 (s, 1H), 3.05–3.02 (m, 2H), 2.29 (s, 3H); MS
(MþHþ) 282.27.

HMB-Leu-NH-(CH2)4-NH2. Pale yellow solid, yield 57%; 1H NMR
(400MHz, CDCl3)d 7.30–7.26 (m, 1H), 7.14–7.11 (m, 1H), 6.91–6.89
(m, 1H), 6.03 (s, 3H), 5.26 (s, 1H), 5.23–5.11 (m, 2H), 3.74 (s, 1H),
3.50–3.48 (m, 1H), 3.19–3.17 (m, 1H), 2.82–2.75 (m, 2H), 2.24 (s,
3H), 2.02–1.89 (m, 2H), 1.83–1.58 (m, 4H), 1.54–1.52 (m, 1H),
1.04–0.93 (m, 6H); MS (MþHþ) 336.31.

HMB-Asn-NH-(CH2)4-NH2. White solid, yield 73%; 1H NMR
(400MHz, CDCl3)d 7.70 (s, 1H), 7.61 (s, 1H), 7.32–7.28 (m, 1H), 7.15
(t, J¼ 7.5 Hz, 1H), 6.91–6.94 (m, 1H), 5.26 (s, 2H), 4.94 (s, 3H),
4.63–4.58 (m, 1H), 3.31–3.17 (m, 2H), 3.05–3.02 (m, 1H), 2.82–2.65
(m, 3H), 2.32 (s, 3H), 1.86–1.79 (m, 2H), 1.55–1.50 (m, 2H); MS
(MþHþ) 337.32.

HMB-Phe-NH-(CH2)4-NH2. White solid, yield 77%; 1H NMR
(400MHz, CDCl3)d 7.40–7.36 (m, 1H), 7.34–7.08 (m, 7H), 6.95–6.91
(m, 1H), 5.16 (s, 3H), 4.73–4.70 (m, 1H), 4.39 (s, 1H), 3.41 (s, 1H),
3.28–3.17 (m, 3H), 2.92–2.89 (m, 1H), 2.78–2.75 (m, 2H), 2.31 (s,
3H), 2.02–1.77 (m, 2H), 1.65–1.55 (m, 2H); MS (MþHþ) 370.22.

HMB-Ser-NH-(CH2)4-NH2. Pale yellow solid, yield 44%; 1H NMR
(400MHz, CDCl3)d 7.18–7.13 (m, 1H), 7.10–7.05 (m, 1H), 6.88–6.97
(m, 1H), 5.32 (s, 2H), 4.96 (s, 3H), 4.67–4.58 (m, 1H), 4.14–4.10 (m,
1H), 3.90–3.85 (m, 1H), 3.56 (s, 1H), 3.32–3.18 (m, 2H), 2.76–7.68
(m, 2H), 2.32 (s, 3H), 1.99–1.85 (m, 2H), 1.76–1.62 (m, 2H); MS
(MþHþ) 310.17.

HMB-Leu-NH-cHx-NH2. Pale yellow solid, yield 81%; 1H NMR
(400MHz, CDCl3)d 7.40 (s, 1H), 7.30 (dd, J¼ 7.5, 1.5 Hz, 1H), 7.14 (t,
J¼ 7.5 Hz, 1H), 6.91 (dd, J¼ 7.5, 1.4 Hz, 1H), 5.70 (s, 3H), 4.96 (s,
1H), 4.72–4.70 (m, 1H), 3.67–3.63 (m, 1H), 3.59–3.45 (m, 1H),
2.36–2.29 (m, 3H), 2.17–2.05 (m, 2H), 1.84–1.55 (m, 7H), 1.07–0.96
(m, 6H); MS (MþHþ) 362.14.

HMB-Asn-NH-cHx-NH2. Pale yellow solid, yield 72%; 1H NMR
(400MHz, CDCl3)d 7.50 (s, 1H), 7.36 (dd, J¼ 7.5, 1.4 Hz, 1H), 7.17 (t,
J¼ 7.5 Hz, 1H), 6.91 (dd, J¼ 7.5, 1.4 Hz, 1H), 5.27 (s, 2H), 5.16 (s,
3H), 4.49–4.45 (m, 1H), 4.32–4.28 (m, 1H), 3.56 (s, 1H), 3.36–3.31
(m, 1H), 3.07–3.03 (m, 1H), 2.68–2.64 (m, 1H), 2.55–2.49 (m, 2H),
2.35–2.22 (m, 5H), 2.03–1.96 (m, 2H), 1.74–1.68 (m, 2H); MS
(MþHþ) 363.32.

HMB-Phe-NH-cHx-NH2. White solid, yield 68%; 1H NMR (400MHz,
CDCl3)d 7.41 (dd, J¼ 7.5, 1.5 Hz, 1H), 7.34–7.24 (m, 4H), 7.24–7.08
(m, 2H), 7.02–6.85 (m, 2H), 5.27 (s, 1H), 5.18 (s, 3H), 4.90 (t,
J¼ 3.6 Hz, 1H), 4.19–4.15 (m, 1H), 3.56–3.34 (m, 2H), 3.00–2.97 (m,
1H), 2.40–2.22 (m, 5H), 2.10–2.05 (m, 2H), 1.81–1.76 (m, 2H),
1.48–1.36 (m, 2H); MS (MþHþ) 396.33.

HMB-Ser-NH-cHx-NH2. Pale yellow, yield 69%; 1H NMR (400MHz,
CDCl3)d 7.32 (dd, J¼ 7.5, 1.4 Hz, 1H), 7.18 (t, J¼ 7.5 Hz, 1H), 6.91
(dd, J¼ 7.5, 1.4 Hz, 1H), 5.04 (s, 1H), 4.75 (s, 1H), 4.68 (s, 3H),

4.31–4.06 (m, 2H), 4.03–3.88 (m, 1H), 3.87–3.66 (m, 1H), 3.61–3.32
(m, 2H), 2.29 (s, 3H), 2.23–2.10 (m, 2H), 2.05–1.79 (m, 4H),
1.67–1.45 (m, 2H); MS (MþHþ) 336.52.

Preparation of R'-Xaa-NH-R-NH-ClNafQ

The final compounds 1–48 were obtained by the reaction of inter-
mediates R'-Xaa-NH-R-NH2 with 2,3-dichloro-1,4-naphthoquinone
following the general procedure (e). All the compounds were puri-
fied by RP-HPLC. Analytical data and 1H-NMR spectra of represen-
tative compounds (1–16) are listed below. NMR spectra of the
whole series can be found in the Supplementary Material.

HMB-Leu-NH-(CH2)2-NH-ClNafQ (1). White solid; yield 58%;mp
¼111–114 �C; [a]D

20
–30.2 (c¼ 1, MeOH). 1H NMR (400MHz, CDCl3)d

8.29–8.07 (m, 2H), 8.05 (bs, 1H), 7.78–7.66 (m, 2H), 7.23–6.98 (m,
2H), 6.95–6.78 (m, 1H), 5.79 (bs, 1H), 5.71 (bs, 1H), 4.72–4.66 (m,
1H), 3.56–3.45 (m, 4H), 2.29 (s, 3H), 1.85–1.69 (m, 2H), 1.56 (t,
J¼ 6.6 Hz, 1H), 0.97–0.87 (m,6H); MS (ESI): [MH]þ¼ 498.12.HPLC (Tr)
16.76min.

NBz-Leu-NH-(CH2)2-NH-ClNafQ (2). White solid; yield 66%;mp
¼134–137 �C; [a]D

20
–26.4 (c¼ 1, MeOH); 1H NMR (400MHz, CDCl3)d

8.22–8.13 (m, 4H), 8.08 (d, J¼ 7.4 Hz, 2H), 7.80–7.69 (m, 2H), 7.41
(bs, 1H), 6.80 (bs, 1H), 5.65 (bs, 1H), 3.93–3.86 (m, 1H), 3.89–3.41
(m, 4H), 1.86–1.57 (m, 2H), 1.45–1.43 (m, 1H), 0.97–0.87 (m, 6H);
MS (ESI): [MH]þ¼ 513.11; HPLC (Tr) 18.40min.

Bz-Leu-NH-(CH2)2-NH-ClNafQ (3). White solid; yield 89%;mp
¼128–130 �C; [a]D

20
–22.4 (c¼ 1, MeOH); 1H NMR (400MHz,

CDCl3)d 8.25–8.10 (m, 2H), 7.89–7.83 (m, 2H), 7.79–7.68 (m, 2H),
7.53–7.358 (m, 3H), 6.54 (s, 1H), 5.45 (s, 1H), 5.31 (s, 1H), 4.23–4.18
(m, 1H), 3.58–3.44 (m, 3H), 3.40–3.36 (m, 1H), 1.68–1.42 (m, 3H),
1.06 (d, J¼ 6.1 Hz, 6H); MS (ESI): [MH]þ¼ 468.03; HPLC (Tr)
17.71min.

1-NaftCO-Leu-NH-(CH2)2-NH-ClNafQ (4). White solid; yield
74%;mp ¼145–148 �C; [a]D

20
–33.2 (c¼ 1, MeOH); 1H NMR

(400MHz, CDCl3)d 8.52–8.47 (m, 1H), 8.18–8.02 (m, 2H), 7.99–7.93
(m, 2H), 7.82–7.78 (m, 1H), 7.74–7.64 (m, 2H), 7.58–7.46 (m, 3H),
7.21 (s, 1H), 7.05 (s, 1H), 5.75 (s, 1H), 4.52–4.47 (m, 1H), 3.64–3.39
(m, 4H), 1.99–1.86 (m, 1H), 1.73–1.34 (m, 2H), 1.12–0.93 (m, 6H);
MS (ESI): [MH]þ¼ 518.15; HPLC (Tr) 19.11min.

HMB-Asn-NH-(CH2)2-NH-ClNafQ (5). White solid; yield 66%;mp
¼128–130 �C; [a]D

20
–42.1 (c¼ 1, MeOH); 1H NMR (400MHz, CDCl3)d

8.57 (s, 1H), 8.34–8.23 (m, 1H), 7.95–7.86 (m, 1H), 7.67–7.58 (m,
2H), 7.32–7.29 (m, 1H), 7.14–7.10 (m, 1H), 6.89–6.81 (m, 1H), 5.50
(s, 1H), 5.35 (s, 1H), 5.23–5.18 (m, 1H), 4.73 (s, 2H), 3.62–3.54 (m,
3H), 3.46–3.40 (m, 1H), 3.03–2.98 (m, 1H), 2.51–2.46 (m, 1H), 2.33
(s, 3H); MS(ESI): [MH]þ¼ 499.24; HPLC (Tr) 13.21min.

NBz-Asn-NH-(CH2)2-NH-ClNafQ (6). White solid; yield 52%;mp
¼168–170 �C; [a]D

20
–38.8 (c¼ 1, MeOH); 1H NMR (400MHz, CDCl3)d

8.74 (s, 1H), 8.20–8.05 (m, 6H), 7.79–7.68 (m, 2H), 5.69–5.66 (m,
3H), 5.30 (s, 1H), 4.72–4.66 (m, 1H), 3.70–3.56 (m, 1H), 3.55–3.32
(m, 3H), 2.96–2.91 (m, 1H), 2.50–2.45 (m, 1H); MS (ESI):
[MH]þ¼ 514.08; HPLC (Tr) 13.66min.

Bz-Asn-NH-(CH2)2-NH-ClNafQ (7). White solid; yield 48%;mp
¼165–167 �C; [a]D

20
–26.6 (c¼ 1, MeOH); 1H NMR (400MHz,

CDCl3)d 8.27–8.08 (m, 2H), 7.87 (dd, J¼ 7.4, 1.3 Hz, 2H), 7.74–7.65
(m, 2H), 7.41–7.21 (m, 3H), 7.24 (s, 1H), 6.47 (s, 1H), 6.00 (s, 1H),
5.02 (s, 2H), 4.87–4.82 (m, 1H), 3.60–3.37 (m, 4H), 3.13–3.08 (m,
1H), 2.86–7.82 (m, 1H);MS (ESI): [MH]þ¼ 469.12; HPLC (Tr)
14.30min.

1-NaftCO-Asn-NH-(CH2)2-NH-ClNafQ (8). White solid; yield
87%;mp ¼178–180 �C; [a]D

20
–42.8 (c¼ 1, MeOH); 1H NMR

(400MHz, CDCl3) d 8.57–8.41 (m, 2H), 8.20–8.04 (m, 2H), 8.00–7.87
(m, 2H), 7.84–7.80 (m, 1H), 7.76–7.60 (m, 2H), 7.61–7.44 (m, 3H),
5.66 (s, 1H), 5.38 (s, 2H), 4.59–4.45 (m, 1H), 4.17 (s, 1H), 3.60–3.51
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(m, 1H), 3.45–3.34 (m, 4H), 2.91–2.89 (m, 1H);MS (ESI):
[MH]þ¼ 519.14; HPLC (Tr) 15.43min.

HMB-Phe-NH-(CH2)2-NH-ClNafQ (9). White solid; yield 72%;mp
¼121–124 �C; [a]D

20
–31.4 (c¼ 1, MeOH); 1H NMR (400MHz, CDCl3)

d 8.17–8.02 (m, 2H), 7.72–7.66 (m, 2H), 7.35–7.04 (m, 8H), 6.90 (dd,
J¼ 7.5, 1.4 Hz, 1H), 6.20 (s, 1H), 5.05 (s, 1H), 4.77–4.68 (m, 1H),
3.64–3.40 (m, 4H), 3.42–3.22 (m, 2H), 2.95–2.92 (m, 1H), 2.28 (s,
3H); MS (ESI): [MH]þ¼ 532.02; HPLC (Tr) 16.91min.

NBz-Phe-NH-(CH2)2-NH-ClNafQ (10). White solid; yield 59%;mp
¼141–144 �C; [a]D

20
–28.9 (c¼ 1, MeOH); 1H NMR (400MHz, CDCl3)d

8.83 (s, 1H), 8.25–8.15 (m, 3H), 8.09 (dd, J¼ 7.5, 1.6 Hz, 1H), 8.03 (d,
J¼ 7.5 Hz, 2H), 7.84–7.80 (m, 1H), 7.70–7.66 (m, 1H), 7.23–7.20 (m,
2H), 7.16–7.04 (m, 3H), 6.23 (s, 1H), 4.69 (s, 1H), 4.03–3.98 (m, 1H),
3.68–3.50 (m, 2H), 3.50–3.42 (m, 1H), 3.45–3.32 (m, 1H), 3.25–3.15
(m, 1H), 2.98–2.96 (m, 1H); MS (ESI): [MH]þ¼ 547.30; HPLC (Tr)
18.73min.

Bz-Phe-NH-(CH2)2-NH-ClNafQ (11). White solid; yield 86%;mp
¼122–124 �C; [a]D

20
–23.4 (c¼ 1, MeOH); 1H NMR (400MHz, CDCl3)d

8.23–8.13 (m, 1H), 8.05–7.83 (m, 3H), 7.77–7.65 (m, 3H), 7.52–7.48
(m, 3H), 7.31–7.19 (m, 2H), 7.19–7.11 (m, 3H), 4.87 (s, 1H), 4.55 (s,
1H), 4.10–4.02 (m, 1H), 3.57–3.41 (m, 4H), 3.30–3.27 (m, 1H),
2.98–2.96 (m, 1H);MS (ESI): [MH]þ¼ 502.15; HPLC (Tr) 18.05min.

1-NaftCO-Phe-NH-(CH2)2-NH-ClNafQ (12). White solid; yield
66%;mp ¼130–134 �C; [a]D

20
–33.2 (c¼ 1, MeOH); 1H NMR

(400MHz, CDCl3)d 8.51 (dd, J¼ 7.4, 1.5 Hz, 1H), 8.39 (s, 1H),
8.23–8.03 (m, 2H), 7.95–7.94 (m, 1H), 7.84–7.81 (m, 1H), 7.74–7.60
(m, 2H), 7.58–7.56 (m, 2H), 7.49–7.48 (m, 1H), 7.28–7.18 (m, 3H),
7.10–7.01 (m, 3H), 6.67 (s, 1H), 5.56 (s, 1H), 4.81–4.76 (m, 1H),
3.59–3.51 (m, 1H), 3.51–3.39 (m, 3H), 3.33–3.30 (m, 1H), 3.03–3.00
(m, 1H); MS (ESI): [MH]þ¼ 552.16; HPLC (Tr) 19.65min.

HMB-Ser-NH-(CH2)2-NH-ClNafQ (13). White solid; yield 76%;mp
¼117–120 �C; [a]D

20
–45.1 (c¼ 1, MeOH); 1H NMR (400MHz, CDCl3)d

8.11–7.99 (m, 2H), 7.70–7.64 (m, 2H), 7.36–7.32 (m, 1H), 7.10–7.07
(m, 2H), 6.91–6.89 (m, 1H), 6.08 (s, 1H), 5.06 (s, 1H), 4.28–4.17 (m,
1H), 4.19–4.17 (m, 1H), 3.78–3.76 (m, 1H), 3.56–3.40 (m, 4H), 2.32
(s, 3H); MS (ESI): [MH]þ¼ 472.08; HPLC (Tr) 12.84min.

NBz-Ser-NH-(CH2)2-NH-ClNafQ (14). White solid; yield 56%;mp
¼142–146 �C; [a]D

20
–39.8 (c¼ 1, MeOH); 1H NMR (400MHz, CDCl3)d

8.21–8.10 (m, 3H), 8.08–8.00 (m, 3H), 7.91 (s, 1H), 7.79–7.62 (m,
2H), 5.56 (s, 1H), 5.21 (s, 1H), 4.26–4.08 (m, 2H), 3.99–3.96 (m, 1H),
3.68–3.50 (m, 2H), 3.50–3.41 (m, 1H), 3.41–3.27 (m, 1H);MS (ESI):
[MH]þ¼ 487.09; HPLC (Tr) 13.22min.

Bz-Ser-NH-(CH2)2-NH-ClNafQ (15). White solid; yield 69%;mp
¼155–157 �C; [a]D

20
–30.6 (c¼ 1, MeOH); 1H NMR (400MHz,

CDCl3)d 8.25–8.19 (m, 1H), 8.10–8.05 (m, 1H), 7.74–7.70 (m, 4H),
7.66–7.64 (m, 1H), 7.48–7.41 (m, 1H), 7.36 (t, J¼ 7.4 Hz, 2H), 5.71 (s,
1H), 5.54 (s, 1H), 4.74–4.65 (m, 1H), 4.24–4.20 (m, 1H), 3.84–3.80
(m, 1H), 3.62–3.32 (m, 4H); MS (ESI): [MH]þ¼ 442.11; HPLC (Tr)
13.97min.

1-NaftCO-Ser-NH-(CH2)2-NH-ClNafQ (16). White solid; yield
65%;mp ¼163–166 �C; [a]D

20
–41.5 (c¼ 1, MeOH);1H NMR (400MHz,

CDCl3) d 8.78 (dd, J¼ 7.4, 1.5 Hz, 1H), 8.15–7.99 (m, 2H), 7.95–7.94
(m, 1H), 7.79–7.77 (m, 1H), 7.72–7.62 (m, 4H), 7.56–7.41 (m, 3H),
5.68 (s, 1H), 5.08–5.05 (m, 2H), 4.20–4.17 (m, 1H), 3.96–3.94 (m,
1H), 3.67–3.61 (m, 1H), 3.49–3.47 (m, 3H); MS (ESI): [MH]þ¼ 492.12;
HPLC (Tr) 14.86min.

Biological assay

Proteasome purification and subunit inhibition

Proteasomes were isolated and purified from lymphoblastoid
cell lines (LCL) as previously described31. Suc-LLVY-AMC, Boc-
LRR-AMC and Z-LLE-AMC (Sigma-Aldrich, Milano, Italy) were used

to determine chymotrypsin-like, trypsin-like and post-acidic prote-
asome activities, respectively. Substrates were incubated at 37 �C
for 30min with proteasomes, untreated or pretreated with
0.1–100 mm of test compounds 1–48 and reference inhibitor
MG132, in activity buffer. Fluorescence was determined by a
fluorimeter (Spectrafluor plus, Tecan, Salzburg, Austria), using an
excitation of 360 nm and emission of 465 nm. Activity was eval-
uated in fluorescence units and the inhibitory capacity of the
compounds is expressed as IC50.

Growth inhibition assays

Cell growth inhibition assays were carried out using the breast
cancer cell line MDA and ovarian cancer cell line A2780. Cells were
obtained from ATCC (Manassas, VA) and maintained in DMEM and
RPMI respectively, supplemented with 10% foetal bovine serum,
penicillin (100U ml�1), streptomycin (100U ml�1) and glutamine
(2mm); incubation was performed at 37 �C in a 5% CO2 atmos-
phere. Cells were routinely passaged every 3 d at 70% confluence;
0.05% trypsin-EDTA was used. The antiproliferative activity of new
molecules was tested with the 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) assay. Cells were seeded in
triplicate in 96-well plates at a density of 15� 103 in 50ml of com-
plete medium. Stock solutions (10mm) of selected analogues were
made in DMSO and diluted in complete medium to give final con-
centrations of 10 and 100 mm. MG-132 was employed as a control.
Untreated cells were placed in every plate as a negative control.
The cells were exposed to the compounds, in 100 ml total volume,
for 72 h, and then 25ml of a 12mm solution of MTT was added.
After 2 h of incubation, 100 ml of lysing buffer (50% DMF þ20%
SDS, pH 4.7) was added to convert the MTT solution into a violet-
coloured formazan. After an additional 18 h the solution absorb-
ance, proportional to the number of live cells, was measured by
spectrophotometer at 570 nm and converted into % of growth
inhibition.

Docking

The equilibrium geometry of selected molecules was obtained
using semi-empirical PM3 calculations; the molecules were subse-
quently docked to both b1 and b5 binding sites of 20 S prote-
asome. The simulation was performed utilising the crystal
structures of PDB codes 1G65

32 and 3E47
33 for b1 and b5 bind-

ing sites, respectively. All molecules were placed in b1 and b5
binding sites using a pharmacophore query derived from the
bound inhibitors epoxomicin (structure 1G65) and homobelacto-
sin C (structure 3E47), respectively, as a filter for docking place-
ment. Epoxomicin and homobelactosin C inhibitors have been
chosen because they share size/shape similarities with the pre-
sent molecules. Before the simulation, hydrogen atoms were
added to the inner part of the enzyme and the energy of the
structure was minimised keeping fixed the atoms of the main
frame and using the MMFF94 molecular mechanics force field34.
Out of 50 unique poses obtained, the 10 having the highest
score on the base of the value assumed by the enthalpic contri-
bution to the free energy of binding were retained. These poses
were in turn rescored considering the estimation of the free
energy of binding of the ligand, i.e. the sum of the electrostatic
and dispersive interaction energy between the ligand and the
target as well as the intramolecular energy of the ligand due to
changes in its conformation. All the calculations were performed
using MOE-Dock integrated into the MOE system of programs
[MOE, Chemical Computing Group, release 2016.08].
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Results and discussion

The synthesised compounds were evaluated for their potency in
inhibiting the b1, b2 and b5 catalytic activities of the 20 S prote-
asome isolated from LCLs31. Specific fluorogenic substrates for
each active site were employed: Suc-LLVY-AMC (for the ChT-L),
Boc-LRR-AMC (for the T-L) and Z-LLE-AMC (for the PGPH). The
proteasome was pretreated with increasing concentrations
(0.1–100 mm) of the new naphthoquinone amino acid derivatives
and MG132 as a reference inhibitor in an activity buffer.
Substrates were then incubated with the proteasome at 37 �C for
30–180min. Substrate degradation was evaluated in fluorescence
units. The inhibitory activity of all compounds is expressed here as
IC50. From the data reported in Table 1, after 30min of incubation,
it can be observed that some of the naphthoquinone analogues
present a significant biological response. The inhibition of the
PGPH and ChT-L activities is remarkable for some of the deriva-
tives. In particular, the inhibition of the b1 and b5 subunits is
interesting for compounds 4, 6, 9 and 10 with IC50 values lower
than 1 mm. Generally, the molecules bearing the ethylenediamine
linker (1–16) displayed a quite good activity against post-acidic
and chymotryptic sites of the proteasome and retain a detectable
(IC50< 100 mm) inhibition of the tryptic-like activity in the b2 sub-
unit. The most effective b1 inhibitors of the subseries with the
ethylenediamine spacer present leucine or phenylalanine, while for
the b5 inhibition are favourable asparagine and phenylalanine.

Regarding the Na substituents, the NBz group is slightly pre-
ferred as indicated by the analogue 10 which is the most potent

inhibitor of the whole series. A similar structure-activity relation-
ship profile is evident within the naphthoquinone amino acid
derivatives bearing the butylendiaminic linker (17–32). Also in
this subset, the inhibition is mainly directed to the catalytic cav-
ity b1 and b5, while the answer against the tryptic activity is
irrelevant. Generally, it can be speculated that the increase of
the distance between the pharmacophoric unit and the aminoa-
cidic residue at the P1 position is negative for the interaction
with the catalytic pocket of the enzyme complex. Finally, ana-
logues 33–48 are the least active of the whole series with only
a mild inhibition of the b5 subsite for derivatives with leucine
(i.e. 34–36) and of the post-acidic activity (b1) for products hav-
ing serine as the central residue (i.e. 46–48). Clearly, the length
and molecular rigidity of the cyclohexyldiamine bridge are not
favourable for the interaction with the catalytic proteasome
pockets.

Considering the fundamental role of the proteasome for cell via-
bility and proliferation, we investigated the antiproliferative activ-
ities of five selected compounds (4, 6 and 9–11) on MDA and
A2780 tumour cells compared to the reference aldehydic inhibitor
MG13235. The choice of analogues has been carried out in view of
their ability to inhibit the chymotryptic subunit of the proteasome,
directly related to the anti-cancer activity. The cells were treated
with 10 or 100 mm concentrations of the selected naphthoquinone
derivatives and MG132. After 3 d, cell proliferation was evaluated
and, as shown in Figure 2(a and b), compounds 4, 6 and 9 were
shown to inhibit cell proliferation at levels slightly lower than the
reference pseudotripeptide MG132 in both tumoural cell lines at

Figure 2. Effect of compounds 4, 6, 9–11 on cell proliferation. (a) MDA and (b) A2780 tumour cells cultured for 3 d in the presence or absence of the indicated con-
centrations of compounds. The means of three independent experiments performed in duplicate are shown.
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100 mm. No significant antiproliferative activity was observed at
10mm.

A general analysis of the structure-activity relationship of this
new series of amino acidic derivatives suggests that the naphtho-
quinone pharmacophoric unit can function as potential electro-
philic substrate for the proteasome N-terminal catalytic threonine.
The strength of the interaction with the enzyme subsites depends
on the molecular components that bind the naphthoquinonic
group. The ethylenediamine binder between the amino acid resi-
due and the pharmacophore was shown to be the most effective
since increasing the alkyl chain with the insertion of the butylene-
diamine and making it more rigid with the cyclohexyldiamine, a
progressive reduction of activity was observed. The biological
response is more evident for phenylalanyl and asparagyl deriva-
tives that display a significant preference for the chymotryptic and
post-acidic proteasome subunits. In addition, the different Na-aryl
groups, with variable physicochemical characteristics, poorly

influence the capacity of inhibition of the new compounds. It can
reasonably be assumed that the inhibition is reversible by analy-
sing the data obtained with the docking experiments that exclude
a covalent bond between the inhibitor and the enzyme (see
below). In addition, the enzymatic inhibition assays of catalytic
subsites of the isolated enzyme confirm that the IC50 values for
the naphthoquinone amino acid derivatives, progressively
decrease during the time of incubation.

A computational docking study was performed for selected
compounds (10, 16, 26 and 42) on the basis of their different
molecular characteristics and biological profile. The results of the
docking study of the most active molecule 10 to both b1 and b5
binding sites of 20 S proteasome seem to support the previous
considerations. In the docking simulation to the b1 site, five poses
(out of 10) having the highest docking scores are characterised by
the presence of the naphthoquinonic moiety located ca. 3.5 Å
away from the nucleophilic threonine residue. In view of the fact

Figure 3. (a) Molecule 10 in the b1 active site (best pose). (b) Schematic view of the interactions between the receptor and the docked molecule.
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that the protein frame is kept rigid during the simulation, such a
distance is compatible with an H-bonding interaction. Molecule 10

docked to the enzyme and a scheme of the ligand-enzyme inter-
actions are depicted in Figure 3(a and b), respectively. The ligand
10-binding pocket presents a Y shape, that is appropriate to well
fit the molecule conformation. Moreover, it is formed by a number
of amino acid residues, i.e. Thr21, Ala20, Gli47, Lys33, Asp114,
which are found to be involved in epoxomicin-enzyme interactions
as well. Additionally, the aromatic rings seem to play an important
role in “anchoring” the molecule inside the binding pocket
through C-H … p short contacts (Figure 3(a)).

The same considerations can be drawn from the molecule
10 docked to the b5 site. Indeed, the interactions with the
binding-site residues (Figure 4) are even more significant: in this
case, for instance, a direct tight interaction with the active
threonine has been found, with a ligand-residue distance of
some 2.8 Å. A number of additional short contacts can be
observed between the functional groups of the ligand and the
amino acids constituting the homobelactosin receptor, e.g.
Ser129, Gly47, Lys33 and, just like the b1 case, C-H … p inter-
actions involving the ligand aromatic parts are established
(Figure 4(b)).

Figure 4. (a) Molecule 10 in the b5 active site. (b) Schematic view of the interactions between the receptor and the docked molecule.
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Figure 5. Molecule 16 (a), 26 (b) and 42 (c) docked into the β1 binding site. Molecule 10 docked in the same binding site is reported for comparison.
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Figure 6. Molecule 16 (a), 26 (b) and 42 (c) docked into the b5 binding site. Molecule 10 docked in the same binding site is reported for comparison.
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The different biological behaviour of molecules 16, 26 and 42

can be rationalised by directly comparing their best-docked poses
with 10 (Figures 5 and 6). The inactive molecule 16 does not fit in
both the b1 and the b5 sites, the terminal naphthyl group being
located in an area outside the binding pocket (Figures 5(a) and
6(a)). As for molecules 26 and 42, they share with 10 the terminal
parts (ClNafQ and NBz-Phe) but with linkers different in length
(molecule 26) or in flexibility (molecule 42). As a consequence, 26
can achieve a not very strained conformation to accommodate
itself into the receptor in a position close to 10, due to the flexi-
bility of the alkyl chain (Figures 5(b) and 6(b)); conversely, in 42

the presence of a rigid cyclohexane linker restricts the conform-
ational adjustments adoptable by the molecule.

Conclusion

In summary, this work reports the design, synthesis and molecular
modelling study of 48 amino acid derivatives assayed as inhibitors
of three major catalytic activities of the proteasome. These com-
pounds have at the Ca position of the aminoacidic residues a 2-
chloronaftoquinone group pharmacophoric unit primary respon-
sible for the interaction with the active subunits of the enzymatic
complex. The same scaffold is present in non-peptidic molecules
and pseudodipeptide derivatives previously reported as inhibitors
of the 20 S proteasome. Data on the biological response of some
analogues of this new series showed an interesting inhibition of
the proteasome. Derivatives 4, 6, 9 and 10 were the most active
against the b1 and b5 subunits, with a biological profile that
makes them potentially capable of operating such as antineoplas-
tic agents. The molecular structure of the new inhibitors allows
further studies on the structure-activity relationships.
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Abstract

Introduction Among novel psychoactive substances notified to EMCDDA and Europol were

1‐cyclohexyl‐x‐methoxybenzene stereoisomers (ortho, meta, and para). These substances share

some structural characteristics with phencyclidine and tramadol. Nowadays, no information on

the pharmacological and toxicological effects evoked by 1‐cyclohexyl‐x‐methoxybenzene are

reported. The aim of this study was to investigate the effect evoked by each one stereoisomer

on visual stimulation, body temperature, acute thermal pain, and motor activity in mice.

Methods Mice were evaluated in behavioral tests carried out in a consecutive manner

according to the following time scheme: observation of visual placing response, measures of core

body temperature, determination of acute thermal pain, and stimulated motor activity.

Results All three stereoisomers dose‐dependent inhibit visual placing response (rank order:

meta > ortho > para), induce hyperthermia at lower and hypothermia at higher doses

(meta > ortho > para) and cause analgesia to thermal stimuli (para > meta = ortho), while they do

not alter motor activity.

Conclusions For the first time, this study demonstrates that systemic administration of 1‐

cyclohexyl‐x‐methoxybenzene compounds markedly inhibit visual response, promote analgesia,

and induce core temperature alterations in mice. This data, although obtained in animal model,

suggest their possible hazard for human health (i.e., hyperthermia and sensorimotor alterations).

In particular, these novel psychoactive substances may have a negative impact in many daily

activities, greatly increasing the risk factors for workplace accidents and traffic injuries.
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1 | INTRODUCTION

Over the past 5 years, there has been an unprecedented increase in

the number, type, and availability of novel psychoactive substances

(NPS) in Europe that are sold openly as “legal” replacements for illicit

drugs. Continuing this trend, during 2015, a total of 100 new sub-

stances (i.e., cathinones, cannabinoids, phenethylamines, opioids,

tryptamines, benzodiazepines, arylalkylamines, and other groups) were

reported for the first time to the EU Early Warning System, bringing

the total number of new substances monitored to more than 560, with

more than 380 (70%) of these detected in the last 5 years alone and

with two new substances detected every week (EMCDDA, 2016).

With increased availability, harms have increased, such as acute, some-

times fatal, poisonings (Chiappini et al., 2015; Loi et al., 2015; Dines

et al., 2015; Zawilska & Andrzejczak, 2015; Bersani et al., 2014;
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Schifano et al., 2005), harms associated with injecting drugs (Hope

et al., 2016), and the possibility to develop psychiatric symptoms

(Martinotti et al., 2014; Martinotti et al., 2015; Bersani et al., 2014).

Beside acute toxicological effects, many NPS seem to have addictive

properties (Miliano et al., 2016). In addition to the “classical” NPS,

which are classified into known classes of compounds (i.e., cathinones,

cannabinoids, phenethylamines, opioids, tryptamines, benzodiaze-

pines, and dissociative anesthetics), law enforcements carry out sei-

zures of compounds that are not classified into these groups of

molecules and which are labeled as “other substances” (EMCDDA,

2016). In view of this grows the urgency to understand the

pharmaco‐toxicological effects of these “other substances” and getting

to know their use among consumers. Among these NPS notified to the

EMCDDA and Europol, for the first time in 2012 was 1‐cyclohexyl‐x‐

methoxybenzene, a molecule that shares some structural characteris-

tics with phencyclidine (PCP) and tramadol although, lacking the amine

functionality (Figure 1; EMCDDA, 2012). There has been growing clin-

ical, public, and media awareness and concern about the availability

and potential harmfulness of tramadol and PCP. The first one,

tramadol, is an atypical, centrally acting synthetic analgesic used to

treat moderate to severe pain, with antinociceptive effects that are

mediated by a combination of mu opioid agonist effects and norepi-

nephrine (NE) and serotonin reuptake inhibition (Lanier et al., 2010).

On the other hand, PCP is a potent hallucinogenic drug, representing

a synthetic arylcyclohexylamine originally developed as an anesthetic

that acts as a glutamatergic N‐methyl‐D‐aspartate antagonist and also

showing cholinergic and monoaminergic activity (Kyzar et al., 2012).

Both these drugs are abused (Simonsen et al., 2015; Baumeister, Tojo,

and Tracy 2015; Awadalla & Salah‐Eldin, 2016) and produced severe

adverse effects, characterized by sensory changes, with dissociative,

out‐of‐body feelings and distorted visual and auditory perceptions;

cognitive changes, such as memory impairments, altered perception

of time, and slowness; affective changes, although quite labile, varying

between euphoric, anxious, apathetic, and irritable; unpredictable

behavioural changes, potentially including aggression; and changes in

consciousness. Moreover, there are considerable risks associated with

use, including pulmonary oedema, cerebrovascular accidents, and car-

diac arrest (Baumeister et al., 2015; Ryan & Isbister, 2015).

It is important to underline that the “street name” of 1‐cyclohexyl‐

x‐methoxybenzene has yet to be discovered. This is highly significant

to the understanding of the potential impact of this substance on the

market. In fact, there are numerous brand names that identified the

NPS (Corazza et al., 2014).

1‐cyclohexyl‐x‐methoxybenzene, seized in Austria by law enforce-

ment as white powder form, has not been stereochemically analyzed,

and therefore, it was not possible to know if the seized substance

was a single isomer or a mixture of two or all three isomers (ortho,meta

and para). This aspect is very important because the different replace-

ments of methoxy group on the benzyl ring (i.e., ortho, meta, and para)

may confer different pharmacological and toxicological properties to

the molecule. In fact, as reported for other NPS (synthetic cannabi-

noids), the substitution of a hydroxyl group in ortho, meta, or para

position on the benzene ring of the naphthoylindole structure deter-

mines a change in the pharmacodynamic properties and biological

activity of compounds (Brents et al., 2012; Wiley, Marusich, and

Huffman 2014). Nowadays, there is no information on the pharmaco‐

toxicological effects evoked by 1‐cyclohexyl‐x‐methoxybenzene nei-

ther in animal studies and human reports from emergency rooms.

Moreover, these NPS are not under legislative control in the world.

Therefore, in this study, the first step was to have synthesized

pure and isolated 1‐cyclohexyl‐x‐methoxybenzene derivatives (ortho,

meta, and para isomers). Second, because there is an existence of three

different isomers of 1‐cyclohexyl‐x‐methoxybenzene, all three of

these derivatives were studied to better understand the behavioral

effects evoked by each one and their possible comparison. For this

purpose, we used a selected battery of behavioral tests widely used

in studies of “safety‐pharmacology” for the preclinical characterization

of new molecules in rodents (Irwin 1968; Mattsson, Spencer, and

Albee 1996; Porsolt et al., 2002; Redfern et al., 2005; Hamdam et al.,

2013; ICHS7A, 2001). From this behavioral test, we evaluated the

acute effects of 1‐cyclohexyl‐x‐methoxybenzene isomers (ortho, meta,

and para) on sensorimotor responses to visual stimulation, body tem-

perature, acute thermal analgesia, and motor activity in CD‐1 male

mice.

2 | MATERIAL AND METHODS

2.1 | Animals

Outbred albino male (CD‐1®) mice, 25–30 g (Harlan Italy; S. Pietro al

Natisone, Italy), were group‐housed (8 to 10 mice per cage; floor area

per animal was 80 cm2; minimum enclosure height was 12 cm) on a

12:12‐h light–dark cycle (light period from 6:30 AM to 6:30 PM), tem-

perature of 20–22°C, humidity of 45–55% and were provided with ad

libitum access to food (Diet 4RF25 GLP; Mucedola, Settimo Milanese,

Milan, Italy) and water. The experimental protocols performed in thi

study were in accordance with the U.K. Animals (Scientific Procedures)

Act, 1986, and associated guidelines and the new European Communi-

ties Council Directive of September 2010 (2010/63/EU) a revision of

the Directive 86/609/EEC. Moreover, experimental protocols were

approved by Italian Ministry of Health and by the Ethical Committee

of the University of Ferrara. Adequate measures were taken to

minimize the number of animals used, their pain, and discomfort.

FIGURE 1 Chemical structures of (a)

1‐cyclohexyl‐2‐methoxybenzene (ortho), (b)

1‐cyclohexyl‐3‐methoxybenzene (meta), (c)

1‐cyclohexyl‐4‐methoxybenzene (para), (d)

phencyclidine and (e) tramadol
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2.2 | Drug preparation and dose selection

1‐cyclohexyl‐x‐methoxybenzene derivatives were synthesized (see

Supplementary Materials) and purified (in the laboratory of Dott.

Claudio Trapella) with a medium pressure system ISOLERA ONE

(Biotage Sweden) and subsequently characterized by Agilent 6520

nano HPLC ESI‐Q‐TOF (Agilent Technologies) and a Varian 400 MHz

NMR. Drugs were initially dissolved in absolute ethanol (final concen-

tration was 2%) and Tween 80 (2%) and brought to the final volume

with saline (0.9% NaCl). The solution made with ethanol, Tween 80,

and saline was also used as the vehicle. Drugs were administered by

intraperitoneal injection at a volume of 4 uL/g. The wide range of

doses of 1‐cyclohexyl‐x‐methoxybenzene derivatives tested

(0.1–100 mg/kg i.p.) were chosen based on previous safety pharmacol-

ogy studies on NPS (Vigolo et al., 2015; Ossato et al., 2015, 2016).

2.3 | Behavioral studies

The effect of 1‐cyclohexyl‐x‐methoxybenzene derivatives were

investigated using behavioral tests widely used in studies of

“safety‐pharmacology” for the preclinical characterization of new

molecules in rodents (Irwin 1968; Mattsson et al., 1996; Porsolt

et al., 2002; Redfern et al., 2005; Hamdam et al., 2013; ICH S7A,

2001). These tests have also been validated to describe effects of

cannabinoids on the “tetrad” and sensorimotor changes in mice

(Compton et al., 1992; Vigolo et al., 2015; Ossato et al., 2015,

2016).

Behavioral tests were conducted in a thermostated (temperature

20–22°C, humidity about 45–55%) and light controlled (about 150

lux) room in which there was a background noise of about

40 ± 4 dB. The mice were evaluated in functional observational

behavioral tests carried out in a consecutive manner according to

the following time scheme: observation of visual placing response,

measures of core (rectal measurement) body temperature, determi-

nation of thermal (tail withdrawal) acute pain, and stimulated motor

activity (accelerod test). All experiments were performed from

8:30 AM to 2:00 PM. Experiments were conducted blindly by trained

observers working together in pairs (Redfern et al., 2005). The

behavior of the mice (sensorimotor responses) were videotaped

and analyzed off‐line by a different trained operator that would give

the test scores.

2.3.1 | Sensorimotor study. Evaluation of the visual response

The mice's visual responses were verified by visual object response test,

which evaluated the ability of the animal to capture visual information

even when the animals were stationary. This test was used to evaluate

the ability of the mice to see an object approaching from the front

(frontal view) or the side (lateral view), then inducing the animals to

shift or turn the head, bring the forelimbs into the position of

“defence” or retreat from it. For the frontal visual response, a white

horizontal bar was moved frontally to the mouse heads and the

manoeuvre was repeated three times. For the lateral visual response,

a small dentist's mirror was moved into the mice's field of view in a

horizontal arc, until the stimulus was between the mice's eyes. The

procedure was conducted bilaterally (Ossato et al., 2015, 2016) and

was repeated three times. The score assigned was a value of 1 if there

was a reflection in the mouse movement, or 0 if not. The total value

was calculated by adding the scores obtained in the frontal with that

obtained in the lateral visual object responses (overall score 9). Evalu-

ation of the visual object responces were measured at 0, 10, 30, 60,

120, 180, 240, and 300 min post injection. Each mouse was housed

in an experimental chamber (350 × 350 × 350 [hr] mm), which was

made with black methacrylate walls and a transparent front door. At

the top and/or side of the box was placed a camera (B/W USB Camera

day & night with varifocal lens; Ugo Basile, Italy). Before the experi-

mental sessions, each mouse was placed in the box and was handled

and trained for every other day (once a day) for a week (three days

of training in total) in order to get used to the environment and to

the experimenter (Ossato et al., 2016). To avoid mice olfactory cues,

cages were carefully cleaned with a dilute (5%) ethanol solution and

washed with water.

2.3.2 | Evaluation of core body temperature

To better assess the effects of the ligands on thermoregulation, we

measured changes in the core (rectal) temperature. Rectal body tem-

perature was used as an index of total body heat at various times dur-

ing the experiment. The core temperature was evaluated by a probe

(1 mm diameter) that was gently inserted, after lubrication with liquid

vaseline, into the rectum of the mouse (to about 2 cm) and left in posi-

tion until the stabilization of the temperature (about 10 s; Vigolo et al.,

2015). The probe was connected to a Cole Parmer digital thermome-

ter, model 8402. Stress was equalized to a normal routine clinical pro-

cedure. Core (rectal) mouse body temperatures were measured at 0,

30, 50, 85, 140, 200, 260, and 320 min post injection.

2.3.3 | Evaluation of pain induced by a thermal stimulus

Acute thermal nociception was evaluated using the tail withdrawal test

(Vigolo et al., 2015). Mice were restrained in a dark plastic cylinder

(3 cm long and 6.3 cm diameter) closed at the sides with plastic mesh,

which allowed the mice to breathe normally. Then half of the tail was

dipped in water of 48°C, and the latency (in seconds), or time, that

the tail was left in water was recorded. A cut off (15 s) was set to avoid

tissue damage. No signs of damage, burn or variation in mice's tail sen-

sitivity were observed after the repetition of three consecutive tests at

48°C. Acute thermal nociception was measured at 35, 55, 90, 145,

205, 265, and 325 min post injection.

2.3.4 | Motor activity assessment

Alterations of motor activity induced by 1‐cyclohexyl‐x‐

methoxybenzene derivatives were evaluated using a behavioral test

validated to specifically assess motor behavior (Marti et al., 2004,

2005; Vigolo et al., 2015; Ossato et al., 2016) in dynamic conditions

(accelerod test).

The accelerod test measures different motor parameters such as

motor coordination, locomotive ability (akinesia/bradykinesia), balance

ability, muscular tone, and motivation to run. The animals were placed

on a rotating cylinder that increases velocity automatically in a con-

stant manner (0–60 rotations/min in 5 min). The time spent on the
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cylinder was also measured. The accelerod test was performed at 0, 40,

60, 95, 150, 210, 270, and 330 min post injection.

2.4 | Data and statistical analysis

The data is expressed in arbitrary units (visual objects response), Δ°C

(core temperature, as the difference between control temperature

(before injection) and temperature following drug administration), Emax

% (tail withdrawal test, calculated as percent of maximal possible effect

{EMax% = [(test − control latency)/(cut off time − control)] × 100}) and

percentage of basal (accelerod test). All of the numerical data is given

as mean ± SEM. The data was analyzed by utilizing repeated measures

ANOVA. Results from treatments showing significant overall changes

were subjected to post hocTukey tests with significance for p < 0.05.

The statistical analysis of the effects of the individual substances

in different concentrations over time was performed by two‐way

ANOVA followed by Bonferroni's test for multiple comparisons. The

analysis of the total average effect induced by treatments (expressed

in the panels d) was performed with one‐way ANOVA followed by

Tukey's test for multiple comparisons. The statistical analysis was

performed with the program Prism software (GraphPad Prism, USA).

3 | RESULTS

3.1 | Behavioral studies

3.1.1 | Sensorimotor studies. Evaluation of the visual object

response

Visualobject response tendedtobe reduced invehicle‐treatedmiceover

the 5 hr of observation (~20%of reduction at 300min; Figure 2a–c), and

the effect of which was similar to that observed in naïve

untreated animals (data not shown). Systemic administration of 1‐

cyclohexyl‐x‐methoxybenzene derivatives (0.1–100 mg/kg i.p.)

reduced in a dose dependent manner the visual object response in mice

and the effect persisted up to 5 hr at higher doses (Figure 2a: significant

effect of treatment [F4,280 = 27.59, p < 0.0001], time [F7,280 = 15.53,

p < 0.0001], and time x treatment interaction [F28,280 = 138.6,

p < 0.0001]. Figure 2b: significant effect of treatment (F4,280 = 602.8,

FIGURE 2 Effect of the systemic administration (0.1–100 mg/kg i.p.) of 1‐cyclohexyl‐2‐methoxybenzene (ortho; a), 1‐cyclohexyl‐3‐

methoxybenzene (meta; b), and 1‐cyclohexyl‐4‐methoxybenzene (para; c) on the visual object test in mice. Comparison of the total average

effect observed in 5 hr (d). Data are expressed (see 2) as arbitrary units and represent the mean ± SEM of eitht determinations for each treatment.

Statistical analysis was performed by two‐way ANOVA followed by the Bonferroni's test for multiple comparisons for both the dose response

curve of each compounds at different times (a–c), and the statistical analysis of the comparison of the total average effect of the compounds (d) was

performed with one‐way ANOVA followed by Tukey's test for multiple comparisons. (a) Significant effect of treatment (F4,280 = 27.59, p < 0.0001),

time (F7,280 = 15.53, p < 0.0001), and time x treatment interaction (F28,280 = 138.6, p < 0.0001). (b) Significant effect of treatment (F4,280 = 602.8,

p < 0.0001), time (F7,280 = 416.4, p < 0.0001) and time x treatment interaction (F28,280 = 20.66, p < 0.0001). (c) Significant effect of treatment

(F4,280 = 768.00, p < 0.0001), time (F7,280 = 734.2, p < 0.0001), and time x treatment interaction (F28,280 = 30.20, p < 0.0001). (d) 1‐cyclohexyl‐x‐

methoxybenzene derivatives (F12,103 = 7.221 , p < 0.0001). *p < 0.05, **p < 0.01, ***p < 0.001 versus vehicle
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p < 0.0001), time [F7,280 = 416.4, p < 0.0001], and time x treatment

interaction [F28,280 = 20.66, p < 0.0001]. Figure 2c: significant effect

of treatment [F4,280 = 768.00, p < 0.0001], time [F7,280 = 734.2,

p < 0.0001], and time x treatment interaction [F28,280 = 30.20,

p < 0.0001]). Moreover, the effect induced by ortho and meta

derivatives at 100 mg/kg seems to be earlier than that induced by

1‐cyclohexyl‐para‐methoxybenzene at the same dose. The inhibitory

effect caused by 1‐cyclohexyl‐meta‐methoxybenzene appeared to

be more potent than that induced by the other derivatives (Figure 2

d; [F12,103 = 7.221 , p < 0.0001]).

3.1.2 | Evaluation of the core body temperature

The core temperature of mice tends to be reduced in vehicle‐

treated over the 5 hr of observation (~1°C of reduction at 300 min;

Figure 3a–c), and the effect was similar to that observed in naïve

untreated animals (data not shown). Systemic administration of 1‐

cyclohexyl‐x‐methoxybenzene derivatives (0.1–100 mg/kg i.p.)

transiently alter the core temperature in mice.

Moreover, although para stereoisomer evoked only a transient

moderate reduction in core temperature at 100 mg/kg (approximately

−3°C at 30 min time point; Figure 3c; significant effect of treatment

[F4,245 = 38.94, p < 0.0001], time [F6,245 = 1.701, p = 0.1212], and time

x treatment interaction [F24,245 = 1.374, p = 0.1195]), ortho and meta

derivatives induced a biphasic effect (Figure 3a: significant effect of

treatment [F4,245 = 21.258, p < 0.0001], time [F6,245 = 1.441,

p = 0.1995], and time x treatment interaction [F24,245 = 1.205,

p = 0.2375]; and Figure 3b: significant effect of treatment

[F4,245 = 28.19, p < 0.0001], time [F6,245 = 0.8032, p = 0.5683], and

time x treatment interaction [F24,245 = 0.5357, p = 0.9647]).

In particular, injection of ortho and meta derivatives at low dose

(0.1 mg/kg) induced a transient mild hyperthermia (~1°C at 30 min

time point for both drugs; Figure 3a,b). Nevertheless, at the highest

dose tested (100 mg/kg), 1‐cyclohexyl‐ortho‐methoxybenzene evoked

a mild hypothermia during the first 30 min after administration

(approximately −1°C Figure 3a), and 1‐cyclohexyl‐meta‐

methoxybenzene induced a moderate hypothermia in the same time

point (approximately −3°C at 30 min time point; Figure 3b).

3.1.3 | Evaluation of pain induced by a thermal stimulus

Systemic administration of 1‐cyclohexyl‐x‐methoxybenzene deriva-

tives (0.1–100 mg/kg i.p.) increased the threshold to acute thermal

pain stimulus in mice in the tail withdrawal test ([Figure 4a: significant

FIGURE 3 Effect of the systemic administration (0.1–100 mg/kg i.p.) of 1‐cyclohexyl‐2‐methoxybenzene (ortho; a), 1‐cyclohexyl‐3‐

methoxybenzene (meta; b), and 1‐cyclohexyl‐4‐methoxybenzene (para; c) on mouse core temperature. Comparison of the total average effect

observed in 5 hr (d). Data are expressed as the difference between control temperature (before injection) and temperature following drug

administration (Δ°C; see 2) and represent the mean ± SEM of eight determinations for each treatment. Statistical analysis was performed by two‐

way ANOVA followed by the Bonferroni's test for multiple comparisons for both the dose response curve of each compounds at different times

(a–c), and the statistical analysis of the comparison of the total average effect of the compounds (d) was performed with one‐way ANOVA followed

by Tukey's test for multiple comparisons. (a) Significant effect of treatment (F4,245 = 13.33, p < 0.0001), time (F6,245 = 15.25, p < 0.0001), and time x

treatment interaction (F24,245 = 1.1, p = 0.3440). (b) Significant effect of treatment (F4,245 = 16.27, p < 0.0001), time (F6,245 = 11.67, p < 0.0001), and

time x treatment interaction (F24,245 = 1.343, p = 0.1368). (c) Significant effect of treatment (F4,245 = 5.062, p = 0.0006), time (F6,245 = 12.56,

p < 0.0001), and time x treatment interaction (F24,245 = 1.940, p = 0.0067). (d) 1‐cyclohexyl‐x‐methoxybenzene derivatives (F12,103 = 3.723,

p = 0.0001). **p < 0.01, ***p < 0.001 versus vehicle
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effect of treatment [F4,245 = 21.258, p < 0.0001], time [F6,245 = 1.441,

p = 0.1995], and time x treatment interaction [F24,245 = 1.205,

p = 0.2375]. Figure 4b: significant effect of treatment [F4,245 = 28.19,

p < 0.0001], time [F6,245 = 0.8032, p = 0.5683], and time x treatment

interaction [F24,245 = 0.5357, p = 0.9647]. Figure 4c: significant effect

of treatment [F4,245 = 38.94, p < 0.0001], time [F6,245 = 1.701,

p = 0.1212], and time x treatment interaction [F24,245 = 1.374,

p = 0.1195]). In particular, administration of ortho,meta, and para deriv-

atives at a dose of 10 mg/kg induced a long lasting analgesic effect up

to the end of the experimental observation.

Furthermore, only para derivative at the higher dose (100 mg/kg)

increased the threshold to acute thermal pain stimulus (Figure 4c: sig-

nificant effect of treatment [F4,245 = 38.94, p < 0.0001], time

[F6,245 = 1.701, p = 0.1212], and time x treatment interaction

[F24,245 = 1.374, p = 0.1195]), and the ortho and meta derivatives lose

their analgesic activity (Figure 4d: 1‐cyclohexyl‐x‐methoxybenzene

derivatives [F12,103 = 21.97, p < 0.0001]).

3.1.4 | Accelerod test

Systemic administration of 1‐cyclohexyl‐x‐methoxybenzene deriva-

tives (0.1–100 mg/kg i.p.) did not change the motor activity in the

accelerod test in mice (Figure 5a: significant effect of treatment

[F4,280 = 6.781, p < 0.0001], time [F7,280 = 0.1394, p = 0.9951], and

time x treatment interaction [F28,280 = 0.1639, p = 1.00]. Figure 5b: sig-

nificant effect of treatment [F4,280 = 6.075, p = 0.0001], time

[F7,280 = 0.1622, p = 0.9922], and time x treatment interaction

[F28,280 = 0.3637, p = 0.9989]. Figure 5c: significant effect of treatment

[F4,280 = 2.392, p = 0.0509], time [F7,280 = 0.2697, p = 0.9653], and

time x treatment interaction [F28,280 = 0.4221, p = 0.9961]. Figure

5d: significant effect of 1‐cyclohexyl‐x‐methoxybenzene derivatives

[F12,103 = 17.12, p < 0.0001]).

4 | DISCUSSION

For the first time, this study demonstrates that systemic administration

of 1‐cyclohexyl‐x‐methoxybenzene derivatives (ortho, meta, and para)

impairs the visual sensorimotor response, the thermal analgesia and

modulates core temperature without affecting motor performance on

the accelerod test in CD‐1 male mice. All three molecules are pharma-

cologically active with a similar profile of action that slightly differs on

core temperature (Figure 3) and thermal pain (tail withdrawal test;

FIGURE 4 Effect of the systemic administration (0.1–100 mg/kg i.p.) of 1‐cyclohexyl‐2‐methoxybenzene (ortho; a), 1‐cyclohexyl‐3‐

methoxybenzene (meta; b), and 1‐cyclohexyl‐4‐methoxybenzene (para; c) on the tail withdrawal test of the mouse. Comparison of the total aver-

age effect observed in 5 hr (d). Data are expressed as percentage of maximum effect (see 2) and represent the mean ± SEM of eight determinations

for each treatment. Statistical analysis was performed by two‐way ANOVA followed by the Bonferroni's test for multiple comparisons for both the

dose response curve of each compounds at different times (a–c), and the statistical analysis of the comparison of the total average effect of the

compounds (d) was performed with one‐way ANOVA followed by Tukey's test for multiple comparisons. (a) Significant effect of treatment

(F4,245 = 21.258, p < 0.0001), time (F6,245 = 1.441, p = 0.1995), and time x treatment interaction (F24,245 = 1.205, p = 0.2375). (b) Significant effect of

treatment (F4,245 = 28.19, p < 0.0001), time (F6,245 = 0.8032, p = 0.5683), and time x treatment interaction (F24,245 = 0.5357, p = 0.9647). (c) Sig-

nificant effect of treatment (F4,245 = 38.94, p < 0.0001), time (F6,245 = 1.701, p = 0.1212), and time x treatment interaction (F24,245 = 1.374,

p = 0.1195). (d) 1‐cyclohexyl‐x‐methoxybenzene derivatives (F12,103 = 21.97, p < 0.0001). *p < 0.05, **p < 0.01, ***p < 0.001 versus vehicle; ++

+p < 0.001 versus 1‐cyclohexyl‐4‐methoxybenzene
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Figure 4) modulation probably due to their different substitution on

the benzyl ring of the methoxylic group. In particular, systemic admin-

istration of 1‐cyclohexyl‐ortho‐methoxybenzene and 1‐cyclohexyl‐

meta‐methoxybenzene evokes a mild core hyperthermia at the lower

dose (0.1 mg/kg) and a transient hypothermia at the higher dose

(100 mg/kg), and the meta derivate seems to be more effective than

the ortho compound. Otherwise, the 1‐cyclohexyl‐para‐

methoxybenzene only induces transient hypothermia at the higher

dose (100 mg/kg). In the tail withdrawal test, the para derivate

sustained thermal analgesia up to 100 mg/kg dose, and the ortho and

meta derivates were active at 10 mg/kg, but lose their activity at the

higher dose (100 mg/kg).

These NPS were notified for the first time in 2012, and they share

some structural characteristics with the “dissociative” anesthetic PCP

and the analgesic drug tramadol (EMCDDA, 2012).

In particular, the dual modulation caused by ortho and meta

derivatives on mice's body temperature, with low doses producing

hyperthermia and higher doses resulting in hypothermia, resembles

that induced by both systemic administration of PCP (Hiramatsu,

Nabeshima, and Kameyama 1986) and opioid receptor agonists

(Chen et al. 2005) in rodents. In fact, high doses of PCP (40 mg/

kg) induced hypothermia, and low doses (5 and 10 mg/kg) evoked

hyperthermia or had no effect on body temperature (Itoh et al.,

1986; Hiramatsu et al., 1986; Bejanian, Pechnick, and George 1990)

through a naloxone‐dependent mechanism (Hiramatsu et al., 1986).

Similarly, the administration of morphine to rats at doses of 4 to

15 mg/kg produces robust hyperthermia, but progressively higher

doses induce hypothermia (Geller et al., 1983). Experiments using

selective opioid receptor agonists and antagonists reveal that mu

opioid receptor activation is responsible for the hyperthermic

response to morphine whereas kappa and delta opioid receptor acti-

vation mediates the hypothermic effect of morphine (Rawls &

Benamar, 2011). However, other mechanisms controlling the thermo-

regulation in rodents should be considered since the 1‐cyclohexyl‐x‐

methoxybenzene compounds resemble the molecular structures of

tramadol (EMCDDA, 2012). This analgesic drug induces in humans

a slightly hypothermic status by decreasing the precision of thermo-

regulatory control in addition to reducing the setpoint (De Witte

et al., 1998). This effect is possibly due to its complex mechanism

of action characterized by inhibition of the neuronal reuptake of

FIGURE 5 Effect of the systemic administration (0.1–100 mg/kg i.p.) of 1‐cyclohexyl‐2‐methoxybenzene (ortho; a), 1‐cyclohexyl‐3‐

methoxybenzene (meta; b), and 1‐cyclohexyl‐4‐methoxybenzene (para; c) on the accelerod test of the mouse. Comparison of the total average

effect observed in 5 hr (d). Data are expressed (see 2) as percentage of baseline and represent the mean ± SEM of eight determinations for each

treatment. Statistical analysis was performed by two‐way ANOVA followed by the Bonferroni's test for multiple comparisons for both the dose

response curve of each compounds at different times (a–c), and the statistical analysis of the comparison of the total average effect of the com-

pounds (d) was performed with one‐way ANOVA followed by Tukey's test for multiple comparisons. (a) Significant effect of treatment

(F4,280 = 6.781, p < 0.0001), time (F7,280 = 0.1394, p = 0.9951), and time x treatment interaction (F28,280 = 0.1639, p = 1.00). (b) Significant effect of

treatment (F4,280 = 6.075, p = 0.0001), time (F7,280 = 0.1622, p = 0.9922), and time x treatment interaction (F28,280 = 0.3637, p = 0.9989). (c)

Significant effect of treatment (F4,280 = 2.392, p = 0.0509), time (F7,280 = 0.2697, p = 0.9653), and time x treatment interaction (F28,280 = 0.4221,

p = 0.9961). (d) significant effect of 1‐cyclohexyl‐x‐methoxybenzene derivatives (F12,103 = 17.12, p < 0.0001). ***p < 0.001 versus vehicle;

°°°p < 0.001 versus 1‐cyclohexyl‐3‐methoxybenzene; +++p < 0.001 versus 1‐cyclohexyl‐4‐methoxybenzene
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NE and 5‐hydroxytryptamine (5‐HT), facilitation of 5‐HT release, and

stimulation of mu opioid receptors (Raffa, 2006). Each of these

mechanisms are likely to influence thermoregulatory control even if

little experimental evidence is reported for tramadol. In particular, it

has been reported that thermal homeostasis involves a balance between

heat production and heat dissipation, and NPS affects both aspects of

this homeostatic equation. In fact, administration of psychostimulants

like MDMA increase cellular metabolic heat output and stress heat dis-

sipation mechanisms with the onset of sweating delayed. This altered

thermal regulation inducing acute hyperthermia can include rare fatali-

ties in human (Parrott et al., 2012; Schifano et al., 2003).

Overall this evidence suggests that ortho,meta, and para derivatives

could affect thermal homeostasis in mice possibly through opioid/NE/

5‐HT receptor mechanisms. Further studies using selective receptor

antagonists will be undertaken to better investigate this hypothesis.

Moreover, systemic administration of 1‐cyclohexyl‐x‐

methoxybenzene derivatives significantly increases the threshold to

acute thermal pain stimulus in mice at the 10 mg/kg dose (Emax ~40%).

However, the ortho and meta isomers lose their analgesic activity at

higher dose (100 mg/kg), and the para isomer was effective up to

100 mg/kg (Figure 4a–d). The analgesic profile induced by the 1‐

cyclohexyl‐x‐methoxybenzene derivates in mice (Figure 4) was similar

to that evoked by tramadol in rats and mice (Raffa, 2006; Ozdogan,

Lahdesmaki, and Scheinin 2006; Zhang et al., 2011; Aydin, Ek, and

Temocin 2012). Because the analgesic actions of tramadol arise from

agonist activity of the drug at the μ‐opioid receptor and the blockade of

serotonin and NE uptake (Raffa, 2006; Andurkar, Gendler, and Gulati

2012), we can hypothesize that these NPS had a similar mechanism of

action with tramadol, but with different pharmacokinetic. However,

PCP‐like mechanisms should be considered also in the analgesic effect

of 1‐cyclohexyl‐x‐methoxybenzene derivatives. In fact, although the

PCP does not possess an analgesic action to the thermal stimulus, it

was reported thatmethyl substitutiononparapositionof thephenyl ring

ofPCPstructuregeneratesastronganalgesiceffect (Ahmadietal., 2011).

It is interesting to note that 1‐cyclohexyl‐x‐methoxybenzene

derivatives did not impair Rotarod test performance (Figure 5) as well

as tramadol (Ozdogan et al., 2006) but differently by PCP. In fact,

PCP caused dose‐dependent increases in locomotor activity, assessed

in rodents as well as increases in horizontal locomotion, vertical move-

ments such as rearing, and/or stereotypies (Benneyworth, Basu, and

Coyle 2011).

Interestingly, these NPS (1‐cyclohexyl‐x‐methoxybenzene deriva-

tives) induced a deep dose‐dependent impairment of visual sensorimo-

tor responses inmice during awide range of doses (0.1–100/kg) that did

not cause catalepsy (data not shown), or reduced stimulated motor

activity (accelerod test Figure 5). Therefore, these findingspoint out that

effects induced by 1‐cyclohexyl‐x‐methoxybenzene derivatives on

visual responses do not result from a disruption of motor function as

previously demonstrated also for synthetic cannabinoids (Ossato et al.,

2015, 2016). These effects were observed at lower doses that did not

affect others behavioral and physiological parameters, suggesting that

these compounds primarily induce visual sensorimotor alterations, as

caused by the hallucinogenic drug PCP (Morris & Wallach, 2014).

In fact, differently from tramadol, recent evidence show that

administration of PCP impairs visual attention in rodents (Varvel

et al., 2001; Stefani & Moghaddam, 2002; Terry et al., 2002; Jentsch

& Anzivino, 2004), and decreases accuracy in a task designed to eval-

uate visual perceptual ability at lower doses, but not at the higher ones

(Talpos et al., 2015).

5 | CONCLUSION

For the first time, this study reports the chemoselective synthesis of 1‐

cyclohexyl‐x‐methoxybenzene derivatives and their in vivo pharmaco-

logical effects in CD‐1 male mice. This data reveals that these NPS

markedly inhibit visual response, promote analgesia and cause core

temperature alterations in mice showing a pharmaco‐toxicological pro-

file similar to that of PCP and tramadol and suggests their possible dan-

gerousness potential for human health (i.e., hyperthermia and

sensorimotor alterations). Although obtained in animal model, this data

reinforces the hypothesis that these NPS may have a negative impact

in many daily activities, greatly increasing the risk factors for workplace

accidents and traffic injuries.
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ABSTRACT: The mitochondrial kinase inhibitor dichloroacetate (DCA) has recently received attention in oncology due to its
ability to target glycolysis. However, DCA molecule exhibits poor bioavailability and cellular uptake with limited ability to reach
its target mitochondria. To overcome these biases, we have synthesized novel DCA-loaded compounds. The selection of the
most promising therapeutic molecule was evaluated by combining in vitro assays, to test the antitumoral potential on leukemic
cells, and a preliminary characterization of the molecule stability in vivo, in mice. Among the newly synthesized compounds, we
have selected the multiple DCA-loaded compound 10, characterized by a tertiary amine scaffold, because it exhibited enhanced
(>30-fold) in vitro antitumor activity with respect to DCA and increased in vivo stability. On the basis of these results, we believe
that compound 10 should be considered for further preclinical evaluations for the treatment of cancers and/or other diseases
characterized by altered metabolic origin.

■ INTRODUCTION

Dichloroacetic acid and in particular dichloroacetate (DCA) is
an inhibitor of mitochondrial pyruvate dehydrogenase kinase
(PDK) that down-regulates the activity of pyruvate dehydro-
genase (PDH), controlling the switch between oxidative
phosphorylation and glycolysis. Besides the use for the chronic
treatment of lactic acidosis,1 in more recent years DCA has
gained increased attention for the treatment of cancers for its
ability to target altered metabolism that makes cancer cells
resistant to death by normal apoptotic processes.2−5 In this
field, several works have demonstrated DCA activity against
tumor cells of different origin in preclinical settings, using
monotreatments or combinational treatments.6,7 The data
reported in literature addressed the activity of DCA against
solid tumors, in particular human breast and colorectal
carcinoma and neuroblastoma,8−10 and against hematological

neoplasia,11−13 suggesting DCA as a promising molecule to halt
tumor development and/or, when used in combination, to
overcome resistance to conventional chemo- or radiother-
apy.14,15

Nevertheless, there are major issues associated with clinical
use of DCA for cancer treatment which are principally related
to its low stability in the biological environment and to the low
permeability of the cellular membrane to DCA molecule, which
translates into high dosages required to reach therapeutic
efficacy and clinical results.6,7,15,16 As a matter of fact, DCA is
unable to cross the cell membrane through passive diffusion
due to its anionic charge. Moreover, the classical mitochondrial
pyruvate carrier (MPC)17 does not work for dissociated acid
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but only for the carboxylic form, and in addition, the plasma
protein SLC5A8, which can mediate DCA entry into cells, is
down-regulated in several cancer types.18 On the basis of these
reasons, there is increasing interest for the develop of new
strategies aimed to engineer DCA analogues able to cross the
cellular membranes, thus facilitating the cellular uptake and
entry of DCA into mitochondria of cancer cells, characterized
by a Δψm higher than normal cells.
To overcome the drawbacks (e.g., problems of solubility,

cellular uptake, biological availability, and stability) of DCA
and/or the DCA analogues recently described,19 which hamper
the translation of this molecule to clinic, in this work we
envisioned the design and synthesis of novel compounds
backboned with ammonium salts and/or tertiary amine
scaffolds. The ability of these scaffolds to carry DCA into
mitochondrial matrix, and thus to access to the PDK protein,
has been assessed in vitro on leukemic cell models as well as in
in vivo settings, with the final intent to select a new molecule
with enhanced antitumoral efficacy and improved potential
clinical applications with respect to primitive DCA.

■ RESULTS

Design and Synthesis of the Mitochondria Backbone
Carriers. Different strategies have been previously applied for
the design and synthesis of mitochondria targeting molecules,
such as phosphonium salt,20 guanidine moiety,21,22 or poly-
amine structures.23 In this work, besides the phosphonium
salt,19 we adopted a classical ammonium salt and tertiary amine
with the aim to generate soluble, noncytotoxic, and stable
carriers specifically designed for the targeted delivery of DCA to
the mitochondria. As depicted in Scheme 1, commercially
available 6-bromohexanoic acid 1 was reacted with triphenyl-
phosphine in acetonitrile at reflux to obtain the corresponding
phosphonium salt, compound 2. The latter was reacted with 2-
amino-2-(hydroxymethyl)propane-1,3-diol 3 in the presence of
EEDQ in ethanol at 50 °C to yield amide compound 4 in 60%
yield. Compound 4 was acetylated using acetyl chloride (AcCl)
in DCM to obtain the first targeting mitochondria compound 5
in quantitative yield. The second targeting mitochondria carrier
was obtained by protection of primary amine functions of
tris(2-aminoethyl)amine compound 6 with di-tert-butyl carbo-
nate in a mixture of water, dioxane, and sodium hydroxide to
obtain the fully protected derivative compound 7 in

quantitative yield. Compound 7 was methylated in acetonitrile
using methyl iodide as an acylating agent to obtain the third
targeting compound 8 in quantitative yield.
As first comparative analysis, we tested the cytotoxicity of the

backbone carriers, compounds 5, 7, and 8, by using a panel of
leukemic cell line cultures (JVM-2, MAVER, MEC-1, MEC-2,
and HL-60) exposed to the different compounds, used in a
range of concentrations from 3 to 300 μM. As shown in Figure
1, after 48 h of treatment, while a significant reduction in cell

viability was observed with the carrier 5 starting at the
concentration of 30 μM, no significant toxicity was observed for
both carriers 7 and 8 at any of the concentrations assessed.
Similar results were observed in all the leukemic cell lines
employed.

Conjugation of Carriers with Dichloroacetate Mole-
cules. After the chemical strategy to obtain the carriers
moieties was validated, the backbone compounds were
conjugated with DCA to obtain the corresponding DCA
analogues. For this purpose, as represented in Scheme 2,

Scheme 1a

aConditions: (a) CH3CN, TPP, reflux, 24 h, Y = quant; (b) EtOH, EEDQ, 50 °C, 12 h, Y = 60%; (c) DCM, AcCI, rt, 4 h, Y = quant; d) water/
dioxane 1/2, NaOH, BOC2O, rt, 12 h, Y = 96%; (e) CH3CN, CH3I, 60 °C, 12 h, Y = quant.

Figure 1. Assessment of the potential cytotoxicity of backbone carriers.
Different leukemic cell lines (n = 5) were exposed at growing
concentrations (range: 3−300 μM) for 48 h to the indicated scaffold
molecules before analysis of cell viability. Cell viability was calculated
as percentage with respect to untreated cultures set to 100%. Data are
reported as the mean ± SD of results from three independent
experiments performed in all cell lines. The asterisk indicates p < 0.05
with respect to the untreated cultures.
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dichloroacetyl chloride was reacted with compound 4 in DCM
at room temperature to obtain the corresponding acylated
product 9 in high yield (92%) and purity (>95%) in a single
step, corresponding to the Mito-DCA molecule.19 In parallel,
compound 10 was obtained by reacting compound 6 with
dichloroacetyl chloride in heterogeneous phase in a mixture of
DCM and NaOH 2 N solution to obtain the conjugated
compound 10 (20% yield). The same procedure was adopted
for the synthesis of the corresponding tertiary amine derivative
compound starting from compound 8 after its deprotection
with TFA in DCM, leading to the conjugated compound 11 in
56% of yield. Of note, the relative easy synthesis of conjugated
molecules allowed multigram scale preparation for the in vitro
and in vivo experiments.
For the next biological characterization of the DCA-loaded

compounds 9, 10, and 11, we have used as controls the
corresponding backbone carriers 5, 7, and 8, respectively. The
choice for the backbone molecules was made taking into
account not only the possible metabolic products coming from
the DCA compounds but also considering the physicochemical
properties of the carriers (id, cell permeability).
Biological Validation of the DCA-Loaded Compounds.

Because the aim of our study was to develop new DCA
analogues for antitumor applications, we next assessed the
activity of the novel mitochondria targeted DCA-loaded
compounds, in comparison with DCA, in in vitro cell models.
On the bases of recent evidence of the antileukemic activity of
DCA,12,13 we analyzed the biologic activity of the new
compounds using a panel of leukemic cell lines as well as
primary cell cultures derived from B-CLL patients. For this
purpose, the different cell cultures were exposed to compounds
9, 10, and 11 used in the range of concentrations of 10−300
μM, and cell viability was assessed at 24 and 48 h of treatment.
The analysis of cell viability in response to DCA-loaded

compounds was assessed with respect to the corresponding
carriers (5, 7, and 8). We found of potential interest the
compounds 10 and 11 because of the lack of cell toxicity of
their backbones (compounds 7 and 8, respectively; Figure 1),
which allows us to discriminate the specific action of the DCA-
loaded molecules (Supporting Information Figure 1). Anyhow,
while no significant effects on cell viability were observed when
the cell cultures were treated with the compound 11
(Supporting Information Figure 1), we observed a dose-
dependent cytotoxicity when cell cultures were treated with the
compound 10 (Figure 2A). In particular, the IC50 values for
compound 10 are reported in Table 1 and document an
antileukemic activity on all cell lines, irrespective of the p53
status, which was validated also on B-CLL patients’ cell
cultures. On the other hand, PBMCs obtained from healthy
blood donors were less susceptible to compound 10, with IC50

mean values approximately 3-fold higher (1.26 ± 0.19 mM),
suggesting that normal PBMCs were substantially resistant to
this molecule in the range of concentrations effective against
leukemic cells. Of particular relevance, the comparative analysis
of the antileukemic activity revealed that the compound 10 was
able to exhibit the antileukemic effect of DCA at significantly
lower concentrations (>1 log; Figure 2A), as indicated also by
the IC50 values (Table 1 and Supporting Information Figure 2),
both acting through the same mechanisms. Indeed, in depth
analysis of the cytotoxicity induced by compound 10 confirmed
that its effect on cell viability was the cumulative result of
induction of cell cycle arrest (Figure 2B) and induction of
apoptosis (Figure 2C,D), coupled to induction of the p21
molecular mediator (Figure 2E), exhibiting results comparable
to those induced by treatment with DCA used at 30- to 100-
fold higher concentrations than compound 10.
In parallel, the new synthesized compounds were assessed for

their ability to deliver DCA to the mitochondria by using the

Scheme 2a

aConditions: (a) DCM, CI2CHCOCI, rt, 2 h, Y = 92%; (b) DCM/NaOH 2 N, CI2CHCOCI, rt, 2 h, Y = 20%; (c) (1) DCM, TFA, rt, 12 h;
(2) DCM/NaOH 2 N, CI2CHCOCI, rt, overnight, Y = 50%.
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Figure 2. Characterization of the antileukemic effect of the DCA-loaded compound 10. In part A, a panel of leukemic cell lines and of B-CLL patient
cell samples (as reported in Table 1) were exposed to serial doses of compound 10 (10−300 μM) or DCA (1−10 mM). Cell viability was analyzed
after 48 h of treatment and calculated as percentage with respect to untreated cultures set to 100%. Data are graphed as scatter plots of at least six
independent experiments for leukemic cell lines and B-CLL samples, respectively. In parts B−E, leukemic cells were treated for 24 or 48 h with 300
μM of either compound 10 or control scaffold compound 7. In most experiments, scaffold-treated cultures are not shown, since they were highly
comparable to the untreated cultures. For comparison, in some experiments, results obtained by treating the same cultures with a 100-fold higher
dose of DCA (30 mM) are also shown. In part B, cell distribution in the different phases of cell cycle was calculated from the flow-cytometry dot
plots after BrdU/PI staining and expressed as percentage of the total population. In the right panel, representative cell cycle profiles of cultures,
either left untreated or treated with the indicated compounds, analyzed by flow cytometry are shown. For each cytofluorimetric analysis, the
rectangles represent the cells in G0/G1, S, G2/M phases of the cell cycle. In part C, the percentage of leukemic apoptotic cells was determined by
flow cytometry after annexin V/PI staining. In the right panel, a representative flow-cytometry analysis of apoptosis is shown. In part D, induction of
apoptosis was calculated as percentage of annexin V/PI cells in leukemic cells from a primary B-CLL sample. In the right panel, a representative flow-
cytometry analysis of apoptosis is shown. In part E, levels of p21 mRNA were analyzed in primary B-CLL samples by quantitative RT-PCR and data
are expressed as fold of modulation with respect to the control untreated cultures set at 1. A representative Western blot result documenting the
induction of p21 protein in a B-CLL patient sample is shown in the inset. Data are reported as the mean ± SD of results from at least three
independent experiments. In parts C and D, the asterisk indicates p < 0.05 with respect to the untreated or to compound 7 treated cultures.
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most advanced assay, based on the XF technology, which is able
to measure the oxygen consumption rate (OCR) as an
indicator of mitochondrial respiratory capacity (Figure 3 and
Supporting Information Figure 3). Results showed that a
pretreatment with the mitochondria targeted DCA-loaded
compound 10 (Figure 3), but not 11 (Supporting Information
Figure 3), significantly reduced the basal respiration (OCR
values before oligomycin addition) as well as the maximal
respiration (OCR values after FCCP) of the leukemic cells,
while the coupling efficiency was less affected (not reaching
statistical significance) as well as the spare respiratory capacity,
indicating a decrease of oxidative phosphorylation levels with a
preservation of a residual mitochondrial activity. These results
are in line with recent observations indicating that CLL cells are
characterized by high oxidative phosphorylation (due to
intrinsic oxidative stress) and that targeting the mitochondrial
respiratory chain in these cells brakes the redox balance and
thereby induces cell death.24

Finally, it is important to underline that in all the in vitro
assays (Figure 2 and Figure 3) the cell cultures treated with the
compound 7 were substantially indistinguishable from the
untreated cultures, confirming that the backbone carrier 7 did
not account for any of the biological−molecular effects
observed upon treatment with the DCA-loaded compound 10.

In Vivo Analysis of Compound 10 Stability. Having
observed that compound 10 exhibits antileukemic activity in

Table 1. IC50 Values for DCA and Compound 10 in
Leukemic Cell Lines and in Primary B-CLL Patient Derived
Cellsa

IC50 (mM)

cell DCA compd 10

leukemic cell line

JVM-2 11.47 ± 1.07 0.41 ± 0.03

MAVER 11.83 ± 0.96 0.55 ± 0.06

MEC-1 8.29 ± 0.70 0.40 ± 0.02

MEC-2 12.19 ± 1.11 0.37 ± 0.03

HL-60 13.87 ± 1.29 0.34 ± 0.02

primary B-CLL cells

B-CLL Pt.#1 29.28 ± 2.75 0.40 ± 0.04

B-CLL Pt.#2 25.65 ± 1.98 0.27 ± 0.02

B-CLL Pt.#3 4.92 ± 0.35 0.14 ± 0.01

B-CLL Pt.#4 1.54 ± 0.09 0.12 ± 0.01

B-CLL Pt.#5 13.34 ± 0.99 0.53 ± 0.03

B-CLL Pt.#6 3.02 ± 0.26 0.34 ± 0.02

B-CLL Pt.#7 3.77 ± 0.29 0.61 ± 0.04

B-CLL Pt.#8 47.70 ± 3.63 0.56 ± 0.06
aValues are the mean ± standard deviation calculated after 48 h of
culture treatment of experiments carried out at least in triplicate for
each cell culture.

Figure 3. Characterization of the effects of the DCA-loaded compound 10 on cellular bioenergetics functions. Leukemic cells were left untreated or
treated for 3 h with 300 μM compound 10 or compound 7 (control carrier) or with DCA and run on the Seahorse analyzer. Oxygen consumption
rate (OCR) measurements were recorded after the sequential addition of oligomycin, FCCP (carbonyl cyanide p-(trifluoromethoxy)-
phenylhydrazone), and the combination of antimycin A and rotenone. OCR traces are expressed as picomoles of O2 per minute and normalized to
cell number. Each data point represents means ± SD of six independent experiments. The graphs reports the different parameters of cellular
respiration analyzed. The basal respiration corresponds to the OCR measurement before oligomycin injection. The maximal respiration corresponds
to the OCR measurement after FCCP addition. The coupling efficiency and the spare respiratory capacity were calculated by subtracting the
minimum Mito inhibitor (i.e., antimycin A + rotenone) responses that account for nonmitochondrial respiration from the values registered before
and after FCCP addition respectively, and results are referred above the basal respiration. Scaffold (compound 7) treated cultures are not shown,
since they were highly comparable to the untreated cultures. The asterisk indicates p < 0.05 with respect to the untreated cultures.
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vitro at significant lower concentrations with respect to DCA,

we next preliminarily evaluated its potential bioavailability and

stability in vivo in mice. For this purpose, a single dose of

compound 10 (57 mg/kg) was given by subcutaneous

inoculation (sc) and blood was collected at different time-

points after injection. Plasma samples were then analyzed for

the presence of the compound 10 with Agilent 6520 LC−MS

instrument equipped with nano-HPLC Chip cube separative

Figure 4. In vivo analysis of compound 10 stability by HPLC−MS analysis of mice plasma. A representative HPLC−MS analysis of a plasma sample
collected from mice 4 h after a subcutaneous (sc) injection of a single dose (57 mg/kg) of compound 10 is reported. In part A, the total ion current
chromatogram (TIC) and the peak corresponding to compound 10 (tR = 0.455 min) are shown. In part B, the total MS spectra for the selected TIC
indicate the 478.95558u [M + H]+ peak ascribed to the presence of compound 10 and the peak at 500.93822u [M + Na]+. In part C is shown the
enlargement of MS region of interest showing the presence of [M + H]+ peak at 476.95839u corresponding to compound 10.
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system. The unambiguously identification of compound 10 was
possible by a comparison between the calculated exact mass
(that is absolutely typical due to the presence of six chlorine
atoms) and the found value, leading to the classification of a
specific molecule profile (Figure 4). Results showed that
compound 10 was present in the mice blood circulation for
more than 5 h after injection (Figure 4; Supporting Information
S27−S29) and at the same time no metabolites were found,
proving that the amide bond between the carrier and the
dichloroacetic moiety was stable.

■ DISCUSSION AND CONCLUSION

Different carrier moieties, such as phosphonium salts and
polyamine and guanidine derivatives, have been proposed for
targeting different molecules, such as ROS inhibitors or
anticancer agents, into the mitochondria.20,25 In the present
study, in order to enhance the potential of DCA for clinical
applications, such as to target the tumor metabolic alter-
ations,6,7,15,16 we explored the ability of a tertiary amine scaffold
and the corresponding quaternary ammonium salt to carry
DCA. As a first step, the results of assays performed in vitro on
different cell models revealed that these scaffolds had significant
lower cell toxicity compared with the corresponding
phosphonium salts, as well as a good solubility in physiological
medium. On this base, the amine scaffolds were used for the
synthesis of compounds 10 and 11, delivering multiple DCA
molecules, with the aim to reach relevant therapeutic
concentrations of the drug into tumor cells. In fact, in analogy
with other molecules bringing positively charged atoms, such as
guanidine and polyamine,10−25 compounds 10 and 11 were
expected to pass more efficiently than the DCA molecule the
inner mitochondrial membrane (IMM), because of the great
negative membrane potential (Δψm) that exists across the
IMM, and thus to reach the PDK target in the mitochondrial
matrix.
The biological validation of the new synthesized DCA-loaded

compounds 10 and 11 was performed assessing their antitumor
efficiency that revealed a completely different behavior between
the two DCA-compounds. Of interest, the multiple DCA-
loaded compound 10 exhibited in vitro antitumor activity at
significantly lower (>30 fold) concentrations compared to
DCA, when tested both on a panel of leukemic cell lines and on
B-CLL patient derived cell cultures. Of interest, similar results
were obtained also on cell models of human solid tumors of
epithelial origin (Supporting Information Table 1). On the
opposite, the quaternary salt compound 11 was completely
inactive in affecting cell viability in all cell lines employed.
Although this result was quite unexpected, due to the strong
mitochondrial affinity for positively charged molecules, one
possible explanation could be related to the high hydrophilic
behavior of compound 11 that limits the cell membrane
crossing.
The in vitro characterization of the antileukemic activity of

compound 10, supported by its low toxicity on human healthy
primary cells, was integrated by a preliminary assessment of its
in vivo stability in mouse models. The data obtained from mice
injected subcutaneously with a relative low dose (single
injection of 57 mg/kg) of drug indicated that compound 10
entered the blood circulation from the subcutaneous compart-
ment without being degraded. In fact, HPLC−MS analysis of
murine plasma suggests that the molecule was quite stable in
the blood for a relatively long period of time (5.5 h), if
compared with the rapid metabolism of DCA described in

literature.26,27 Moreover the lack of detection of metabolites in
plasma samples at each time point assessed suggested that the
dichloroacetyl moiety carried by a neutral tertiary amine
scaffold was more stable and long lasting when exposed to the
biological environment in in vivo experiments, compared to
dichloroacetyl anion.26,27

Considering the increased interest for DCA as a potential
metabolic targeting therapy for cancer,3−7 we believe that our
strategy design for DCA-carrying molecules deserves further
preclinical characterization since it could provide future
advancements for the treatment of cancer, as well as for
other diseases (such as proliferative vascular diseases)28

characterized by an altered metabolic origin.

■ EXPERIMENTAL SECTION

Chemistry: General Information. All the NMR spectra were
elaborated using Mestre Nova 6.0.2 software, and FID data are
available on request. Analytical thin layer chromatography (TLC) was
performed on silica gel Macherey-Nagel Polygram SIL/UV 254 of 0.25
mm, and visualization was achieved using UV light (254) and
potassium permanganate (KMnO4) 2% in water. Flash column
chromatography was undertaken on silica gel Merck 60−200 mesh
using Isolera Biotage (Sweden). Products were dried using sodium
sulfate anhydrous (Carlo Erba). Proton nuclear magnetic resonance
(1H NMR) and carbon nuclear magnetic resonance (13C NMR) were
recorded using VARIAN 400 MHz. All spectra were recorded using as
solvent CDCl3; otherwise the solvent was specified. Chemical shifts
(δ) were quoted in ppm relative to residual solvent, and coupling
constants (J) were quoted in hertz (Hz). Multiplicity was reported
with the following abbreviations: s = singlet; d = doublet; t = triplet; q
= quartet; m = multiplet, bs = broad signal. Molecular weights were
measured with a mass spectrometer ESI MICROMASS ZMD 2000
(Waters, U.K.) and high resolution spectra with an Agilent ESI-Q-
TOF LC/MS 6520 system (Agilent Technologies, USA). Solvents and
chemicals used for TLC, chromatographic purification, crystallizations,
and reactions were reported with the following abbreviations: Et2O for
diethyl ether, THF for tetrahydrofuran, AcOEt for ethyl acetate, DCM
for methylene chloride, CH3CN for acetonitrile, TFA for trifluoro-
acetic acid.

Synthesis of (5-Carboxypentyl)triphenylphosphonium Bro-
mide (2). In a round-bottom flask, 6-bromohexanoic acid (4000 mg,
20.50 mmol) and triphenylphosphine (5600 mg, 21.49 mmol) were
dissolved in 80 mL of acetonitrile and heated at reflux for 24 h. The
title compound was obtained in quantitative yield as white sticky oil.
MS (ESI) of compound 1: [M + H]+ = 377.32.

Synthesis of (6-((1,3-Dihydroxy-2-(hydroxymethyl)propan-
2-yl)amino)-6-oxohexyl)triphenylphosphonium Bromide (4).
Compound 2 (1000 mg, 2.18 mmol), 2-amino-2-(hydroxymethyl)-
propane-1,3-diol (292 mg, 2.40 mmol), and N-ethoxycarbonyl-2-
ethoxy-1,2-dihydroquinoline (650 mg, 2.62 mmol) were dissolved in
50 mL of EtOH and heated at 50 °C for 12 h. The reaction mixture
was concentrated in vacuo, dissolved in 30 mL of AcOEt, and washed
twice with 20 mL of brine. The organic phase was dried to yield
compound 4 as sticky yellow oil. MS (ESI) of compound 4: [M + H]+

= 480.45. 1H NMR (400 MHz, chloroform-d), δ 8.92, (bs, 1H, NH),
7.82−7.38 (15 H, CHar), 3.72−3.65 (m, 9H,-CH2-OH), 3.51−3.44
(m, 2H, CH2-CONH), 2.37 (t, 2H, J = 7.2 Hz, CH2−CH2-CH2-C
O), 1.65−1.79, (m, 6H, -CH2-CH2-CH2).

13C NMR (101 MHz,
CDCl3) δ 175.75, 150.52, 136.22, 135.37, 133.70, 133.60, 130.79,
130.67, 129.59, 127.92, 126.67, 121.20, 117.68, 64.13, 62.46, 36.42,
29.46, 25.05, 23.10, 22.60, 21.89, 18.55.

Synthesis of (6-((1,3-Diacetoxy-2-(acetoxymethyl)propan-2-
yl)amino)-6-oxohexyl)triphenylphosphonium Bromide (5). To
a stirred solution of compound 4 (460 mg, 0.82 mmol) dissolved in 50
mL of DCM, 0.192 mL of acetyl chloride (212 mg, 2.71 mmol) was
added, and the reaction mixture was allowed to stay at room
temperature for 4 h. After this time the reaction was completed
(checked by ESI mass spectrometry), and the DCM was evaporated in
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vacuum to yield compound 5 in quantitative yield. 1H NMR (400
MHz, chloroform-d), δ 8.92, (bs, 1H, NH), 8.20−8.12 (m, 2H, CHar),
7.85−7.41 (m, 13H, CHar), 4.44 (s, 6H, CH2-OAc), 2.34 (m, 2H,
CH2-CH2-CH2-CO), 2.05 (s, 9H, O-CO-CH3) 1.69, (m, 6H,
-CH2-CH2-CH2).

13C NMR (101 MHz, CDCl3) δ 174.32, 170.79,
150.25, 136.59, 135.19, 130.69, 130.64, 129.81, 129.28, 127.95, 126.83,
121.22, 118.84, 117.99, 66.18, 62.66, 57.71, 36.49, 29.72, 29.56, 24.69,
22.93, 22.43, 21.89.
Synthesis of (6-( (1,3-Bis(2,2-dichloroacetoxy)-2-

((2,dichloroacetoxy)methyl)propan-2-yl)amino)-6-oxohexyl)-
triphenylphosphonium (9). A stirred solution of compound 4 and
2,2-dichloroacetyl chloride (627 mg, 4.25 mmol, 410 μL) in DCM (30
mL) was reacted at room temperature for 2 h. The reaction mixture
was checked by ESI mass spectrometry, and when the product was
observed, the solvent was removed under vacuum. The title compound
was obtained as off white oil with 92% yield. HRMS (ESI) of
compound 9: [M + H]+ = 812.028640. 1H NMR (400 MHz,
chloroform-d), δ 7.72−7.80 (m, 15 H, CHar), 5.90 (s, 3H, CH-Cl2),
4.45 (m, 2H, CH2-PPh3), 3.86 (m, 4H, -CH2-CH2-CH2), 3.44 (bs, 2H,
CH2-CONH), 2.43 (m, 2H, -CH2-CO), 1.64(6H, -CH2-CH2-CH2).

13C
NMR (400 MHz, chloroform-d), δ: 177.7, 174.0, 166.0, 146.4, 141.1,
138.1, 135.0, 133.6, 130.7, 129.8, 128.7, 121.5, 118.4, 117.9, 66.4, 64.3,
62.1, 61.5, 59.7, 50.3, 34.1, 29.5, 23.9, 22.7, 22.2.
Synthesis of Tri-tert-butyl (Nitrilotris(ethane-2,1-diyl))-

tricarbamate (7). In a round-bottom flask the amine (1 g, 6.83
mmol, 1.02 mL) was solved in a mixture of water and dioxane (10
mL/20 mL). NaOH (2.5 g, 61.47 mmol) and (Boc)2O were added at
0 °C, and the solution was stirred overnight at room temperature. The
reaction mixture was extracted with 40 mL of AcOEt, dried over
sodium sulfate anhydrous, filtered, and the solvent was removed under
vacuum. The title compound 7 was obtained as a white solid in
quantitative yield. MS (ESI) of compound 7: [M + H]+ = 447.36.
Synthesis of 2-((tert-Butoxycarbonyl)amino)-N,N-bis((2-

((tert-butoxycarbonyl)amino)ethyl)-N-methylthanaminium Io-
dide (8). To a stirred solution of compound 7 (1.8 g, 4.21 mmol)
dissolved in 50 mL of CH3CN, methyl iodide (33.69 mmol, 2.1 mL)
was added, and the reaction mixture was heated at 60 °C for 24 h.
After 1 day, the reaction mixture was concentrated in vacuo, dissolved
in 50 mL of AcOEt, and washed twice with water (20 mL). The
organic layers were dried to achieve a yellow solid salt in a quantitative
yield. Mp = 140−145 °C. MS (ESI) of compound 8: [M + H]+ =
461.63. 1H NMR (400 MHz, chloroform-d), δ: 3.56 (s, 12H, CH2-
CH2), 3.27 (s, 3H, N-CH3), 1.44 (m, 27H, C(CH3)3).

13C NMR (400
MHz, chloroform-d), δ: 160.56, 83.51, 64.75, 52.95, 38.79, 37.91,
31.39.
Synthesis of N,N′,N″-(Nitrilotris(ethane-2,1-diyl))tris(2,2-di-

chloroacetamide) (10). Schotten−Baumann reaction involves the
amine (500 mg, 3.42 mmol, 512.29 μL) dissolved in DCM (10 mL)
and NaOH 2 N solution (5.13 mL) to have a heterogeneous system by
adding 2,2-dichloroacetyl chloride (1515 mg, 10.26 mmol, 990 μL) at
room temperature overnight. The reaction mixture was washed with
water (10 mL), and the organic layers were dried, filtered, and
concentrated under vacuum. The crude was purified by flash
chromatography (AcOEt/petroleum ether 5:1) to give the title
compound 10 with 20% yield and used for the tests as hydrochloric
salt. Mp = 134−137 °C. HRMS (ESI) of compound 10: [M + H]+ =
476.958 39. 1H NMR (400 MHz, methanol-d), δ: 6.34 (s, 3H, CH-
Cl2) 3.31 (t, 6H, J = 6.2 Hz, N-CH2-CH2), 2.67 (t, 6H, J = 6.2 Hz, N-
CH2-CH2).

13C NMR (400 MHz, methanol-d), δ: 39.50, 54.39, 67.72,
166.97.
Synthesis of 2-(2,2-Dichloroacetamido)-N,N-bis(2-(2,2-

dichloroacetamido)ethyl)-N-methylethanaminium Iodide
(11). Compound 8 (1,8 g, 6.5 mmol), earlier treated with 10 mL of
TFA in 50 mL of DCM to remove Boc protecting group, was dissolved
in DCM (40 mL), and NaOH 2 N solution (20 mL) and 2,2-
dichloroacetyl chloride (39 mmol, 3 mL) were added. The reaction
mixture worked overnight at room temperature. After this time, the
reaction mixture was extracted in AcOEt (50 mL) and the product was
purified by flash chromatography (AcOEt) to give a white solid in 50%
yield. HRMS (ESI) of compound 11: [M + H]+ = 490.974 115. 1H
NMR (400 MHz, methanol-d), δ: 6.34 (s, 3H, CHCl2), 3.81−3.78 (t,

6H, J = 6.2 Hz, -N-CH2-CH2), 3.61−3.59 (t, 6H, J = 6.2 Hz, -N-CH2-
CH2), 3.28 (s, 3H, N-CH3).

13C NMR (400 MHz, methanol-d), δ:
167.45, 60.85, 34.75.

Further details on compound characterization (spectra analysis and
purity grade ≥95% for each compound) are present in Supporting
Information S8−S26.

Cell Cultures and Treatments. Primary peripheral blood samples
were collected in heparin-coated tubes from B-CLL patients (n = 8)
and healthy blood donors (n = 4) after informed consent provided for
research purposes, in accordance with the Declaration of Helsinki and
in agreement with institutional guidelines (University-Hospital of
Ferrara). All patients had been without prior therapy at least 3 weeks
before blood collection. Peripheral blood mononuclear cells (PBMC)
were isolated as previously described.29 The p53wild‑type JVM-2, the
p53mutated MAVER, MEC-1, MEC-2, and the p53null HL-60 leukemic
cell lines were purchased from DSMZ (Deutsche Sammlung von
Mikroorganismen and Zellkulturen GmbH, Braunschweig, Germany).
Primary cells were cultured in RPMI-1640 medium containing 10%
FBS, L-glutamine and penicillin/streptomycin (all from Gibco, Grand
Island, NY). The leukemic JVM-2, MAVER and HL-60 cell lines were
routinely cultured in RPMI-1640, whereas MEC-1 and MEC-2 cell
lines were maintained in IMDM, all supplemented with 10% FBS, L-
glutamine, and penicillin/streptomycin (all from Gibco).

For the in vitro assays, leukemic cells and normal PBMC were
seeded at a density of 1 × 106 cells/mL and treated with DCA (Sigma-
Aldrich, St. Louis, MO; used in the range of 1−30 mM) and DCA-
loaded compounds and carriers (used in the range of 3−300 μM).

Assessment of Cell Viability, Apoptosis, and Cell Cycle
Profile. At different time points after treatments, cell viability was
evaluated by both Trypan blue dye exclusion and MTT (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) colorimetric
assay (Roche Diagnostics Corporation, Indianapolis, IN), as previously
reported.30 In order to investigate the concentration required to
induce death in 50% of cells relative to control, IC50 values were
calculated after 48 h of culture for DCA (range of 0.1−30 mM) and
compound 10 (range of 3−1000 μM). The cell cycle profile was
analyzed by flow cytometry after 5-bromodeoxyuridine (BrdU)
incorporation as previously described.31 Levels of apoptosis were
quantified by annexin V-FITC/PI staining (Immunotech, Marseille,
France) and analyzed by using a FACS Calibur flow cytometer
(Becton-Dickinson, San Jose, CA).32

Analysis of p21 Expression. Total RNA was extracted from cells
using the QIAGEN RNeasy Plus mini kit (Qiagen, Hilden, Germany)
according to the supplier’s instructions and as previously described.33

Total RNA was transcribed into cDNA and amplified using the
Express One-Step Superscript qRT-PCR kit (Invitrogen, Carlsbad,
CA). Analysis of CDKN1A (p21) gene expression was carried out with
validated TaqMan gene expression assays specific PCR primers sets
(Invitrogen). Expression values were normalized to the housekeeping
gene POLR2A amplified in the same sample.12 For p21 protein
analysis, cells were lysed and processed for Western blot, as previously
described,34 by using the anti-p21 (C-19) antibody, purchased from
Santa Cruz Biotechnology (Santa Cruz, CA).

Bioenergetics Assays. Bioenergetics assays were performed by
using the XFe96 extracellular flux analyzer (Seahorse Bioscience, North
Billerica, MA) and the Seahorse XF96 cell Mito stress test kit
(Seahorse Bioscience). After treatments, leukemic cells were seeded in
specific tissue culture plates, previously coated with poly-L-lysine
solution (Sigma-Aldrich), in the optimized concentration of 3 × 105

cells per well. One hour before measurement, cells were incubated at
37 °C in a CO2-free atmosphere. Different parameters of respiration,
i.e., basal respiration, coupling efficiency, and spare respiratory
capacity, were analyzed by using a XF96 Mito stress assay kit. For
this purpose, after establishment of a baseline, basal oxygen
consumption rate (OCR), a measure of mitochondrial respiration,
was first detected before sequentially injecting the following
mitochondrial inhibitors: the ATP synthase inhibitor oligomycin (1.0
μM), the uncoupling agent FCCP (carbonyl cyanide p-
(trifluoromethoxy)phenylhydrazone) (1.0 μM), and the combination
of complex III inhibitor antimycin A (1.0 μM) and the complex I
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inhibitor rotenone (1.0 μM). OCR values were automatically
calculated by the Seahorse XF96 software. All experiments were
performed at least in hexaplicate.
Experiments in Mice and HPLC−MS Analysis of Plasma.

Female BALB/c mice (8 weeks old) were purchased from Charles
River Laboratories (Hollister, CA). All the experimental procedures
were approved by the Institutional Animal Ethical Care Committee
(CEASA) of the University of Ferrara and by the Italian Ministry of
Health. Upon arrival, mice were acclimated for 1 week before starting
the study. Mice were housed under pathogen-free conditions in vented
cabinet, exposed to a regular light−dark cycle of 12 h each, and food
and water were available ad libitum, in compliance with the guidelines
for the care and use of laboratory animals. Mice (n = 12) were
administered via subcutaneous (sc) injection with a single dose of
compound 10 solution (57 mg/kg in 200 μL of PBS/25% DMSO).
Blood samples were collected from the tail vein into microvials
containing 2 μL of heparinized saline (Epsoclar 25.000 UI/5 mL,
Hospira), at different time points (1, 2.5, 4, 5.5, 7, 16, and 24 h) after
sc injection.35 Plasma samples were obtained after centrifugation of
blood samples at 10.000 rpm for 10 min at room temperature and
stored immediately at −80 °C.
Analysis of plasma samples was performed using Agilent 6520 LC−

MS instrument equipped with nano-HPLC Chip cube separative
system. For each sample, an amount of 100 μL of plasma was diluted
with 300 μL of acetonitrile/water/TFA (60%/40%/0.1%) solution and
then passed onto a 0.22 μm regenerated cellulose filter before the LC−
MS injection. The HPLC−MS analysis was performed in a linear
gradient from 100% of solvent A (97% water, 3% acetonitrile, and
0.1% formic acid) to 100% of solvent B (97% acetonitrile, 3% water,
and 0.1% formic acid) in 15 min using a Zorbax 300SB C-18 (43 mm
× 75 μm) separation column.
Statistical Analysis. Descriptive statistics were calculated. For

each set of experiments, values were reported as the mean ± standard
deviation (SD). The results were evaluated by using analysis of
variance with subsequent comparisons by Student’s t test and with the
Mann−Whitney rank-sum test. Statistical significance was defined as p
< 0.05. All statistical analyses were performed with SPSS Statistic 20
software (SPSS Inc., Chicago, IL).
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Abstract

Rationale AKB48 and its fluorinate derivate 5F-AKB48 are

two novel synthetic cannabinoids belonging to a structural

class with an indazole core structure. They are marketed as

incense, herbal preparations or chemical supply for their psy-

choactive Cannabis-like effects.

Objectives The present study was aimed at investigating the

in vitro and in vivo pharmacological activity of AKB48 and

5F-AKB48 in male CD-1 mice and comparing their in vivo

effects with those caused by the administration of Δ9-THC

and JWH-018.

Results In vitro competition binding experiments performed

on mouse and human CB1 and CB2 receptors revealed a

nanomolar affinity and potency of the AKB48 and 5F-

AKB48. In vivo studies showed that AKB48 and 5F-

AKB48, induced hypothermia, increased pain threshold to

both noxious mechanical and thermal stimuli, caused catalep-

sy, reduced motor activity, impaired sensorimotor responses

(visual, acoustic and tactile), caused seizures, myoclonia,

hyperreflexia and promoted aggressiveness in mice.

Moreover, microdialysis study in freely moving mice showed

that systemic administration of AKB48 and 5F-AKB48 stim-

ulated dopamine release in the nucleus accumbens.

Behavioural, neurological and neurochemical effects were ful-

ly prevented by the selective CB1 receptor antagonist/inverse

agonist AM 251.

Conclusions For the first time, the present study demonstrates

the overall pharmacological effects induced by the adminis-

tration of AKB48 and 5F-AKB48 in mice and suggests that

the fluorination can increase the power and/or effectiveness of

SCBs. Furthermore, this study outlines the potential detrimen-

tal effects of SCBs on human health.

Keywords AKB48 . 5F-AKB48 . JWH-018 .Δ9-THC .

Sensorimotor responses . Cannabinoids . Synthetic

cannabinoids . Behavior . Microdialysis

Abbreviations

AM 251 1-(2,4-Dichlorophenyl)-5-(4-iodophenyl)-4-

methyl-N-(piperidin-1-yl)-1H-pyrazole-3-

carboxamide
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AKB48 N-(1-Adamantyl)-1-pentyl-1H-indazole-3-

carboxamide

DA Dopamine

NAc shell Nucleus accumbens shell

Δ9-THC (−)-Δ9-THC or Dronabinol®

JWH-018 Naphthalen-1-yl-(1-pentylindol-3-yl)methanone

5F-

AKB48

N-(1-Adamantyl)-1-(5-fluoropentyl)-1H-

indazole-3- carboxamide

Introduction

During the first half of 2013, AKB48 (N-(1-adamantyl)-1-

pentyl-1H-indazole-3-carboxamide), also known as

APINACA, and its derivative fluorinated 5F-AKB48

(N-(adamantan-1-yl)-1-(4-fluorobutyl)-1H-indazole-3-

carboxamide) formed respectively 1.0 and 2.5 % of all synthet-

ic cannabinoids (SCBs) reported by the DEA-operated

National Forensic Laboratory Information System in the USA

(NFLIS 2013). Toxicological and forensic analysis revealed

their presence in seized products or in biological fluids of peo-

ple subjected to toxicological control (Uchiyama et al. 2012;

Karinen et al. 2015; Vikingsson et al. 2015; Odoardi et al.

2016). As described by Santacroce and collaborators

(Santacroce et al. 2015), AKB48 and 5FAKB48 may be re-

trieved in products sold as incensemixtures, as a sole ingredient

infused on herbs or as a powder (EMCDDA 2009; EMCDDA

2015). AKB48 and 5F-AKB48 may be added to tobacco or

sprayed on leaves and then smoked, inhaled from heated alu-

minum foil, dissolved in ethanol and finally ingested with lipid-

rich foods or vaporized (DrugsForum 2012a; DrugsForum

2012b). AKB48 and 5F-AKB48 bind at nanomolar concentra-

tion at CB1 cannabinoid receptor (Uchiyama et al. 2013; De

Luca et al. 2015b), suggesting that they could have similar or

more higher in vivo effects as others SCBs. Recent findings

showed that the adamantylindazole compounds (i.e. 5F-

AKB48) induce DNA damage at the chromosomal level, with-

out causing gene mutations (Koller et al. 2015). AKB48 and

5F-AKB48 do not belong to any of the seven groups common-

ly used to classify synthetic cannabinoids: cyclohexylphenol

(such as cannabicyclohexanol (CCH) and CP-47,497), classical

cannabinoids (such as HU-210), naphthoylindoles (such as

JWH-018 and JWH-073), phenylacetylindoles (such as JWH-

250 and JWH-203), benzoylindoles (such as AM-694 and

RCS-4), naphthoylnaphthalenes (such as CB-13) and

adamantylindoles (APICA) but are adamantylindazole

(Uchiyama et al. 2012). In particular, AKB48 differs from ear-

lier JWH-type SCBs by having an adamantyl group connected

to an indazole moiety through a carboxamide linkage.

Furthermore, to increase the lipophilicity of AKB48, hence

enhancing the absorption through biological membranes/

blood–brain barrier (Schifano et al. 2015), a fluorine atom

was linked at the 5-pentyl position of the indazole scaffold.

This formulation strategy was previously carried out for AM-

2201, the fluorinated analog of JWH-018 (Gandhi et al. 2013).

The metabolism of AKB48 and 5F-AKB48 has been identified

using a hepatocyte model (Gandhi et al., 2013) and human liver

microsomal incubation (Holm et al. 2015). In particular,

AKB48 was metabolized in 11 major metabolites that included

monohydroxylated, dihydroxylated, trihydroxylated, and

mono- and dihydroxylated glucuronide conjugates and

dihydroxylated with ketone formation at the N-pentyl side

chain (Gandhi et al., 2013). As reported for other SCBs, this

aspect should be considered since a large number of metabo-

lites could maintain agonistic activity at CB1 receptors, as dem-

onstrated for JWH-018 and other SCBs (Brents et al. 2011;

Brents et al. 2012). Despite the presence of these in vitro me-

tabolism studies, there are poor preclinical in vivo evidence on

pharmaco-toxicological effects of these SCBs. Recently, it was

shown that 5F-AKB48 facilitated dopamine (DA) release in the

Nucleus Accumbens shell of rats (De Luca et al. 2015b), sug-

gesting its potential positive role in rewarding mechanisms

(Miliano et al. 2016), as already mentioned for other SCBs,

as well as JWH-018 (De Luca et al. 2015a), JWH-250 and

JWH-073 (Ossato et al. 2016). Moreover, AKB48 depressed

spontaneous locomotion in ND4 Swiss-Webster mice and pos-

itively substituted for the discriminative stimulus effects ofΔ9-

THC in rats (Gatch and Forster, 2015). Therefore, the present

study was aimed at investigating the acute effect of AKB48 and

5F-AKB48 (0.01–6 mg/kg i.p.) on body temperature, acute

mechanical and thermal analgesia, catalepsy, motor activity,

sensorimotor responses (to visual, acoustic and tactile stimula-

tion), neurological changes (convulsion, hyperreflexia, and

myoclonia), aggressive response and modulation of DAergic

release in mesoaccumbal pathway in CD-1 mice. In vitro bind-

ing studies on CD-1 murine and human CB1/CB2 receptors

have been also performed. Moreover, to better understand the

behavioural effects of the AKB48 and 5F-AKB48, their actions

were compared with those of JWH-018 and Δ9-THC and ef-

fects were monitored for over 5 h.

Materials and methods

Animals

Male ICR (CD-1®) mice, 25–30 g (ENVIGO Harlan Italy; S.

Pietro al Natisone, Italy), were group-housed (8–10 mice per

cage; floor area per animal was 80 cm2; minimum enclosure

height was 12 cm) on a 12:12-h light–dark cycle (light period

from 6:30 AM to 6:30 PM), temperature of 20–22 °C, humid-

ity of 45–55 % and were provided ad libitum access to food

(Diet 4RF25 GLP; Mucedola, SettimoMilanese, Milan, Italy)

and water. Experimental protocols performed in the present

study were in accordance with the European Communities

Council Directive of September 2010 (2010/63/EU) and were

3686 Psychopharmacology (2016) 233:3685–3709



approved by Italian Ministry of Health (license n. 335/2016-

PR) and by the Ethics Committee of the University of Ferrara.

Moreover, adequate measures were taken to minimize the

number of animals used and their pain and discomfort.

Drug preparation and dose selection

AKB48 (Fig. 1a), 5F-AKB48 (Fig. 1b), JWH-018 (Fig. 1c)

and (−)-Δ9-THC (Dronabinol®) were purchased from LGC

Standards (LGC Standards S.r.l., Sesto San Giovanni, Milan,

Italy), while AM 251 was purchased from Tocris (Tocris,

Bristol, UK). Drugs were initially dissolved in absolute etha-

nol (final concentration was 2 %) and Tween 80 (2 %) and

brought to the final volume with saline (0.9 % NaCl). The

solution made of ethanol, Tween 80 and saline was also used

as the vehicle. Drugs were administered by intraperitoneal

injection at a volume of 4 μl/g. The CB1 receptor-preferring

antagonist/inverse agonist AM 251 (6 mg/kg) was adminis-

tered 20 min before AKB48 and 5F-AKB48 injections. The

single dose of AM 251 at 6 mg/kg was chosen based on

previous studies that have shown that this dose was able to

block the behavioural effects caused by administration of high

doses (6 mg/kg) of synthetic cannabinoids such as JWH-018,

JWH-018 Cl, JWH-018 Br (Vigolo et al., 2015; Ossato et al.,

2015), JWH-073 and JWH-250 (Ossato et al., 2016) in mice.

Recently, we reported that the memory impairment in the nov-

el object recognition test in mice caused by JWH-018 (0.01–

1 mg/kg) is prevented by administration of AM 251 in a ratio

of doses 1:1 (Barbieri et al., 2016). Moreover, in preliminary

studies on the visual sensorimotor responses in mice, effects

caused by administration of AKB48 and 5F-AKB48 (both at

6 mg/kg) were progressively prevented by administration of

AM251 at 1, 3 and 6mg/kg (prevented by about ∼35, ∼56 and

∼100 % for AKB48 and ∼20, ∼35 and ∼98 % for 5F-AKB48;

data not shown). Therefore, in the present study, we used the

full dose of AM 251 (6 mg/kg) in order to completely block

the effects caused by higher doses of AKB48 and 5F-AKB48.

A novel set of Δ9-THC and JWH-018 data (stimulated ag-

gressiveness) has been done in the present study. Doses of

AKB48 and 5F-AKB48 (0.01–6 mg/kg i.p.) were chosen

based on previous studies (Vigolo et al. 2015; Ossato et al.

2015; Ossato et al. 2016).

Mouse tissues and cell culture membrane preparation

After mice were sacrificed by cervical dislocation, brain and

spleen were removed and suspended in 50 mM Tris HCl buff-

er, pH .4 at 4 °C. The mouse brain suspension was homoge-

nized with a Polytron and centrifuged for 20 min at 40,000×g.

The mouse spleen was homogenized with a Polytron and cen-

trifuged for 10 min at 2000×g. The supernatant was filtered

and centrifuged for 20 min at 40,000×g. The resulting pellets

were used for competition binding experiments (Vincenzi

et al. 2013). CHO cells transfected with human CB1 or CB2

receptors (Perkin Elmer Life and Analytical Sciences, USA)

were grown adherently and maintained in Ham’s F12 contain-

ing 10 % fetal bovine serum, penicillin (100 U/ml), strepto-

mycin (100 μg/ml) and Geneticin (G418, 0.4 mg/ml) at 37 °C

in 5 % CO2/95 % air. For membrane preparation, the culture

medium was removed and the cells were washed with PBS

and scraped off plates in ice-cold hypotonic buffer (5 mMTris

HCl, 2 mM EDTA, pH .4). The cell suspension was homog-

enized with a Polytron and then centrifuged for 30 min at

40,000×g. The membrane pellet was suspended in 50 mM

Tris HCl buffer (pH .4) containing 2.5 mM EDTA, 5 mM

MgCl2, 0.5 mg/ml BSA for CB1 receptors or in 50 mM Tris

HCl (pH .4), 1 mM EDTA, 5 mMMgCl2, 0.5 mg/ml BSA for

CB2 adenosine receptors (Vincenzi et al. 2013).

[
3
H] CP-55,940 competition binding assays and cyclic

AMP assays

Competition binding experiments were performed as pre-

viously reported (Vincenzi et al. 2013; Vigolo et al.,

2015) using 0.5 nM [3H]-CP-55,940 and different con-

centrations of the tested compounds with membranes ob-

tained from CHO cells transfected with human CB1 or

CB2 receptors (2 μg protein/100 μl). Competition bind-

ing experiments were also performed in mouse brain

membranes (40 μg protein/100 μl) for CB1 receptors

and in mouse spleen membranes (80 μg protein/100 μl)

for CB2 receptors. Non-specific binding was determined

in the presence of 1 μM WIN 55,212–2. The filter bound

radioactivity was counted using a Packard Tri Carb 2810

TR scintillation counter. Cyclic AMP assays were carried

out in CHO cells transfected with human CB1 or CB2

receptors which were washed with PBS, detached with

trypsin and centrifuged for 10 min at 200×g (Vincenzi

et al. 2013; Vigolo et al. 2015). The pellet was suspended

in 0.5 ml of incubation mixture: 150 mM NaCl, 2.7 mM

KCl, 0.37 mM NaH2PO4, 1 mM MgSO4, 1 mM CaCl2,

5 mM Hepes, 10 mM MgCl2, 5 mM glucose, pH .4 at

Fig. 1 Chemical structures of a AKB48 (N-(1-adamantyl)-1-pentyl-1H-

indazole-3-carboxamide), b 5F-AKB48 (N-(1-adamantyl)-1-(5-

fluoropentyl)-1H-indazole-3- carboxamide) and c JWH-018

(Naphthalen-1-yl-(1-pentylindol-3-yl)methanone)

Psychopharmacology (2016) 233:3685–3709 3687



37 °C. Then, 0.5 mM Ro 20–1724 as a phosphodiesterase

inhibitor was added and pre-incubated for 10 min in a

shaking bath at 37 °C. Different concentrations of canna-

binoid agonists were then added and incubated for

10 min before the addition of forskolin 1 μM. After a

further 5 min, the reaction was terminated by the addition

of cold 6 % trichloroacetic acid and the suspension was

centrifuged at 2000×g for 15 min at 4 °C. Trichloroacetic

acid was extracted with water-saturated diethyl ether, and

the final aqueous solution was tested for cyclic AMP

levels by a competition protein binding assay. One hun-

dred microliters of samples or cyclic AMP standards (0–

10 pmol) were added to each test tube containing the

incubation buffer (0.1 M Trizma base, 8.0 mM aminoph-

ylline, and 6.0 mM 2-mercaptoethanol, pH .4) and [3H]-

cyclic AMP in a total volume of 0.5 ml. The binding

protein was prepared by using cortical tissues from beef adre-

nal glands that were homogenized in 10 vol of buffer

consisting of 100 mM Tris HCl, 250 mM NaCl, 10 mM

EDTA, 0.1 % 2-mercaptoethanol, 0.25 M sucrose, pH .4

(Nordstedt and Fredholm 1990). The homogenate was filtered

and centrifuged at 30,000×g for 30 min at 4 °C. The superna-

tant, opportunely diluted, was added to the samples and incu-

bated at 4 °C for 150 min. After the addition of charcoal,

samples were centrifuged at 2000×g for 10 min. The clear

supernatant (0.2 ml) was mixed with 4 ml of Ultima Gold

scintillation cocktail and counted in a Packard Tri Carb 2810

TR scintillation counter.

Behavioural studies

The effect of AKB48 and 5F-AKB48was investigated using a

battery of behavioural tests widely used in studies of Bsafety-

pharmacology^ for the preclinical characterization of new

molecules in rodents (Irwin, 1968; Mattsson et al. 1996;

Porsolt et al. 2002; Redfern et al. 2005; Hamdam et al.

2013; S7A 2001). Those tests have been also validated to

describe effects of cannabinoids on the Btetrad^, sensorimotor

and neurological changes in mice (Compton et al. 1992;

Vigolo et al. 2015; Ossato et al. 2015; Ossato et al. 2016).

To reduce the number of animals used, the behaviour of mice

was evaluated in five consecutive experimental sections (for a

detailed information, see Supplementary Material). Moreover,

to reduce the animal’s stress induced by manipulation, and to

confirm the stability and reproducibility over time of the re-

sponses of our tests, animals were trained 2 times per week for

2 weeks before the pharmacological treatment. All experi-

ments were performed between 8:30 AM to 2:00 PM.

Experiments were conducted in blind by trained observers

working together in pairs (Redfern et al. 2005). The behavior

of mice (neurologic and sensorimotor responses) was

videotaped and analyzed off-line by a different trained opera-

tor that gives test scores.

Major neurological changes and aggressive response

As previously described by others studies (Vigolo et al. 2015;

Ossato et al. 2015; Ossato et al. 2016), tail elevation,

hyperreflexia, myoclonus, convulsions and aggressive re-

sponses in mice were observed immediately after SCBs ad-

ministration (for detailed information see Supplementary

Material). The tail elevation was measured during the obser-

vation of the freely moving mice in a square area (score 0/4

not tail elevation, score 4/4 Straub tail; for detailed informa-

tion see Supplementary Material). Spontaneous aggressive re-

sponse was measured based on the number of bites that the

freely moving mouse confers to an object of gray cloth that

approaches the front of the snout of the animal, while in the

case of stimulated aggressiveness the animal is manually re-

strained. Moreover, it is held in a supine position following

which an object is brought near its mouth. For both spontane-

ous and stimulated aggressive behavior tests, a gray cloth was

placed in front of the mouse’s nose for 10 consecutive times

(score 0/10 not aggressive, score 10/10 very aggressive).

Sensorimotor studies

We studied the voluntary and involuntary sensorimotor re-

sponses resulting from different mouse reaction to visual,

acoustic and tactile stimuli (Koch 1999; Marti et al. 2013;

Ossato et al . 2015; for detai led information see

Supplementary Material).

Visual response was verified by two behavioural tests,

which evaluated the ability of the mouse to capture visual

information even when the animal is moving (the visual plac-

ing response) or when it is stationary (the visual object re-

sponse). Visual Placing response test is performed using a tail

suspension modified apparatus able to bring down the mouse

towards the floor at a constant speed of 10 cm/s (Ossato et al.

2015). Visual object response test was used to evaluate the

ability of the mouse to see an object approaching from the

front or the side, than inducing the animal to shift or turn the

head or retreat it (Ossato et al. 2015).

Acoustic response measures the reflex of the mouse in re-

play to an acoustic stimulus produced behind the animal

(Koch 1999).

The tactile response in the mouse was verified through

vibrissae, pinna and corneal reflexes (Ossato et al. 2015).

BTetrad^ paradigm for screening cannabinoid-like effect

To better assess the effects of the ligands on thermoregulation,

we measured both changes in the core (rectal) and surface (ven-

tral fur) temperature (for a detailed information, see

Supplementary Material). The core temperature was evaluated

by a probe (1 mm diameter) that was gently inserted, after lubri-

cation with liquid vaseline, into the rectum of the mouse (to

3688 Psychopharmacology (2016) 233:3685–3709



about 2 cm) and left in position until the stabilization of the

temperature (about 10 s; Vigolo et al. 2015). The probe was

connected to a Cole Parmer digital thermometer (model 8402).

The surface temperaturewasmeasured by aMicrolife FR 1DZ1

digital infrared thermometer, placed at 1 cm from the surface of

the abdomen of the mouse (Vigolo et al. 2015).

Acute mechanical and thermal nociception was evaluated

respectively using the tail pinch and the tail withdrawal test

(Vigolo et al. 2015; for detailed information see

Supplementary Material).

Alterations of motor activity induced by AKB48 and 5F-

AKB48weremeasured using the bar, drag, accelerod tests and

the analysis of spontaneous locomotor activity (Marti et al.

2004; Marti et al. 2005; Vigolo et al. 2015; Ossato et al.

2015; for detailed information see Supplementary Material).

In vivo brain microdialysis studies

Male ICR (CD-1®) mice, 25–30 g (ENVIGO. Harlan Italy; S.

Pietro al Natisone, Italy) were anaesthetized with Sodium

Penthobarbital (50 mg/kg i.p.; Sigma-Aldrich, Italy) and im-

planted with vertical dialysis probe (1 mm dialyzing portion)

prepared with AN69 fibers (Hospal Dasco, Bologna, Italy) in

the Nucleus Accumbens shell (NAc shell; A + 1.4, L 0.4 from

Fig. 2 Competition curves of

specific [3H]-CP 55940 binding

by AKB48 and 5F-AKB48, in

comparison to Δ9-THC and

JWH-018, in CHO cell

membranes transfected with

human CB1 receptors (a) or

human CB2 receptors (b) and to

CB1 receptors expressed inmouse

brain membranes (c) or CB2

receptors expressed in mouse

spleen membranes (d). Inhibition

curves of forskolin-stimulated

cAMP accumulation by AKB48

and 5F-AKB48, in comparison to

Δ9-THC and JWH-018, in CHO

cells transfected with human CB1

receptors (e) or human CB2 re-

ceptors (f). Results are given as

the mean ± SEM of three inde-

pendent experiments performed

in duplicate

Psychopharmacology (2016) 233:3685–3709 3689



bregma, V-4.8 from dura) according to the mouse brain atlas

by Paxinos and Franklin (Second Edition, 2001). On the day

following surgery, probes were perfused with Ringer’s solu-

tion (147 mMNaCl, 4 mMKCl, 2.2 mM CaCl2) at a constant

rate of 1 μl/min. Dialysate samples (15 μl) were injected into

an HPLC equipped with a reverse phase column (C8 3.5 um,

Waters, USA) and a coulometric detector (ESA, Coulochem

II) to quantify DA. The first electrode of the detector was set at

+130 mV (oxidation) and the second at −175 mV (reduction).

The composition of the mobile phase was: 50 mM NaH2PO4,

0.1 mM Na2-EDTA, 0.5 mM n-octyl sodium sulfate, 15 % (v/

v) methanol, pH .5. The sensitivity of the assay for dopamine

(DA) was 5 fmol/sample. At the end of each experiment,

animals were sacrificed and their brains removed and stored

in formalin (8 %) for histological examination to verify the

correct placement of the microdialysis probe.

Data and statistical analysis

Protein concentrations were determined according to a Bio-

Radmethod with bovine serum albumin as reference standard.

Inhibitory binding constants (Ki) were calculated from the

IC50 values according to the Cheng and Prusoff equation:

Ki = IC50/(1 + [C*]/KD*), where [C*] is the concentration

of the radioligand and KD* its dissociation constant.

Functional experiments were analyzed by non-linear regres-

sion analysis using the equation for a sigmoid concentration-

response curve using Prism (GraphPad Prism, USA). All data

are expressed as the mean ± SEM of 3 independent experi-

ments. Core and surface temperature values are expressed as

the difference between control temperature (before injection)

and temperature following drug administration (Δ°C).

Antinociception (tail withdrawal and tail pinch tests) and cat-

alepsy (bar test) are calculated as percent of maximal possible

effect {EMax% = [(test − control latency)/(cutoff time − con-

trol)] × 100}. Data are expressed in absolute values (s in neu-

rological changes and immobility time, m for distance trav-

elled, m/s for calculation of maximum speed and n° of bites in

the aggressive response test), Δ°C (core and surface temper-

ature), Emax% (tail withdrawal, tail pinch and bar test) and

percentage of basal (drag test and accelerod test). In sensori-

motor response experiments, data are expressed in arbitrary

units (visual objects response, acoustic response, vibrissae,

corneal and pinna reflex) and percentage of baseline (visual

placing response). In microdialysis experiments, data are

expressed as percentage of DA basal values. All the numerical

data are given as mean ± SEM. Data were analyzed by utiliz-

ing repeated measures ANOVA. Results from treatments

showing significant overall changes were subjected to post

hoc Tukey tests with significance for p < 0.05. The statistical

analysis of the effects of the individual substances in different

concentrations over time and that of antagonism studies in

histograms were performed by two-way ANOVA followed

by Bonferroni’s test for multiple comparisons. The analysis

of the total average effect induced by treatments (expressed in

the panels D) was performed with one-way ANOVA followed

by Tukey’s test for multiple comparisons. The Student’s t test

was used to determine statistical significance (P < 0.05) be-

tween two groups (see neurological changes). The statistical

analysis was performed with the program Prism software

(GraphPad Prism, USA). The detailed results of the statistical

tests are detailed in the Supplementary Material.

Results

Affinity and potency of AKB48 and 5F-AKB48 for CB1

and CB2 cannabinoid receptors

Competition binding experiments performed in CHO cell

membranes transfected with human CB1 or CB2 (Fig. 2a, b)

receptors revealed affinity values of the examined compounds

in the nanomolar range. The affinity values of Δ9-THC and

JWH-018, which were used as reference compounds, are re-

ported in Table 1. The introduction of a fluorine group in the

structure of AKB48 determined a slightly increase in the

3690 Psychopharmacology (2016) 233:3685–3709

Table 1 Binding and functional parameters of AKB48 and 5F-AKB48 to human and mouse CB1 and CB2 receptors, in comparison toΔ9-THC and

JWH-018

Compound hCB1 CHO

membranesa

Ki (nM)

hCB2 CHO

membranesa

Ki (nM)

Mouse cortex

membrane CB1a

Ki (nM)

Mouse spleen

membranes CB2

Ki (nM)

hCB1 CHO cellsb

IC50 (nM)

hCB2 CHO cellsb

IC50 (nM)

∆
9-THC 28.35 ± 2.43 37.82 ± 3.14 39.21 ± 2.88 45.57 ± 4.18 44.76 ± 4.68 56.24 ± 5.12

JWH-018 9.62 ± 0.79 8.55 ± 0.73 5.79 ± 0.63 7.24 ± 0.65 13.88 ± 1.19 11.54 ± 1.06

AKB48 3.24 ± 0.28 1.68 ± 0.12 5.34 ± 0.44 1.93 ± 0.14 5.39 ± 0.47 2.13 ± 0.21

5F-AKB48 1.82 ± 0.15 0.82 ± 0.07 3.87 ± 0.27 1.24 ± 0.07 2.57 ± 0.19 1.94 ± 0.14

Data are expressed as mean ± SEM
a [3H]-CP-55,940 competition binding experiments
bCyclic AMP experiments
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affinity for both CB1 and CB2 receptor subtypes. A similar

ratio between the Ki value to human CB2 and the Ki value to

human CB1 for AKB48 and 5F-AKB48 was observed, with

values of 0.52 and 0.45, respectively (Table 1). Also in this

case, competition binding experiments performed in mouse

brain membranes (for CB1 receptors Fig. 2c) and in mouse

spleenmembranes (for CB2 receptors Fig. 2d) showed a better

affinity for the fluorinated version of AKB48 for both the

receptors (Table 1).

Cyclic AMP experiments were performed to evaluate the

potency of the AKB48 and 5F-AKB48 in CHO cells

transfected with human CB1 or CB2 (Fig. 2e, f) receptors, in

comparison withΔ9-THC and JWH-018. Potency values were

in accordancewith affinity data obtained in competition binding

experiments (Table 1). As expected, the partial agonistΔ9-THC

did not completely inhibit forskolin-stimulated cAMP produc-

tion showing efficacy values of 41 ± 4 and 35 ± 3 % for CB1

and CB2 receptor, respectively. In contrast, JWH-018, AKB48

and 5F-AKB48 behaved as full agonists as demonstrated by the

capability to completely inhibit the forskolin-stimulated cAMP

production (Fig. 2e, f).

Major neurological changes

Systemic administration of AKB48 and 5F-AKB48 (0.01–

6 mg/kg i.p.) caused important neurological changes in mice

(Table 2), while in vehicle-treated mice no neurological alter-

ations were observed. In particular, administration of high

doses (3 and 6 mg/kg, i.p.) of adamantyl compounds induced

spontaneous and handling-induced convulsions, hyperreflexia

and myoclonias in mice: Those effects were not observed after

the administration of Δ9-THC (Table 2). AKB48 adminis-

tered at 6 mg/kg induced convulsions in 30 % of treated ani-

mals, while 5F-AKB48 administered at 3 and 6 mg/kg in-

duced convulsions in 30 and 90 % of treated animals, respec-

tively. AKB48 at 6 mg/kg induced convulsions with latency

and duration similar to those produced by JWH-018, while

Fig. 3 Effect of the systemic administration (0.01–6 mg/kg i.p.) of

AKB48 (a) and 5F-AKB48 (b) on the visual object test of mice.

Interaction of effective dose of AKB48 and 5F-AKB48 (6 mg/kg) with

the selective CB1 receptor antagonist AM 251 (6 mg/kg, i.p., c).

Comparison of the total average effect observed in 5 h (d) with Δ9-

THC (0.01–100 mg/kg)c and JWH-018 (0.01–6 mg/kg i.p.)c. Data are

expressed (see BMaterials and methods^) as arbitrary units and represent

mean ± SEM of 8 animals for each treatment. Statistical analysis was

performed by two-way ANOVA followed by the Bonferroni’s test for

multiple comparisons for both the dose-response curve of each compound

at different times (a, b) and for the interaction with the AM 251 (c), while

the statistical analysis of the comparison of the total average effect of the

compounds (d) was performed with one-way ANOVA followed by

Tukey’s test for multiple comparisons. *p < 0.05, **p < 0.01,

***p < 0.001 versus vehicle; #p < 0.05, ###p < 0.001 versus Δ9-THC;

^p < 0.05, ^^p < 0.01, ^^^p < 0.001 versus JWH-018, +p < 0.05 versus

5F-AKB48 and °p < 0.05, °°p < 0.01, °°°p < 0.001 versus AM 251+

agonist. cFrom Ossato et al., 2015
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5F-AKB48 at 6 mg/kg induced seizures with longer duration

but same latency as those produced by AKB48 (Table 2).

AKB48 administered at 6 mg/kg induced hyperreflexia in

25 % of treated animals, while 5F-AKB48 at 3 and 6 mg/kg

induced hyperreflexia in 30 and 75 % of mice, respectively

(Table 2). AKB48 at 6mg/kg induced hyperreflexia with same

latency and quite longer duration than that produced by 5F-

AKB48 and JWH-018.

AKB48 administered at 6mg/kg inducedmyoclonias in 45%

of treated mice while 5F-AKB48 at 3 and 6 mg/kg induced

myoclonias in 90 and 100 % of treated animals (Table 2). 5F-

AKB48 at 6 mg/kg induced myoclonias with longer latency and

duration than those produced by AKB48 and JWH-018.

AKB48, 5F-AKB48 and JWH-018 induced tail elevation

in mice with comparable frequency, latency and duration at

the dose of 3 mg/kg (Table 2). However, 5F-AKB48 at 3 mg/

kg greater increased the degree of tail elevation than JWH-018

and AKB48.

Finally, AKB48 (3 and 6 mg/kg), 5F-AKB48 (1, 3 and

6 mg/kg) and JWH-018 (3 and 6 mg/kg) induced sponta-

neous and stimulated aggressiveness in mice. JWH-018,

AKB48 and 5F-AKB48 (6 mg/kg) caused spontaneous

aggressiveness in 90, 50 and 100 % of treated animals

respectively. While JWH-018, AKB48 and 5F-AKB48

(6 mg/kg) induced aggressive behaviour in 100, 70 and

100 % of treated mice, respectively. 5F-AKB48 at 6 mg/

kg induced a stimulated aggressiveness with comparable

duration than JWH-018 but higher than AKB48 at the

same dose. 5F-AKB48 at 1 and 3 mg/kg, respectively,

stimulated aggressive behavior in 30 and 70 % of treated

mice. The effect induced at 3 mg/kg was greater than that

caused by AKB48 at the same dose.

All neurological changes were prevented by the pre-

treatment with the selective CB1 receptor antagonist AM

251 (6 mg/kg, i.p. injected 20 min before AKB48, 5F-

AKB48 and JWH-018 administration; data not shown).

Fig. 4 Effect of the systemic administration (0.01–6 mg/kg i.p.) of

AKB48 (a) and 5F-AKB48 (b) on the acoustic response test of mice.

Interaction of effective dose of AKB48 and 5F-AKB48 (6 mg/kg) with

the selective CB1 receptor antagonist AM 251 (6 mg/kg, i.p., c).

Comparison of the total average effect observed in 5 h (d) with Δ9-

THC (0.01–100 mg/kg)c and JWH-018 (0.01–6 mg/kg i.p.)c. Data are

expressed (see BMaterials and methods^) as arbitrary units and represent

mean ± SEM of 8 animals for each treatment. Statistical analysis was

performed by two-way ANOVA followed by the Bonferroni’s test for

multiple comparisons for both the dose-response curve of each compound

at different times (a, b) and for the interaction with the AM 251 (c), while

the statistical analysis of the comparison of the total average effect of the

compounds (d) was performed with one-way ANOVA followed by

Tukey’s test for multiple comparisons. *p < 0.05, **p < 0.01,

***p < 0.001 versus vehicle; #p < 0.05, ##p < 0.01, ###p < 0.001 versus

Δ9-THC; ^^^p < 0.001 versus JWH-018, +++p < 0.001 versus 5F-

AKB48 and °p < 0.05, °°p < 0.01, °°°p < 0.001 versus AM 251+ agonist.
cFrom Ossato et al., 2015
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Evaluation of the visual object response

Visual object response tended to stay the same in vehicle-

treated mice over 5 h observation (Fig. 3a, b), and the effect

was similar to that observed in naïve untreated animals (data

not shown). Systemic administration of AKB48 (0.01–6 mg/

kg i.p.) dose-dependently reduced the visual object response in

mice at all doses tested and the effect persisted up to 240 min

after injection (Fig. 3a). Systemic administration of 5F-

AKB48 (0.01–6 mg/kg i.p.) dose-dependently reduced the

visual object response in mice at all doses tested and the effect

persisted up to 5 h of observation only for the highest doses of

substance 3 and 6 mg/kg i.p. (Fig. 3b). The inhibition of visual

object response induced by the highest dose of AKB48 (6 mg/

kg i.p.) and 5F-AKB48 (3 mg/kg i.p.) was prevented by the

pre-treatment with AM 251 (6mg/kg i.p., Fig. 3c) which alone

did not alter the visual object response in mice. AKB48 and

5F-AKB48 inhibited the visual placing response in a

prolonged manner, although the effect appeared to be lower

with respect to that induced by JWH-018 and Δ9-THC at the

same doses, while for doses of 3 and 6 mg/kg effects were

similar to those induced by Δ9-THC (Fig. 3d).

Evaluation of the acoustic response

Acoustic response tended to stay the same in vehicle-treated

mice over 5 h observation (Fig. 4a, b), and the effect was

similar to that observed in naïve untreated animals (data not

shown). Systemic administration of AKB48 transiently re-

duced the acoustic response at 3 and 6 mg/kg doses tested

up to 195 min after injection (Fig. 4a). Differently, 5F-

AKB48 inhibited the acoustic response in a prolonged man-

ner and the effect appeared to be higher than that induced by

AKB48 at the same doses where the inhibitory effect

persisted up to 5 h (Fig. 4b). The inhibition of acoustic re-

sponse induced by AKB48 (6 mg/kg i.p.) and 5F-AKB48

(3 mg/kg i.p.) was prevented by the pre-treatment with AM

251 (6 mg/kg i.p., Fig. 4c) which alone did not alter the

Fig. 5 Effect of the systemic administration (0.01–6 mg/kg i.p.) of

AKB48 (a) and 5F-AKB48 (b) on the pinna reflex of mice. Interaction

of effective dose of AKB48 and 5F-AKB48 (6 mg/kg) with the selective

CB1 receptor antagonist AM 251 (6 mg/kg, i.p., c). Comparison of the

total average effect observed in 5 h (d) withΔ9-THC (0.01–100 mg/kg)c

and JWH-018 (0.01–6 mg/kg i.p.)c. Data are expressed (see BMaterials

and methods^) as arbitrary units and represent mean ± SEM of 8 animals

for each treatment. Statistical analysis was performed by two-way

ANOVA followed by the Bonferroni’s test for multiple comparisons for

both the dose-response curve of each compound at different times (a, b)

and for the interaction with the AM 251 (c), while the statistical analysis

of the comparison of the total average effect of the compounds (d) was

performed with one-way ANOVA followed by Tukey’s test for multiple

comparisons. *p < 0.05, **p < 0.01, ***p < 0.001 versus vehicle;

##p < 0.01 versus Δ9-THC; ^p < 0.05, ^^^p < 0.001 versus JWH-018,

+++p < 0.001 versus 5F-AKB48 and °p < 0.05, °°°p < 0.001 versus AM

251+ agonist. cFrom Ossato et al., 2015
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acoustic response in mice (data not shown). AKB48 and 5F-

AKB48 inhibited the acoustic response in a prolonged man-

ner at the highest dose tested. Although the effect of AKB48

appeared to be lower than that induced by JWH-018 andΔ9-

THC at the same doses, effects of 5F-AKB48 were similar to

those evocated by JWH-018 (Fig. 4d).

Evaluation of the pinnae reflex

Pinnae reflex did not change in vehicle-treated mice over

5 h observation (Fig. 5a, b), and the response was similar

to that observed in naïve untreated animals (data not

shown). Systemic administration of AKB48 did not alter

the pinnae reflex in mice (Fig. 5a), contrarily to that pre-

sented after administration of 5F-AKB48 in which the

effect was prolonged for the highest dose tested (3 and

6 mg/kg i.p.; Fig. 5b). The inhibition of pinnae reflex

induced by 5F-AKB48 (3 mg/kg i.p.) was prevented by

the pre-treatment with AM 251 (6 mg/kg i.p., Fig. 5c)

which alone did not alter the pinnae reflex in mice (data

not shown). 5F-AKB48 dose-dependently reduced the

pinnae reflex at 6 mg/kg, and the effect appeared to be

higher than that induced by JWH-018 and Δ9-THC at the

same doses (Fig. 5d).

Evaluation of the vibrissae reflex

Vibrissae reflex did not change in vehicle-treated mice

over 5 h observation (Fig. 6a, b), and the response was

similar to that observed in naïve untreated animals (data

not shown). Systemic administration of AKB48 did not

alter the vibrissae reflex (Fig. 6a). Contrarily, the effects

of 5F-AKB48 were evident after 15 min with the highest

dose (6 mg/kg i.p.; Fig. 6b). The inhibition of vibrissae

reflex induced by 5F-AKB48 (3 mg/kg i.p.) was

prevented by the pre-treatment with AM 251 (Fig. 6c)

which alone did not alter the vibrissae reflex in mice

(data not shown). 5F-AKB48 impaired the vibrissae re-

flex at 3 and 6 mg/kg, and the effect appeared to be

Fig. 6 Effect of the systemic administration (0.01–6 mg/kg i.p.) of

AKB48 (a) and 5F-AKB48 (b) on the vibrissae reflex of mice.

Interaction of effective dose of AKB48 and 5F-AKB48 (6 mg/kg) with

the selective CB1 receptor antagonist AM 251 (6 mg/kg, i.p., c).

Comparison of the total average effect observed in 5 h (d) with Δ9-

THC (0.01–100 mg/kg)c and JWH-018 (0.01–6 mg/kg i.p.)c. Data are

expressed (see BMaterials and methods^) as arbitrary units and represent

mean ± SEM of 8 animals for each treatment. Statistical analysis was

performed by two-way ANOVA followed by the Bonferroni’s test for

multiple comparisons for both the dose-response curve of each com-

pounds at different times (a, b) and for the interaction with the AM 251

(c), while the statistical analysis of the comparison of the total average

effect of the compounds (d) was performed with one-way ANOVA

followed by Tukey’s test for multiple comparisons. *p < 0.05,

***p < 0.001 versus vehicle; ###p < 0.001 versus Δ9-THC; ^^p < 0.01

versus JWH-018 and +++p < 0.001 versus 5F-AKB48. cFrom Ossato

et al., 2015
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similar to that induced by JWH-018 and higher than that

induced by AKB48 and Δ9-THC (Fig. 6d).

Evaluation of the corneal reflex

Corneal reflex did not change in vehicle-treated mice over 5 h

observation (Fig. 7a,b), and the response was similar to that

observed in naïve untreated animals (data not shown).

Systemic administration of AKB48 inhibited transiently at 3

and 6 mg/kg the corneal reflex in mice (Fig. 7a). On the other

hand, 5F-AKB48 inhibited deeply the corneal reflex inmice at

3 and 6 mg/kg (Fig. 7b). The inhibition of corneal reflex

induced by AKB48 (6 mg/kg i.p.) and 5F-AKB48 (3 mg/

kg i.p.) was prevented by the pre-treatment with AM 251

(6 mg/kg i.p. ,Fig. 7c) which alone did not alter the corneal

reflex in mice (data not shown). As previously reported, the

effects of 5F-AKB48 were higher than those induced by

AKB48 at higher doses (3 and 6 mg/kg). Finally, the effects

of 5F-AKB48 at 3 and 6 mg/kg i.p. seem to be more similar

than those induced by JWH-018 but higher than those induced

by Δ9-THC and AKB48 at same doses (Fig. 7d).

Evaluation of the visual placing response

Visual placing response tended to be reduced in vehicle-

treated mice over 5 h observation (∼47 % of reduction at

300 min; Fig. 8a, b), and the effect was similar to that ob-

served in naïve untreated animals (data not shown).

Systemic administration of AKB48 transiently reduced the

visual placing response in mice at 3 and 6 mg/kg i.p., and

the effect persisted up to 130 min (Fig. 8a). Systemic admin-

istration of 5F-AKB48 reduced the visual placing response in

mice at all doses tested (0.01–6 mg/kg i.p.), and the effect

persisted up to 5 h only for the highest dose considered

(6 mg/kg i.p., Fig. 8b). The visual impairment induced by

AKB48 and 5F-AKB48 was prevented by the pre-treatment

Fig. 7 Effect of the systemic administration (0.01–6 mg/kg i.p.) of

AKB48 (a) and 5F-AKB48 (b) on the corneal reflex of mice.

Interaction of effective dose of AKB48 and 5F-AKB48 (6 mg/kg) with

the selective CB1 receptor antagonist AM 251 (6 mg/kg, i.p.; c).

Comparison of the total average effect observed in 5 h (d) with Δ9-

THC (0.01–100 mg/kg)c and JWH-018 (0.01–6 mg/kg i.p.)c. Data are

expressed (see BMaterials and methods^) as arbitrary units and represent

mean ± SEM of 8 animals for each treatment. Statistical analysis was

performed by two-way ANOVA followed by the Bonferroni’s test for

multiple comparisons for both the dose-response curve of each compound

at different times (a, b) and for the interaction with the AM 251 (c), while

the statistical analysis of the comparison of the total average effect of the

compounds (d) was performed with one-way ANOVA followed by

Tukey’s test for multiple comparisons. *p < 0.05, **p < 0.01,

***p < 0.001 versus vehicle; ###p < 0.001 versus Δ9-THC;

^^^p < 0.001 versus JWH-018, +p < 0.05, +++p < 0.001 versus 5F-

AKB48 and °p < 0.05 versus AM251+ agonist. cFromOssato et al., 2015
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with AM 251 (6 mg/kg i.p., Fig. 8c) which alone did not alter

the parameter. The inhibition of the visual response induced

by 5F-AKB48 is more higher than those induced by AKB48

and similar to those induced by Δ9-THC (Fig. 8d).

Bar test

AKB48 and 5F-AKB48 induced catalepsy in the bar test

(Fig. 9a, b). In particular, AKB48 induced a transient increase

in the time spent on bar at 3 mg/kg and a marked catalepsy at

6 mg/kg which gradually decreases to baseline levels after

95 min from administration of AKB48 (Fig. 9a). 5F-AKB48

induced a marked catalepsy at 3 and 6 mg/kg, and the effects

remained up to 270 min (Fig. 9b). The effects were prevented

by the pre-treatment with AM 251 which alone did not induce

akinesia and catalepsy (Fig. 9c). The effects of 5F-AKB48

were more intense than those induced by JWH-018, AKB48

andΔ9-THC at the same doses considered effective (Fig. 9d).

Evaluation of core and surface body temperature

Systemic administration of AKB48 and 5F-AKB48

(0.01–6 mg/kg ip) reduced both core (Fig. 10) and sur-

face (Fig. 11) body temperatures in mice. In particular,

AKB48 induced a transient reduction in core temperature

at 3 mg/kg (−2 °C at 85 min time point) and a prolonged

and significant hypothermia at 6 mg/kg (−5.5 °C at

85 min time point; Fig. 10a) that was maintained up to

140 min. Moreover, 5F-AKB48 induced a prolonged and

significant hypothermia at both 3 and 6 mg/kg in mice

(Fig. 10b). AKB48 and 5F-AKB48 were ineffective in

the range of doses of 0.01–1 mg/kg. Internal body hypo-

thermia was associated by a reduction of the external

body temperature which was observed only at the higher

dose tested (6 mg/kg for AKB48 and 3–6 mg/kg for 5F-

AKB48; Fig. 11a, b). Core and surface temperature

changes were prevented by the pre-treatment with AM

Fig. 8 Effect of the systemic administration (0.01–6 mg/kg i.p.) of

AKB48 (a) and 5F-AKB48 (b) on the visual placing test of mice.

Interaction of effective dose of AKB48 and 5F-AKB48 (6 mg/kg) with

the selective CB1 receptor antagonist AM 251 (6 mg/kg, i.p., c).

Comparison of the total average effect observed in 5 h (d) with Δ9-

THC (0.01–100 mg/kg)c and JWH-018 (0.01–6 mg/kg i.p.)c. Data are

expressed (see BMaterials and methods^) as arbitrary units and represent

mean ± SEM of 8 animals for each treatment. Statistical analysis was

performed by two-way ANOVA followed by the Bonferroni’s test for

multiple comparisons for both the dose-response curve of each compound

at different times (a, b) and for the interaction with the AM 251 (c), while

the statistical analysis of the comparison of the total average effect of the

compounds (d) was performed with one-way ANOVA followed by

Tukey’s test for multiple comparisons. *p < 0.05, **p < 0.01,

***p < 0.001 versus vehicle; ##p < 0.01, ###p < 0.001 versus Δ9-

THC; ^p < 0.05, ^^p < 0.01, ^^^p < 0.001 versus JWH-018,

+++p < 0.001 versus 5F-AKB48 and °°p < 0.01, °°°p < 0.001 versus

AM 251+ agonist. cFrom Ossato et al., 2015
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251 which did not affect body temperature when admin-

istered alone (Figs 10 and 11c). Furthermore, the effects

on core temperature of AKB48 and 5F-AKB48 seem to

be similar to those induced by JWH-018, while Δ9-THC

was less effective (Fig. 10d). The effects on surface tem-

perature of AKB48 seem to be less effective than those

induced by JWH-018 and 5F-AKB48 (Fig. 11d).

Evaluation of pain induced by a mechanical stimulus

Systemic administration of AKB48 and 5F-AKB48

(0.01–6 mg/kg i.p.) increased the threshold to acute me-

chanical pain stimulus in mice in the tail pinch test

(Fig. 12). In the case of AKB48, only the dose of 6 mg/

kg was transiently effective from 55 to 90 min of analysis

(Fig. 12a). On the other hand, 5F-AKB48 was active in

the all dose range of 0.01–6 mg/kg (Fig. 12b) and the

effects were prolonged up to 5 h after injection of the

compound. The effects were prevented by the pre-

treatment with AM 251 which alone did not alter the

threshold to acute mechanical pain stimuli (Fig. 12c).

5F-AKB48 produced significantly greater analgesia than

AKB48 in the mechanical nociception assay. Even the

lowest doses of 5F-AKB48 produced significant analge-

sia (relative to vehicle) in this assay.

Evaluation of pain induced by a thermal stimulus

Systemic administration of AKB48 and 5F-AKB48

(0.01–6 mg/kg i.p.) increased the threshold to acute ther-

mal pain stimulus in mice in the tail withdrawal test

(Fig. 13a, b). In particular, AKB48 induced a robust ele-

vation of the pain threshold at 6 mg/kg which ended after

145 min after administration of the compound (Fig. 13a).

Also 5F-AKB48 induced a robust elevation of the pain

threshold at 6 mg/kg but the effect persisted up to 5 h

Fig. 9 Effect of the systemic administration (0.01–6 mg/kg i.p.) of

AKB48 (a) and 5F-AKB48 (b) on the bar test of mice. Interaction of

effective dose of AKB48 and 5F-AKB48 (6 mg/kg) with the selective

CB1 receptor antagonist AM 251 (6 mg/kg, i.p., c). Comparison of the

total average effect observed in 5 h (d) withΔ9-THC (0.01–100 mg/kg)a

and JWH-018 (0.01–6 mg/kg i.p.)a. Data are expressed (see BMaterials

and methods^) as arbitrary units and represent mean ± SEM of 8 animals

for each treatment. Statistical analysis was performed by two-way

ANOVA followed by the Bonferroni’s test for multiple comparisons for

both the dose-response curve of each compound at different times (a, b)

and for the interaction with the AM 251 (c), while the statistical analysis

of the comparison of the total average effect of the compounds (d) was

performed with one-way ANOVA followed by Tukey’s test for multiple

comparisons. *p < 0.05, ***p < 0.001 versus vehicle; ###p < 0.001 ver-

susΔ9-THC; ^^p < 0.01, ^^^p < 0.001 versus JWH-018, +++p < 0.001

versus 5F-AKB48 and °p < 0.05, °°°p < 0.001 versus AM 251+ agonist.
aFrom Vigolo et al., 2015

3698 Psychopharmacology (2016) 233:3685–3709



(Fig. 13c). The effects were prevented by the pre-

treatment with AM 251 which alone did not alter the

threshold to acute thermal pain stimuli (Fig. 13c). At

6 mg/kg, AKB48 and 5F-AKB48 induced an increase in

the pain threshold similar to that induced by the same

dose of Δ9-THC (Fig. 13d).

Accelerod test

In the accelerod test, AKB48 transiently inhibited stimu-

lated locomotion only at 6 mg/kg (Fig. 14a). Conversely,

5F-AKB48 induced at the highest dose tested (3 and

6 mg/kg i.p.) a prolonged and significant impairment of

locomotion (Fig. 14b). The inhibitory effects were

prevented by the pre-treatment with the AM 251, which

alone did not affect mice performance (Fig. 14c). AKB48

and 5F-AKB48 caused an effect lower than that induced

by JWH-018 at 6 mg/kg (Fig. 14d).

Drag test

Systemic administration of AKB48 transiently inhibited the

number of steps performed with the front legs of the mice at 3

and 6 mg/kg (Fig. 15a). On the other hand, the effects of 5F-

AKB48were evident also with the dose of 1 mg/kg (Fig. 15b).

At 6 mg/kg, the effect of 5F-AKB48 was prolonged and

persisted up to 5 h observation. The inhibitory effects were

prevented by the pre-treatment with the AM 251 (Fig. 15c).

The inhibition induced by 5F-AKB48 was similar to those

induced by JWH-018 and greater with respect to those caused

by AKB48 and Δ9-THC at the same doses (Fig. 15d).

Studies on spontaneous locomotor activity in mice

To exclude that the reduction of sensorimotor responses

could be due to the inhibition of motor activity, we inves-

tigated the effect of AKB48 and 5F AKB48 administration

(0.01–6 mg/kg i.p.) on spontaneous locomotor activity in

Fig. 10 Effect of the systemic administration (0.01–6 mg/kg i.p.) of

AKB48 (a) and 5F-AKB48 (b) on mouse core temperature. Interaction

of effective dose of AKB48 and 5F-AKB48 (6 mg/kg) with the selective

CB1 receptor antagonist AM 251 (6 mg/kg, i.p., c). Comparison of the total

average effect observed in 5 h (d) with Δ9-THC (0.01–100 mg/kg)a and

JWH-018 (0.01–6 mg/kg i.p.)a. Data are expressed (see BMaterials and

methods^) as arbitrary units and represent mean ± SEM of 8 animals for

each treatment. Statistical analysis was performed by two-way ANOVA

followed by the Bonferroni’s test for multiple comparisons for both the

dose-response curve of each compound at different times (a, b) and for

the interaction with the AM 251 (c), while the statistical analysis of the

comparison of the total average effect of the compounds (d) was performed

with one-way ANOVA followed by Tukey’s test for multiple comparisons.

*p < 0.05, **p < 0.01, ***p < 0.001 versus vehicle; ###p < 0.001 versus

Δ9-THC; ^^p < 0.01, ^^^p < 0.001 versus JWH-018, ++p < 0.01,

+++p < 0.001 versus 5F-AKB48 and °p < 0.05, °°p < 0.01, °°°p < 0.001

versus AM 251+ agonist. aFrom Vigolo et al., 2015
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mice. AKB48 at 6 mg/kg reduced the total distance trav-

elled (Fig. 16a) and increased the immobility time at 1 and

6 mg/kg (Fig. 16d) in mice. To be noted, AKB48 at 1 mg/

kg evoked a transient facilitation of spontaneous locomo-

tion (Fig. 16a). Likewise, 5F-AKB48 at 6 mg/kg reduced

the total distance travelled (Fig. 16b) and increased at 1

and 6 mg/kg the immobility time (Fig. 16e) in mice. 5F-

AKB48 induced a greater inhibition of total distance trav-

elled respect AKB48 administration (Fig. 16c) without

changing the total immobility time (Fig. 16f).

In vivo brain microdialysis

Basal values of extracellular DA in NAc shell were 15 ± 5

(mean ± SEM) fmoles/10 μl sample. Systemic administration

of AKB48 (0.3 and 1 mg/kg i.p.) and 5F-AKB48 (0.01, 0.03,

0.1 and 0.3 mg/kg i.p.) increased extracellular DA release in

NAc shell of awake and freely moving mice (Fig. 17a, b) in a

dose-dependent manner. In particular, AKB48 increased DA

levels in the NAc shell with a biphasic effect after the

administration of the highest dose tested (1 mg/kg i.p.); no

effects were observed with the lowest dose as with vehicle.

Moreover, the administration of the fluorinated analog, 5F-

AKB48, produced a dose-response curve with the dose of

0.03 mg/kg increasing dialysate DA; no effects were observed

with the lower and higher doses tested as with vehicle. 5F-

AKB48 at 0.03 mg/kg induced a prolonged release of DA (up

to 180 min) that reached the maximum at 30–60 min after

drug administration (max increase of about +75 %) showing

differences at 30, 40 and 60 min samples with respect to basal

values.

Discussion

This is the first study showing a comparative analysis of the

effects caused by the new third-generation synthetic cannabi-

noids AKB48 and 5F-AKB48 on Btetrad^, sensorimotor, neu-

rological and neurochemical responses in CD-1 male mice.

Fig. 11 Effect of the systemic administration (0.01–6 mg/kg i.p.) of

AKB48 (a) and 5F-AKB48 (b) on the surface temperature of mice.

Interaction of effective dose of AKB48 and 5F-AKB48 (6 mg/kg) with

the selective CB1 receptor antagonist AM 251 (6 mg/kg, i.p., c).

Comparison of the total average effect observed in 5 h (d) with Δ9-

THC (0.01–100 mg/kg)a and JWH-018 (0.01–6 mg/kg i.p.)a. Data are

expressed (see BMaterials and methods^) as arbitrary units and represent

mean ± SEM of 8 animals for each treatment. Statistical analysis was

performed by two-way ANOVA followed by the Bonferroni’s test for

multiple comparisons for both the dose-response curve of each compound

at different times (a, b) and for the interaction with the AM 251 (c), while

the statistical analysis of the comparison of the total average effect of the

compounds (d) was performed with one-way ANOVA followed by

Tukey’s test for multiple comparisons. *p < 0.05, **p < 0.01,

***p < 0.001 versus vehicle; ###p < 0.001 versus Δ9-THC; +p < 0.05

versus 5F-AKB48 and °p < 0.05, °°p < 0.01 versus AM 251+ agonist.
aFrom Vigolo et al., 2015
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Firstly, the study shows that the systemic administration of

AKB48 and 5F-AKB48 induces the typical Btetrad effect^ as

reported for other JWH-type SCBs (Wiebelhaus et al. 2012;

Wiley et al. 1998; Macri et al. 2013; Vigolo et al. 2015; Ossato

et al. 2016) and Δ9-THC (Compton et al. 1992; Vigolo et al.

2015). In particular, the study shows that AKB48 and 5F-

AKB48 cause important alteration of sensorimotor reflexes

and they promote spontaneous and stimulated aggressive re-

sponse in mice.

Furthermore, as previously reported regarding the synthetic

cannabinoids JWH-018, JWH-250 and JWH-073, these two

adamantylindazoles induce neurological alterations such as

convulsions, hyperreflexia and myoclonias that are not ob-

served after administration of Δ9-THC (Marshell et al. 2014;

Vigolo et al. 2015; Ossato et al. 2016).

Finally, by the microdialysis technique in awake and freely

moving mice, we demonstrated that systemic administration

of AKB48 and 5F-AKB48 transiently facilitates extracellular

DA release in the NAc shell. All these behavioural and neu-

rochemical effects were fully dependent on CB1 receptor stim-

ulation since they are completely prevented by the adminis-

tration of the selective CB1 receptor antagonist/inverse agonist

AM 251.

The protocol we used in this study was previously validat-

ed to describe the effects of other cannabinoids on the

Btetrad^, sensorimotor and neurological changes in mice

(Vigolo et al. 2015; Ossato et al. 2015; Ossato et al. 2016).

In vitro binding studies show that AKB48 and 5F-AKB48

retain nanomolar affinity for both CD-1 murine and human

CB1 and CB2 receptors with a slight preference for CB2 re-

ceptor. In particular, in CD-1 murine preparation, AKB48

displays an affinity for CB1 receptors (Ki = 5.34 nM) similar

to that of 5F-AKB48 (Ki = 3.87 nM) and JWH-018

(Ki = 5.82 nM; (Vigolo et al. 2015), whereas on human

CB1 receptors, AKB48 shows an affinity (Ki = 3.24 nM)

compared to that of 5F-AKB48 (Ki = 1.82 nM) and slightly

Fig. 12 Effect of the systemic administration (0.01–6 mg/kg i.p.) of

AKB48 (a) and 5F-AKB48 (b) on the tail pinch test of mice. Interaction

of effective dose of AKB48 and 5F-AKB48 (6 mg/kg) with the selective

CB1 receptor antagonist AM 251 (6 mg/kg, i.p., c). Comparison of the total

average effect observed in 5 h (d) with Δ9-THC (0.01–100 mg/kg)a and

JWH-018 (0.01–6 mg/kg i.p.)a. Data are expressed (see BMaterials and

methods^) as arbitrary units and represent mean ± SEM of 8 animals for

each treatment. Statistical analysis was performed by two-way ANOVA

followed by the Bonferroni’s test for multiple comparisons for both the

dose-response curve of each compound at different times (a, b) and for

the interaction with the AM 251 (c), while the statistical analysis of the

comparison of the total average effect of the compounds (d) was performed

with one-way ANOVA followed by Tukey’s test for multiple comparisons.

*p < 0.05, **p < 0.01, ***p < 0.001 versus vehicle; #p < 0.05,

###p < 0.001 versus Δ9-THC; ^^^p < 0.001 versus JWH-018,

+++p < 0.001 versus 5F-AKB48 and °°°p < 0.001 versus AM 251+ ago-

nist. aFrom Vigolo et al., 2015
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higher to JWH-018 (Ki = 9.53 nM; Vigolo et al. 2015). The

increased CB1 receptor affinity of AKB48 and 5F-AKB48

could justify their potency value (AKB48, IC50 = 5.39 nM

and 5F-AKB48, IC50 = 2.57 nM) in inhibiting cyclic AMP

formation respect to JWH-018 (IC50 = 14.1 nM; (Vigolo et al.

2015). Despite this in vitro evidence that show AKB48 and

5F-AKB48 have an affinity for the CB1 receptors equal or

slightly greater than JWH-018, in vivo data show a different

efficacy and potency between AKB48, 5F-AKB48 and JWH-

018. This is suggestive of the fact that the in vivo efficacy of

these compounds does not depend exclusively on pharmaco-

dynamic (i.e. receptor affinity) but possibly by pharmacoki-

netic (i.e. absorption, metabolism) parameters. This is support-

ed by recent studies that have shown that the halogenation in

the pentilic side chain of JWH-018 (i.e. JWH-018Cl and

JWH-018Br) does not significantly change the binding affin-

ity of the compounds at the cannabinoid CB1 and CB2 recep-

tors, but it influences their biological activity in vivo (Vigolo

et al. 2015). Therefore, the increased power of 5F-AKB48

compared to AKB48 could be due to the enhanced lipophi-

licity of the fluorinate compound (Schifano et al. 2015).

Indeed, administration of AKB48 in the dose-range up to

6 mg/kg induces a core and surface hypothermia which is

significantly lower respect to that induced by 5F-AKB48

and JWH-018, and it was similar to that induced by adminis-

tration ofΔ9-THC (Vigolo et al. 2015). Nevertheless, we can-

not exclude that administration of AKB48 at higher doses than

those tested might induce a greater hypothermia. However, the

occurrence of major neurological changes prevents us to in-

crease doses. As reported for others cannabinoid agonists,

hypothermia induced by AKB48 and 5F-AKB48 is complete-

ly prevented by pre-treatment with AM 251 confirming that

this effect is clearly mediated by the stimulation of CB1 recep-

tors (Marshell et al. 2014; Vigolo et al. 2015; Ossato et al.

2016).

Systemic administration of AKB48 and 5F-AKB48 in-

creases the threshold to acute mechanical and thermal pain

stimulus in mice. However, the analgesic effect induced by

AKB48 is less intense with respect to that induced by 5F-

AKB48, JWH-018 and Δ9-THC administration (Vigolo

et al. 2015), but it is similar to the analgesic profile of other

SCBc as JWH-250 and JWH-073 (Ossato et al. 2016). This

Fig. 13 Effect of the systemic administration (0.01–6 mg/kg i.p.) of

AKB48 (a) and 5F 5F-AKB48 (b) on the tail withdrawal test of mice.

Interaction of effective dose of AKB48 and 5F-AKB48 (6 mg/kg) with

the selective CB1 receptor antagonist AM 251 (6 mg/kg, i.p., c).

Comparison of the total average effect observed in 5 h (d) with Δ9-THC

(0.01–100 mg/kg)a and JWH-018 (0.01–6 mg/kg i.p.)a. Data are expressed

(see BMaterials andmethods^) as arbitrary units and represent mean ± SEM

of 8 animals for each treatment. Statistical analysis was performed by two-

way ANOVA followed by the Bonferroni’s test for multiple comparisons

for both the dose-response curve of each compound at different times (a, b)

and for the interaction with the AM 251 (c), while the statistical analysis of

the comparison of the total average effect of the compounds (d) was per-

formed with one-way ANOVA followed by Tukey’s test for multiple com-

parisons. *p < 0.05, **p < 0.01, ***p < 0.001 versus vehicle; ^p < 0.05

versus JWH-018 and °°p < 0.01, °°°p < 0.001 versus AM 251+ agonist.
aFrom Vigolo et al., 2015
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lower response could be due to the fact that AKB48, as well as

others SCBs, may be biotransformed into glucuronidated or

monohydroxylated metabolites that can act as neutral antago-

nists at CB1 receptors dampening the overall activity of the

parent compound (Seely et al. 2012; Brents et al. 2012).

However, the structural similarity between AKB48 and 5F-

AKB48 suggests that the lower efficacy of AKB48 is more

likely related to its lower permeation across the blood brain

barrier. As previously reported for other JWH-type SCBs

(Vigolo et al. 2015), 5F-AKB48 shows a greater efficacy in

reducing nociception to mechanical stimulation compared to

thermal stimulus, strengthens the hypothesis that cannabinoid

agonists exert their analgesic effect by acting on different sen-

sory components of pain generated by a mechanical (Martin

et al. 1996) or thermal (Hohmann et al. 1999) stimuli.

Unlike previous studies showing that the analgesic effect

caused by JWH-018-R compounds precedes the motor im-

pairment (Vigolo et al. 2015), the analgesic effects induced

by AKB48 and 5F-AKB48 overlap almost completely to the

motor alterations. This responsiveness is in line with previous

studies reporting that small changes in the molecular structure

of SCBs induce consistent disparities among potencies and

efficacies of in vivo effects (Wiley et al. 1998; Wiley et al.

2014; Ossato et al. 2016).

In our experimental conditions, the possibility that the

acute analgesic effect induced by AKB48 and 5F-AKB48

and/or their metabolites (Gandhi et al., 2013; Holm et al.

2015) is due to the activation of peripheral CB2 receptors

(Guindon and Hohmann, 2008) should be ruled out since

their analgesic effects are fully prevented by the admin-

istration of the selective CB1 receptor antagonist/inverse

agonist AM 251.

Administration of AKB48 and 5F-AKB48 affects, less

effectively than JWH-018 and Δ9-THC, the startle re-

sponse to visual, acoustic and tactile stimuli in mice

(Ossato et al. 2015). A recent study has shown that visual

information in mice is elaborated in a subpopulation of

neurons selectively localized in the dorsomedial striatum

Fig. 14 Effect of the systemic administration (0.01–6 mg/kg i.p.) of

AKB48 (a) and 5F-AKB48 (b) on the accelerod test of mice.

Interaction of effective dose of AKB48 and 5F-AKB48 (6 mg/kg) with

the selective CB1 receptor antagonist AM 251 (6 mg/kg, i.p., c).

Comparison of the total average effect observed in 5 h (d) with Δ9-

THC (0.01–100 mg/kg)a and JWH-018 (0.01–6 mg/kg i.p.)a. Data are

expressed (see BMaterials and methods^) as arbitrary units and represent

mean ± SEM of 8 animals for each treatment. Statistical analysis was

performed by two-way ANOVA followed by the Bonferroni’s test for

multiple comparisons for both the dose-response curve of each compound

at different times (a, b) and for the interaction with the AM 251 (c), while

the statistical analysis of the comparison of the total average effect of the

compounds (d) was performed with one-way ANOVA followed by

Tukey’s test for multiple comparisons. *p < 0.05, **p < 0.01,

***p < 0.001 versus vehicle; #p < 0.05, ###p < 0.001 versus Δ9-THC;

^^p < 0.01, ^^^p < 0.001 versus JWH-018, +++p < 0.001 versus 5F-

AKB48 and °p < 0.05 versus AM251+ agonist. aFromVigolo et al., 2015
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(Reig and Silberberg 2014), in which CB1 receptors are

expressed (Tsou et al. 1998; Marsicano and Lutz 1999).

Even though in our study we are not able to understand

which brain areas and neural mechanisms are responsible

for the reduced visual response of the mouse, it is possi-

ble to hypothesize that AKB48 and 5F-AKB48 could

inhibit visual function through the stimulation of CB1

receptors expressed in thalamocortical-striatal visual cir-

cuitry (Tsou et al. 1998; Marsicano and Lutz 1999;

Dasilva et al. 2012; Yoneda et al. 2013). Our study also

demonstrates that AKB48 and 5F-AKB48 impair the

acoustic startle response in mice by the selective stimu-

lation of CB1 receptors. This finding is in agreement with

previous researches that have demonstrated the effective-

ness of acute administration of Δ9-THC (Malone and

Taylor 2006; Nagai et al. 2006; Ossato et al. 2015), CP

55940 (Mansbach et al. 1996; Martin et al. 2003), WIN-

55,212–2 (Bortolato et al. 2005), JWH-018 (Ossato et al.

2015), JWH-250 and JWH-073 (Ossato et al. 2016) in

reducing the acoustic startle reflex in rodents. Acoustic

startle reflex is induced by the activation of three serially

connected structures that involve the activation of the

dorsal cochlear nucleus (Gomez-Nieto et al. 2014).

Therefore, AKB48 and 5F-AKB48 could impair the

acoustic startle reflex in mice by stimulating CB1 recep-

tors expressed on the presynaptic terminals of parallel

fibers in the dorsal cochlear nucleus (Tzounopoulos

et al. 2007).

Relying on the present study, it is not possible to de-

fine whether visual and acoustic alterations induced by

AKB48 and 5F-AKB48 in mice are an expression of hal-

lucinatory states, as suggested for the Δ9-THC in human

studies (Winton-Brown et al. 2011). However, our data

support the hypothesis that SCBs by stimulating CB1

receptors could impair the sensorimotor gating in mice

similarly to what demonstrated for other cannabinoid ag-

onists such as Δ9-THC (Malone and Taylor 2006; Nagai

et al. 2006), CP 55940 (Mansbach et al. 1996; Martin

et al. 2003) and WIN 55,212–2 (Schneider and Koch

2002; Wegener et al. 2008).

Fig. 15 Effect of the systemic administration (0.01–6 mg/kg i.p.) of

AKB48 (a) and 5F-AKB48 (b) on the drag test of mice. Interaction of

effective dose of AKB48 and 5F-AKB48 (6 mg/kg) with the selective

CB1 receptor antagonist AM 251 (6 mg/kg, i.p., c). Comparison of the

total average effect observed in 5 h (d) withΔ9-THC (0.01–100 mg/kg)a

and JWH-018 (0.01–6 mg/kg i.p.)a. Data are expressed (see BMaterials

and methods^) as arbitrary units and represent mean ± SEM of 8 animals

for each treatment. Statistical analysis was performed by two-way

ANOVA followed by the Bonferroni’s test for multiple comparisons for

both the dose-response curve of each compound at different times (a, b)

and for the interaction with the AM 251 (c), while the statistical analysis

of the comparison of the total average effect of the compounds (d) was

performed with one-way ANOVA followed by Tukey’s test for multiple

comparisons. *p < 0.05, **p < 0.01, ***p < 0.001 versus vehicle;

#p < 0.05, ###p < 0.001 versusΔ9-THC; ^p < 0.05, ^^^p < 0.001 versus

JWH-018, ++p < 0.01, +++p < 0.001 versus 5F-AKB48 and °p < 0.05,

°°p < 0.01, °°°p < 0.001 versus AM 251+ agonist. aFrom Vigolo et al.,

2015
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We also underline that 5F-AKB48 is more effective

than AKB48 in inhibiting the sensorimotor responses in

mice in reply to tactile stimuli. The inhibitory effect in-

duced by 5F-AKB48 administration on vibrissae re-

sponses is consistent with previous studies showing that

endocannabinoid system and exogenous Δ9-THC or

WIN-55,212–2 administration directly modulated

whisking activity in rodent (Patel et al. 2002; Pietr

et al. 2010; Ho et al. 2010) by activating CB1 receptors

(Tsou et al. 1998; Cristino et al. 2006) expressed in the

inferior olive, somatosensory cortex and superior

colliculus (Hemelt and Keller 2008). Similarly, 5F-

AKB48 might inhibit sensorimotor responses of pinna

and cornea through the stimulation of CB1 receptors di-

rectly expressed in trigeminal structures (Herkenham

et al. 1991; Tsou et al. 1998; Price et al. 2003) as hypoth-

esized for JWH-018 (Ossato et al. 2015). These results

are consistent with previous studies showing that the ad-

ministration of HU 210 and WIN-55,212–2 suppressed

central trigeminal transmission (Jenkins et al. 2004;

Papanastassiou et al. 2004) and that topical application

of WIN-55,212–2 reduced cornea-evoked trigeminal

brainstem activity (Bereiter et al. 2002).

It is interesting to note that both AKB48 and 5F-AKB48

impair visual sensorimotor responses in mice at lower doses

(0.1 and 1 mg/kg) that do not cause catalepsy or reduce spon-

taneous (open field studies) and stimulated motor activity

(drag test and accelerod). These findings point out that effects

induced by AKB48 and 5F-AKB48 on sensorimotor re-

sponses and motor activity are mediated by separate processes

and suggest that the decreased sensory responsiveness does

not result merely from a disruption of motor function (Ossato

et al. 2015).

The present study showing that 5F-AKB48 is more potent

in inducing convulsions respect to JWH-018 (Vigolo et al.

2015) probably due to its fluorination which determines a high

lipophilicity and a quick pass across the blood-brain barrier

(Schifano et al. 2015). These data confirm the proconvulsant

effect of SCBs and they are in agreement with the increasing

clinical reports showing the occurrence of seizures and

hyperreflexia in young people who have smoked BSpice^

products containing different SCBs (Gugelmann et al. 2014;

Lapoint et al. 2011; McQuade et al. 2013; Schneir and

Baumbacher 2012; Simmons et al. 2011).

As previously reported, SCBs promote aggressive response

in mice (Ossato et al., 2016). Pharmacological modulation of

cannabinoid signal alter spontaneous aggressive behaviour in

mice, rats and squirrel monkeys (Ham and De Jong 1975;

Miczek 1978; van Ree et al. 1984), and this behaviour was

exacerbate in stressful situations in rodents (Carder and Olson

Fig. 16 Effect of the systemic administration (0.01–6 mg/kg i.p.) of

AKB48 (a, d) and 5F-AKB48 (b, e) on the total distance travelled and

the total time immobile of the mouse. The overall effect observed in 4 h

(c, f) was also reported. Data are expressed as meters travelled (total

distance travelled; a–c) and seconds of immobility (total time immobile;

d–f) and represent the mean ± SEM of 10 animals for each treatment.

Statistical analysis was performed by two-way ANOVA followed by the

Bonferroni’s test for multiple comparisons for the dose-response curve of

AKB48 (a, d) and 5F-AKB48 (b, e) while the analysis of the overall

effect (c, f) was performed with one-way ANOVA followed by Tukey’s

test for multiple comparisons. *p < 0.05, ***p < 0.001 versus vehicle
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1972; Carlini and Gonzales 1972; Carlini et al. 1976).

Therefore, despite in our experiment that this behaviour was

observed in a simple test that is not fully representative for an

overall and accurate assessment of aggressive behavior in

mice (Takahashi and Miczek 2014; Miczek et al. 2007), it is

possible that the aggressive response caused by the adminis-

tration of AKB48 and 5F-AKB48 in mice is mainly due to the

stressful situation of the animal (sensorimotor alterations and

neurological symptoms) rather than a direct effect on neural

circuits that control aggressive behaviour.

In order to evaluate whether AKB48 and 5F-AKB48 share

with natural and drug rewards the ability to increase DA trans-

mission in the NAc shell, the effect of both drugs was evalu-

ated by means of in vivo brain microdialysis in CD-1 mice.

While the AKB48 increased dialysate DA levels in the NAc

shell with a biphasic effect after the administration of the

highest dose tested (1 mg/kg/i.p.), 5F-AKB48 displayed a

bell-shaped dose-response curve with the dose of 0.03 mg/

kg increasing DA. The present data confirm the rewarding

properties of these third-generation SCBs and are similar to

previous observation on the effect of JWH-018 (De Luca et al.

2015a) and BB-22 (De Luca et al. 2015b). Indeed, the specific

increase of DA in the shell subdivision of the NAc is a com-

mon property of natural (Tanda et al. 1997) and synthetic

cannabinoids (Fattore et al. 2005; Lecca et al. 2006), but also

of drugs of abuse belonging to the most different pharmaco-

logical classes (Pontieri et al. 1995; Tanda et al. 1997; Di

Chiara et al. 2004;Miliano et al. 2016). Importantly, this effect

was observed at a very low doses compared to Δ9-THC

(Tanda et al. 1997) or to first-generation SCBs such as WIN

55,212–2 (Fattore et al. 2005; Lecca et al. 2006) and JWH-018

(De Luca et al., 2015a). The lack of increase of extracellular

DA at high doses might be due to the synthesis of hydroxyl-

ated metabolites of the SCBs, thus preventing the effect of the

parent drug (Dhawan et al. 2006; Wiebelhaus et al. 2012).

Another possible explanation might be a retrograde signaling

through presynaptic CB2 receptors located on DAergic termi-

nals of the NAc (Xi et al. 2011; Morales and Bonci 2012).

Interestingly, the inverted U-shaped dose-response curve with

an extremely narrow range of doses appears to be peculiar to

the SCBs.

Conclusion

For the first time, the present study demonstrates the overall

pharmacological effects induced by the administration of nov-

el adamantylindazoles AKB48 and 5F-AKB48 in mice

highlighting that the fluorination in the pentilic side chain of

the indazolic structure increases the in vivo efficacy of SCBs,

enhancing both the pharmacological activity and the adverse

effects.
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