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Photo-regulation of drug bioactivity: beyond proof of concept

Pharmacotherapy is the treatment of a disease using pharmaceutical drugs, as distinguished from therapy 
using surgery (surgical therapy), radiation (radiation therapy), movement (physical therapy) or other 
modes. It offers the possibility to cure diseases and alleviate symptoms through only the administration of 
drugs.1,2 A drug is a chemical substance, usually a small molecule, used in the treatment, cure, prevention 
of disease or used to otherwise enhance physical or mental well-being. Thereby, pharmacotherapy has 
improved quality of life and has contributed to what our world is today. Clearly, the administration of a 
given drug represents the end point of a long, complex, and expensive previous process, characterized by 
several multidisciplinary steps.  

In this regard, drug discovery represents the first pillar of the entire development process of a drug. It is a 
multifaceted process involving the identification of candidates as potential new medicines, synthesis, 
characterization, validation, optimization, screening and assays for therapeutic efficacy.3 In the overall 
process, scientific disciplines such as biology, chemistry and pharmacology have a crucial role. In particular, 
pharmacology is often confused with pharmacotherapy but the subtle difference already lies in the word 
itself. Pharmacology  is a word derived from Greek , pharmakon, "drug, poison" and - , (or 
-logia in Medieval Latin) "study of", "knowledge of". Then, it is the scientific discipline that focuses on 
understanding the properties and actions of chemicals, usually drugs or compounds that could become 
drugs, emphasizing their therapeutic effects. Toxicology is instead another discipline regarding chemical's 
adverse effects and risk assessment. Hence, the complete pharmacological knowledge is important to guide 
pharmacotherapy in medicine and pharmacy.  

However, if on the one hand pharmacotherapy wants to simplify access to treatments, deliver better health 
outcomes and enhance life quality, on the other hand it suffers from limitations due to drug-related 
problems. Classical pharmacotherapy, which benefits from high receptor specificity, is inadequate to 
address cellular processes with high spatio-temporal selectivity. In fact, once the drug is released in the 
body, through whichever of the possible routes of administration, it is spread in an imprecise fashion all 
over the body and the control of this substance is lost. At some point, it will reach and bind its target 
protein, wherever it is localized, regardless the kind of cell, tissue or system where it is expressed.4

Moreover, poor drug selectivity can result also in toxicity-related side effects,5 which means it lowers the 
threshold level of toxicity and thereby narrows the therapeutic window, leading to a decrease in allowable 
dose.6 For this reason, many interesting drug candidates, which potentially could improve present 
pharmacotherapy or even treat currently untreatable conditions, are discarded solely due to insufficient 
selectivity.7 Another major issue in modern pharmacotherapy is drug resistance.8,9 In particular, the use of 
antibacterial agents is under pressure because of the emergence of many resistant bacterial strains. The 
main cause of antibiotic resistance is it is the use of the antibiotic itself. The overuse of antibiotics makes 
resistant bacteria more common. The more we use antibiotics, the more chances bacteria have to become 
resistant to them.9,10 

At this point, in the search for novel molecular approaches to dynamically control drug activity and
bypassing the aforementioned issues, it has been proposed a solution that lies in the use of light.11 
Light irradiation is an appealing phenomenon that interweaves together chemistry, biology, physics and 
engineering and the use of it opens new frontiers in science. More specifically, light helps in achieving new 
technologies through which it is possible to finely study the biological system in a real-time mode. 
Therefore, taking advantage of molecular probes and drugs with light-dependent properties (i.e. affinity 
and/or efficacy), crucial therapeutic challenges as control of the drug action site, time course of drug effect 
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and fine-tuning of effects on target protein could be solved (Figure 1).12 15 From a medicinal chemistry 
perspective, photopharmaceuticals are developed by the incorporation of photoresponsive molecular 
switches (also called photoswitches) into existing drugs to enable alteration of their biological properties 
upon light irradiation, a process also known as photoswitching.15 18 The photopharmaceutical in question 
exists in an inactive form, depicted in blue in Figure 1B, and in an active one (in purple, Figure 1B). The 
irradiation with light of suitable wavelengths allows to change the drug activity and, in most cases, in a 
reversible way. Moreover, light should make possible the investigation of fast processes that are confined 
to specific cellular compartments or specific subsets of cells19 and it can also be regulated very precisely by 
adjusting the wavelength and the intensity.12

Figure 1. Comparison of the principles behind (A) classic pharmacotherapy and high-precision photoswitchable pharmacotherapy 
(B, C). The reversible photoswitching between the inactive (blue) and active (purple) therapeutic agent (B) allows for local 
activation of the drug and permits its use at lower concentrations, without systemic side effects (C).
limits environmental toxicity and drug resistance. (Adapted from Velema et al. and Szymanski et al.).12,18

Thereby, photoswitchable pharmacotherapy is ideally characterized by administration of an inactive drug 
first and reversible and local activation with non-invasive light later. This means that the photoswitchable
drug could exert its function just in the area of the organism of interest when it is in its active form thanks 
to the use of light. The advantages of this approach are many: light can be delivered with very high 
spatiotemporal precision- thus we can reduce the dosage of the drug-, the
body are very limited and the efficiency can be higher than using conventional drugs. Moreover, with a final 
inactivation step of the same compound, that can be achieved by irradiation with light of different 
wavelengths or after a thermal process,20 the problems of environmental toxicity and antibiotic resistance
could be limited (Figure 1C).12 Examples of compounds with photoswitchable bioactivity include 
photocontrolled ion-channel blockers,21 antibiotics,22 enzyme inhibitors and GPCR ligands.23

Administration of 
an active drug

X Non-selective
X Undesired side effects

A B

C

Reversible local activation 
with non-invasive light

Administration of 
an inactive drug

1

High spatiotemporal precision
Regulated dosage 
Reduced side effects
Higher efficiency

2/ Inactivation:
Photochemical or thermal process
Controlled in space and time

Inactive drug:

No adverse effects
No environmental toxicity
Does not cause resistance

1

2/

inactive active

PHOTOPHARMACEUTICALClassic pharmacotherapy

Photoswitchable pharmacotherapy
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Photoresponsive molecular switches

In order to achieve a fine reversible control of a protein function with light, it is necessary to include a light-
sensitive moiety containing a photochromic group covalently linked to either the target protein or a ligand.
The chromophore absorbs a photon and produces a chemical transformation that may induce a change in 
the conformation of the attached protein. These light-activated processes are usually completely 
reversible, and the chromophores can switch between two or more isomeric forms, hence the commonly 
used .24 In a certain way, there is nothing extraordinarily new about this strategy 
considering that several essential biological processes, such as vision25 and photosynthesis are fueled by 
light.  

An example could be retinal in opsin proteins (class A of GPCRs) that regulate the visual transduction 
(human rhodopsin), the trafficking of ions [channelrhodopsins (Table 1) and halorhodopsin]26 and pump 
protons as a source of energy (bacteriorhodopsin).27 However, retinal cannot be considered a formal 
photoswitch for monostable pigments, since this photoswitching is not reversible with a second light 
wavelength.28 Anyhow, a variety of synthetic photoswitches have been designed (Table 1). These 
photocontrolled biomolecules, depending on their isomerization mechanism, can be interconverted upon 
light illumination between cis and trans isomers (azobenzenes, stilbenes and hemithioindigos) and open 
and closed forms (spiropyrans, diarylethenes and thiophenefulgides). This results in a change in geometry, 
flexibility, polarity and charge distribution of the compound (Table 1).15,29 More precisely, these isomeric 

 . In physics and chemistry, a
metastable state is a particular excited state of an atom, nucleus, or other system that has a longer life-
time than the ordinary excited states and that generally has a shorter life-time than the lowest and more 
stable, energy state, called thermodynamically stable state.  

Azobenzene: probably the best molecular photoswitch  

Although chemistry has come up with a large number of synthetic photoswitches covering a vast number of 
structural types, azobenzene derivatives, including phenylazopyridines and azopyridines, are the molecules 
most extensively used for biological applications. This is due to the fact that they are considered 
pharmacologically promising as they fulfil many important criteria. First of all, both their synthesis and the 
chemical functionalization are relatively straightforward.30 Both factors are crucial when it is desirable to 
change electronic and steric nature of the azobenzenes to fine tune the photophysical properties in terms 
of quantum yields and rate of isomerization. They are small-sized compounds characterized by an efficient 
photoswitching, which results in a large change in geometry. Other key factors are their high resistance to 
photodegradation with almost no photobleaching, their good stability under physiological conditions and 
photoisomerization rates faster than most biological processes.15 All these properties make azobenzene a 
good candidate to replace several moieties with two aromatic rings found in bioactive molecules, such as 
biarylamides, aryl phtalimides, biaryl acetylenes or biaryl 31

and the resulting  

Azobenzene structure consists of two phenyl rings, joined by a -N=N- group, also called azo-bond or azo-
bridge (Figure 2A). The trans isomer has a planar geometry with a dihedral angle of 180° and an extended 
delocalization of the -electrons over the aromatic rings and the azo-bond. It also has a negligible dipolar 
moment. On the other hand, the cis isomer has a bent geometry, 3.5 Å shorter than trans one (distance 
between the carbons at each para position of the rings), with its phenyl rings twisted 55° out of the plane 
and a dihedral angle of the azo-bond of 11° and a dipolar moment of 3.7 Debye. 
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Switch Structure and isomerization Change

Retinal 
(channelrhodopsin)

Geometry

Azobenzenes
Geometry and 

polarity

Stilbenes Geometry

Hemithioindigos
Geometry and 

polarity

Spiropyrans
Polarity, 

geometry and 
flexibility

Diarylethenes Flexibility

Thiophenefulgides Flexibility

Table 1. The natural photoswitch retinal binds covalently to a lysine of the channelrhodopsin through a Schiff base linkage. The 
relaxed state contains all-trans-retinal-iminium. The absorption of visible light favors the 13 cis configuration that induces a 
conformational change in proteins that allow ion flow. Relaxation to the all-trans configuration occurs spontaneously.29 Apart from 
the natural retinal, the others are the most used synthetic photoswitches. Trans isomer and open form on the left whereas the cis
isomer and closed form on the right (not for the spiropyrans).

This geometry causes a rupture of the delocalization on the azo-bond (Figure 2B). This rupture can be 
easily determined by 1H-NMR of the protons in ortho position. For trans-azobenzene (1), these protons are 
located in a clearly aromatic cone around 7.90 ppm (CDCl3, 600 MHz),32 whereas for cis-azobenzene (1) the 
same protons shift to the right till 6.83 ppm (CDCl3, 600 MHz),32 a nearly typical chemical shift for aniline 
(6.70 ppm, CDCl3, 400 MHz).33 This exactly means that the rupture of the delocalization of the -electrons
over the N=N- leads to aniloid electronic properties. 
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Figure 2. (A) Two-dimensional structure of trans/cis azobenzene (1) isomers; (B) 3D structure of both isomers with a total electron 
density surface after minimizing energy with MM2 (Chem3D 20.0); (C) UV-Vis absorption spectrum of trans/cis azobenzene (1). 

The UV-Vis absorption spectra of trans and cis-azobenzene are distinct but overlapping (Figure 2C). The 
photoisomerization of azobenzene (AB, 1) was reported for the first time in 1937, after observing a lack of 
reproducibility in absorbance measurements when a solution of azobenzene was exposed to light.34 Trans-
azobenzene displays a very weak n- * band near 440 nm, forbidden by symmetry, and a strong - * 
transition near 320 nm. Alternatively, cis-azobenzene shows a stronger n- * band also near 440nm and 
shorter - * bands at 280 nm and 250 nm. The trans-azobenzene is 10-12 Kcal/mol more stable than the 
cis one, resulting in a strong predominance of the trans isomer in equilibrium in the dark.15 The cis isomer 
can be obtained under illumination with ultraviolet light (  340 nm) and it is possible to recover the initial 
state either thermally or by illumination with visible light (> 440nm).  

Photoisomerization of AB 

More precisely, while in dark conditions only the trans-azobenzene is present, continuous irradiation of t-
AB (1) with either 340 nm or 440 nm radiation results in a photostationary state (PSS) comprised of 20% 
or 90% of t-AB, respectively.20 Indeed, the trans form of azobenzene is thermodynamically more stable 
than the cis form and hence the proportion of isomers at room temperature and dark conditions is 
characterized by a high population of trans isomer. However, upon irradiation with UV light, the 
equilibrium is shifted to a larger molar fraction of cis isomer. The cis isomer is stable in the dark and at low 
temperatures but slowly reverses to trans isomer according to a first-order kinetics. Irradiation with visible 
light or heating quickly shifts the isomeric equilibrium to the trans isomer (Figure 3). 

 

Figure 3. The illumination with a specific wavelength pulse induces a change of the populations of the azobenzene molecules in the 
cis and trans forms reaching the photostationary state (PSS) where a mixture of the two isomers can be detected. Each PSS is 
characterized by a different molar fraction of cis-AB.  
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Four mechanisms (rotation, inversion, concerted inversion, inversion-assisted rotation) have been 
proposed as possible pathways for AB photoisomerization (Scheme 1) depending on the different bonding 
movements and resulting changes in the C-N=N-C dihedral angle.20 The rotational pathway involves rupture 
of the N=N -bond to allow free rotation about the N N bond. Rotation changes the C N N C dihedral 
angle while the N N C angle remains fixed at  120°. In the inversion mechanism, one N=N C angle 
increases to 180° while the C N=N C dihedral angle remains fixed at 0°. For isomerization by concerted 
inversion, both N=N C bond angles increase to 180° generating a linear transition state. In inversion-
assisted rotation, large changes in the C N=N C dihedral angle and smaller but significant changes in the 
N=N C angles occur simultaneously. The transition state formed in concerted inversion has no net dipole 
moment, whereas the other three pathways possess polar transition states (Scheme 1). Multiple 
isomerization pathways have often been invoked to explain experimental observations.35 

 

Scheme 1. Proposed mechanisms for the trans  cis isomerization of AB.20 

Therefore, this photoreaction simply causes the rearrangement of the electronic and nuclear structure of 
the molecule without any bond breaking. In the electronic ground state the cis-state is higher in energy 
than the trans-state by 0.6 eV and reaches the trans-state only via a barrier of 1.6 eV (Figure 4A).36,37 For 
this reason, the two configurations can be interchanged easily by optical excitation with light at suitable 
wavelengths. However, regardless of the type of mechanism, the trans  cis photoisomerization of
azobenzene in solution occurs on the subpicosecond and picosecond time scale.36 After exciting the trans-
isomer and reaching the S2 state, the molecule leaves the Franck-Condon region and S0  S1 relaxation 
takes place accompanied by isomerization of t-AB. Finally, vibrational cooling of the ground-state potential 
energy surface S0 and interconversion to the cis-configuration occur (Figure 4B).20  

Ultrafast time-resolved spectroscopic studies confirmed that both S1  S2 and S0  S1 relaxation occur 
monomodally with time constants of 0.11 0.3 ps and 0.5 1.0 ps respectively following S2  S0 excitation of 
t-AB.35 Moreover, depending on the solvent polarity and viscosity the time constants could change but 
always remaining in the order of picoseconds (Figure 4B).20,35,36 
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Figure 4. (A) Energetic profile for the switching process of azobenzene; (B) A simplified Jablonski diagram showing the S0, S1 and S2

states of trans-AB. (Adapted from Bandara/Burdette and García-Amorós/Velasco).20,37

The cis trans photoisomerization has not been investigated experimentally, so minimal information 
about its excited states lifetimes and conformations exists. However, it is very well known that it occurs 
ultrafast and with high quantum efficiency.36 Instead, regarding the thermal cis trans isomerization, not 
only the polarity and viscosity of the solvent affect relaxation time constants but also the temperature and 
nature of the possible substituents on the aromatic rings.38 The thermal half-life of unmodified c-AB is on 
the order of 3-4 days at room temperature and acids accelerate the isomerization process. 20,39,40

Rotation41 and inversion42 have been proposed as possible pathways for the thermal isomerization of c-AB
(Scheme 2).

Scheme 2. Rotation and inversion mechanisms proposed for the thermal cis trans isomerization process of azobenzene. 
(Adapted from Asano and Okada).38

Substituted Azobenzenes (ABs)

The conditions to isomerize the azobenzene from trans to cis isomer are not suitable for biological 
applications, since UV light is unable to penetrate into tissues and can cause severe damage to living cells.43

Nevertheless, ring substituents can produce changes on the absorption profile and photochemical 
properties such as wavelengths shifting to longer biocompatible ranges and thermal relaxation times 
modification. Furthermore, new classes of azobenzene molecules were recently reported, which can be 
switched between trans and cis forms using visible light.16,44 Historically, ABs have been divided into three 
main categories based on the relative energies of - * and n- * transitions: azobenzenes (ABn), 
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aminoazobenzenes (aAB) and pseudostilbenes (pSB); the latter in turn including two subclasses more: the 
protonated-azobenzenes (pAB) and push-pull azobenbenzenes (ppAB). Additionally, thermal relaxation 
properties have also been considered, since some azoderivatives exhibit a fast thermal back reaction due to 
their capability to establish an azo-hydrazone tautomeric equilibrium.37 All these are among the most 
common azobenzene approaches and are very well reviewed by Bandara and Burdette (Figure 5).20

Moreover, the two new classes of azobenzenes mentioned above must also be considered and they are the 
tetra-o-substituted azobenzenes (toAB) and the bridged azobenzenes (bAB) (Figure 5). 16,44 

 

Figure 5. Types of substituted ABs. 

 

ABn derivatives 

ABn derivatives includes all azobenzenes (ABs) substituted with electro withdrawing groups (EWG) or mild 
electron donating group (EDG), such as alkyl, aryl, halide, carbonyl, amide, nitrile, ester, carboxylic acid or 
even amino and alkoxy in position 3. The family includes also azopyridines and phenylazopyridines. In all 
cases the absorption spectra is similar to the unsubstituted azobenzenes.45 The two bands in ABns are well 
separated and the n- * transition absorbs much more weakly than the - * transition. The thermal
relaxation time of the cis isomer is generally slow but it can decrease depending on the number of 
substituents (Table 2). They are found in protein probes or molecular machines where fast thermal 
isomerization is undesirable.  
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Group Comp. R1 R2 R3 R4 max( - *) [nm] t1/2 [min] 

ABn 

 

1 H H H H 315 - 

2a Me Me H H 330 401 

2b Cl Cl H H 331 431 

2c NO2 H H H 330 94 

2d NO2 H Me H 336 60 

2e NO2 NO2 H H 336 29 

Table 2. Maximum of absorbance corresponding to the - * band and half-life times for thermal cis  trans isomerization of 
different azobenzene derivatives belonging to the group ABn. The measurements were done in cyclohexane at 35°C. (Adapted from 
Gómez-Santacana).46 

aAB derivatives 

Group Comp. R1 R2 R3 R4 max( - *) [nm] t1/2 [min] 

aAB 

 

2f OMe H H H 342 357 

2g Ome Ome H H 353 221 

2h Nme2 H H H 390 103 

2i Nme2 Me H H 400 70 

2j Nme2 Me Me Me 399 24 

2k Nme2 Nme2 H H 410 14.8 

2l Net2 H H H 407 70 

2m Net2 Net2 H H 431 7.4 

Table 3. Maximum of absorbance corresponding to the - * band and half-life times for thermal cis  trans isomerization of 
different azobenzene derivatives belonging to the group aAB. The measurements were done in cyclohexane at 35°C. (Adapted from 
Gómez-Santacana).46,47  

ABs with one or more amino, methoxy or hydroxy substituent in the 2 or 4 positions are classified as aABs. 
Due to the electron donating properties of these groups (EDG), the - * transition of aABs is shifted to 
higher wavelengths (also called red-shifting, Table 3) and overlaps or partially overlaps with the n- * 
transition. The overlap between the two transitions depends on the number of amino substituents, degree 
of amine alkylation and solvent polarity. N-amides, N-carbamates and ureas may also be classified in this 
group since they also cause a red-shift of the - * band in compounds of general formula 3 depending on 
the electron donating properties of each group (Figure 6).48 
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Figure 6. Comparison of the red-shifting effect of - * band of pseudo-amine groups such as amide, carbamate or urea.48 

Electron donating substituents cause a modest decrease in the thermal isomerization barrier by increasing 
the electron density in * orbital and leading to higher rates of cis  trans thermal isomerization than AB.
Instead, substitution in ortho positions with bulky groups can make the relaxation slower due to a 
stabilization of the cis isomer.49 Thermal isomerization rates in aABs are affected by solvent polarity but not 
by viscosity.20 Additionally, when amines or hydroxyl groups are not alkylated, these aABs exhibit 
remarkably different properties from other ABs. More precisely, thermal relaxation half-life decreases due 
to an azo-hydrazone tautomeric equilibrium (Figure 7A), especially in polar solvents.37,46  

 

Figure 7. (A) Azo-hydrazone tautomeric equilibrium in non-N-substituted aminoazobenzenes (4) or non-O-substituted 
hydroxyazobenzenes (5);37,46 (B) Tautomerization of 2-hydroxyAB (6). The hydrogen bond between the azo-nitrogen and OH group 
is responsible for fast thermal isomerization of 2-hydroxyAB (6).20  

Unlike 4-hydroxyAB (5), 2-hydroxyAB (6) does not readily undergo trans  cis isomerization upon 
irradiation. This because the tautomerization stabilizes the corresponding phenylhydrazone through 
intramolecular H- bonds. The tautomerization can be initiated by irradiation; therefore, 2-hydroxyAB (6)
exhibits complex decay profile when excited with ultrafast pulses. Short-lived tautomers of 2-hydroxyABs 
(6) have been observed; however, intramolecular H- bonds in 2-hydroxyABs (6) are rarely strong enough to 
prevent isomerization.20 

pAB derivatives (PSB family) 

Pseudostilbenes (pSBs) include two classes of ABs: protonated-azobenzenes (pAB) and push-pull 
azobenzenes (ppAB). The n- * and - * transitions of pSBs in general are nearly degenerate in energy and 

A
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occur in the visible region. The pKa values for t-AB and c-AB are -2.6 and -1.6 respectively,50 so strong acid 
are required to protonate AB, such as 10% (v/v) ethanolic sulphuric acid.20,50 Protonation raises the energy 
of the n- * state above that of the - * state. Although protonation produces no significant effect on 
photoisomerization yields, it increases the rate of thermal back-isomerization. Additionally, the protonated 
c-AB slowly cyclizes to produce benzo[c]cinnoline in oxidative conditions and upon irradiation,51 in a 
manner similar to the oxidative photocyclization, also known as Mallory reaction, of stilbenes (Figure 
8).50,52,53 This cyclization reaction seems to be enthalpically favored. In fact, comparing the electron shifts in 
the two structures, it is evident that the benzo[c]cinnoline ion has a considerably greater resonance energy
than the conjugate acid of azobenzene (1) (Figure 8). Even if pABs have been classified as pSBs, the 
presumed shifting of the n- * above the - * state has not been verified by rigorous theoretical and 
experimental analysis. It was thought that pseudostilbenes, like true stilbenes have a low-lying - * state. 
True stilbene (7) consists of two phenyl rings separated by a C C double bond (Figure 8). Its lowest energy 
excited state is - * which appears 300 nm in trans-stilbene and 280 nm in cis-stilbene. Unlike AB, 
stilbene does not have an n- * transition. Trans-stilbene is thermodynamically more stable. However, the 
barrier to thermal isomerization is significantly larger than that of AB and the rate of thermal isomerization 
at room temperature is very slow. Moreover, its isomerization is dominated only by rotation (Figure 8).20 

 

Figure 8. (A) Azobenzene (1) oxidatively cyclized to benzo[c]cinnoline when exposed to light in strongly acidic solutions;51 (B) 
Stilbene (7) undergoes trans- cis isomerization exclusively by rotation; (C) Photocyclization of stilbene (7) after irradiation in the 
presence of a photosensitizer* (Mallory reaction ).50,52,53 

ppAB derivatives (PSB family) 

In push-pull ABs, usually a strong electron donor and a strong electron acceptor occupy the 4- -
positions of the two phenyl rings, but also positions 2- a - can display a strong effect. This lowers the 
energy of the - * state, leading to a shift of the transition bands to visible ranges (red-shifting, Table 4). In 
addition to weak n- * and fully allowed - * transitions, ppABs exhibit intramolecular charge transfer (ICT) 
bands that arise from electron transfer between donor and acceptor moieties.54 Thermal isomerization of 
ppABs occurs extremely fast, and completes within milliseconds to seconds. The rate strongly depends on 
solvent polarity with an approximate 105-fold increase occurring in polar solvents over non-polar solvents
(Table 5).38 

                                                           
* A photosensitizer is a molecule that by absorbing light produces a physicochemical change in a neighboring molecule 
by either donating an electron to the substrate or by abstracting a hydrogen atom from the substrate. 

A

B C
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Group Comp. R1 R2 R3 R4 max( - *) [nm] t1/2 [min] 

ppAB 

 

2n NMe2 NO2 H H 440 1.74 

2o NMe2 NO2 Me H 450 1.00 

2p NMe2 NO2 H Cl 459 0.21 

Table 4. Maximum of absorbance corresponding to the - * band and half-life times for thermal cis  trans isomerization of 
different azobenzene derivatives belonging to the group ppAB. The measurements were done in hexane at 35°C. (Adapted from 
Gómez-Santacana).46 

  

Solvent r t1/2 [min] Solvent r t1/2 [min] Solvent r t1/2 [min] 

pentane 1.84 255 C6H5Cl 5.62 4.2 acetone 20.7 0.072 

hexane 1.89 344 THF 7.58 1.35 EtOH 24.55 0.038 

1,4-dioxane 2.21 48 DCM 8.90 0.77 MeOH 32.7 0.0135 

CCl4 2.23 293 o-C6H4Cl2 9.93 0.99 DMF 36.71 0.0083 

benzene 2.27 64 cyclo-hexanone 18.3 0.083 DMSO 46.6 0.0023 

Et2O 4.32 45 2-PrOH 19.92 0.084 formamide 111.0 0.00042 

CHCl3 4.81 3.8       

Table 5. Half-life times of cis-2n r).
38 

Azoderivatives, bearing a pyridine ring or a pyridinium cation as an EWG (compounds 8c-e, Figure 9), show 
a much stronger push-pull effect than the nitro-substituted compound 8b or the cyano substituted 8a 
(which is even weaker) and, thereafter, faster thermal isomerization rates were obtained. Moreover, if the 
donor allows azo-hydrazone tautomeric equilibrium, this relaxation rate can be radically increased (Figure 
9).37 
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Figure 9. Effect of the presence of a pyridine ring or a positively charged nitrogen as an EWG group on the thermal relaxation time 
t1/2 at 25°C in ethanol for the ppABs 8c-e. Comparison between EWG groups and cis isomer thermal relaxation times for push-pull 
compounds without (8a-e) and with azo-hydrazone tautomeric equilibrium (9a-d).37 

ppABs are intensively colored and used as dyes in the industry or as pH and metal indicators. They are also 
useful for non-linear optical and photo-refractive materials, optical poling, holographic memory storage 
devices or as a fast information-transmitting photochromic switches.37 

toAB derivatives  

Most of the azobenzene-modified biomolecules developed to date require the use of UV light for 
photoisomerization. This can limit the use of this molecular switch in vivo. Azobenzene derivatives where 
photoisomerization can occur entirely in the visible region would therefore be desirable for in vivo
applications. The ppAB derivatives would represent good candidates for fulfilling this requirement but they 
normally thermally relax very rapidly. Sometimes fast thermal relaxation is useful but an intense light 
source is usually required in order to maintain a considerable fraction of a short-lived cis isomer. This could 
be another undesirable limitation in vivo.  

The incorporation of EDGs in ortho or para to the azo moiety can dramatically red-shift the photoswitching 
wavelength but it still does not reduce the rate of thermal cis  trans relaxation.16 The use of tetra-o-
substituted azobenzenes (toAB) could represent a solution to this inconvenient. Beharry and colleagues
based their study on the three azobenzene derivatives (10a-c) shown in Figure 10.16 They found that 
substitution of all four ortho positions (2- -, 6- -) with methoxy groups in an amidoazobenzene 
derivative leads to a substantial red shift growth of the n-  the trans-isomer, separating it from 
the cis n-  (Figure 10). This red shift makes trans  cis photoswitching possible using green-
yellow light (530-560 nm).  

The cis state usually shows high bistability* with a half-life of 2.4 days in the dark in aqueous solution 
(Table 6). Reverse cis  trans photoswitching can be accomplished with blue light (460 nm), so 
bidirectional photoswitching between thermally stable isomers is possible without the use of UV light. 

                                                           
* In a dynamical system, bistability means the system has two stable equilibrium states. A compound that is bistable
can be resting for quite a long time in either of two states. Usually, a long-lived cis isomer is considered a metastable
state, which represents, as well as the thermodynamically stable state, one of the two stable states of an azo 
derivative. 



General introduction

22

Figure 10. Structures of the azobenzene derivatives (10a-c) studied by Beharry and collaborators and the corresponding spectra of 
trans-10a-c isomers in DMSO at 25°C.16

T °C t1/2 cis-10a in DMSO t1/2 cis-10b in DMSO t1/2 cis-10c in DMSO t1/2 cis-10c in buffer

4 9 h 20 h 164 days 27 days

25 1.3 h 1.9 h 14 days 2.4 days

40 25 min 26 min 3 days 12 h

Table 6. cis half-lives of azobenzene derivatives 10a-c.

Further studies demonstrated that not only bulky electron-rich substituents in all four positions ortho to 
the azo group, but also halides in the same positions, can provide azo compounds with red light
photoswitching.55 58 In particular, Bléger and co-workers discovered that the tetra-fluorination of the 
azobenzene core is well compatible for the design of two-way visible light- responsive systems.57 Later, the 
same approach was used for the design of photoswitchable muscarinic ligands by Agnetta and 
collaborators.58

Figure 11. Structures of photoswitchable monovalent (11a-b) and homobivalent (12a-b) ligands. The tetra-fluorination of the 
azobenzene core alters the photochromic behavior offering two-way isomerization with visible light . (Adapted from Agnetta et 
al.)58

t-10a
t-10b
t-10c

operational wavelengths
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bAB derivatives 

Another remarkable type of azobenzenes are the bridged azobenzenes (bAB, Figure 12 and Figure 5), which 
were first reported in 2009 by Siewertsen and collaborators.44 

bent cis isomer is the thermodynamically more stable compound. It 
isomerizes from trans to cis configuration with light between 450 and 500 nm and from cis to trans with 
370-400 nm light. In fact, the  showed a clear predominancy of the trans
isomer. By monitoring the absorption in the dark, its thermal half-life was found to be of 4.5 h at 28.5 °C.
Samanta et al. made a bis-p-amido substituted (13b) and bis-p-amino substituted derivatives (13c) to allow 
conjugation to biomolecules (Figure 12).59 

 

Figure 12. Amino-substituted bri 13c obtained in aqueous solution under 
dark conditions and under blue (445 nm) and red (600 nm) irradiation. 

The molecule 13c showed significant absorbance in the red region of the spectrum (Figure 12) in its trans 
isomeric form. Irradiation with red light (600 nm) produced full conversion to the cis isomer (Figure 12). 
The thermal relaxation rate at room temperature in aqueous solution was in the order of minutes.
Recently, incorporation of these cyclic azobenzenes, so-called diazocines, into a variety of 
photopharmaceuticals could convert dark-active ligands into dark-inactive ligands, which is preferred in 
most biological applications.60  

Although bAB derivatives (diazocines) have fascinating conformational and photophysical properties, their 
use has been limited by their synthetic accessibility. However, thanks to Maier and collaborators that 
provide a general, high yielding protocol relying on the oxidative cyclization of dianilines (Scheme 3), it has 
been possible to access to a wide variety of diazocines that are substituted on one or both aromatic rings.61 

 

Scheme 3. Oxidative cyclization -ethylenedianilines.61 

The authors were also able to prepare a bAB with a nine-membered ring and another one substituted on 
the ethylene bridge, which could be considered as the vanguard of new types of photoswitches. In 
particular, they investigate the spectra and switching of the nine-membered diazonine 15 Analogously to 
the eight- membered system, it could be isomerized to the trans isomer with 400 nm irradiation and back 

13c
13c

13c
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to the cis isomer using 520 nm light (Figure 13). Interestingly, compared to that of the trans isomer of 
diazocine 13a, the spectrum of the trans isomer of diazonine 15 exhibits a notably higher absorbance for 
the band corresponding to the - * transition, which also is found at a longer wavelength of 316 nm. 
Therefore, the spectrum of trans diazonine 15 resembles that of the regular trans azobenzene 1, while the 
cis diazonine 15 spectrum is similar to that of cis diazocine 13a (Figure 13).61

Figure 13. Comparison of UV-vis spectra of (A) azobenzene 1, (B) diazonine 15 and (C) diazocine 13a in the dark and under 
illumination. All spectra in D

Summing up, azobenzene and its derivatives are the most versatile moieties for implementing photo-
responsive properties in chemical systems to achieve a reversible control of a protein function with light. 
The main reasons of that are their facile synthesis and functionalization, and their predictable and highly 
tunable photophysical characteristics. In particular, the presence of substituents on the aromatic rings can 
induce radical changes on the absorption spectra and photochemical properties of azobenzene. According 
to their different spectroscopic characteristics, based on the relative energies of - * and n- * transitions, 
the most widely used functionalized compounds can be schematized as in the following Figure 14.

Figure 14. The mostly used classes of azobenzene and the corresponding variation of the absorption maximum of the trans-form 
( max) and the half-life at room temperature of the cis-form (t1/2).

Despite the abundance of application-driven research, ABs photochemistry and the isomerization 
mechanism remain topics of investigation. Figure 14 shows how additional substituents on the azobenzene 
ring system can drastically change the spectroscopic properties and isomerization mechanism. Thus, 
understanding the differences in photochemistry, which originate from substitution, is imperative in 
exploiting azobenzene derivatives in the desired applications.
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G Protein-Coupled Receptors (GPCRs)

The G protein-coupled receptor (GPCR) superfamily constitutes the largest collection of cell surface 
signaling proteins with approximately 800 members in the human genome.62 GPCRs mediate biological 
responses to external stimuli by transducing signals across the plasma membrane to heterotrimeric G 
proteins and arrestins, which in turn activate cellular signaling cascades. GPCRs regulate many physiological 
processes and are sensitive to a wide variety of endogenous ligands including neurotransmitters, peptide 
and protein hormones, amino acids, ions, lipids, and several other bioactive molecules.63 In addition, 
chemosensory GPCRs are responsible for our senses of sight, smell, and taste by responding to photons, 
organic odorants and taste stimulus.

G proteins may possibly exert cellular functions other than acting as signaling transducers. There is also 
increasing evidence for roles in different diseases including infections, inflammation, neurological diseases, 
cardiovascular diseases, cancer, and endocrine disorders. For this reason, GPCRs are important drug 
targets. In fact, it is estimated that 35% of drugs on the market target a GPCR despite this superfamily 
only constitutes 4% of the human genome.64,65 The non-stop breakthroughs in GPCR structural biology, 
obtained from X-ray crystallography, reveal the molecular basis for protein function and facilitate rational 
drug design. An excellent and relatively recent review focuses on GPCRs and GPCR-related proteins that are 
targets for approved drugs. The authors themselves presented a list of GPCRs currently targeted by 
approved drugs in order to account for discrepancies among the different sources. Their work was based on 
data integration from public databases (ChEMBL, Guide to PHARMACOLOGY (GtoPdb) and DrugBank) and 
from the Broad Institute Drug Repurposing Hub.65 As of November 2017, 134 GPCRs are targets for drugs 
approved in the United States or European Union; 128 GPCRs are targets for drugs listed in the Food and 
Drug Administration Orange Book. As mentioned before, they estimated that 700 approved drugs ( 35% 
of approved drugs) target GPCRs. GPCRs and GPCR-related proteins, i.e., those upstream of or downstream 
from GPCRs, represent 17% of all protein targets for approved drugs, with GPCRs themselves accounting 
for 12% (Figure 15A). All this makes GPCRs as the most relevant protein family for drug discovery.
Additionally, approximately two-thirds of the drug- targeted receptors couple to either Gs or Gi, which are 
associated to signaling cascades related to cytosolic cAMP (Figure 15B) This highlights the importance of 
such GPCRs (and likely, the regulation by cAMP) of current therapeutic agents. This data indicate that not 
only GPCRs are still a mainstay for new and much improved drugs but also they may reveal novel clinically 
relevant therapeutic opportunities.65,66

Figure 15. (A) The estimated proportion of different gene families that are targets for approved drugs. LGICs: ligand-gated ion 
channels; VGICs: voltage-gated ion channels; protein linkage, based on classification of GPCR signaling by 
GtoPdb, of the 134 curated GPCRs targeted by approved drugs. (Adapted from Sriram and Insel65).
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The GPCR proteins are also characterized by a wide structural diversity.63 Indeed, there are two main 
requirements for a protein to be included in the GPCR superfamily.62

The first requirement relates to seven sequence stretches of about 25 to 35 consecutive residues that show 
a relatively high degree of calculated hydrophobicity. These sequences -
helices that pass through the plasma membrane, forming a receptor, or a recognition and connection unit, 
enabling an extracellular ligand to exert a specific effect into the cell (Figure 16). This is what it is named 

7TMD), with an extracellular N-terminal and an intracellular 
C-terminal. The presence of other domains depends on the class/family and type of GPCRs.
The second main requirement is the ability of the receptor to interact with a G-protein after its own 
activation, which leads to the activation of the G Protein. In fact, as a general rule, GPCRs are activated by 
extracellular ligands, known as agonists, causing a conformational change of the 7TMD that makes possible 
the activation of the heterotrimeric G-protein and the modulation of downstream effector proteins in the 
cytosol face. However, interaction with G-proteins has not been demonstrated for most GPCRs, in 
particular for those whose genes have just recently been sequenced. It may therefore be more technically 
correct to term this superfamily 
established.

Figure 16. Topology and versatility of the GPCRs. All of them have a common signaling mode and topology with seven 
transmembrane alpha helixes connected by three intracellular and three extracellular loops. Heterotrimeric G proteins are 
activated in response to stimulation of G protein-coupled receptors by numerous substances. (Adapted from Bockaert and Pin).67

Guanine nucleotide-binding proteins (G Proteins)

G proteins, also known as guanine nucleotide-binding proteins, are a family of proteins that act as 
molecular switches inside cells. They are implicated in transmitting signals from a variety of stimuli outside 
a cell to its interior through their interaction with GPCRs. - (39 52 

- (35 kDa), and - (7 -subunits (from 17 genes) have been 
described sharing 20% conserved amino acids. -subunits, the 
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heterotrimeric G proteins are divided into the four main families Gs, Gi, Gq/11, and G12/13 - -
subunits have been identified (Table 7).68,69 - -subunits form tightly bound functional dimers that 
only dissociate after denaturation. Whereas combina - - -
subunits have been defined in various cell types, there is still limited understanding with regard to the 
biological significance and regulation of G protein heterotrimeric composition.

G proteins, which are coupled to a given GPCR, bind guanosine triphosphate (GTP) and catalyze its 
hydrolysis to guanosine diphosphate (GDP) upon activation of the coupled GPCR. This GTPase activity is 

-subunit, which also includes a single guanine nucleotide-binding site (Figure 17). In 
the resting and inactive state, -subunit in a GDP-bound 
form. Ligand binding to GPCR induces a change in receptor conformation triggering the coupling with the 
heterotrimeric G protein. The consequent activation of G protein is believed to involve two major events, a 
guanine-nucleotide exchange step (GDP GTP) and the - -subunits.70 Then the 
signaling cascade begins with the interaction of the G or G with the corresponding effectors, which are 
summarized in Table 7. Once the reaction is finished, inactive G is back-associated with G subunit (Figure 
17).

Figure 17. The classical GPCR-G protein activation/deactivation cycle. In the absence of activation, the G -GDP and G subunits of 
the heterotrimeric G proteins are associated with each other without necessarily physically interacting with the receptor. Upon a 
ligand binding to its GPCR, conformational changes occur within the receptor leading to an intimate interaction and coupling with 
the heterotrimeric G protein. This results in G protein activation characterized by GDP/GTP exchange followed by the dissociation 
between G -GTP complex from the G subunits. Each activated subunit is then able to interact with and modulate the function of 
its specific intracellular effectors leading to canonical G - -dependent, but also G /G -independent signaling pathways (e.g. 

-arrestin, Src). As a regulation mechanism, the GTPase activity of G hydrolyzes GTP to GDP and along with the involvement of 
selective regulators of G protein signaling (RGSs), this inactivates the G subunit. Finally, the G -GDP and G subunits re-associate 
to be ready for another GPCR-G protein activation cycle. (Adapted from Ayoub).70
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Family Subtype Action Effectors 

G s 
G s Activation Adenylyl cyclases, Maxi K channel and Src tyrosine kinases 

G olf Activation Adenylyl cyclases from olfactory sensorial neurons and GTPase of tubulin 

G i/o 

G i, G o, G z 

Inhibition Adenylyl cyclases and Ca2+ channels 

Activation 
ERK/MAP kinases, K+ channels, GTPase of tubulin, Src tyrosine kinases and 
GRIN1-mediated activation of Cdc42 

G t Activation cGMP PDE (phospodiesterase) in the photoreceptors 

G gust Activation cGMP PDE in the gustative sensorial neurons 

G q 
G q, G 11, 
G 14, G 15, 
G 16 

Activation 
PLC- (phospholipase C- -RhoGEF (guanine nucleotide exchange 

+ channels 

G 12/13 G 12, G 13 Activation 
-1, iNOS, E-cadherin-mediated cell adhesion, 

p115RhoGEF, PDZ-RhoGEF, LARG (Leukaemia-associated RhoGEF), Radixin, PP5 
(Protein phosphatase 5), AKAP110-mediated activation of PKA and HSP90 

G  1-6 1-12 

Inhibition Adenylyl cyclases I and Ca2+ channels 

Activation 

PLC- -3 kinases, K+ channels, P-Rex1 
(guanine nucleotide exchange factor for the small GTPase Rac), GTPase of 
tubulin, c-Jun N-terminal kinase (JNK) Src kinases, GPCR kinase recruitment to 

-RhoGEF 

Table 7. Summary of the human heterotrimeric G protein families and subtypes, with the main functions of each family. (Adapted 
from Milligan and Kostenis).68 

Modification of GPCR function: orthosteric and allosteric ligands 

As stated above, GPCRs do not only couple to a wide range of signaling molecules and effector systems, but 
they are also activated by a large set of different ligands. The GPCRS ligands usually bind in the orthosteric 
site, which is a pocket located either on extracellular domains or embedded within the transmembrane 
domain. This binding causes a conformational change of the 7TMD that permits the activation of a G 
protein (Figure 18A). These orthosteric ligands can be endogenous (produced by the organism) or 
exogenous (uptaken substance or drug). However, a considerable number of important issues contribute to 
the difficulty of discovering small-molecule selective ligands acting on the orthosteric sites, despite the 
proven success of GPCRs as drug targets. For instance, the orthosteric binding sites across members of a 
single GPCR subfamily for a particular endogenous ligand are often highly conserved, making it difficult to 
achieve high selectivity for specific GPCR subtypes.71 Furthermore, ligands at orthosteric sites for some 
GPCRs, such as peptides or proteins, have other physicochemical and pharmacokinetic properties that are 
incompatible with scaffolds that are useful for small-molecule drug discovery. An alternative and highly 
successful approach to overcome these issues is the development of selective allosteric modulators (AM) of 
the specific GPCR subtypes. These small molecules do not bind to the orthosteric ligand binding site but,
they act in a binding site alternatively located (allosteric site), which is distinct from the orthosteric site. The 
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ligands binding in the allosteric site can either potentiate or inhibit activation of the receptor by its natural
orthosteric ligand, which is binding in this allosteric side (Figure 18B and Figure 19A). 

Figure 18. Modes of action of orthosteric and allosteric ligands. (A) Model of binding to a GPCR of a orthosteric modulator; (B) 
model of binding of allosteric ligand with no interference with endogenous orthosteric binding.*

In recent years, remarkable progress has been made in the discovery, optimization and clinical 
development of allosteric modulators for multiple GPCR subtypes. These include positive, negative and 
silent allosteric modulators (named respectively PAMs, NAMs and SAMs) and offer novel action mode over 
all kinds of orthosteric ligand (full agonist, partial agonist, (neutral) antagonist and inverse agonist; see Box 
1 for further details).72 Allosteric modulators lead to a change in receptor conformation (Figure 18B) and 
therefore the properties of the GPCR can be 
modified in either a positive or negative 
direction. In essence, a receptor occupied by an 
allost
receptor type, with unique behavior. Allosteric 
GPCR modulators exhibit one or more of the 
following pharmacological properties (Figure 
19):73 75

Affinity modulation: the AM-induced 
conformational change can have an 
impact on the orthosteric binding pocket 
leading to modify the association or 
dissociation rate (or both) of an 
orthosteric ligand.
Efficacy modulation: the allosteric effect 
can change intracellular response, thus 
altering the signaling capacity intrinsic 

.
Agonism/inverse agonism: the AM can 
perturb receptor signaling in either a 
positive (agonism) or negative (inverse 
agonism) way, regardless of the presence 
or absence of an orthosteric ligand.

                                                          
* Ligands are supersized for a better visualization of the figure.
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Figure 19. Modes of action of allosteric modulators. (A) Allosteric ligands bind to a topographically distinct site on a receptor to 
modulate orthosteric ligand affinity (red) and/or efficacy (blue). Some allosteric ligands can directly perturb signaling in their own 
right (green); (B) Simulations show the effects on the function of an orthosteric agonist mediated by six different allosteric 
modulators: the red ones enhance (left) or inhibit (right) orthosteric agonist affinity only; the blue ones enhance (left) or inhibit 
(right) orthosteric agonist efficacy only; the green ones modestly enhance (left) or inhibit (right) both affinity and efficacy, and also 
display allosteric agonism. (Adapted from Conn, Christopoulos and Lindsley).73

Modern chemical biology and drug discovery seek continuously to identify new small molecules that either 
as orthosteric or as allosteric ligands, can potently and selectively modulate the functions of target 
proteins. However, the power of drug discovery at GPCRs has been greatly enhanced by progress in 
structural biology unveiling the precise structures of the receptors. Indeed, several advances on 
crystallography and the advent of new techniques, such as the Cryo-electron microscopy (Cryo-EM), made 
possible the solution of many crystal structures of GPCRs, which helps the scientific community to 
understand the structural issues of these proteins and their binding with the corresponding ligands.76,77

These advances are also of great importance for medicinal chemistry, allowing the design and synthesis of 
more selective and potent drug-like compounds.77

Classification of human G protein-coupled receptors

Several classification systems have been used to sort out this superfamily, taking into consideration 
phylogeny, ligand features and binding modes. One of the most frequently exploited systems uses classes 
A, B, C, D, E, and F, and subclasses are assigned using roman number nomenclature. This A F system is 
designed to cover all GPCRs, in both vertebrates and invertebrates. Human GPCRs were commonly 
classified in four main classes, A, B, C and F77 79 or as five families, Rhodopsin, Adhesion, Secretin, 
Glutamate and Frizzled/Smoothened.62 The two families, D and E, do not exist in human genome and 
represent fungal pheromone receptors and cAMP receptors. Furthermore, there are some subfamilies of 
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classes A-F that neither exist in humans, such as family IV in class A (invertebrate opsin receptors) or 
archaebacterial opsins in class F.62  

-like f
(Figure 20). In the GRAFS* 
activated by many different molecules, from small molecules to proteins. They can also bind many different 
G-proteins, depending on the receptors subtype.80 Class B GPCRs is divided into two subfamilies: secretin 
(B1) and adhesion (B2), containing 15 and 33 members, respectively. The secretin family is activated by 
peptide ligands of intermediate size (30-40 amino acids residues), such as hormones and neuropeptides.
The Adhesion Class is the second largest family of GPCRs and are a very peculiar family of GPCRs. The 
majority of them are orphans , and recently only eight of them have been matched with natural ligands.80

The class C/Glutamate family GPCRs comprise twenty two receptors in humans that are activated by small 
molecules such as amino acids and ions.62 Class F GPCrs, or frizzled family or frizzled/smoothened GPCRs, 
comprise 11 receptors, 10 frizzled (FZD) and 1 smoothened (SMO), with no orphans.80 The FZD are 
activated by lipoglycoproteins of the wingless/int1 family, wheras SMO is indirectly activated by the 
hedgehog family of proteins acting on the transmembrane protein patched.46 Like the adhesion (B2), Taste 
2 classes has atypical pharmacology. Indeed, they are not activated by an endogenous agonist.81 According 
phylogenetic GRAFS classification, TAS2 receptors clustered together with the frizzled receptors, despite 
not having obvious similarities (Figure 20).  

The last 21 years, and in particular the last five years, have seen an explosion in the solving of GPCR crystal 
structures and cryo-electronic microscopy (Cryo-EM) structures in multiple states. The result of this 
breakthrough in the understanding of GPCR structure and function has fostered an advance in the design of 
GPCR ligands through computational methods for better understanding ligand-receptor interactions. The 
class A/Rhodopsin family comprises the largest number of GPCRs and our structural understanding of these 
receptors is the most advanced. Rhodopsin was the first GPCR to have its structure determined by X-ray 
crystallography in 2000,82 2-adrenergic receptor structure in 2007.83,84 Further reports of 
other class A GPCR structures have been continually appearing in an nearly exponential fashion (reviewed 
in Yang et al. (2021)).85 Moreover, new techniques such as the Cryo-EM has provided huge advances in the 
structural biology field. This technique has overcome the lack of high resolution offered by classical 
electron microscopy that did not allow a complete understanding of protein complexes, such as the crystal 
structure of a GPCR- -arrestin complex. Thereby, the Cryo-EM, achieving resolutions comparable to X-ray 
crystallography, has become a powerful tool for investigating the structures of proteins and other large 
biomolecules.86 For example, in 2020 Cryo EM made possible the disclosure of the structures of full-length 
human neurotensin receptor 1 (NTSR1) in - 87 and 
also the structure of - lex with M2 muscarinic receptor (M2R).88 In 2013 the first 
7TM domain structures of two class B/Secretin family GPCRs89,90 and of the class F/Frizzled family 
smoothened GPCR were published.91 In 2014 the first 7TM domain structures for two class C/Glutamate 
family GPCRs (mGluR5/1) were reported too. 92,93  

                                                           
* International Union of Basic and Clinical Pharmacology 
 An orphan receptor is an apparent receptor that has a similar structure to other identified receptors but whose 

endogenous ligand has not been yet identified.  
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Figure 20. Trees showing the human GPCR classes (GRAFS family): A (Rhodopsin), B1 (Secretin), B2 (Adhesion), C (Glutamate), F 
(Frizzled) and T: Taste 2. Each tree is sorted alphabetically by ligand type (only class A) and receptor families which share the same 
physiological ligand. The tree branches are color-coded by ligand types, and the gray-scale circles before receptor names indicate 
their number of ligands (white: 0, light gray: >100, gray: >500and black: >1000). (Figure from Pándy-Szekeres et al.)81 
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As mentioned at the beginning of this chapter, all GPCR members share a common seven transmembrane 
(7TM) architecture linked by three extracellular (ECL) and three intracellular (ICL) loops. However, they also 
include different extracellular N-terminal domains, which can be very large depending on the GPCR family 
and can also form ligand-binding pockets. For example, in case of class A GPCRs, the extracellular domains 
are small and the endogenous ligand is bound in a binding pocket located in the 7TM region. However, for 
class B GPCRs, the ligand is recognized by both extracellular and 7TM domains. Like the rest of GPCRs, both 
SMO and FZD receptors of class F GPCRs possess the 7TM domain with a C-terminus in the cytosol side, 
where the G-protein binds, and in the N-terminus have a cysteine rich domain of about 160 amino acids 
residues, that has been proposed to be the main ligand-binding region of the receptor.94 

Class C GPCRs represent a family structurally more complex than other GPCRs. They are dimeric proteins
composed of an extracellular ligand binding domain, where orthosteric agonists bind, and a 7TM domain 
responsible for G-protein activation. A Class C 

 the present PhD thesis is focused on this family of receptors. 

 

Photopharmacology of G Protein-Coupled Receptors 

Although G protein-coupled receptors (GPCRs) are the largest family of membrane receptors targeted by 
small-molecule drugs, the proportion of new approved drugs targeting GPCRs is slowing down in the last 
years. This is in large part due to adverse effects or lack of efficacy found in clinical trials.95 Many of these 
problems have been attributed to the lack of selectivity or the ubiquitous expression of receptors in non-
targeted tissues and organs, thus eliciting undesired actions. Therefore, innovative research strategies are 
necessary to distinctly define the spatial and temporal action of GPCR drugs and this will help unravel the 
receptor function in physiologically relevant areas. To that aim, new chemical approaches are currently 
under development to confine a specific drug activity in a localized region during the right time period.96

One of these strategies is photopharmacology, which represents an unprecedented opportunity inasmuch 
as light can be controlled with an unparalleled spatial and temporal precision. Indeed, as mentioned 
already in the first section of this introduction, driving the drug action through the use of light has 
demonstrated to allow for an accurate restriction of its effect to specific organs, tissues or even subcellular 
locations with strictly defined time applications.4,97 This precision has permitted the study of the link 
between biological structures, a particular GPCR and the physiological responses elicited by its activation or 
inactivation.98,99 The unique regulation of the receptor state offered by photopharmacology opens new 
opportunities to study the kinetic component of GPCRs mechanisms of activation and the underlying 
molecular processes. A comprehensive compilation and classification of the different 
photopharmacological strategies, the methods used to analyze and characterize light-regulated molecules 
and some examples of the impact that this field may have in drug discovery will be disclosed in this section. 

Enabling light as an actuator for GPCR research 

When analysing the reported strategies to control GPCR activity with light, the following considerations are 
usually made:  

(1) Does the approach require genetic manipulation of the organism or can be applied to native receptors? 

(2) Is the light-induced reaction reversible (i.e. photoswitching)?  
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(3) Are the light-sensitive molecules freely diffusible or covalently bound to the GPCR protein? 

Depending on these premises, light strategies to control biological function of GPCRs can be classified in 
three generic groups of approaches: Optogenetics, Freely Diffusible Photopharmacology and Tethered 
Photopharmacology (Figure 21). However, some approaches may have features of more than one group.  

Optogenetics-like approaches 

Optogenetic approaches comprise a group of strategies that involve genetic modification to achieve light-
control of well-defined biological events in specific cells that can be translated to living tissues and live 
animals.100 101 and was originally based on 
the use of genetically encoded photoreceptors already present in nature (rhodopsin,102

channelrhodopsins,29,103 halorhodopsin26 and bacteriorhodopsin27) to excite a neuron upon illumination. 
These photoreceptors covalently bind to retinal and can be classified into two groups based on their 
photoisomerisation: bistable and monostable pigments. While monostable pigments (MSP) are only 
thermally stable before light application, bistable pigments are thermally stable in both isomers of retinal.28

Optogenetic approaches have evolved in the last years to include a broader variety of biological processes 
in neuroscience.104,105 Among the large number of optogenetic tools currently developed, opto-XRs
represents an interesting approach for the development of light-sensitive GPCRs. It is based on the 
development of chimeric GPCRs in which the extracellular part corresponds to that of the light-sensitive 
rhodopsin, whereas the intracellular component interacting with the G protein is derived from other 
GPCRs. A recent example is the opto- 2AR 2-adrenergic 
receptor.106 Opto- 2 2AR in terms of G protein and MAP 
kinase activation, as well as receptor internalization. However, Opto- 2AR activity is triggered by light 
thanks to the light-sensitive region of rhodopsin. Of note, this construct demonstrated to be able to control 
Gs signalling in vivo after genetic modification of the animal and by the use optical fibres and wireless light 
application. Other receptor chimeras have been developed coupled to Gq and Gi 1

adrenoceptors100 and GPR37,107 respectively, thus demonstrate in that this is a generalizable strategy for 
the different signaling pathways activated by GPCRs.  

Optogenetic tools have become important to improve our understanding of biological processes, providing 
fully reversible photo-activation in most cases, with high specificity and fast temporal responses when 
compared with pharmacological methodologies using drugs. However, the presence of an exogenous 
protein can alter the cell physiology, thus hampering the possibility of drawing certain conclusions about 
the function of the endogenous biological system. Moreover, the need for genetic manipulation to 
introduce a photoactivable protein in the targeted organism implies ethical concerns and limits their 
therapeutic use in humans.  

GPCR Photopharmacology approaches 

GPCR Photopharmacology offers an alternative to optogenetics based on the use of light-regulated small 
molecules, such as receptors agonists, antagonists or modulators.12 Two general photopharmacological
strategies have emerged by using small synthetic photoswitches: freely diffusible photopharmacology, 
based on non-covalent small molecules, and tethered photopharmacology, based on covalent molecules
(Figure 21). 
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Freely diffusible photopharmacology

Freely diffusible photopharmacology is applied on endogenous receptors and it in turn includes two 
different approaches depending on the nature of the photoswitching: the irreversible caged ligands (CLs)
strategy and the reversible photochromic ligands (PCLs) one.  

CLs strategy 

Caged ligands (CLs) strategy is based on ligands equipped with a photolabile protecting group (i.e. cage) 
that prevents a correct ligand-receptor interaction, rendering the drug pharmacologically inactive. The cage 
can be photochemically cleaved under suitable light exposure to irreversibly release the biologically active 
ligand.108 This approach has become a well-established approach for the study of cell physiology,109 after 
being first used to study sodium/potassium channels in the seventies. 110 It has been later applied for the 
development of several photoactivable neurotransmitters acting on different GPCRs, such as glutamate, 
GABA, histamine and dopamine, or second messengers, such as cAMP, cGMP, Ca2+, IP3,111 but it is not that 
common to develop photoactivable drug ligands with higher selectivity or optimized drug properties. 

Figure 21. Venn diagram showing all relationships between light-technologies currently described to control GPCR function. 
Strategies are first classified depending on the nature of the photoswitching (reversible in green background or irreversible in red). 
The second classification depends on the following factors: (1) the target is a receptor genetically introduced or modified 
(optogenetics-like), (2) the ligand is free-diffusible or (3) the ligand covalently bound to the target protein (tethered). The strategies 
that have been developed for GPCRs are in bold. Side schematic depictions represent the following approaches: an optogenetic 
approach in yellow, a caged ligand (CL) in red, a photochromic ligand (PCL) in blue and a photochromic tethered ligand (PTL) in 
magenta. 

For the design of caged ligands, several properties need to be considered. First, a negligible bioactivity of 
the caged compound is needed, including the presence of impurities from synthesis that often correspond 
to the bioactive ligand, which is usually very active. Purities above three orders of magnitude are desirable 
to have a good operativity window where no activity is found for the cage, whereas full activity is recovered 
upon illumination. Additionally, the drug photorealeasing (uncaging) reaction upon illumination has to be a 
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fast reaction and with a high yield. This can be achieved with the use of a suitable cage type and optimizing 
the illumination wavelength and intensity.111,112 Importantly, the active compounds must be chemically and 
metabolically stable at these illumination conditions. That is, it does not degrade or promote a reaction 
that forms other molecules. 

In the following example, the caged antagonist MG 307 (16a) selective for dopamine D2/D3 receptor was 
described (Figure 22A).113 Its design was based on the crystal structure of the dopamine D3 receptor in 
complex with the widely used pharmacological agent eticlopride. The authors discovered that caging 
eticlopride provided compounds with unfavorable photochemical properties and decomposition even in 
the dark. For this reason, they tried to find a photostable analog of eticlopride by slight structural 
modifications of the antagonist that led them to the caged compounds based on the dechloroeticlopride
(18a) pharmacophore. Therefore, not only dechloroeticlopride (18a) turned out to be a selective D2/D3

receptor antagonist, with excellent receptor binding properties and photostability upon violet illumination, 
but also the 2-nitrobenzyl derivative MG 307 (16a) showed satisfactory photochemical stability, 
pharmacological behavior and uncaging properties when interacting with dopamine receptor-expressing 
cells.  

The development of caged drugs for GPCRs in complex systems, such as in vivo studies, has been poorly 
developed, except for few examples. One of these examples  is JF-NP-026 (16b) (Figure 22B), a caged 
analog of Raseglurant (18b), a negative allosteric modulator (NAM) selective for mGlu5 receptor.99 JF-NP-
026 (16b) was proven inactive in rodent models but violet illumination either peripherally or in the CNS 
(thalamus) triggered Raseglurant uncaging and produced a highly significant analgesic behavior. Thanks to 
the spatio-temporal control offered by light, the authors could highlight the specific anatomic distribution 
of mGlu5 receptors involved in pain transmission.  

Figure 22. Structure and photochemistry of the photo-caged compounds (A) MG307 (16a) (caged-dechloroeticlopride) and (B) JF-
NP-026 (16b) (caged-Raseglurant). Upon irradiation with 365 nm and 405 nm of light respectively the D2/D3 receptor antagonist, (A) 
dichloeticlopride (18a) and the mGlu5 NAM, (B) Raseglurant (18b), are irreversibly released. 

The strategies based on caged compounds are excellent approaches to release effective concentrations of 
active compounds at the site of action with precise control while avoiding undesired effects in other 
tissues. Moreover, the design and development of caged compounds can be simpler than using other light-
controlled strategies since the photo-released drug is usually well characterized. However, uncaging is an 
irreversible process and, therefore, the drug cannot be inactivated once released, thus limiting a precise 
light control. Moreover, it is usually desirable that the ligand leaves the active area as quickly possible or is 
cancelled by a recovery pump or a deactivating enzyme. In addition, the released by-products from the 
cage can have off-target or toxic effects.114 Ultimately, there is also to be considered the potential activity 
before the illumination that could generate off-target or on-target effects in undesired tissues.  

A B
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PCLs strategy

Some of these limitations can be overcome with the second freely diffusible photopharmacology approach:
photochromic ligands (PCLs), which can be reversibly activated and inactivated upon illumination. Indeed, 
PCLs include a photochromic moiety in their molecular scaffold that can be reversibly switched between 
two isomers upon irradiation. If these isomers have different binding affinities or efficacies for the targeted 
GPCR, the PCL can be used to reversibly photoswitch the receptor associated biological effect. The design of 
this PCLs is generally more challenging than caged compounds since the ligand structure must include a 
photoswitch without compromising the affinity of the ligand. As extensively explained in the first section, 
there are several types of photocontrolled biomolecules (or photo switches) depending on the different 
isomerization mechanisms: cis/Z and trans/E isomers (azobenzenes, stilbenes and hemithioindigos) and 
open and closed forms (spiropyrans, diarylethenes and thiophenefulgides). These chemical transformations 
result in remarkable changes in geometry, flexibility, polarity and charge distribution of the compound.

Efforts in chemistry research have provided a large number of synthetic photoswitches for the regulation of 
GPCR biological processes, among which azobenzene derivatives are the most commonly used. This is due 
to the advantages offered by the physicochemical properties of azobenzenes, which are fulfilling many 
important requirements of photopharmacology. To date, freely-diffusible PCLs have been synthesized 
targeting all major GPCR classes acting at the orthosteric and allosteric sites or both at the same time, 
ligands named dualsteric (or bitopic, see Box 1, Modification of GPCR function).115

PCL photoisomerization usually affects binding properties of the ligand due to a lower affinity of one 
isomer. However, there are examples, where the photoswitching affects the intrinsic activity of the ligand 
without substantially modifying ligand affinity. A recent example of this last-mentioned type of PCL has 
been reported for chemokine receptor CXCR3.116 In this study, a series of azobenzene based compounds 
was reported of which VUF16216 (20a) (Figure 23) demonstrated to perform as a real-time reversible 
efficacy trigger from antagonism to agonism.117

Figure 23. The compound VUF11222 (19) is an example of biaryl CXCR3 ligands. Azologization of the scaffold of VUF11222 (19) and 
proper Y and X groups gave rise to photoisomerizable analogs with efficacies depending on the Y substituents. Light at 360 nm 
promoted a switch from trans to cis configuration. Using [35S]- cies 
for the trans and the cis. Among all molecules reported, VUF16216 (20a) represents the highest photoinduced efficacy switch for a 
GPCR azo-ligand reported to date.

PCLs are small-molecule drugs and therefore they are characterized by a certain ease of application as well 
as a fast distribution in tissues. As with all drugs, however, what might be a concern is the fact that their 
photoisomers show relatively small differences in efficacy. Although in our experience PCLs work 
remarkably well in complex systems and even small changes in the activity of a modulator could have 
dramatic effects on the output, there are situations where receptor-subtype selectivity and cellular 
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targeting is highly desirable. In this case then tethered photopharmacology comes into play that, after 
optogenetics and freely diffusible photopharmacology, represents the third approach with which, using 
light-operated ligands, it is possible to control receptor protein functions. 

Tethered photopharmacology 

Tethered photopharmacology is based on photochromic ligands that are covalently bound to the target 
protein through a specific nucleophilic residue upon a bioconjugation reaction. The most frequent 
approach for GPCRs is based on the use of genetic engineering to introduce a residue (usually a cysteine) or 
a suicide enzyme-based tag (SNAP, CLIP, etc) to provide the receptor with an anchor point that allows the 
bioconjugation of the ligand.4,118 Therefore, tethered photopharmacology could be considered as a merging 
strategy between optogenetics and PTL approaches, taking advantage of the best features of both, such as 
the receptor specificity provided by genetic manipulation (optogenetics), and the applicability of PCL 
photopharmacology (Figure 21). This allows the use of minimally modified receptors maintaining the 
biological functions of native ones. On the other hand, a few tethered pharmacology approaches have been 
used with wild-type proteins, but they are scarce in the GPCR field.  

There are different tethered approaches reported in literature, with the common features above described. 
Depending on bioconjugation strategy and the anchor point placement, tethered photopharmacology can 
be divided in:  

 Photoswitchable tethered ligands (PTLs) that will conjugate the receptor through a genetically 
introduced aminoacid. 

 Photoswitchable bioorthogonal ligand tethering (photo-BOLTs) that conjugate to introduced 
unnatural aminoacid residues. 

 Photoswitchable orthogonal remotely tethered ligands (PORTLs) or membrane anchored 
photoswitchable orthogonal remotely tethered ligands (maPORTLs) that conjugate to fused protein 
domains.  

 Photoswitchable affinity labels (PALs) or targeted covalent photoswitches (TCPs) that react with 
nucleophiles of native/unmodified receptors. 

 Antibody/nanobody-photoswitch conjugates (APCs/NPCs), which are based on tethering an 
antibody or a nanobody that binds the target receptor through a strong and specific non-covalent 
interaction. 

Between these approaches, only PAL, PTLs, PORTLs, maPORTLs and NPC are described in the GPCR field and 
all them involving engineered proteins, except OptogluNAM4.1, which is a photoswitchable negative 
allosteric modulator of mGlu4 that binds covalently.119 In this PAL approach, the authors proved the 
covalently labeling of non-modified mGlu4 receptor by pharmacological methodologies, but not at a 
molecular level.  

PTL compounds are usually designed as maleimide-azobenzene ligand derivatives that react by affinity 
labeling with genetically engineered protein receptors, commonly introducing a cysteine amino acid. This 
single-point mutation must not alter the function of the protein or its membrane trafficking. The 
photoswitchable unit is generally located in the linker, close to the ligand moiety.120 This approach has been 
applied to class A and class C GPCRs, as recently described for dopamine D1/D2 receptors (DAR)121 and 
mGlu2 receptor.120 This strategy has demonstrated to be very efficient due to the high selectivity of the 
ligand for the modified receptor but also possess some limitations. The presence of native cysteines on the 
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surface of the cells may reduce the bioconjugation selectivity. Moreover, maleimide stability is limited in 
cellular environments due to slow hydrolysis and possible reaction with cytosolic glutathione.118

To overcome those limitations, the PORTL strategy was developed as an evolution of PTLs for mGlu 
receptors. In this approach, the tether is a large chain that will covalently attach to a fusion protein tag 
based on suicide enzymes that covalently react with benzyl guanines, benzyl cytosines or haloalkanes
(SNAP-,122 CLIP-123 and HALO124-tagged GPCRs). The complete tether is composed of a reactive moiety 
connected to a light-sensitive ligand by means a flexible linker (i.e. polyethylene glycol (PEG)). This linker is 
also water soluble and commercially available in several lengths so as to allow the ligand to tether distant 
domains. Using several wavelengths of light, the receptors could then be activated and disable after the 
photoisomerization of the light-sensitive moiety of the tether (generally an azobenzene). This strategy 
provides an orthogonal bioconjugation with a very high selectivity.125 127 However, the use of PORTLs is also 
limited. These ligands are often restricted to targeting points on a receptor that can only be accessed by the 
solvent. Additionally, the photoswitching between each isomer is often inefficient, which can lead to 
reduced activity and binding.128 Some researchers are trying to overcome some of the limitations 
associated with this approach. For example, a recent work was based on the design of branched PORTLs to 
improve the efficiency of photoisomerization and the affinity of bound ligands.127 Because the azobenzene 
glutamate head group is the pharmacologically active part of BGAGs (benzylguanine-azobenzene-glutamate 
compound), Acosta-Ruiz and colleagues hypothesized branched molecule containing two azobenzene-
glutamates (i.e. double BGAG) would improve photoswitching efficiencies and, thus, the receptor activation 
across all photostationary states and also labeling efficiencies. They synthesized such molecules,
demonstrated the previous hypotheses and proved their efficacy in vivo. Additionally, they postulated that 
these branched PORTL could contribute to know more about the role of group II mGluRs in working-
memory-related behavior and in psychosis.127

In addition, PORTL approach can also work with unmodified receptors if the anchoring point is not located 
in the receptor. In this case, the tag (generally of the HALO and SNAP tag) can be fused to a protein in its 
vicinity. Here, a photoswitchable ligand is tethered through a very long PEG linker to a tag fused to a 
membrane anchor in the plasma membrane. Via lateral diffusion, the membrane anchor with the PORTL
diffuses in the membrane to get in close in proximity to its target receptor and enable the interaction that 
can activate the receptor. Very recently, the maPORTL approach was used to target also mGlu2.129 The 
resulting membrane anchored PORTL (maPORTL) is shown schematically in Figure 24B.

Figure 24. Targeting unmodified native mGluRs with BGAG. (A) SNAP-tag binding photoswitchable receptor agonist BGAG (21) in its 
cis active form upon 380 nm illumination, with PEG linker of different lengths between benzylguanine (BG) and azobenzene-

The active isomer of BGAG, cis-BGAG (21), 
tethered to a SNAP-tag fused to a single-pass transmembrane segment (SNAP-TM) randomly approaches and photoactivates a 
native (unmodified) mGluR. (Adapted from Donthamsetti et al.).129

A B
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In this study, Donthamsetti and colleagues provide a tool box for controlling endogenous GPCRs and the 
photoactivation of wildtype mGlu2 was optimized by tuning the chemical length of the BGAG linker, the 
position of the SNAP-tag relative to the plasma membrane and the surface density membrane anchored 
SNAP-tag.  

Characterization of GPCR photopharmacological tools 

In the process of development of photopharmacological tools, such as caged or photochromic ligands (free 
diffusible or tethered), the characterization of compounds needs to be carefully addressed before testing 
them in physiologically relevant environments. However, since the biological activity of these compounds is 
illumination dependent, further considerations are necessary. First, the compound photoisomerization and 
photorelease (uncaging) under different light conditions have to be well determined. Subsequently, the 
translation of these light-induced molecular changes to biological activities requires to be fully addressed. 
Additionally, the intrinsic properties of compounds that make them sensitive to light must be carefully 
taken into consideration as they might interfere with the readout of the biological assay. All these 
theoretical and methodological considerations are covered in this section. 

Photoisomerization and uncaging characterization 

The three most common methodologies to measure compound photoisomerization or photorelease are 
UV-Vis spectroscopy, liquid chromatography coupled to a photodiode array or mass spectroscopy 
(LC/PDA/MS), and nuclear magnetic resonance (NMR). These techniques allow the detection of 
photoisomers or caged compound components by their differential profile in the output (i.e. spectrum, 
chromatogram). Although these methods can provide complementary information, depending on the 
photosensitive compound it might not be amenable in some cases, as explained in the following 
subsections. 

UV-Vis spectroscopy  

The UV-Vis spectra of photochromic isomers are generally very different. Similarly, caged compounds and 
their photoreleased protecting groups often have a differential UV-Vis profile. This makes this technique 
one of the basic experimental procedures for photo-isomerization and photo-uncaging detection. 
Moreover, UV-Vis spectroscopy is a robust, unambiguous and inexpensive methodology that also allows 
monitoring different photoisomerization cycles, determining the thermal relaxation of the metastable 
isomer or measuring the photoreleasing rate of a caged compounds. On the other hand, evaluating the 
isomerization of photochromic compounds with low bistability might represent a challenge, but this 
technique allows to use a wide range of solvents that often modify the stability of the different isomeric 
forms. Usually, the concentrations needed to evaluate the UV-Vis spectrum ranges between 10 and 100 
µM. However, the main limitation of this methodology is that the quantitative detection of the amount of 
each isomer in a mixture is problematic. Some deconvolution methodologies have been described to 
overcome this issue. However, to apply these methods, the spectrum of a pure sample for each isomer is 
needed, which represents a methodological challenge with some photochromic compounds having low 
bistability. 

LC-PDA-MS  

Liquid chromatography (LC) is a powerful methodology that allows to quantitatively detect a mixture of 
molecules, such as caged compounds or photoisomers. If LC is coupled to a photodiode detector (PDA), the 
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UV-Vis absorption spectra of each of the separated peaks can be obtained to properly identify the 
isomer/compound. Moreover, if LC is subsequently coupled to a mass spectrometer (MS), it is possible to 
determine the mass of each molecular entity, which will be identical in the case of photoisomers. To 
quantify the isomeric ratio, the separated peaks must be integrated using the PDA channel at the 
wavelength of the isosbestic point (i.e. wavelength with equal absorbance of both species), which can be 
previously determined by UV-Vis spectroscopy. Methods based in LC have high sensitivity requiring small 
sample quantities (ca. 1 nmol) to quantify photoisomerization but are low throughput. Moreover, only 
bistable photochromic compounds can be analyzed using this method because the metastable isomer 
should not relax before or during the time of measurement (ca. 1-10 min), that would result in detecting 
only the thermodynamically stable isomer. 

NMR spectroscopy 

Nuclear magnetic resonance (NMR) is a non-destructive technique that can be very useful to detect 
mixtures of isomers of a photochromic compound or a caged compound release. This technique allows a 
direct sample illumination with an optical fiber or a laser while measuring, what can be very useful for the 
characterization of photochromic compounds with low bistability. Using 1H-NMR, the hydrogen peaks of 
different species or isomers can be integrated and their ratio corresponds to the molar ratio. The main 
disadvantage of this technique is that it requires samples at high concentrations (>1 mM), at which some 
GPCR ligands may not be soluble in deuterated aqueous solutions.  

Receptor photoswitching characterization 

The main objective of photopharmacological compounds is to gain control on the target protein activity 
through light. This activity switch is generally related to a molecular lysis or isomerization prompted by a 
specific light exposure. However, the effect of this chemical reaction is not always evident in biological 
experiments. Therefore, a proper pharmacological characterization is needed to correctly evaluate the 
differential activities of light-controllable molecules under different illumination conditions. 

Many pharmacological and biochemical assays have been used to date in GPCR photopharmacology. 
Among these, only kinetic assays allow to measure real-time photoswitching. Indeed, when a 
spatiotemporally controllable molecular tool is evaluated, such as photopharmacological drugs, a time 
resolution of the method is an important parameter to be considered since in some assays long incubations 
are needed. Other relevant points to consider are the complexity of the set-up needed and the robustness 
of the data obtained since the application of light will likely alter the assay readout. Indeed, this is a very 
important point to contemplate since light-based assays (fluorescence, bioluminescence, etc.) may lead to 
artifacts due to ligand high absorbance resulting in signal quenching. Taking into consideration all these 
properties, the assays used for pharmacological characterization of these photopharmacological tools can 
be organized in three general categories: 

 Kinetic functional assays, which are based on the measurement of a biological substance 
concentration variations (second messenger, ions, etc.) or on the interaction of two protein units 
that associate or dissociate upon a GPCR activation. These methods offer the possibility to perform 
dynamic measurements, including real-time measurement, while the system is being irradiated 
with different light wavelengths. 

 Endpoint functional assays, which are based on the measurement of an accumulated biological 
substance (second messengers or proteins). These, usually provide good specific signal to noise 
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ratio. However, since the measurement is stopped at a certain time point, these methods do not
allow a continuous dynamic measurement of biological events (including photoisomerization). 

 Binding assays, which measure ligand binding to the target GPCR and can be kinetic or endpoint. 
 Conformational assays, which are kinetic and measure a change of conformation of the target 

GPCR. 

Kinetic functional assays 

cAMP and Calcium Sensors (Figure 25 (1)) 

A common strategy in photopharmacology is based on the use of second messenger sensors, which can be 
fluorescent, bioluminescent or produce FRET/BRET upon binding to a second messenger such as cAMP or 
Ca2+. The kinetic nature of these sensors offers advantages such as the possibility of measuring the receptor 
photoswitching in real time. However, a possible interference in fluorescence or luminescence assay 
responses due to quenching by the photosensitive ligands can be a drawback. This involve the need to 
carefully consider the addition of control experiments to avoid assay interferences or subtract them from 
final results. Several assays with cAMP sensors in photopharmacology have been described, such as sensors 
fused with luciferase proteins130 and cAMP EPAC FRET sensors.131 Also cytosolic calcium concentration has 
been monitored upon GPCR photoswitching with chemical Ca2+ sensors (Fura-2, Fluo2, X-Rhod-5F)119,132 137

or genetically encoded sensors (GCaMP, R-GECO, aqueorin, OGB1AM ).127,138 142 

BRET to monitor G protein activation and -arrestin recruitment (Figure 25 (2)) 

G protein activation methods based on bioluminescence resonance energy transfer (BRET) assays are cell-
based assays in which different protein constructs have to be co-transfected: G subunit fused to a 
luciferase and the G  or G  fused to a fluorescent protein (GFP, YFP, Venus V1/V2). In proximity, the two 
elements, in presence of the luciferase substrate, give rise to resonance energy transfer from the 
bioluminescent luciferase to the fluorescent protein. Therefore, upon G protein activation G and G
subunits dissociate leading to a decrease of the BRET and an increased emission from the luciferase. Similar 

- -arrestin, are 
labeled with BRET donors and acceptors.143 BRET based assays are very common in GPCR pharmacology, 
however in the photopharmacology field has not been widely used, except in few reports.121 The possible 
compatibility of luciferase substrates with an external illumination must be examined, since some are 
unstable and prone to photodegradation, such as coelenterazine. However, this assay is completely 
amenable for bistable photoswitchable compounds and caged molecules using pre-illumination protocols. 
Moreover, as an assay with bioluminescent and fluorescent components, the interference with 
photosensitive ligands must be assessed.  

Split luciferase complementation (Figure 25 (3)) 

Split luciferase complementation assays are commonly used to measure protein-protein interactions. Both 
interacting proteins have a fragment that reconstitute into a functional luciferase when the complex is 
formed. This method can be applied to monitor interactions between G  and G  subunits, G proteins and 
receptors, G -arrestin recruitment by GPCRs. However, photoregulated ligands 
could still quench luminescence from luciferase although it has been found to be less likely. In addition, as 
previously mentioned, external illumination might degrade the luciferase substrate thus limiting its use in 
photopharmacology protocols. Despite not being widely used, this method has been recently reported in 
GPCR photopharmacology.140,144 
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GIRK channel activation (Figure 25 (4))

One of the most common techniques to detect activity of a GPCR upon stimulation with light-controlled 
ligands is the measurement of a G protein-coupled inwardly-rectifying potassium channel (GIRK) opening, 
which is induced by its interaction with the G  subunit after G protein activation and dissociation. This 
technique needs the co-transfection of the receptor of interest and the GIRK channel in cell cultures or in 
xenopus tropicalis oocytes. Channel opening is usually detected by electrophysiology experiments (e.g.
voltage clamp, patch-clamp) using a buffer with high concentration of potassium to monitor depolarization 
upon GIRK channel opening. The main advantage of this technique is that the measurement is performed in 
a dynamic real-time mode. Moreover, the response recording is completely independent of the applied 
light, thus giving rise to robust results free of artifacts, which has promoted its wide use in GPCR 
photopharmacology.116,120,121,125 127,129,136,138,145 148 These advantages has allowed the development of 
protocols with a variety of light conditions, thus making this method an excellent option to prove 
reversibility of a receptor photoswitching. However, the low throughput makes difficult testing large 
number of compounds.  

Endpoint functional assays 

TR-FRET IP and cAMP accumulation (Figure 25 (5)) 

One method to characterize GPCR light-regulated ligands is based on the measurement of the 
concentration of second messengers upon G protein activation. Second messengers accumulate when the 
natural degradation is inhibited. In the case of G activation, phospholipase C (PLC) activation produces an 
increase of inositol triphosphate (IP3), which is stepwise dephosphorylated to myo-inositol (Ins). However, 
the presence of lithium ions in the culture media inhibits the last dephosphorylation step, leading to an 
accumulation of inositol monophosphate (IP). Similarly, G activates the adenylyl cyclase (AC) and produces 
an increase in the concentration of cyclic AMP (cAMP), which is accumulated in the presence of a 
phosphodiesterase (PDE) inhibitors. In contrast, G  and the other inhibitory G proteins inhibit the AC 
activity leading to a decrease of cAMP levels. A commonly used method in photopharmacology to quantify 
IP or cAMP accumulation in the cytosol is based on Homogeneous Time-resolved FRET (HTRF) using labeled 
antibodies and second messengers. In this method, during cell lysis it is used a buffer implemented with 
fluorescently labeled IP or cAMP with a FRET acceptor and an IP- or cAMP-recognising antibody labeled 
with a lanthanide cryptate/chelate. A competition between labeled and the endogenously produced IP or 
cAMP can be analyzed by time-resolved FRET signal after incubation of the cells using different light 
conditions.98,99,113,119,132 135,149 151 The main limitation of this method is that photoswitches and photocages 
may interfere or quench the FRET signal between donor and acceptor molecules. However, since this is an 
endpoint assay, photoactive ligands can be washed out previous to the addition of the FRET fluorophores. 

Gene reporter assays (Figure 25 (6)) 

Activation of GPCRs can promote gene expression through second messenger-responsive transcription 
factors. For instance, upon activation of G  GPCRs, the activity of AC is enhanced resulting in an increase of 
the cAMP cytosolic concentration, which will subsequently promote the enzymatic activity of PKA. One of 

ill lead to an increase 
of the expression of CREB-target genes, such as secreted alkaline phosphatase (SEAP). Thus, a G GPCR 
activation can be monitored in cells transfected with SEAP adding a phosphorylated substrate that becomes 
fluorescent or chemiluminescent upon SEAP dephosphorylation. Other similar methods that detect cAMP-
mediated expression of other CREB-target genes by immunofluorescence are also available. In GPCR 
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photopharmacology, this endpoint assay has been successfully used to characterize caged compounds.152

155 However, these methods require long receptor stimulations of 24-48 h. Therefore, the use of these 
types of assay for the analysis of the activity of photochromic compounds that usually require high intensity 
and continuous illumination could result in cell phototoxicity or to light-induced biological effects that lead 
to activity biased measurements. 

[35S]- Figure 25 (7)) 

[35S]-
proteins in cell membrane preparations. The assay, not specific for a G  subtype, is based on the non-

 subunit 
upon receptor and G protein activation. The ineffective hydrolysis results in a slow reversible binding of 
[35S]- s accumulation that can be measured by counting the amount of [35S]-label incorporated 
by G  subunits. The radioactive basis of these type of techniques has limited their use in GPCR 
photopharmacology. However, some remarkable examples have found in these methods several 
advantages, such as the low complexity of the protocols used and the lack of interference with light-
regulated ligands.116,117,147,155 

Conformational assays 

Conformational biosensors (Figure 25 (8)) 

Although being a method of increasing interest to study activation mechanisms, GPCR conformational 
sensors have been only used in one photopharmacology study.156 These sensors are based on FRET 
compatible fluorescent protein domains fused to in two regions of the receptor. A differential FRET can be 
measured upon conformational changes of the GPCR linked to the activation state. They were initially 
developed for mechanistic studies using pharmacology and microscopy and usually have a low signal/noise 
ratio although remarkable examples in class C GPCRs demonstrate very high accuracy and excellent 
robustness. Like many fluorescence-based assays, the possible interaction between the photosensitive 
ligands and the fluorophores needs to be explored. Nevertheless, they provide very useful information of 
the GPCR dynamics upon ligand binding, which may be different depending on the photoisomers regardless 
of their pharmacological activity. 

Binding assays 

Radiolabelled ligand displacement (Figure 25 (9)) 

This assay is the most common binding assay used for GPCRs. It is a straightforward method based on the 
competition of the assayed ligand with a radiolabelled tracer. Treating membranes containing the target 
GPCR, the bound ligand can be estimated by measuring the remaining radioactivity after a rapid and 
thorough washing. As an assay based in radiolabelled ligands, it is generally compatible with 
photopharmacological ligands if the photosensitive ligands do not quench scintillation processes. However, 
this method retains the major drawbacks of using radioactive isotopes (health and waste risks, need of 
appropriate infrastructure and equipment). Several reports in GPCR photopharmacology include binding 
information obtained by this type of assays.113,116,117,140,144,146,147,155,157 
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Fluorescent ligand displacement and HTRF binding (Figure 25 (10, 11))

These assays are based in similar principles to that of radiolabelled ligand displacement, with the difference 
that the ligand is fluorescently instead of radioactively labeled, thus avoiding the problems related to the 
use of radioactivity. They also offer the possibility to monitor kinetic measurements but the photosensitive 
ligands may interact with the components of the assay.149 A related approach with fluorescent ligand 
displacement makes use of tagged GPCRs with an HTRF donor (Tb or Eu cryptates). This can induce time-
resolved FRET with the fluorescent ligand bound, thus reducing the background signal.121

Mass spectrometry binding assay (Figure 25 (12))

This assay is based on the detection by MS/MS spectrometry of a ligand bound to the target receptor alone 
or in competition with another one.158 Since the detection of the ligand does not require any irradiation or 
light detection, the assay is fully compatible with photopharmacological applications. However, the 
sensitivity of the assay can be variable due to the different capacities of ionization of the compounds and 
needs to be set-up for every ligand to be detected. It represents a powerful binding assay that has been 
used only very recently in the field of photopharmacology.159

Figure 25. Summary of assays to characterize GPCR photopharmacological tools. (left) List of the different assays used in GPCR 
photopharmacology with a summary of the main features of each assay: assay type (F for functional, B for binding and C for 
conformational); ability to detect reversible photoswitching; if it is based on light; degree of throughput and complexity. The 
suitability of each feature to characterize photopharmacological tools responds to a color code: green for very good suitability, 
yellow for good or medium suitability and red for a lower suitability or a need for a careful examination. Letter codes are the 
following ones: Y for yes, N for no, H for high, M for medium, L for low, P for theoretically possible but not done in GPCR 
photopharmacology. (right) Graphic scheme of the different events present in GPCR signaling that can be object of measurement in 
different pharmacological/biochemical assays. The events are related to the assays listed on the left part with a number code from 

-arrestin recruitment assays are not represented in the scheme.
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T-on/ M-on photochromic ligands

In the photopharmacology field, the term photoswitching refers to a change in the biological activity of a 
pharmacological target (in the case concerning here, a GPCR) due to a light-prompted ligand isomerization. 
This ligand isomerization may lead to a change in affinity that generally is traduced in change of the 
receptor activity. Indeed, changes of ligand affinity are generally translated in changes on potency that is 
the dose of ligand needed to observe a specific functional effect. Most publications reporting on GPCR 
photochromic ligands describe a change of potency or affinity, usually expressed as a photoinduced shift 
(PAS or PPS, for affinity or potency, respectively).132,146 The larger is this shift, the larger is the 
photoswitching resulting in higher chances to find a ligand dose to enable a complete on/off effect upon 
photoisomerization. However, the maximal effect that a ligand can produce upon binding, that is only 
related to the ligand efficacy, is also a relevant pharmacological parameter that can be differentially 
regulated by photoswitchable ligands. Depending on the intrinsic activity,* a ligand can be described as a 
full agonist, partial agonist, neutral antagonist or inverse agonist (see Box 1, Modification of GPCR function), 
and two isomers of the same molecule may behave differently upon binding to the receptor.  

With these assumptions, most of the GPCR directed photochromic ligands can be classified in following 
three main subgroups that we propose: 

 Affinity T-on ligands, which are photochromic ligands, whose Thermodynamically more stable 
isomer is binding to the target GPCR with higher affinity. This would correspond to the trans
isomers for common azobenzenes, cis isomers for cyclic azobenzenes, spiro isomer for spiropyrans 
or open isomer of dithienylethenes (Figure 26A).  

 Affinity M-on ligands, which are photochromic ligands, whose Metastable isomer is binding to the 
target GPCR with higher affinity. This would correspond to the cis isomers in common azobenzenes, 
trans isomers in cyclic azobenzenes, merocyanine isomer for spiropyrans or closed isomer for 
dithienylethenes (Figure 26B).  

 Efficacy photoswitches, which are photochromic ligands that bind to the target receptor both with 
the thermodynamically stable and the metastable isomer, but each photoisomer has different 
intrinsic activity (i.e. full agonist, partial agonist, antagonist, partial/full inverse agonist) (Figure 
26C).  

The T-on approach provides photochromic ligands that perform their biological activity in the dark and, by 
the illumination with a specific light wavelength, they lose their affinity. This affinity can also be eventually 
rescued with the use of another wavelength of illumination. Generally, the development of this type of 
ligands (especially using azobenzenes) is not arduous since, the azologization approaches31 have good 
chances to be successful. The use of different illumination wavelengths can provide photostationary states 
(PSS) with different proportions of the two isomers. This allows adjusting the active ligand dose by means 
of light, therefore providing a spatiotemporal control of the GPCR activity. This makes T-on PCLs excellent 
tool compounds to control the activity of GPCRs in physiological studies, which is not possible with most of 
the currently available chemical biology tools. From the therapeutic point of view this approach is however 

                                                           
* Intrinsic activity is a measure of the ability of a drug that is bound to the receptor to generate an activating stimulus 
and produce a change in cellular activity. Both agonists and antagonists can bind to a receptor. However, only agonist 
molecules can activate the receptor and, therefore, have intrinsic activity. 
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limited. Nonetheless, it could be designed to treat a disease which is spread throughout the organism 
-target side effects. 

On the other hand, the use of the M-on approach for photochromic ligands can improve the previous 
therapeutic limitations of T-on ligands, since they show a lower activity in the dark and can be activated 
with a light of specific wavelengths in a precise time and location. Moreover, T-on ligands may be also 
advantageous in research applications to study the implication of a receptor activity with precision in cells, 
tissues and organs. The development of T-on ligands has been proved to be more challenging especially for 
E-Z photoswitches due to the particular angle between the aromatic rings of the isomers, such as cis-
azobenzene, which is barely found in the binding mode of conventional GPCR drugs. Nonetheless, the 
spatiotemporal control of the ligand activity provides an extra local selectivity, which would prevent 
possible side effects if the GPCR is expressed in non-targeted regions of the body. 

Figure 26. Pharmacological classification of GPCR photochromic ligands. Graphical scheme and model dose response curves of 
types of GPCR photoswitching ligands: (A) M-on Affinity switch, (B) T-on affinity switch, (C) Efficacy photoswitch from a T-full 
agonist to a M-antagonist.

The most prominent example of efficacy photoswitching in GPCRs is retinal. For this molecule, the 11-cis
isomer acts as an inverse agonist after covalently binding bistable pigments, such as parapinopsin.28 In 
contrast, after absorption of a photon, the ligand isomerizes to all-trans-retinal, which as an agonist, 
activates the receptor and initiates the transducing signaling cascades. However, retinal cannot be 
considered a formal photochromic ligand for monostable pigments, such as vertebrate rhodopsin, since this 
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photoswitching is not reversible with a second light wavelength.28 Synthetic photochromic ligands have 
demonstrated differences of intrinsic efficacy between isomers and photoswitching from antagonism to full 
agonism (Figure 26C). These differences in intrinsic activity are usually expressed as PDE (photoinduced 
difference of efficacy).116,117,150 

From the chemical biology point of view, light-regulated ligands controlling the receptor efficacy are 
excellent tool compounds to study the response of a particular GPCR. Indeed, the differential binding of 
photoisomers allows for a fine control of its functional activity, enabling a real on/off switch that is 
dependent on their relative ratio. However, this approach involves a continuous action of the ligand 
towards the targeted receptors regardless the isomer acting. This can be a limitation of the approach from 
the therapeutic point of view since the activity of receptors expressed in cells or tissues non-related to the 
treatment will be also altered. 

Translation to in vivo and therapeutic prospects 

The translation of the photochemical and photophysical properties of a biologically active molecule to a 
precise control of biological activity constitutes the essence of photopharmacology. The use of light 
triggered stimulus to manipulate the molecular activation of GPCRs in living animals opens the opportunity 
to study of molecular and biological mechanisms with unprecedented spatial and temporal resolution. On 
one hand, in vivo photopharmacology allows to study a particular anatomical location of the receptor with 
a specific physiological response or stimulus at molecular and cellular levels, allowing to accurately 
establish the GPCR function, mechanism and dynamics in living organisms.97 On the other hand, the high 
resolution of optical manipulation techniques offers the opportunity to develop light-regulated drugs acting 
on GPCRs with a degree of control unattainable with conventional drugs. This fine control allows 
therapeutically restoring specific receptor dysfunctional states, which are related to a defined 
pathophysiological situation.  

A critical element for in vivo applications of photopharmacology is the existence of a suitable device to 
deliver light to a localized target tissue or organ to promote the photo-response of molecules and 
proteins.160,161 Undoubtedly, there are organs where light delivery is relatively straightforward, for example 
in external organs such as skin, the auditory system and organs related to light transfer or light stimulus 
processing (i.e. eye and retina).162 In contrast, some other locations present more difficulties because are 
deep and non-transparent tissues, such as the brain or the heart. Indeed, photopharmacological 
manipulation on these locations require invasive devices to transfer the light from the source.163 The type 
of organism involved is also relevant and small animal models such as tadpoles or zebrafish, which are 
relatively transparent, offer advantages for light delivery over bigger organisms such as rodents or humans, 
which usually require implantable systems involving surgery. In addition, for specific applications, the light 
parameters (wavelengths, intensity, illumination time and area, tissue penetration) and the 
photomolecular properties define also the requirements of the illumination system. However, as a 
consequence of the advent of optogenetics, the development of bioelectronic devices and illumination 
systems for optical regulation and light delivery is in constant progress and can be applied into the 
photopharmacology field.  

Therapeutic proofs of concept for GPCR photopharmacological pain control in wild type animals has been 
successful using mGlu photoswitchable azobenzenes,98,132 caged allosteric modulators99 or azobenzene 
lipids.136 Photopharmacological approaches for visual impairment or blindness appear specially promising. 
A striking demonstration has been obtained using a white light photoswitchable azobenzene acting on ion 
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channels of retinal ganglion cells. In these reports, on and off responses were induced by utilizing intrinsic 
circuitry in mice blind retina showing promising effects in behavioral mice experiments.164,165 However, the 
use of photoresponsive drugs to regulate the dynamic molecular architecture and cellular complexity of the 
vision machinery is an enormous challenge, which will require deep and sustained efforts for effective 
restoration of responses in damaged retina. Finally, among the excitement of many potential applications 
of light to improve drug effects, the control of bacterial growth with red-light operated antibiotics,166 the 
regulation of pancreatic function for glucose homeostasis in anesthetized mice167 or the development of 
molecules acting on cancer cells are particularly remarkable.  

 

Class C GPCRs  

The class C/Glutamate family GPCRs comprise twenty two receptors in humans that are activated by small 
molecules such as amino acids and ions.62 This family includes eight metabotropic receptors for the 
excitatory neurotransmitter glutamate (mGlu), which will be extensively described below. The family also 
includes two gamma-aminobutyric acid (GABA) type B receptors (i.e. GABAB1, which has two splice variants, 
a and b, and GABAB2) for the inhibitory neurotransmitter GABA. Several other GABA receptors are found in 
the human genome, but these are ion channels (GABAA). Additionally, a single calcium sensing receptor
(CaS), three taste receptors (TAS1R1-3) and eight orphan GPCRs* also belongs to family C GPCRs.80 

This group basically corresponds to what has been called clan C receptors. They can bind several 
intracellular heterotrimeric G protein subtypes, depending on the receptor, activating them as we have 
already seen in the second section of this chapter. They are mainly expressed in the central nervous system 
(for GABAB and mGlu), in the tongue (TAS1) or in multiple tissues (CaS).  

Topology and ligand recognition  

The distinctive features of class C GPCRs are the large extracellular domain (ECD) and the mandatory 
dimerization at the cell surface, either as homodimers (mGlu and CaS) or heterodimers (GABAB and 
T1R)168,169 (Figure 27) In addition to homodimers, mGlu receptors have recently been reported to possibly 
form eleven different heterodimers in heterologous systems: the mGlu1 and mGlu5 receptors can only 
heteromerize between them, whereas all combinations are possible among five other mGlu receptors 
(mGlu2, mGlu3, mGlu4, mGlu7 and mGlu8) (Figure 29).170 Each protomer consists of two or three different 
main domains. Like the rest of GPCRs, they contain a transmembrane domain (7TMD) with seven 
transmembrane alpha helixes with the C-terminus in the cytosol side, where the G proteins bind. At the N-

contains the entire orthosteric ligand 
binding site.85 In some class C GPCRs such as mGlu receptors, the VFT is linked to the 7TMD through a 70-
amino-acid-long cysteine-rich domain (CRD) containing nine perfectly conserved cysteines (Figure 27). The 
CRD has the crucial role to transduce the signal from the VFT to the 7TMD.171 The N-terminal of the GABAB

receptors is long and form a VFT with the corresponding ligand-binding site but it is directly linked to the 
7TMD without a cysteine-rich domain, as depicted in Figure 27. The GABAB2 VFT domain is unable to bind 
ligands.172 Moreover, the C-terminal regions of the two subunits are associated through a coiled coil
interaction (Figure 27), indicating that mGlu and GABAB receptors may have different activation 

                                                           
* An orphan receptor is an apparent receptor that has a similar structure to other identified receptors but whose 
endogenous ligand has not been yet identified.  
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mechanism.173 The CaS receptor also has a long cysteine-rich N-terminus, but it is uncertain if it is involved 
in the binding of Ca2+, even though it is important for mediating the signal of Ca2+.

Each VFT domain consists in two opposing lobes separated by a cavity where the endogenous ligand is 
recognized. The mechanism by which agonist binding to the VFT results in activation of the 7TMD is 
complex and not yet fully understood. 174,175 However, it is very well known that the aforementioned two 
lobes fluctuate between open and close conformations, the agonists usually stabilize the closed one and 
the antagonists stabilize the open one. 168,176 Since 2000, many crystal and cryo-EM structures of class C 
GPCR dimeric VFTs have been solved, in close and open conformations, which helped to understand the 
activation of this class of receptors.173,176 179 The most recent works concern the structures of mGlu5,180

mGlu2,181,182 mGlu4,181 and mGlu7.182

Figure 27. Structural model and schematic representation of class C GPCRs. Class C GPCRs are composed of a Venus flytrap (VFT) 
domain, a cysteine-rich domain (CRD) and a transmembrane (7TMD) domain. This class of receptors forms obligatory dimers, either 
homodimers (e.g. mGlu) or heterodimers (e.g. GABAB). The heterodimeric GABAB receptor is depicted with the subunit GABAB1 in 
red and GABAB2 in magenta. (Adapted from Møller et al.).175

Dimeric structure of class C GPCRs: a need for signal transduction

mGlu and CaS receptors are prototypical homodimers that are stabilized by an inter-protomer disulfide 
bond, polar contacts between VFT domains and interactions between TM domains. The dimerization of 
these receptors is crucial for promoting the activation mechanism, leading from agonist binding to G 
protein activation. Indeed, different studies indicate that the conformation of one protomer is related to 
the changes of the other protomer upon activation, and this has been observed in all the structural 
domains found in class C GPCRs.183 The dimer of VFT domains is in equilibrium between resting and active 
orientations, and agonist binding displaces the equilibrium towards the active states (Figure 28). In reality, 
when considering the conformations for the VFT and the VFT dimer, a total of six different conformations 
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are theoretically possible: Roo, Rco and Rcc and Aoo, Aco and Acc, where A and R, Active and Resting 
respectively, are indicative for the VFT dimer orientation and c and o, close and open, for the VFT 
conformation.168 VFT crystal structures have been solved for several mGlu receptors in their open and 
closed conformations, without and with glutamate respectively.177 179,184 These structure strongly support 
the theory that the lobes of the shell dynamically open and close in the absence of ligand and, when the 
agonist binds to at least one of the VFT, the closed conformation is stabilized. In fact, more stable contacts 
with glutamate were found in the closed conformation than in the open one and this represents a driving 
force that leads to the VFT dimer reorientation from R to A. More precisely, glutamate interacts with lobe 1
(the upper one) in the open form of the VFT and then stabilizes a closed form through the additional 
contacts made with lobe 2 (the lower one) (Figure 30).168 In the end, glutamate binding to the VFT domains
of both subunits is required for efficient signalling185 (full activation), but only one of the two 7TMDs 
subunits activates the G protein at a time (Figure 28A).186 This means that upon receptor activation, the 
7TMD of only one protomer adopts an active conformation, whereas the other one remains in the resting 
conformation. 
The CRD has been shown to play a critical role in this process for mGlu receptors. This domain is highly rigid 
due to four intramolecular disulfide bonds.179 In the active state, the two CRDs associate and are likely 
contacting each other; it is reported that a precise association of the two CRDs is sufficient for full mGlu
receptor activation (Figure 28A and Figure 30).171,187

Figure 28. Mechanism of activation of (A) homodimers and (B) heterodimers. Both homodimers and heterodimers undergo 
conformational changes upon activation. The relative orientation of the VFT dimer is changed upon agonist binding; the CRDs (not 
in GABAB) are getting closer and the 7TMD dimer changes conformation. The heterodimeric GABAB receptor is depicted with the 
different subunits in red and magenta.

The GABAB and T1Rs receptors are prototypical class C heterodimers (Figure 28B):188 Two different subunits 
are required to activate G proteins upon agonist binding.189 This has been confirmed in vivo for the GABAB

receptor by the disappearance of all physiological responses attributed to the heterodimer when either of 

A

B
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the two subunits is knocked out*.190 For the GABAB receptor, the GABAB1 subunit contains the binding site 
for orthosteric ligands,172,189 while the GABAB2 subunit is necessary for G proteins activation being the only 
one coupled to them.191

In contrast to GABAB receptors, mGlu receptors were thought for a long time to exclusively form 
homodimers, owing to largely non-overlapping expression patterns in the brain. However, quantitative 
fluorescence resonance energy transfer (FRET) experiments revealed the existence of mGlu heterodimers 
in transfected cells, composed of either group I, or group II and group III subunits170 (Figure 29). 
Experimental support for the existence of heterodimeric mGluRs in native tissue is still scarce, but 
pharmacological and proteomic evidence supports the existence of mGlu2 mGlu4, mGlu1 mGlu5 and 
mGlu7 mGlu8 heterodimers in vivo.192 194 A remarkable step forward about mGluRs heterodimerization was 
instead made in a very recent work. It has been found that mGlu2 can associate also with mGlu7 in the 
hippocampus, which suggests a physiological relevance for this heterodimer.182 The authors indeed 
reported four cryo-electron microscopy structures of the human mGlu subtypes mGlu2 and mGlu7, 
including inactive mGlu2 and mGlu7 homodimers; mGlu2 homodimer bound to an agonist and a positive 
allosteric modulator; and inactive mGlu2 mGlu7 heterodimer. The existence of higher order oligomers of 
GPCRs is still a topic open for discussion, especially because most of the observations have been done in 
heterologous cells and not validated in native tissues.195 However, increasing experimental evidence 
suggests that the GABAB receptor forms oligomers larger than heterodimers.

Figure 29. Oligomerization of mGluRs. mGluRs can form heterodimers within their classification groups and between group-II and -
III in transfected cells. (Adapted from Pin and Bettler).183

The 7TM domain activates G-protein stepwisely: mGlu receptors as archetypical examples

Since the reorientation of the VFT domain dimer is tightly linked to G protein activation, it can be inferred
that this conformational change is somehow transmitted to the TM domains. The 7TMD of class C GPCR, 
common to all GPCRs, can adopt different conformations and they are responsible for G-protein activation.
In 2019, Koehl and colleagues were able to propose a structural framework for mGlu5 activation.180 They 
confirmed that agonist binding at the Venus flytraps (VFT) leads to a compaction of the inter-subunit dimer 

                                                          
* A gene knockout (KO) is a genetic technique in whi
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interface, thereby bringing the cysteine-rich domains into close proximity (Figure 30). Then, the closeness 
of these bottom lobes is propagated through the CRDs to the 7TM domains. To be more precise, these are 
movements that all occur sequentially and immediately after the agonist binding at the VFT. From this 
work, it emerges that the closure of the lobes does not take place only two-dimensionally, but it is 

movement, the CRDs are approaching each other and, due to the tight interactions between them and the 
second extracellular loops (ECL2) of the 7TMD, the rigid-body repositioning of the 7TMD occurs (Figure 30
and Figure 31A-C).180 In addition to moving closer to each other with a 20 Å translation, there is a 20° 
rotation of each 7TMD around TM4 upon activation (Figure 31B-C). Consequently, the TM1 TM1 distance 
decreases from 70 Å in the inactive state to 43 Å in the active state (Figure 31C). More importantly, the 
propagation of structural changes leads to a TM6 TM6 interface that appears to be a hallmark of activation 
(Figure 31C, right panel). Although these results did not fully explain how agonist binding at the VFT leads 
to G protein coupling and activation, they supported a model in which both inter- and intra-subunit 
rearrangements are required for full activity.196,197 This work addresses the first of these conformational 
changes. Further studies were needed to elucidate the mechanism by which the establishment of a TM6
TM6 interface leads to 7TMD rearrangements that enable G protein coupling and signaling. 

The activation mechanism explained above, from the agonist binding to the VFT, with consequent 
reorientation of the latter, to the association of CRDs takes 30 ms in total and it is summarized in Figure 
30. This initial conformational change is followed by the activation of the 7TMD of one of the two subunits. 
The totality of the conformational changes to activate the receptor, including those changes for VFT, CRD 
and 7TMD, were determined to take approximately 50 ms in total.187,196  

While the photoreceptor rhodopsin has been shown to activate with a rearrangement of the 7TMD within 
1 ms,198 all other GPCRs are thought to activate much slower.199,200 To confirm the kinetic properties of 

the conformational changes of 7TMD level in class C GPCRs, Hlavackova and collaborators inserted yellow 
and cyan fluorescent proteins (YFP and CFP) in the second intracellular loop and at the C-terminus of mGlu1

receptor to act as FRET sensors (intramolecular sensors).* They also constructed a second mGlu1 chimera 
with the fluorescent proteins fused to the second intracellular loop of each mGlu1 protomer
(intermolecular sensors*). Thus, agonist-dependent activation of these mGlu1 chimeras rapidly increased 
the inter-subunit FRET, suggesting rapid movement of the subunits relative to each other. After inter-
subunit movement, the intra-subunit FRET decreased, reflecting conformational changes within a subunit 
(Figure 30).196 

Very recently, Grushevskyi and colleagues were able to detect rhodopsin-like activation speeds for one step 
of 7TMD conformational changes. They used a technique that allows activation in the sub-millisecond range
(i.e. UV light-triggered photoreleasing of caged glutamate in intact cells), and monitoring FRET between the 
same FRET sensor used by Hlavackova and collaborators.197 They find that the first major activation step
occurs within 1-2 ms and it consists in the rearrangement of the 7TMD of the two mGlu1 subunits within 
the receptor dimer. This rapid change is followed by significantly slower conformational changes in each 
single mGlu1 subunit ( 20-25 ms).197 This means that there is a loose coupling between the initial step and 
the real activation of the 7TMD. Moreover, the deactivation of the receptor finishes a cyclic pathway, 
including at least two metastable intermediate states in addition to the resting and active states. These 
conformational changes between metastable states consist of the inter- and intra-subunit conformational 
changes and have time constants of 40 and 900 ms, respectively (Figure 30). 

                                                           
* See Results and Discussion: Chapter 4 for further information. 
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Figure 30. Schematic two-dimensional steps of activation and deactivation of mGlu receptors. The glutamate ligands are indicated 
in orange. (Adapted from Rondard/Pin and Grushevskyi et al.).187,197 The steps in brackets occur sequentially180 but they are
represented separately here to facilitate the understanding of complete process.
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Figure 31. mGlu5 activation. (A) Comparison of intersubunit interfaces in resting and active mGlu5 are shown for resting (left) and 
active (right) mGlu5. Contact regions are shown in purple. Notably, resting mGlu5 lacks any interactions beyond the VFT. (B-C)
Activation leads to a rearrangement of the 7TM interface. (B) Side views of resting (left) and active (right) mGlu5 CRD and 7TM 
domains. (C) Top views of resting (left) and active (right) mGlu5 7TM domains. Activation involves a 20 Å translation of the 7TM 
domains relative to each other, followed by a 20° rotation around TM4. (Figures from Koehl et al.).180

The second part of this study gives also confirmation of the full activation of mGlu1 receptor as the result of 
the occupancy of both ligand binding sites. As mentioned above, only one of the 7TM domains needs to 
become active to activate a G protein, but the occupancy of both ligand binding sites is required for full 
activation. 185,196 To investigate more about binding site occupancy, Grushevskyi and co-workers generated 
binding-defective protomers by introducing mutations in lobe II of the ligand binding VFT domain,
analogous to those described for the mGlu5 receptor (termed YADA mutants).185 The sensor mGlu1

chimeras bore these mutations in only one (YADA:WT) or both protomers (YADA:YADA). Briefly, the 
YADA:YADA was completely unresponsive to glutamate, indicating that ligand binding was indeed 
suppressed. In contrast, the sensor mGlu1 chimera bearing only one mutation (YADA:WT) showed a clear 
FRET response, but the kinetics were slowed down approximately six fold, with on- and off-time constants 
of 7 ± 2 and 295 ± 16 ms, respectively. This indicates that occupancy of both ligand binding sites in the 
mGlu1 homodimer is required for full activation speed.

A more detailed description of fluorescence resonance energy transfer (FRET, also known as Förster 
resonance energy transfer)201 and the possible mechanisms of action are explained in the Chapter 4 of the 
Results and Discussion section. In that chapter, mGlu1 allosteric modulators are used as molecular tools to 
shed more light on the nature of those 7TMD intermediated states by means of fluorescence 
conformational dynamic studies.

Glutamate as excitatory neurotransmitter

To understand the roles of class C GPCRs, and in particular mGlu receptors, it is important to have an 
appreciation of how fundamental their endogenous ligand is. In neuroscience, glutamate (22a, L-glutamate, 
Figure 32A) refers to the anion of L-glutamic acid (22b, Figure 32B) and its main role is to act as excitatory
neurotransmitter: a chemical messenger that transmits a signal across the synapse* from a neuron to a 

                                                          
* In the nervous system, a synapse is a structure, a specialized connection, that permits a neuron (or nerve cell) to pass 
an electrical or chemical signal to another neuron or to the target effector cell; varieties of synapses are electrical and 
chemical (e.g. glutamatergic synapse).
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target cell, which can be a different neuron, muscle cell or gland cell. L-Glutamic acid or (S)-2-
aminopentanedioic acid or glutamate, as the conjugate base, is a non-essential amino acid. The side chain 
of glutamate corresponds to a propionic acid with a pKa= 4.1, which results in deprotonation at physiologic 
pH ( 7.4) and, therefore, it is considered a polar amino acid (Figure 32A). Although glutamate comprises 4 
to 15% of all amino acids in natural proteins, plasma glutamate concentrations are rather low, ranging 
between 20 and 50 µM in healthy humans. In contrast, the levels of glutamate in whole brain can locally 
reach 10000 µM, although the concentrations in the extracellular fluid are very low, normally reaching less 
than 2 µM. Therefore, glutamate must be locally synthesized in the central nervous system (CNS), because 
it does not cross the blood-brain barrier.202 During the digestion process, glutamate is released to the 
lumen of the small intestine when dietary proteins are cleaved (Figure 32B). In addition, some food 
products contain significant amounts of free glutamate (i.e. not bound to a polypeptide). The major source 
of dietary free glutamate is the monosodium glutamate salt (MSG), which is used as a flavor-enhancing 
food additive. 
to TAS1R1+3 receptor dimer (class C GPCR), which naturally binds glutamate and aspartate as ligands. As 
stated above, glutamate is synthesized from L-glutamine by presynaptic neurons and it is also the precursor 
of the synthesis of the inhibitory gamma-aminobutyric acid (GABA) neurotransmitter, which takes place in 
GABAergic neurons, through glutamate decarboxylase catalysis (Figure 32C). 

Figure 32. (A) Chemical structure of acid glutamic as a free base 22a and its corresponding zwitterion form 22b at physiological pH; 
(B) Physiological sources of glutamate. It is locally synthesized in the CNS. Peripheral nervous tissues contain glutamate too and it is 
also found in the intestinal contents, plasma, skeletal muscle and skin. (C) Metabolic fates of glutamate. Glutamate is a precursor 
for the neurotransmitter GABA and the endogenous antioxidant agent glutathione. It is also involved in various biochemical 
pathways relevant for energy production and nitrogen metabolism. (Adapted from Julio-Pieper et al.).202 

Glutamate is also a key compound in cellular metabolism and, being primarily the major excitatory 
neurotransmitter in the vertebrate nervous system, its signaling is crucial for the majority of sensory 
processing and cognitive function.203 In the glutamatergic synapse, glutamate is stored in vesicles in the 
presynaptic* compartments through vesicular glutamate transporters (VGLUT). Upon calcium influx 
triggered by action potentials, these vesicles rapidly release the neurotransmitter from the nerve terminal. 
In addition, glutamate reuptake mechanism is activated, in both presynaptic terminals and in the adjacent 
astrocytes, for the long-term maintenance of low glutamate concentrations in the synaptic cleft.204

Glutamate uptake is accomplished by means of glutamate transporter proteins (i.e., glial excitatory GLT1 

                                                           
* Presynaptic: relating to or denoting a nerve cell that releases a transmitter substance, through its axon terminal, into 
a synapse during transmission of an impulse. 
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and EAAC1) which use the electrochemical gradients across the plasma membranes as driving forces for 
uptake (Figure 33).205  

Upon synapse process, glutamate reaches the postsynaptic* terminal of a new cell, in the opposite side of 
the presynaptic terminal. Then, the machinery of the postsynaptic density (PSD) is activated and the 
signaling cascade continues (Figure 33). The PSD is an electron-dense region of scaffolding proteins, 
receptors and signaling molecules, localized at the postsynaptic sites, where the two types of glutamate 
receptors, ionotropic (AMPA or GluA, KA or GluK, and NMDA or GluN) and metabotropic (mGlu1 and mGlu5) 
are clustered too (Figure 33).  

 

Figure 33. The Glutamate synapse. Glutamate (Glu) is accumulated in vesicles in presynaptic terminals through vesicular glutamate 
receptors (VGLUT). In the synapse these vesicles are fused with the neuron membrane, releasing glutamate. Then, this glutamate 
activates iGlu receptors (AMPA, NMDA and KA) and mGlu1 and mGlu5, located in the postsynaptic terminal of a new neuron, 
triggering a signaling cascade. The uptake of glutamate is done by glial cells through glutamate transporters (GLT1 and EAAC1), 
where it is converted to glutamine (Gln) and released to enter again the presynaptic cell, where it is converted to glutamate and 
stored in glutamate vesicles. (Reprinted with permission from the reference.46 Copyright 2016 Universitat de Barcelona). 

More precisely, glutamate, the main excitatory neurotransmitter in the brain, produces fast synaptic 
responses (<10 ms) by activating cationic ligand-gated channels, the so-called inotropic glutamate 
receptors. Additionally, glutamate influences neuronal and glial processes over a slower timescale (sub-
seconds to minutes) by activating mGlu receptors. The latter, since they are, among the two types of 
glutamate receptors, the only ones belonging to class C GPCRs, will be the only ones discussed in this work. 

Classification of the mGlu receptors, functional anatomy and main biological roles 

mGluRs comprise eight different subtypes, classified in three different groups on the bases of similarities in 
primary sequence, agonist pharmacology and G-protein effector coupling. Group I subtypes (mGlu1 and 
mGlu5) are mainly postsynaptic and bind to G q subunit, whereas group II (mGlu2 and mGlu3) and group III 
(mGlu4, mGlu6, mGlu7 and mGlu8) are mainly presynaptic and bind to G i/o subunit (Table 8). 

  

                                                           
* Postsynaptic: located on the distal side of a synapse. 
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Group Subtype Synaptic 
local. 

Brain 
region 

Glu 
EC50 

Orth. 
ago EC50 

G-
Protein Effector Main signaling 

I 

mGlu1 

post/ glia 

Cerebellum 
hippocampus 

9-13 
Quisqualic 
acid (23) 

0.1-
1.0 

G q/11/ 
G s  3

Ca2+

activation 

mGlu5 
Cortex 

hippocampus 
3-10 

0.03-
0.3 

G q/11  

II 

mGlu2 pre/ post 
low but 

widespread 4-20 

LY 354740 
(24) 

0.005 

G i/o  

voltage gated Ca2+ 

channels, activate K+ 
channels, activate 

the MAPK and 
PtdIns-3-K pathways

mGlu3 pre/ post/ 
glia 

widespread 4-5 0.0034 

III 

mGlu4 

pre 

Cerebellum 
striatum 

3-20 

L-AP4 (25) 

0.2-
1.2 

G i/o  

voltage gated Ca2+ 

channels, activate K+ 
channels, activate 

the MAPK and 
PtdIns-3-K pathwas 

mGlu7 widespread 1000 0.9 

mGlu8 Uneven, 
widespread 

16 160-
500 

mGlu6 post Only retina 
2.5-
11 

0.06-
0.60 G   

Inhibits TrpM1 Ca2+ 
channel 

*PLC (phospholipase C), AC (adenyl cyclase), GC (guanylate cyclase), pre (presynaptic), post (postsynaptic), glia (glial cells). 

Table 8. Classification of mGlu receptors in groups and sites of their expression in the CNS at cellular and brain region level. 
Glutamate potency for every subtype (EC50 in µM units),206 the most common agonists used for each group (Figure 34), with their
potency as EC50 in µM units with the main corresponding G-protein and the main signaling pathways that they activate.207  

 

Figure 34. Structure of common group-selective orthosteric agonists 

Group I mGluRs  

mGlu1 and mGlu5 are extensively expressed in the CNS, in neurons and also in glial cells. They are located 
predominantly in postsynaptic region, where the receptor appears to be concentrated in perysynaptic (near 
the synapse) and extrasynaptic (exterior to a synapse) areas. Thus, mGlu receptors are recruited by high 
concentrations of glutamate that escape the clearance mechanisms and spread to the sides of the synaptic 
cleft. They increase the neuronal excitability and, when found presynaptically, they can also modulate 
neurotransmitter release.207,208 
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Different studies suggested an involvement of mGlu1 in learning and memory,209 but also intellectual 
disability and autism.210 Very recently, mGlu1 was regarded as a major schizophrenia and bipolar disorder 
target too.211,212 mGlu5 turns out to be more related to cognition, drug addiction, anxiety, chronic pain and 
obesity. 

 

Figure 35. The glutamate synapse for glutamatergic neurons (left) and for photoreceptors/ON cells (right) with a representation of 
the localization of the different mGlu subtypes. (Reprinted with permission from the reference.46 Copyright 2016 Universitat de 
Barcelona). 

Group II mGluRs 

mGlu2 and mGlu3 are widely distributed in the central nervous system (CNS) and also in peripheral nervous 
system (PNS). Generally, they are located presynaptically in neurons, far from the neurotransmitter release 
zone, where they are activated by an excess of synaptic glutamate or by glutamate released from 
astrocytes. mGlu3 can also be found in glial cells and in postsynaptic regions where they induce 
hyperpolarization. The major function of these two receptors in presynaptic terminals is to inhibit 
neurotransmitter release. They have an established role in regulation of synaptic plasticity*.207,208 

mGlu2 and mGlu3 knockout (KO)  mice have been heavily utilized in order to define the individual roles of 
the Group II mGlus in a variety of physiologic processes. For example, mGlu2 KO mice show a loss of the 
anxiolytic effects of mGlu2/3 agonists, an enhanced responsiveness to cocaine, alterations in synaptic 
transmission in several regions of the brain, and loss of mGlu2/3 agonists antipsychotic activity. mGlu3 KO 
mice also show decreased efficacy of mGlu2/3 agonists in anxiolytic models.208 

Group III mGluRs 

Group III are widely distributed throughout the CNS in presynaptic regions of neurons, except mGlu6 which 
is almost exclusively expressed in retina (Figure 35). Activation of these receptors negatively regulates the 
neurotransmitter release. Glutamate binds to mGlu4, mGlu6 and mGlu8 with a relative high affinity, but 

                                                           
* In neuroscience, synaptic plasticity is the ability of synapses to strengthen or weaken over time, in response to 
increases or decreases in their activity. 
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displays a very low affinity for mGlu7 (Table 8). Moreover, mGlu7 receptor is localized at the active zones of 
the synapse. That is the reason why it has been proposed that it has glutamate-overstimulation-preventing 
role due to its localization and the high doses of glutamate needed for its activation. mGlu6 receptor, which 
is involved in visual perception, is expressed postsynaptically in the dendrites of retinal ON bipolar cells and 
responds to glutamate released from rod and cone photoreceptor cells in the dark.207,208 

Experiments with mGlu4 KO mice showed an association of mGlu4 with cerebellar synaptic plasticity, 
learning of complicated motor tasks and spatial memory performance. mGlu7 has been related with 
epileptic phenotypes, memory and learning, anxiety and depression. Experiments with mGlu8 KO mice 
revealed an association of the receptor with anxiety and weight control. Mice lacking mGlu6 showed deficits 
in ON response to light stimulation. 

Modulation of mGlu receptor activity 

According to their original structure and functioning, the mGlu receptors display different possible sites for 
ligand interaction. This offers a wide variety of possibilities for the development of drugs in order to 
modulate their activity by acting on precise steps during the activation process. These drugs are expected 
to be beneficial for the treatment of several hormonal, calcemic, neurological and psychiatric disorders, or
improving the quality of food intake and obesity. Despite there are currently few drugs on the market that 
act directly on class C GPCRs (baclofen, cinacalcet®, sweet enhancers and umami receptor activators), there 
is none that act on mGlu receptors. Nevertheless, many mGlu drug candidates are in preclinical and clinical 
studies. 

Most of the drug candidates for mGlu receptors (class C GPCRs) are small molecule ligands and they can be 
classified in two main groups: ligands binding at the VFT, which are usually orthosteric ligands, also named 
competitive with glutamate (Figure 36A,B); and ligands binding at the 7TMD, which are allosteric ligands or 
non-competitive (Figure 36C). 

Ligands acting at the VFT 

Based on the structure of glutamate and the structural studies on the VFT, many orthosteric compounds 
have been designed and screened.213 They comprise full agonists, partial agonists, antagonists or inverse 
agonists and they are all competitive with glutamate (Figure 36A).206 In the early years, group-selective 
orthosteric agonists, such as quisqualate (23) for group I, LY 354740 (24) for group II and L-AP4 (25) for 
group III mGlu receptors (Table 8, Figure 34) were discovered. Recently, chloride ion was reported to act as 
a positive allosteric modulator, binding to at least two different sites of the VFT.214,215 Thereby, this 
discovery allowed to find new allosteric modulators that bind to the extracellular domain (EDAM) acting on 
the chloride sites of the VFT or long agonists that binds simultaneously to the orthosteric site and also to 
the EDAM site (i.e. dualsteric/bitopic compounds, see Box 1, Modification of GPCR function), such as LSP4-
2022 (26) for mGlu4 (Figure 36B). However, achieving selectivity for a specific mGlu subtype is an arduous 
task, since glutamate binding site is highly conserved. That is the reason why the development of 
orthosteric ligands for mGlu receptors was excluded from the objectives of the present PhD thesis.  
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Figure 36. Representation of the mode of action of: (A) VFT orthosteric ligands (agonist and antagonist); (B) VFT extracellular 
domain allosteric modulators (EDAM) and long orthosteric agonists (or dualsteric agonists), such as LSPA-2022 (26); (C) 7TM 
allosteric modulators (NAM and PAM). (Adapted from Gómez-Santacana and Kniazeff).46,168



General introduction

62 

Ligands acting at the 7TMD

An alternative and highly successful approach was the development of selective allosteric modulators of 
the specific receptor subtypes. In fact, most of mGlu allosteric modulators bind to a pocket located in the 
7TMD, which may confer very different properties to these modulators compared to the orthosteric 
ligands. They can either enhance (positive allosteric modulators, PAMs, Figure 36C) or inhibit (negative 
allosteric modulators, NAMs, Figure 36C) the receptor activation, modulating the affinity of the orthosteric 
agonist and affecting the intrinsic efficacy of this agonist to trigger the signaling response.216 They bind in a 
similar site than class A ligands, in which NAMs stabilize the inactive conformation of both 7TMDs and 
PAMs the active conformation of one 7TMD. In addition, another type of allosteric modulator exists, which 
is called silent allosteric modulator (SAM). These allosteric ligands bind to the 7TMD, but they do not 
preferentially stabilize a single conformation of the receptor (active or inactive), leading to no change of the 
functionality of the receptor.73 

As mentioned above, the 7TMD is located inside the cellular membrane and this is possible due to 
hydrophobic residues that constitute the central part of this domain. Since class C GPCRs has no 
endogenous allosteric modulator, the allosteric binding site remained more hydrophobic than class A or B 
GPCRs. Therefore, the polarity of these allosteric modulators has to be low to afford binding in such a high 
hydrophobic environment. Their polarity is actually much lower than orthosteric ligands, which usually are 
charged amino acid analogs that bind to the highly hydrophilic VFT. Moreover, allosteric modulators that 
do not display any agonism are considered better drugs than orthosteric ligands because they are 
completely inactive under absence of orthosteric ligands. This means that they only potentiate or inhibit 
the response of the receptor in presence of a released endogenous orthosteric agonist in the synapsis. In 
contrast, orthosteric agonists and antagonists exert their effect independently of the neurotransmitter 
release. On the other hand, it is also possible to achieve allosteric partial antagonists, which reduce mGlu 
response to a new level, but not completely abrogated. Overall, these allosteric modulators offer a more 

- a better and more controllable therapeutic profile.73,217 

Despite the subtype selectivity of an allosteric modulator or the clear role as a PAM, NAM or SAM, very 
subtle modifications in their chemical structure can induce changes in their pharmacology, binding mode or 
subty
commonly found between allosteric modulators in mGlu receptors.218 An example worth mentioning can be 
VU6004907 (31), found as potent positive allosteric modulator of mGlu1 (Figure 37), 219 224 which was 
obtained  through which it was possible to dial-out mGlu4

activity from the highly selective mGlu4 PAM VU0400195 (27) (Figure 37). In particular, VU0400195 (27) was 
changing the subtype 

specificity from mGlu4 to mGlu1 and, thus, yielding a selective mGlu1 NAM 28. Based on these observations, 
a new optimization round was performed to identify the phthalimide analogs 29a and 29b. VU0405623 
(29a) is a dual mGlu1/mGlu4 PAM with comparable potency, whereas VU0483605 (29b) is a mGlu1 PAM 
with remarkably improved selectivity over mGlu4. Both compounds were obtained via a NAM to PAM 
molecular switch from VU0465334 (28) but via a  from compound 27.219

Subsequently, with only further optimization processes, the authors were able to obtain second and third 
generation of compounds with increasing selectivity over mGlu4 (compounds 30 and 31, Figure 37).221 224 
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Figure 37. Modifications in the starting mGlu4 PAM compound 27, performed in Vanderbilt University, provide the potent and CNS 
penetrant positive allosteric modulator of group I mGlu receptors, VU6004907 (31).222,224 The
mGlu subtype selectivity and mode of pharmacology, are depicted in red. The optimization processes are depicted in blue.219 224

mGlu receptors as drug targets

As stated above, mGlu receptors are widely distributed throughout the central and peripheral nervous 
system and each of the subtypes has singular roles that can be modulated with drug-like agonists, 
antagonists or allosteric modulators. For that reason, mGlu receptors represent excellent drug targets for a 
variety of psychiatric and neurodegenerative CNS disorders (Table 9) and knowledge regarding mGluRs has 
improved exponentially over the last several years. Treatments targeting iGlu receptors in the CNS have 
failed due to multiple side effects, including cognitive and motor impairment.225 In general, targeting 
glutamatergic neurotransmission via the modulation of mGlu receptors holds great promise for the 
management of several CNS diseases, with the potential for fewer side effects. mGlu5 and mGlu2 are the 
main targets for drug development, but mGlu4, mGlu1 and mGlu3 are also promising targets. Group III 
receptors mGlu6, mGlu7 and mGlu8 are clearly undeveloped, although mGlu7 and mGlu8 could be proper 
targets for the treatment of stress-related diseases.217,226
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Subtype Mode of Action CNS disease applications 

mGlu1 
PAM Schizophrenia, bipolar disorders211,212,219,227 

NAM Neuropathic pain, Fragile Syndrome X, anxiety/stress disorders, addiction 

mGlu5 

PAM Anxiety disorders, Hunting disease, schizophrenia, tuberous sclerosis complex 

NAM 
Addiction, anxiety, chronic pain, depression, Fragile Syndrome X (autism spectrum 

disease-L-DOPA-induced dyskinesia 

mGlu2 
PAM Addiction, anxiety disorders, depression, schizophrenia 

NAM Depression 

mGlu3 NAM Depression 

mGlu4 PAM 
schizophrenia 

mGlu7 
Agonist  

NAM Anxiety, depression 

mGlu8 Agonist  

Table 9. Potential application of mGlu allosteric modulators in CNS diseases. (Adapted from Nickols).217 

 

Freely diffusible photoswitchable allosteric modulators for mGluRs 

This PhD thesis was conceived with the main objective of designing and synthesizing freely diffusible 
azobenzene-based photoswitchable compounds with biological activity as allosteric modulators of 
metabotropic glutamate receptors. Therefore, an up-to-date list of reported photoswitchable AMs for 
mGluRs, in the field of freely diffusible photopharmacology, is presented below. 

mGlu5 (Group I) 

In the group I mGlu, Alloswitch-1 (32a) and analogs (32) are based on the phenylazopyridine scaffold and 
are potent and selective NAMs of mGlu5 (Figure 38). They were the first allosteric modulators to be used in 
photopharmacology and the pharmacological properties of each photoisomer have been deeply 
characterized in vitro and in vivo.132,133 All they behave as trans active compounds and exhibit significant 
differences on their pharmacological properties before and after violet light illumination.  

Specifically, IC50 for Alloswitch-1 (32a) shifts from a value of 297 nM in dark conditions to 1.5 µM under 
violet light. Afterwards, Pittolo and colleagues corroborated that 100 nM trans-Alloswitch-1 antagonized
the orthosteric activation of the receptor and reduced its constitutive activity in the absence of the 
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agonist.133 The activity profile of Alloswitch-1 across the eight members of the mGlu sub-family revealed a 
high mGlu5 selectivity under either light conditions. Moreover, the ability of Alloswitch-1 to reversibly 
photoregulate mGlu5 was also evaluated by monitoring the intracellular calcium concentration in individual 
HEK293 cells overexpressing the receptor. Agonist application induced cytosolic calcium oscillations, which 
were blocked by Alloswitch-1, in agreement with its NAM properties. Violet illumination restored receptor 
activity, and illumination with green light blocked calcium oscillations, indicating the recovery of Alloswitch-
1-antagonistic action.133 Also the phenylazopyridines (32) display IC50s in the range from nanomolar to 
micromolar in dark conditions and, as for Alloswitch-1 in the dark, they antagonized the calcium oscillations 
evoked by the activation of mGlu5 with quisqualate.132 Additionally, Gómez-Santacana and co-workers 
observed that, under 380 nm light, the frequency of calcium oscillations was increased compared to that 
observed with the orthosteric agonist alone, suggesting an over-activation or an increased signaling of 
mGlu5 receptors in presence of the compounds. Remarkably, in vivo studies using tadpoles and zebrafish
larvae showed important light regulated effects on the locomotion of the animals. In the absence of 
illumination, trans- Alloswitch-1 (32a) was found to exert an inhibitory action on the zebrafish motility 
compared to the untreated controls. Thereafter, Gómez-Santacana and collaborators noticed that not only 
Alloswitch-1 (32a), but also the others phenylazopyridines (32), showed analgesic effects in rodents, which 
can be regulated by peripheral violet illumination or directly in the CNS. This validates the potential 
usefulness of allosteric mGlu5 photopharmacology in vivo.132,133  

The authors associated the observed photo-induced loss of NAM activity to the photoisomerization of the 
trans isomers to the cis configuration, which displayed a reduced ligand binding to mGlu5. However, the 
authors wondered if this photoisomerization occurred outside of the binding pocket or inside. In the first 
hypothesis, the photoisomerisation would occur in the extracellular medium after the trans isomer unbinds 
and, after that, the cis isomer is not binding the receptor, inducing the loss of NAM activity observed. The 
second hypothesis was associated to photoisomerization inside the binding pocket that would involve a 
subtler effect such as a change in binding mode or a ligand-induced effect on receptor conformation. 
Computational docking and molecular dynamics simulations have shown that the cis isomer of Alloswitch-1
(32a) would have a different binding mode, reducing its binding affinity and stability. However, molecular 
simulations suggested that binding of the cis isomer might be possible, as well as a theoretical 

5

receptor.150,228 Very recently, the work of Ricart-Ortega and colleagues answered this key question. They 
studied the mechanisms of action/modulation at mGlu5 of two freely diffusible photoswitchable mGlu5

NAMs, Alloswitch-1 (32a) and MCS0331 (32b, Figure 38) by means canonical Gq/11-linked functional assays, 
Mass Spectrometry (MS) and radioligand binding assays.159 Thereby, they were able to conclude that the
observed differences in binding parameters of 32a and 32b between dark and 380 nm illumination 
conditions could be explained by a reduction in the available active trans isomers concentration under 
violet illumination and a lack of cis isomers receptor binding. They also associated these affinity changes to 
the loss of functional NAM activity. On the other hand, they observed that the dissociation rate constants 
of the ligands were significantly faster under irradiated conditions, suggesting that photoisomerization 
takes place also inside the ligand binding pocket. This means that cis isomer of ligands are capable of 
temporarily binding to the receptor, albeit with reduced affinity and a shorter residence time.159 This 
represents an important confirmation of the hypothesis proposed by Dalton and co-workers stated 
above.228 

Alloswitch-1 (32a) was used also to monitor and manipulate the activity of mGlu5 receptors with 2-photon 
excitation illumination.229 One major limitation of all current photopharmacological approaches is their 
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application in 3D tissues since the photo-responsive molecules can be selectively turned on and off using 
short and very energetic wavelength illumination by single-photon excitation (1PE). The mGlu5-expressing 
tissues are usually not permeable to the light wavelengths used for photoisomerization and the irradiation 
beams to stimulated mGlu5 receptor usually cover a large volume in the microscopic scale. The photo-
stimulated volume can be reduced using pulsed illumination with femtosecond near-infrared (NIR) lasers, 
which enable 2-photon excitation (2PE) of photosensitive molecules such as Alloswitch-1 (32a). Using 2P 
irradiation, this excitation can be constrained to physiologically relevant dimensions, such as dendritic 
spines or cell soma in circuits. Thus, Pittolo and collaborators demonstrated that Alloswitch-1 (32a) can be 
efficiently photoisomerized using 2PE determining the axial resolution of this method, and they established
its feasibility in cultured cells and acute brain slices. In this way, the rapid and reversible silencing of 
neurotransmitter receptors, in rodent brain slices, by 2PE of an allosteric photoswitchable mGlu5 NAM
offered opportunities to study neuromodulation in intact neuronal circuits and 3D tissues with 
unprecedented pharmacological selectivity, tissue depth, and spatial resolution.229 

Gómez-Santacana and collaborators also reported a new series of NAMs of mGlu5 receptor, including four 
photoswitchable compounds based on phenylazopyridine as photoswitchable moieties. The first two 
compounds contained a 2-ethynylpyridine and a phenylazopyridine (33a-b) and the second ones were 
phenylbisazopyridines (34a-b,Figure 38)150. The authors demonstrated that the mGlu5 NAM efficacy was 
depending on the substitution pattern of the central ring and this was supported by computational 
modelization. The authors also observed NAM potency or efficacy could be reduced upon 
photoisomerization of the compounds, but with low PPS or PDE, which make them weak candidates for 
further photopharmacological characterization.  

 

Figure 38. Structures of the current reported photoswitchable allosteric ligands for mGlu5 receptor in their trans configurations
with the corresponding potencies and affinities (EC50/IC50 and pKD).132,133,150,159,228 

mGlu2 (Group II) 

Very recently, aBINA (36) has been reported as a photoswitchable allosteric agonist for mGlu2 (group II)
with activity in primary neuronal cultures (Figure 39).230 Being an allosteric agonist, aBINA (36) represents 
the first example of a new class of precision drugs for GPCRs. Specifically, Donthamsetti and collaborators 
chose biphenyl-indanone A (35, BINA, Figure 39) as a parent compound for the development of a 
photoswitchable allosteric agonist applying the azologization strategy. BINA (35) is a highly mGlu2-selective 
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allosteric agonist that binds to the allosteric site and activate the receptor independently of the 
endogenous ligand. On the contrary, pure allosteric modulators generally have no effect on their own, but 
positively modulate the activity of an orthosteric agonist. aBINA (36) efficiently photoisomerized to its cis
configuration with wavelengths ranging from 340 and 380 nm (UV) light and to its trans configuration with 
wavelengths ranging from 400 to 600 nm (visible) light. 

To evaluate the effect of aBINA (36) on mGlu2, in comparison with the parent compound BINA (35), the 
authors used a mGlu2-mediated G protein-inwardly rectifying potassium channel (GIRK) activation assay.
mGlu2 and a homotetramerizing mutant of GIRK1 (F137S) were transiently transfected into HEK293 cells, 
whereby receptor activation results in Gi/o-dependent GIRK activation and enhanced inward-current. The 
potency of the trans configuration of aBINA (36) was 11-fold lower than that of the parent compound 
BINA (35), indicating that the replacement of benzyloxydimethylbenzene with the trans isomer of 
azobenzene or the modifications introduced on the indanone ring would diminish agonist potency. Under 
340 nm light, cis-aBINA (36) results 8.5-fold less active than its trans isomer. Thus, aBINA (36) is a 
photoswitchable allosteric agonist of mGlu2 that activates the receptor in the trans configuration but not in 
the cis configuration. Moreover, since BINA (35) is also a PAM that potentiates the potency of glutamate at 
mGlu2 by 5 10 fold,231 Donthamsetti and colleagues evaluated whether aBINA (36) performs also PAM
activity, resulting in a positive effect as PAM on mGlu2 but less dominant than the allosteric agonism.230 

 

Figure 39. Structures of the current reported photoswitchable allosteric ligands for mGlu2 and mGlu4 receptors in their trans
configurations with the corresponding potencies and affinities (EC50/IC50 and pKD).46,98,119,230 

mGlu4/6/7/8 (Group III) 

Regarding group III mGlu receptors, a photoswitchable PAM and a NAM have been reported to date. 
Optogluram (38) is potent PAM of mGlu4 and mGlu6 with some residual PAM activity in mGlu8 and was used 
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to control the pain behavior in rodents with illumination in the brain (Figure 39) and OptogluNAM4.1 (39) is 
the only reported NAM of mGlu4, which is also a photoswitchable NAM mGlu7 (Figure 39). 

Optogluram was originally designed from an azologization strategy based on VU0415374 (37, Figure 39), 
which is a positive allosteric modulator of mGlu4 receptor resulting from a series of N-(4-
acetamido)phenylpicolinamides.232 VU0415374 (37) was not only selected as starting point due to the high 
potency as mGlu4 PAM, but also for the two amide bonds flanked by aryl groups, which has a high 
structural homology to the Ar-N=N-Ar scaffold present in azobenzene. By replacing one of the amide bonds 
in 37 for a N=N double bond, the authors obtained the azobenzene derivatives 32a and 38. The compound 
32a is Alloswitch-1133 that was found inactive in mGlu4 while the 38 is Optogluram (Figure 39).98

Optogluram (38) is the first photoswitchable positive allosteric modulator for the mGlu4 receptor reported 
to date displaying nanomolar potency.98,133 Its azobenzene molecular scaffold (Figure 39) allows a selective, 
reversible and repeated optical manipulation of mGlu4 activity with light. Isomerization from trans to cis-
configuration is rapidly achieved upon illumination with violet light (380 nm) and the trans-isomer could be 
quickly recovered from the cis-isomer upon green light illumination (500 nm) or by thermal relaxation in 
the dark.  

With a cell-based IP accumulation in the dark, trans-Optogluram showed nanomolar mGlu4 PAM potency
(EC50= 0.6 µM), while upon 380 nm of illumination (high concentration of cis isomer) its potency is shifted 
to 1.9 µM.98 Optogluram was found to be group III mGlu selective in both light conditions, but it was a PAM 
of mGlu6 and mGlu8 receptors with low micromolar potency in the dark (EC50= 2.3 µM and EC50= 12.4 µM 
respectively).46 Concerning mGlu8, the logarithmic potency values were shifted around 1.5-log, which it is 
close to the 2-log threshold, considered for ideal selectivity. Regarding mGlu6 potency, the values shifted in 
a lower extent.46 However, expression of mGlu6 is restricted to polar cells in retina,233 whilst mGlu4 is widely 
distributed through the CNS. Due to the different location of these receptor subtypes, Optogluram (38) was 
still considered as good candidate for in vivo testing. Subsequent in vivo studies using a murine model of 
persistent inflammatory pain showed that the combination of Optogluram (38) and different wavelengths 

on/off 4 receptors 
localized in the amygdala. Indeed, Optogluram (38) produced acute and reversible analgesic peripheral 
responses, as well as anxiolytic and anti-depressive effects in mice with persistent inflammatory pain in the 
dark, whereas those effects where significantly reduced upon illumination of the amygdala with 380 nm 
and subsequently restored with 500 nm light.98  

As mentioned before, OptogluNAM4.1 (39, Figure 39) is the first reported photoswitchable NAM of mGlu4.
It contains a blue-light-activated, fast-relaxing azobenzene group that allows reversible receptor activity 
photocontrol in vitro and in vivo.119 The use of blue light to photoisomerize the compound represents a 
great advantage over the commonly used in photopharmacology UV light, which displays very reduced 
tissue penetration and potential cell damage. Therefore, the use of blue light represents a better paradigm 
for in vivo applications. 

Rovira and collaborators demonstrated that the trans isomer blocked the mGlu4 activation both with IP 
accumulation assays and single-cell calcium imaging experiments. In contrast, 430 nm light illumination
induced the photoisomerization to obtain the cis-OptoGluNAM4.1, which was inactive and allowed the 
activation of mGlu4 receptor. Additionally, OptoGluNAM4.1 (39) showed no PAM activity over any mGlu 
subtype at high concentrations, and, besides the mGlu4 NAM activity, only a partial NAM effect on mGlu7

was observed. 
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Remarkably, Rovira and collaborators suggested that OptoGluNAM4.1 (39) could be a covalent ligand 
considering that it contains a nitrogen mustard (2-chloroethyl aniline). This group is hypothesized to react 
with nucleophile residues of receptors (e.g. lysines and cysteines) after binding through a highly reactive
aziridinium intermediate.234 To confirm the ligand´s conjugation, single-cell experiments were conducted in 
which a meticulous washing protocol was applied. Again, Rovira and collaborators observed that the 
antagonistic effect persisted and that this could be switched off after illumination and restored in the dark, 
indicating photoreversible receptor activation after removal of the ligand in solution. This effects after 
washout were not reproduced using a non-covalent closely related compound containing a hydroxyl group 
instead of the chlorine atom at the nitrogen substituent. The authors noticed through mouse behavioral 
studies that the compound was able to block the analgesic effect induced by an orthosteric agonist. 
Additionally, in vivo studies using zebrafish larvae also showed important light regulated effects on the 
locomotion of the animals. In the absence of illumination, trans-OptoGluNAM4.1 increased the free-
swimming distance over untreated control animals, consistent with the effect of the trans isomer on mGlu4. 
The distance is reduced to a similar level to that of untreated controls upon illumination with blue light in 
accordance with the lack of effect of cis-OptoGluNAM4.1 on the receptor. The opposite effects found for 
OptoGluNAM4.1 (39) and Alloswitch-1 (32a) on animal behavior are consistent with the opposite synaptic 
roles of these receptors. Indeed, the activation of mGlu4 (and also mGlu7) is known to inhibit synaptic 
glutamate release, whereas mGlu5 has a positive modulatory effect on neuronal activity.98,207 

In a later report, Bossi and co-workers studied OptoGluNAM4.1 (39) as a negative modulator of 
neurotransmission in rodent cerebellar slices at the parallel fiber-Purkinje cell synapse.235 Using 
OptoGluNAM4.1 (39) as tool compound, they were able to demonstrate for the first time that, in brain 
slices from the rodent cerebellar cortex, mGlu4 receptors are endogenously activated in excitotoxic 
conditions. These conditions could be the early phases of simulated cerebellar ischemia, which is associated 
with elevated levels of extracellular glutamate. These findings support OptoGluNAM4.1 (39) as a further
photoswitchable tool for studying native mGlu4 receptor activity under different physio-pathological 
conditions in brain tissue, without the need of genetic manipulation. 
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In the field of photophamacology, many photoswitchable allosteric modulators have been developed. In 
the group I mGluRs, Alloswitch-1 and analogs are NAMs of mGlu5 in their trans configuration and were the 
first allosteric modulators to be used in photopharmacology. Very recently, aBINA has been reported as an 
allosteric agonist for mGlu2 (group II) with activity in primary neuronal cultures. Regarding group III mGluRs, 
a photoswitchable PAM and a NAM have been reported to date, Optogluram and OptogluNAM4.1, 
respectively. In particular, Optogluram is a potent PAM of mGlu4 and mGlu6 with some residual PAM 
activity in mGlu8. However, the other group I mGluR, the mGlu1 receptor, has never been targeted in any 
photopharmacological approach. 

According to what stated above the main objective of this thesis is: 

Design and synthesize azobenzene-containing photoisomerizable compounds with biological activity as 
allosteric modulators of metabotropic glutamate receptors. The aim of using these compounds is to 
control the on/off switching of the activity of mGlu receptors with visible light and obtain molecular tools 
for in vivo physiological applications with potential for pharmaceutical development. 

Taking into account the main objective, during the development of the present thesis and after gaining a 
further insight in the field, the following specific objectives were considered: 

I. To afford the first photoswitchable mGlu5 NAM that only display pharmacological activity in its cis
configuration, whilst the trans isomer remains inactive. The molecular design and in vitro 
characterization of three series of compounds are presented in Chapter 1. 

II. To enhance the PAM activity on mGlu4 receptor and increase the selectivity over the other group III 
mGluRs of an azobenzene candidate with Optogluram-like structure. The optimization of a series of 
compounds driven by SAR is decribed in Chapter 2. 

III. To develop the first photoswithable PAM to selectively enable the optical control of endogenous 
mGlu1 receptor. The design, synthesis and characterization of two libraries of azo compounds are
shown in Chapter 3. 

IV. To reversibly inactivate the mGlu1 receptor function with the first photoswithable NAM of this 
group I mGluR. The development and characterization of a family of novel azoheteroarene 
photoswitchable compounds are discussed in Chapter 4. 

V. To expand the knowledge about the nature of the agonist-induced intermediated states of mGlu 
receptors by using allosteric modulators as tools in fluorescence conformational dynamic studies.
The analysis of mGlu1 NAMs effect on receptor conformational changes is reported in Chapter 4. 
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Chapter 1: mGlu5 inhibition with cis-active photoswitchable NAMs

Key points

- A more suitable therapeutic approach: cis-on photoswitchable mGlu5 NAMs

- Azologization strategy following two different pathways

- Three series of compounds with different photoisomerization properties

- In silico characterization of trans and cis configurations
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Medicinal Chemistry and Synthesis group (MCS) in Barcelona has considerable expertise in the design and 
development of the photoswitchable allosteric modulators of mGlu receptors based on azobenzene 
photoswitches. The successful compounds obtained are bioactive in their elongated trans configuration, as 
shown for Alloswitch-1 (32a, mGlu5 NAM), Optogluram (38, mGlu4 PAM) and OptogluNAM4.1 (39, mGlu4

NAM).* They are biologically active in their thermodynamically stable form and lose activity upon 
photoisomerization to their cis isomer (Figure 40A). This approach, also known T-on approach (or trans-on 
for azobenzene based compounds), is not the most promising from the therapeutic point of view, since the 
switching-off of an already active drug with light has limited therapeutic applications. However, the major 
application of these trans-on photoswitchable compounds might be the use as tools to further investigate 
physiological processes with the possibility of on/off switching signaling cascades, induce over-activation of 
these cascades or study the unknown effects of intermittent activation by these photoswitchable 
compounds with on/off light pulses. 

Figure 40. Schematic representation of the trans-on and cis-on approaches. (A) trans-on approach: Conventional dark-active 
azobenzenes are thermodynamically stable in their elongated trans-forms; (B) cis-on approach: the bent cis-forms of azobenzenes, 
bind to the target protein and induce the biological effect. Both types of ligands can be switched back and forth with a combination 
of irradiation and thermal relaxation. The wavelengths needed for photoisomerization and the kinetics of thermal relaxation can be 
tuned by modifying the substitution pattern of the azobenzene (See General Introduction: Substituted Azobenzenes (ABs)).

M- cis-
based compound, which is based in cis isomers exerting a bioactive effect on the receptor, whereas the 
trans are devoid of any effect. In other words, the application in the dark of these trans inactive 
compounds would ideally have no effect until a precise application of light in a specific region of the 
organism that would photoisomerize the azo compound. Thus, the resulting cis isomer would induce a 
pharmacological effect only in the regions irradiated (Figure 40B). The thermal relaxation of the cis isomers 

                                                          
* See General Introduction: Freely diffusible photoswitchable allosteric modulators for mGluRs

See General Introduction: T-on/ M-on photochromic ligands
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would contribute to the inactivation of the compound while diffusing through the other regions of the 
organism. Overall, this approach is preferred in most biological and therapeutic applications since it 
benefits better from the high spatiotemporal precision that light offers.  

In the present chapter, the rational design, synthesis and characterization of three new series of 
photoswitchable compounds using a cis-on approach are presented. Since Alloswitch-1 (32a) was the first 
photochromic ligand to allosterically target the endogenous mGlu5 receptor with a trans-on approach, one 
of the aims of this thesis is to afford the first photoswitchable mGlu5 NAM that only display 
pharmacological activity in its cis configuration, whilst the trans isomer remains inactive. 

Design of an initial library of cis-on photoswitchable mGlu5 NAMs 

Before any experimental work, we did an exhaustive bibliographic search of mGlu5 NAMs focusing on 
molecules containing aromatic rings with a spacer susceptible to be replaced with a cis-azo-bond (/N=N\). 

* In this specific project, we sought compounds that fit 
in the allosteric binding site with a bent pose and mimic this active bent position with a cis-azo bond. 
Additionally, we also sought that the corresponding trans isomer with a straight disposition and higher 
length did not properly fit into the allosteric pocket, abolishing the effect on the receptor.  

Therefore, we found the compound 40 developed by Heptares Therapeutics as a promising candidate 
compound that fulfilled our requirements.236,237 In particular, we opted for this compound as starting point 
for our design for three main reasons: (a) it was a very potent mGlu5 NAM with a pIC50 of 8.6 and a pKi of 
9.3;236,237 (b) its structure included just a single bond between two aromatic rings, which gave it a bent 
geometry and was susceptible to be replaced with the azo group in cis-form ,(c) the synthesis of the 
corresponding azo compounds apparently was not difficult and (d) the binding mode of compound 40 in 
the mGlu5 allosteric site was very well determined since it was co-crystalized.236,237 

Compound 40 (Figure 41 and Figure 42) was reported in 2015 as the first example of mGlu5 NAM identified 
by tandem fragment- and structure-based drug discovery approaches (FBDD and SBDD).236 A 
thermostabilized form of the mGlu5 7TMD (StaR® protein) demonstrated increased tolerance of high DMSO 
concentrations compared to wild-type receptor and enabled fragment screening in a high-concentration 
radioligand binding format. The radioligand used was the NAM [3H]-M-MPEP ([3H]-42), thus allowing 
identification of fragment hits that compete with the radioligand for the occupancy of the allosteric pocket. 
Compound 40 is part of a generation of non-acetylene compounds as mGlu5 NAM. In contrast, Raseglurant 
(18b), MPEP (41), M-MPEP (42), Mavoglurant (43), Basimglurant (44) and MCS0593 (45)238 are some 
examples of mGlu5 NAM compounds containing a central acetylene flanked by two aromatic or aliphatic 
groups (Figure 41). It was demonstrated that the acetylene moiety is susceptible to metabolic 
activation239,240 but at the same time the glutathione conjugation can be derisked by flanking the triple 
bond with only one EWG aryl ring as happened for Raseglurant (18b, Figure 41).241 Additionally, when 
designing azobenzene based compounds, the presence of possible aromatic acetylene groups may interfere 
in the absorbance spectra in the near UV in both trans and cis isomers, possibly leading to a poor 
photostationary states upon UV irradiation. 

                                                           
* Azologization or azo-replacement is based on the substitution of a bridge between two aromatic rings with an azo-
bond; see General Introduction: Photoresponsive molecular switches. 
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Figure 41. Chemical structure of the mGlu5 NAM 40 and some examples of acetylene mGlu5 NAMs from literature (18b, 41-45).

The mGlu5-StaR crystal structure with 40 bound in the allosteric site was crystallized and solved through 
merging diffraction data from multiple crystals grown in lipidic cubic phase to give a structure with a 
resolution 3.1 Å (Figure 42A,B). In general, the protein backbone of the novel structure was in close 
agreement with the Mavoglurant co-structure: the ligand 40 was found in the allosteric pocket 8 Å from 
the receptor surface and in a similar position to that observed previously for Mavoglurant (43).92

Figure 42. (A) Diagram of ligand interactions within the allosteric site of mGlu5 with 40 bound (PDB code: 5CGC). mGlu5 in ribbon 
representation colored green. 40 in stick representation with carbon, nitrogen, oxygen, chlorine, and fluorine atoms colored 
magenta, blue, red, green, and white, respectively. Selected residues from mGlu5 in stick representation with carbon, nitrogen, and 
oxygen atoms colored gray, blue, and red, respectively. TM helices are labeled and selected hydrogen bonds depicted as dashed 
red lines with distances labeled in Å. (B) 2D diagram of 40 ligand interactions in the mGlu5-StaR allosteric pocket, respectively. 
Green lines denote -stack interactions, dashed purple arrows denote hydrogen bonds (side chain), solid purple arrows denote 
hydrogen bonds (main chain), residues in cyan spheres denote polar interactions, and residues in green spheres denote 
hydrophobic interactions. (Figures from Christopher et al.).236 (C) Azologization strategy from compound 40 to afford theoretically 
cis-on photoisomerizable compounds 53, 55 and 59. 
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As mentioned above, compound 40 was used as reference compound on which applying the azologization 
strategy. We thought that the elimination of a single bond between two aromatic rings and the following 
insertion of an azo group, between the alpha position of each ring, would be suitable to successfully obtain 
photoswitchable mGlu5 NAMs (Figure 42C) active in their cis-configuration. Applying this approach, the 
photoswitchable compounds should not display mGlu5 NAM activity in their trans configuration since the 
resulting structure differs considerably from the parent compound 40. After photoisomerization, the bent 
cis configurations would reproduce a similar geometry of the starting parent compound 40 without 
excessively altering the interactions inside the pocket.  

In order to access an initial library of possible photoswitchable cis-on mGlu5 NAMs we decided to maintain 
the pyrazole ring system in the molecular scaffold, important to stabilize polar interactions in the pocket, 
through hydrogen bond with the backbone carbonyl oxygen of Ser8097.39 and the water molecule in the 
lower chamber of the allosteric pocket (Figure 42). The same pyrazole ring system was connected to a 
pyridine linker which we thought could traverse the narrow channel in the allosteric pocket formed 
between Tyr6593.44,Ser8097.39, Val8067.36 and Pro6553.40 like pyrimidine ring system of compound 40 did. 
Apparently, the presence of two nitrogen atoms in this area of the allosteric pocket did not seem to be so 
crucial for molecular interactions. Lastly, the upper chamber of the allosteric pocket for the three novel 
structures presented here could differ most significantly from that previously determined for mGlu5 in 
complex with compound 40. Indeed, it is well known that the overall properties of this upper region of the 
mGlu5 allosteric pocket are mostly hydrophobic in nature and therefore it is very important to create a top 
ring system with the correct directional electronic character. Aware of this possible limitation, we decided 
anyway to initially replace the 5-cyano substituent with a 2-hydroxy-N-acetamide group in 4-position 
relative to the azo-bound (compound 59, Figure 42C) for two main reasons: (a) obtaining a more red-
shifted photoswitchable compound, since UV light is harmful for living system, and (b) keeping the 
possibility to replace the water mediated hydrogen bond of 40 (Figure 42A,B) with the backbone carbonyl 
of Val7405.40 with a regular hydrogen bond, where the hydroxy group of cis-59 would replace the water 
molecule Additionally, we decided to also include in the library the compounds with other similar groups in 
this position such as amine and acetamide (compound 53 and 55, respectively, Figure 42C). 

Synthesis of compounds 53, 55 and 59 

The compound 59 was obtained after an eight-step synthetic route, whereas six steps were required to 
synthesize the compound 55. The aniline 53 was a common intermediate for both compounds 55 and 59
and it was the third compound we wanted to test.  

The synthetic routes developed are depicted in Scheme 4. The sequence began with a nucleophilic 
substitution of 2-chloro-3-nitropyridine (46) with 1H-pyrazole (47)242 to obtain nitro compound 48, which 
was reduced through palladium-catalyzed hydrogenation to give the aniline 49 in high yield. The nitro azo 
compound 52 was prepared via Mills reaction in good yields by reacting aniline 49 with nitroso derivative
51 in acidic media. The nitroso compound 51 was prepared by amine oxidation of the corresponding 2-
chloro-4-nitroaniline (50) with Oxone® following the procedure described by Priewisch.243 Then, the nitro 
functional group of 52 was reduced using sodium sulfide nonahydrate to give aniline 53 as common 
intermediate. A subsequent acylation with acetyl chloride (54) gave the second desired azo compound 55 in 
high yield. Alternatively, amide coupling of the intermediate 53 with freshly prepared glycolic acid 57 with
HATU with TEA delivered the azo compound 58. Finally, the third desired compound 59 was obtained by 
the ester hydrolysis of 58 with LiOH.  
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Scheme 4. Synthesis of compounds 53, 55 and 59. Reagents and conditions: (a) Cs2CO3, anhydrous MeCN, 85 °C, 16 h, 68%; (b) H2 (1 
atm), Pd/C, EtOH, rt, 16 h, 98%; (c) Oxone®, H2O, rt, 16 h, 94%; (d) AcOH excess, rt, DCM, 16 h, 84%; (e) sodium sulfide- 9H2O, 1-4, 
dioxane, 100 °C, 2 h, 83%; (f) TEA, THF, 60 °C, 48 h, 81 %; (g) no solvent, rt, 2 h, 39%; (h) HATU, TEA, THF, 60 °C, 16h, 80-90%; (i) 
LiOH/MeOH, THF, 0 °C, 30 min, 61%.  

Photochemical and pharmacological characterization of the first series 

UV-Vis absorption spectroscopy 

To biologically take advantages of the azo compounds isomerization using light, it is important to previously 
obtain the UV-Vis absorption spectra of both trans and cis isomers of each compound. In this way, we can 
determine the wavelength where the maximum difference of absorption between the trans and cis isomer 
is found. This wavelength corresponds to the optimal one to illuminate the compound and isomerize from 
trans to cis disposition to reach a maximum fraction of cis isomer in the photostationary state. On the other 
hand, the wavelength located at the maximum difference of absorption between the cis and trans isomers 
would be the optimal one for the reverse isomerization. However, obtaining pure cis isomer samples is not 
straightforward, since it would require illuminating with a wavelength in which, the trans isomer absorbs 
but the cis isomer does not. Most of the times purification of the cis isomers would be required as well as 
minimizing its thermal decay. In conclusion, achieving a sample of cis isomer with very high purity is highly 
complicated and we have to consider that always there will be a fraction of the trans isomer upon 
illumination, though it can be very small for certain wavelengths. This cis-trans proportion is what we know 
as photostationary state (PSS).* 

Thus, we used UV-Vis absorption spectroscopy to determine the photochemical properties of azo 
compounds 53, 55 and 59 in the dark after carefully protecting the compounds from ambient light to only 
optain the UV-Vis spectrum of the trans isomers. Then we proceeded with the illumination of the samples 
with violet light (380 nm) to induce isomerization from trans to cis configuration, we collected the new 
spectra and we repeated the procedure after illuminating them with turquoise (455 nm), green (500 nm) 
and yellow (550 nm) light. While in the dark, the intense - * band revealed the presences of only the 
trans isomers (Figure 43), a mixture of the cis and the trans isomers can be detected upon illumination. 

Compound 53, with the amino substituent in the 4-position, can be classified as aAB derivative.* Due to the 
electron donating properties of this group, the - * transition of 53 is shifted to higher wavelengths around 
420 nm (Figure 43A, left panel) and overlaps with the n- * transition. However, the trans to cis
isomerization can be induced with 380 nm more efficiently than with wavelengths at the blue range. 
Although the UV-Vis spectrum do not suggest that because 380 nm is located at a shoulder of the - * 

                                                           
* See General Introduction: Photoresponsive molecular switches 
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transition band, the cis isomer has a minimum of absorbance around this wavelength, making it the most 
suitable wavelength for such isomerization (Figure 43A). On the other hand, 550 nm light is the suitable
wavelength to back isomerize compound 53 to its thermodynamically stable trans isomer.  

Figure 43. Photochemical properties of compounds 53, 55 and 59. (A) UV-Vis absorption spectra of the compounds 50 µM in DMSO 
at 25°C under dark (black) and different light conditions for 3 min; (B) UV-Vis absorption spectra of the compound 55 50 µM in 
0.5%DMSO/water (left panel) and 100 µM in MeOH (right panel) at 25°C under dark (black) and different light conditions for 3 min. 

UV-Vis spectra showed general tendencies for the two acetamide substituted azobenzenes dissolved in 
DMSO. In fact, 55 and 59 can be considered aAB derivatives with pseudo-amine groups, such as amides, in 
4-position relative to the azo-bond, although they also contain groups in two ortho-positions to the azo 
moiety. Hence, 55 and 59 showed the trans-azobenzene - * transition band at 360-370 nm under dark 
conditions; this maximum of absorbance is more red-shifted than that of derivatives belonging to the ABn
group. Therefore, the E/Z isomerization could be achieved under illumination at this range of wavelengths
(Figure 43A). After irradiating the samples with 380 nm light, mainly the cis isomers of the compounds were 
observed. Their absorption spectra were characterized by the stronger * transition band around 445-
455 nm, which is forbidden by the symmetry in trans azobenzenes. The two azo compounds 55 and 59 can 
be almost totally back-isomerized to their thermodynamically stable trans isomer using turquoise light (455 
nm) because this region of the spectrum is where the trans compounds absorb less than the cis ones. This 
difference between absorption profiles of the two isomers is a little more evident with the spectrum of 
compound 55 dissolved in water (with 0.5% DMSO) and MeOH (Figure 43B). This underlines the fact that, 
not only the thermal relaxation, but also the absorption profiles of the azobenzene-based compounds can 
slightly change depending on the solvent (polarity, solvating power and viscosity).  
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The thermal relaxation of the cis isomers in aqueous media was also evaluated, showing a half-life of 8.8 
minutes for cis-53, 67.0 minutes for cis-55 and 77.5 minutes for cis-59 (Figure 44). Those differences in 
relaxing times are attributable only to the type of substituent in para position relative to the azo-moiety. As 
explained in the General Introduction section, EDG substituents lead to higher rates of cis  trans thermal 
isomerization than the other AB derivatives more similar to unsubstituted AB. Additionally, when amine is 
not alkylated, as for 53, the aAB derivative in question exhibits an even more reduced thermal relaxation 
half-life due to the azo-hydrazone tautomeric equilibrium, especially in polar solvents. This is why 
compound 53 back-isomerizes in aqueous media much faster than cis-55 and cis-59 (Figure 44). The two 
latter are characterized by a relatively slow thermal relaxation time (67.0 and 77.5 minutes), indicating a 
considerable bistable nature of this type of compounds. 

Figure 44. Thermal relaxation plot of the cis isomer of compounds 53, 55 and 59 (50 µM in H2O with 0.5% DMSO) after illumination 
with 380 nm. A significantly higher half-life for the cis isomers of compounds 55 and 59 was determined compared to their parent 
compound 53. An exponential decay function was fitted according to a first-order equilibrium reaction formula.* 

In vitro functional assay: dose-response curves 

Fanny Malhaire- IGF, Institut de Génomique Fonctionnelle, CNRS, INSERM Montpellier 

The pharmacological activity of compounds 53, 55 and 59 as mGlu5 NAMs were tested. D
curves were generated with the azo compounds and 300 nM of the orthosteric agonist quisqualate in dark 
and 380-nm light conditions. An IP accumulation assay in HEK293 cells transiently transfected with mGlu5

receptor was used, since mGlu5 naturally couples to Gq . Alloswitch-1 (32a) was used as photoswitchable 
control compound for this assay. 

Disappointingly, each of the three compounds displayed no activity as mGlu5 NAMs neither in dark nor 
upon 380-nm illumination (Figure 45). On the other hand, a minimal cis-on effect as mGlu5 PAMs was 
observed and it should to be proved with a more appropriate assay. Nevertheless, we decided to move 
forward in the search for new compounds as putative cis-on mGlu5 NAMs following a more rational design, 
which involved the addition of substituents in appropriate position on the chemical scaffold.  

                                                           
* See Experimental Section: Thermal relaxation of cis isomers 
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Figure 45. Pharmacological properties of compounds 53, 55 and 59. Dose-response curve of compound (A) 53 (violet), (B) 55
(magenta) and (C) 59 (turquoise) with a constant concentration of Quisqualate 300 nM in HEK293 cells overexpressing mGlu5 in 
different conditions: in dark conditions (round dots and solid line), under illumination at 380 nm wavelength (square dots and 
dotted line). Alloswitch-1 (32a, grey lines) was used as a mGlu5 NAM standard in dark conditions (round dots and solid line) and 
under illumination at 380 nm (square dots and dotted line). Each point corresponds to the mean of an experiment performed in 
duplo with the corresponding SEM as error bars.

Design and synthesis of a second library of cis-on photoswitchable mGlu5 NAMs

Three new azobenzene-based molecules (62a-c) were designed using a mGlu5 NAM cis-on approach very 
similar to that one used for designing compounds 53, 55 and 59. We considered keeping the same chemical 
scaffold and trying not to introduce other bigger structural differences with the validated parent NAM
compound 40. Therefore, we decided to use the nitrile group as substituent in 4- and in 3 position relative 
to the azo-bond (Figure 46). Additionally, we also included in the library the non-functionalized phenyl ring, 

.

Figure 46. Azologization strategy from compound 40 to afford the second library of cis-on photoisomerizable compounds (62a-c). 
Compounds 62b and 62c include nitrile substitution in two different positions to probe the electronic properties of the compounds
in the upper region of the allosteric pocket.

As mentioned above, the 5-cyano group of compound 40 is important to make electronic interactions 
within the allosteric pocket of the receptor and, in particular, a water mediated hydrogen bond with the 
backbone carbonyl of Val7405.40.236 However, when we started to design the first library of photoswitchable 
compounds we decided to replace this 5-cyano group because one of the requirements of photochromic 
compounds, capable of inducing a pharmacological photoswitching, is providing biocompatible 
wavelengths of illumination to be operated without producing toxicity. Despite azobenzenes (ABs) 
substituted with electro withdrawing groups such as alkyl, halide, carbonyl, nitrile etc.,* are generally 
isomerizing with ultraviolet illumination , we decided that the new analogs 62a-c were still a worthy option 
to explore.

                                                          
* See General Introduction: Photoresponsive molecular switches
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Then, compounds 62a-c were prepared following a synthetic strategy highly similar to that of the initial 
library with four steps of synthesis (Scheme 5). In fact, the compound 49 was common in both synthetic 
routes and its preparation was same. The anilines 60b-c were converted into the nitroso compounds 61b-c, 
but the non-functionalized nitroso benzene 61a was obtained from commercial suppliers. Finally, the 
desired azo compounds 62a-c were prepared via Mills reaction in good yields by reacting aniline 49 with 
the corresponding nitroso derivatives 61a-c in acidic media. 

 

Scheme 5. Synthesis of compounds 62a-c. Reagents and conditions: (a) Cs2CO3, anhydrous MeCN, 85 °C, 16 h, 68%; (b) H2 (1 atm), 
Pd/C, EtOH, rt, 16 h, 98%; (c) Oxone®, DCM/H2O 1:4, rt, 1.30 h, 87-96%; (d) AcOH excess, rt, DCM, 16 h, 54-82%.  

Photoisomerization properties of compounds 62a-c 

UV-Vis absorption spectroscopy 

As shown above, obtaining the UV-Vis absorption spectra of the trans isomers and the PSS after different 
wavelength illuminations is essential in order to evaluate the photoisomerization of the azo compounds. 
Then, we first measured UV-Vis absorption spectra of 62a-c, which were in solution 50 µM in DMSO and in 
H2O with 1% DMSO. The measurements were performed in dark and after illuminating with different light 
conditions, as performed for compounds 53, 55 and 59 of the first series: we obtained the spectra of the 
trans isomers in the dark and, then, we illuminated the samples with violet light (380 nm), lilac (405 nm), 
turquoise (455 nm), green (500 nm) and yellow (550 nm) light to obtain the spectra of the different PSSs as 
shown in Figure 47.A for 62b in DMSO, which displays the general behavior common for all the three
azobenzene derivatives. 

For analogs 62a-c, the wavelength with the maximum difference of absorption between the two isomers is 
apparently 380 nm, as it could be expected for this kind of ABs. However, we obtained a very low amount 
of cis isomers after illuminating with 380-nm light. Surprisingly, 550 nm turned to be the optimal 
wavelength to achieve the maximum amount of cis isomer under illumination. This could be explained by 
the fact that a probable maximum of absorption of trans isomers, corresponding to the n- * band, and a 
much lower absorption of the cis isomers are located around 550 nm. Instead, the most suitable 
wavelengths to afford the reverse isomerization lie from 405 to 455 nm, since they are located close to a 
minimum of absorption of trans isomers between - *and n- * bands (Figure 47A) and where the cis
isomers have the maximum of absorption corresponding to the n- * band.  

ies it is probably due to the 
incorporation of the bulky pyrazolyl substituent in the ortho position to the azo moiety, regardless of the 
presence or absence of chlorine and cyano groups in the phenyl group. We postulated that the bulky 
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pyrazolyl ring does not allow the trans isomer to adopt a completely planar conformation, leading to a
growth of the red shift n- trans-isomer, which is forbidden by symmetry in regular ABs. This 
trans n-  is separated from the cis n- , making it useful for trans  cis photoisomerization 
using green light (530-560 nm). Reverse cis  trans photoisomerization can be accomplished with blue 
light (430-460 nm), therefore, bidirectional photoisomerization between thermally stable isomers is 
possible without using UV light (Table 10). 

The photoisomerization after several light cycles was also determined with solutions of 62a-c in DMSO and 
in H2O with 1% DMSO. Thus, the absorbance values were recorded after illuminating the samples at 550 nm 
and 405 nm per cycle. No considerable differences were observed between the absorbance values of three 
analogs 62a-c upon several cycles of yellow and lilac light, showing convincing stability of the 
photoisomerization (Figure 47B). 

The thermal relaxation of the cis isomers was also evaluated, showing that the cis state is thermally stable 
(i.e. bistable) with a half-life in the order of hours in aqueous solution. For example, the half-life of cis-62b
was 13.4 and 72 hours in H2O with 1% DMSO and 100% DMSO, respectively (Figure 47C and Table 10). The 
thermal relaxation time of the cis-62a was extremely slow in both kind of solvents (> 6 days) whereas 62c 
was not soluble in H2O with 1% DMSO and for that it was not possible to obtain an exponential decay 
function. Indeed, a fast cis  trans relaxation of 62c in aqueous medium was observed after irradiation with 
550 nm, together with a decrease on the absorbance. This is hypothesized to be originated from compound 
precipitation, which was observed after the UV-Vis measurement. We believed that this was induced by a 
lower water solubility of the trans isomer respect the corresponding cis compound (Table 10), which, due a 
higher polarity, shows an increased solubility. 

Figure 47. Photochemical properties of compound 62b. (A) UV-Vis absorption spectra of 62b 50 µM in DMSO at 25°C under dark 
(black) and different light conditions for 3 min; inset graph highlights the absorption profile between 405 and 470 nm of 62b under 
dark and 405 and 550 nm-light conditions; (B) UV-Vis absorption measurements of 25 µM 62b in H2O with 1% DMSO at - *max of 
trans isomer (342 nm) after repeated cycles of illumination with 550 (yellow) and 405 nm light (lilac); (C) Thermal relaxation plot of 
cis-62b in H2O with 1% DMSO at 25 °C. Absorbance at 342 nm was recorded for 52 h. 
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Photoisomerization properties t1/2 (h) 

Compound 
trans[a] 

max ( - *)
[b] [nm] 

PSS550
[c] 

max (n- *)
[b] [nm] 

DMSO H2O/1%DMSO 

62a 

 

334 420  6 days  6 days 

62b 

 

350 416 72 13 

62c 

 

346 416 61 ND[d] 

[a] Experiments performed in the dark to characterize 100 % trans isomer. 
[b] The absorbance maxima were extracted from UV-Vis spectra (50 µM in DMSO at 25°C).  
[c] Photostationary state upon Illumination with 550 nm light to obtain a high % of cis isomer.  
[d] ND= not determined because of solubility issue. 

Table 10. Photoisomerization properties of analogs 62a-c DMSO and water (+1% DMSO) at 25 °C. 

NMR spectroscopy 

An interesting point to take into consideration is the real amount of cis and trans isomer that is afforded in 
the photostationary equilibrium under illumination, since its quantification by UV-Vis is complicated.* A 
reasonable approach, previously described,244 is the use of 1H-NMR under continuous illumination to 
determine the photostationary states (PSSs), since the chemical shift of cis and trans configurations of the 
hydrogen atoms azo compounds are different and this allows a quantification of the relative amounts of 
the isomers. The optimal approach to have a high relevance would be performing this experiment in 
solution under the same conditions used in biological experiments. However, NMR spectroscopy has some 
limitations that we have to consider: solvents need to be deuterated to avoid interferences in the proton 
signals and to adjust the field-frequency lock. Moreover, NMR is a spectroscopy technique with a relatively 
low sensitivity, which involves using relatively concentrated solutions of the compound to be tested and 
accumulate several experiments to obtain a proper signal.  

Due to the aforementioned limitations of the technique and the solubility issues of these compounds, we 
decided to perform these experiments with a solution 5 mM of compound 62b in deuterated DMSO. 
Therefore, the purpose of this study is not to mimicking the physiological conditions for biological 
experiments, but rather to increase our knowledge about the properties of this family of compounds from a
purely photochemical point of view. Because of the bistable nature of the cis-62b (low rate of cis trans
isomerization) it was possible to perform the following 1H-NMR experiments. The 1H NMR acquisitions 
consisted in 32 scans with a total collecting time of 1 min and 54 s. All the obtained spectra were processed 
equally, integrating the most shielded proton of the pyrazole ring in the region 6.75- 6.60 ppm (Figure 48) 
and the resulting area relations were converted to a molar percentage of cis isomer. 

                                                           
* See General Introduction: Characterization of GPCR photopharmacological tools 



Chapter 1: mGlu5 inhibition with cis-active photoswitchable NAMs

91

 

Figure 48. Two-dimensional chemical structures of the photoisomers of 62b. Chemical shift variations on the most shielded proton 
of the pyrazole ring were followed under 1H-NMR recording. 

Determination of the most efficient illumination time  

Before looking for the right molar fraction of cis-62b in the different photostationary states, it was
necessary to know what illumination time was necessary to obtain the highest amount of cis isomer in such 
a concentrated sample (5 mM in DMSO). From the UV-Vis absorption spectroscopy experiments, we knew 
that 550 nm is the best wavelength to get a PSS with a high percentage of cis isomer. Therefore, a first 1H 
NMR experiment was performed in dark conditions and, after that, the same sample was irradiated with 
550 nm at several time lapses and new 1H NMR acquisitions were taken at each lapse. The sample was first 
irradiated 1 minute with the power set at 50% of intensity (118.1 mW) and after 3 minutes at 100% power 
(181.9 mW).*  

From the results shown in Table 11, it was emerged that by illuminating the sample for 1 minute we 
obtained a low percentage of cis isomer. The sum of a high concentration of the sample, the intensity of 
light reaching the solution and the short period of illumination contributed to obtain an isomerization with 
a high percentage of trans isomer, which did not match the results obtained by UV-Vis spectroscopy. In a 
second effort, we expected to obtain a better isomerization increasing both the intensity of light and the 
time of illumination and, thus, get a higher fraction of cis compound. Effectively, we obtained an improved 
isomerization, as it can be observed in Table 11. Discouragingly, we obtained a percentage of cis isomer 
lower than 80%. This result was comparable to that obtained with UV-Vis spectroscopy since the two 
isomers of compound 62b absorb practically all the same wavelengths in a different but still remarkable 
degree. For this reason, obtaining 80- 100% cis isomer samples is not easy. Later, illuminating the same 
sample with 550 nm for 30 minutes gave us the confirmation that the PSS was reached. Indeed, the PSS 
consisted of 35.7% of trans and 64.3% of cis isomers and it was already reached after 3 minutes of 
illumination.  

Illumination Time (min) Potency (mW) Area trans- 62b Area cis- 62b % cis- 62b 
-[a] - 1.00 0.00 0% 

1 50%= 118.1 1.00 0.52 34.2% 

3 100%= 181.9 1.00 1.80 64.3% 

30 100%= 181.9 1.00 1.75 64.0% 

[a] Measurement performed before illumination to characterize 100 % trans isomer in the dark 

Table 11. Photoisomerization assay under 1H-NMR recording. Illumination at 550 nm wavelength was achieved using the CoolLED 
pE-4000 Light Source. The studied sample (62b, 5 mM, DMSO-d6) was illuminated for 1, 3 and 30 min and 1H NMR acquisitions were 

                                                           
* See Experimental Section 
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taken each time. The photostationary state (PSS) with the highest percentage of cis-62b is characterized by 35.7% of trans and 
64.3% of cis isomers and it was reached after 3 minutes of illumination in continuous mode. 

Confirmation of the optimal wavelengths for bidirectional photoisomerization 

Additionally, we determined the optimal wavelengths for bidirectional photoisomerization of compound 
62b screening all the illumination wavelengths available at that moment and quantifying the amount of 
trans and cis isomers once reached each photostationary state. Thus, we illuminated 3 minutes the sample 
in deuterated DMSO-d6 with different light wavelengths and new 1H NMR acquisitions were taken each 
time. As explained before, we integrated the most shielded proton of the pyrazole ring (Figure 48) and 
converted the resulting area relations to a molar percentage of cis isomer. Then, we plotted the percentage 
of cis-62b versus the corresponding light wavelengths used (Figure 49). The results showed that the optimal 
wavelength of illumination to obtain the largest amount of cis-62b was 550 nm with 64.3% of cis isomer 
reached, together with 525 and 500 nm, which induced PSSs of 57.3% and 43.2% of cis-62b, respectively.
Contextually, it was possible to determine the best wavelengths for the back isomerization cis trans, that 
are 405 and 435 nm, reaching 88.7% and 88.5% of trans-62b respectively. 

 

Figure 49. Photochemical properties of compound 62b determined by 1H NMR spectroscopy. Maximum absorption values of 
compound 62b (5 mM in DMSO) extracted from 1H-NMR spectra measured after illumination of the sample at wavelength 
indicated in the graphs for (A) trans cis isomerization and (B) cis trans isomerization; (C) Photostationary state (PSS) 
quantification. Samples were continuously illuminated using different light sources. Chemical shift variations on the most shielded 
proton of the pyrazole ring were followed. 
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Measurement of thermal relaxation time

Finally, we used 1H-NMR spectroscopy to measure the thermal relaxation rate of the cis-62b over the time. 
To do that, we illuminated the sample in DMSO-d6 with 550 nm and new 1H NMR acquisitions were taken 
over the time, while keeping the sample protected from ambient light. As shown before, we integrated the 
most shielded proton of the pyrazole ring (Figure 48 and Figure 49C) and converted the resulting area 
relations to a molar percentage of cis isomer. Then, we plotted the % of cis-62b versus the time of 
relaxation and we fitted an exponential decay function (Figure 50), according to a first order equilibrium 
reaction formula.* In this way, we were able to calculate the half-life value (t1/2) of the cis-62b and the 
amount of the two isomers once reached the plateau (Figure 50).  

From the results, we conclude that the cis isomer of compound 62b is very stable over the time when it is 
dissolved in DMSO. After eleven days (264 h), there was a remarkable percentage of cis in the sample
( 20%). Additionally, the half-life value (t1/2) of the cis-62b was found to be of 68 hours in DMSO. This 
value is very close to that one extrapolated from the experiments carried out using UV-Vis absorption 
spectroscopy with 50 µM in DMSO samples (72 h, Table 10). 

 

Figure 50. The one phase decay curve used to estimate the half-life of cis- 62b 5 mM in DMSO at 25 °C. Several 1H NMR acquisitions 
were taken over the time for eleven days. 

LC-PDA-MS 

Photoisomerization of compound 62b was also confirmed by liquid chromatography coupled to a 
photodiode array and a mass spectrometer detectors (LC-PDA-MS). Indeed, LC-PDA-MS allowed us to 
quantitatively detect a mixture of the two photoisomers by chromatographic separation and therefore to 
confirm the previously obtained results. The coupled photodiode detector (PDA) allowed to record the UV-
Vis absorption spectra of each of the separated peaks and to properly identify each isomer. Moreover, the 
coupled mass spectrometer (MS) allowed to determine the mass of each molecular entity and verify that 
both cis and trans peaks had the identical mass. Clearly, this type of analysis was possible thanks to the 
bistable nature of the compound 62b and therefore, it did not relax before or during the entire time of 
measurement (ca. 1-20 min); otherwise we would have detected only the thermodynamically stable 
isomer. 

Then, we decided to use the compound 62b in 100 µM solution of DMSO/MeCN (1:9) and analyze the PSS 
after illumination, comparing the results with those obtained by 1H- NMR spectroscopy. The LC-PDA-MS 
measurements were performed in dark and after illuminating with 550 nm. To quantify the isomeric ratio, 
                                                           
* See Experimental Section 
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the separated peaks were integrated using the PDA channel at the wavelength of the isosbestic point,* in 
this specific case 414 nm, which was previously determined by UV-Vis spectroscopy.  

In LC-MS analysis, only trans-62b was observed in the dark, whereas a PSS of 64.5 % cis-62b after 550 nm 
illumination was identified (Figure 51). This isomeric ratio is exactly the same as that measured with 1H-
NMR spectroscopy (Table 12).  

  

Figure 51. Identification of trans-62b in the dark (100 µM in DMSO/MeCN 1:9) and photostationary state (PSS) of 62b analyzed by 
LC-PDA-MS after illumination with 550 nm. 

Table 12. Photostationary states of the same compound 62b in 5 mM in DMSO-d6 determined by 1H NMR and in 100 µM in 
DMSO/MeCN 1:9 measured by LC-PDA-MS after illumination with 550 nm. 

Pharmacological characterization of the putative cis-on compounds 62a-c 

Fanny Malhaire- IGF, Institut de Génomique Fonctionnelle, CNRS, INSERM Montpellier 

To evaluate the possible cis-on mGlu5 NAM activity for compounds 62a-c, we generated dose-response 
curves extracted from IP accumulation assay with HEK293 cells transfected with mGlu5 receptor. The assays 
were performed under illumination with 530 and 400 nm wavelengths to obtain a high percentage of cis
and trans isomer respectively. Alloswitch-1 (32a) was used as photoswitchable control compound for this 
assay. However, the photoisomerization profile of Alloswitch-1 is different compared to the present series: 
illuminating with 400 nm would induce the cis form and trans active form is obtained upon illumination 
with 530 nm. Unfortunately, we could not find any cis-on profile in the dose-response curves (Figure 52) 
and all the three compounds displayed no activity as mGlu5 NAMs neither in 530 nor upon 400-nm 
illumination. 
                                                           
* In spectroscopy, an isosbestic point could be defined as a specific wavelength at which the total absorbance of a 
sample does not change during a physical change of the same sample. When the absorption spectra of two species are 
superimposed the isosbestic point corresponds to a wavelength at which these spectra cross each other and the two 
chemical species have identical molar absorption coefficients whose ratio, however, remains constant as the physical 
change proceeds. 
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Figure 52. Pharmacological properties of compounds 62a-c. Dose-response curve of compound (A) 62a (violet), (B) 62b (magenta)
and (C) 62c (turquoise) with a constant concentration of Quisqualate 100 nM in HEK293 cells overexpressing mGlu5 in different 
conditions: under illumination at 400 nm (round dots and solid line), under illumination at 530 nm wavelength (square dots and 
dotted line). Alloswitch-1 (32a, grey lines) was used as a mGlu5 NAM standard under illumination at 530 nm (round dots and solid
line) and under illumination at 400 nm (square dots and dotted line). Each point corresponds to the mean of a minimum of two 
independent replicates with the corresponding SEM as error bars. 

Despite the efforts in the design and photochemical characterization of the second series of compounds, 
we did not achieve our objective for the second time. However, the photochemical behavior, especially of 
the compounds 62a-c, the relative simple chemical synthesis and the distinctive molecular structure led us 
to believe that changing the approach and accessing a third library of compounds to be tested as cis-on 
mGlu5 NAMs, could be a worthy option to explore. 

Design of a third series: the 5-phenylazo-2-pyrazol-pyridines 66a-f 

To create a new library of cis-on mGlu5 NAM candidates, we decided to re-apply the 
 40 (Figure 53), still considered a good reference compound with a bent pose in the 

allosteric binding site. Again, our aim was to mimic this active bent position with a cis-azo bond in such a 
way that the corresponding trans isomer did not properly fit into the allosteric pocket due to its straight 
geometry and higher length. As already seen at the beginning of the chapter, the structure of 40 included 
just a single bond between two aromatic rings, which gave it a bent geometry and it was susceptible to be 
eliminated inserting an azo group in cis-form.  

For the previous compounds 53, 55, 59 and 62a-c, we inserted the azo group in cis-form in the molecular 
scaffold following path a (Figure 53). However, the same bent geometry could be achieved by inserting the 
azo group in cis-form via path b (Figure 53). Additionally, by including the cis- azo group in this second 
region, the difference in geometry between trans and cis isomers would be greater than that found in the 
pair of isomers of the two previous series. This led us to think that we might have had higher chances of 
obtaining photoswitchable compounds that do not exhibit mGlu5 NAM activity in their trans configuration 
whereas, after illumination, their cis isomers do, due to the abrupt change in geometrical disposition.  

To investigate better the influence of cyano and chlorine substituents in terms of electronic interactions 
within the allosteric pocket of the receptor, we inserted them in different positions in the phenyl ring. 
Thereby, the new analogs 66a-f emerge from all these considerations (Figure 53). 
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Figure 53. Azologization strategy following path b from compound 40 to afford the third library of cis-on photoisomerizable 
compounds (66a-f). The compounds include substitution by cyano and chlorine in three different positions of phenyl ring to probe 
the electronic properties of the compounds in the upper chamber of the allosteric pocket.

In silico characterization of trans and cis configurations

Roser Borràs - MCS, Laboratory of Medicinal Chemistry and Synthesis, IQAC-CSIC, Barcelona

Before proceeding in the synthesis of the new compounds, we performed docking studies with the most 
promising compound of this new family in trans and cis configuration to check the suitability of the cis-on 
approach designed. Thus, we docked the parent compound 40 and M-MPEP (42) in the crystallized 
transmembrane domain of mGlu5 receptor (PDB code: 5CGD, Figure 54A). These docked structures were 
compared with one compound from the past series that we already knew was not active (62b) and one 
from the new series (66e) (Figure 54B,C).92,236

In order to confirm the inactivity of the second series, we began the study with both isomers of compound 
62b docked in the receptor (Figure 54B). Indeed, 62b in the cis configuration docked in a similar pose to 
compound 40 in the same model, whereas in the trans configuration the dockings did not result favorable 
from the very beginning (Figure 54A and Figure 54B). More precisely, the trans configuration of 62b would 
not allow to occupy the lower space of the pocket, typically occupied by pyridine rings and involved in a 
series of hydrogen bonds Ser8097.39. Concerning cis-62b, although it might adopt a 
similar binding-mode to the parent compound 40 at first sight, its azo moiety would rearrange in the same 
region as triple bond in M-MPEP (42) (Figure 54A) or Mavoglurant (43). This chamber of the receptor is 
known to be a narrow channel with critical polar interactions network (Tyr6593.44, Happy Water and 
Ser8097.39). The distorsion of this narrow channel in the allosteric pocket by both isomers of 62b could 
explain the lack of NAM activity of these series of compounds.

On the other hand, compound 66e in its cis configuration showed a well-fitting docking very similar to that 
of 40 and M-MPEP (42) (Figure 54C) and its azo group would be located in an upper chamber of the 
allosteric pocket that would accept a higher degree of substitution. Instead, trans-66e could occupy a 
higher space in the allosteric pocket, displacing some water molecules, although these are not considered 
essential. However, this docking ended up with less attractive poses with a binding-mode far from that of 
40 and M-MPEP (42) and therefore highly unlike to be plausible.
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Figure 54. Compounds 40 (left) and M-MPEP (42) (right) (A), trans (left) and cis (right) isomers of 62b (B) and trans (left) and cis
(right) isomers of 66e (C) docked in the crystal structure of mGlu5 receptor (PDB code: 5CGD).92,236 The allosteric binding pocket is 
shown from the side (TM7 has been removed for clarity). mGlu5 in ribbon representation colored yellow, orange and red. 
Compounds in stick representation with carbon, nitrogen, oxygen, chlorine, fluorine atoms colored grey (green for M-MPEP (42)), 
blue, red, dark green, and green, respectively.  

In the end, we were able to conclude from these dockings that the previous series of compounds are less 
likely to be successful as mGlu5 NAMs because, despite the poses of the corresponding cis isomers are 
reasonable, the azo-bond is occupying a chamber that was reported to be sensitive for the receptor 
structure. This could explain the lack of pharmacological activity observed. Instead, compound 66e within 
the third series constitutes a promising candidate for becoming cis-on photoswitchable mGlu5 NAMs.  

Synthesis of analogs 66a-f  

Compounds 66a-f were prepared following a synthetic strategy similar to the previous two series and it is 
depicted in Scheme 6. The first step consisted of Cs2CO3-promoted nucleophilic substitution of 2-chloro-5-
nitropyridine (63) with 1H-pyrazole (47). The obtained nitro compound (64) was reduced through 
palladium-catalyzed hydrogenation to give aniline 65 in high yield. The azo compound 66a-f were prepared 
via Mills reaction in good yields by reacting aniline 65 with nitroso derivatives 61a-f in acidic media. The 

A 

B

C
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nitroso compounds 61a-f were prepared by amine oxidation of the corresponding anilines (60a-f) with 
Oxone® following the procedure described by Priewisch.243 

 

Scheme 6. Synthesis of compounds 66a-f. Reagents and conditions: (a) Cs2CO3, anhydrous MeCN, 85 °C, 16 h, 87%; (b) H2 (2 atm), 
Pd/C, EtOH, rt, 3 h, 81%; (c) Oxone®, DCM/H2O 1:4, rt, 1.30-16 h, 12-96%; (d) AcOH excess, rt, DCM, 2-4 days, 54-82%.  

Photochemical and pharmacological characterization of the third series 

UV-Vis absorption spectroscopy 

As performed for the previous families, we measured UV-Vis absorption spectra of the trans isomers and 
the PSS after different wavelength illuminations to characterize the photoisomerization of the azo 
compounds. We first measured the UV-Vis absorption spectra of all the compounds within the family in a 
mixture of water and acetonitrile with 0.05% of formic acid by LC coupled simultaneously to a photodiodes 
array (PDA) and a mass spectrometer (MS). In contrast to the compounds of the second series, the new 
compounds 66a-f include the bulky pyrazolyl substituent in the para position to the azo moiety. This 
substitution para conferred a more standard azobenzene photochemical behavior to the compounds: the 
trans-azobenzene - * transition band was found at 340-360 nm in dark conditions and the cis * 
transition band around 430-450 nm.  

After that, we tested the photoisomerization conditions with samples 50 µM of the compounds 66a-f in 
DMSO under different light conditions. Thus, we collected UV-Vis spectra in the dark and after 3 minutes of 
continuous illumination with 365, 380, 405, 455, 500 and 550 nm wavelengths to obtain the spectra 
corresponding to the PSS at each illumination wavelength. For all the compounds we obtained very similar 
photoisomerization properties. The optimal wavelengths to obtain the cis isomers were 365 and 380 nm, 
corresponding to the minimum of absorbance of the cis isomers, whereas upon 455 nm and even 500/550 
nm we recovered a considerable fraction of the trans isomer (Figure 55). At these region (430-500 nm) of 
the spectra, the trans compounds absorb less than the cis ones, since the planarity of these long trans
isomers makes the n- * band forbidden by symmetry. For compounds 66e-f, containing the cyano group in 
ortho position in combination with chlorine substituent in the same phenyl ring, the photoswitching 
cis trans with 455 nm and 500/550 nm was more effective.  
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Figure 55. UV-Vis absorption spectra of the compounds 66a-f 50 µM in DMSO at 25°C in the dark (black) and different illumination
conditions. Illumination with 365 and 380 nm wavelengths affords very similar profiles. 

The thermal relaxation of the cis isomers in aqueous media was also evaluated. The preliminary results 
indicate that the six cis-66a-f show a high bistability both in DMSO and aqueous media (> 6 days). However, 
these compounds are very insoluble in aqueous media and show precipitation with time. For that reason, 
the absorption readings over time were decreasing in intensity and it was not possible to fit an exponential 
decay function. We believe that this low solubility is a consequence of the lack of polar groups in the 
molecular structure and the highly planar aromatic structure, that tends to form -  stacking and, thus, 
precipitation of the compounds.  

In vitro endpoint functional assay: dose-response curves 

Fanny Malhaire- IGF, Institut de Génomique Fonctionnelle, CNRS, INSERM Montpellier 

To evaluate the possible cis-on mGlu5 NAM activity for compounds 66a-f, dose-response curves were 
extracted from IP accumulation assay with HEK293 cells transfected with mGlu5 receptor. The assays were 
performed with 100 nM of the orthosteric agonist quisqualate in the dark and 380-nm light conditions. 
MCS0331 (32b) was used as photoswitchable NAM control compound for this assay. Unfortunately, all the 
six compounds displayed no activity as mGlu5 NAMs neither in dark nor upon 380-nm illumination. 

W a v e le n g th (n m )

3 0 0 3 5 0 4 0 0 4 5 0 5 0 0 5 5 0 6 0 0

0 .0

0 .5

1 .0

D a r k

3 8 0 n m

5 0 0 n m

4 5 5 n m

5 5 0 n m

4 0 5 n m

3 6 5 n m

6 6 a

W a v e le n g th (n m )

3 0 0 3 5 0 4 0 0 4 5 0 5 0 0 5 5 0 6 0 0

0 .0

0 .2

0 .4

0 .6

D a r k

3 8 0 n m

5 0 0 n m

4 5 5 n m

5 5 0 n m

4 0 5 n m

3 6 5 n m

6 6 b

W a v e le n g th (n m )

3 0 0 3 5 0 4 0 0 4 5 0 5 0 0 5 5 0 6 0 0

0 .0

0 .5

1 .0

D a r k

3 8 0 n m

5 0 0 n m

4 5 5 n m

5 5 0 n m

4 0 5 n m

3 6 5 n m

6 6 c

W a v e le n g th (n m )

3 0 0 3 5 0 4 0 0 4 5 0 5 0 0 5 5 0 6 0 0

0 .0

0 .2

0 .4

0 .6

0 .8

D a r k

3 8 0 n m

5 0 0 n m

4 5 5 n m

5 5 0 n m

4 0 5 n m

3 6 5 n m

6 6 d

W a v e le n g th (n m )

3 0 0 3 5 0 4 0 0 4 5 0 5 0 0 5 5 0 6 0 0

0 .0

0 .2

0 .4

0 .6

0 .8

D a r k

3 8 0 n m

5 0 0 n m

4 5 5 n m

5 5 0 n m

4 0 5 n m

3 6 5 n m

6 6 e

W a v e le n g th (n m )

3 0 0 3 5 0 4 0 0 4 5 0 5 0 0 5 5 0 6 0 0

0 .0

0 .2

0 .4

0 .6

0 .8

D a r k

3 8 0 n m

5 0 0 n m

4 5 5 n m

5 5 0 n m

4 0 5 n m

3 6 5 n m

6 6 f



Results and Discussion

100 

Figure 56. Pharmacological properties of compounds 66a-f. Dose-response curve of compound (A) 66a, (B) 66b, (C) 66c, (D) 66d, (E) 
66e and (F) 66f with a constant concentration of Quisqualate 100 nM in HEK293 cells overexpressing mGlu5 in different conditions: 
in dark conditions (round dots and solid line) and under illumination at 380 nm wavelength (square dots and dotted line). MCS0331 
(32b) was used as a mGlu5 NAM standard in dark conditions (round dots and grey line) and under illumination at 380 nm (square 
dots and grey dotted line). Each point corresponds to the mean of a minimum of two independent replicates with the 
corresponding SEM as error bars. 

Conclusions 

We designed compounds 53, 55, 59 and 62a-c as candidates to display NAM activity in mGlu5 receptors in 
their cis configuration and no activity in their trans configuration. This was based on a search in the 
literature for mGlu5 NAMs with a bent disposition to mimic cis azobenzene geometry. Thus, the linear trans 
azo mimetic isomer would be too long to fit in the allosteric binding site of mGlu5 receptor. 

The compounds 53, 55, 59 and 62a-c were synthesized and fully characterized photochemically using the 
three most common methodologies to measure photoisomerization: UV-Vis spectroscopy, nuclear 
magnetic resonance (NMR) and liquid chromatography coupled to a photodiode array and/or mass 
spectroscopy (LC/PDA/MS). While compounds 53, 55 and 59 can be photoisomerized from trans to cis
isomer with 380-nm light and from cis to trans isomers with 455nm, compounds 62a-c display bidirectional 
photoswitching without using UV light (trans  cis with green light (530-560 nm) and cis  trans with blue 
light (430-460 nm)). Additionally, the cis isomers of this latter type of compounds are extremely stable over 
the time. All together, these are excellent characteristics for ideal in vivo applications. 

The compounds 53, 55, 59 and 62a-c resulted inactive as mGlu5 NAM in cell-based IP accumulation assays. 
A potential mGlu5 PAM activity needs to be explored with the appropriate pharmacological assays. 
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Due to the inactivity shown both in dark and under illumination conditions, a third series of compounds 
was designed following a second azologization strategy and with computational support. The compounds 
were docked in the crystal structure of mGlu5 receptor, showing promising results in their cis configuration.  

The compounds 66a-f, belonging to the third series, were synthesized and fully characterized 
photochemically with UV-Vis spectroscopy. These compounds have regular ABs photochemical behavior: 
they can be photoisomerized from trans to cis isomer with 365-nm or 380-nm light, from cis to trans
isomers with 450 nm and the cis isomers were characterized by highly slow thermal relaxation times. 

After the corresponding pharmacological evaluation in the dark and under 380 nm illumination, the analogs 
66a-f were found to display no activity as cis-on mGlu5 NAMs. This leads us to the conclusion that we did 
not achieve our main objective for this project. Nevertheless, a potential mGlu5 PAM activity should to be 
explored with the appropriate pharmacological assays. 
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Chapter 2: Development of a selective photoswitchable PAM for mGlu4 receptor

Key points

- Photoswitchable mGlu4 PAMs supporting the trans-on Optogluram-like approach

- Optimization of a series of compounds driven by SAR

- Improvement of selectivity over mGlu6/7/8 receptors

- Very consistent on/off photoswitching of mGlu4 activity

Paper related to this chapter

- Silvia Panarello, Alice Berizzi, Fanny Malhaire, Carme Serra, Jean-Philippe Pin, Laurent Prézeau, Cyril 
Goudet, Amadeu Llebaria and Xavier Gómez-Santacana Development of a selective 
photoswitchable PAM for the metabotropic glutamate receptor subtype 4 . 
In preparation.
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There is a growing interest in targeting the metabotropic glutamate receptor subtype 4 (mGu4) due to its 

processing.245 248 Selective activation of this receptor, via either subtype selective agonists or positive 
allosteric modulators (PAMs), has been shown to significantly reduce or eliminate motor symptoms in 

.249 Additionally, mGlu4 PAMs have been proposed as potential 
novel therapeutics for the palliative treatment of some forms of epilepsy.250,251  

Work from a number of laboratories has led to the development of more selective tools for the study of 
mGlu4, as well as refined models of the structure and function of this receptor. The increased 
understanding of the role of mGlu4 combined with more detailed structural information are encouraging 
the development of better pharmacological tools, and ultimately to novel clinical therapies. 

In the General Introduction section of the present thesis,* we showed the design and development of 
Optogluram (38) as photoisomerizable allosteric modulator of mGlu4. After obtaining such outstanding 
results, we decided to use Optogluram as attractive starting point for optimization of the selectivity in 
order to obtain a possible improved in vivo tool compound. In the present chapter, we describe the first 
modifications to the structure of Optogluram (38) to generate a small library of azobenzene candidates 
with the aim of maintaining or enhancing the PAM activity on mGlu4 receptor and decreasing that one over 
the other group III glutamate receptors. 

Design of Optogluram analogs 

The chemical design of photoswitchable compounds targeting the metabotropic glutamate receptor 
subtype 4 (mGlu4) was based on Optogluram (38), the first photoswitchable positive allosteric modulator 
targeting mGlu4 receptor, discovered in our research group.46,98,133 During the optimization process, we 
decide to preserve the external 2-chlorophenyl ring and the 3-methoxy substituent in the central aromatic 
ring since both groups were important in the development of a series of N-(4-acetamido)
phenylpicolinamides as positive allosteric modulators of mGlu4 receptor (e.g. VU0416374 (37),Figure 
57A).232 In fact, the central phenyl ring containing a 3-methoxy moiety or 3-chloro and the 2-chlorophenyl 
amide resulted to be crucial to guarantee a nanomolar potency. Different substitutions in the central 
phenyl ring as well as in the aforementioned amide portion led to a significant decrease in activity.  

Thus, we decided to focus our structure-activity relationship on key substituents on the picolinamide 
moiety and the central phenyl ring of Optogluram (38), as well as on two different five-membered 
heterocyclic amides to replace the aforementioned picolinamide group. These modifications provided 
analogs 71a-d and 74a-b (Figure 57B). Both structural modifications were designed to decrease activity at 
mGlu6/8 hopefully maintaining intact mGlu4 PAM activity. 

                                                           
* See General Introduction: Freely diffusible photoswitchable allosteric modulators for mGluRs 
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Figure 57. (A) Azologization strategy starting from VU0415374 (37) (B) Optimization plan for mGlu4 PAM Optogluram (38) to 
decrease potency at mGlu6/8 via analogs 71a-d and 74a-b. 

Synthesis of compounds 71a-d and 74a-b 

The two-step synthetic route developed for Optogluram analogs 71a-d and 74a-b is depicted in Scheme 7. 
The sequence started with the direct diazotization of 2-chloroaniline (67) followed by a reaction with 3-
methoxyaniline (68a) or 2-chloro-5-methoxyaniline (68b) to yield aminoazobenzenes 69a and 69b. Such 
amines were acylated with the corresponding carboxylic acids 70a-b, 72 and 73 to give azo compounds 
71a-d and 74a-b. 

 

Scheme 7. Synthesis of compounds 71a-d and 74a-b. Reagents and conditions: (a) (I) conc. HCl, NaNO2, 0°C, 20 min; (II) NaOAc, 0°C, 
30 min, 57-85%; (b),(c) HATU, TEA, DMF, 40-60°C, 16-48h, 21-79%. 

Photochemical characterization of compounds 71a-d and 74a-b 

Following the synthesis of the desired compounds, the photochemical properties of 71a-d and 74a-b were 
investigated by the UV/Vis absorption spectroscopy, with samples in the dark and previously illuminated
with different wavelengths. As expected from azo compounds, samples in the dark should only present 
trans isomers (Table 13) and, upon illumination, a mixture with different proportions of the cis and the 
trans isomers can be detected, which is known as photostationary state (PSS) and depends on the 
illumination wavelength.  

A B
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Photoisomerization 

Cpd. het X Y 
trans[a] 

max ( - *)
[b] [nm] 

PSS380
[c] 

max (n- *)
[b] [nm] 

71a 
 

Cl H 385 434 

71b 
 

F H 391 434 

71c 
 

Cl Cl 391 436 

71d 
 

F Cl 390 432 

74a 
 

- H 385 433 

74b 
 

- H 390 435 

[a] Experiments performed in the dark to characterize 100% trans isomer. 
[b] The absorbance maxima were extracted from UV/Vis spectra (25 µM in DMSO at 25°C).  
[c] Photostationary state upon Illumination with 380 nm light to obtain a high % of cis isomer.  

Table 13. Photoisomerization properties of analogs 71a-d and 74a-b determined at 25 dimethyl sulfoxide (DMSO) at 25 °C. 

The obtained UV-Vis spectra of compounds 71a-d and 74a-b showed the archetypical profile of N-amido
azobenzenes.98,252 In the dark, all six compounds showed the typical trans-azobenzene - * transition band 
at 380-390 nm. The E/Z isomerization could be achieved under illumination at this range of wavelengths, as 
we did with 380 nm or 420 nm light to obtain a solution of mainly the cis isomers. We identified the cis
isomers from a - * transition band at 270-300 nm and a weaker near 430 nm, which 
is forbidden by the symmetry for trans azobenzenes. All the six azo compounds were back-isomerized to 
their thermodynamically stable trans isomer by using turquoise light (455-470 nm) (Figure 58B) or allowing 
them to thermally isomerize in the dark.  

The photoisomerization properties of azo compound 74a in DMSO were also examined by HPLC-MS 
analysis (Figure 58C). In the dark, 100% of trans-74a was observed, whereas a PSS of 64.5% cis-74a was 
detected after 380-nm illumination. Subsequent illumination with 470 nm wavelength afforded a PSS of 
67.3% trans-74a. This ratio was calculated from the area of the corresponding peaks at 324 nm, since we 
determined that 324 nm was isosbestic point in the UV-Vis spectra (Figure 58C).* Additionally, the 
photoisomerization after several photoisomerization cycles was determined with a solution in DMSO 
recording the absorbance values after alternatively illuminating at 380 nm and 455 nm. No considerable 
differences were observed with the absorbance values under turquoise or violet light of the different cycle, 
showing robust photoisomerization process with no apparent degradation (Figure 58D). 

                                                           
* In spectroscopy, an isosbestic point could be defined as a specific wavelength at which the total absorbance of a 
sample does not change during a physical change of the same sample. When the absorption spectra of two species are 
superimposed the isosbestic point corresponds to a wavelength at which these spectra cross each other and the two 
chemical species have identical molar absorption coefficients whose ratio, however, remains constant as the physical 
change proceeds. 
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Figure 58. Photochemical properties of compound 74a. (A) 2D structure of trans/cis isomers; (B) UV/Vis absorption spectra of 74a
25 µM in DMSO at 25°C under dark (black) and different light conditions for 3 min; (C) Photostationary state (PSS) quantification of 
74a 100 µM in DMSO/MeCN 1:9 at 25°C by HPLC-MS. The measurement was performed in the dark and after illuminating the 
sample was for 3 min with 380 and 470 nm light sources; (D) UV/Vis absorption measurements of 25 µM 74a in DMSO at - *max 
of trans isomer (385 nm) after repeated cycles of illumination with 380 (violet) and 455 nm light (turquoise).

Pharmacological characterization of the putative mGlu4 PAMs

In collaboration with Xavier Gómez Santacana and Alice Berizzi- IGF, Institut de Génomique Fonctionnelle, 
CNRS, INSERM Montpellier

Single dose screening

The azo compounds 71a-d and 74a-b were first screened at single dose (30 µM) in dark and under 380 nm 
illumination conditions simultaneously to their PAM activity as mGlu4 and mGlu6 PAMs using a constant 
concentration of an orthosteric agonist (i.e. L-AP4, 5 nM or 100 nM for mGlu4 and for mGlu6 respectively).
We used a cell-based inositol phosphate (IP) accumulation assay with HEK293 cells transiently transfected 
with the corresponding mGlu receptor and a chimeric G protein that is able to bind all mGlu receptors.

Through this initial screening we were able to rapidly exclude from the study compounds 71c and 71d, 
which displayed no significant activity neither over mGlu4 nor mGlu6 receptor (Figure 59). Based on these 
data, we could state that the addition of a substituent in the 6-position of the central ring reduce drastically 
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the activity in both mGlu4 and mGlu6 receptor. In contrast, the rest of compounds at 30 µM activated 
considerably mGlu4 but minimally activated mGlu6, a welcomed departure for the next experiments.  

 

Figure 59. Screening of compounds 71a-d and 74a-b in mGlu4 and mGlu6. Assay performed in mGlu4/6 transiently transfected 
HEK293 cells with 5 nM or 100 nM of L-AP4 respectively (EC20) and 30 µM of each compound, in dark conditions (black bars) and 
under 380 nm-illumination (violet bars). Normalization is done between 0= agonist (EC20) and 100%= activation by L-AP4. 

Dose-response curves 

The functional activity of 71a-b and 74a-b was further studied in mGlu4, mGlu6 and mGlu8 receptors. Thus 
we generated dose-response curves with the same IP accumulation assay in HEK293 cells transiently 
expressing the human isoform of the aforementioned mGlu receptors and the chimeric G  protein. To 
evaluate the light-dependent effects, we simultaneously generated two curves for each compound, by 
incubating the cells with the azo compounds in the dark and under illumination at 380 nm. As a result, we 
obtained the potencies (EC50) for each compound under both conditions (Table 14).  

Considering the activity on mGlu4 receptor, we noted that the four compounds displayed an activity in a 
micromolar range in the dark, but only azo compounds 71b and 74a had potencies in line with Optogluram
(38) (Table 14). From the assessment of their PAM activity in mGlu6 and mGlu8, all compounds resulted 
practically inactive in mGlu6. In contrast, compound 71b appeared to be the least active of all the library in 
mGlu8, while the rest of compounds displayed a similar potency than Optogluram (38).  

When considering the assays performed under illumination, we noted that 380-nm irradiation induced a 
right shift of the dose-response curves when compared to the non-illuminated compounds, compatible 
with a loss of the PAM potency of the cis isomers. This confirms that the active isomers of these new 
azobenzene candidates are the trans isomers, supporting the trans-on Optogluram-like approach.  
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Additionally, the observed photoinduced potency shift is larger in the four azo compounds 71a-b and 74a-b
than in Optogluram (38), which may induce an improved on/off photoswitching in coming more complex 
assays, such as in vivo assays (Table 15). Concerning all the results, we can conclude that 71b and 74a
display a similar activity than Optogluram (38) but only compound 74a displays a selectivity profile versus 
mGlu6 and mGlu8 satisfactory, since compound 71b displays considerably PAM activity on mGlu6 receptor. 
Added to the improved photoswitching properties above mentioned, all these results indicate that 
compound 74a emerged as the mGlu4 photoswitchable PAM with the best profile to date. 

Pharmacological Characterization 

 

hmGlu4
[a] 

pEC50 ± SEM 
hmGlu6

[a] 
pEC50 ± SEM 

hmGlu8
[a] 

pEC50 ± SEM 

Cpd. het X Y trans[b] PSS380
[c] trans[b] PSS380

[c] trans[b] PSS380
[c] 

38 
 

H H 6.0± 0.1 5.5± 0.2 5.2± 0.0 4.7± 0.0 5.0± 0.2 4.5± 0.5 

71a 
 

Cl H 5.2± 0.1 <4.5 <4.5 <4.5 5.0± 0.0 <4.5 

71b 
 

F H 5.7± 0.1 4.9± 0.3 <4.5 <4.5 <4.5 <4.5 

74a 
 

- H 5.7± 0.1 5.2± 0.1 <4.5 <4.5 4.8± 0.2 <4.5 

74b 
 

- H 5.3± 0.1 <4.5 <4.5 <4.5 4.7± 0.2 <4.5 

[a] HEK293 human cells transiently transfected with mGlus receptors. 
[b] Experiments performed in the dark to characterize 100% trans isomer. 
[c] Photostationary state upon Illumination with 380 nm light to obtain a high % of cis isomer. 

Table 14. Pharmacological characterization of analogs 71a-b, 74a-b and Optogluram (38) with IP accumulation assay. The measured 
pEC50 in dark and light conditions are shown as the mean ± SEM of at least three independent experiments, each performed in 
duplicate. 

However, the IP accumulation assays described make use of a G q pathway, which is not the canonical 
pathway for the mGlu4 receptor. Thus, we wanted to confirm the results obtained in mGlu4 using a cyclic 
adenosine monophosphate (cAMP) accumulation assay to measure cAMP modulations in response to the 
G i/o-activation, which is the canonical signaling pathway of group III mGlu receptors, including mGlu4. In 
this case, we used an inducible stable HEK293 cell line expressing the rat isoform of mGlu4. As performed 
before, the light-dependent effects were evaluated in parallel, simultaneously generating two curves for 
each azo compound, in the dark and under illumination at 380 nm. 

When analyzing the results obtained with the cAMP canonical pathway, we obtained EC50 in the nanomolar 
 pEC50 Table 15). Those results were unexpected since the IP accumulation assays showed 

an activity of the same compounds in a micromolar range. As observed in the IP accumulation assays, 
compounds 71b and 74a had a potency in the dark more similar to Optogluram (38) than to 71a and 74b,
which were visibly less active. From the four azo compounds, 74a was the most potent and the one that 
shows a greater photoinduced potency shift (1.29 log-fold) after illuminating at 380 nm, which is larger 
than that for Optogluram (PPS=1.00 log-fold, Table 15). 
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Pharmacological Characterization
cAMP assay IP assay

rmGlu4
[a]

pEC50 ± SEM
rmGlu4

[b]

pEC50 ± SEM
hmGlu4

[c]

pEC50 ± SEM

Cpd. het X Y trans[d] PSS380
[e] PPS[f] trans[d] PSS380

[e] PPS[f] trans[d] PSS380
[e] PPS[f]

38 H H 8.4± 0.1 7.4± 0.2 1.00 6.4± 0.2 5.9± 0.2 0.54 6.0± 0.1 5.5± 0.2 0.45

71a Cl H 6.6± 0.1 5.5± 0.2 1.09 5.1± 0.1 <4.5 - 5.2± 0.1 <4.5 -

71b F H 7.6± 0.2 7.0± 0.3 0.62 5.9± 0.2 5.4± 0.2 0.49 5.7± 0.1 4.9± 0.3 0.82

74a - H 7.7± 0.2 6.4± 0.2 1.29 6.0± 0.1 5.4± 0.0 0.55 5.7± 0.1 5.2± 0.1 0.55

74b - H 7.1± 0.4 5.9± 0.1 1.18 5.3± 0.2 5.0± 0.2 0.28 5.3± 0.1 <4.5 -

[a] HEK293 stable HEK293 cell line expressing mGlu4 receptor.
[b] HEK293 rat cells transiently transfected with mGlu4 receptor.
[c] HEK293 human cells transiently transfected with mGlu4 receptor. 
[d] Experiments performed in the dark to characterize 100% trans isomer.
[e] Photostationary state upon Illumination with 380 nm light to obtain a high % of cis isomer.
[f] PPS corresponds to photoinduced potency shift (log-fold) between the measured pEC50 in light and dark conditions.

Table 15. Pharmacological characterization of analogs 71a-b, 74a-b and Optogluram (38) with a cAMP assay using HEK293 stable 
mGlu4 rat cell line and with an IP assay using mGlu4 transiently transfected rat cells; the results are compared with the previous 
obtained with an IP assay using mGlu4 transiently transfected human cells. The measured pEC50 in dark and light conditions are 
shown as the mean ± SEM of at least three independent experiments, each performed in duplicate.

To seek for the reasons of the difference of potency ranges between IP and cAMP accumulation assays and 
considering that we were comparing human and rat mGlu4, we also performed the IP accumulation assays 
with HEK293 cells transiently expressing rat mGlu4 (Table 15). The potencies for compounds 71a-b and 74a-
b resulting from these experiments were slightly higher ( pEC50=0.2-0.4) than the ones resulting from the 
same assay with the human mGlu4, but still in the micromolar range. Therefore, the difference of potencies 
resulting in IP and cAMP accumulation assays cannot be associated to the human or rat isoform of mGlu4, 
but to the intrinsic characteristics of each assay.

Considering all the results, we could conclude that compound 74a, after named Optogluram-2, emerged as 
the photoswitchable mGlu4 PAM with the best pharmacological profile to date. Despite being slightly less 
potent than Optogluram (38) (Figure 60A-B), Optogluram-2 (74a) displays a selectivity profile among mGlu6

and mGlu8 receptors (Table 14 and Figure 60C-D). In fact, this preliminary study highlights the positive 
impact over selectivity against mGlu6 of substituting the picolinamide group for a five-membered 
heterocyclic moiety in a Optogluram-like structure (Figure 60C-D).
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Figure 60. Pharmacological properties of Optogluram-2 (74a). Dose-response curve of Optogluram-2 (74a) with a constant 
concentration of L-AP4 5 nM in HEK293 stable mGlu4 rat cell line with a cAMP assay (A) and in mGlu4 transiently transfected rat cells 
with an IP assay (B) in dark conditions (rounded spots and blue solid line) and under illumination at 380 nm of wavelength (square 
dots and blue dotted line). Optogluram (38) was used as a photoswitchable mGlu4 PAM standard in dark conditions (round dots and 
grey solid line) and under illumination at 380 nm (square dots and grey dotted line). Dose-response curve of Optogluram-2 (74a)
with a constant concentration of L-AP4 5 nM in mGlu4 transiently transfected human cells (C), 200 nM in mGlu6 transiently 
transfected human cells (D) and 10 nM in mGlu8 transiently transfected human cells (E) with an IP assay in dark conditions (rounded 
spots and blue solid line) and under illumination at 380 nm of wavelength (square dots and blue dotted line). Optogluram (38) was 
used as a photoswitchable mGlu6/8 PAM standard in dark conditions (round dots and grey solid line) and under illumination at 380 
nm (square dots and grey dotted line). 

Selectivity of Optogluram-2 (74a) 

The selectivity of Optogluram-2 (74a) was also studied over the remaining mGlu subtypes at a single dose 
of 30 µM with different concentrations of agonists, depending on the mGlu subtype and the desired effect 
to measure: PAM or NAM activity (Figure 61A,B respectively). Additionally, it was compared with the 
selectivity of Optogluram (38). 

We used the IP accumulation assay in HEK293 cell overexpressing the corresponding receptors. Despite 
being slightly less potent than Optogluram (38) as mGlu4 PAM, Optogluram-2 (74a) was found to be 
selective among all the mGlu receptors with a very negligent PAM activity over mGlu6 and mGlu8 (Figure 
61A,B) 
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Figure 61. Selectivity profile of Optogluram-2 (74a) and Optogluram (38) among all the mGlu subtypes as PAM (A) and as NAM (B) 
in dark conditions (black bars) and 380 nm-illumination (violet bars).  

Conclusions 

With this work, we present an initial library of photoswitchable mGlu4 PAMs exploring a little SAR based on 
the Optogluram structure. Optogluram (38) was reported as the first photoswitchable mGlu4 and is able to 
control persistent pain-related symptoms in a temporally and spatially restricted manner. However, 
Optogluram is also a PAM of mGlu6, with a slightly lower potency.46  

From the present generation of new mGlu4 PAM candidates, compounds 71b and Optogluram-2 (74a)
emerged as potent mGlu4 PAMs in the trans isomer, both in human and rat mGlu4 isoform, likewise to 
Optogluram. However, only Optogluram-2 (74a) emerged as the mGlu4 PAM with a full mGlu4 selectivity 
profile over the other group III glutamate receptors. 

Under 380 nm light the potency of Optogluram-2 (74a) is significantly reduced. The observed photoinduced 
potency shift is larger in Optogluram-2 (74a) than in Optogluram (38), which may induce an improved 
on/off photoswitching in coming more complex assays, such as in vivo assays. 

Overall, the results here disclosed present Optogluram-2 (74a) as an improved small diffusible drug-like 
photoswitchable ligand that can be used to regulate behavior in a disease model based in mGlu4 receptor, 
such as neuropathic pain, but also to other models such as Parkinson disease.  

Added to the possibilities that photopharmacology offers, such as the spatiotemporal control of the 
compound activities, Optogluram-2 (74a) is an excellent tool that opens new avenues for understanding 
the role of mGlu4 in the central nervous system and unraveling its implications in the development of 
neurologic disorders with prospects to find innovative therapeutic strategies. 
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Chapter 3: A toolbox of photoswitchable PAMs to selectively modulate mGlu1

Key points

- First photoswitchable mGlu1 PAMs

- Two libraries of compounds for structure activity relationship studies

- Gain in selectivity over mGlu4/5 receptors

- Very consistent on/off photoswitching of mGlu1 activity

Paper related to this chapter

- Silvia Panarello, Alice Berizzi, Fanny Malhaire, Carme Serra, Jean-Philippe Pin, Laurent Prézeau, Cyril 
Goudet, Amadeu Llebaria and Xavier Gómez-Santacana A toolbox of photoswitchable PAMs to 
selectively modulate mGlu1 with light
In preparation.



Chapter 4: A series of arylazothiazoles to control mGlu1 function with light

113

The therapeutic potential of selective mGlu1 activation is still vastly unexplored, in comparison with the 
other group I mGluR (mGlu5). It has been widely discussed that mGlu1 may be a drug target for the 
treatment of diseases such as stroke, epilepsy, cere
disorders.209,210,217,253,254 Additionally, mGlu1 receptor has been associated with synaptic plasticity and the 
absence or dysregulation of mGlu1 can be associated with severe motor coordination, learning deficits, 
intellectual disability and autism.255 Some mutations found in GRM1 gene (encoding mGlu1) reduce mGlu1

receptor signaling and are associated with schizophrenia.211,212,227 However, a normal function of some of 
these mutated receptors can be achieved with the use of mGlu1 PAMs.219 Lastly, the activation of only 
thalamostriatal mGlu1 with PAMs is reported to show antipsychotic-like activity in rodents.256 

In any case, conventional mGlu1 PAMs would activate all mGlu1 receptors, which are expressed in many 
locations of the CNS. Autoradiographic studies showed a large distribution of mGlu1 in brain, including a 
high level in the cerebellum, moderate or low level in the thalamus, striatum and cerebral cortex, and a 
very low level in the brainstem.257 However, photoswitchable PAMs can be activated and inactivated with 
light with a high local and temporal precision. This gives the possibility to selectively activate only the mGlu1 

receptor in the site of action desired, which could be the case of striatum to obtain an antipsychotic effect. 

Since mGlu1 receptor has never been targeted in any photopharmacological approach, except on 
engineered mGlu2/1 chimera, in which only the mGlu2 part is binding a photochromic tethered ligand, one of 
the aims of this thesis is to afford photoswitchable mGlu1 PAMs. In the present chapter, we show the first 
family of photoswithable allosteric modulators for mGlu1 receptors up to date. The design was based in the 
scaffold of the known positive allosteric modulator VU6004907 (31, Figure 62),222,224 which emerged after 
the optimization of a series of mGlu4 PAMs and was extensively discussed in the General Introduction 
section of the present thesis.* 

Design of an initial library of trans-on photoswitchable mGlu1 PAMs 

The chemical design of photoswitchable compounds targeting the metabotropic glutamate receptor 
subtype 1 (mGlu1) was based on the azologization an N-(2-fluoro-4-(4-methyl-1,3-dioxoisoindolin-2-
yl)phenyl)-3-methylfuran-2-carboxamide scaffold recently found as potent and CNS penetrant allosteric
modulator of group I mGlu receptors (31, Figure 62).  

Specifically, VU6004907 (31) emerged from the optimization of the VU0486321 (30) series of mGlu1 PAM, 
driven by a robust SAR and leading to an increased selectivity versus mGlu4 and mGlu5 (Figure 62).219 224

Both molecules include a furyl amide with a 3-methyl group, which is deputed to enhance mGlu1 PAM 
potency, compared to other rings such as pyridines, unsubstituted five-membered heterocycles or different 
substituted furylamides.220,222,224 However, VU6004907 (31) includes a fluorine atom in the 2-position 
(relative to the amide moiety) of the central phenyl core preventing mGlu4 activity while maintaining mGlu1

PAM potency.221 On the other hand, the phthalimide moiety admits certain variations in being substituted 
in 3- or 4- position with both electron donating and electron withdrawing substituents.222,224  

Consequently, we considered the phthalimide core as suitable moiety for the azologization strategy,31

considering especially its rigidity due to the planar structure and the delocalization of -electrons. This 
properties are rather similar to the trans-azobenzene structure.20,258 Therefore, we thought that the 
replacement of the N-phenylphtalimide for an azobenzene group would be suitable to successfully obtain 
photoswitchable mGlu1 PAMs (Figure 62) in their trans-configuration. 

                                                           
* See Modulation of mGlu receptor activity: Ligands acting at the 7TMD. 
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Figure 62. Structures of reported mGlu1 PAMs 30-31 and designed trans-on photoisomerizable molecules, following the 
azologization strategy starting from VU6004907 (31), with chemical optimization plan to access multi-dimensional SAR around 
analogs 82a-b, 83a-b, 85 and 74b.

In order to access an initial library of possible photoswitchable mGlu1 PAMs and survey the SAR for the 
three regions above explained (Figure 62), we decided to maintain the 3-methylfuranyl amide as 5-
membered heterocycle in the molecular scaffold present in the VU series and explore the functional 
substitution of the azobenzene moiety. These modifications included the F and Me in the 2-position relative 
to the amide; and the Cl in the 2- or 3-position in the external ring. 

Introducing a photochromic moiety within the compound structure was thought to minimally modify the 
steric occupancy, binding determinants and physicochemical properties. However, the pharmacological 
properties of the new ligand could be significantly changed in relation to the parent compound. For this 
reason, we decided to also include in the library the compound with both non-functionalized phenyl rings, 

reference compound. Additionally, we included another analog with OMe in the 3-position 
relative to the amide, while maintaining the 2-Cl in the external phenyl group. This azobenzene substitution 
was particularly successful when it was applied to PAMs of mGlu4 in previous studies98 and, given the 
structural similarities between reported PAMs of mGlu1 and mGlu4,219,232 we considered including the 
compound 74b* as a worthy option to explore. 

Overall, applying the postulated azologization approach, the photocontrolled analogs 82a-b, 83a-b, 85 and 
74b were expected to display mGlu1 PAM activity in their trans configuration and, after illumination, the cis
isomers should not be active due to the abrupt change of geometrical disposition (Figure 62). This 
constitutes a trans-on approach.

Synthesis of azologs 82a-b, 83a-b, 85 and 74b

The synthetic routes developed to produce the six photoisomerizable mGlu1 allosteric modulators and the 
compound 31 (VU6004907) are depicted in Scheme 8. A general five step synthetic route was used to 

                                                          
* See Chapter 2: Development of a selective photoswitchable PAM for mGlu4 receptor.
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afford analogs 82a-b and 83a-b. The sequence began with the microwave-assisted acylation of the 
corresponding aniline 75a and 75b with 3-methylfuran-carbonyl chloride (76), which was previously 
obtained through conversion of 3-methylfuran-2-carboxylic acid (73) with thionyl chloride in quantitative 
yields. The aforementioned acylation gave furylamide 77a and 77b in good yield. Then, the nitro functional 
groups were reduced through palladium-catalyzed hydrogenation to give a quantitative yield of aniline 78a
and 78b. Finally, the desired azo compounds 82a-b and 83a-b were prepared via Mills reaction in good 
yields by reacting 78a with nitroso derivatives 80 and 81 in acidic media to obtain respectively 82a-b and 
aniline 78b with 80 and 81 to afford 83a-b. Both nitroso compounds 80 and 81 were prepared by amine 
oxidation of the corresponding 3- and 2-chloroaniline (67a and 67b) with Oxone® following the procedure 
described by Priewisch.243 The mGlu1 PAM VU6004907 (31) was obtained by condensation of the aniline 
78a with 3-methylphthalic anhydride 79 in reflux of acetic acid in good yield.  

The non-functionalized azo compound 85 was yielded by a direct acylation of the commercially obtained
(E)-4-(phenyldiazenyl)aniline (84) and 3-methylfuran-2-carboxylic acid (73) with good yields. 

Compound 74b was prepared following the two-step synthesis depicted in Scheme 8 and also reported in 
Chapter 2 of the Results and Discussion section. First, direct diazotization of the 2-chloroaniline (67b) 
followed by an azo-coupling with 3-methoxyaniline (68a) yielded aminoazobenzene 69a as intermediate for 
the next amide coupling reaction with 3-methylfuran-2-carboxylic acid (73) to give the last azo compound
74b of this first series of photoregulated mGlu1 PAMs. 

Scheme 8. Synthesis of compounds 82a-b, 83a-b, 85 and 74b. Reagents and conditions: (a) DIPEA, DCE, µW, 120 °C, 150 psi, 150 W, 
30 min, 57-61%; (b) SOCl2, 76 °C, 2 h, quant.; (c) H2 (2 atm), Pd/C, EtOH, rt, 16 h; (d) Oxone®, DCM/H2O 1:4, rt, 2 h, 87-100%; (e) 



Results and Discussion

116 

EA, DMF, 40 °C, 5 h, 72%; (h) (I) HCl, NaNO2, 0 °C, 20 
min; (II) NaOAc, 0 °C, 30 min, 57%; (i) 3-methylfuran-2-carboxylic acid, HATU, TEA, DMF, 60 °C, 16h, 49%. 

Photochemical and pharmacological characterization: first series of compounds 

UV-Vis absorption spectroscopy 

Next, we determined the photochemical properties of azo compounds 82a-b, 83a-b, 85 and 74b by the 
UV/Vis absorption spectroscopy, in the dark and after illumination with different wavelengths. While in the 
dark, only the trans isomers is present (Table 16), upon illumination, a mixture of the cis and the trans
isomers can be detected, which is known as photostationary state (PSS).  

UV-Vis spectra showed general tendencies for five of the six azobenzenes. 82a-b, 83a-b and 85 showed the 
typical trans-azobenzene - * transition band at 360-370 nm under dark conditions and therefore the E/Z
isomerization could be achieved under illumination at this range of wavelengths. In fact, after irradiating 
the samples with 380 nm light, mainly the cis isomers of the compounds were observed. This was 
characterized by around 445-450 nm, which is forbidden by the symmetry in trans 
azobenzenes. The photochemical characteristics of the compound 74b are slightly different. The presence 
of a mild electron-donating methoxy group in ortho position relative to the azo unit produces a small 
redshift of the band corresponding to the - * transition of the trans isomer. In contrast, the 
transition band of the corresponding cis isomer is at lower wavelength than the other analogs. 

 Photoisomerization 

Cpd. X Y 
trans[a] 

max ( - *)
[b] [nm] 

PSS380
[c] 

max (n- *)
[b] [nm] 

82a 2-F 3-Cl 370 450 
82b 2-F 2-Cl 365 445 
83a 2-Me 3-Cl 365 450 
83b 2-Me 2-Cl 360 450 
85 H H 365 445 

74b 3-OMe 2-Cl 390 418 
[a] Experiments performed in the dark to characterize 100% trans isomer. 

[b] The absorbance maxima were extracted from UV/Vis spectra (25 µM in DMSO at 25°C). 
[c] Photostationary state upon Illumination with 380 nm light to obtain a high % of cis isomer. 

Table 16. Photoisomerization properties of analogs 82a-b, 83a-b, 85 and 74b. 

All the six azo compounds can be back-isomerized to their thermodynamically stable trans isomer by using 
turquoise light (455 nm) (Figure 63B) or allowing them to thermally isomerize in the dark. The 
photoisomerization properties of azo compound 83b in DMSO were also examined by HPLC-MS analysis 
(Figure 63C). 100% of trans-83b was observed in the dark, whereas a PSS of 71.9% cis-83b after 385-nm 
illumination was detected. Subsequent illumination with 455-460 nm wavelength afforded a PSS of 71.1% 
trans-83b. This ratio was calculated from the area of the corresponding peaks at 310 nm, since we 
determined that 310 nm was isosbestic point in the UV-Vis spectra (Figure 63B).*  

                                                           
* In spectroscopy, an isosbestic point could be defined as a specific wavelength at which the total absorbance of a 
sample does not change during a physical change of the same sample. When the absorption spectra of two species are 
superimposed the isosbestic point corresponds to a wavelength at which these spectra cross each other and the two 
chemical species have identical molar absorption coefficients whose ratio, however, remains constant as the physical 
change proceeds. 
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Figure 63. Photochemical properties of compound 83b. (A) 2D structure of trans/cis isomers compared with that of the VU6004907
(31) and their 3D structure with a total electron density surface after minimizing energy with MM2 (Chem3D 20.0); (B) UV/Vis 
absorption spectra of 83b 100 µM in DMSO at 25°C under dark (black) and different light conditions for 3 min; (C) Photostationary 
state (PSS) quantification of 83b 100 µM in DMSO/MeCN 1:9 at 25°C by HPLC-MS. The measurement was performed in the dark 
and after illuminating the sample was for 3 min with 380 and 455 nm light sources.

In vitro functional assay: poor solubility of azologs 82a-b, 83a-b, 85 and 74b and protocol optimization

In collaboration with Xavier Gómez Santacana - IGF, Institut de Génomique Fonctionnelle, CNRS, INSERM 
Montpellier

The pharmacological activity of compounds 82a-b, 83a-b, 85 and 74b as mGlu1 PAMs were tested using an 
IP accumulation assay in HEK293 cells transiently transfected with mGlu1 receptor, which under activation 
naturally couples to G q. Thus, d response curves were generated with the azo compounds and 50 nM 
of the orthosteric agonist quisqualate in dark and 380-nm light conditions. 

Disappointingly, we obtained not only a minimal trans-on effect for all the azo compounds tested but also a 
much lower potency of the parent compound VU6004907 (31) than that reported in literature. Differences 
in EC50 values of dose-response curves extracted from different types of assay may exist but are generally 
small. In the present case, we thought that there was a problem in the procedure of the assay that did not 
make the obtained results reliable. One possible explanation for this issue could be related to the low water 
solubility of compounds 31, 82a-b, 83a-b, 85 and 74b that can be troublesome when working with aqueous
buffers.

To prove that the origin of the problem was the poor solubility while performing the cascade solutions of 
the compounds in the assay stimulation buffer, we changed the protocol modifying the order of mixing the 
dilutions before the incubation of the cells. Thus, the cascade dilutions of the compounds were performed 
in DMSO, subsequently diluted 1:100 with the orthosteric agonist solution just before adding them to the 
cells.* Finally, we obtained different dose-response curves for VU6004907 (31) and compound 83b tested in 
dark conditions and using the aforementioned new protocol (Figure 64 and Table 17) and the obtained 
results were more in line with those reported in the literature. Therefore, the results confirmed the theory 
that, following the classical protocol the compounds 31, 82a-b, 83a-b, 85 and 74b were sticking at the end 

                                                          
* See Experimental section: Detailed procedure for dose-response curves in dark and light conditions: new protocol, 
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of the plastic tubes used to prepare the eight concentrations predilutions, significantly decreasing the real 
concentration of compounds of each dilution.

Figure 64. Comparison of dose-response curves of the parent compound VU6004907 (31) and azo compound 83b in dark conditions 
following the classical (A) or new protocol (B). Each point of the curves are the mean of three independent replicates and the error 
bars are corresponding SEM.

Classical protocol New protocol

Compound pEC50 SEM EC50 (µM) SEM (µM) pEC50 SEM EC50 (µM) SEM (µM)

VU6004907 (31) 6.3 0.1 0.54 0.18 7.2 0.1 0.07 0.01

83b dark 4.1 0.3 120 78 5.6 0.1 2.76 0.50

Table 17. Comparison of EC50s of the parent compound VU6004907 (31) and azo compound 83b obtained from dose-response 
curves from IP accumulation assays using the classical and the new protocol.

Furthermore, we decided to test all the compounds again with this new protocol to obtain more reliable 
and consistent results, especially on the photoswitching efficiency. Thus, we could also establish a robust 
comparison of the compound series, since they would share the same pharmacological profile.

From this set of azologs, the three compounds 83a-b and 85 provided the most relevant results highlighting 
compound 83b as the best with moderate activity as mGlu1 PAM in dark conditions (EC50= 2.7 µM, pEC50= 
5.6 ± 0.1,Table 18). Compound 83b also displayed the highest light-induced shift on the PAM activity, with 1 
log fold shift of the potency measured for the compound in dark conditions (Table 18 and Figure 65A). 
Those experiments showed a very consistent photoswitching of PAM activity, not described for the 
metabotropic glutamate receptor 1 before. 

Then, in order to understand any undesired off-target activity we also assessed selectivity of the six analogs 
versus the key anti-targets for this chemotype, the other group I mGlu receptor, mGlu5, and mGlu4. We 
considered to assess the possible PAM or NAM activity of the analogs 82a-b, 83a-b, 85 and 74b in mGlu5, 
not only because both mGlu5 and mGlu1 are from the same group I mGlu receptors but also because all 
these analogs structurally can be related to many PAMs and NAMs of mGlu5.238
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Pharmacological Characterization  

hmGlu1 
pEC50 ± SEM[a] 

rmGlu4 
pEC50 ± SEM[b] 

Cpd. X Y trans[c] PSS380
[d] PPS[e] trans[c] PSS380

[d] PPS[e] 
82a 2-F 3-Cl <4.5 <4.5 - <4.5 <4.5 - 
82b 2-F 2-Cl <4.5 <4.5 - <4.5 <4.5 - 
83a 2-Me 3-Cl 4.9 ± 0.2 4.6 ± 0.2 0.3 5.5 ± 0.2 <4.5 - 
83b 2-Me 2-Cl 5.6 ± 0.1 4.6 ± 0.1 1.0 5.8 ± 0.1 <4.5 - 
85 H H 4.5 ± 0.3 <4.5 - 5.4 ± 0.1 <4.5 - 

74b 3-OMe 2-Cl <4.5 <4.5 - 7.1 ± 0.4 5.9 ± 0.1 1.2 
[a] Extracted from dose-response curves with a constant concentration of quisqualate 50 nM using TR-FRET IP accumulation assay. 
[b] Extracted from dose-response curves with a constant concentration of L-AP4 5 nM using TR-FRET cAMP accumulation assay.  
[c] Experiments performed in the dark to characterize 100% trans isomer. 
[d] Photostationary state upon Illumination with 380 nm light to obtain a high % of cis isomer.  
[e] PPS corresponds to photoinduced potency shift (log-fold) between the measured pEC50 in light and dark conditions. 

Table 18. Pharmacological characterization of analogs 82a-b, 83a-b, 85 and 74b. The pEC50-values are extracted from dose-
response curves considering the trans isomers in the dark or upon illumination at 380 nm wavelength (PSS380) to obtain a high cis
isomer concentration. Values are shown as the mean ± SEM of at least three independent experiments, each performed in 
duplicate. 

Additionally, it seemed prudent to also characterize the series in mGlu4 receptor. This especially because
the parent compounds, VU0486321 series of mGlu1 PAMs, were optimized from a mGlu4 PAM series
through *.218 220 Moreover, the azo compounds 82a-b, 83a-b, 85 and 74b
structurally resemble to Optogluram98 and other Optogluram-like photoswitchable mGlu4 PAMs.   

The possible interaction of the compounds with mGlu5 was tested with IP accumulation assay in HEK293 
cell overexpressing mGlu5 receptor with different concentrations of orthosteric agonist quisqualate, 
depending on the type of allosteric modulation to measure (i.e. PAM or NAM), and a single dose of 33 µM 
of the azo-derivatives. Thus, we found the azo compounds 82a-b, 83a-b, 85 and 74b were all uniformly 
inactive on mGlu5, both as PAM or NAM (Figure 65C). In particular, 83b was unable to activate or inhibit the 
receptor if compared with the corresponding reference standards VU0424465 or VU0409106. 

As mentioned before, these compounds were also tested in mGlu4 subtype but, in this case, we used a 
stable HEK293 cell line expressing mGlu4 and a cAMP accumulation assay to measure cAMP concentration 
modulation in response to Gi-activation, since the mGlu4, like other group III mGlu receptor, binds to Gi/o

subunit.  

Surprisingly, except the first two compounds in the series, all the others showed considerable allosteric 
agonism on mGlu4 receptor in dark. Upon illumination, the less thermodynamically stable configuration of 
the analogs was found to be clearly less potent (Table 18). In particular, the most potent mGlu1 PAM,
compound 83b, turned out to be an equipotent mGlu4 PAM. However, it displayed a remarkable photo-
induced potency shift in both receptors (Table 18 and Figure 65B). 

                                                           
* See Modulation of mGlu receptor activity: Ligands acting at the 7TMD 
 See Chapter 2: Design of Optogluram analogs 
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Figure 65. Pharmacological properties of compound 83b. (A) Dose-response curve of compound 83b with a constant concentration 
of quisqualate 50 nM in HEK293 cells overexpressing mGlu1 in different conditions: in dark conditions (rounded dots and turquoise
solid line), under illumination at 380 nm of wavelength (square dots and violet dotted line). VU6004907 (31) was used as a mGlu1

PAM standard in dark conditions (round spots and black solid line) and under illumination at 380 nm (square dots and dotted line); 
(B) Dose-response curve of compound 83b with a constant concentration of L-AP4 5 nM in HEK293 stable mGlu4 cell line in dark
conditions (rounded spots and turquoise solid line) and under illumination at 380 nm of wavelength (square dots and violet dotted 
line). VU0415374 was used as a mGlu4 PAM standard in dark conditions (round dots and black solid line) and under illumination at 
380 nm (square dots and black dotted line); (C) Single dose experiments of 83b at 30 µM on mGlu5 receptor as PAM (left) and as 
NAM (right) in dark conditions (black bars) and under illumination at 380 nm of wavelength (violet bars). All the data represent 
normalized receptor activation for at least 3 independent experiments, performed in duplicate or triplicate. Dots are represented 
as mean ±SEM. 

In summary, while mGlu1 potency could be attractive for a proof of concept for the precise control of mGlu1

receptor with light, the overall profile and selectivity versus mGlu4 were not appropriate for an in vivo
translation of possible mGlu1 PAM tool compound. However, a dual mGlu1/mGlu4 PAM activity could be 
intriguing for an antipsychotic agent,212 as mGlu4 PAM activity can alleviate catalepsy,249,259,260 a major 
adverse event with the standard treatment with antipsychotic drugs.261  

In the end, we were pleased to verify that our azologization strategy for a reversible mGlu1 receptor 
photopharmacological approach was successful, even those analogs were still suboptimal as in vivo tools. 
However, achieving these first results led us to further explore the structure-activity relationships (SAR) 
around 83b, after named Photoglurax-1, to obtain reversible photoswitchable and selective mGlu1 PAM 
activity. 

Optimization of the first hit Photoglurax-1 (83b) 

Since our azologization strategy of VU6004907 (31) to get a photoswitchable mGlu1 PAM was plagued by 
crossover activity at mGlu4, we considered to focus the second round of optimization on the best hit, 
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Photoglurax-1 (83b), obtained in the previous library. To survey alternatives in the molecular scaffold, we 
decide to keep the 3-methylfuranyl amide as it was the heterocycle that gave the best results in previous 
optimizations.220,222 We also decide to keep the methyl in 2-position of the central aryl of Photoglurax-1
(83b) because compounds including F or H in the same 2-position and OMe in the 3-position did not 
provide the expected mGlu1 activity (Table 18).  

Therefore, we synthesized analogs 89a-i (Figure 66) to examine the impact of the substitution of the 
external aromatic ring on both mGlu1 and mGlu4 activity. Thus, we first explored different substituents in 
the 2-position and later double substitutions in 2- or 3- position together with 5-Cl or 4-F. These structural 
modifications were designed to decrease activity at mGlu4 trying not to impact negatively on that of mGlu1. 

 

Figure 66. Optimization of mGlu1 PAM 83b (Photoglurax-1) to decrease potency at mGlu4 and/or enhance mGlu1 activity. 

Synthesis of azo compounds 89a-i 

As shown in Scheme 9, the new putative photoisomerizable mGlu1 allosteric modulators (89a-i) were 
readily prepared in two steps and in good overall yields. The sequence started with the direct diazotization 
of anilines 60a and 86a-g followed by an azocoupling with o-toluidine (87) to yield aminoazobenzenes 88a-
h. The following amide coupling of the intermediates 88a-h with 3-methylfuran-2-carboxylic acid 73,
delivered the azo compounds 89a-h of this second series of photoregulated mGlu1 PAMs. The compound 
89i was obtained by a basic hydrolysis of the methyl benzoate 89e. 

 

Scheme 9. Synthesis of compounds 89a-i. Reagents and conditions: (a) (I) HCl, NaNO2, 0°C, 20 min; (II) NaOAc, 0°C, 30 min, 9-32%; 
(b) HATU, TEA, DMF, 40-60°C, 16-24h, 21-68%; (c) LiOH (1M aq), MeOH, 60°C, 2h, 45%. 

Photochemical and pharmacological characterization: second series of compounds 

The photoisomerization of azo compounds 89a-i was examined by recording the UV/Vis absorption spectra 
in the dark and after illumination with different wavelengths between 365 and 500 nm, as performed with 
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the previous series (Table 19 and Figure 67A). The results showed that mainly the cis isomers of 89a-i were 
observed upon illumination with 365 or 380 nm light (Figure 67A) and after subsequent illumination of the 
samples with 455 nm light, mostly the trans isomers of 89a-i were detected (Figure 67A). This behavior was
exactly in line with that of the first series of compounds.

Additionally, compound 89h displayed high photostability over the application of multiple light cycles 
(Figure 67B) and the long thermal relaxation half-life of cis-89h made it a suitable tool compound since G 
protein activation occurs on the second time scale.262

Photoisomerization
Photopharmacological Characterization 

hmGlu1

pEC50 ± SEM[d]
rmGlu4

pEC50 ± SEM[e]

Cpd. X Y
trans[a]

max ( - *)
[b] [nm]

PSS380
[c]

max (n- *)
[b] [nm]

trans[a] PSS380
[c] trans[a] PSS380

[c]

89a H H 370 430 5.0 ± 0.0 <4.5 5.8 ± 0.2 <4.5
89b 2-OMe H 374 428 4.9 ± 0.2 <4.5 5.9 ± 0.2 <4.5
89c 2-Me H 356 436 5.3 ± 0.1 <4.5 6.0 ± 0.3 <4.5
89d 2-F H 358 436 5.3 ± 0.1 <4.5 6.0 ± 0.2 <4.5
89e 2-CO2Me H 340 430 <4.5 <4.5 - -
89f 2-Cl 5-Cl 370 450 <4.5 <4.5 - -
89g 3-Cl 5-Cl 366 448 <4.5 <4.5 - -
89h 2-F 4-F 358 436 5.3 ± 0.1 <4.5 <4.5 <4.5
89i 2-CO2H H 338 426 <4.5 <4.5 - -

[a] Experiments performed in the dark to characterize 100% trans isomer.
[b] The absorbance maxima were extracted from UV/Vis spectra (25 µM in DMSO at 25°C). 
[c] Photostationary state upon Illumination with 380 nm light to obtain a high % of cis isomer. 
[d] Extracted from dose-response curves with a constant concentration of quisqualate 50 nM using TR-FRET IP accumulation assay. 
[e] Extracted from dose-response curves with a constant concentration of L-AP4 5 nM using TR-FRET cAMP accumulation assay. 

Table 19. Photoisomerization properties and photopharmacological characterization of analogs 89a-i. The measured pEC50 in light 
and dark conditions are shown as the mean ± SEM of at least three independent experiments, each performed in triplicate.

Figure 67. Photochemical properties of compound 89h. (A) UV/Vis absorption spectra of 89h 25 µM in DMSO at 25°C under dark 
(black) and different light conditions for 3 min; (B) UV-Vis absorption measurements of 89h 25 µM in DMSO at 25°C at - *max of 
trans isomer (358 nm) after repeated cycles of illumination with 380 (violet) and 455 nm light (turquoise).

The functional activity of the analogs 89a-i was examined as mGlu1 and mGlu4 PAMs, in the dark and after 
illumination with 380 nm, with exactly the same optimized methodology used for the first series of 
compounds. Regarding the PAM activity in mGlu1 receptor, the 2-position in the external ring emerged as 
the most fruitful, since the substitution with small sized functional groups, including even a single hydrogen 
atom, (89a-d,Table 19) provided the best results in the dark. These four compounds showed comparable 
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mGlu1 potency as the previous trans azo compound Photoglurax-1 (83b). However, those compounds also 
showed analogous potency towards the mGlu4 receptor in the dark. 
When the functional group in 2-position in the external ring is a methoxycarbonyl or a carboxyl (89e and 
89i respectively), the mGlu1 potency is negligible. Therefore, these compounds were excluded for the
mGlu4 characterization. Poor mGlu1 activities in dark conditions were also found for those compounds 
containing a second functional group in 5-position such as a chlorine (89f-g). 

Remarkably, when the double substitution concerned a fluorine atom in both 2- and 4- position in the 
external ring, the compound appeared to be a mGlu1 PAM (89h, Table 19 and Figure 68B) with a potency 
comparable to those of compounds 89a-d or Photoglurax-1 (83b). However, compound 89h was practically 
inactive as an mGlu4 PAM in the dark, affording the greatest mGlu1/mGlu4 selectivity within the series 
(Table 19 and Figure 68C). 

All the compounds were tested in parallel in the dark and upon illumination with 380 nm light. As the 
previous series, the active compounds 89a-d and 89h (in mGlu1 and/or mGlu4 receptor) loss their activity in 
different degrees upon 380 nm illumination, which indicates that the less thermodynamically stable isomer
is clearly less potent. Indeed, the compounds within this second family and especially 89h show a complete 
and very consistent on/off photoswitching of mGlu1 activity at 10 µM (Figure 68B) that leads to a higher 
photoinduced potency shift than the Photoglurax-1 (83b). These results define the compound 89h as the 
first highly specific mGlu1 PAM and we decided to name it Photoglurax-2.

Figure 68. Pharmacological properties of Photoglurax-2 (89h). (A) Chemical structures of the photoisomers of compound 89h and 
their distinct pharmacological behaviors towards the mGlu1 receptor; (B) Dose-response curve of Photoglurax-2 (89h) in HEK293 
cells overexpressing mGlu1 receptor, with a constant concentration of quisqualate 50 nM, in different conditions: in dark conditions 
(rounded dots and turquoise solid line), under illumination at 380 nm wavelength (square dots and violet dotted line). VU6004907 
(31) was used as a mGlu1 PAM standard in dark conditions (round dots and black solid line) and under illumination at 380 nm 
wavelength (square dots and dotted line); (C) Dose-response curve of Photoglurax-2 (89h) in HEK293 overexpressing mGlu4
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receptor with a constant concentration of L-AP4 5 nM in dark conditions (rounded dots and turquoise solid line) and under 
illumination at 380 nm wavelength (square dots and violet dotted line). VU0415374 was used as a mGlu4 PAM standard in dark 
conditions (round spots and black solid line) and under illumination at 380 nm wavelength (square dots and dotted line). 

Conclusions 

In summary, the proposed azologization approach was proven successful. VU6004907 (31) was a good 
candidate for engineering an initial library of photosensitive mGlu1 PAMs by converting the phthalimide 
core with an azobenzene moiety.  

Photoglurax-1 (83b), emerged as a mGlu1 PAM with micromolar potency in the trans isomer. Under 380 nm 
light the potency is significantly reduced. Unfortunately Photoglurax-1 (83b) displays comparable potency 
as mGlu4 PAM. Based on these data, we decided to optimize this first series of photoswitchable compounds 
driven by SAR studies, identifying key substituents and thereby engendering improved selectivity as well as 
a larger photo-induced potency shift. 

Photoglurax-2 (89h) acts like a mGlu1 PAM and does not show any observable allosteric effect in mGlu4 as 
well as no activity at mGlu5. Surprisingly, it is characterized by a modest potency on mGlu1, highlighting 
once again the structure-activity relationship challenges with allosteric ligands. However, our first 
explorations of central and external phenyl rings in the photosentitive molecular structure open new 
avenues for further optimization.  

Nevertheless, the strength of Photoglurax-2 (89h) is its activity that can be switched on and off by means of 
different wavelength illumination. From this effort, indeed, Photoglurax-2 (89h) emerged as the first proof 
of concept for a reversible metabotropic glutamate receptor subtype 1 photopharmacological approach. 
These are very exciting findings overall because, due to the lack of activity at mGlu4, Photoglurax-2 (89h)
represents a potential in vivo photoswitchable mGlu1 PAM tool compound. The obtained reversible control 
of mGlu1 activity with light may be highly advantageous to study the pharmacological and physiological 
implications of mGlu1 in many diseases with an unprecedented precision. 
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Chapter 4: A series of arylazothiazoles to control mGlu1 function with light

Key points

- First photoswitchable trans-on mGlu1 NAMs

- Water soluble series of arylazothiazoles and pH-dependent bistability of cis isomers

- Use of extra and intracellular sensors: 3 receptor levels explored with conformational assays 

- Allosteric effect of mGlu1 NAMs on receptor conformational changes induced by agonist
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In the present chapter, we discuss the design, synthesis and characterization of a small library of 
photoswitchable arylazothiazole analogs. These compounds are hypothesized to be noncompetitive 
antagonists or so-called negative allosteric modulators of mGlu1 receptor, in contrast to Photoglurax-1 
(83b) and Photoglurax-2 (89h), which are the first PAMs that can modulate mGlu1 activity with light. 

Experiments with mGlu1 knockout mice showed decreased pain sensitivity and administration of selective 
mGlu1 NAMs or antagonists were reported to show efficacy in neuropathic pain animal models.217 mGlu1

NAMs are reported to have a robust efficacy in Fragile X syndrome (FXS)* animal models too.217 Finally, 
mGlu1 antagonists are also potential therapeutic agents for the treatment of addiction, since they show 
efficacy in rodent models of cocaine addiction.226 Besides the extensive potential of mGlu1 NAMs, obtaining 
a reversible and efficient spatiotemporal control of mGlu1 activity would be advantageous to selectively 
inactivate only the mGlu1 receptors expressed in one determined tissue and this control finally can be 
highly relevant for both research and clinical applications. 

Initial considerations and design of analog 103a 

The study of group I mGlu receptors has benefited greatly from the publication of FITM (90) (Figure 69A) as 
novel full NAM of the wild-type human mGlu1 receptor. Indeed, since its discovery in 2009 by Satoh and 
colleagues263 there have been a series of studies that have seen an intensive use of the FITM and 
derivatives.93,264 266  

Since FITM (90) inhibits the functional response of human mGlu1 with an IC50 value of 5.1 nM and displays
excellent selectivity for mGlu1 over other subtypes (IC50 values were 7,000 nM for mGlu5, >10,000 nM for 
mGlu2 and >10,000 nM for mGlu8).263 Yamasaki and co-workers also synthesized 18F-labelled FITM and 
demonstrated specific binding of [18F]-FITM to mGlu1 using in vitro and ex vivo autoradiography of rat brain 
sections.264 Subsequently, they used [18F]-FITM for PET (positron emission tomography)  imaging of mGlu1

in rodent and primate brains. PET using [18F]-FITM showed significant signals in rat and monkey brain 
regions, not only in the cerebellum, which is rich in mGlu1 receptor, but also in regions with -moderate or 
low mGlu1 expression, such as the thalamus, striatum and cortex.265 Inspired by these results, Fujinaga and 
collaborators wanted to develop new 11C or 18F-labeled PET ligands with improved kinetics over [18F]-FITM 
to quantitatively determine mGlu1 in the brain. Thus, they opted to introduce a methoxy group into the 
compound, instead of the fluorine atom in [18F]-FITM, in order to obtain the compound [11C]-91 (Figure 
69A), which resulted to maintain a high specific binding for mGlu1 in the brain, but it has faster kinetics in 
rat and monkey brains than the lead compound [18F]-FITM.266  

Additionally, Wu and colleagues reported the first crystal structure of the human mGlu1 7TMD bound to the 
negative allosteric modulator FITM (90) at a resolution of 2.8 Å.93 It was found that the mGlu1 NAM FITM 
(90) binds within a pocket formed by the 7TMD bundle in inactive conformation close to the extracellular 
side (Figure 69B), a region that partially overlaps with the orthosteric binding sites observed in class A 
GPCRs crystal structures.267 Later, it was demonstrated that FITM binding site is in a higher position
compared to the NAM binding pocket of mGlu5, such as that of M-MPEP (42) (Figure 69C).268 

                                                           
* FXS is the most common form of human inherited intellectual disability and inherited cause of autism. 
 PET with radioligands is a molecular imaging technique that enables study of the living human brain and in particular 

of specific proteins involved in pathophysiology or as targets for therapeutic interventions. 
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Figure 69. (A) Chemical structures of FITM (90) and labeled 91 with values of functional IC50s; (B) Structure of mGlu1 7TMD co-
crystallized with FITM bound (NAM) (PDB code: 4OR2). Side chains of the FITM (90) binding pocket residues are shown as white 
carbons. Hydrogen bond interaction between the NAM and Thr8157.38 is shown as a dashed line. The C 5.48 is 
shown as a green ball. The ligand FITM (90) is shown as yellow carbons; (C) X-ray structures of mGlu1 and mGlu5 receptor 7TMs 
showing the different depth of binding pockets for NAMs. (Figure 69C from Llinas del Torrent et al.).268 

Considering all this information about FITM (90) and compound 91, we thought that we could obtain
promising photoswitchable compounds applying an azologization strategy based on the replacement of the 
amide flanked by the thiazolyl and phenyl aromatic rings with azo group. We considered this replacement 
convenient to afford photoswitchable mGlu1 NAMs because aromatic amides are characterized to display 
an unusual rigidity, due to the delocalization of -electrons over the aromatic rings and the amide, giving a 
highly planar structure. This delocalization is very similar to that found in azobenzenes, making the shape of 
the new azo compound very similar to the parent one. Therefore, the azolog 103a is expected to have 
binding affinity similar to that of compound 91 and display NAM activity in its trans configuration. After 
illumination, the binding of the corresponding cis isomer is not expected due to the abrupt change of 
geometrical disposition (Figure 70). We only considered the azologization of compound 91 (with a OMe) 
because the bioactivity properties did not significantly differ from FITM (90) and the synthesis of the 
corresponding azo compounds through a phenol-directed azo-coupling was more accessible.  

A                                                 B

C
mGlu1- FITM (90) mGlu5 M-MPEP (42)
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Figure 70. (A) Azo-replacement trans-on approach of 91 to afford theoretically photoswitchable compounds 103a-h; (B) Two-
dimensional chemical structure of the first azo derivative 103a; (C) Compounds 103a and FITM (90) aligned in the crystal structure 
of mGlu1 receptor (PDB code: 4OR2).93 The allosteric binding pocket is shown from the side. mGlu1 in ribbon representation colored 
slight yellow. Compound 103a in stick representation with carbon, nitrogen, oxygen, sulfur, fluorine atoms colored lilac, blue, red, 
yellow and slight green, respectively. A molecule of water is shown as a red ball.

Additionally, the azo compound 103a may constitute the first example of a family of novel azoheteroarene 
photoswitchable compounds, since there are only a few examples of five membered azo photoswitches in 
the literature and they are mostly phenylazoimidazoles and arylazopyrazoles.157,269 271 However, these 
heterocyclic azo compounds were studied mainly from a photochemical point of view. It was seen that they 
provide quantitative isomerization and long thermal half-lives,270 and their photoisomerization 
performance can be easily tuned.271

Before proceeding in the synthesis, we studied the binding pose of compound 103a in trans configuration 
in the crystal structure of mGlu1 (PDB 4OR2) in order to check the suitability of our approach in the 
designed series. Thus, we aligned the parent compound 90 and 103a (Figure 70B,C) and its trans
configuration showed a well-fitting docking very similar to that of 90. The amide group replacement for an 
azo bond does not alter the fitting of the ligand within the narrow binding pocket. Most of the hydrophobic 
ligand-receptor interactions observed in the crystal structure are maintained even with the compound 
103a, as well as the hydrogen bond of the pyrimidine-amine group with the Thr8157.38, 93. Additionally, the 
oxygen of the p-methoxyphenyl moiety of the ligand 130a seems to have polar contacts at the bottom of 
the pocket with Trp7986.48, in a similar fashion to those of the fluorine of the ligand 90 (Figure 69B and 
Figure 70C)93. All these conserved interactions between 90 and 103a suggested that both compounds
would have a similar binding properties and, therefore, similar functional activity as mGlu1 NAMs.

Solubility enhancement with R2 groups

Once the azologization strategy to obtain the compound 103a seemed to be reliable from the model shown 
in Figure 70B, we decided to create a series of derivatives to improve the water solubility. The solubility of 
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the new compounds was considered a critical point since they were supposed to be tool compounds to 
study the conformational changes of mGlu1 receptors and a limited solubility may lead to erroneous 
conclusions, as seen in previous series of mGlu1 PAMs.* Indeed, inserting an azo moiety into a molecular 
structure may frequently result in compounds that have a considerably lower solubility in aqueous media 
than the parent compounds. 

Therefore, we planned to obtain the small library of possible photoswitchable trans-on mGlu1 NAMs. To 
minimally modify the pharmacological properties of 103a, keeping a binding affinity similar to that of 
compound 91, we decided to maintain both heterocycles in the molecular scaffold of the parent 
compounds and also to keep the OMe group in the 4-position of the phenyl (Figure 70A). Indeed, it was 
demonstrated that the FITM analogs containing a pyrimidine as the left ring showed the most potent 
antagonist activity among different heteroaromatic groups263 and the fluorine replacement by methoxy 
group was very well tolerated.266 Then, we opted for the replacement of the isopropyl group in 103a with
more polar R2 groups (Figure 71) trying to occupy a chamber where a water molecule is found and, thus, 
minimally disturb the binding affinity to the protein receptor, as stated above. Additionally, Wu and 
colleagues attributed the high potency observed for FITM (90) to the polar interaction between Thr8157.38

and the amine derivative on the 6-position of the pyrimidine ring, after comparing the binding of FITM (90) 
with those of other non-alkylated pyridyl and pyrimidyl analogs.93 For this reason, the more polar R2 groups
were all amino groups on the 6-position of the pyrimidine ring with some change in term of chain length 
and presence of nitrogen and oxygen atoms (derivatives 103b-g, Figure 71).  

 

Figure 71. Structures of the compounds 103a-g constituting a library of arylazothiazoles hypothesized to be mGlu1 NAMs. 

Ideally, this library of arylazothiazoles should be capable of inducing a pharmacological photoswitching in 
the activity of mGlu1 fulfilling four main requirements:  

 Biocompatible wavelengths of absorption for photoswitching, 
 A different isomers population between dark and light conditions, 
 A considerable difference of activity/affinity on mGlu1 between trans and cis isomers, 
 A suitable water solubility. 

                                                           
* See Chapter 3: Photochemical and pharmacological characterization: first series of compounds 
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Covalent photoswitchable mGlu1 ligands 

Finally, we explored the possibility to add covalent photoswitchable mGlu1 ligands to this series of 
arylazothiazoles and circumvent an eventual poor affinity of this class of compounds to the mGlu1 receptor. 
These ligands typically comprise a pharmacophore that generates affinity for a given GPCR and contain a 
reactive functional group that may form a covalent bond with a suitably positioned amino acid residue in 
the allosteric pocket of mGlu1 receptor. Then, after detecting that the lysine K8117.34 is close to the FITM 
(90) in the mGlu1 crystal structure (Figure 69B and Figure 72A),93 we designed the possible covalent analog 
103h (Figure 72A,B). Compound 103h contains a nitrogen mustard (2-chloroethyl aniline) that was 
hypothesized to react with the aforementioned K8117.34 after binding through the highly reactive 
aziridinium ion formed in aqueous solution (Figure 72B).234 Moreover, it was seen that K8117.34 is also quite 
close to the non-alkylated pyridyl and pyrimidyl compounds.93 This led us to think that even the compound 
with just the choropyrimidine (101) could be a good candidate for covalently binding with the receptor via a 
nucleophilic aromatic substitution (Figure 72A,C). 

Figure 72. (A) Compounds 101, 103h and FITM (90) aligned in the crystal structure of mGlu1 receptor (PDB code: 4OR2).93 The 
allosteric binding pocket is shown from the side. mGlu1 in ribbon representation colored yellow. Compounds 101, 103h and FITM 
(90) in stick representation with carbon colored orange (101), purple (103h) and grey (90), nitrogen, oxygen, sulfur, chlorine and 
fluorine atoms colored blue, red, yellow, green and cyan, respectively. K8117.34 in stick representation with carbon, nitrogen, 
oxygen and hydrogen colored light blue, blue, red and white, respectively. A molecule of water is shown as a red ball; (B) The 2-
chloroethylamine moiety (red) of the possible irreversible mGlu1 NAM (103h) forming an aziridinium ion in solution. This reactive 
species ligates with the nucleophilic lysine residue (K8117.34) in the mGlu1 receptor; (C) Possible nucleophilic aromatic substitution 
in which the nucleophilic lysine residue (K8117.34) displaces the chlorine on the pyrimidyl ring. 

Synthesis of compounds 101, 103a-h and 107 

The novel azo compounds 101 and 103a-h, and the parent compounds 90 and 91 together with compound 
107, as a non-azobenzene analog of compound 103b, were synthesized according to reaction sequences 
depicted in Scheme 10. Ethoxyvinylpyrimidine 94 was synthesized by a Stille coupling of 4,6-
dichloropyrimidine (92) with tributyl(1-ethoxyvinyl)- stannane (93) in the presence of 
tetrakis(triphenylphosphine)-palladium(0) (Pd(PPh3)4). The bromination of 94 with N-bromosuccinimide
(95), followed by bromine substitution with N-methylthiourea (97a) and thiourea (97b) induce a thiazole 
formation to give 4-(6-chloropyrimidin-4-yl)-N-methylthiazol-2-amine (98a) and 4-(6-chloropyrimidin-4-
yl)thiazol-2-amine (98b), respectively.263,266 At this point two parallel synthetic paths were considered: the 

BA

C

K8117.34
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one leading to the synthesis of the azo compounds 101 and 103a-h and the one concerning the synthesis of 
the parent compounds with the amide group instead of the azo bond (90, 91 and 107). 

The intermediate azo compound 100 was prepared from amine 98b through a two-step preparation, 
previously reported for similar compounds.272 It started with the diazotization of the 4-(6-chloropyrimidin-
4-yl)thiazol-2-amine (98b) followed by an azo-coupling with phenol (99) to yield 100 as first azo-
intermediate. Methylation of the phenol azo compound 100 with Me2SO4

273 furnished the compound 101. 
Next, the chloropyrimidine moiety of 101 was reacted with the different amines 102a-h to obtain the series 
of azo compounds 103a-h.  

Aminothiazole derivative 98a was acylated with 4-fluorobenzoic acid (104) and HATU/TEA as an acylating 
agent to obtain the corresponding N-methylamide. This compound reacted spontaneously with the 
azabenzotriazole oxide byproduct through an aromatic nucleophilic substitution in the position 6 of the 
pyrimidine ring to give the intermediate 106a. The acylation the amine 98a with 4-methoxybenzoyl chloride
(105) gave the expected 106b. The electrophilic reactivity of the pyrimidine 6-position of compounds 106a
and 106b resulted similar and allowed the substitution with amines 102a and 102b to give the compounds 
90, 91 and 107 that will be used as reference non-photoswitchable standards. 
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Scheme 10. Synthesis of compounds 101, 103a-h, 90, 91 and 107. Reagents and conditions: (a) Pd(PPh3)4, DMF, 80 °C, 4 h, 66%; (b) 
THF, H2O, rt, 2 h; (c) rt, 2 h, 85- 96% (two-steps); (d) (I) H2SO4, NaNO2, -5 °C, 1 h; (II) NaOH, -5 °C, 30 min, 64%; (e) K2CO3, Me2SO4, 
DMF, rt, 16 h, 76%; (f) base*, 1,4-dioxane, 40-80 °C, 2-16 h, 20-67%; (g) HATU, TEA, DMF, 65 °C, 16 h, 37%; (h) TEA, toluene, 100 °C, 
16 h, 71%. 

Optimization of the diazotization/azo-coupling reaction 

The general synthetic route to yield the compounds 101, 103a-h, 90, 91 and 107 (Scheme 10) is not 
characterized by a high complexity. However, the reaction corresponding to the step d were not 
straightforward and needed a process of optimization. The synthetic step included the diazotization 
reaction of the amine 98b followed by an azo-coupling with phenol (99) to obtain the azo compound 100, 
which can be conceived as the "bottleneck" two-step reaction of the whole synthetic strategy. 

Azo compounds can be synthesized following different procedures, such as the Mills reaction (reaction 
between aromatic nitroso derivatives and anilines),243 the oxidation of arylhydrazines and anilines30 and the 
reductive coupling of aromatic nitro derivatives,30 among others. Nonetheless, the most common reaction 
to synthesize azobenzenes is the azo-coupling reaction and it was used to synthesize the azo compound 
100.30,272 The methodology is based on the initial liberation in situ of nitrous acid from NaNO2. Further 
protonation and H2O elimination provides the nitrosating agent (nitrosonium ion, NO+, Step 0 , Scheme 
11), which is attacked by the amine 98b to form the N-nitroso derivative 108, a tautomer of the 
diazohydroxide 109. A second protonation and H2O elimination affords the diazonium salt 110 stabilized by 
resonance (Step 1 , Scheme 11). After that, phenol 99 at controlled pH is coupled with the electrophilic 
nitrogen of the diazonium salt 110, through electrophilic aromatic substitution, to finally provide azo 
compound 100 ( , Scheme 11). 

 

Scheme 11. Diazotization and azo-coupling reactions. Diazotization is composed by Steps 0  and 1  to afford nitrosonium ion and 
diazonium salt 110, respectively. The final azo-coupling represents  of the synthesis providing azo compound 100. 

There are several aspects in this reaction that are considered critical and must be considered. One of these 
is the reaction temperature in the preparation of the diazonium salts. Indeed, a number of salts derived 
from primary aromatic amines are relatively stable if the reaction temperature is maintained between 0 

                                                           
* See Experimental Section: Synthetic procedures 
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and 5 °C, whereas other amines decompose even at this temperature. Furthermore, isolation of these 
compounds is not advisable since they are potentially explosive. Generally, diazonium salts are weak 
electrophiles that react with electron rich species, such as substituted arenes having electron donor groups 
like amine or hydroxyl, to give azobenzenes. Normally, such a substitution reaction takes place at the para
position to the electron donor group on the activated aromatic ring, acting as a nucleophile. This reaction is 
highly pH dependent, making the pH another aspect of utmost importance for the success of the azo-
coupling reaction. For example, it has been established that phenols are successfully coupled in alkaline 
conditions. In these conditions, a phenolate ion is formed, which is more soluble in water than the phenol 
itself. This in turn readily provides the desired electron releasing group, thus, facilitating the electrophilic 
substitution reaction to afford the azo compound. However, highly alkaline conditions are usually avoided 
as they lead to diazonium salt decomposition.274  

Then, aware of the very high instability of the specific diazonium salt 110, we considered all the critical 
aspects of this reaction and carried out an optimization process focusing on number of equivalents of 
reagents, order of addition of the different reaction mixtures, holding times and temperature in order to 
increase the yield for the synthesis of the intermediate azo compound 100. The synthesis was conducted 
using water and methanol in appropriate ratio and in different conditions and temperatures, providing the 
desired compound in poor yields. On the contrary, the use of small quantities of acetic acid as solvent to 
initially solubilize the amine 98b avoided the formation of the by-product 112 as result of nucleophilic 
substitution by methoxide ion in highly basic conditions (Figure 73). All the mentioned parameters are 
reported in Table 20. 

The best results were obtained when we replaced methanol for acetic acid to solubilize the starting amine 
98b with the next diazonium salt 110 formation at -5 °C and the resulting solution (at -5 °C) was slowly 
added to the phenolate, maintaining very carefully the temperature at 0°C and the pH of the resulting 
mixture constantly at 10, adding NaOH 5M solution when necessary. Indeed, we noticed that very small 
changes in pH drastically reduced the yield. For this reason, we decided to use the same deprotonated azo 
compound 100 as in situ pH indicator as soon as gradually formed, taking advantage of the fact that this 
deprotonated compound is extremely red, due to its large  electron conjugation. Therefore, each time we 
added the acidic solution of the diazonium salt 110 to the basic phenolate dropwise, we paid attention on
the color change of the resulting mixture, adding NaOH (2 or 5M) solution to keep it continuously red (i.e.
at pH  10). This allowed us to have a constant amount of phenolate ready to react as soon as the highly 
unstable and pH-sensitive diazonium salt 110 was added to the mixture.  

  

Figure 73. Structures of desired azo compound 100 and major by-product 112. 
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Entry NaNO2
[a] H2SO4

[a] NaOH[a,b] 
phenol 
(99) [a] 

Solvent 
Order of 

addition to 
form 110 

Order of 
addition to 
form 100 

Holding time + 
temp. of 110[c] 

Yield 
% 

1 1.0 177 180+ 2M sol. 1.0 MeOH/H2O 
Nitrous 

solution over 
98b 

99+ NaOH over 
110. 

2 h at 0÷ 5°C 2.3 

2 1.0 190 1.0+ 5M sol. 1.0 MeOH/H2O 
98b over 

nitrous solution 
110 over 99+ 

NaOH. 
2 h at 0÷ 5°C 4.7 

3 1.2 190 2.0+ 5M sol. 2.0 MeOH/H2O 
98b over 

nitrous solution 
99+ NaOH over 

110 
30 min at 0÷ 5°C 0.0 

4 1.2 500 1.2+ 5M sol. 1.2 MeOH/H2O 
98b over 

nitrous solution 
110 over 99+ 

NaOH 
2 h at 0÷ 5°C 15.4 

5 1.2 90 4.0 +5M sol. 1.2 MeOH/H2O 
98b over 
nitrous 
solution 

110 over 99+ 
NaOH 

2 h at -10°C 16.0 

6 1.2 70 90+5M sol. 1.2 AcOH/H2O 
98b over 
nitrous 
solution 

110 over 99+ 
NaOH 

1.5 h at -5°C 64.0%

[a] Number of equivalents. 
[b] (X M) NaOH solution added to keep the pH of the mixture at 10. 
[c] Reaction mixture containing 110 held to stir during the dropwise addition in order to obtain the azo compound 100. 

Table 20. Diazotization reaction optimization. Impact of number of equivalents of NaNO2, H2SO4, NaOH and phenol (99); order of 
addition of the reaction mixtures, holding times and temperature in synthesis of the intermediate azo compound 100.  

Photochemical characterization with UV-Vis absorption spectroscopy 

As done for the Chapters 1-3 of the present thesis, we used UV-Vis absorption spectroscopy to determine 
the photochemical properties of samples of the azo compounds 101 and 103a-h 50 µM in H2O with 0.5% 
DMSO, which were carefully protected from ambient light. In the dark, we obtained the UV-Vis spectrum of 
the trans isomers and we proceeded with the illumination of the samples with violet light (380 nm) to 
induce isomerization from trans to cis configuration. We collected the new spectra and we repeated the 
procedure after illuminating them with lilac (405 nm), turquoise (455 nm), green (500 nm). slight green 
(532 nm) and yellow (550 nm) light to obtain the spectra of the different PSSs, as shown in Figure 74A for 
103b, which displays the general behavior common for all the arylazothiazoles derivatives. 

The trans cis isomerization can be induced with 405 nm more efficiently than with wavelengths at the 
violet range. Indeed, the cis isomer has a minimum of absorbance around this wavelength (Figure 74A), 
making it the most suitable wavelength for such isomerization. 420 nm gave very equivalent results (Figure 
74B). On the other hand, 532 and 550 nm light are the suitable wavelength to back isomerize compound 
103b to its thermodynamically stable trans isomer, since they are in the same region as the minimum of 
absorbance of trans isomer. 

The photoisomerization after several photoisomerization cycles was also determined with the same 
compound solutions using 405-nm and 550-nm illumination wavelengths per cycle. No differences were 
observed between the absorbance values of all the analogs upon several cycles of yellow and lilac light, 
showing convincing stability of the photoisomerization of the arylazothiazole photoswitches and high 
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solubility of both isomers in aqueous medium (Figure 74D). The thermal relaxation of the cis-103b in 
aqueous medium was also evaluated, showing a half-life of 14 min (Figure 74E,F). 

 

Figure 74. Photochemical properties of compound 103b. (A) UV-Vis absorption spectra of 103b 50 µM in in H2O with 0.5% DMSO at 
25 °C under dark (black) and different light conditions for 3 min; (B) UV-Vis absorption spectra of 103b 40 µM in in H2O with 0.5% 
DMSO at 25 °C under dark (black) and 405-435 nm light range for 3 min; (C) Chemical structures of the photoisomers of 103b; (D) 
UV-Vis absorption measurements of 50 µM 103b in H2O with 0.5% DMSO at - *max of trans isomer (400-402 nm) after repeated 
cycles of illumination with 550 (yellow) and 405 nm light (lilac); (E) UV-Vis absorption spectra of 103b in H2O with 0.5% DMSO after 
attainment of the PSS, measured every minute for 3 hours at 25 °C; (F) Thermal relaxation plot of cis-103b in H2O with 0.5% DMSO 
at 25 °C. Absorbance at 400 nm was recorded for 3 h. 

Study of pH-dependent photoisomerization properties  

After studying the photochemical properties of this series of arylazothiazoles, we decided to explore also 
their photoisomerization in different pH conditions. Then, we selected the azo compound 103b, shown in
Figure 74C, as the prototypical example of this azobenzene family, taking advantage of its remarkable 
water solubility observed in the previous experiments. Certainly, the study of the possible pH dependence 
may be more relevant from a chemical rather than a biological point of view, although there are some 
cellular compartments that have a pH lower than 6.8-7.4 (e.g. cell organelles, such as lysosomes, have a pH 
of around 4.5). Thus, we studied the photoisomerization and relaxation kinetics of 103b, 50 µM at 25 °C, in 
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several buffer solutions, with 0.5% DMSO, covering a pH range from 3.5 to 10.6. For the first study, we 
collected UV-Vis absorption spectra of 103b under dark and different light conditions for 3 min whereas for 
the second one we obtained relaxation plots of cis-103b at 25 °C after illumination with 405 nm light.* 

The change in pH provided no significant effect on its absorption spectra, but rather a variation in the rate 
of thermal cis  trans isomerization (Figure 75). This led us to think that the pH and therefore the 
protonation only concerns the cis isomer, which is known to be the isomer with more basic behavior (the 
1st pKa value for t- AB (1) and c-AB (1) are -2.6 and -1.6, respectively).20 More precisely, the arylazothiazole 
103b has four types of nitrogen atoms that can be subject to protonation. The secondary aliphatic amine is 
the one that protonates more easily in both photoisomers and even at high pH -9, Figure 76),
followed by the two nitrogen atoms of the pyrimidine ring, which have similar properties due to the amino 
group in orto and para -6, Figure 76).275,276 At a more acidic pH it might be 
possible both the thiazole (the pKa value of the only thiazole is 2.5)277 and azo protonation (Figure 76). 

 

Figure 75. Cycle showing the pH-induced change of rate of thermal cis  trans isomerization of 103b 50 µM at 25 °C in different 
buffer solutions. In the center, the structure of cis-103b and its protonable nitrogen atoms depending on pHs. Both N atoms of the 
pyrimidine ring are sub 5-6 equivalently. 

Thermal cis  trans isomerization rates are of the order of 5-8 minutes at pHs from 6 to 10 (Figure 75). This 
would be explained by the fact that for the protonated species at these pHs the positive charge is 
delocalized on the molecule without directly affecting the conjugation of arylazothiazole. On the other 
hand, the nitrogen of the thiazole or the azo bond could be also protonated at a more acidic pH. In this case 

                                                           
* See Experimental section 
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the positive charge will be distributed throughout the arylazothiazole system affecting negatively the 
delocalization of  electrons on N-N double bond and facilitating the rotation of this bond (Figure 76). 
Therefore, the rotation mechanism should dominate the relaxation pathway of cis-103b -4, 
leading to much higher rates of thermal cis  trans isomerization. This could explain the fact that we can 
only observed the trans isomer and no cis  trans relaxation at pH= 3.5, probably due to a fast relaxation 
in the order of miliseconds (Figure 75). 

 

Figure 76. cis-103b and the possible four protonation points to which it would be subject based on the pH. Both N atoms of the 
pyrimidine ring are sub 5-6 equivalently. The rupture of the N=N double bond in the resonance 

-4 facilitates rotation increasing the thermal cis  trans isomerization rates of 103b. 

Pharmacological characterization  

Single dose screening 

In order to evaluate the pharmacological activity of all the arylazothiazoles of the series, we first screened 
them in HEK293 cells transiently transfected with human mGlu1 using an inositol phosphate (IP) 
accumulation assay based on homogeneous time-resolved fluorescence (HTRF) assay.* We measured the 
capacity of the compounds at a 10 µM single concentration to antagonize the activity induced by an 
orthosteric agonist. The experiments were performed in dark and 400-nm light conditions. Gratifyingly, 
analogs 103a-e and the non-photoisomerizable compound 107 showed with a very promising activity as 
mGlu1 NAMs when compared with the reference FITM (90) or compound 91 (Figure 77). The active azo 
compounds 103a-e loss their inhibitory activity upon 400 nm illumination, which indicates that the less 
thermodynamically stable isomer is clearly less potent. Compound 107 is not photoisomerizable and, as 
FITM (90) and 91, shows the same activity both in dark and under light conditions. Disappointingly, 103f-g 
and the putative covalent photoswitchable ligands 103h and 101 did not even reach the threshold of 50% 
inhibitory effect on the receptor (Figure 77). Therefore, we decided to exclude those compounds for 
further characterization, and focus the study of the activity in mGlu1 receptor only of the compounds 103a-
e and 107. 

                                                           
* See Experimental Section: Homogeneous Time-Resolved FRET (HTRF) technology 
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Figure 77. Screening of compounds 101, 103a-h and 107 in mGlu1. Assay performed in mGlu1 transiently transfected HEK293 cells 
with 100 µM of Glutamate (EC80) and 10 µM of each compound, in dark conditions (black bars) and under 400 nm-illumination (lilac 
bars). Normalization is done between 0= agonist (EC80) and 100%= inhibition by FITM (90). 

Dose-response curves 

As single concentration assays revealed antagonism of compounds 103a-e and 107, we needed to further 
evaluate their trans-on NAM activity. Therefore, we generated dose-response curves from IP accumulation 
assay with HEK293 cells transfected with mGlu1 receptor. The assays were performed under dark and
illumination with 400 nm wavelength conditions to obtain a high percentage of trans and cis isomer 
respectively. FITM (90) was used as non-photoswitchable reference NAM for this assay. As expected, both 
FITM (90) and the arylazothiazoles 103a-e antagonized the IP production evoked by the activation of mGlu1

with quisqualate. The azo compounds 103a-e and non-photoisomerzable 107 displayed IC50s in the 
micromolar range in dark conditions, which correspond to 1.5/2 log-fold lower than that of the parent 
compound FITM (90). This indicates that the replacement of the methyl amide moiety with the trans azo 
bond or the modification introduced in the aliphatic chain of the molecule would reduce considerably the
antagonistic activity (Figure 78). 

Unfortunately, we obtained some artifacts under 400 nm light conditions that did not allow us to obtain 
reliable dose-response curves and therefore, they are not shown in Figure 78. One possible explanation 
could be related to some kind of toxicity exhibited by the azo compounds in their cis configuration, after 
light illumination, and leading to in vitro cell death.  

At this point, we decided to suspend these assays looking forward to performing a better analysis of the 
photopharmacological properties of azo compounds 103a-e. Indeed, new experiments are programmed 
with azo compounds 103a-e under dark and light conditions using mock* HEK293 cells or HEK293 cells
transiently transfected with another receptor such as mGlu5. In addition, eventual toxicity should be 
corroborated in presence of other light wavelengths and also delivered by a different light system. 

                                                           
* Mock transfection is treatment of cells without DNA and with only the delivery agent (e.g. transfection reagent alone 
or empty vector) to control for cellular effects due to transfection reagent exposure or transduction. This control is 
important because transfection reagents or transduction can easily alter gene expression. 
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Figure 78. Pharmacological properties of compounds 103a-e and 107. Dose-response curve of compound (A) 103a, (B) 103b, (C) 
103c, (D) 103d, (E) 103e and (F) 107 with a constant concentration of Quisqualate 1 µM in HEK293 cells overexpressing mGlu1 in 
dark conditions only. FITM (90) was used as a mGlu1 NAM standard (round dots and black line). Compound 91 was tested as well in 
the same conditions (F, round dots and blue line). Each point corresponds to the mean of at least three independent experiments, 
performed in duplicate, with the corresponding SEM as error bars. 

Analysis of mGlu1 NAM effect on receptor conformational changes induced by agonist 

As mentioned in the General Introduction section of this PhD thesis, there is an increasing interest in GPCR 
conformational biosensor assays as methods to study activation mechanisms. These sensors are based on 
FRET compatible fluorescent protein domains fused into two regions of the receptor. These protein 
domains are fluorescent because they are natural fluorescent protein analogs (e.g. GFP or YFP) or because 
they have been labeled with a fluorescent probe (e.g. SNAP-tag, HALO-tag), which has been demonstrated
not to affect the receptor function.170 Thus, a differential FRET can be measured upon conformational 
changes of the GPCR linked to the activation state.  

Therefore, we decided to explore the allosteric effect of mGlu1 NAMs on the several conformational 
changes that characterize the entire mGlu receptor activation process, from VFT to 7TMD, using the 
aforementioned FRET-based biosensors. We used glutamate or quisqualate as orthosteric agonists to 
activate mGlu1 receptor, which was monitored in absence or in presence of a NAM with three different 
types of FRET biosensors:  

 VFT sensors (V sensors; reporting movements between VFT domains, Figure 79A),  
 IntErmolecular sensors (E sensors; reporting movements between the protomers, Figure 79B)  
 IntrAmolecular sensors (A sensors; reporting movements in the 7TMD, Figure 79C). 
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The V sensors consist in SNAP protein tag domains fused at the N termini of both mGlu subunits labelled 
with time-resolved FRET-compatible fluorophores, which allow us to measure the distance variation 
between VFT domains of the receptor. 170,278 In mGlu receptors, agonist binding induces a closure of the VFT 
domain, which in turn induces a reorientation of the VFT protomers, resulting in an increased distance 
between the N termini and a decrease of TR-FRET (Figure 79A). 170,278 In the past, this method allowed the 
analysis of the effect of orthosteric and allosteric ligands on the receptor, notably the ability of PAMs to 
enhance the affinity and efficacy of agonists and stabilize the active conformation of the VFT dimer.279

Additionally, Rovira and colleagues used these biosensors with mGlu4 receptor to show that all PAMs 
enhance agonist action on the receptor through different degrees of allosteric agonism and positive 
cooperativity.280 Very recently, the effect of a PAM on the structural dynamics of mGlu2 using single 
molecule FRET at sub-millisecond timescales was also explored. The authors were able to demonstrate that 
glutamate alone partially stabilizes the extracellular domains in the active state while full activation is only 
observed in the presence of a PAM or the Gi protein. Moreover, positive allosteric modulators enhance 
agonist efficacy by increasing the residence time of a GPCR in the active state.281 However, these V sensors 
have not been used yet to investigate the negative cooperativity of a NAM on the structural dynamics of 
mGlu receptors. 

To study the conformational changes at 7TMD level, we used the intErmolecular and intrAmolecular FRET 
sensors previously reported by Hlavackova and Grushevskyi.*,196,197 The E sensors include a fluorescent 
protein domain fused in the second intracellular (i2) loop, between Ile685 and Leu686. Indeed, one protomer 
includes a CFP (FRET donor) and the other a YFP (FRET acceptor) that allow the FRET production when the 
mGlu1 dimer is formed at the cell surface. This FRET can be detected by microscopy (Figure 80A) and 
increases upon the addition of agonists as a result of the 7TMD rearrangement (Figure 79B) in which the 
two protomers move toward each other. In fact, when the protein domains were fused in the C-termini, the 
FRET increase upon receptor activation was much lower than that of receptors with the fluorescent 
domains fused at i2 loop, indicating that the latter constituted better biosensors.196 To control the subunit 
composition of mGlu1 dimers, Hlavackova and collaborators used the C-
the GABAB receptor. They replaced the C termini of the mGlu1 subunits with the last 87 C-terminal amino 
acids of GABAB1 (c1) and the last 181 C-terminal amino acids of GABAB2 (c2), such that only heterodimers 
containing two different longer C-terminal tails (a c1 version and a c2 version) reached the cell 
surface.196,197 

While the E sensors consist in a fluorescent protein domain in each protomer, the A sensors involve the 
fusion of two fluorescent proteins in each of the two mGlu1 protomers. Thus, they are labeled with a YFP in 
the i2 loop and a CFP at the C terminus (Figure 79C and Figure 80B). To control the subunit composition of 
mGlu1 dimers, a C- B receptor similar to that for the E sensors 
was used. In this case, only the A sensor which have the short C-terminal tails (c1sh and c2sh versions) 
reached the cell surface.196,197 After activation of the receptor and consequent conformational changes
within a single transmembrane domain, FRET between A sensors decreased. This result is compatible with 
the notion of an outward movement of TM6 on activation and resultant distancing of the sensors.196,197,282

Due to the activation of class C GPCRs, FRET signal comes only from one of the two protomers. 

                                                           
* See General Introduction: The 7TM domain activates G-protein stepwisely. 
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Figure 79. Schematic representation of FRET-based mGlu sensors. (A) V sensors report movements between VFT domains. These 
sensors consist in mGlu receptor modified 20-kDa SNAP-tag suicide enzyme, which is labelled with a TR-FRET acceptor (SNAP-Green
(Fluorescein)) and donor (SNAP-Lumi4-Tb). The SNAP-tags are positioned strategically to sense the change of conformation 
occurring on receptor activation. In the open resting conformation (basal) or in the inactive conformation stabilized by a 
competitive antagonist, the fluorophores are in close proximity and the measured FRET is high. In the active closed conformation, 
stabilized by agonists, the FRET is low. (B,C) E sensors (B) and A sensors (C) reporting intermolecular and intramolecular movements 
of the mGlu1 receptor, respectively. The E sensor is composed of one mGlu1 protomer labeled with a CFP and one labeled with a 
YFP. Both protein domains are inserted in the second intracellular loop. A C-terminal tail from the GABAB1 and GABAB2 receptors, 
respectively, assures that only dimers carrying two different labels reach the cell surface. The A sensor contains two mGlu1

protomers, each labeled with a YFP in the second intracellular loop and a CFP at the C terminus. Due to the activation of class C 
GPCRs, FRET signal comes only from one of the two protomers and, that is why, only one promoter labeled with CFP and YFP is 
highlight. (D) Cartoon illustration of eventual effects of the 7TM-targeting mGlu1 NAM on the conformational dynamics of the 
receptor at the three different levels and how such events can be monitor with the presented sensors. (Adapted from Scholler et al. 
and Grushevskyi et al.).197,278
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Figure 80. HEK293 cells transfected with (A) E sensor or (B) A sensor constructs and imaged in the CFP channel (left panels) and the 
YFP channel (right panels). 

To identify the possible relationship between the allosteric effect of a ligand on the several conformational 
changes during the stepwise activation of mGlu1 receptor, we chose a set of four mGlu1 NAMs with similar 
chemical scaffold but with different functional groups capable of modifying their mode of action. We have 
already proven that compounds 91, 103b, and 107 and FITM (90), which binding mode in the mGlu1

allosteric site was very well determined in its crystal structure with mGlu1 7TMD,93 decrease the effect of 
the prototypical mGlu1 agonist (quisqualate) with potencies ranging from 6.4 nM (90) to 2.2 µM (103b)
(Figure 78 and Table 21).  

 

Cpd. R1 R2  
hmGlu1

[a] 
pIC50 ± SEM[b] 

90 F 
 

MeNC=O 8.1 ± 0.2 

91 OMe 
 

MeNC=O 7.6 ± 0.3 

103b[c] OMe 
 

N=N 5.5 ± 0.0 

107 OMe 
 

MeNC=O 6.4 ± 0.1 

[a] HEK293 human cells transiently transfected with mGlu1 receptor. 
[b] Extracted from DR curves using TR-FRET IP accumulation assay. 

[c] 100 % trans-103b. Compound tested only under dark conditions. 

Table 21. Pharmacological characteristics of mGlu1 NAMs 90, 91, 103b and 107. 

In the following experiments, we chose FITM (90) as first mGlu1 NAM probe with a concentration that 
exhibits a maximal inhibitory effect on agonist activity (500 nM). The compounds 91, 103b and 107 were 
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tested with a concentration of 300 nM, since preliminary experiments suggested it was a good 
concentration to use. Compound 103b is characterized by a N=N bond instead of an amide flanked by two 
aromatic rings, which makes it the only photoisomerizable compound of the series. However, in this 
preliminary study 103b was included in the small library as an additional analog with a different core 
functional group, which possible effect on the intermediate states of the receptor we wanted to explore. 
Therefore, it was tested only under dark conditions, exactly as done for the other compounds. 

The influence of FITM (90, Figure 81A) on the conformational changes upon mGlu1 activation was first 
assessed by studying the conformational movements of the VFT in presence of orthosteric agonists 
(glutamate and quisqualate) with V sensor. In the open resting conformation, the fluorophores are in close 
proximity and the measured FRET is high, whereas in active closed conformation, the FRET is low (Figure 
79A). The mGlu1 NAM FITM (90) elicited no significant effect on the V mGlu1 sensors (Figure 81B,C), 
demonstrating that its antagonist activity is not associated with any change in the VFT dimer conformation.
Indeed, this was a confirmation of what we already expected since FITM (90) is an allosteric modulator 
acting at 7TMD and it is non-competitive with orthosteric ligands.*  

The results changed when the effect of the same FITM (90) on glutamate was tested with mGlu1 equipped 
with E sensors and A sensors. The compound, binding into the 7TMD allosteric pocket of the receptor, did
not seem to exert a negative effect on the glutamate-induced rearrangement of the 7TMD of the two 
mGlu1 subunits. On the contrary, FITM (90) seems to produce a significant increase in the saturating FRET 
effect compared to that produced with the orthosteric ligand alone (Figure 81D,E). These initial movements 
between the two protomers within the receptor dimer were detected by E sensors. In this case, 
fluorophores are approaching each other after release of glutamate and FRET increases (Figure 79B). A
possible explanation for the enhanced FRET, reported after intermolecular movements of the mGlu1

receptor, could be that the glutamate-induced rotation of the 7TMD with FITM (90) bound is slightly 
different leading to a conformation where the i2 loops get in closer proximity (Figure 81D,E). 

Finally, we tested FITM (90) using mGlu1 equipped with A sensors to obtain a further insight on the 
conformational changes within a single 7TMD, since sensors are fused to the same subunit of the receptor 
(Figure 79C). In this case, a FRET decrease has been observed for A sensors constructs reporting 
intramolecular conformational changes of GPCRs on activation. In the resting conformation (with the VFT 
open), the fluorophores are in close proximity and the measured FRET is high, whereas in active 
conformation (with the VFT closed), the FRET is low due to a conformational change in the 7TMD of one 
protomer. This new conformation is thought to be the responsible of binding and activating a G protein. In 
contrast, when FITM (90) was added in the presence of increasing concentrations of agonist, it completely 
blocked the action of glutamate on mGlu1 equipped with A sensors regardless of the agonist concentration
(Figure 81F). In other words, there was no change in FRET when FITM (90) was applied because it fully 
inhibited the glutamate-induced decrease in FRET, thus behaving as a negative allosteric modulator since it 
stabilizes the inactive conformation of each single 7TMD.  

                                                           
* See General Introduction: Modulation of mGlu receptor activity 
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Figure 81. Dose-response curve of orthosteric agonists in the presence of (A) FITM (90) on the mGlu1 equipped with (B, C) V 
sensors, reporting movements between VFT domains; (E) E sensors, reporting intermolecular movements between 7TMD 
protomers and (F) A sensors, reporting intramolecular movements in the same transmembrane domain. Data shows the mean 
curve ± S.E.M. of three or four independent experiments, each performed in triplicate. (D) Percentage of glutamate maximal FRET 
on the mGlu1 receptor using E sensors constructs in absence and in presence of 500 nM FITM (90). Statistical calculations were 
performed with two-tailed paired t test with 95% of confidence level and statistical significance *p < 0.05. 

Then, a plausible explanation for FITM (90)-induced increase of FRET observed with the E sensors may be 
related to the results observed with the A sensors. The E sensors measure the difference of inter-subunit 
distance (on the i2 loop) and the obtained results imply that this distance is slightly larger when the FITM 
(90) is not bound in the allosteric pocket (Figure 81E). Upon glutamate application, there is also an intra-
subunit increase of distance between i2 loop and the C-terminus (observed with the A sensors), which may 
consequentially slightly increase the distance between the two i2 loops (observed with E sensors). In 
presence of a NAM, the intra-subunit activation is not produced and the distance between i2 loops of each 
protomer may be slightly shorter with resulting increase of FRET when the E sensors are used (Figure 81E
Figure 82A). 

Afterwards, we decided to repeat the assays with another NAM reported in the literature, i.e. compound 
91, whose only structural difference with FITM (90) is the methoxy group instead of the fluorine atom
(Figure 83C), which is common to the rest of the compounds of the mGlu1 NAM series. Due to the slight 
structural change, we did not expect highly different results from those obtained previously with FITM (90).

Surprisingly, compound 91 exhibited a different response with the V sensors. It seems that 91 considerably 
reduces by itself the FRET in presence of low concentration or also in absence of orthosteric ligands 
(glutamate or quisqualate, Figure 83A,B). This decrease of the basal FRET and the consequent stabilization 
of a possible closed conformation of the VFTs of a considerable population of mGlu1 receptors, or the 
stabilization of an intermediate conformation between the closed and the open conformations, could be 
considered as result of a high degree of cooperativity between the allosteric ligand acting at 7TMD and VFT 
dimer conformation.  
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Figure 82. Schematic illustration of the 7TM agonist-induced activation steps (the initial inter-subunits rearrangement, a, and the 
intra-subunit conformational change, b) in mGlu receptor monitored by E (A) and A sensors (B). When the mGlu1 is equipped with E
sensors in each protomer (A), the FRET is very high upon the addition of agonist as result of the first rearrangement in which the 
two protomers move toward each other, passing from an initial distance d1 to a smaller one d2 (step a). Later, the subsequent
conformational change of a single protomer induces a slight displacement of only one sensor and the resulting FRET decreases a 
little (step b) compared to that of step a. The distance between the two sensors is now d3, barely greater than d2 but less than the 
initial d1. In presence of a NAM, the step b is not produced and the distance between each protomer is stopped to d2 with resulting 
increase of FRET (Figure 81D,E). When the mGlu1 is equipped with A sensors, both in each protomer (B), upon the addition of 
agonist the FRET decreases only in step b, the intra-subunit conformational change, due to the greater distance d5 than the initial 
d4. In presence of a NAM, the step b is not produced and the distance between each pair of sensors does not change throughout 
the kinetic process (Figure 81F). VFT domain has been removed from the illustration for clarity.

This eventual direct connection, as well as any allosteric agonist behavior assumed by 91, should be 
explored with a more appropriate assay. Additionally, while the NAM effect of 91 on the EC50 of glutamate 
is negligible, its effect on quisqualate is not. Indeed, compound 91 inhibits the EC50 of quisqualate, shifting 
it to the right. That means that compound 91 is subject to probe dependence,* meaning that as the 
orthosteric ligand changes, so does the behavior of the allosteric modulator (Figure 83B).

The effect that compound 91 on the glutamate-induced rearrangement of the 7TMD of a mGlu1 dimer was 
also explored using the E sensors, as performed with FITM (90). Also in this case, it seems that compound 
91 produces a significant increase in the maximal FRET of the orthosteric ligand (Figure 83D,E) providing
further confirmation of the effects on the conformational rearrangement observed with FITM (90) (Figure 
82).

                                                          
* Probe dependence is one of the features of allostery. The same allosteric ligand, which can modulate different 
orthosteric ligands to different extents, is subject to probe dependence.
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Due to the similar effects observed with FITM (90) and 91 at the 7TMD level with the E Sensors, knowing 
that the NAM potency of both compounds is also similar and complexity of the assay with the A sensors, it 
was assumed that compound 91 exhibits an inhibitory effect such as that of FITM (90) with the A sensors. 

Having observed that small structural changes between FITM (90) and 91 (F/OMe) can lead to different 
conformational changes, we also decided to test the compounds 103b and 107 with the same sensors. 
Thus, we could explore how a larger structural variation to the molecular scaffold could modify the 
allosteric effect of the ligands on the three types of conformational change of mGlu1 receptor. These 
structural changes respect compound 91 consist of replacing the isopropyl with a dimethylaminopropyl 
(107) and replacing the N-methyl amide with an azo-bond (103b). 

 

Figure 83. Dose-response curve of orthosteric agonists in the presence of (C) compound 91 on the mGlu1 (A, B) equipped with V 
sensors, reporting movements between VFT domains and (E) E sensors, reporting intermolecular movements between 7TMD 
protomers. Data shows the mean curve ± S.E.M. of three to four independent experiments, each performed in triplicate. (D) 
Percentage of glutamate efficacy on the mGlu1 receptor using E sensors constructs in absence and in presence of 300 nM 91. 
Statistical calculations were performed with two-tailed paired t test with 95% of confidence level and statistical significance *p < 
0.05. 

On the V sensor system applied to mGlu1 receptor, the replacement of the methyl amide moiety with the 
trans azo bond and/or the modification introduced in the aliphatic chain of the molecule (compounds 103b
and 107, Figure 84A and Figure 85C, respectively) did not produce significant effect on the V mGlu1 sensors 
(Figure 84B,C and Figure 85A,B) as for FITM (90). This demonstrates that their allosteric activity could be
not associated with any change in the VFT dimer conformation, despite having the methoxy group in para
position relative to the azo-moiety as compound 91. It is important to note that the concentration used for 
compounds 91, 103b and 107 was 300 nM, but the potency observed for 91 in the IP accumulation assays 
was higher than that for 103b and 107. In such functional assays, 300 nM of 91 induced high inhibition of 
the signaling but, for compounds 103b and 107, 300 nM was the beginning of the inhibition curve. That 
suggests that higher concentrations of 103b and 107 (such as 3-10 µM) might produce an effect on the 
conformation of the VFT similar to that observed with compounds 91. However, with the present data it is 
not possible to draw conclusions and further experiments should be performed.  
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Both compound 103b and 107 were tested using the E sensors-system to explore the rearrangement of the 
dimeric mGlu1 7TMDs. Their binding into the 7TMD allosteric pocket of the receptor, did not seem to exert
any kind of effect on the glutamate action during this rearrangement of the 7TMD of the two mGlu1

subunits, unlike the two previous compounds 90 and 91 (Figure 84D,E and Figure 85D,E). Again, it is difficult 
to explain these results without further information, such as new assays with a higher concentration of the 
allosteric modulators. Thus, we would be able to discuss whether this lack of effect is due to an inadequate 
concentration of the allosteric modulators or to the presence of a longer and ionic aliphatic chain in the 
molecule that is also binding the receptor. 

Finally, compound 103b was tested also using mGlu1 equpped with the A sensors. using a 300 nM 
concentration in the presence of increasing concentrations of agonist. In such conditions, compound 103b
apparently blocked the conformational change induced by glutamate at a single 7TMD level. Since the 
glutamate-induced decrease in FRET was cut off when 103b was added, it is possible to assert that both 
compounds 103b and 107 promote a stabilization of the inactive conformation of each single 7TMD of 
mGlu1 receptor, despite the concentration used in such conformational assays is not the most effective to 
observe mGlu1 functional inhibition. 

Figure 84. Dose-response curve of orthosteric agonists in the presence of (A) compound 103b on the mGlu1 equipped with (B, C) V 
sensors, reporting movements between VFT domains; (E) E sensors, reporting intermolecular movements between 7TMD 
protomers and (F) A sensors, reporting intramolecular movements in the same transmembrane domain. Data shows the mean 
curve ± S.E.M. of three to four independent experiments, each performed in triplicate. (D) Percentage of glutamate efficacy on the 
mGlu1 receptor using E sensors constructs in absence and in presence of 300 nM 103b. Statistical calculations were performed with 
two-tailed paired t test with 95% of confidence level and statistical significance *p < 0.05. 
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Figure 85. Dose-response curve of orthosteric agonists in the presence of (C) compound 107 on the mGlu1 (A, B) equipped V 
sensors, reporting movements between VFT domains and (E) E sensors, reporting intermolecular movements between 7TMD 
protomers. Data shows the mean curve ± S.E.M. of three to four independent experiments, each performed in triplicate. (D) 
Percentage of glutamate efficacy on the mGlu1 receptor using E sensors constructs in absence and in presence of 300 nM 91. 
Statistical calculations were performed with two-tailed paired t test with 95% of confidence level and statistical significance *p < 
0.05. 

Conclusions 

FITM (90) was an appropriate candidate for engineering novel mGlu1 NAMs by replacing an amide with an 
azo-bond. We obtained a series of photoswitchable allosteric modulators based on arylazothiazole scaffold 
and able to display NAM activity in mGlu1 receptor in their trans configuration and no activity in their cis
configuration.  

Six compounds displayed inhibitory functional activity on mGlu1 in cell-based assays. The potencies of the 
trans configurations of 103a-e and the non-photoswitchable 107 were 1.5/2 log-fold lower than that of 
the parent compound FITM (90). Unfortunately, dose-response curves of 103a-e upon 400-nm illumination
gave inconclusive results due to artifacts that might be originated from a possible toxicity of cis azo
compounds. Further experiments should be done with cells non-expressing mGlu1 and changing the light 
system. 

The mGlu1 allosteric modulators FITM (90), 91, 103b and 107 were used as molecular tools to shed more 
light on the nature of agonist-induced conformational dynamics involving the VFT and 7TMD of mGlu1

receptor. This involved the exploration of the allosteric effect of those mGlu1 NAMs on different
conformational changes that characterize the entire mGlu1 receptor activation process. 

The V sensor assays demonstrated that mGlu1 NAM FITM (90) produces no significant effect on the agonist-
induced VFT movements, revealing that its antagonist activity is not associated with any change in the VFT 
dimer conformation. On the contrary, compound 91 considerably stabilizes a closed conformation of the 
VFTs of a considerable population of mGlu1 receptors or stabilizes an intermediate conformation between 
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the closed and the open conformations. This highlights the existence of a high degree of cooperativity
between the allosteric ligand acting at 7TMD and VFT dimer conformation. This connection, as well as any 
allosteric agonist behavior assumed by 91, should be explored in the future with a more appropriate assay.
Additionally, compound 91 could be subject to probe dependence, since its allosteric behavior changes
depending on the orthosteric ligand. 

On the assays with the E sensors, we observed that FITM (90) and 91 induced a significantly different
rearrangement of the 7TMD of the two mGlu1 subunits upon orthosteric ligand application. This 
rearrangement involves a shorter distance between the inter-subunits intracellular loops 2, compared to 
the receptor activated without any allosteric ligand. Additionally, with the A sensor assays, we observed 
that FITM (90) blocks the conformational change of one of the protomers upon glutamate application. A 
possible explanation for the difference of inter-subunits distance (on the i2 loop) observed may be the 
difference of distance between the i2 loop and the C-terminus observed with the A sensors, which may put 
a bit more apart the two i2 loops. In presence of a NAM, the intra-subunit activation is not produced and 
the distance between the i2 loops may be slightly shorter.  

The other two compounds 103b and 107, with different molecular structures, seem to act on the mGlu1

receptor exactly like FITM (90). The only difference is that they do not induce a 7TMD rearrangement with 
a shorter distance upon the orthosteric ligand application. However, the NAM concentrations used may not 
be appropriate to observe a significant effect with this assay. On the contrary, compound 103b partially 
block the conformational change of one of the protomers upon glutamate application, despite the 
concentrations used.  

The work here presented represents a starting point for a conformational study of mGlu1 receptor upon 
activation and will be continued in the future. We will certainly need to perform computational studies and 
binding assays to support our preliminary conclusions. It would also be interesting to compare this results 
with experiments performed with conformational biosensors in presence of NAMS structurally different 
from FITM (90). 
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The results in Chapter 1 indicate that the two azo-replacement approaches in compound 40 were not 
successful to obtain candidates displaying NAM activity in mGlu5 receptors in their cis configuration and no 
activity in their trans configuration. However, a potential trans-on mGlu5 PAM activity of the first two series 
of compounds needs to be explored with the appropriate pharmacological assays. 

In Chapter 2 we reported the design and synthesis of a series of compounds based on Optogluram 
structure with the aim to improve PAM activity at the mGlu4 receptor and increase selectivity over the 
other group III mGluRs.  

We obtained Optogluram-2 (74a) with good pharmacological potency, improved photoisomerization 
properties and specially a full mGlu4 selectivity profile over the other group III glutamate receptors. The 
observed photoinduced potency shift is larger in Optogluram-2 (74a) than in Optogluram (38), which may 
induce an improved on/off photoswitching in coming more complex assays, such as in vivo assays. 

In Chapter 3 we showed the synthesis of two series of compounds in order to find the first photoswitchable 
compound to selectively enable optical control of the endogenous mGlu1 receptor. Photoglurax-1 (83b)
arose as a PAM of mGlu1 with micromolar potency in the trans isomer. Under 380nm light, the potency is 
significantly reduced.  

Photoglurax-1 (83b) turned out to be an equipotent mGlu4 PAM and therefore its general profile is not 
suitable for in vivo translation as a possible mGlu1 PAM tool compound. However, a dual mGlu1/mGlu4 PAM 
activity could be intriguing for an antipsychotic agent, since mGlu4 PAM activity can alleviate catalepsy, a 
major adverse event with standard antipsychotic drug treatment.  

In contrast, Photoglurax-2 (89h) acts as a mGlu1 PAM and does not show any observable allosteric effect on 
mGlu4 or mGlu5, and therefore Photoglurax-2 (89h) represents a potential in vivo photoswitchable PAM 
mGlu1 tool compound.  

In Chapter 4, we designed and synthesized a family of novel photoswitchable azoheteroarenes as mGlu1

NAMs with an active trans isomer and an inactive cis isomer to reversibly inactivate the function of the 
mGlu1 receptor. The potencies of the trans configurations of some compounds are in the micromolar range. 
Unfortunately, after 400 nm illumination the results were inconclusive due to artifacts that could originate 
from a possible toxicity of cis azo compounds. More experiments should be done with cells that do not 
express mGlu1 and also changing the light system to corroborate eventual toxicity.  

However, we use some of these mGlu1 NAMs in their trans form, therefore without applying light, as tools 
in fluorescence conformational dynamic studies to expand the knowledge about the nature of the 
intermediate states induced by mGlu receptor agonists.  

It was demonstrated that mGlu1 NAM FITM (90) produces no significant effect on the agonist-induced VFT
movements, revealing that its antagonist activity is not associated with any change in the VFT dimer 
conformation. On the contrary, compound 91 considerably stabilizes a closed conformation of the VFTs of a 
considerable population of mGlu1 receptors or stabilizes an intermediate conformation between the closed 
and the open conformations.  

Additionally, we observed that FITM (90) and 91 induced a significantly different rearrangement of the 
7TMD of the two mGlu1 subunits upon orthosteric ligand application and FITM (90) also blocked the 
conformational change of one of the protomers upon glutamate application.  
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The other two compounds 103b and 107, with different molecular structures, seem to act on the mGlu1

receptor exactly like FITM (90). The only difference is that they do not induce a 7TMD rearrangement with 
a shorter distance upon the orthosteric ligand application. However, the NAM concentrations used may not 
be appropriate to observe a significant effect with this assay. On the contrary, compound 103b partially 
block the conformational change of one of the protomers upon glutamate application, despite the 
concentrations used.  

The work presented in Chapter 4 represents a starting point for a conformational study of mGlu1 receptor 
upon activation and will be continued in the future. We will certainly need to perform computational 
studies and binding assays to support our preliminary conclusions.  
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Synthetic chemistry

MCS, Laboratory of Medicinal Chemistry and Synthesis, IQAC-CSIC, Barcelona 

Materials and general methods 

Chemical and solvents  

All the chemicals and solvents were provided from commercial suppliers and used without purification, 
except the anhydrous solvents, which were treated previously through a system of solvent purification 
(PureSolv), degasified with inert gases and dried over alumina or molecular sieves (DMF).  

Reaction monitoring 

All the reactions described below were monitored by thin layer chromatography (60F, 0.2 mm, Macherey-
Nagel) by visualization under 254 and/or 365 nm lamp.  

Microwave reactor 

Reactions under microwave irradiation ( W) were carried out in a CEM Discover Focused Microwave 
reactor in 10 ml sealed glass. 

Purification of compounds 

Flash column chromatography was performed using silica gel 60 (Panreac, 40-63 m mesh) or by means of 
SNAP KP-Sil 50 m (Biotage) and/or SNAP KP-C18-HS 50 m (Biotage) columns, automated with Isolera One 
with UV-Vis detection (Biotage).  

Nuclear Magnetic Resonance (NMR) 

Nuclear magnetic resonance (NMR) spectra were recorded on a 400 MHz Variant Mercury (Agilent 
Technologies) and on a 400 MHz Brüker Avance NEO instrument. Data were processed using Mestre Nova 
V. 8.1 software (Mestrelab Research). 1H and 13C chemical shifts are reported in parts per million (ppm) 
against the reference compound using the signal of the residual non-deuterated solvent [Chloroform
(CDCl3) = 7.26, 1.56 ppm (1H), = 77.16 ppm (13C); DMSO ((CD3)2OS) = 3.3, 2.5 ppm (1H), = 39.52 ppm 
(13C); Methanol (CD3OD) = 4.87, 3.31 ppm (1H), = 49.00 ppm (13C); Acetone ((CD3)2CO) = 2.84, 2.05 ppm 
(1H), = 206.26 ppm, 29.94 ppm (13C)].  

High Performance Liquid Chromatography (HPLC) and Mass Spectrometry (MS) 

Purity determination and absorption UV-Vis spectra were determined with High-Performance Liquid 
Chromatography Thermo Ultimate 3000SD (Thermo Scientific Dionex) coupled to a PDA detector and an 
LTQ XL ESI-ion trap mass spectrometer (Thermo Scientific) or with a Waters 2795 Alliance coupled to a DAD 
detector (Agilent 1100) and an ESI Quattro Micro MS detector (Waters). Data from mass and UV-Vis spectra 
were analyzed using Xcalibur 2.2 SP1 software (Thermo) or MassLynx 4.1 software (Waters) HPLC columns 
used were ZORBAX Eclipse Plus C18 (4.6 × 150 mm; 3.5 m) and ZORBAX Extend-C18 (2.1 × 50 mm, 3.5 m). 

HPLC purity was determined using the following binary solvent system as general method: 0.05% formic 
acid in 5% MeCN and 0.05% formic acid in 95% water for 0.5 min, from 5 to 100% MeCN in 5 min, 100% 
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MeCN for 1.5 min, from 100 to 5% MeCN in 2 min and 5% MeCN for 2 min. The use of different methods 
than the general one is detailed in the corresponding specific synthetic procedures. 

The flow rate was 0.5 ml/ min, the column temperature was fixed to 35 °C, and wavelengths from 210 to 
600 nm were registered. Compound purities were calculated as the percentage peak area of the analyzed 
compound by UV detection at 254 nm. For the only photoswitchable compounds the isomeric ratio is given
considering the % of absorbance at the isosbestic point of the two species.  

High Resolution Mass Spectrometry (HRMS) 

All high-resolution mass spectra (HRMS) and elemental compositions were performed on a FIA (flux 
injected analysis) with ultrahigh-performance liquid chromatography (UPLC) Aquity (Waters) coupled to LCT 
Premier Orthogonal Accelerated Time of Flight Mass Spectrometer (TOF) (Waters). The following binary 
solvent system is used: from 10% MeCN in 20 mM formic acid to 100% MeCN in 5 min. Data from mass 
spectra was analyzed by electrospray ionization in positive and negative modes using MassLynx 4.1 
software (Waters). Given calculated masses are calculated with Chemdraw 20.0. Spectra were scanned 
between 50 and 1500 Da with values every 0.2 s and peaks are reported as m/z. 

Synthetic procedures 

Chapter 1: cis-on mGlu5 NAMs 

General synthetic procedure A for compounds 48 and 64: A suspension of the 1H-pyrazole (47) (1.5 eq) and 
Cs2CO3 (1.1 eq) in anhydrous MeCN was stirred for 30 min at rt and under an inert atmosphere. The 2-
chloro-3-nitropyridine (46) or 2-chloro-5-nitropyridine (63) (1.0 eq) was then added to give a red/brown 
suspension that was stirred under reflux (82 °C) for 16 h. The purification of the obtained residues is 
detailed in the corresponding specific synthetic procedures for compounds 48 and 64. 

General synthetic procedure B for compounds 49 and 65: In a tube, the corresponding nitrocompounds 48
or 64 (1.0 eq) and Pd/C (10% wt, 0.025-0.05 eq) were suspended in ethanol and a hydrogen atmosphere of 
2-3 bar was applied for 3-16 h at rt. The mixture was thereafter filtered through Celite and washed with 
EtOH. Concentration in vacuo gave the resulting compounds 49 and 65, which were used without further 
purification. 

General synthetic procedure C for compounds 51 and 61b-f: Neat aniline 50 or the yellow/green
suspensions of the anilines (60b-f) (1.0 eq) in DCM were added to a solution of Oxone® (2.0 eq) in water. 
The resulting mixture was stirred vigorously at rt for 1.5-16 h. The reaction mixture containing 51 and no 
DCM was filtered through Gooch funnel and the solid washed with cold water (3 times). The orange 
powder was dried under pump vacuum and used without further purification. To the reaction mixtures 
containing 61b-f, water and DCM were added and the layers were separated. The aqueous layer was 
extracted with DCM, the green organic layer was washed with 1M HCl, sat. aq. NaHCO3, water and sat. 
NaCl, and dried over Na2SO4. Evaporation of the solvent in vacuo afforded the desired products as greenish-
yellow solids, which were used without further purification, except 61d-f ,which were purificatied by flash
column chromatography (elution with n-Hexane/DCM 1:3). 

General synthetic procedure D for compounds 52, 62a-c and 66a-f: An excess AcOH was added to a 
suspension of aniline 49 or 65 (1.0 eq) and the corresponding nitrosobenzene 51 or 61b-f (1.5 eq) in DCM.
The resulting suspension was stirred protected from light at rt for 16h-4 days. After the addition of DCM 
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and water, the organic phase was washed twice with sat. NaCl, dried over anhydrous Na2SO4 and filtered.
The solvent were removed in vacuo and the resulting dark residue was purified by automated flash reverse 
phase chromatography (from H2O/MeCN 95:5 to MeCN 100% + 0.1% HCOOH) to give the expected product 
as an orange solid. 

 

3-nitro-2-(1H-pyrazol-1-yl)pyridine (48): The general synthetic procedure A was used with 2-chloro-3-
nitropyridine (46) (1.0 g, 6.3 mmol), 1H-pyrazole (47) (644 mg, 9.5 mmol) and Cs2CO3 (2.3 g, 6.9 mmol) in 
MeCN (25 ml) to give a mixture that was filtered to remove any trace of Cs2CO3 and then diluted in 
water/EtOAc (1:1). The aqueous phase was extracted twice with EtOAc. The joined organic layers were 
washed twice with water, dried over MgSO4, filtered and concentrated. The resulting residue was purified 
by flash column chromatography (nHex/EtOAc 5:2) to give the expected nitrocompound 48 as a white 
powder (813 mg, 68% yield). 1H NMR (400 MHz, CDCl3) J = 4.7, 1.6 Hz, 1H), 8.37 (dd, J = 2.7, 0.7 
Hz, 1H), 7.99 (dd, J = 8.0, 1.6 Hz, 1H), 7.71 (d, J = 2.1 Hz, 1H), 7.34 (dd, J = 8.0, 4.8 Hz, 1H), 6.48 (dd, J = 2.7, 
1.7 Hz, 1H). 13C NMR (101 MHz, CDCl3)  150.4, 143.5, 142.4, 138.5, 133.6, 128.8, 121.8, 108.6. The 
described NMR spectra are in good agreement with the data reported in the literature.242 HPLC-PDA-MS: 
RT= 2.80 min, [M+H]+= 191.02, purity (254 nm): 86%. 

 

2-(1H-pyrazol-1-yl)pyridin-3-amine (49): The general synthetic procedure B was used with nitrocompound 
48 (766 mg, 4.0 mmol) and Pd/C (214 mg, 0.20 mmol) in ethanol (40 ml) to give the amine 49 as an oil after 
stirring 16 h at 2 bar (635 mg, 98% yield). 1H NMR (400 MHz, CDCl3) J = 2.7, 0.8 Hz, 1H), 7.82 (dd, 
J = 4.5, 1.5 Hz, 1H), 7.71 (d, J = 1.5 Hz, 1H), 7.12 (dd, J = 8.0, 1.5 Hz, 1H), 7.02 (dd, J = 8.0, 4.5 Hz, 1H), 6.45 
(dd, J = 2.6, 1.8 Hz, 1H), 5.60 (br, 2H). 13C NMR (101 MHz, CDCl3)  140.2, 137.2, 136.4, 134.76, 128.6, 125.3, 
122.6, 106.3. HPLC-PDA-MS: RT= 2.34 min, [M+H]+= 161.06, purity (254 nm): 88%. 

 

2-chloro-4-nitro-1-nitrosobenzene (51): The general synthetic procedure C was used with 2-chloro-4-
nitroaniline (50) (2.0 g, 11.6 mmol) and Oxone® (14.3 g, 23 mmol) in water (80 ml) to form the 
corresponding nitrosocompound 51 after stirring for 16 h (2.0 g, 94% yield). 1H NMR (400 MHz, CDCl3) 
8.69 (d, J = 2.2 Hz, 1H), 8.10 (dd, J = 8.8, 2.2 Hz, 1H), 6.30 (d, J = 8.8 Hz, 1H). 13C NMR (101 MHz, CDCl3) 
158.0, 150.8, 142.6, 128.5, 122.6, 109.9. HPLC-PDA-MS: RT= 3.35 min, purity (254 nm): 88%. Poor ionization
of product 51 in the MS prevents the detection of the molecular ion.  
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(E)-3-((2-chloro-4-nitrophenyl)diazenyl)-2-(1H-pyrazol-1-yl)pyridine (52): The general synthetic procedure 
D was used with pyridin-3-amine (49) (42 mg, 0.26 mmol) and 2-chloro-4-nitro-1-nitrosobenzene (51) (73 
mg, 0.39 mmol) in DCM (1.0 ml) and AcOH (1.0 ml) to obtain nitro azo compound 52 (72 mg, 84% yield) as 
an orange solid. 1H NMR (400 MHz, CDCl3) J = 2.3 Hz, 1H), 8.39 (d, J = 2.7 Hz, 1H), 
8.21 (dd, J = 8.8, 2.4 Hz, 1H), 8.12 (dd, J = 8.0, 1.7 Hz, 1H), 7.87 (d, J = 1.6 Hz, 1H), 7.79 (d, J = 8.8 Hz, 1H), 
7.46 (dd, J = 8.0, 4.6 Hz, 1H), 6.60  6.57 (m, 1H).HPLC-PDA-MS: cis isomer RT= 3.58 min, max= 412 nm, 
[M+H]+= 329.10; trans isomer RT= 3.64 min, max= 355 nm, [M+H]+= 329.07; purity (254 nm): 96% (trans + 
cis isomer). The overlapping peaks of cis and trans-52 makes impossible to individually measure the purity 
of each isomer. 

 

(E)-4-((2-(1H-pyrazol-1-yl)pyridin-3-yl)diazenyl)-3-chloroaniline (53): The 3-((2-chloro-4-
nitrophenyl)diazenyl)-2-(1H-pyrazol-1-yl)pyridine (52) (337 mg, 1.0 mmol) and sodium sulfide nonahydrate 
(1.2 g, 5.1 mmol) were dissolved in 1,4-dioxane/water (11 ml, 10:1). The reaction mixture was stirred for 2 
h at 100 °C and then poured on water. The resulting mixture was extracted with EtOAc (3x 40 ml). The 
joined organic layers were dried over anhydrous MgSO4 and the solvent was removed under vacuum to 
give a dark residue, which later was purified with automated flash reverse phase chromatography (from 
H2O/MeCN 95:5 to MeCN 100%+ 0.1% HCOOH) to give the expected product as a dark orange solid (254
mg, 83% yield). 1H NMR (400 MHz, CDCl3) dd, J = 4.6, 1.7 Hz, 1H), 8.19  8.16 (m, 2H), 7.86 (dd, J = 
1.6, 0.7 Hz, 1H), 7.59 (d, J = 8.9 Hz, 1H), 7.39 (dd, J = 8.0, 4.6 Hz, 1H), 6.82 (d, J = 2.5 Hz, 1H), 6.57 (dd, J = 
8.9, 2.5 Hz, 1H), 6.51 (dd, J = 2.6, 1.7 Hz, 1H). HPLC-PDA-MS: trans isomer RT= 2.41 min, max= 409 nm, 
[M+H]+= 299.14; purity (254 nm): 100 % trans isomer. HRMS (m/z): [M+H]+ calcd for C14H12ClN6

+ 299.0807, 
found 299.0799. 

 

(E)-N-(4-((2-(1H-pyrazol-1-yl)pyridin-3-yl)diazenyl)-3-chlorophenyl)acetamide (55): The amino azo 
compound 53 (32 mg, 0.11 mmol) was dissolved in THF (2.0 ml) and acetyl chloride (54) (12.5 mg, 0.16
mmol) and TEA (60 µl, 0.42 mmol) were subsequently added. The reaction mixture was stirred for 48 h at 
60°C in an inert atmosphere. The solution was cooled and EtOAc and satd. aq. NaHCO3 were added. the 
layers were separated and the organic layer was washed with satd. aq. Na2CO3 and sat. NaCl twice. The 
organic phase was dried over MgSO4, filtered and concentrated in vacuo to give a residue that was purified
by flash column chromatography (elution with nHex/EtOAc 1:4) to give the expected azo compound 55 as a 
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yellow solid (29 mg, 81% yield). 1H NMR (400 MHz, MeOD 8.66 (m, 1H), 8.34 (d, J = 2.6 Hz, 1H), 
8.23 (dd, J = 8.1, 1.7 Hz, 1H), 8.10 (d, J = 2.2 Hz, 1H), 7.87 (d, J = 1.7 Hz, 1H), 7.63  7.58 (m, 2H), 7.47 (dd, J = 
8.9, 2.2 Hz, 1H), 6.64 (d, J = 3.0 Hz, 1H), 2.18 (s, 3H). HPLC-PDA-MS: trans isomer RT= 3.01 min, max= 369 
nm, [M+H]+= 341.04; purity (254 nm): 95.3 % trans isomer. HRMS (m/z): [M+H]+ calcd for C16H14ClN6O+

341.0913, found 341.0911. 

 

2-acetoxyacetic acid (57): A mixture of 2-hydroxyacetic acid (56) (3.8 g, 50 mmol) and acetyl chloride (54) 
in excess (6.4 ml, 90 mmol) was stirred at rt for 2 h. The unreacted acetyl chloride was removed in vacuo
and to the resulting oil was added water. Then, the solution was extracted three times with DCM. The 
combined organic phases were dried over Na2SO4, filtered and concentrated in vacuo to afford the product 
57 as an oily product (29.3 mg, 81% yield). It was used without further purification. 1H NMR (400 MHz, 
CDCl3) 1H), 4.66 (s, 2H), 2.17 (s, 3H). The described NMR spectrum is in good agreement with the 
data reported for the commercial glycolic acid (CAS number: 79-14-1). 

 

(E)-2-((4-((2-(1H-pyrazol-1-yl)pyridin-3-yl)diazenyl)-3-chlorophenyl)amino)-2-oxoethyl acetate (58): 2-
acetoxyacetic acid (57) (18 mg, 0.15 mmol), aminoazobenzene 53 (30 mg, 0.10 mmol), HATU (115 mg, 0.30
mmol) were suspended in THF (2.0 ml) and anhydrous TEA (70 µl, 0.50 mmol) was added. The resulting 
mixture was stirred in an inert atmosphere at 60°C for 16 h. EtOAc and satd. aq. NaHCO3 were added and 
the layers were separated. The organic layer was washed with satd. aq. Na2CO3 and sat. NaCl twice. The 
organic phase was dried over MgSO4, filtered and concentrated in vacuo to give a residue that was purified 
by flash column chromatography (Hex/EtOAc 1:3) to give the expected azo compound 58 as an orange
powder (40 mg, quantitative yield). 1H NMR (400 MHz, CD3OD J = 4.6, 1.7 Hz, 1H), 8.31 (d, J = 
2.8 Hz, 1H), 8.17 (dd, J = 8.1, 1.7 Hz, 1H), 8.04 (d, J = 2.2 Hz, 1H), 7.87 (d, J = 1.7 Hz, 1H), 7.60  7.53 (m, 2H), 
7.47 (dd, J = 9.0, 2.3, 0.7 Hz, 1H), 6.64  6.58 (m, 1H), 4.72 (s, 2H), 2.20 (s, 3H). HPLC-PDA-MS: trans isomer 
RT= 2.48 min, max= 365 nm, [M+H]+= 399.23; purity (254 nm): 91.5 %. 

 

(E)-N-(4-((2-(1H-pyrazol-1-yl)pyridin-3-yl)diazenyl)-3-chlorophenyl)-2-hydroxyacetamide (59): The 
corresponding azobenzoate 58 (20 mg, 0.05 mmol) was suspended in THF (1.0 ml). In a separate tube 
lithium hydroxide (2.4 mg, 0.10 mmol) was dissolved in MeOH (0.5 ml). Both mixtures were cooled to 0°C
and the solution of LiOH was added dropwise to form a dark red solution. After stirring 30 min, HCl 1M (3.0
ml) was added and the mixture was allowed to warm up to room temperature. Following the addition of 
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satd. aq. NaCl solution, the mixture was extracted with EtOAc three times and the combined organic layers 
were dried over MgSO4, filtered and concentrated in vacuo to give a residue, which was purified with 
automated flash reversed- phase chromatography (from H2O/MeCN 95:5 to MeCN 100%+ 0.1% HCOOH) to 
give compound 59. 1H NMR (400 MHz, (CD3)2CO J = 4.7, 1.7 Hz, 1H), 8.49 (dd, J = 
2.7, 0.7 Hz, 1H), 8.33 (d, J = 2.3 Hz, 1H), 8.07 (dd, J = 8.0, 1.7 Hz, 1H), 7.81  7.73 (m, 2H), 7.70 (d, J = 8.9 Hz, 
1H), 7.61 (dd, J = 8.0, 4.7 Hz, 1H), 6.59 (dd, J = 2.6, 1.6 Hz, 1H), 5.01 (br, 1H), 4.16 (s, 2H). HPLC-PDA-MS: 
trans isomer RT= 2.23 min, max= 365 nm, [M+H]+= 357.23; purity (254 nm): 99.29 % trans isomer. HRMS 
(m/z): [M+H]+ calcd for C16H14ClN6O2

+ 357.0862, found 357.0852. 

 

3-chloro-4-nitrosobenzonitrile (61b): The general synthetic procedure C was used with 4-amino-3-
chlorobenzonitrile (60b) (1.0 g, 6.5 mmol) in DCM (12.5 ml) and Oxone® (8.1 g, 13.1 mmol) in water (50 ml) 
to form the corresponding nitrosocompound 61b after stirring 1.5 h (1.1 g, 96% yield). 1H NMR (400 MHz, 
(CD3)2CO J = 1.5 Hz, 1H), 7.86 (dd, J = 8.3, 1.6 Hz, 1H), 6.39 (d, J = 8.3 Hz, 1H).  

 

4-chloro-3-nitrosobenzonitrile (61c): The general synthetic procedure C was used with 4-amino-3-
chlorobenzonitrile (60c) (1.0 g, 6.5 mmol) in DCM (12.5 ml) and Oxone® (8.1 g, 13.1 mmol) in water (50 ml) 
to form the corresponding nitrosocompound 61c after stirring 1.5 h (952 mg, 87% yield). 1H NMR (400 MHz, 
CDCl3) J = 8.3 Hz, 1H), 7.87 (ddd, J = 8.4, 2.0, 0.8 Hz, 1H), 6.49 (d, J = 2.0 Hz, 1H). 

  

(E)-3-(phenyldiazenyl)-2-(1H-pyrazol-1-yl)pyridine (62a): The general synthetic procedure D was used with 
pyridin-3-amine (49) (30 mg, 0.19 mmol) and nitrosobenzene (61a) (30 mg, 0.28 mmol) in DCM (1.0 ml) and 
AcOH (1.0 ml) to obtain the azo compound 62a (25 mg, 54% yield) as an orange solid. 1H NMR (400 MHz, 
CDCl3) J = 4.6, 1.7 Hz, 1H), 8.22 (dd, J = 2.6, 0.7 Hz, 1H), 8.10 (dd, J = 8.0, 1.7 Hz, 1H), 7.92  7.88 
(m, 2H), 7.86 (d, J = 1.6 Hz, 1H), 7.53 (dd, J = 5.2, 2.0 Hz, 3H), 7.41 (dd, J = 8.0, 4.6 Hz, 1H), 6.53 (dd, J = 2.6, 
1.7 Hz, 1H). 13C NMR (400 MHz, CDCl3

123.7, 123.0, 107.8. Purity determination and absorption UV-Vis spectra were determined using the 
following binary solvent system: 0.05% formic acid in 5% MeCN and 0.05% formic acid in 95% water for 0.5 
min, from 5 to 40% MeCN in 20 min, from 40 to 100% MeCN in 2 min, then from 100 to 5% MeCN in 3 min 
and 5% MeCN for 5 min. HPLC-PDA-MS: cis isomer RT= 10.73 min, max= 288, 420 nm, [M+H]+= 250.19; 
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trans isomer RT= 12.43 min, max= 334, 446 nm, [M+H]+= 250.15; purity (254 nm): 94.8 % trans isomer (5.2% 
cis isomer). HRMS (m/z): [M+H]+ calcd for C14H12N5

+ 250.1088, found 250.1082. 

 

(E)-4-((2-(1H-pyrazol-1-yl)pyridin-3-yl)diazenyl)-3-chlorobenzonitrile (62b): The general synthetic 
procedure D was used with pyridin-3-amine 49 (30 mg, 0.19 mmol) and 3-chloro-4-nitrosobenzonitrile 
(61b) (47 mg, 0.28 mmol) in DCM (1.0 ml) and AcOH (1.0 ml) to obtain the azo compound 62b (41 mg, 71% 
yield) as an orange solid. 1H NMR (400 MHz, CDCl3)  8.68 (dd, J = 4.6, 1.7 Hz, 1H), 8.37 (d, J = 3.3 Hz, 1H), 
8.10 (dd, J = 8.0, 1.7 Hz, 1H), 7.87 (d, J = 1.7 Hz, 1H), 7.85 (d, J = 1.3 Hz, 1H), 7.74 (d, J = 8.4 Hz, 1H), 7.63 (dd, 
J = 8.3, 1.7 Hz, 1H), 7.44 (dd, J = 8.0, 4.7 Hz, 1H), 6.56 (dd, J = 2.6, 1.7 Hz, 1H). 13C NMR (400 MHz, CDCl3) 
151.4, 151.3, 149.0, 143.3, 139.7, 135.9, 134.4, 131.4, 131.3, 127.0, 123.0, 119.6, 117.2, 115.6, 108.2. Purity 
determination and absorption UV-Vis spectra were determined using the following binary solvent system: 
0.05% formic acid in 5% MeCN and 0.05% formic acid in 95% water for 0.5 min, from 5 to 40% MeCN in 20 
min, from 40 to 100% MeCN in 2 min, then from 100 to 5% MeCN in 3 min and 5% MeCN for 5 min. HPLC-
PDA-MS: trans isomer RT= 15.03 min, max= 350, 440 nm, [M+H]+= 309.12; purity (254 nm): 94.8% trans
isomer. HRMS (m/z): [M+H]+ calcd for C15H10ClN6

+ 309.0650, found 309.0647. 

 

(E)-3-((2-(1H-pyrazol-1-yl)pyridin-3-yl)diazenyl)-4-chlorobenzonitrile (62c): The general synthetic 
procedure D was used with pyridin-3-amine (49) (30 mg, 0.19 mmol) and 4-chloro-3-nitrosobenzonitrile
(61c) (47 mg, 0.28 mmol) in DCM (1.0 ml) and AcOH (1.0 ml) to obtain the azo compound 62c (48 mg, 82% 
yield) as an orange solid. 1H NMR (400 MHz, CDCl3) J = 4.7, 1.7 Hz, 1H), 8.39 (dd, J = 2.7, 0.7 Hz, 
1H), 8.07 (dd, J = 8.0, 1.7 Hz, 1H), 7.96 (dd, J = 1.6, 0.8 Hz, 1H), 7.88 (dd, J = 1.6, 0.7 Hz, 1H), 7.73  7.63 (m, 
2H), 7.42 (dd, J = 8.0, 4.6 Hz, 1H), 6.58 (dd, J = 2.6, 1.7 Hz, 1H). 13C NMR (400 MHz, CDCl3)  151.2, 149.2, 
148.8, 143.5, 140.2, 139.6, 134.6, 131.9, 131.0, 127.0, 123.0, 122.8, 117.5, 111.9, 108.3. Purity 
determination and absorption UV-Vis spectra were determined using the following binary solvent system: 
0.05% formic acid in 5% MeCN and 0.05% formic acid in 95% water for 0.5 min, from 5 to 40% MeCN in 20 
min, from 40 to 100% MeCN in 2 min, then from 100 to 5% MeCN in 3 min and 5% MeCN for 5 min. HPLC-
PDA-MS: trans isomer RT= 14.63 min, max= 346, 446 nm, [M+H]+= 309.12; purity (254 nm): 98.8% trans
isomer. HRMS (m/z): [M+H]+ calcd for C15H10ClN6

+ 309.0650, found 309.06344.  
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5-nitro-2-(1H-pyrazol-1-yl)pyridine (64): The general synthetic procedure A was used with 2-chloro-5-
nitropyridine (63) (3.2 g, 20 mmol), 1H-pyrazole (47) (2.0 g, 30 mmol) and Cs2CO3 (7.2 g, 22 mmol) in MeCN
(56 ml) to give a precipitate that was filtered to give the nitrocompound 64 as a yellow solid (3.3 g, 87% 
yield). 1H NMR (400 MHz, CDCl3) J = 2.7 Hz, 1H), 8.62 (d, J = 2.7 Hz, 1H), 8.59 (dd, J = 9.3, 2.9 Hz, 
1H), 8.15 (d, J = 9.1 Hz, 1H), 7.82 (s, 1H), 6.54 (dd, 1H). HPLC-PDA-MS: RT= 3.30 min, [M+H]+= 191.02, purity 
(254 nm): 99.7%. 

 

6-(1H-pyrazol-1-yl)pyridin-3-amine (65): The general synthetic procedure B was used with nitrocompound 
64 (3.2 g, 17 mmol) and Pd/C (442 mg, 0.41 mmol) in ethanol (50 ml) to give pyridin-3-amine 65 as a 
green/yellow powder after stirring 3 h at 3 bar (2.2 g, 81% yield). 1H NMR (400 MHz, CDCl3 J = 2.5 
Hz, 1H), 7.87 (d, J = 2.8 Hz, 1H), 7.76 (d, J = 8.7 Hz, 1H), 7.67 (d, J = 1.0 Hz, 1H), 7.13 (dd, J = 8.7, 2.8 Hz, 1H), 
6.42 (dd, J = 2.1 Hz, 1H), 3.72 (br, 2H). 13C NMR (101 MHz, CDCl3) 
110.2, 107.2. HPLC-PDA-MS: RT= 2.30 min, [M+H]+= 161.06, purity (254 nm): 96%. 

 

2-nitrosobenzonitrile (61d): The general synthetic procedure C was used with 2-aminobenzonitrile (60d)
(1.0 g, 8.6 mmol) in DCM (12.5 ml) and Oxone® (11 g, 18 mmol) in water (50 ml) to form the corresponding 
nitrosocompound 61d after stirring 16 h (714 mg, 61% yield). 1H NMR (400 MHz, CDCl3 J = 7.6, 
1.3 Hz, 1H), 7.85 (td, J = 7.4, 0.8 Hz, 1H), 7.76 (td, J = 7.8, 0.9 Hz, 1H), 6.99 (d, J = 8.0 Hz, 1H). 13C NMR (400 
MHz, CDCl3  161.9, 135.4, 134.5, 133.5, 116.7, 114.1, 112.3. 

  

5-chloro-2-nitrosobenzonitrile (61e): The general synthetic procedure C was used with 2-amino-5-
chlorobenzonitrile (60e) (1.0 g, 6.6 mmol) in DCM (12.5 ml) and Oxone® (8.3 g, 14 mmol) in water (50 ml) to 
form the corresponding nitrosocompound 61e after stirring 16 h (313 mg, 28% yield). 1H NMR (400 MHz, 
CDCl3 J = 2.1 Hz, 1H), 7.71 (dd, J = 8.7, 2.1 Hz, 1H), 6.91 (d, J = 8.6 Hz, 1H). 13C NMR (400 MHz, 
CDCl3  159.9, 142.6, 134.2, 133.9, 115.9, 115.4, 113.3. 
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4-chloro-2-nitrosobenzonitrile (61f): The general synthetic procedure C was used with 2-amino-4-
chlorobenzonitrile (60f) (1.0 g, 6.6 mmol) in DCM (12.5 ml) and Oxone® (8.3 g, 14 mmol) in water (50 ml) to 
form the corresponding nitrosocompound 61f after stirring 16 h (134 mg, 12% yield). 1H NMR (400 MHz, 
CDCl3 J = 8.2 Hz, 1H), 7.82 (dd, J = 8.2, 2.1 Hz, 1H), 6.83 (d, J = 1.9 Hz, 1H).  

 

(E)-5-(phenyldiazenyl)-2-(1H-pyrazol-1-yl)pyridine (66a): The general synthetic procedure D was used with 
6-(1H-pyrazol-1-yl)pyridin-3-amine (65) (35 mg, 0.22 mmol) and nitrosobenzene (61a) (35 mg, 0.32 mmol) 
in DCM (1.0 ml) and AcOH (1.0 ml) stirring 48 h to obtain the azo compound (66a) (44 mg, 82% yield) as an 
orange solid. 1H NMR (400 MHz, CDCl3) J = 2.4 Hz, 1H), 8.65 (d, J = 2.6 Hz, 1H), 8.31 (dd, J = 8.9, 
2.4 Hz, 1H), 8.13 (d, J = 8.8 Hz, 1H), 7.95 (dd, J = 8.1, 1.6 Hz, 2H), 7.79 (d, J = 1.6 Hz, 1H), 7.59  7.45 (m, 3H), 
6.52 (dd, J = 2.6, 1.6 Hz, 1H).13C NMR (400 MHz, CDCl3)  152.7, 147.2, 146.5, 142.9, 131.7, 129.3, 129.3, 
127.7, 123.1, 112.9, 108.6. HPLC-PDA-MS: cis isomer RT= 2.63 min, max= 434 nm, [M+H]+= 250.04; trans
isomer RT= 3.35 min, max= 347 nm, [M+H]+= 250.16; purity (254 nm): 83.4 % trans isomer (16.6 % cis
isomer). HRMS (m/z): [M+H]+ calcd for C14H12N5

+ 250.1088, found 250.1088. 

 

(E)-4-((6-(1H-pyrazol-1-yl)pyridin-3-yl)diazenyl)-3-chlorobenzonitrile (66b): The general synthetic 
procedure D was used with 6-(1H-pyrazol-1-yl)pyridin-3-amine (65) (33 mg, 0.21 mmol) and 3-chloro-4-
nitrosobenzonitrile (61b) (52 mg, 0.31 mmol) in DCM (1.0 ml) and AcOH (1.0 ml) stirring for 3 days to obtain
the azo compound 66b (50 mg, 78% yield) as an orange solid. 1H NMR (400 MHz, CDCl3)  9.10 (d, J = 2.0 Hz, 
1H), 8.67 (d, J = 2.7 Hz, 1H), 8.36 (dd, J = 8.9, 2.4 Hz, 1H), 8.17 (d, J = 8.9 Hz, 1H), 7.89 (d, J = 1.7 Hz, 1H), 
7.82 (d, J = 3.3 Hz, 1H), 7.81 (d, J = 4.2 Hz, 1H), 7.66 (dd, J = 8.3, 1.7 Hz, 1H), 6.54 (dd, J = 2.7, 1.6 Hz, 1H).13C 
NMR (400 MHz, CDCl3)  153.7, 151.0, 148.8, 146.6, 143.5, 136.1, 134.6, 131.2, 129.7, 128.0, 118.5, 117.3, 
115.4, 113.2, 109.1. HPLC-PDA-MS: cis isomer RT= 2.79 min, max= 430 nm, [M+H]+= 309.11; trans isomer 
RT= 3.32 min, max= 361 nm, [M+H]+= 309.08; purity (254 nm): 93.6 % trans isomer (5.8 % cis isomer). HRMS 
(m/z): [M+H]+ calcd for C15H10ClN6

+ 309.0650, found 309.0654. 
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(E)-3-((6-(1H-pyrazol-1-yl)pyridin-3-yl)diazenyl)-4-chlorobenzonitrile (66c): The general synthetic 
procedure D was used with 6-(1H-pyrazol-1-yl)pyridin-3-amine (65) (33 mg, 0.20 mmol) and 4-chloro-3-
nitrosobenzonitrile (61c) (52 mg, 0.31 mmol) in DCM (1.0 ml) and AcOH (1.0 ml) stirring 4 days to obtain the
azo compound 66c (39 mg, 62% yield) as an orange solid. 1H NMR (400 MHz, CDCl3) J = 2.4, 0.7 
Hz, 1H), 8.67 (dd, J = 2.7, 0.8 Hz, 1H), 8.36 (dd, J = 8.9, 2.4 Hz, 1H), 8.17 (dd, J = 8.8, 0.8 Hz, 1H), 8.06 (d, J = 
1.8 Hz, 1H), 7.81 (d, J = 0.8 Hz, 1H), 7.73  7.66 (m, 2H), 6.54 (dd, J = 2.7, 1.6 Hz, 1H). 13C NMR (400 MHz, 
CDCl3 21.7, 117.6, 113.1, 111.9, 
109.1. HPLC-PDA-MS: cis isomer RT= 2.77 min, max= 429 nm, [M+H]+= 309.15; trans isomer RT= 3.31 min, 

max= 356 nm, [M+H]+= 309.14; purity (254 nm): 85.8 % trans isomer (14.2 % cis isomer). HRMS (m/z):
[M+H]+ calcd for C15H10ClN6

+ 309.0650, found 309.0652. 

 

(E)-2-((6-(1H-pyrazol-1-yl)pyridin-3-yl)diazenyl)benzonitrile (66d): The general synthetic procedure D was 
used with 6-(1H-pyrazol-1-yl)pyridin-3-amine (65) (32 mg, 0.20 mmol) and 2-nitrosobenzonitrile (61d) (40 
mg, 0.30 mmol) in DCM (1.0 ml) and AcOH (1.0 ml) stirring 4 days to obtain the azo compound 66d (43 mg, 
78% yield) as an orange solid. 1H NMR (400 MHz, CDCl3) J = 2.6 Hz, 1H), 8.66 (d, J = 2.6 Hz, 1H), 
8.41 (dd, J = 8.9, 2.4 Hz, 1H), 8.15 (d, J = 8.9 Hz, 1H), 7.94 (dd, J = 8.8, 0.9 Hz, 1H), 7.87 (dd, J = 7.7, 1.4 Hz, 
1H), 7.81 (d, J = 1.1 Hz, 1H), 7.73 (ddd, J = 8.3, 7.4, 1.4 Hz, 1H), 7.59 (td, J = 7.6, 1.2 Hz, 1H), 6.53 (dd, J = 2.7, 
1.6 Hz, 1H).13C NMR (400 MHz, CDCl3) 
117.1, 116.8, 113.6, 113.2, 109.0. HPLC-PDA-MS: cis isomer RT= 2.55 min, max= 437 nm, [M+H]+= 275.11; 
trans isomer RT= 3.02 min, max= 355 nm, [M+H]+= 275.18; purity (254 nm): 91.5 % trans isomer (8.5 % cis
isomer). HRMS (m/z): HRMS (m/z): [M+H]+ calcd for C15H11N6

+ 275.1040, found 275.1048. 

 

(E)-2-((6-(1H-pyrazol-1-yl)pyridin-3-yl)diazenyl)-5-chlorobenzonitrile (66e): The general synthetic 
procedure D was used with 6-(1H-pyrazol-1-yl)pyridin-3-amine (65) (31 mg, 0.19 mmol) and 5-chloro-2-
nitrosobenzonitrile (61d) (48 mg, 0.29 mmol) in DCM (1.0 ml) and AcOH (1.0 ml) stirring 4 days to obtain
the azo compound 66e (45 mg, 76% yield) as an orange solid. 1H NMR (400 MHz, CDCl3 J = 2.4 Hz, 
1H), 8.67 (d, J = 2.7 Hz, 1H), 8.41 (dd, J = 8.9, 2.4 Hz, 1H), 8.16 (d, J = 8.9 Hz, 1H), 7.92 (d, J = 8.8 Hz, 1H), 
7.85 (d, J = 2.2 Hz, 1H), 7.81 (d, J = 1.7 Hz, 1H), 7.69 (dd, J = 8.8, 2.3 Hz, 1H), 6.54 (dd, J = 2.7, 1.6 Hz, 1H). 13C 
NMR (400 MHz, CDCl3) 

115.0, 113.2, 109.1. HPLC-PDA-MS: cis isomer RT= 2.81 min, max= 440 nm, [M+H]+= 309.11; trans isomer 
RT= 3.32 min, max= 364 nm, [M+H]+= 309.10; purity (254 nm): 91.6 % trans isomer (8.4 % cis isomer). HRMS 
(m/z): [M+H]+ calcd for C15H10ClN6

+= 309.0650, found= 309.0655. 
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(E)-2-((6-(1H-pyrazol-1-yl)pyridin-3-yl)diazenyl)-4-chlorobenzonitrile (66f): The general synthetic 
procedure D was used with 6-(1H-pyrazol-1-yl)pyridin-3-amine (65) (31 mg, 0.19 mmol) and 4-chloro-2-
nitrosobenzonitrile (61f) (48 mg, 0.29 mmol) in DCM (1.0 ml) and AcOH (1.0 ml) stirring 4 days to obtain the
azo compound 66f (39 mg, 65% yield) as an orange solid. 1H NMR (400 MHz, CDCl3) J = 2.3 Hz, 
1H), 8.67 (dd, J = 2.7, 0.8 Hz, 1H), 8.41 (dd, J = 9.0, 2.4 Hz, 1H), 8.17 (d, J = 9.0 Hz, 1H), 7.94 (d, J = 2.0 Hz, 
1H), 7.84  7.77 (m, 2H), 7.57 (dd, J = 8.3, 2.1 Hz, 1H), 6.54 (dd, J = 2.7, 1.6 Hz, 1H).13C NMR (400 MHz, 
CDCl3) 
109.1. HPLC-PDA-MS: cis isomer RT= 2.79 min, max= 437 nm, [M+H]+= 309.12; trans isomer RT= 3.35 min, 

max= 361 nm, [M+H]+= 309.06; purity (254 nm): 92.6 % trans isomer (7.4 % cis isomer). HRMS (m/z): [M+H]+ 

calcd for C15H10ClN6
+= 309.0650, found= 309.0642. 

Chapter 2: trans-on mGlu4 PAMs 

General synthetic procedure A for compounds 69a and 69b: HCl (37% aq., 3.1-5.2 eq) was added slowly to a 
stirred solution of 2-chloroaniline 67 (1.0 eq) in MeOH and the resulting mixture was stirred at 0-5 °C for 5 
min. An aqueous solution of sodium nitrite (1.2 eq) was added dropwise to generate the corresponding 
diazonium salt, keeping the temperature between below 5 °C. The mixture was left stirring for 20 min at 0-
5 °C. In parallel, a solution of 3-methoxyaniline 68a or 2-chloro-5-methoxyaniline 68b (1.2 eq) and sodium 
acetate (3.1-5.2 eq) in MeOH/H2O (2:1, v/v) was prepared in a separate reaction flask and stirred in an ice 
bath. The freshly prepared diazonium salt solution was kept at 0-5 °C to avoid degradation and was added 
dropwise onto the solution of the corresponding aniline 68a-b and sodium acetate, while keeping the 
temperature of the reaction at 0-5°C. The resulting mixture was stirred at 0-5°C for 30 min and cold water 
was subsequently added to induce the precipitation of the product 69a-b, which was filtered, washed with 
precooled water and dried. If the precipitation precipitation did not occur, the mixture was extracted twice 
with EtOAc. The joined organic layers were washed with sat. Na2CO3 , sat. NaHCO3 and sat. NaCl (x2), dried 
over anhydrous MgSO4, filtered and concentrated in vacuo. The obtained residue was purified with 
automated flash direct-phase chromatography (n-Hexane/Ethyl acetate 3:1). 

General synthetic procedure B for compounds 71a-d and 74a-b: The corresponding aromatic carboxylic acid 
70a-b, 72 or 73 (1.5-2.0 eq) with the corresponding aminoazobenzenes 69a-b (1.0 eq), HATU (3.0 eq) were 
dissolved in DMF. TEA (5-7.0 eq) was added and the mixture was stirred in an inert atmosphere at 40-60°C
for 16-48 h. The reaction crude was diluted with EtOAc and was washed with sat. Na2CO3, sat. NaHCO3 and 
sat. NaCl (x2), dried over MgSO4, filtered and concentrated in vacuo. The residue was purified with 
automated flash reverse phase chromatography (from H2O/MeCN 95:5 to MeCN 100%+ 0.1% HCOOH). 

 

(E)-4-((2-chlorophenyl)diazenyl)-3-methoxyaniline (69a): The general synthetic procedure A was used with 
2-chloroaniline (67) (500 mg, 3.9 mmol) in MeOH (7.5 ml), HCl (37% aq) (1.0 ml, 33 mmol), sodium nitrite
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(325 mg, 4.7 mmol) in water (1.8 ml). The second solution was prepared with 3-methoxyaniline (68a) (579 
mg, 4.7 mmol) and sodium acetate (2.7 g, 33 mmol) in MeOH/H2O (2:1, v/v; 11.5 ml). Pre-cooled water (150 
ml) was added slowly to induce the precipitation of the aminoazobenzene 69a as an orange solid (587 mg, 
57% yield). 1H NMR (400 MHz, CDCl3 J = 9.3 Hz, 1H), 7.68  7.61 (m, 1H), 7.53  7.45 (m, 1H), 7.30 

 7.26 (m, 2H), 6.32  6.27 (m, 2H), 4.15 (br, 2H), 3.98 (s, 3H). 13C NMR (101 MHz, CDCl3

149.8, 135.7, 133.9, 130.4, 130.0, 127.4, 119.4, 118.3, 107.8, 97.8, 56.3. HPLC-PDA-MS: RT= 2.35 min, max= 
478 nm, [M+H]+= 262.14; purity (254 nm): 91%  

 

(E)-2-chloro-4-((2-chlorophenyl)diazenyl)-5-methoxyaniline (69b): The general synthetic procedure A was 
used with 2-chloroaniline (67) (300 mg, 2.4 mmol) in MeOH (5 ml), conc. HCl (1.0 ml, 12.2 mmol), sodium 
nitrite (195 mg, 2.8 mmol) in water (1.0 ml). The second solution was prepared with 2-chloro-5-
methoxyaniline (68b) (445 mg, 2.8 mmol) and sodium acetate (1.0 g, 12.2 mmol) in MeOH/H2O (2:1, v/v; 7.5 
ml). The aminoazobenzene 69b was obtained as an orange solid (592 mg, 85% yield). 1H NMR (400 MHz, 
CDCl3 J = 6.2, 3.5 Hz, 1H), 7.53  7.46 (m, 1H), 7.29 (dd, J = 6.0, 3.6 Hz, 2H), 6.40 (s, 
1H), 4.56 (br, 2H), 3.97 (s, 3H). HPLC-PDA-MS: RT= 3.10 min, max= 420 nm, [M+H]+= 296.18; purity (254 
nm): 99.5% 

 

(E)-3-chloro-N-(4-((2-chlorophenyl)diazenyl)-3-methoxyphenyl)picolinamide (71a): The general synthetic 
procedure B was used with the aminoazobenzene 69a (30 mg, 0.11 mmol), 3-chloropicolinic acid (70a) (27 
mg, 0.17 mmol), HATU (131 mg, 0.34 mmol) and anhydrous TEA (80 µl, 0.57 mmol) in DMF (2.0 ml) at 40°C 
for 16 h to give the azo compound 71a (10 mg, 22% yield). 1H NMR (400 MHz, CDCl3

(dd, J = 4.5, 1.4 Hz, 1H), 8.14 (d, J = 2.1 Hz, 1H), 7.90 (dd, J = 8.2, 1.4 Hz, 1H), 7.83 (d, J = 8.7 Hz, 1H), 7.71 
7.65 (m, 1H), 7.54  7.50 (m, 1H), 7.46 (dd, J = 8.2, 4.5 Hz, 1H), 7.36  7.29 (m, 2H), 7.00 (dd, J = 8.8, 2.1 Hz, 
1H), 4.11 (s, 3H). 13C NMR (101 MHz, CDCl3 149.6, 146.0, 144.9, 142.6, 141.3, 138.9, 134.7, 
133.0, 131.1, 130.6, 127.5, 127.3, 118.3, 118.2, 111.8, 103.5, 56.6. HPLC-PDA-MS: cis isomer RT= 2.78 min, 

max= 434 nm, [M+H]+= 401.22; trans isomer RT= 3.21 min, max= 385 nm, [M+H]+= 401.17; purity (254 nm): 
91.6% trans isomer (4.6% cis isomer). HRMS (m/z): [M+H]+ calcd for C19H15Cl2N4O2

+ 401.0567, found
401.0565. 
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(E)-N-(4-((2-chlorophenyl)diazenyl)-3-methoxyphenyl)-3-fluoropicolinamide (71b): The general synthetic 
procedure B was used with the aminoazobenzene 69a (30.0 mg, 0.11 mmol), 3-fluoropicolinic acid (70b) (24 
mg, 0.17 mmol), HATU (131 mg, 0.34 mmol) and anhydrous TEA (80 µl, 0.57 mmol) in DMF (2.0 ml) at 40°C 
for 16 h to give the azo compound 71b (35 mg, 79% yield). 1H NMR (400 MHz, CDCl3

(ddd, J = 4.4, 1.4 Hz, 1H), 8.18 (d, J = 2.1 Hz, 1H), 7.83 (d, J = 8.7 Hz, 1H), 7.72  7.66 (m, 1H), 7.65  7.61 (m, 
1H), 7.58 (ddd, J = 8.4, 4.4, 3.7 Hz, 1H), 7.54  7.49 (m, 1H), 7.36  7.29 (m, 2H), 7.00 (dd, J = 8.8, 2.2 Hz, 
1H), 4.10 (s, 3H). 13C NMR (101 MHz, CDCl3
136.8, 136.8, 134.6, 130.9, 130.4, 128.8, 128.8, 127.3, 127.0, 126.8, 118.1, 118.1, 111.6, 103.4, 56.4. 19F 
NMR (376 MHz, CDCl3 -118.19  -118.28 (m). HPLC-PDA-MS: cis isomer RT= 2.72 min, max= 434 nm, 
[M+H]+= 385.20; trans isomer RT= 3.13 min, max= 391 nm, [M+H]+= 385.07; purity (254 nm): 90% trans
isomer (5% cis isomer). HRMS (m/z): [M+H]+ calcd for C19H15ClFN4O2

+ 385.0863, found 385.0873. 

 

(E)-3-chloro-N-(2-chloro-4-((2-chlorophenyl)diazenyl)-5-methoxyphenyl)picolinamide (71c): The general 
synthetic procedure B was used with the aminoazobenzene 69b (30 mg, 0.10 mmol), 3-chloropicolinic acid 
(70a) (24 mg, 0.15 mmol), HATU (116 mg, 0.30 mmol) and anhydrous TEA (100 µl, 0.70 mmol) in DMF (2.0
ml) at 60°C for 48 h to give the azo compound 71c (9.4 mg, 21% yield). 1H NMR (400 MHz, CDCl3)  11.00 
(br, 1H), 8.69 (s, 1H), 8.62 (dd, J = 4.5, 1.4 Hz, 1H), 7.97  7.89 (m, 2H), 7.69 (dd, J = 7.5, 2.2 Hz, 1H), 7.54 
(dd, J = 7.5, 1.9 Hz, 1H), 7.50 (dd, J = 8.2, 4.5 Hz, 1H), 7.39  7.30 (m, 2H), 4.13 (s, 3H). HPLC-PDA-MS: cis
isomer RT= 3.29 min, max= 436 nm, [M+H]+= 435.13; trans isomer RT= 3.84 min, max= 391 nm, [M+H]+= 
435.18; purity (254 nm): 81.3% trans isomer (18.2% cis isomer). HRMS (m/z): [M+H]+ calcd for 
C19H14Cl3N4O2

+ 435.0177, found 435.0178. 

 

(E)-N-(4-((2-chlorophenyl)diazenyl)-3-methoxyphenyl)thiazole-4-carboxamide (74a): The general synthetic 
procedure B was used with the aminoazobenzene 69a (30 mg, 0.11 mmol), the thiazole-4-carboxylic acid 
(72) (22 mg, 0.17 mmol), HATU (131 mg, 0.34 mmol) and anhydrous TEA (80 µl, 0.57 mmol) in DMF (2.0 ml) 
at 40°C for 16 h to give azo compound 74a (33 mg, 78% yield). 1H NMR (400 MHz, CDCl3)  9.46 (br, 1H), 
8.84 (d, J = 2.1 Hz, 1H), 8.31 (d, J = 2.1 Hz, 1H), 8.03 (d, J = 2.1 Hz, 1H), 7.84 (d, J = 8.7 Hz, 1H), 7.71  7.66 
(m, 1H), 7.55  7.49 (m, 1H), 7.37  7.28 (m, 2H), 7.04 (dd, J = 8.8, 2.2 Hz, 1H), 4.10 (s, 3H). 13C NMR (101 
MHz, CDCl3)  159.0, 158.7, 153.1, 150.9, 149.6, 142.6, 139.0, 134.8, 131.2, 130.6, 127.5, 124.6, 118.3, 
118.3, 111.8, 103.7, 56.5. HPLC-PDA-MS: cis isomer RT= 2.64 min, max= 433 nm, [M+H]+= 373.03; trans
isomer RT= 3.06 min, max= 385 nm, [M+H]+= 373.22; purity (254 nm): 92.7% trans isomer (2.9% cis isomer). 
HRMS (m/z): [M+H]+ calcd for C17H14ClFN4O2S+ 373.0521, found 373.0518. 
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(E)-N-(4-((2-chlorophenyl)diazenyl)-3-methoxyphenyl)-3-methylfuran-2-carboxamide (74b): The general 
synthetic procedure B was used with the aminoazobenzene 69a (30 mg, 0.12 mmol), the 3-methylfuran-2-
carboxylic acid (73) (29 mg, 0.23 mmol), HATU (131 mg, 0.34 mmol) and anhydrous TEA (80 µl, 0.57 mmol) 
in DMF (2.0 ml) at 60°C for 16 h to give azo compound 74b (21 mg, 49% yield). 1H NMR (400 MHz, 
Chloroform-d)  8.24 (br, 1H), 8.03 (d, J = 2.1 Hz, 1H), 7.81 (d, J = 8.7 Hz, 1H), 7.72  7.64 (m, 1H), 7.56 
7.48 (m, 1H), 7.40 (d, J = 1.7 Hz, 1H), 7.37  7.27 (m, 2H), 6.89 (dd, J = 8.8, 2.2 Hz, 1H), 6.43 (d, J = 1.7 Hz, 
1H), 4.09 (s, 3H), 2.48 (s, 3H). 13C NMR (101 MHz, CDCl3)  158.7, 157.5, 149.6, 143.0, 142.8, 141.8, 138.8, 
134.7, 131.1, 130.6, 130.0, 127.5, 118.3, 118.2, 116.3, 111.5, 103.5, 56.6, 11.5. HPLC-PDA-MS: cis isomer 
RT= 2.85 min, max= 286, 435 nm, [M+H]+= 370.11; trans isomer RT= 3.25 min, max= 390 nm, [M+H]+= 
370.19; purity (254 nm): 96.6% trans isomer (2.2% cis isomer). HRMS (m/z): [M+H]+ calcd for C19H17N3O3

+

370.0953, found 370.0955. 

Chapter 3: trans-on mGlu1 PAMs 

General synthetic procedure A for compounds 77a and 77b: The 3-methylfuran-2-carbonyl chloride (76) (1.0 
eq) and the corresponding nitroaniline 75a-b (1.2 eq) were dissolved in DCE. Then, DIPEA (2.8 eq) was 
added and microwave radiation was applied to the mixture for 30 min (120°C, 150 psi, 150 W). After the 
addition of EtOAc the resulting solution was washed with Na2CO3 (1M aq), NaHCO3 and later with sat. NaCl
and water. Finally, the organic layer was dried over anhydrous MgSO4, filtered and concentrated in vacuo to 
give a residue which was purified with automated flash chromatography (nHex/EtOAc 2:1). 

General synthetic procedure B for compounds 78a and 78b: In a tube were added the corresponding 
nitrophenylfuran-carboxamide 77a-b (1.0 eq) and Pd/C (10% wt, 0.05 eq) in ethanol and a hydrogen 
atmosphere of 3 bar was applied for 16 h at rt. The mixture was thereafter filtered through Celite and 
washed with EtOH. After concentration in vacuo, the resulting compounds 78a and 78b were used without 
further purification. 

General synthetic procedure C for compounds 80 and 81: A solution of Oxone® (2.0 eq) in water was added 
to a solution of chloroaniline 67a-b (1.0 eq) in DCM. The resulting mixture was stirred vigorously at rt 
during 2 h. Water and DCM were added and the layers were separated. The aqueous layer was 
backextracted with DCM. Then, the green organic layer was washed with water and dried over Na2SO4 and
concentrated under reduced pressure. The crude products were used without further purification.  

General synthetic procedure D for compounds 82a-b and 83a-b: A suspension of nitrosobenzene 80 or 81
(1.5 eq) and the corresponding aniline 78a or 78b (1.0 eq) in DCM was prepared. Two drops of AcOH were 
added and the resulting solution was left to stir at rt  for 2 days protected from light. Subsequently, the 
solvents were removed in vacuo and the resulting dark residue was purified with automated flash reversed-
phase chromatography (from H2O/MeCN 95:5 to MeCN 100%). 

General synthetic procedure E for compounds 85, 74b and 89a-h: 3-methylfuran-2-carboxylic acid (73) (1.5-
2.0 eq), the corresponding aminoazobenzenes 84, 69a or 88a-h (1.0 eq), HATU (3.0 eq) were suspended in 
DMF and anhydrous DIPEA (3.10 eq) or anhydrous TEA (5-7.5 eq) was added. The resulting mixture was 
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stirred in an inert atmosphere at 40-60°C for 5-24 h. EtOAc and satd. aq. Na2CO3 were added and the layers 
were separated. The organic layer was washed with satd. aq. NaHCO3 and sat. NaCl twice. The organic
phase was dried over MgSO4, filtered and concentrated in vacuo. The residue was purified with automated 
flash reversed-phase chromatography (from H2O/MeCN 95:5 to MeCN 100% + 0.1% HCOOH).  

General synthetic procedure F for compounds 69a and 88a-h: Conc. HCl (3.11-8.5 eq) was added slowly to a 
solution of aniline 67b or 60a or 86a-g (1.0 eq) in MeOH and the resulting mixture was stirred at 0-5°C for 5 
min. An aqueous solution of sodium nitrite (1.2 eq) was added dropwise to generate the azonium 
intermediate, keeping the temperature between below 5°C. The mixture was left stirring for 20 min at 0-5 
°C. In parallel, a solution of 3-methoxyaniline (68a) or o-toluidine (87) (1.2 eq) and sodium acetate (0.5-8.5 
eq) in a mixture MeOH/H2O (2:1, v/v) was prepared in a separate reaction vessel and stirred in an ice bath. 
The freshly prepared diazonium solution was kept cold (0-5°C) to avoid degradation and was added
dropwise to the flask with the aniline solution with sodium acetate at 0-5°C. During the addition, the 
temperature was constantly kept at 0-5°C and the reaction mixture was stirred for 30 min at the same
temperature. The subsequent addition of cold water caused precipitation of the products 69a and 88b, 
which were filtered, washed with precooled water and dried. If the product did not precipitate, the mixture
was extracted twice with EtOAc. The combined organic layers were washed with sat. Na2CO3 , sat. NaHCO3

(sat) and sat. NaCl (2x ml), dried over anhydrous MgSO4, filtered and concentrated in vacuo. The resulting 
residues were purified with automated flash reversed-phase chromatography (from H2O/MeCN 95:5 to 
MeCN 100% + 0.1% HCOOH) to give the compounds 88a-h as red and orange oils. 

 

3-methylfuran-2-carbonyl chloride (76): The 3-methylfuran-2-carboxylic acid (73) (50 mg, 0.39 mmol) was 
dissolved in thionyl chloride (2.0 ml) to give a yellow solution. The reaction mixture was left stirring for 2 h 
at reflux (75°C) in an inert atmosphere. Subsequently, the solution was cooled and the thionyl chloride 
removed under vacuum. 100% yield was assumed and the crude product was directly used for the next 
synthetic steps.  

 

N-(2-fluoro-4-nitrophenyl)-3-methylfuran-2-carboxamide (77a): The general synthetic procedure A was 
used with 2-fluoro-4-aniline (75a) (133 mg, 0.86 mmol), 3-methylfuran-2-carbonyl chloride (76) (103 mg, 
0.71 mmol) and DIPEA (350 µl, 2.0 mmol) in DCE (2.0 ml) to give nitrocompound 77a as a white(?) powder 
(107 mg, 57% yield). 1H NMR (400 MHz, CDCl3 J = 9.1, 7.8 Hz, 1H), 8.53 (br, 1H), 8.10 (ddd, J = 
9.1, 2.4, 1.3 Hz, 1H), 8.03 (dd, J = 10.8, 2.5 Hz, 1H), 7.44 (d, J = 1.7 Hz, 1H), 6.45 (d, 1H), 2.46 (s, 3H). 13C 
NMR (101 MHz, CDCl3)  157.1, 152.1, 149.6, 143.8, 142.8, 142.7, 141.3, 133.0, 132.9, 131.4, 121.0, 121.0, 
120.0, 120.0, 116.4, 111.2, 111.0, 11.5.  
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3-methyl-N-(2-methyl-4-nitrophenyl)furan-2-carboxamide (77b): The general synthetic procedure A was 
used with 2-methyl-4-nitroaniline (75b) (130 mg, 0.86 mmol), 3-methylfuran-2-carbonyl chloride (76) (103 
mg, 0.71 mmol) and DIPEA (350 µl, 2.0 mmol) in DCE (2.0 ml) to give nitrocompound 77b as a white powder 
(114 mg, 61% yield). 1H NMR (400 MHz, CDCl3 J = 8.8 Hz, 1H), 8.22 (br, 1H), 8.17  8.07 (m, 2H), 
7.42 (d, J = 1.5 Hz, 1H), 6.45 (d, J = 1.4 Hz, 1H), 2.47 (s, 3H), 2.45 (s, 3H). 13C NMR (101 MHz, CDCl3)  157.2, 
143.4, 143.3, 142.0, 141.7, 130.7, 126.9, 125.8, 123.2, 120.0, 116.4, 17.7, 11.5. 

 

N-(4-amino-2-fluorophenyl)-3-methylfuran-2-carboxamide (78a): The general synthetic procedure B was 
used with nitrocompound 77a (99 mg, 0.34 mmol) and Pd/C (20 mg, 0.02 mmol) in ethanol (2.0 ml) to give 
aniline 78a as an oil (88 mg, quantitative yield). 1H NMR (400 MHz, CDCl3 J = 9.5, 8.1 Hz, 1H), 
8.00 (br, 1H), 7.36 (d, J = 1.7 Hz, 1H), 6.50  6.41 (m, 2H), 6.37 (d, J = 1.7 Hz, 1H), 3.69 (br, 2H), 2.44 (s, 3H).  

 

N-(4-amino-2-methylphenyl)-3-methylfuran-2-carboxamide (78b): The general synthetic procedure B was 
used with nitrocompound 77b (88 mg, 0.34 mmol) and Pd/C (18 mg, 0.02 mmol) in ethanol (2.0 ml) to give 
aniline 78b as an oil (78 mg, quantitative yield). 1H NMR (400 MHz, CDCl3 J = 9.2 Hz, 
1H), 7.35 (d, J = 1.7 Hz, 1H), 6.58  6.51 (m, 2H), 6.38 (d, J = 1.7 Hz, 1H), 3.58 (br, 2H), 2.43 (s, 3H), 2.23 (s, 
3H).  

 

N-(2-fluoro-4-(4-methyl-1,3-dioxoisoindolin-2-yl)phenyl)-3-methylfuran-2-carboxamide (31):  
A suspension of aniline 78a (20 mg, 0.08 mmol) and the 3-methylphthalic anhydride (79) (14 mg, 0.09
mmol) in AcOH (1.0 ml) was prepared. The mixture was left to stir at 120°C and under an argon atmosphere 
overnight. A pale yellow precipitate was formed, then it was filtered, washed with water and dried under 
vacuum. The desired product 31 (VU6004907) was isolated as a white solid and used without further 
purification (22 mg, 70% yield). 1H NMR (400 MHz, DMSO-d6 J = 1.7 Hz, 1H), 7.80 
7.65 (m, 4H), 7.44 (dd, J = 11.3, 2.2 Hz, 1H), 7.30 (dd, 1H), 6.61 (d, J = 1.9 Hz, 1H), 2.67 (s, 3H), 2.34 (s, 3H).
13C NMR (101 MHz, DMSO-d6

129.8, 129.7, 128.3, 128.1, 126.5, 126.5, 124.9, 124.8, 123.5, 123.4, 121.2, 115.6, 115.3, 115.0, 17.2, 11.0. 
19F NMR (376 MHz, DMSO-d6 -120.16 (ddd, J = 8.4 Hz). The described NMR spectra are in good 
agreement with the data reported in the literature.222,224 HPLC-PDA-MS: RT= 3.69 min, [M+H]+= 379.13; 
purity (254 nm): 97.0%. 
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1-chloro-3-nitrosobenzene (80): The general synthetic procedure C was used with 3-chloroaniline (67a)
(100 mg, 0.78 mmol) in DCM (1.0 ml) and Oxone® (969 mg, 1.6 mmol) in water (4.0 ml) to form the 
corresponding nitrosocompound 80 (96 mg, 87% yield) which was previously described.283 1H NMR (400 
MHz, CDCl3 J = 7.8, 1.5 Hz, 1H), 7.69 (ddd, J = 7.8, 2.2, 1.3 Hz, 1H), 7.66  7.60 (m, 2H). The 
described NMR spectra are in good agreement with the data reported in the literature.283  

 

1-chloro-2-nitrosobenzene (81): The general synthetic procedure C was used with 2-chloroaniline (67b)
(100 mg, 0.78 mmol) in DCM (1.0 ml) and Oxone® (969 mg, 1.6 mmol) in water (4.0 ml) to form the 
corresponding nitrosocompound 81 (111 mg, quantitative yield). 1H NMR (400 MHz, CDCl3 J = 
8.0, 1.2 Hz, 1H), 7.63 (ddd, J = 8.1, 7.2, 1.7 Hz, 1H), 7.26  7.21 (m, 1H), 6.24 (dd, J = 8.1, 1.6 Hz, 1H). The 
described NMR spectra are in good agreement with the data reported in the literature.284 

 

(E)-N-(4-((3-chlorophenyl)diazenyl)-2-fluorophenyl)-3-methylfuran-2-carboxamide (82a): The general 
synthetic procedure D was used with aniline 78a (27 mg, 0.12 mmol) and 1-chloro-3-nitrosobenzene (80)
(24 mg, 0.17 mmol) in DCM (1.0 ml) to obtain azo compound 82a (31 mg, 76% yield) as an orange solid. 1H 
NMR (400 MHz, CDCl3 J = 8.4 Hz, 1H), 8.46 (d, J = 3.6 Hz, 1H), 7.87 (d, J = 0.9 Hz, 1H), 7.84 (d, J = 
8.8 Hz, 1H), 7.81 (dt, J = 6.8, 2.2 Hz, 1H), 7.71 (dd, J = 12.0, 2.1 Hz, 1H), 7.47  7.43 (m, 2H), 7.42 (d, J = 1.7 
Hz, 1H), 6.43 (d, J = 1.7 Hz, 1H), 2.47 (s, 3H). 13C NMR (101 MHz, cdcl3)  156.9, 153.5, 153.0, 151.1, 148.0, 
148.0, 143.0, 141.4, 135.0, 130.6, 130.0, 130.0, 129.4, 129.2, 122.9, 122.9, 122.2, 121.6, 120.3, 120.3, 
115.9, 106.7, 106.5, 11.2. 19F NMR (376 MHz, CDCl3 -130.20  -130.40 (m). HPLC-PDA-MS: cis isomer RT=
3.08 min, max= 273, 434 nm, [M+H]+= 358.08; trans isomer RT= 3.81 min, max= 352 nm, [M+H]+= 358.23;
purity (254 nm): 93.5% trans isomer (5.2% cis isomer). HRMS (m/z): [M+H]+ calcd for C18H14ClFN3O2

+

358.0754, found 358.0754. 

 

(E)-N-(4-((2-chlorophenyl)diazenyl)-2-fluorophenyl)-3-methylfuran-2-carboxamide (82b): The general 
synthetic procedure D was used with aniline 78a (25 mg, 0.11 mmol) and 1-chloro-2-nitrosobenzene (81)
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(22 mg, 0.16 mmol) in DCM (1.0 ml) to give azo compound 82b (23 mg, 60% yield) as an orange solid. 1H 
NMR (400 MHz, CDCl3 J = 8.4 Hz, 1H), 8.48 (d, J = 4.1 Hz, 1H), 7.89 (ddd, J = 8.7, 2.1, 1.1 Hz, 1H), 
7.76 (dd, J = 12.0, 2.1 Hz, 1H), 7.70 (dd, J = 7.9, 1.8 Hz, 1H), 7.55 (dd, J = 7.7, 1.6 Hz, 1H), 7.42 (d, J = 1.7 Hz, 
1H), 7.38 (dd, J = 7.8, 1.9 Hz, 1H), 7.34 (dd, J = 7.9, 1.4 Hz, 1H), 6.43 (d, J = 1.7 Hz, 1H), 2.48 (s, 3H). 13C NMR 
(101 MHz, CDCl3)  157.2, 153.8, 151.4, 148.8, 148.7, 148.5, 143.3, 141.7, 135.6, 131.8, 130.8, 130.2, 129.7, 
129.6, 127.3, 123.9, 123.9, 120.5, 120.5, 117.6, 116.1, 106.8, 106.6, 11.4. 19F NMR (376 MHz, CDCl3 -
130.28 (ddd, J = 12.0, 8.0, 3.9 Hz). HPLC-PDA-MS: cis isomer RT= 3.07 min, max= 273, 429 nm, [M+H]+= 
358.15; trans isomer RT= 3.69 min, max= 354 nm, [M+H]+= 358.13; purity (254 nm): 82.6% trans isomer 
(17.4% cis isomer). HRMS (m/z): [M+H]+ calcd for C18H14ClFN3O2

+ 358.0754, found 358.0755. 

 

(E)-N-(4-((3-chlorophenyl)diazenyl)-2-methylphenyl)-3-methylfuran-2-carboxamide (83a): The general 
synthetic procedure D was used with aniline 78b (25 mg, 0.11 mmol) and 1-chloro-3-nitrosobenzene (80)
(23 mg, 0.16 mmol) in DCM (1.0 ml) to form azo compound 83a (27 mg, 71% yield) as an orange solid. 1H 
NMR (400 MHz, CDCl3 J = 8.7 Hz, 1H), 8.15 (br, 1H), 7.92  7.76 (m, 4H), 7.49  7.42 (m, 2H), 7.41 
(d, J = 1.8 Hz, 1H), 6.43 (d, J = 1.7 Hz, 1H), 2.48 (s, 3H), 2.45 (s, 3H). 13C NMR (101 MHz, CDCl3)  157.3, 
153.7, 148.6, 143.0, 142.2, 139.2, 135.2, 130.5, 130.2, 129.7, 127.5, 124.6, 123.2, 122.4, 121.8, 121.1, 
116.2, 17.8, 11.5. HPLC-PDA-MS: cis isomer RT= 3.00 min, max= 274, 434 nm, [M+H]+= 354.23; trans isomer 
RT= 3.64 min, max= 353 nm, [M+H]+= 354.25; purity (254 nm): 96.8% trans isomer (3.2% cis isomer). HRMS 
(m/z): [M+H]+ calcd for C19H17ClN3O2

+ 354.1004, found 354.1010. 

 

(E)-N-(4-((2-chlorophenyl)diazenyl)-2-methylphenyl)-3-methylfuran-2-carboxamide (83b): The general 
synthetic procedure D was used with aniline 78b (25 mg, 0.11 mmol) and 1-chloro-2-nitrosobenzene(81) 
(23 mg, 0.16 mmol) in DCM (1.0 ml) to obtain azo compound 83b (28 mg, 73% yield). 1H NMR (400 MHz, 
CDCl3 J = 8.7 Hz, 1H), 8.16 (br, 1H), 7.90 (dd, J = 8.7, 2.3 Hz, 1H), 7.84 (d, J = 1.7 Hz, 1H), 7.68 (dd, 
J = 7.7, 2.0 Hz, 1H), 7.54 (dd, J = 7.3, 2.0 Hz, 1H), 7.40 (d, J = 1.6 Hz, 1H), 7.35 (app. td, J = 7.3, 1.9 Hz, 2H), 
6.42 (d, J = 1.6 Hz, 1H), 2.48 (s, 3H), 2.45 (s, 3H). 13C NMR (101 MHz, CDCl3

142.2, 139.2, 135.1, 131.4, 130.7, 129.7, 127.5, 127.4, 124.3, 124.0, 121.0, 117.7, 116.2, 17.9, 11.5. HPLC-
PDA-MS: cis isomer RT= 2.98 min, max= 323, 428 nm, [M+H]+= 354.11; trans isomer RT= 3.53 min, max= 355
nm, [M+H]+= 354.14; purity (254 nm): 75.1% trans isomer (24.4% cis isomer). HRMS (m/z): [M+H]+ calcd for 
C19H17ClN3O2

+ 354.1004, found 354.1010.  
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(E)-3-methyl-N-(4-(phenyldiazenyl)phenyl)furan-2-carboxamide (85): The general synthetic procedure E
was used with aminoazobenzene (84) (23 mg, 0.12 mmol), the 3-methylfuran-2-carboxylic acid (73) (21 mg, 
0.17 mmol), HATU (127 mg, 0.33 mmol) and anhydrous DIPEA (60 µL, 0.33 mmol) in DMF (1.0 ml) at 40 °C 
for 5 h to give azo compound 85 (24.5 mg, 72% yield) as an orange solid. 1H NMR (400 MHz, CDCl3)  8.22 
(br, 1H), 7.96 (d, J = 8.9 Hz, 2H), 7.94  7.87 (m, 2H), 7.82 (d, J = 8.9 Hz, 2H), 7.56  7.47 (m, 2H), 7.50  7.42 
(m, 1H), 7.40 (d, J = 1.4 Hz, 1H), 6.43 (d, J = 1.7 Hz, 1H), 2.48 (s, 3H). 13C NMR (101 MHz, CDCl3)  157.4, 
152.9, 149.1, 142.9, 141.9, 140.4, 130.9, 129.8, 129.2, 124.2, 122.9, 119.8, 116.2, 11.5. HPLC-PDA-MS: cis
isomer RT= 2.69 min, max= 286, 434 nm, [M+H]+= 306.19; trans isomer RT= 3.23 min, max= 351 nm, 
[M+H]+= 306.19; purity (254 nm): 96.0% trans isomer (4.0% cis isomer). HRMS (m/z): [M+H]+ calcd for 
C18H16N3O2

+ 306.1238, found 306.1239. 

 

(E)-4-((2-chlorophenyl)diazenyl)-3-methoxyaniline (69a): The general synthetic procedure F was used. See 
Synthetic procedures: Chapter 2 for further information. 

 

(E)-N-(4-((2-chlorophenyl)diazenyl)-3-methoxyphenyl)-3-methylfuran-2-carboxamide (74b): The general
synthetic procedure E was used. See Synthetic procedures: Chapter 2 for further information. 

88a    88i 

(E)-2-methyl-4-(phenyldiazenyl)aniline (88a): The general synthetic procedure F was used with aniline
(60a) (300 mg, 3.2 mmol) in MeOH (5.0 ml), conc. HCl (823 µl, 10.0 mmol), sodium nitrite (267 mg, 3.9 
mmol) in water (1.5 ml). The second solution was prepared with o-toluidine (87) (414 mg, 3.9 mmol) and 
sodium acetate (132 mg, 1.6 mmol) in MeOH/H2O (2:1, v/v; 8.5 ml). The aminoazobenzene 88a was 
obtained as a red oil (152 mg, 22% yield). Purity (1H NMR): 62.9% (37.1% of (E)-4-(o-tolyldiazenyl)aniline 88i
as by-product). 1H NMR (400 MHz, CDCl3 J = 7.0 Hz, 2H), 7.74  7.70 (m, 2H), 7.49 (dd, J = 7.7 Hz, 
2H), 7.44  7.36 (m, 1H), 6.79  6.72 (m, 1H), 4.04 (br, 2H), 2.25 (s, 3H). 13C NMR (101 MHz, CDCl3)  153.0, 



Experimental section

178 

148.1, 145.6, 129.8, 129.1, 125.3, 123.9, 122.4, 122.2, 114.6, 17.5. HPLC-PDA-MS: RT= 3.88 min, max= 396
nm, [M+H]+= 212.35. 
(E)-4-(o-tolyldiazenyl)aniline (88i): 1H NMR (400 MHz, CDCl3)  7.82 (d, J = 8.7 Hz, 2H), 7.59 (d, J = 8.0 Hz, 
1H), 7.32  7.29 (m, 2H), 7.28  7.22 (m, 1H), 6.79  6.72 (m, 2H), 4.04 (br, 2H), 2.69 (s, 3H). 13C NMR (101 
MHz, CDCl3)  151.1, 149.4, 146.2, 137.2, 131.2, 129.8, 126.5, 125.2, 115.5, 114.8, 17.7. HPLC-PDA-MS: 
RT=3.93 min, max= 382 nm, [M+H]+= 212.35. 

 

(E)-4-((2-methoxyphenyl)diazenyl)-2-methylaniline (88b): The general synthetic procedure F was used 
with 2-methoxyaniline 86a (300 mg, 2.4 mmol) in MeOH (5.0 ml), conc. HCl (622 µl, 7.6 mmol), sodium 
nitrite (202 mg, 2.9 mmol) in water (1.5 ml). The second solution was prepared with o-toluidine (87) (313 
mg, 2.9 mmol) and sodium acetate (621 mg, 7.6 mmol) in MeOH/H2O (2:1, v/v; 8.5 ml). 100 ml of water 
were added slowly delivering the aminoazobenzene 88b precipitated (55 mg, 9.4% yield) as a red oil. 1H 
NMR (400 MHz, CDCl3  7.67 (m, 2H), 7.62 (dd, J = 8.0, 1.7 Hz, 1H), 7.37 (ddd, J = 8.0, 7.3, 1.6 Hz, 
1H), 7.06 (dd, J = 8.4, 1.1 Hz, 1H), 7.05  6.96 (m, 1H), 6.76  6.69 (m, 1H), 4.01 (s, 3H), 2.23 (s, 3H). 13C NMR 
(101 MHz, CDCl3
17.4. HPLC-PDA-MS: RT= 3.61 min, max= 394 nm, [M+H]+= 242.34; purity (254 nm): 94.2% 

 

(E)-4-((2-fluorophenyl)diazenyl)-2-methylaniline (88d): The general synthetic procedure F was used with 2-
fluoroaniline (86c) (300 mg, 2.7 mmol) in MeOH (5.0 ml), conc. HCl (690 µl, 8.4 mmol), sodium nitrite (224 
mg, 3.2 mmol) in water (1.5 ml). The second solution was prepared with o-toluidine (87) (347 mg, 3.2
mmol) and sodium acetate (111 mg, 1.35 mmol) in MeOH/H2O (2:1, v/v; 8.5 ml). The aminoazobenzene 88d 
was obtained as an orange solid (71 mg, 11.5% yield). 1H NMR (400 MHz, CDCl3   7.69 (m, 3H), 7.41 

 7.33 (m, 1H), 7.25  7.16 (m, 2H), 6.75 (dd, J = 7.7, 1.1 Hz, 1H), 3.92 (br, 2H), 2.25 (s, 3H). 13C NMR (101 
MHz, CDCl3)  160.9, 158.4, 148.2, 146.1, 141.2, 141.1, 131.1, 131.0, 125.5, 124.4, 124.4, 124.3, 122.3, 
117.9, 117.0, 116.8, 114.7, 17.5. 19F NMR (376 MHz, CDCl3 -125.7. HPLC-PDA-MS: RT= 3.91 min, max= 396
nm, [M+H]+= 230.28; purity (254 nm): 98.1% 
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(E)-methyl 2-((4-amino-3-methylphenyl)diazenyl)benzoate (88e): The general synthetic procedure F was 
used with methyl 2-aminobenzoate (86d) (300 mg, 2.0 mmol) in MeOH (5.0 ml), conc. HCl (1.0 ml, 12.2 
mmol), sodium nitrite (164 mg, 2.4 mmol) in water (1.5 ml). The second solution was prepared with o-
toluidine (87) (255 mg, 2.4 mmol) and sodium acetate (81 mg, 0.99 mmol) in MeOH/H2O (2:1, v/v; 8.5 ml). 
The aminoazobenzene 88e was obtained as a red oil (9.5 mg, 1.8% yield). 1H NMR (400 MHz, CDCl3
(dd, J = 7.4, 1.2 Hz, 1H), 7.71  7.66 (m, 2H), 7.60 (dd, J = 8.0, 1.9 Hz, 1H), 7.55 (ddd, J = 8.0, 7.6, 1.4 Hz, 1H), 
7.41 (ddd, J = 7.5, 1.4 Hz, 1H), 6.73 (d, J = 8.2 Hz, 1H), 3.89 (s, 3H), 2.24 (s, 3H). 13C NMR (101 MHz, CDCl3

168.7, 152.5, 148.6, 145.7, 131.9, 129.7, 128.7, 127.9, 125.9, 124.1, 122.1, 119.6, 114.5, 52.4, 17.5. HPLC-
PDA-MS: RT= 3.61 min, max= 394 nm, [M+H]+= 270.25; purity (254 nm): 93%. 

 

(E)-4-((2,5-dichlorophenyl)diazenyl)-2-methylaniline (88f): The general synthetic procedure F was used 
with 2,5-dichloroaniline (86e) (334 mg, 2.1 mmol) in MeOH (5.0 ml), conc. HCl (526 µl, 6.4 mmol), sodium 
nitrite (171 mg, 2.5 mmol) in water (1.5 ml). The second solution was prepared with o-toluidine (87) (265 
mg, 2.5 mmol) and sodium acetate (85 mg, 1.03 mmol) in MeOH/H2O (2:1, v/v; 8.5 ml). The 
aminoazobenzene 88f was obtained as a red oil (17 mg, 2.9% yield). 1H NMR (400 MHz, CDCl3  7.72 
(m, 2H), 7.67 (d, J = 2.5 Hz, 1H), 7.44 (d, J = 8.5 Hz, 1H), 7.27 (dd, 1H), 6.74 (d, J = 9.1 Hz, 1H), 4.07 (br, 2H), 
2.25 (s, 3H). 13C NMR (101 MHz, CDCl3

122.2, 118.0, 114.5, 17.5. HPLC-PDA-MS: RT= 4.61 min, max= 414 nm, [M+H]+= 280.23; purity (254 nm): 
99%. 

 

(E)-4-((3,5-dichlorophenyl)diazenyl)-2-methylaniline (88g): The general synthetic procedure F was used 
with 3,5-dichloroaniline (86f) (300 mg, 1.9 mmol) in MeOH (5.0 ml), conc. HCl (473 µl, 5.8 mmol), sodium 
nitrite (153 mg, 2.2 mmol) in water (1.5 ml). The second solution was prepared with o-toluidine (87) (238 
mg, 2.2 mmol) and sodium acetate (228 mg, 2.8 mmol) in MeOH/H2O (2:1, v/v; 8.5 ml). The 
aminoazobenzene 88g was obtained as a red oil (43 mg, 8.4% yield). 1H NMR (400 MHz, CDCl3  7.66 
(m, 4H), 7.36 (t, J = 1.9 Hz, 1H), 6.78  6.72 (m, 1H), 4.07 (br, 2H), 2.24 (s, 3H). 13C NMR (101 MHz, CDCl3

154.4, 149.1, 145.2, 135.5, 129.0, 125.8, 124.5, 122.1, 121.1, 114.5, 17.5. HPLC-PDA-MS: RT= 4.95 min, 

max= 406 nm, [M+H]+= 280.23; purity (254 nm): 98.3%. 
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(E)-2-methyl-4-(o-tolyldiazenyl)aniline (88c): The synthetic pathway used for the compound 88c was the 
general synthetic procedure F for aminoazobenzene 88g and it was obtained as a by-product of the 
aforementioned reaction. The aminoazobenzene 88c was obtained as an orange solid (132 mg, 32% yield). 
1H NMR (400 MHz, CDCl3 J = 6.9 Hz, 2H), 7.58 (d, J = 8.7 Hz, 1H), 7.34  7.29 (m, 2H), 7.30  7.21 
(m, 1H), 6.74 (d, J = 9.1 Hz, 1H), 3.90 (br, 2H), 2.70 (s, 3H), 2.26 (s, 3H). 13C NMR (101 MHz, CDCl3

147.8, 146.1, 137.0, 131.1, 129.7, 126.5, 125.6, 123.5, 122.1, 115.5, 114.5,17.7, 17.5. HPLC-PDA-MS: RT=
4.14 min, max= 390 nm, [M+H]+= 226.37; purity (254 nm): 100%. 

 

(E)-4-((2,4-difluorophenyl)diazenyl)-2-methylaniline (88h): The general synthetic procedure F was used 
with 2,4-difluoroaniline (86g) (300 mg, 2.3 mmol) in MeOH (5.0 ml), conc. HCl (1.0 ml, 12.3 mmol), sodium 
nitrite (192 mg, 2.8 mmol) in water (1.5 ml). The second solution was prepared with o-toluidine (87) (299 
mg, 2.8 mmol) and sodium acetate (95 mg, 1.2 mmol) in MeOH/H2O (2:1, v/v; 8.5 ml). The 
aminoazobenzene 88h was obtained as a red oil (51 mg, 8.8% yield). 1H NMR (400 MHz, CDCl3  7.68 
(m, 3H), 7.05  6.86 (m, 2H), 6.74 (d, J = 8.5 Hz, 1H), 4.07 (br, 2H), 2.24 (s, 3H). 13C NMR (101 MHz, CDCl3

165.0, 164.9, 162.5, 162.4, 158.7, 158.5, 148.5, 145.8, 125.4, 124.3, 122.2, 119.1, 119.0, 119.0, 118.9, 
114.5, 111.9, 111.8, 111.6, 111.6, 105.2, 105.0, 105.0, 104.7, 17.5. 19F NMR (376 MHz, CDCl3 -107.84  -
107.96 (m), -120.97  -121.09 (m). Purity determination and absorption UV-Vis spectra were determined 
using the following binary solvent system: 0.05% formic acid in 5% MeCN and 0.05% formic acid in 95% 
water as starting mobile phase, from 5 to 25% MeCN in 0.5 min and constant for 1.5 min, from 25 to 60% 
MeCN in 10 min, from 60 to 100% MeCN in 2 min, from 100 to 5% MeCN in 3 min and 5% MeCN for 3 min.
HPLC-PDA-MS: RT= 8.15 min, max= 394 nm, [M+H]+= 248.27; purity (254 nm): 95%. 

 

(E)-3-methyl-N-(2-methyl-4-(phenyldiazenyl)phenyl)furan-2-carboxamide (89a): The general synthetic 
procedure E was used with aminoazobenzene 88a (27 mg, 0.13 mmol), the 3-methylfuran-2-carboxylic acid 
(73) (32 mg, 0.26 mmol), HATU (145 mg, 0.38 mmol) and anhydrous TEA (89 µl, 0.64 mmol) in DMF (1.0 ml) 
at 60 °C for 16 h to give azo compound 89a (13 mg, 33% yield) as an orange solid. 1H NMR (400 MHz, CDCl3) 

J = 8.7 Hz, 1H), 8.15 (br, 1H), 7.92  7.89 (m, 2H), 7.86 (dd, J = 8.6, 2.3 Hz, 1H), 7.81 (d, J = 1.8 Hz, 
1H), 7.52 (ddd, J = 7.8, 6.5, 1.5 Hz, 2H), 7.49  7.44 (m, 1H), 7.42 (d, J = 1.8 Hz, 1H), 6.44 (d, J = 1.8 Hz, 1H), 
2.48 (s, 3H), 2.46 (s, 3H). HPLC-PDA-MS: cis isomer RT= 3.76 min, max= 436 nm, [M+H]+= 320.34; trans
isomer RT=4.53 min, max= 348 nm, [M+H]+= 320.34; purity (254 nm): 88.6% trans isomer (7.5% cis isomer). 
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(E)-N-(4-((2-methoxyphenyl)diazenyl)-2-methylphenyl)-3-methylfuran-2-carboxamide (89b): The general 
synthetic procedure E was used with aminoazobenzene 88b (29 mg, 0.12 mmol), the 3-methylfuran-2-
carboxylic acid (73) (31 mg, 0.24 mmol), HATU (139 mg, 0.37 mmol) and anhydrous TEA (85 µl, 0.61 mmol) 
in DMF (1.0 ml) at 40 °C for 16 h to give azo compound 89b (9.2 mg, 22% yield) as an orange solid. 1H NMR 
(400 MHz, CDCl)  8.44 (d, J = 8.7 Hz, 1H), 8.14 (br, 1H), 7.86 (dd, J = 8.7, 2.3 Hz, 1H), 7.80 (d, J = 1.4 Hz, 1H), 
7.66 (dd, J = 8.0, 1.7 Hz, 1H), 7.47  7.39 (m, 2H), 7.09 (dd, J = 8.4, 1.2 Hz, 1H), 7.02 (ddd, J = 8.3, 7.3, 1.2 Hz, 
1H), 6.43 (d, J = 1.7 Hz, 1H), 4.04 (s, 3H), 2.48 (s, 3H), 2.45 (s, 3H). 13C NMR (101 MHz, CDCl3)  157.3, 156.9, 
149.4, 142.9, 142.5, 142.2, 138.5, 132.3, 129.6, 127.5, 123.9, 123.7, 121.1, 120.9, 117.1, 116.2, 112.7, 56.5, 
17.8, 11.5. HPLC-PDA-MS: cis isomer RT= 3.71 min, max= 430 nm, [M+H]+= 350.35; trans isomer RT= 4.20 
min, max= 366 nm, [M+H]+= 350.35; purity (254 nm): 79.2% trans isomer (20.8% cis isomer).  

 

(E)-3-methyl-N-(2-methyl-4-(o-tolyldiazenyl)phenyl)furan-2-carboxamide (89c): The general synthetic 
procedure E was used with aminoazobenzene 88c (30 mg, 0.13 mmol), the 3-methylfuran-2-carboxylic acid 
(73) (33 mg, 0.26 mmol), HATU (151 mg, 0.40 mmol) and anhydrous TEA (138 µl, 0.99 mmol) in DMF (1.0
ml) at 50 °C for 24 h to give azo compound 89c (27 mg, 62% yield) as an orange solid. 1H NMR (400 MHz, 
CDCl3 J = 8.7 Hz, 1H), 8.13 (br, 1H), 7.85 (dd, J = 8.6, 2.3 Hz, 1H), 7.80 (d, J = 2.2 Hz, 1H), 7.67 
7.56 (m, 1H), 7.41 (d, J = 1.7 Hz, 1H), 7.38  7.29 (m, 2H), 7.30  7.22 (m, 1H), 6.43 (d, J = 1.7 Hz, 1H), 2.73 (s, 
3H), 2.48 (s, 3H), 2.46 (s, 3H). 13C NMR (101 MHz, CDCl3

131.3, 130.7, 129.6, 127.6, 126.5, 124.7, 122.7, 121.3, 116.2, 115.6, 17.9, 17.7, 11.5. HPLC-PDA-MS: cis
isomer RT= 3.94 min, max= 438 nm, [M+H]+= 334.30; trans isomer RT= 4.78 min, max= 350 nm, [M+H]+= 
334.37; purity (254 nm): 87.9% trans isomer (12.1% cis isomer).  

 

(E)-N-(4-((2-fluorophenyl)diazenyl)-2-methylphenyl)-3-methylfuran-2-carboxamide (89d): The general
synthetic procedure E was used with aminoazobenzene 88d (26 mg, 0.11 mmol), the 3-methylfuran-2-
carboxylic acid (73) (28.6 mg, 0.23 mmol), HATU (129 mg, 0.34 mmol) and anhydrous TEA (119 µl, 0.85
mmol) in DMF (1.0 ml) at 50 °C for 24 h to give azo compound 89d (24 mg, 62% yield) as an orange solid. 1H 
NMR (400 MHz, CDCl3 J = 8.7 Hz, 1H), 8.16 (br, 1H), 7.89 (dd, J = 8.7, 2.3 Hz, 1H), 7.83 (d, J = 2.2 
Hz, 1H), 7.75 (ddd, J = 7.9, 1.7 Hz, 1H), 7.47  7.39 (m, 2H), 7.31  7.17 (m, 2H), 6.43 (d, J = 1.7 Hz, 1H), 2.48 
(s, 3H), 2.45 (s, 3H). 13C NMR (101 MHz, CDCl3)  161.4, 158.8, 157.3, 149.0, 143.0, 142.2, 140.9, 140.9, 
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139.1, 132.2, 132.2, 129.7, 127.5, 124.4, 124.4, 124.1, 123.9, 121.0, 117.9, 117.2, 117.0, 116.2, 17.8, 11.5. 
19F NMR (376 MHz, CDCl3 -124.78 (d, J = 1.7 Hz). HPLC-PDA-MS: cis isomer RT= 3.84 min, max= 430 nm, 
[M+H]+= 338.28; trans isomer RT= 4.49 min, max= 356 nm, [M+H]+= 338.28; purity (254 nm): 81.6% trans
isomer (18.4% cis isomer). 

 

(E)-methyl 2-((3-methyl-4-(3-methylfuran-2-carboxamido)phenyl)diazenyl)benzoate (89e): The general 
synthetic procedure E was used with aminoazobenzene 88e (21 mg, 0.08 mmol), the 3-methylfuran-2-
carboxylic acid (73) (20 mg, 0.16 mmol), HATU (89 mg, 0.23 mmol) and anhydrous TEA (54 µl, 0.40 mmol) in 
DMF (700 µl) at 60 °C for 16 h to give azo compound 89e (2.5 mg, 8.5% yield) as an orange solid. 1H NMR 
(400 MHz, CDCl3)  8.46 (d, J = 8.7 Hz, 1H), 8.16 (br, 1H), 7.90  7.76 (m, 3H), 7.66  7.55 (m, 2H), 7.47 (ddd, 
J = 7.6, 6.9, 1.9 Hz, 1H), 7.42 (d, J = 1.8 Hz, 1H), 6.44 (d, J = 1.7 Hz, 1H), 3.91 (s, 3H), 2.48 (s, 3H), 2.46 (s, 3H). 
HPLC-PDA-MS: cis isomer RT= 3.70 min, max= 424 nm, [M+H]+= 378.34; trans isomer RT= 4.20 min, max= 
350 nm, [M+H]+= 378.27; purity (254 nm): 91.0 % trans isomer (9.0 % cis isomer).  

 

(E)-2-((3-methyl-4-(3-methylfuran-2-carboxamido)phenyl)diazenyl)benzoic acid (89i): The corresponding 
azobenzoate 89e (5.3 mg, 0.014 mmol) was dissolved in MeOH (140 µl). LiOH (1M aq, 41.7 µl) was added 
and the reaction mixture was warmed to 60°C and stirred for 2 h. The reaction mixture was quenched with 
HCl (1M aq) and DCM was added. The layers were separated and the organic layer was washed with water, 
dried over anhydrous Na2SO4, filtered and concentrated in vacuo. The obtained residue was purified with 
automated flash reversed- phase chromatography (ACN/H2O + 0.1% HCOOH) to give compound 89i (2.3 
mg, 45% yield) as an orange solid. HPLC-PDA-MS: cis isomer RT= 3.32 min, max= nm, [M+H]+= 364.31; trans
isomer RT= 3.84 min, max= 352 nm, [M+H]+= 364.31; purity (254 nm): 86.5% trans isomer (13.5% cis
isomer).  

 

(E)-N-(4-((2,5-dichlorophenyl)diazenyl)-2-methylphenyl)-3-methylfuran-2-carboxamide (89f): The general 
synthetic procedure E was used with aminoazobenzene 88f (16 mg, 0.06 mmol), the 3-methylfuran-2-
carboxylic acid (73) (14 mg, 0.11 mmol), HATU (64 mg, 0.17 mmol) and anhydrous TEA (58 µl, 0.42 mmol) in 
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DMF (500 µl) at 50 °C for 24 h to give azo compound 89f (13 mg, 62% yield) as an orange solid. 1H NMR (400 
MHz, CDCl3 J = 8.7 Hz, 1H), 8.18 (br, 1H), 7.91 (dd, J = 8.7, 2.3 Hz, 1H), 7.85 (dd, J = 2.3, 0.9 Hz, 
1H), 7.70 (d, J = 2.5 Hz, 1H), 7.48 (d, J = 8.5 Hz, 1H), 7.42 (d, J = 1.8 Hz, 1H), 7.33 (dd, J = 8.5, 2.5 Hz, 1H), 
6.44 (d, J = 1.8 Hz, 1H), 2.48 (s, 3H), 2.46 (s, 3H). 13C NMR (101 MHz, CDCl3

142.1, 139.8, 133.6, 133.4, 131.6, 131.0, 129.9, 127.5, 124.7, 124.3, 120.9, 117.9, 116.3, 17.9, 11.5. HPLC-
PDA-MS: cis isomer RT= 4.28 min, max= 432 nm, [M+H]+= 388.18; trans isomer RT= 5.28 min, max= 364 nm,
[M+H]+= 388.18; purity (254 nm): 89.5% trans isomer (9.8% cis isomer).  

 

(E)-N-(4-((3,5-dichlorophenyl)diazenyl)-2-methylphenyl)-3-methylfuran-2-carboxamide (89g): The general 
synthetic procedure E was used with aminoazobenzene 88g (34 mg, 0.12 mmol), the 3-methylfuran-2-
carboxylic acid (73) (30 mg, 0.24 mmol), HATU (137 mg, 0.36 mmol) and anhydrous TEA (126 µl, 0.90 mmol) 
in DMF (1.0 ml) at 50 °C for 24 h to give azo compound 89g (32 mg, 68% yield) as an orange solid. 1H NMR 
(400 MHz, CDCl3)  8.49 (d, J = 8.7 Hz, 1H), 8.17 (br, 1H), 7.85 (dd, J = 8.7, 2.3 Hz, 1H), 7.82  7.76 (m, 3H), 
7.48  7.37 (m, 2H), 6.44 (d, J = 1.7 Hz, 1H), 2.48 (s, 3H), 2.45 (s, 3H). 13C NMR (101 MHz, CDCl3)  157.3, 
154.0, 148.3, 143.0, 142.1, 139.7, 135.7, 130.0, 129.9, 127.4, 124.9, 123.5, 121.5, 121.0, 116.3, 17.8, 11.5. 
HPLC-PDA-MS: cis isomer RT= 4.39 min, max= 436 nm, [M+H]+= 388.25; trans isomer RT= 5.67 min, max= 
362 nm, [M+H]+= 388.18; purity (254 nm): 76.3% trans isomer (16.8% cis isomer).  

 

(E)-N-(4-((2,4-difluorophenyl)diazenyl)-2-methylphenyl)-3-methylfuran-2-carboxamide (89h): The general 
synthetic procedure E was used with aminoazobenzene 88h (18 mg, 0.07 mmol), the 3-methylfuran-2-
carboxylic acid (73) (18 mg, 0.15 mmol), HATU (83 mg, 0.22 mmol) and anhydrous TEA (51 µl, 0.36 mmol) in 
DMF (700 µl) at 60 °C for 16 h to give azo compound 89h (13 mg, 50% yield) as an orange solid. 1H NMR 
(400 MHz, CDCl3 J = 8.7 Hz, 1H), 8.16 (br, 1H), 7.87 (dd, J = 8.7, 2.3 Hz, 1H), 7.85  7.75 (m, 2H), 
7.41 (d, J = 1.7 Hz, 1H), 7.00 (ddd, J = 10.8, 8.6, 2.6 Hz, 1H), 6.95 (dddd, J = 9.1, 7.8, 2.7, 1.3 Hz, 1H), 6.43 (d, 
J = 1.8 Hz, 1H), 2.48 (s, 3H), 2.45 (s, 3H). 13C NMR (101 MHz, CDCl3)  165.7, 165.6, 163.2, 163.1, 161.8, 
161.7, 159.3, 159.1, 157.3, 148.9, 143.0, 142.1, 139.1, 137.8, 137.8, 137.8, 137.7, 129.7, 127.5, 124.1, 
123.8, 121.0, 119.2, 119.1, 119.0, 119.0, 116.2, 112.0, 112.0, 111.8, 111.8, 105.4, 105.2, 105.2, 104.9, 17.8, 
11.5. 19F NMR (376 MHz, Chloroform-d -105.41  -106.90 (m), -119.33  -120.93 (m). HPLC-PDA-MS: cis
isomer RT= 3.91 min, max= 432 nm, [M+H]+= 356.28; trans isomer RT= 4.60 min, max= 354 nm, [M+H]+= 
356.28; purity (254 nm): 79.2% trans isomer (14.5% cis isomer).  

Chapter 4: trans-on mGlu1 NAMs 

General synthetic procedure A for compounds 98a and 98b: To a solution of 94 (1.0 eq) in THF/water (1:1) 
was added N-bromosuccinimide (95) (1.1 eq) at room temperature and stirred for 2 h. Methylthiourea 
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(97a) or thiourea (97b) (1.0 eq) was directly added to the reaction mixture containing the intermediate 96
and the mixture was stirred at room temperature for further 2 h. The reaction mixture was diluted with 
EtOAc/water (1:1) and after back-extraction of aqueous phase, the organic layers were washed with sat. 
NaCl, dried over MgSO4, filtered and concentrated to give 98a or 98b as yellow solids. 

General synthetic procedure B for compounds 90, 91, 103a-h and 107: To a solution of 106a-b or 101 (1.0 
eq) and potassium carbonate (2.0 eq) or TEA (3.0 eq) in 1,4-dioxane was added the corresponding amine 
102a-h (1-16.7 eq) at room temperature. The reaction mixture was heated at 40-100°C for 2-16 h. The 
mixture was quenched with water and extracted with EtOAc. The organic layer was washed with sat. NaCl, 
dried over MgSO4 and evaporated under reduced pressure. The residue was purified by automated flash
direct or reverse phase chromatography to give the expected products in good yields. 

 

4-chloro-6-(1-ethoxyvinyl)pyrimidine (94): A mixture of 4,6-dichloropyrimidine (92) (500 mg, 3.4 mmol), 
Pd(PPh3)4 (194 mg, 0.17 mmol), cesium fluoride (1.0 g, 6.7 mmol) and copper(I) iodide (128 mg, 0.67 mmol) 
in DMF (6 ml) was stirred at rt and under strict argon atmosphere while tributyl(1-ethoxyvinyl)stannane
(93) (1.2 ml, 3.5 mmol) in DMF (4 ml) was added. Then the reaction mixture was stirred at 80 °C for 4 h.
After that, it was quenched with DCM/water (1:1, v/v), and the suspension was filtered through Celite with 
DCM. After back-extraction of aqueous phase, the organic layers were washed 3 times with sat. NaCl, dried 
over Na2SO4 and evaporated under reduced pressure. The residue was purified by flash column 
chromatography using nHex/EtOAc (15:1, v/v) to give 94 (273 mg, 44% yield) as a colorless solid. 1H NMR 
(400 MHz, CDCl3) J = 1.1 Hz, 1H), 7.64 (d, J = 1.1 Hz, 1H), 5.69 (d, J = 2.4 Hz, 1H), 4.55 (d, J = 2.4 Hz, 
1H), 3.95 (q, J = 7.0 Hz, 2H), 1.43 (t, J = 7.0 Hz, 3H). 13C NMR (101 MHz, CDCl3)  162.4, 162.1, 158.1, 155.7, 
116.4, 89.6, 64.0, 14.5. The described NMR spectra are in good agreement with the data reported in the 
literature.266 HPLC-PDA-MS: RT= 3.77 min, [M+H]+= 185.05, purity (254 nm): 94.3% 

 

4-(6-chloropyrimidin-4-yl)-N-methylthiazol-2-amine (98a): The general synthetic procedure A was used 
with 4-chloro-6-(1-ethoxyvinyl)pyrimidine (94) (27.5 mg, 0.15 mmol), N-bromosuccinimide (95) (30 mg, 
0.17 mmol) and methylthiourea (97a) (14 mg, 0.15 mmol) in THF/water (1:1, 2.0 ml) to give the expected
product 98a as a slight yellow powder without further purification (30 mg, 85% yield). 1H NMR (400 MHz, 
CDCl3) , 1H), 5.25 (br, 1H), 3.06 (d, J = 5.0 Hz, 3H). The described NMR 
spectrum is in good agreement with the data reported in the literature.266 HPLC-PDA-MS: RT= 3.09 min, 
[M+H]+= 227.02, purity (254 nm): 84.5% 
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4-(6-chloropyrimidin-4-yl)thiazol-2-amine (98b): The general synthetic procedure A was used with 4-
chloro-6-(1-ethoxyvinyl)pyrimidine (94) (300 mg, 1.6 mmol), N-bromosuccinimide (95) (318 mg, 1.8 mmol) 
and thiourea (97b) (124 mg, 1.62 mmol) in THF/water (1:1, 6 ml) to give the expected product 98b as a 
yellow powder without further purification (333 mg, 96% yield). 1H NMR (400 MHz, CD3OD). J = 
1.1 Hz, 1H), 7.95 (d, J = 1.1 Hz, 1H), 7.70 (s, 1H). 13C NMR (101 MHz, CD3OD) 
159.7, 118.2, 113.5. HPLC-PDA-MS: RT= 2.73 min, [M+H]+= 213.0, purity (254 nm): 95.5% 

 

(E)-4-((4-(6-chloropyrimidin-4-yl)thiazol-2-yl)diazenyl)phenol (100): Nitrosyl sulphuric acid was prepared 
by dissolving sodium nitrite (78 mg, 1.13 mmol) in sulphuric acid (3.5 ml, 65.8 mmol) at 0 °C and the 
suspension obtained was stirred for 10-15 min at 20 °C. The mixture was cooled to -7 °C and a cold solution 
of 4-(6-chloropyrimidin-4-yl)thiazol-2-amine (98b) in water/AcOH (3:1, 4 ml) (200 mg, 0.94 mmol) was 
carefully added in portions in 1 hour maintaining -5°C. Phenol (99) (106 mg, 1.13 mmol) was dissolved in 
NaOH (3.4 g, 85 mmol) in water (10 ml) and the cold solution of the diazonium salt 110 (-5 °C) was added 
dropwise. The temperature was kept at 0-5°C and the pH of the mixture was kept at 10 adding 5M NaOH 
when its color changed from red to brown/green. The bloody red mixture was stirred continuously at room 
temperature for 1 hour. The color of solution was red at pH= 10, brown/green at pH= 4-5 and 
yellow/orange at pH= 1. Then, the reaction mixture was diluted with HCl 1M/EtOAc (1:1). After back-
extraction of aqueous phase, the organic layers were reunited and washed with sat. NaCl, dried over 
MgSO4, filtered and concentrated. The residue was purified by column chromatography using nHex/EtOAc 
(2:1, v/v) to give 100 (191 mg, 64% yield) as a red solid. 1H NMR (400 MHz, CD3OD) J = 1.1 Hz, 1H), 
8.59 (s, 1H), 8.24 (d, J = 1.1 Hz, 1H), 7.95 (d, J = 8.9 Hz, 2H), 7.00 (d, J = 8.9 Hz, 2H). 13C NMR (101 MHz, 
CD3OD)  179.6, 165.3, 163.6, 161.4, 160.0, 152.6, 146.4, 127.9, 125.2, 118.5, 117.5. HPLC-PDA-MS: trans
isomer RT= 3.75 min, max= 402 nm, [M+H]+= 318.01; purity (254 nm): 98.3%. 

 

(E)-4-(6-chloropyrimidin-4-yl)-2-((4-methoxyphenyl)diazenyl)thiazole (101): A solution of (E)-4-((4-(6-
chloropyrimidin-4-yl)thiazol-2-yl)diazenyl)phenol (100) (160 mg, 0.50 mmol) and potassium carbonate (139 
mg, 1.01 mmol) in anhydrous DMF (10 ml) was stirred for 30 minutes under inert atmosphere. Then, 
dimethyl sulfate (95 mg, 0.75 mmol) was added. The solution was stirred at room temperature 48 h. After, 
the reaction mixture was diluted with water and the product was extracted with EtOAc. The organic extract 
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was washed with sat. NaCl, dried over MgSO4, filtered and the solvent was distilled off under reduced 
pressure. The crude was purified by flash column chromatography using a mixture of nHex/EtOAc (3:1 v/v) 
as eluent. 101 was obtained as an orange solid (127 mg, 76% yield). 1H NMR (400 MHz, CDCl3) J = 
1.1 Hz, 1H), 8.41 (s, 1H), 8.31 (d, J = 1.1 Hz, 1H), 8.06 (d, J = 9.1 Hz, 2H), 7.06 (d, J = 9.0 Hz, 2H), 3.94 (s, 3H). 
13C NMR (101 MHz, CDCl3)  118.0, 114.9, 
77.2, 76.8, 56.0. HPLC-PDA-MS: trans isomer RT= 4.55 min, max= 398 nm, [M+H]+= 332.03; purity (254 nm): 
100%. HRMS (m/z): [M+H]+ calcd for C14H11ClN5OS+ 332.0368, found 332.0377. 

 

(E)-N-isopropyl-6-(2-((4-methoxyphenyl)diazenyl)thiazol-4-yl)pyrimidin-4-amine (103a): The general 
synthetic procedure B was used with azo compound 101 (16.3 mg, 0.05 mmol), K2CO3 (13.6 mg, 0.09
mmol), HOBt (2.3 mg, 0.015 mmol) and isopropylamine (102a) (70 µl, 0.8 mmol) in 1,4-dioxane (1.0 ml). 
The reaction mixture was heated at 80°C for 16 h. The residue was purified by automated flash reverse 
phase chromatography (from H2O/MeCN 95:5 to MeCN 100%) to give 103a as a yellow powder (11 mg, 64% 
yield). 1H NMR (400 MHz, CDCl3) J = 9.0 Hz, 2H), 7.28 (s, 1H), 7.04 (d, J = 
9.0 Hz, 2H), 5.09 (br, 1H), 4.09 (br, 1H), 3.93 (s, 3H), 1.30 (d, J = 6.4 Hz, 6H). 13C NMR (101 MHz, CDCl3) 
177.5, 164.2, 162.7, 161.4, 158.5, 154.1, 146.0, 126.6, 121.2, 114.8, 110.2, 55.9, 43.1, 23.0. HPLC-PDA-MS: 
trans isomer RT= 2.96 min, max= 401 nm, [M+H]+= 355.11; purity (254 nm): 99.4%. HRMS (m/z): [M+H]+ 

calcd for C17H19N6OS+ 355.1336, found 355.1331. 

 

(E)-N1-(6-(2-((4-methoxyphenyl)diazenyl)thiazol-4-yl)pyrimidin-4-yl)-N3,N3-dimethylpropane-1,3-diami-
ne (103b): The general synthetic procedure B was used with azo compound 101 (20 mg, 0.06 mmol) and a 
solution 1M of N1,N1-dimethylpropane-1,3-diamine (102b) (60 µl, 0.06 mmol) in 1,4-dioxane (0.5 ml). The 
reaction mixture was heated at 80°C for 16 h. The residue was purified by automated flash reverse phase 
chromatography (from H2O/MeCN 95:5 to MeCN 100% + 0.1% NH3) to give 103b as an orange powder (16
mg, 67% yield). 1H NMR (400 MHz, CDCl3) 8.57 (s, 1H), 8.23 (s, 1H), 8.04 (d, J = 9.0 Hz, 2H), 7.29 (s, 1H), 7.04 
(d, J = 9.0 Hz, 2H), 6.66 (br, 1H), 3.92 (s, 3H), 3.58  3.48 (m, 2H), 2.53 (m, 2H), 2.33 (s, 6H), 1.85 (m, 2H). 13C 
NMR (101 MHz, CDCl3) 164.2, 163.4, 161.8, 158.7, 152.1, 146.0, 126.6, 120.8, 114.8, 58.5, 
55.9, 45.4, 41.3, 25.6. Purity determination and absorption UV-Vis spectra were determined using the 
following binary solvent system: 0.05% ammonia solution 33% in 5% MeCN and 0.05% ammonia solution 
33% in 95% water for 0.5 min, from 5 to 100% MeCN in 5 min, 100% MeCN for 1.5 min, from 100 to 5% 
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MeCN in 2 min and 5% MeCN for 2 min. HPLC-PDA-MS: trans isomer RT= 3.24 min, max= 399 nm, [M+H]+= 
398.17; purity (254 nm): 98.5%. HRMS (m/z): [M+H]+ calcd for C19H24N7OS+ 398.1758, found 398.1760. 

 

(E)-6-(2-((4-methoxyphenyl)diazenyl)thiazol-4-yl)-N-(2-morpholinoethyl)pyrimidin-4-amine (103c): The 
general synthetic procedure B was used with azo compound 101 (13 mg, 0.04 mmol) and a solution 1M of 
2-morpholinoethanamine (102c) (39 µl, 0.04 mmol) in 1,4-dioxane (0.4 ml). The reaction mixture was 
heated at 80°C for 16 h and later it was directly concentrated, without any additional work up. The residue 
was purified by automated flash reverse phase chromatography (from H2O/MeCN 95:5 to MeCN 100%) to 
give 103c as an orange powder (11 mg, 67% yield). 1H NMR (400 MHz, CDCl3) 
8.04 (d, J = 9.0 Hz, 2H), 7.34 (s, 1H), 7.04 (d, J = 9.0 Hz, 2H), 5.80 (br, 1H), 3.93 (s, 3H), 3.77  3.73 (m, 4H), 
3.51 (br, 2H), 2.69  2.64 (m, 2H), 2.54  2.51 (m, 4H). Purity determination and absorption UV-Vis spectra 
were determined using the following binary solvent system: 0.05% ammonia solution 33% in 5% MeCN and 
0.05% ammonia solution 33% in 95% water for 0.5 min, from 5 to 100% MeCN in 5 min, 100% MeCN for 1.5 
min, from 100 to 5% MeCN in 2 min and 5% MeCN for 2 min. HPLC-PDA-MS: trans isomer RT= 2.61 min, 

max= 401 nm, [M+H]+= 426.33; purity (254 nm): 98.5%. HRMS (m/z): [M+H]+ calcd for C20H24N7O2S+

426.1707, found 426.1713. 

 

(E)-2-((6-(2-((4-methoxyphenyl)diazenyl)thiazol-4-yl)pyrimidin-4-yl)amino)ethanol (103d): The general 
synthetic procedure B was used with azo compound 101 (14 mg, 0.04 mmol), TEA (18 µl, 0.13 mmol) and a 
solution 1M of 2-aminoethanol (102d) (62 µL, 0.04 mmol) in 1,4-dioxane (0.4 ml). The reaction mixture was 
heated at 80°C for 16 h and later it was directly concentrated, without any additional work up. The residue 
was purified by automated flash direct-phase chromatography (DCM +10% MeOH) to give 103d as an 
orange powder (8.2 mg, 54.6% yield). 1H NMR (400 MHz, CDCl3) J = 8.8 
Hz, 2H), 7.37 (s, 1H), 7.04 (d, J = 8.8 Hz, 2H), 5.56 (br, 1H), 3.93 (s, 3H), 3.89 (t, J = 4.8 Hz, 2H), 3.66 (br, 2H). 
Purity determination and absorption UV-Vis spectra were determined using the following binary solvent 
system: 0.05% ammonia solution 33% in 5% MeCN and 0.05% ammonia solution 33% in 95% water for 0.5 
min, from 5 to 100% MeCN in 5 min, 100% MeCN for 1.5 min, from 100 to 5% MeCN in 2 min and 5% MeCN 
for 2 min. HPLC-PDA-MS: trans isomer RT= 2.38 min, max= 401 nm, [M+H]+= 357.20; purity (254 nm): 
97.9%. HRMS (m/z): [M+H]+ calcd for C16H17N6O2S+ 357.1129, found 357.1129. 
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(E)-N-(2-(2-methoxyethoxy)ethyl)-6-(2-((4-methoxyphenyl)diazenyl)thiazol-4-yl)pyrimidin-4-amine 
(103e): The general synthetic procedure B was used with azo compound 101 (10 mg, 0.03 mmol), K2CO3

(8.3 mg, 0.06 mmol) and 2-(2-methoxyethoxy)ethanamine (102e) (21.5 mg, 0.18 mmol) in 1,4-dioxane (0.4 
ml). The reaction mixture was heated at 40°C for 16 h. Then, it was decided to evaporate the solvent after 
filtration of K2CO3. The residue was purified by automated flash direct-phase chromatography (DCM +4% 
MeOH) to give 103e as an orange powder (2.4 mg, 19.5% yield). 1H NMR (400 MHz, CDCl3) 
8.31 (br, J = 12.1 Hz, 1H), 8.05 (d, J = 9.0 Hz, 2H), 7.33 (d, J = 1.2 Hz, 1H), 7.05 (d, J = 9.0 Hz, 2H), 5.70 (br, 
1H), 3.93 (s, 3H), 3.75  3.70 (m, 3H), 3.69  3.65 (m, 3H), 3.59  3.55 (m, 2H), 3.42 (s, 3H). HPLC-PDA-MS: 
trans isomer RT= 2.35 min, max= 402 nm, [M+H]+= 415.37; purity (254 nm): 97.0%. HRMS (m/z): [M+H]+ 

calcd for C19H23N6O3S+ 415.1547, found 415.1547. 

 

(E)-methyl 2-((6-(2-((4-methoxyphenyl)diazenyl)thiazol-4-yl)pyrimidin-4-yl)amino)acetate (103f): The 
general synthetic procedure B was used with azo compound 101 (16 mg, 0.05 mmol), TEA (20 µl, 0.14
mmol) and methyl 2-aminoacetate hydrochloride (102f) (12 mg, 0.09 mmol) in 1,4-dioxane (0.5 ml). The 
reaction mixture was heated at 80°C for 16 h. The residue was purified by automated flash direct-phase 
chromatography (DCM +5% MeOH) to give 103f as an orange powder (8.5 mg, 46% yield). 1H NMR (400 
MHz, CDCl3) 1H NMR (400 MHz, Chloroform-d J = 1.1 Hz, 1H), 8.43 (br, 1H), 8.04 (d, J = 9.0 Hz, 
2H), 7.41 (s, 1H), 7.04 (d, J = 9.0 Hz, 2H), 5.74 (br, 1H), 4.28 (d, J = 5.2 Hz, 2H), 3.93 (s, 3H), 3.82 (s, 3H). 
HPLC-PDA-MS: cis isomer RT= 3.08 min, max= 306, 450 nm, [M+H]+= 385.10; trans isomer RT= 3.37 min, 

max= 402 nm, [M+H]+= 385.0; purity (254 nm): trans isomer 91.0% (cis isomer 7.0%). HRMS (m/z): [M+H]+ 

calcd for C17H17N6O3S+ 385.1078, found 385.1086. 

 

(E)-3-((6-(2-((4-methoxyphenyl)diazenyl)thiazol-4-yl)pyrimidin-4-yl)(methyl)amino)propan-1-ol (103g):
The general synthetic procedure B was used with azo compound 101 (19.7 mg, 0.06 mmol), TEA (25 µl, 0.18
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mmol) and a solution 1M of 3-(methylamino)propan-1-ol (102g) (119 µl, 0.12 mmol) in 1,4-dioxane (0.5 ml). 
The reaction mixture was heated at 80°C for 16 h and later it was directly concentrated, without any 
additional work up. The residue was purified by automated flash reverse phase chromatography (from 
H2O/MeCN 95:5 to MeCN 100% +0.1% HCOOH) to give 103g as an orange powder (13.7 mg, 60% yield). 1H 
NMR (400 MHz, CDCl3) J = 9.0 Hz, 2H), 7.46 (br, 1H), 7.04 (d, J = 9.0 Hz, 2H), 3.93 (s, 
3H), 3.89  3.85 (m, 2H), 3.59 (br, 2H), 3.20 (br, 3H), 1.92  1.84 (m, 2H). HPLC-PDA-MS: trans isomer 
RT=2.95 min, max= 390 nm, [M+H]+= 385.14; purity (254 nm): trans isomer 97.5% (cis isomer 0%). HRMS 
(m/z): [M+H]+ calcd for C18H21N6O2S+ 385.1442, found 385.1450. 

 

(E)-N-(2-chloroethyl)-6-(2-((4-methoxyphenyl)diazenyl)thiazol-4-yl)-N-methylpyrimidin-4-amine (103h): 
The general synthetic procedure B was used with azo compound 101 (16 mg, 0.05 mmol), TEA (26 µL, 0.19
mmol) and 2-chloro-N-methylethanamine hydrochloride (102h) (12.3 mg, 0.09 mmol) in 1,4-dioxane (0.5 
ml). The reaction mixture was heated at 80°C for 16 h and later it was directly concentrated, without any 
additional work up. The residue was purified by automated flash reverse phase chromatography (from 
H2O/MeCN 95:5 to MeCN 100% +0.1% HCOOH) to give 103h as an orange powder (9 mg, 49% yield). 1H 
NMR (400 MHz, CDCl3) J = 8.9 Hz, 2H), 7.53 (s, 1H), 7.04 (d, J = 9.0 Hz, 
2H), 3.93 (s, 3H), 3.90 (br, 2H), 2.63 (br, 2H), 2.44 (s, 3H). 13C NMR (101 MHz, CDCl3)  177.5, 164.3, 162.7, 
158.4, 157.4, 154.2, 146.0, 126.6, 121.1, 114.8, 99.2, 55.9, 54.5, 45.9, 43.5. Purity determination and 
absorption UV-Vis spectra were determined considering the adduct that the desired compound 103h forms 
in acid medium with MeCN used as solvent for HPLC and HRMS analysis. HPLC-PDA-MS: trans isomer RT=
2.86 min, max= 402 nm, [M+H]+= 396.16; purity (254 nm): trans isomer 100%. HRMS (m/z): [M+H]+ calcd for 
C19H22N7OS+ 396.1602, found 396.1600.  

 

N-(4-(6-((3H-[1,2,3]triazolo[4,5-b]pyridin-3-yl)oxy)pyrimidin-4-yl)thiazol-2-yl)-4-fluoro-N-methylbenza-
mide (106a): 4-fluorobenzoic acid (104) (50 mg, 0.36 mmol), 4-(6-chloropyrimidin-4-yl)-N-methylthiazol-2-
amine 98a (40.5 mg, 0.18 mmol), HATU (136 mg, 0.36 mmol) were suspended in DMF (2.0 ml) and 
anhydrous TEA (124 µl, 0.89 mmol) was added. The resulting mixture was stirred in an inert atmosphere at 
65°C for 16 h. EtOAc and satd. aq. Na2CO3 were added and the layers were separated. The organic layer was 
washed with satd. aq. NaHCO3 and sat. NaCl twice. The organic phase was dried over MgSO4, filtered and 
concentrated in vacuo. The residue was purified with automated flash reversed-phase chromatography 
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(from H2O/MeCN 95:5 to MeCN 100%). The main product obtained is the HATU-adduct 106a (29.3 mg, 37% 
yield).  

 

N-(4-(6-chloropyrimidin-4-yl)thiazol-2-yl)-4-methoxy-N-methylbenzamide (106b): To a solution of 4-(6-
chloropyrimidin-4-yl)-N-methylthiazol-2-amine (98a) (44 mg, 0.19 mmol) and TEA (162 µl, 1.16 mmol) in 
toluene (1.5 ml) was added 4-methoxybenzoyl chloride (105) (39 µl, 0.29 mmol) at room temperature 
under N2 atmosphere. The reaction mixture was heated at 100 °C for 12h. This mixture was quenched with 
water and extracted with DCM. The organic layer was dried over Na2SO4 and evaporated under reduced 
pressure. The residue was purified by flash silica gel column chromatography using DCM/EtOAc/TEA 
(4:1:0.005, v/v/v) to give 106b (50 mg, 71% yield) as a colorless solid. 1H NMR (400 MHz, CDCl3) J
= 1.1 Hz, 1H), 8.11 (s, 1H), 8.07 (d, J = 1.1 Hz, 1H), 7.60 (d, J = 8.7 Hz, 2H), 7.01 (d, J = 8.7 Hz, 2H), 3.89 (s, 
3H), 3.80 (s, 3H). 13C NMR (101 MHz, CDCl3)  170.6, 162.4, 162.2, 161.4, 160.7, 158.8, 146.2, 130.2, 126.0, 
118.8, 117.5, 114.1, 55.7, 39.0. The described NMR spectra are in good agreement with the data reported 
in the literature.266 HPLC-PDA-MS: RT= 4.13 min, [M+H]+= 361.04; purity (254 nm): 92.5% 

 

4-fluoro-N-(4-(6-(isopropylamino)pyrimidin-4-yl)thiazol-2-yl)-N-methylbenzamide (90): The general 
synthetic procedure B was used with intermediate 106a (18 mg, 0.04 mmol), K2CO3 (11.1 mg, 0.08 mmol) 
and isopropylamine (102a) (57 µl, 0.67 mmol) in 1,4-dioxane (1.0 ml). The reaction mixture was heated at 
100°C for 2 h. The residue was purified by automated flash reverse phase chromatography (from 
H2O/MeCN 95:5 to MeCN 100%) to give 90 as a white powder (12 mg, 80% yield). 1H NMR (400 MHz, CDCl3)

, 1H), 7.61 (dd, J = 8.8, 5.2 Hz, 2H), 7.20 (t, J = 8.6 Hz, 2H), 7.10 (s, 1H), 5.56 (br, 1H), 
4.15 (br, 1H), 3.74 (s, 3H), 1.31 (d, J = 6.4 Hz, 6H). The described NMR spectra are in good agreement with 
the data reported in the literature.263,266 HPLC-PDA-MS: RT= 2.67 min, [M+H]+= 372.21; purity (254 nm): 
95.0%. 
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N-(4-(6-(isopropylamino)pyrimidin-4-yl)thiazol-2-yl)-4-methoxy-N-methylbenzamide (91): The general 
synthetic procedure B was used with intermediate 106b (10 mg, 0.03 mmol), K2CO3 (7.7 mg, 0.06 mmol) 
and isopropylamine (102a) (40 µl, 0.46 mmol) in 1,4-dioxane (0.3 ml). The reaction mixture was heated at 
80°C for 16 h. The residue was purified by automated flash direct-phase chromatography (nHex/EtOAc 2:5, 
v/v) to give 91 as a white powder (4.1 mg, 39% yield). 1H NMR (400 MHz, CDCl3) 
7.58 (d, J = 8.7 Hz, 2H), 7.07 (s, 1H), 7.00 (d, J = 8.7 Hz, 2H), 4.96 (br, 1H), 4.10 (br, 1H), 3.88 (s, 3H), 3.78 (s, 
3H), 1.29 (d, J = 6.4 Hz, 6H). The described NMR spectra are in good agreement with the data reported in 
the literature.266 HPLC-PDA-MS: RT= 2.29 min, [M+H]+= 384.28; purity (254 nm): 96.5%. 

 

N-(4-(6-((3-(dimethylamino)propyl)amino)pyrimidin-4-yl)thiazol-2-yl)-4-methoxy-N-methylbenzamide 
(107): The general synthetic procedure B was used with intermediate 106b (10 mg, 0.03 mmol) and a 
solution 1M of N1,N1-dimethylpropane-1,3-diamine (102b) (83 µl, 0.08 mmol) in 1,4-dioxane (0.3 ml). The 
reaction mixture was heated at 80°C for 16 h and later it was directly concentrated, without any additional 
work up. The residue was purified by automated flash direct-phase chromatography (DCM/MeOH 9:1, v/v 
+1% NH3) to give 107 as a white powder (8.3 mg, 70.2% yield). 1H NMR (400 MHz, CDCl3) 
(s, 1H), 7.58 (d, J = 8.7 Hz, 2H), 7.06 (s, 1H), 6.99 (d, J = 8.7 Hz, 2H), 6.17 (br, 1H), 3.88 (s, 3H), 3.78 (s, 3H), 
3.55  3.45 (m, 2H), 2.48 (m, 2H), 2.30 (s, 6H), 1.83 (m, 2H). 13C NMR (101 MHz, CDCl3

162.0, 161.0, 158.7, 153.3, 148.2, 130.2, 126.4, 122.2, 115.8, 114.0, 58.2, 55.6, 45.5, 40.8, 38.9, 26.3. HPLC-
PDA-MS: RT= 2.62 min, [M+H]+= 427.0; purity (254 nm): 100%. HRMS (m/z): [M+H]+ calcd for C21H27N6O2S+

427.1911, found 427.1910.  

 

Photophysical and photochemical characterization 

MCS, Laboratory of Medicinal Chemistry and Synthesis, IQAC-CSIC, Barcelona 

Materials and general methods 

Light source 

Two different LED illumination systems were used as light sources: Teleopto and CoolLED.  

The Teleopto light system consists of single or dual wavelength LED Array (model LEDA-X and LEDA2-By 
respectively) connected to a LED Array Driver (model LAD-1). By the mode switch of LAD-1 LED Array Driver 
is it possible to choose constant or trigger mode, the latter by means a stimulator (STO mkII, version 1.6) 
which enables time-controlled pulsed stimulation. The light was delivered from the bottom to the solutions 
since the LED Array perfectly fits for 96 well-plates and each LED element comes just under each well. 



Experimental section

192 

Teleopto system set at 12 V intensity and in continuous mode corresponds to 0.09 mW/mm2 for 365 nm, 
0.09 mW/mm2 for 380 nm, 0.19 mW/mm2 for 405 nm, 0.13 mW/mm2 for 420 nm, 0.17 mW/mm2 for 455 
nm, 0.14 mW/mm2 for 470 nm, 0.10 mW/mm2 for 500 nm, 0.09 mW/mm2 for 530 nm and 0.14 mW/mm2 
for 550 nm wavelength. 

The CoolLED light system consists of a liquid light guide accessory (pE-1906, CoolLed) connected to a LED 
light source (pE-4000, CoolLed). For the photochemical characterization of the samples, the liquid light 
guide accessory was pointed directly toward each sample placed in transparent 96-well plates so that the 
light was delivered from the top to the solutions and for three minutes in continuous mode. CoolLED set at 
50% intensity corresponds to 1.04 mW/mm2 for 365 nm, 2.60 mW/mm2 for 385 nm, 2.10 mW/mm2 for 
405 nm, 0.72 mW/mm2 for 435 nm, 2.17 mW/mm2 for 460nm, 1.02 mW/mm2 for 470 nm, 0.95 mW/mm2 
for 490 nm, 0.3 mW/mm2 for 500 nm, 0.36 mW/mm2 for 525 nm, and 1.57 mW/mm2 for 550 nm light. 

Potencies were measured using a Thorlabs PM100D power energy meter connected with a standard 
photodiode power sensor (S120VC). 

UV-Vis spectroscopy 

The absorption spectra of the photoisomerizable compounds were obtained with solutions 10-50 µM in 
DMSO, MeCN, water or in a buffer (PBS or a determined pH buffer) with 0.5-10% DMSO (200 µL of 
compound solution/well) 
measured between 800 and 300 nm with an average time of 50 ms at 2 nm fixed intervals to achieve the 
full absorption spectra. 

Determination of optimal wavelengths  

To evaluate the photoisomerization of the samples and obtain the optimal illumination wavelengths to 
photoisomerize from trans to cis configuration by UV-Vis, a continuous illumination for a minimum of three 
minutes was applied with the corresponding light source mentioned above, on the sample solutions placed 
in black clear-bottom (Greiner Bio-one) or transparent (Greiner CELLSTAR®) 96-well plates (200 µL of 
compound solution/well). Immediately after the illumination, the samples were read as indicated above 
with . 

Stability of the photoisomerization 

The effect of repeated light cycles to sample of 10-50 µM of the compounds in DMSO and PBS, HEPES
buffer solution or water was evaluated in order to assess the stability of the photoisomerization. Therefore, 
multiple trans/cis isomerization cycles were registered by measuring absorbance at a determined single 
wavelength with 
constant illumination with the optimal isomerization wavelengths. 

Thermal relaxation of cis isomers 

To determine the thermal relaxation rate of the cis isomers of the compounds, 25-50 µM solutions in PBS 
or HEPES buffer solution with 0.5-10% DMSO and in DMSO 100% were prepared and illuminated with a 
determined wavelength for three minutes. After prolonged absorbance recording at 25°C, the relaxation 
half-life of the compounds was calculated by plotting absorbance readings at a given wavelength (around 
the maximum of the - * band of the trans isomer) versus time and by fitting the obtained curve to an 
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exponential decay function with GraphPad Prism 8.1.1 software, corresponding to a first order equilibrium 
reaction formula (Equation 1).  

cis-azo compound  trans- azo compound 

 with  

Equation 1. Formula for the thermal relaxation from cis to trans isomers corresponding to a direct first order reaction.46 

A(t) is the absorbance at time t, A0= A(0) is the initial absorbance, that is, the absorbance at time t= 0, and 
the constant  is called the decay constant, which relates to the exponential time constant , so-called 
mean lifetime. A more intuitive characteristic of exponential decay is the time required for the decaying 
quantity to fall to one half of its initial value. This time is called the half-life, and often denoted by the 
symbol t1/2. The half-life can be written in terms of the decay constant as shown below (Equation 2).
Therefore, the mean lifetime is equal to the half-life divided by the natural log of 2 (Equation 2). 

  

Equation 2. Formula for the half-life in exponential decay highlighting the relation between the three parameters t1/2,  and . 

Study of pH-dependent photoisomerization properties of compound 103b 

To explore the photoisomerization properties of the arylazothiazoles series in different pH conditions, we 
selected the azo compound 103b as the prototypical example of this azobenzene family, taking advantage 
of its remarkable water solubility. We studied the photoisomerization and relaxation kinetics of 103b, 50 
µM at 25 °C, in several buffer solutions, with 0.5% DMSO, covering a pH range from 3.5 to 10.6.* The pH 
buffer solutions used are the following: 

 MOPS 0.5 M sol. acidified with HCOOH, pH 3.5, 
 HEPES 1M buffer soln., pH 5.0, 
 NH4HCO3 50 mM buffer soln. acidified with HCOOH, pH 6.5, 
 Mcilvaine (citrate-phosphate) buffer soln. (18.2 mM citric acid+ 163.7 mM Na2HPO4), pH 7.0, 
 Binding Buffer soln. (25 mM HEPES+ 100 mM NaCl+ 2.5 mM MgCl2+ NaOH 1M), pH 7.5, 
 NH4HCO3 50 mM buffer soln., pH 8.0, 
 Glycine-Sodium Hydroxide buffer soln. (50 mM Glycine+ 45.5 mM NaOH), pH 10.6. 

We collected UV-Vis absorption spectra of 103b 
under dark and different light conditions for 3 min whereas we obtained relaxation plots of cis-103b at 25 
°C after illumination with 405 nm light, the optimal illumination wavelengths to photoisomerize from trans
to cis configuration. 

Nuclear magnetic resonance (NMR) 

To quantitatively determine the photostationary states (PSSs) by nuclear magnetic resonance (NMR), we 
performed 1H NMR experiments with 700 µl of a solution 5 mM of compound 62b in deuterated DMSO and 
placed in a Norell® 3 mm NMR tube. The spectra of the same sample were recorded on a 400 MHz Variant 
Mercury (Agilent Technologies) in dark conditions and after irradiation with several wavelengths and new 

                                                           
* See Chapter 4: A series of arylazothiazoles to control mGlu1 function with light. 
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1H NMR acquisitions were taken each time. The 1H NMR acquisitions consisted in 32 scans with a total 
collecting time of 1 min and 54 s. All the obtained spectra were processed equally, integrating the most
shielded proton of the pyrazole ring in the region 6.75- 6.60 ppm and the resulting area relations were 
converted to a molar percentage of cis isomer.* 

Determination of the most efficient illumination time  

To know what illumination time was necessary to obtain the highest amount of cis isomer in such a 
concentrated sample, a first 1H NMR experiment was performed in dark conditions and, after that, the 
same sample was irradiated with 550 nm, the best wavelength to get a high percentage of cis isomer, at 
several time lapses and new 1H NMR acquisitions were taken at each lapse. The CoolLED light system was 
used as light source for this experiment. The sample was first irradiated 1 minute with the power of the LED 
light source set at 50% of intensity (118.1 mW) and after 3 minutes at 100% power (181.9 mW). The 
illumination system was built in such a way as to ensure a homogeneous light delivery from the LED light 
source to the NMR tube at the same distance each time we repeated the illumination (Figure 86). 

 

Figure 86. Customed system built to allow a direct illumination of the sample in NMR tube with an optical fiber. 

Confirmation of the optimal wavelengths for bidirectional photoisomerization 

To determine the optimal wavelengths for bidirectional photoisomerization of compound 62b we screened
several illumination wavelengths and quantified the amount of trans and cis isomers once reached each 
photostationary state. Thus, we illuminated 3 minutes the sample in deuterated DMSO-d6 with different 
light wavelengths using the illumination system explained above and new 1H NMR acquisitions were taken 
each time. The results showed that the optimal wavelength of illumination to obtain the largest amount of 

                                                           
* See Chapter 1: Photoisomerization properties of compounds 62a-c. 
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cis-62b was 550 nm with 64.3% of cis isomer reached. Contextually, it was possible to determine the best 
wavelengths for the back isomerization cis trans, that are 405 and 435 nm, which induced PSSs of 12.3% 
and 11.5% of cis-62b, respectively (Table 22). 

 (nm) Potency (mW)- 100% Area trans- 62b Area cis- 62b % cis- 62b 
-[a] - 1.00 0.00 0% 

580 242.1  1.00 1.16 53.7% 

550 181.9  1.00 1.80 64.3% 

525 67.1 1.00 1.34 57.3% 

500 63.9 1.00 0.76 43.2% 

490 176.6 1.00 0.69 40.8% 

470 152.2 1.00 0.34 25.4% 

460 HIGH 1.00 0.22 18.0% 

435 147.4 1.00 0.13 11.5% 

405 252.5 1.00 0.14 12.3% 

385 HIGH 1.00 0.36 26.5% 

365 206.8 1.00 0.66 39.8% 

[a] Measurement performed before illumination to characterize 100 % trans isomer in the dark 

Table 22. Photoisomerization assay under 1H-NMR recording. Illumination at several wavelengths was achieved using the CoolLED 
pE-4000 Light Source. The studied sample (62b, 5 mM, DMSO-d6) was illuminated for 3 min in continuous mode and 1H NMR 
acquisitions were taken each time. The photostationary state (PSS) with the highest percentage of cis-62b is characterized by 35.7% 
of trans and 64.3% of cis isomers. 

Potencies were measured using a Thorlabs PM100D power energy meter connected with a standard 
photodiode power sensor (S120VC) at a distance of 0.5 cm (Figure 87). 

 

Figure 87. Illumination system built to ensure a homogeneous light delivery from the LED light source to the power sensor (S120VC, 
Thorlabs) at the same distance each time we repeated the measurement of wavelengths potency. 

Measurement of thermal relaxation time 

To measure the thermal relaxation rate of the cis-62b over the time, we illuminated the sample in DMSO-d6

with 550 nm and new 1H NMR acquisitions were taken over the time, while keeping the sample protected 
from ambient light (Table 23).  
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Time of acquisition Area trans- 62b Area cis- 62b % cis- 62b 
-[a] 1.00 0.00 0% 

t0    

5 min  1.00 1.70 63.0% 

15 min 1.00 1.70 63.0% 

30 min 1.00 1.66 62.5% 

2 h 1.00 1.65 62.3% 

6 h 1.00 1.50 60.0% 

23 h 1.00 1.07 51.7% 

96 h 1.00 0.53 34.6% 

120 h  1.00 0.45 31.0% 

144 h 1.00 0.40 28.6% 

171 h 1.00 0.34 25.4% 

192 h 1.00 0.31 23.7% 

264 h  1.00 0.24 19.8% 

[a] Measurement performed before illumination to characterize 100 % trans isomer in the dark 

Table 23. Several photostationary states of the 62b 5 mM in DMSO-d6 comparing 1H NMR recordings over the time. Identification 
of trans-62b in the dark and after illumination with 550 nm, starting from t0 considered the time zero of measurements until the 
eleventh day (264 h).  

We plotted the % of cis-62b versus the time of relaxation and we fitted an exponential decay function, 
according to a first order equilibrium reaction formula (Equation 3). 

 

concerning bidirectional reaction trans/cis azo-compounds and back isomerization cis trans:  

 

  

Equation 3. One phase decay equation285 and formula for bidirectional reaction of trans/cis to reach the photostationary 
equilibrium corresponding to a pseudo-first order reaction, as light intensity remains constant.46 

X is the time, Y represents isomers level, starting at Y0 (when X (time) is zero) and decaying (with one 
phase) down to plateau and K is the rate constant, expressed in reciprocal of the X axis time units. The 
derivative of an exponential decay equals -K*Y. So the initial rate equals -K*Y0.Plateau is the Y value at 
infinite times, expressed in the same units as Y.  

In this way, we were able to calculate the half-life value (t1/2) of the cis-62b and the amount of the two 
isomers once reached the plateau.  
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Photoisomerization analyzed by LC-PDA-MS

The photoisomerization of compound 62b, 74a and 83b was also determined by liquid chromatography 
coupled to a photodiode array and a mass spectrometer detectors (LC-PDA-MS). Through the analysis of LC-
PDA-MS spectra we quantified the amount of trans and cis isomers in the dark and upon illumination once 
reached the photostationary state. The separated peaks were integrated using the PDA channel at the 
wavelength of the isosbestic point which was previously determined by UV-Vis spectroscopy for each pair 
of isomers. 

Illuminations were performed with CoolLED light system in microcentrifuge tube containing 150 µL of 1 mM
DMSO solution of each compound for 3 min. Then, 10 µl of the stock solution were taken each time and 
diluted with 90 µl of MeCN in Amber Glass 9 mm Screw Neck Vial to obtain the final 100 µM sample to be 
analyzed by LC-PDA-MS. 
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Pharmacological and biochemical characterization 

IGF, Institut de Génomique Fonctionnelle, CNRS, INSERM Montpellier 
Max Delbrück Center for Molecular Medicine (MDC), Berlin 

Cell cultures and types of transfection 

Materials and methods for transient transfections 

IGF-CNRS Montpellier 

The HEK293 (ATCC, CRL-1573) Gibco DMEM; 
Thermo Fisher Scientific) supplemented with 10% fetal bovine serum (FBS, Merck-Aldrich) and maintained 
at 37°C in a humidified atmosphere with 5% CO2. Then the cells were transfected with human mGlu 
receptor by electroporation or lipofectamine transfection followi Invitrogen 
Lipofectamine 2000, Thermo Fisher Scientific) (see below). For those mGlu receptors that are not naturally 
linked to the phospholipase C (PLC) signaling pathway (mGlu4,6,8), a chimeric Gq/i-protein (Gq top) was 
transfected in order to couple receptor activation to the PLC pathway and obtain IP production.286 We also 
co-transfected the Excitatory Amino Acid Transporter 3 (EAAC1) to remove the glutamate from the 
extracellular space, and therefore keep its levels low. Thus, we avoid excessive amounts of glutamate that 
can over-activate most mGlu receptors and may be toxic in certain cell cultures (such as neurons). The 
mGlu receptor constructs contained a Flag and SNAP tag to enable the measurement of cell surface 
receptor expression. Once transfected, the cells were seeded in black clear-bottom 96-well plates at a 
concentration of 1x106 cells/well. At least 2 h before the experiment, the medium was changed to 
preheated DMEM Glutamax (Gibco, Thermo Fisher Scientific), which does not include L-glutamine but 
contains Glutamax  supplement. Glutamax  supplement is a dipeptide, L-alanine-L-glutamine, which is 
more stable in aqueous solutions than L-glutamine and does not spontaneously degrade, releasing 
otherwise an excess of L-glutamate into the culture media that could interfere in the assays. 

MDC Berlin 

HEK293 cells were cultured in DMEM (PAN Biotech) supplemented with 10% FBS (Biochrom AG), 1% L-
glutamine (PAN Biotech), 1% Penicillin-Streptomycin (Gibco, Thermo Fisher Scientific) at 37 °C in a 5% CO2

incubator. Cells were seeded in 10 cm cell culture dishes prior to transfection. Transfections were 
performed using Effectene transfection Reagent (Qiagen)  instruction (see 
below) and biosensor mGlu1 constructs. 24 hours after the transfection the cultured cells were suspended 
in fresh DMEM-Glutamax (Gibco, Thermo Fisher Scientific) and counted. At the density of 50.000 
cells/well the cells were transferred to the black 96-well plates (Corning). Finally, 24 hours after the transfer
and before the FRET measurements, the cells were washed twice with HBSS buffer (Gibco, Thermo Fisher 
Scientific) and incubated in HBSS buffer for 30 minutes. 

Procedure for transfection by electroporation  

For IPOne and conformational biosensors assays, IGF-CNRS Montpellier 

Electroporation is a physical transfection method that uses an electrical pulse to create temporary pores in 
cell membranes through which substances like nucleic acids can pass into cells. The electrical pulse at an 
optimized voltage and only lasting a few microseconds to a millisecond is discharged through the cell 
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suspension in a conductive solution. This disturbs the phospholipid bilayer of the membrane and results in 
the formation of temporary pores. The electric potential across the cell membrane simultaneously rises to 
allow charged molecules like DNA to be driven across the membrane through the pores. After that, the cells
are returned to growing conditions and allowed to recover (Figure 88). 

Figure 88. Electroporation schematic process. Figure from theory.labster.com. 

First of all, the DNA mixes to transfect 20 million cells were prepared in different 1.5 ml microcentrifuge 
tubes as shown in the Table 24 for each mGlu receptor tested. The plasmid solution concentration was 
generally 1µg/1µL (mGluR, EAAC1 and Gq top). 

 mGlu1  mGlu5  mGlu4  mGlu6  

mGluR 4 µL (4 µg) 1.2 µL (1.2 µg) 7 µL (7 µg) 12 µL (12 µg) 

EAAC1 4 µL (4 µg) 4 µL (4 µg) 4 µL (4 µg) 4 µL (4 µg) 

Gq top 0 µL 0 µL 4 µL (4 µg) 4 µL (4 µg) 

H2O 296 µL 298.8 µL 289 µL 284 µL 

EB5x 80 µL 80 µL 80 µL 80 µL 

MgSO4 16 µL 16 µL 16 µL 16 µL 

Table 24. Amounts of DNA solutions and buffers used in transfection of HEK293 cells per mGlu receptor subtype. 

In parallel, black 96-well plates with transparent bottom (Greiner Bio-one) were filled with 50 µL of poly-L-
ornithine (PLO 1X, prepared from PLO 10x and PBS) (Merck-Aldrich) per well, and they were left in the 
incubator at 37 °C and 5% CO2 for a minimum of 30 minutes.  

Then, the cultured HEK293 cells in the dishes were observed, so as to notice their proper conditions and 
select those with 80% of confluence. Later, the medium of the dishes was removed, the cells were washed 
with 3-5 ml of PBS (Merck-Aldrich) and 3 ml of trypsin-EDTA (0.05%) (Gibco, Thermo Fisher Scientific) were 
added in each dish to detach the cells. Then, the dishes were left in the incubator at 37°C and 5% CO2 for 5-
10 minutes.  
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Afterwards, 7 ml of DMEM were added to each dish with trypsin and the cell suspensions were 
homogenized, joined and split in two falcon tubes. At this point, cell concentration was needed to be 
quantified. Thus, a sample of 10 µL was diluted in 10 µL of trypan blue dye, and the resulting mixture was 
placed into a chamber of a cell-counting slide compatible with an EVE Automated Cell Counter
(NanoEntek). In parallel, the two falcon tubes with the cell suspension were centrifuged 5 minutes at 1000 
rpm. After that, the supernatant was aspired and, a suitable amount of electroporation buffer (EB1x) was 
added so as to obtain a cell suspension of 10 million cells per 100 µL (the cell pellet is assumed to fill 1/3 of 
the volume).  

200 µL of the freshly prepared cell suspension were added to each microcentrifuge tube with the 
corresponding DNA mix; the obtained suspensions were placed in electroporation cuvettes and were 
electroporated with the program of 10 million cells of Gene Pulser Xcell  Electroporation system (Bio-Rad). 
The delivered Time Constant (TC) was between 16 and 24 ms. 

The living cells of each cuvette were placed in a falcon tube with 20 ml of DMEM (1 million cells per ml). 
The tubes containing the same transfected cells were joined and homogenized. Afterwards, the PLO 
solution from the 96-well plates was aspired and 100 µl of the corresponding cell suspension was added to 
every well of the corresponding plate. Finally, the plates were kept in the incubator at 37 °C and 5% CO2 for 
aproximatelly 24 hours. Between 6 and 2 hours before the experiment, the medium was removed and 100 
µL of serum-free DMEM Glutamax  were added and the plates were kept in the incubator at 37 °C and 5% 
CO2. 

Procedure for lipofectamine transfection  

For IPOne assay, IGF-CNRS Montpellier 

Lipofection (or liposome transfection) is a technique used to inject genetic material into a cell by means of 
liposomes, which are vesicles that can easily merge with the cell membrane since they are both made of a 
phospholipid bilayer. Lipofection generally uses a positively charged (cationic) lipid (cationic liposomes or 
mixtures) to form an aggregate with the negatively charged (anionic) genetic material. The charged head 
group governs the interaction between the lipid and the phosphate backbone of the nucleic acid, and 
facilitates DNA condensation. The transfection complex is thought to enter the cell through endocytosis 
which is the process where a localized region of the cellular membrane uptakes the DNA/liposome complex 
by forming a membrane bound/intracellular vesicle. Once inside the cell, the complex must escape the 
endosomal pathway, diffuse through the cytoplasm, and enter the nucleus for gene expression (Figure 89). 

Figure 89. Mechanism of cationic lipid-mediated delivery. Figure from thermofisher.com 
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First of all, the DNA mixes in different microcentrifuge tubes were prepared as the following Table 25
shows for each one of the mGlu receptors tested. For each well, 0.15 µg of DNA + 0.375 µl of Lipofectamine 
2000 in 50 µl of Opti-MEM medium (Gibco, Thermo Fisher Scientific) was prepared (keeping the ratio DNA 
(µg)/Lipofectamine 2000 (µL) at 0.4). The plasmid solution concentration was generally 1µg/µL (mGluR, 
EAAC1, Gq top and empty vector pRK6). 

 mGlu1  mGlu5  mGlu4  mGlu6  

mGluR 0.040 µg 0.012 µg 0.070 µg 0.100 µg 

EAAC1 0.040 µg 0.040 µg 0.030 µg 0.025 µg 

Gq top 0 µg 0 µg 0.030 µg 0.025 µg 

pRK6 0.070 µg 0.098 µg 0.020 µg 0 µg 

Table 25. Amounts of DNA mixes used in transfection of HEK293 cells per mGlu receptor subtype. 

Two different solutions in Opti-MEM medium (Gibco, Thermo Fisher Scientific) were prepared separately to 
be mixed later. First 0.375 µl of Lipofectamine/well were diluted in 25 µl of Opti-MEM medium/well and 
the mixture was left incubating 5 minutes at rt. In the meantime, each previous DNA mix was diluted in 25
µl of Opti-MEM medium/well. Both DNA mix and the lipofectamine solutions were combined and the 
resulting solution were incubated at least 20 minutes at rt to form the DNA-liposome complexes. This 
provides a total volume of 50 µl/well of the DNA complexes. In parallel, the cultured HEK293 cells were 
prepared and resuspended in DMEM medium to obtain a cell suspension of 1 million cells per ml. The cell 
resuspension procedure is the same already described above for electroporation transfection. 

100 µL of the freshly prepared cell suspension were added to every well previously treated with PLO 1X 
solution in order to have 100000 cells/well (10 million cells/plate). Then, 50 µL of DNA/Lipofectamine 
complexes were added onto the cell suspension in every well of the corresponding 96-well plate (Greiner 
Bio-one). Finally, the plates were kept in the incubator at 37 °C and 5% CO2 for approximately 24 hours.
Between 6 and 2 hours before the experiment, the medium was removed and 100 µL of serum-free DMEM 
Glutamax  were added and the plates were kept in the incubator at 37 °C and 5% CO2. 

Procedure for induction of rat mGlu4 in HEK293 cells 

For cAMP assay, IGF-CNRS Montpellier 

24 hours before the experiment, black 96-well plates with transparent bottom (Greiner Bio-one) were filled 
with 50 µL of poly-L-ornithine (PLO 1X, prepared from PLO 10x and PBS) (Merck-Aldrich) per well, and they 
were left in the incubator at 37 °C and 5% CO2 for a minimum of 30 minutes. Then, the cultured rat 
(r)mGlu4-HEK293 cells in the culture flasks were observed to check their proper conditions and select those
with a 80% of confluence. The medium of the flask was removed, the cells were washed with 3-5 ml of PBS 
(Merck-Aldrich), and 3 ml of trypsin-EDTA (0.05%) (Gibco, Thermo Fisher Scientific) were added into the 
flask. Then, the flask was left incubating at 37°C and 5% CO2 for 5 minutes to detach the cells. After that, 7 
ml of DMEM medium were added and the cell suspension was collected in one tube. The cells were 
counted with the EVE Automated Cell Counter as explained above. The tube was centrifuged 5 minutes to 



Experimental section

202 

obtain a pellet, the medium was removed and the cell pellet was suspended in DMEM so as to obtain a cell 
suspension of 1 million cells/ml. 1 µg/ml of doxycycline (Merck-Aldrich) was finally added to induce the 
expression of mGlu4. The PLO from the plates was removed and 100 µL (10000 cells) of the resulting 
suspension were placed in each well and left approximately 24 hours at 37°C and 5% CO2. 

Procedure for labeling of SNAP-tag with VFT Fret-based biosensors on adherent mGlu1 cells  

For conformational biosensors assay, IGF-CNRS Montpellier 

24 hours after the transient transfection of HEK293 cells with F-ST-mGlu1 (construct including a Flag and 
SNAP tag) by electroporation, the DMEM medium from the black non-transparent 96-well plates (Greiner 
Bio-one) was removed and the cells were washed with 100 µL of serum-free DMEM Glutamax (Gibco, 
Thermo Fisher Scientific). Then, 50 µL of 100 nM SNAP-Lumi4-Tb and 60 nM SNAP-Fluorescein in serum-free 
DMEM Glutamax  were added to each well. The plates were kept incubating at 37 °C and 5% CO2 for at 
least 1 h before performing the experiment. 

Procedure for effectene transfection with E and A biosensor mGlu1 constructs 

For conformational biosensors assay, MDC Berlin 

Effectene Transfection Reagent (Qiagen) is a non-liposomal lipid formulation that is used in conjunction
with a special DNA-condensing Enhancer and optimized buffer to achieve high transfection efficiencies. The 
Enhancer first condenses the DNA molecules and Effectene Reagent subsequently coats them with cationic 
lipids providing a particularly efficient way of transferring DNA into eukaryotic cells (Figure 90). 

 

Figure 90. Principle of transfection with Effectene Transfection Reagent + Enhancer Lab 5A and 5B Overview 
Investigating protein sorting signals using cloning, transfection, GFP-fusion proteins, and vital stains for cellular compartments . 
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First of all, the DNA mixes were prepared in different microcentrifuge tubes as shown in the Table 26 for 
each mGlu1 construct. All the components were added in the order they appear. The volumes used in each 
mix were optimized for an amount of 5 million precultured cells in 10 cm dish at 37 °C and 5% CO2 for at 
least 6 hours. The plasmid solutions concentration was generally 1µg/µL. 

10 cm dish mGlu1 receptor note 

EC buffer 600 µL  

DNA construct 4 µL (4 µg) E- sensors: 2 µg D35 + 2 µg D55; A- sensors: 4 µg 

Enhancer  32 µL Incubation for 4 min at RT 

Effectene 48 µL Incubation for 10 min at RT 

Medium to add to the complex 700 µL  

Table 26. Amounts of DNA mixes used in transfection of HEK293 cells for mGlu1 receptor. 

The medium of the dishes was removed, 9 ml of fresh DMEM were added and the content of the 
microcentrifuge tubes was dropped entirely in each dish. Then, the dishes were left in the incubator at 37°C 
and 5% CO2 for 24 hours.  

Afterwards, the medium of the dishes was removed, the cells were washed with 3-5 ml of PBS (Merck-
Aldrich) and 1.5 ml of trypsin- EDTA (0.05%) (Gibco, Thermo Fisher Scientific) were added in each dish to 
detach the cells. Then, the dishes were left at room temperature for less than a minute after which the 
trypsin was rapidly removed. At this point 4-5 ml of fresh DMEM was added and a sample of 10 µL was 
diluted in 10 µL of trypan blue dye to count the cell concentration. The resulting mixture was placed into a 
chamber of a cell-counting slide compatible with Countess II FL Automated Cell Counter (Life Technologies). 

A suitable amount of DMEM (generally 11-12 ml) was added to the cells suspension so as to obtain a final 
cell suspension of 50.000 cell/well ( 5 million cells per plate). Finally, 100 µL of the resulting suspension 
were placed in each well and the black 96-well plates (Corning) were left incubating 24 hours at 37°C and 
5% CO2. 

Pharmacological and biochemical assays 

In the present PhD thesis, the assays used to pharmacologically characterize the compounds both in dark 
and upon illumination can be divided into two categories considering their different properties:  

 Endpoint functional assays, which are based on the measurement of an accumulated biological 
substance (second messengers or proteins);  

 Conformational biosensors assays, which are kinetic and based on the measurement of a 
differential FRET (Förster´s Resonance Energy Transfer) between two fluorescent protein domains
fused into two different regions of the receptor. Thus, changes on the detection of FRET between 
the fluorescent domains are associated to conformational changes of the GPCR that are generally 
linked to its activation or inactivation.  
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Endopoint functional assays

IGF-CNRS Montpellier 

Homogeneous Time-Resolved FRET (HTRF) technology 

The IP and cAMP accumulation assays that we used are based on Time-Resolved FRET (TR-FRET), a 
detection technology that combines Time-Resolved Fluorescence (TRF) with Förster´s Resonance Energy 
Transfer, a transfer of energy between two fluorophores. Generally, lanthanides (Europium and Terbium)
are used as donors and particularly by exciting at 320-340 nm a Terbium donor, which emits fluorescence 
at both 490 or 620 nm (between other wavelengths, Figure 91A). The energy of excitation can be partially 
transferred to a FRET acceptor in close proximity, which emits at higher wavelengths (520 or 665 nm).  

As Terbium or Europium ions are only poorly fluorescent, they need to be embedded in a light-collecting 
 more efficiently. Thereby, cryptate is used for this purpose favoring both energy 

collection and transfer. The cryptate-lanthanide complex is extremely stable under a wide range of 
chemical conditions and not subject to photo-bleaching like common fluorophores.  

Acceptors are conventional fluorophores that emit in the green and red range (520 nm for fluorescein or 
665 nm for d2). Terbium can be combined with both types of fluorophores (Figure 91A), but Europium only 
with red dyes (Figure 92A). Additionally, this fluorescence is characteristically long-lived and applying a time 
delay in the microsecond range (50-150 ) between the system excitation and fluorescence measurement 
allows the signal to be cleared of all non-specific short-lived emissions (Figure 91B). 

Several TR-FRET assays are available and although all assays are based on a common technology some 
differences exist. These are mainly related to different donor and acceptor types, their combinations and
different timings for detection start and measurement window. HTRF technology has been used in this 
thesis, in particular, HTRF IP-One and HTRF cAMP assay. 

HTRF IP-One basis 

The HTRF IPOne Gi assay is a competitive immunoassay to measure inositol phosphate (IP) accumulation in 
cells based in TR-FRET. We used an inositol phosphate (IP) antibody labeled with specific Terbium cryptate 
(FRET donor) that emits at 620 nm, and IP labeled with the FRET acceptor of second generation d2, based 
on a pigment purified from red algae, which emits at 665 nm (Figure 91C). 

The procedure of the assay begins with an incubation of the compounds to be tested dissolved in IP-One 
HTRF stimulation buffer (PerkinElmer-Cisbio) in cells previously cultured and overexpressing the receptor 
we want to stimulate. This buffer contains lithium chloride that inhibits the degradation of intracellular 
inositol phosphate (IP) to myo-inositol, leading to an IP accumulation in the cytosol (Figure 91D,E). 

Subsequent addition of d2-labelled IP and an anti IP Tb-labeled antibody in a lysis buffer produces rupture 
of the cell membranes (due to the lysis buffer) that liberates the cytosolic IP produced by the cell. Then, a 
competition between the introduced IP-d2 and the cell-produced IP is produced for the recognition of the 
antibody. This leads to FRET emission or a single donor emission respectively (Figure 91C). Therefore, the 
fluorescence emissions could be read to obtain the results as a ratio of fluorescence detection at 665 nm 
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and 620 nm (i.e. HTRF ratio). Afterwards, the HTRF ratios are transformed to the IP concentration with a 
standard curve.*  

Figure 91. Basis of IP-One HTRF assay. (A) Emission spectra of the Terbium cryptate and its red and green acceptors. (B) HTRF 
emission is time-delayed and avoids interferences with conventional fluorescence at the measurement point. (C) Terbium-cryptate-
labelled antibodies and d2-labelled IP are used, which produce FRET upon recognition. Cell-production of IP induces a competition 
with the introduced d2-labelled IP for the recognition of the antibody, leading a single donor emission (NO FRET signal) or FRET 
emission. (D) The accumulation of inositol monophosphate, after phospholipase C activation and used as a downstream readout of 
Gq activation signaling pathway. (E) Diagram of the procedure of IP-One assay. 

                                                           
* See TR-FRET Inositol phosphate one (IP1) accumulation assay: General materials and methods 

A B
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HTRF cAMP basis

The HTRF cAMP Gi assay is a competitive immunoassay to measure cAMP accumulation in cells. The 
principle is based on HTRF technology that was explained before. Particularly, native cAMP produced by 
cells compete with cryptate-labeled cAMP (Europium donor, Figure 92A) for binding to monoclonal anti-
cAMP-d2 (red acceptor). The specific signal is inversely proportional to the concentration of cAMP in the 
standard or sample (Figure 92B). 

Since G o primarily inhibits the cAMP-dependent pathway by inhibiting adenylyl cyclase (AC) activity, 
decreasing the production of cyclic AMP from ATP, a pre-activation step to induce a high cAMP level at the 
beginning of the assay is needed. For this reason, Forskolin is added to activate AC and increase the 
intracellular concentration of cAMP (Figure 92C). Then, the activation of a G o-coupled GPCR induces a 
decrease of the cytosolic cAMP, which is measured in this assay.  

However, the normal enzymatic degradation of cAMP due to phosphodiesterase enzymes can also induce a 
decrease of cAMP levels. To avoid that interference, IBMX is added to the cAMP stimulation buffer, which is 
Glutamax DMEM. IBMX is a commonly used phosphodiesterase pan-inhibitor that prevents cAMP 
degradation efficiently at 500 µM concentration.  

Figure 92. Basis of cAMP HTRF assay. (A) Emission spectra of the Europium cryptate and its red acceptor. (B) Europium-cryptate-
labelled cAMP and cAMP-d2 antibodies are used, which produce FRET upon recognition. Cell-production of cAMP induces a 
competition with the introduced Europium-cryptate-labelled cAMP for the recognition of the antibody, leading a single donor 
emission (NO FRET signal) or FRET emission. (C) The cAMP HTRF assay kit detects changes of cAMP accumulation in response to Gi 
coupled GPCR activation or inhibition. (D) Diagram of the procedure of cAMP assay. 

The assay procedure begins with the preparation of the compounds to be tested dissolved in cAMP
stimulation buffer followed by their addition to the cells previously cultured overexpressing the receptor of 
interests. The cells are incubated 15 minutes with the compounds. After that, Forskolin 0.75 µM is added in 

A B

C D



Pharmacological and biochemical characterization

207

the pre-incubated cells and the compounds are left incubating for other 15 minutes (Figure 92D). 
Subsequent addition of the labeled cAMP and d2-antibody in a lysis buffer produces rupture of the cell
membranes and a competition between the introduced labelled cAMP and the cell-produced cAMP for the 
recognition of the antibody. This leads to FRET emission or a single donor emission respectively.  

Therefore, the fluorescence emissions could be read to obtain the results as a ratio of fluorescence 
detection at 665 and 620 nm. As for other HTRF assays, the calculation of the fluorescence ratio (665/620 
nm) minimizes possible photophysical interferences. Afterwards, the HTRF ratios are transformed to the 
cAMP concentration produced by the cell with a standard cAMP curve.* 

TR-FRET Inositol phosphate one (IP1) accumulation assay 

General materials and methods  

The IP-One HTRF Gq kit assay (PerkinElmer-Cisbio) was used for the direct quantitative measurement of 
myo-inositol 1-phosphate in HEK293 cells transiently transfected with the human mGlu receptors according 
to the transfection methodology described above. Cells were stimulated to induce IP accumulation with 
various concentrations of orthosteric and/or allosteric compounds, depending on the type of the assay, in
HTRF stimulation buffer (PerkinElmer-Cisbio) for 30 min, at 37°C and 5% CO2 in both dark and under 
illumination conditions.  

For the experiments with illumination to induce photoswitching, the Teleopto light system was used. Thus, 
black transparent-bottom 96-well plates (Greiner Bio-one) containing the cultured cells were placed over a 
single or dual wavelength LED Array (model LEDA-X and LEDA2-By respectively) connected to a LED Array
Driver (model LAD-1). The light was delivered from the bottom to the solutions since the LED Array 
perfectly fits for 96 well-plates and each LED element comes just under each well (Figure 93).  

Light pulses of 50/50 ms (pulse width/interval) was chosen over continuous illumination to reduce cell
overheating (especially for wavelengths with higher energy such as 380 nm) and avoid a loss of robustness
of the assay. Teleopto system was set at different voltages depending on the needed wavelengths to 
always have a light delivery of 0.12 mW/mm2. This value comes from a study carried out by Fanny 
Malhaire, IGF-CNRS, Montpellier; as a threshold power value to obtain the maximum photoswitching effect
for Alloswitch-1, with the minimum damage to the cells due to overheating. 

To avoid effects derived from the fast relaxation of photoisomerizable compounds in aqueous solution 
after the 30-min stimulation and possible interference with the fluorescence reading, the solutions of every 
well were removed and fresh stimulation buffer was added prior to the lysis step of the assay protocol.  

After adding the fresh buffer, a solution of IP-d2 in lysis buffer and a solution of Tb-labelled anti-IP antibody 
(see below) in IPOne lysis buffer (PerkinElmer-Cisbio) were added to every well of the plate. The plate was
incubated a minimum 1 hour at room temperature and TR-FRET fluorescence readings were obtained with 
PHERAstar FS multimode microplate reader (BMG-Labtech) with 
excitation and fluorescence readings, as HTRF ratio (665/620). 

 

                                                           
* See TR-FRET Cyclic adenosine monophosphate (cAMP) accumulation assay: General materials and methods 
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Figure 93. Teleopto light system used to perform the pharmacological assays under illumination conditions. (A) Main components 
of the system: the single wavelength LED Array (model LEDA-X) and the LED Array Driver (model LAD-1); (B) two black transparent-
bottom 96-well plates containing the cultured cells placed in parallel over two LED arrays for 30-min of 380-nm illumination. 

Afterwards, the HTRF ratios were transformed to the IP concentration produced by the cell with a standard 
IP curve (Figure 94). Then, we normalized the top and the bottom values between 0 and 100% of receptor 
activation with respect to a control compound pharmacologically well-characterized. The results were 
plotted using GraphPad Prism 8.1.1 (GraphPad Software). 

 
Figure 94. HTRF IP1 Standard curve to determine the linear dynamic range of the assay and verify that assay generated the 

expected IC50 ( 100 nM). 

Detailed procedure for single-dose screening and selectivity assay in dark and light conditions 

The single-dose screening and the selectivity assay procedures are both single dose experiments of a 
compound tested on four out of the eight subtypes of mGlu receptors, as PAM and NAM. To do that, we 
used four black plates with transparent bottom with HEK293 cells overexpressing a single mGlu subtype 
every three columns (two plates for dark conditions and the other two as equivalents for light conditions, 
Figure 95).  
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Figure 95. Disposition of the different HEK293 cells transfected with different mGlu subtypes on four clear-bottom 96-well plates 
(Greiner Bio-one). One plate of each pair was placed over a LED Array and each well was illuminated from the bottom to test 

(pulse width/interval).  

All the solutions of the compounds to be tested were prepared as depicted in the Table 27 in IP-One
stimulation buffer (PerkinElmer-Cisbio).  

 Group I Group III 

 mGlu1  mGlu5  mGlu4  mGlu6  

Compound to test as PAMs 33 µM 33 µM 33 µM 33 µM 

20) 40 nM (Quis) 3 nM (Quis) 5 nM (L-AP4) 100 nM (L-AP4) 

Orthosteric agonist (Saturating dose) 200 µM (Quis) 30 µM (Quis) 50 µM (L-AP4) 1 mM (L-AP4) 

Compound to test as NAMs 10 µM 33 µM   

80) 100 µM (Glu) 100 nM (Quis)   

Orthosteric agonist (Saturating dose) 1 mM (Glu) 30 µM (Quis)   

Table 27. Concentrations of compounds used to test and orthosteric agonists for single-dose screenings and selectivity assays. Low 
doses were used to evaluate PAM effects, high doses to evaluate NAM effects and saturating doses as an agonist control 
corresponding to a full activation of mGlu receptors. 

x2 1 2 3 4 5 6 7 8 9 10 11 12
A HEK293 cells

transfected with 
mGlu1

(assay conditions for 
PAMs)

HEK293 cells
transfected with 

mGlu5

(assay conditions for 
NAMs)

HEK293 cells
transfected with 

mGlu5

(assay conditions for 
PAMs)

HEK293 cells
transfected with 

mGlu5

(for NAM and PAM 
controls)

B
C
D
E
F
G HEK293 cells transfected with mGlu1

(for  PAM controls)H

x2 1 2 3 4 5 6 7 8 9 10 11 12
A HEK293 cells

transfected with 
mGlu4

(assay conditions for 
PAMs)

HEK293 cells
transfected with 

mGlu6

(assay conditions for 
PAMs)

HEK293 cells
transfected with 

mGlu1

(assay conditions for 
NAMs)

HEK293 cells
transfected with 

mGlu4

(for PAM controls)

B
C
D
E HEK293 cells

transfected with 
mGlu6

(for PAM controls)

F
G HEK293 cells transfected with mGlu1

(for  NAM controls)H
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Then, the medium from clear-bottom 96-well cultured plates was removed and 70 µL of the 
aforementioned solutions were distributed for each compound triply in the same plate for dark conditions. 
The same compound solutions were tested with three other replicates in the second plate, used to test 
them in parallel under light conditions.  

After that, the plates were incubated at 37 °C and 5% CO2 for 30 minutes both in dark and under light 
conditions using the method described above. After the stimulation, the solutions of every well were 
removed and 70 µL of stimulation buffer was added, then 15 µL of the solution of IP-d2 and 15 µL of the 
solution of anti-IP-Tb in HTRF lysis buffer (PerkinElmer-Cisbio) were added to the wells.  

The plates were covered with an aluminum foil to be protected from light, and they were finally read with 
PHERAstar FS multimode microplate reader (BMG-Labtech) after 1 hour of incubation at room 
temperature. 

Detailed procedure for dose-response curves in dark and light conditions 

First of all, eight intermediated solutions of each compound were prepared to generate eight-point dose-
response curves with IP-One stimulation buffer (PerkinElmer-Cisbio). The same procedure was done for the 
corresponding orthosteric agonists and the reference compound used as a second control. To evaluate
activity of the compounds as mGlu receptor PAMs or NAMs, a solution of the corresponding orthosteric 
agonist with precise concentration was added to each compound and to the corresponding reference 
compound (Table 27).  

Due to the poor solubility of some compounds in the IP-One stimulation buffer and consequent adhesion of 
them to the bottom of the plastic tube (Figure 96A), the protocol underwent some modifications until one
final procedure was obtained which was thus validated.* The latter is characterized by the following steps in 
the preparation of the eight concentrations of compounds to be tested:  

1. Each compound solution was prepared directly in small quantities of DMSO (4-9 µL,Figure 96B) 
2. The pipette tips were checked after every dilution, so as not to retain and release undesired 

amounts of compounds into the most diluted dissolutions or take off amounts of compounds from 
the most concentrated solutions 

3. The orthosteric agonist dilutions were prepared in IP-One stimulation buffer with 1% of DMSO 
4. The DMSO  of the compounds were diluted 1:80 (to preincubate NAMs) or 1:100 

with the orthosteric agonist solution in a way that the final concentration of DMSO was 1% 
5. The aforementioned orthosteric agonist solution was added without mixing the resulting solution. 

They were mixed just before adding them to each well of the plate where the cells were placed.  
 

Then, the medium from clear-bottom 96-well cultured plates was removed and 70 µL of these solutions 
were added. Every compound solution was tested with two replicates in the same plate in dark conditions. 
The same compound solutions were tested with two other replicates in the second plate, used to test them 
in parallel under light conditions. 

                                                           
* See Chapter 3: poor solubility of azologs 82a-b, 83a-b, 85 and 74b and protocol optimization. 
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Figure 96. 
predilutions in IP-One stimulation buffer. (B) The DMSO eight concentrations microdilutions of the compounds to test before the 
addition of the orthosteric agonist solution. 

After that, the plates were kept incubating at 37 °C and 5% CO2 for 30 minutes both in dark and under light 
conditions, following the method described above. After the stimulation, we applied the lysis protocol as 
explained above and we waited 1 hour at room temperature before reading the plates with PHERAstar FS 
multimode microplate reader (BMG-Labtech). Additionally a standard dose response curve was run to 
determine the linear dynamic range of the assay [IP1 production/nM], important to verify that the assay 
generated accurate values of IC50 (Figure 94). 

TR-FRET Cyclic adenosine monophosphate (cAMP) accumulation assay 

General materials and methods  

General materials and methods 

The cAMP HTRF Gi kit assay (PerkinElmer-Cisbio) was used for the direct quantitative measurement of cyclic 
adenosine monophosphate (cAMP) in HEK293 cells stably expressing the rmGlu4 according to the 
expression induction protocol described above. Cells were stimulated to induce cAMP accumulation with 
various concentrations of orthosteric and/or allosteric compounds in HTRF stimulation buffer (serum-free 
DMEM Glutamax  supplemented with IBMX 500 µM)* for 30 min at 37°C and 5% CO2 in both dark and light 
conditions.  

For these experiments, we followed a very similar method to that used with IP-One HTRF Gq kit assay 
(PerkinElmer-Cisbio), previously described. Indeed, the only notable difference in the protocol was the 
addition of Forskolin 0.75 µM in the cells for the last 15 minutes of incubation in dark and upon 
illumination. 

Following the lysis protocol, a solution of anti-cAMP-d2 in lysis buffer and a solution of cAMP-Eu (see 
below) in HTRF lysis buffer (PerkinElmer-Cisbio) were added to every well of the plate.  

The plate was incubated a minimum 1 hour at room temperature and TR-FRET fluorescence readings were 
obtained with PHERAstar FS multimode microplate reader (BMG-Labtech
between donor excitation and fluorescence readings, as HTRF ratio (665/620). 

Afterwards, the HTRF ratios were transformed to the cAMP concentration produced by the cell with a 
standard cAMP curve to determine the linear dynamic range of the assay [cAMP production/nM], 

                                                           
* See Homogeneous Time-Resolved FRET (HTRF) technology: HTRF cAMP basis 

A B
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important to verify that the assay generated accurate values of IC50 (Figure 97). Then, we normalized the 
top and the bottom values between 0 and 100% of receptor activation with respect to a control compound 
pharmacologically well-characterized. The results were plotted using GraphPad Prism 8.1.1 (GraphPad 
Software).  

 

Figure 97. HTRF cAMP Standard curve to determine the linear dynamic range of the assay and verify that assay generated the 
expected IC50 ( 3 nM). 

Detailed procedure for dose-response curves in dark and light conditions 

After 24 hours of seeding the cells and inducing mGlu4 expression (see above the procedure for induction of 
rat mGlu4), the media was removed from plate and was replaced with 100 µL of Glutamax medium, keeping 
them to incubate at 37°C for at least 2 hours before the experiment. In the meantime, eight intermediated 
solutions of each compound were prepared to generate eight-points dose response curves following the 
improved protocol extensively described in the IP-One section. Orthosteric agonist dilutions were prepared 
in cAMP stimulation buffer (DMEM Glutamax  supplemented with IBMX 500 µM) with 1% of DMSO. The 
rest of compounds were prepared directly in a small quantities of DMSO. Subsequently, these DMSO 
solutions were diluted 1:80 with the orthosteric agonist in the aforementioned cAMP stimulation buffer.  

Once all the solutions were prepared, the medium from the plates was removed and the compounds were 
distributed in the plates (40 µL per well) in triplo. Then, the plates were kept in the incubator at 37 °C and 
5% CO2 for 15 minutes both in dark and light conditions using the method described in the IP-One section. 
After that, 10 µl of Forskolin 0.75 µM were added in the preincubated cells (to reach a total 50 µL per well) 
and the plates were kept in the incubator at 37 °C and 5% CO2 for 15 minutes in dark and upon illumination. 

After the stimulation, the solutions of every well were removed and 50 µL of cAMP stimulation buffer was 
added, then 25 µL of anti-cAMP-d2 and 25 µL of cAMP-Eu in HTRF lysis buffer (PerkinElmer-Cisbio) were 
added to the wells. The plates were covered with an aluminum foil to be protected from light, and they 
were finally read with PHERAstar FS multimode microplate reader (BMG-Labtech) after minimum 1 hour of 
incubation at room temperature.  

 

cAMP
Standard

Bottom 3732
Top 41668

LogIC50 -8.719
Hillslope -1.258

IC50 1.912e-009

Span 37936

-1 2 -1 0 -8 -6 -4

0

2 5 0 0 0

5 0 0 0 0

lo g [c A M P ] M

c A M P S ta n d a r d

E u o n ly



Pharmacological and biochemical characterization

213

Conformational biosensor assays

Conformational VFT FRET-based biosensors (V sensors) assay

IGF-CNRS Montpellier

Basis of the conformational V FRET biosensors

The conformational VFT FRET-based biosensors assay was used to elucidate the main conformational 
changes at the extracellular VFT domain level. These changes are associated with the mGlu1 receptor 
activation upon different agonists and NAMs binding.

The assay is based on the measurement of a differential time-resolved FRET (TR-FRET) between the two 
VFTs upon receptor activation. This TR-FRET variation is associated with a spatial distance variation 
between a TR-FRET pair conjugated on a SNAP-Tag (ST) fused to the N-terminal of mGlu1. Thus, the cells 
expressing ST-mGlu1 (see above the procedure for transfection by electroporation) were labeled with the 
SNAP substrates O6-benzylguanine (BG)-Lumi4-Tb (100 nM in Tag-Lite buffer) as TR-FRET donor and BG-
Fluorescein (Green) (60 nM in Tag-Lite buffer) as acceptor. 

A high TR-FRET is measured in the basal state of mGlu1, whereas a lower TR-FRET is observed following the 
reorientation of the VFTs upon activation (Figure 98).278

Figure 98. Schematic representation of VFT FRET-based biosensors (V sensors) reporting movements between VFT domains. These 
sensors consist in mGlu receptor modified 20-kDa SNAP-tag suicide enzyme, which is labelled with a TR-FRET acceptor (SNAP-Green
(Fluorescein)) and donor (SNAP-Lumi4-Tb). The SNAP-tags are positioned strategically to sense the change of conformation 
occurring on receptor activation. In the open resting conformation (basal) or in the inactive conformation stabilized by a 
competitive antagonist, the fluorophores are in close proximity and the measured FRET is high. In the active closed conformation, 
stabilized by agonists, the FRET is low.

General materials and methods 

The preincubated cells

After labeling (see above the procedure for labeling of SNAP-tag with VFT Fret-based biosensors on 
adherent mGlu1 cells), the cells were washed 3 times with tag Lite Buffer and stimulated with different 
ligands for 30 min, at 37°C and 5% CO2 in dark conditions only. The ligands solutions were prepared in Tag-
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Lite buffer (PerkinElmer-Cisbio) and consisted of different concentrations of orthosteric agonist alone and 
orthosteric agonist in presence of a fixed concentration of allosteric compounds.*

The TR-FRET measurements were performed with PHERAstar FS multimode microplate reader (BMG-
Labtech) as described previously.278 280 Briefly, the donor is excitated by a laser at 337 nm, the emission 
fluorescent intensities were recorded at 520 nm (emission wavelength of Fluorescein (Green)) for two 
separate time windows (50- s as window 1, 800-900 The results were plotted using 
GraphPad Prism 8.1.1 (GraphPad Software). 

The FRET sensor values were determined by dividing the fluorescent intensities of window 1 by the 
intensities measured in window 2 (Figure 99). Kinetic FRET measurements were performed with fluorescent 
intensities measured every 10 µs during 5000 µs.

Figure 99. VFT FRET-based biosensors. The time windows of acceptor emission intensities used to calculate the FRET sensor values 
(acceptor ratio) are marked (window 1 in purple and window 2 in blue). Data are mean ± SD of a typical experiment performed in 
duplicates and triplicates. (A) Decays of TR-FRET signal (acceptor emission after donor excitation) from the fluorescent-labeled 
mGlu1 dimer in presence of the orthosteric agonist (glutamate) in different concentrations. As the glutamate concentration 
increases, the proportion of receptors in active form is higher and it is translated to a lower intensity of the recorded FRET signal. 
(B) FRET signal decays in presence of 500 nM NAM [FITM (90)]. Solid lines correspond to the samples incubated with the orthosteric 
agonist (glutamate) alone and the dotted lines to the samples incubating both glutamate and the negative allosteric compound 
(NAM). The presence of the NAM increases the FRET signal between the labeled mGlu1 monomers. 

Detailed procedure for dose-response curves in dark conditions

First of all, eleven intermediated solutions of each orthosteric agonist (glutamate or quisqualate) were 
prepared to generate eleven-point dose response curves in Tag-Lite buffer (PerkinElmer-Cisbio). 
Afterwards, the preincubated cells with the BG-dyes were washed three times with preheated Tag-Lite 
buffer to remove unbound substrate from each well and a final volume of 90 µL of Tag-Lite buffer was 
added in just two rows of the plates. In the remaining six rows of each plate, 80 µL of Tag-Lite buffer were 
added together with 10 µl of NAM solutions (300- 500 nM). 

                                                          
* See Chapter 4: Analysis of mGlu1 NAM effect on receptor conformational changes induced by agonist for further 
details.
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After 30 minutes of incubation at 37°C and 5% CO2 each plate was read with PHERAstar FS multimode 
microplate reader (BMG-Labtech) recording FRET traces of single well with the following settings for decay 
curve monitoring mode:  

i. Focal height: 4 mm for SNAP-Fluorescein, 
ii. Positioning delay: 0.1 s 

iii. Measurement start time: 0 s 
iv. No. of flashes per well: 150 
v. Optic: Top optic 

vi. Excitation source: laser 
vii. Interval time: 10 µs 

viii. Meas. Time/flash: 5000 µs 
ix. No. of intervals: 500 

These measurements represented the FRET signal recordings in the basal conditions, also pre-
stimulation .  

Subsequently, the orthosteric agonist (glutamate or quisqualate) in 10 µL of Tag-Lite buffer was added in 
each well as shown in Figure 100 and the cells were incubated again 30 minutes at 37°C and 5% CO2. 

 

Figure 100. Arrangements of the four NAM compounds tested with the conformational VFT FRET-based biosensors assay. The 
eleven-points dose response curve of the orthosteric agonist only was used as reference control for each plate.  

Then, each plate was read again with PHERAstar FS multimode microplate reader (BMG-Labtech) following 
the same protocol described above. These last measurements represented the FRET signal recordings in the 
so post- .  

The complete results were plotted using GraphPad Prism 8.1.1 (GraphPad Software). Values were 
normalized as the percentage of response to the orthosteric agonist.  

Conformational intErmolecular and intrAmolecular-FRET-based biosensors (E/A sensors) assays 

MDC Berlin 

Basis of the conformational E/A FRET biosensors 

The conformational E-A FRET-based biosensors assays were used to study the kinetics of intErmolecular 
and intrAmolecular agonist-dependent activation of mGlu1 receptor in presence of different negative 
allosteric modulators. In particular, a single fluorophore in each subunit of a GPCR dimer was placed (E-

x4 1 2 3 4 5 6 7 8 9 10 11 12
A

90 µL TLB + 10 µL Orthosteric agonist (Glutamate/ Quisqualate)
B
C 80 µL TLB + 10 µL NAM compound 1/2 + 10 µL Orthosteric agonist

(Glutamate/ Quisqualate)
D
E
F 80 µL TLB + 10 µL NAM compound 3/4 + 10 µL Orthosteric agonist

(Glutamate/ Quisqualate)
G
H
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sensor) to study intermolecular events in dimeric GPCRs, whereas both fluorophores were placed in each 
subunit at suitable positions to investigate intramolecular changes within the mGlu1 receptor (A-sensor).

The assays are based on the measurement of a differential FRET between the cyan fluorescent protein 
(CFP) and the yellow fluorescent protein (YFP) after a distance variation upon receptor activation (Figure 
101).

Figure 101. Schematic representation of E-A FRET-based biosensors reporting intermolecular and intramolecular movements of the 
mGlu1 receptor, respectively. Two different families of sensors were previously created by incorporating cyan fluorescent protein 
(CFP) and yellow fluorescent protein (YFP) to two sites in the receptor.196,197 (A) The E-sensor construct was composed by one 
mGlu1 subunit labeled with a CFP and the other one labeled with a YFP, both in the second intracellular loop between Ile685 and 
Leu68; (B) The A-sensor construct contained two mGlu1 subunits, each labeled with a YFP in the second intracellular loop and a CFP 
at the C-terminus.

General materials and methods 

The transfected cells in black non- transparent 96-well plates (Corning) (see above the procedure for 
effectene transfection with E and A biosensor mGlu1 constructs) were stimulated with various 
concentrations of ligands in dark conditions. The ligands were prepared in HBSS buffer (Gibco, Thermo 
Fisher Scientific) and consisted of orthosteric agonist alone and orthosteric agonist in presence of a fixed 
concentration of allosteric.*

                                                          
* See Chapter 4: Analysis of mGlu1 NAM effect on receptor conformational changes induced by agonist for further 
details.
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The FRET measurements were performed and using a Synergy Neo2 Multi-Mode Reader (Biotek), and data 
was acquired using Gen5 software (Biotek). Ten data points per well were measured for the baseline. After 
the baseline measurement, cells were stimulated manually with the ligand (glutamate) using a 
multichannel pipette, and ten more data points were acquired per well. For each concentration, twelve
wells were used and the results were averaged.

FRET was monitored as the emission ratio of YFP to CFP. Fluorescence emissions of both donor and 
acceptor were corrected for spectral bleed-through as described previously.287 Bleed-through is the passage 
of fluorescence emission in an inappropriate detection channel caused by an overlap of emission spectra, 
which should not be confused with the excitation and emission spectra of CFP and YFP spectral overlap that 
is instead one of the mandatory requirements for FRET (Figure 102).

Figure 102. Excitation/absorption (Ex) and emission (Em) spectra of CFP donor (D) and YFP acceptor (A) FRET pair. Spectral overlap 
between CFP emission and YFP excitation spectra, which is essential for FRET, is highlighted in orange. Bleed-through of donor light 
(CFP) into the acceptor channel (YFP) is shown in gray.

In particular, bleed-through of CFP emission into the YFP channel was estimated as 36% so that the 
adjusted FRET ratio was calculated, for each data point of each well, using the Equation 4.

Equation 4. Equation to calculate the corrected FRET channel intensity for each time point.

Afterwards, ated relating
FRET signal recordings of the basal conditions -stimulation conditions with those of the 

-stimulation conditions Equation 5).

Equation 5. taking into account FRET signal recordings -
and -stimulation conditions

Detailed procedure for dose-response curves in dark conditions

First of all twelve intermediated solutions of the orthosteric agonist glutamate were prepared to generate 
twelve-points dose response curves in HBSS buffer (Gibco, Thermo Fisher Scientific). Afterwards, the 
preincubated cells were washed twice with preheated HBSS buffer to remove unbound substrate from each 

Overlap
Region

Donor Signal 
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well and a final volume of 90 µL of HBSS buffer was added in just four rows of the plates. In the remaining 
four rows of each plate 80 µL of HBSS buffer were added together with 10 µl of NAM solutions (300-500 
nM) 30 minutes before the first measurements so as to study the effects of the negative allosteric 
modulators.  

After this incubation at 37°C and 5% CO2 each plate was read with Synergy Neo2 Multi-Mode Reader
(Biotek) recording FRET ratio R(t) (YFP/CFP) traces of single well (10 reads, Run time: 05:42).  

Measurements were performed using two filter sets (Dual PMTs) for excitation and emission and dual PMTs 
were used for fluorescence detection. For CFP, excitation and emission bandwidth were set to 420/50 and 
485/20, respectively. FRET was recorded using the second filter set, with the bandwidth settings of 420/50 
and 540/25 for excitation and emission, respectively. The voltage gain for both PMTs was set to 90.  

A Xenon lamp was set to high-energy mode, read height was set to 5.5 mm, and read speed was set to 
normal. Ten data points per well were measured for the baseline. These measurements represented the 

-  

Then the orthosteric agonist glutamate in 10 µL of HBSS buffer was added in each well as shown in Figure 
103:  

 

Figure 103. Arrangements of the four NAM compounds tested with the conformational E-A FRET-based biosensors assay. The 
twelve-points dose response curve of the orthosteric agonist only was used as reference control for each plate.  

Rapidly, each plate was read again with Synergy Neo2 Multi-Mode Reader (Biotek) following the same 
protocol described above (15 reads, Run time: 08:52). Ten more data points were acquired per well and
t -stimulation 

 

The complete results were plotted using GraphPad Prism 8.1.1 (GraphPad Software). Values were 
normalized as the percentage of response to the orthosteric agonist.  
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