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ABSTRACT: Red-shifted azobenzene scaffolds have emerged as useful molecular photoswitches to expand potential
applications of photopharmacological tool compounds. As one of them, tetra-ortho-fluoro azobenzene is well
compatible for the design of visible light responsive systems, providing stable and bidirectional photoconversions
and tissue-compatible characteristics. Using the unsubstituted azobenzene core and its tetra-ortho-fluorinated analog
we have developed a set of uni- and bivalent photoswitchable toolbox derivatives of the highly potent muscarinic
acetylcholine receptor agonist iperoxo. We investigated the impact of the substitution pattern on receptor activity
and evaluated the different binding modes. Compounds 9b and 15b show excellent photochemical properties and
biological activity, as fluorination of the azobenzene core alters not only the photochromic behavior, but also the
pharmacological profile at the muscarinic M1 receptor. These findings demonstrate that incorporation of fluorinated
azobenzenes may alter not just photophysical properties but can exhibit a considerably different biological profile

that has to be carefully investigated.
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INTRODUCTION

In recent years, many different biochemical targets, including ion channels, enzymes and lipids have been effectively
modulated in a light-controlled fashion using photoswitchable ligands, expanding the vibrant field of
photopharmacology.! Now, the potential of the application of photopharmacological tool compounds to G protein-
coupled receptors (GPCRs) is being steadily investigated.? The rapid light-induced isomerization of photochromic
ligands can be directly translated into a change in affinity or activity. This can give important new insights into binding
mode and time course of activation processes enabling precise spatial and temporal resolution of the complex
signaling pathway of GPCRs.3 The muscarinic acetylcholine receptors (mAChRs), which belong to class A GPCRs, have
received special attention in this regard, due to their role as prototypic pharmacological system* and their therapeutic
potential.> The muscarinic receptors mediate the excitatory and inhibitory effects of the neurotransmitter
acetylcholine (ACh)¢ thus regulating diverse important biological processes. Muscarinic receptors are widely
expressed in the human body including the central nervous system (M1/M4/Ms) related to neurological processes of

memory and learning. In the peripheral nervous system (Mz/Ms) they are related to the so-called “rest and digest”
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Figure 1. Structures of 1) reference agonists acetylcholine (ACh), carbachol (CCh) and iperoxo (iper) 2) univalent, 3)
homobivalent photoswitchable derivatives with azobenzene- and tetra-ortho-fluoro azobenzene scaffolds and homobivalent

ligands linked by polymethylene linkers.
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biological functions.” In this work we present an optimized approach for the application of photochromic ligands to
GPCRs by using the M1 receptor as a prototypic model system, outlining the advantages and challenges of using

redshifted molecular photoswitches.

Accordingly, we focused on the highly potent orthosteric agonist iperoxo in the design of bidirectional
pharmacological tool compounds with tuned photochemical properties. Iperoxo is a muscarinic ACh receptor agonist
with outstanding potency that is known to tolerate bulky substituents without compromising agonist efficacy.?
Recently, we reported on photoiperoxo (9a), a compound that consists of iperoxo extended with a molecular
photoswitch and a dualsteric photochromic ligand BQCAAIL2¢ We made use of azobenzene as a molecular photoswitch
to change intrinsically the geometry and polarity of the linking unit and to control its activation by light.1 1b.1d Upon
irradiation with UV- and blue light, and thus triggering a switch from the trans- to the cis-form, we were able to control

the efficacy and to investigate the time course of receptor activation processes.2¢

Scheme 1. Synthesis of photoiperoxo and Fi-photoiperoxo?
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yl)oxy)-N,N-dimethylbut-2-yn-1-amine 16, EtOAc/MeCN (39% for 9a, 92% for 9b).
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Scheme 2. Synthesis of iper-azo-iper and Fs-iper-azo-iper?
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bReagents and conditions: (a) Oxone, CH2Clz, water; (b) 10, AcOH (36%); (c¢) KMnO4, FeSO47H20, CH2Cl2 (29%); (d)
NBS, AIBN, CCls, 80 °C (76% for 14a, 24% for 14b); (e) 4((4,5-Dihydroisoxazol-3-yl)oxy)-N,N-dimethylbut-2-yn-1-

amine, EtOAc, 60 °C (83% for 15a, 32% for 15b).

Despite this remarkable progress in the development of photopharmacological tool compounds, the poor
photostationary states (PSSs) of our azobenzene-based systems resulted in an unclear correlation between the ratio
of the cis/trans concentration to the actual activity at the receptor. The PSS strongly depends on the electronic
environment of the system and the overlap of transitions of the cis/trans photoisomers and can be influenced by
changing the substitution pattern of the azobenzene moiety. Additionally, the operational wavelengths to trigger
photoisomerization can interfere to a significant degree with the fluorescent readout methods that are commonly
used in GPCR research. To investigate the complex nature of M1 activation, photopharmacological tool compounds
should ideally show superior photochemical properties, such as quantitative and stable bidirectional photoswitching
and be responsive to visible rather than high energy light.121>.1d A convincing approach to optimize the photochemical
properties of azobenzenes involving the tetra-ortho-substitution of azobenzene has been described previously by the
groups of Woolley® and Hecht.!° By choosing the suitable moieties, tetra-ortho-substitution leads to a separation of
the n—n* transitions of trans and cis isomers and ultimately to almost complete trans/cis photoconversions.
Importantly, the desired isomer can be selectively formed with wavelengths in the visible light window. Despite their
promising application in photobiology due to the well separated n—n* transitions,'* ortho-methoxylated azobenzenes
are sterically demanding and strongly twisted about the N-N double bond. This makes them unlikely to fit into the

narrow receptor binding pocket. Ortho-chlorinated and fluorinated azobenzenes show comparable red-shifted trans
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n-t* transitions, albeit somewhat less than ortho-methoxylated and have been successfully employed in biological
applications.'2 However, tetra-ortho-fluoro substituted azobenzenes stand out in their slow thermal cis-to-trans
relaxation rate, representing a truly bistable molecular switch on biological time scale. Moreover, the fluorine
substituents are sterically less demanding compared to the chlorine ones.% Based on these results we further
investigated the effect of iperoxo-derived photoswitchable ligands by developing a set of tool compounds, containing

the iperoxo motif and the tetra-ortho-fluoro azobenzene or unsubstituted azobenzene, respectively.

In modern medicinal chemistry, the bivalent strategy has been extensively applied to GPCR ligands.? Appropriately
designed bivalent ligands can exhibit higher affinity, potency and selectivity compared with the parent ligand, with
potential therapeutic application.’* Successful examples of the application of this approach to GPCRs include the
human cannabinoid receptor 2 (hCB2),15 opioid receptor (OR),!® dopamine 2 (D2)17 and muscarinic receptors.18 To
this end, we extended the photoiperoxo structure with another iperoxo moiety, creating a homobivalent ligand, to

improve and investigate binding at the M1 receptor.
RESULTS AND DISCUSSION

We now report the design and synthesis of photoswitchable homobivalent iperoxo (15a), tetra-ortho-fluoro-
photoiperoxo (9b) and homobivalent tetra-ortho-fluoro-photoiperoxo (15b), being the corresponding tetra-ortho-
fluorinated analogs of the azobenzene iperoxo derivatives (Figure 1). In addition, we synthesized homobivalent
iperoxo derivatives (18a-d) connected by aliphatic chains as reference compounds to identify the optimal distance

between the two orthosteric moieties for dualsteric binding.

Chemistry. The synthetic routes for the uni- and homobivalent ligands are summarized in Schemes1 and 2,
respectively. Azobenzene moieties 5 and 7 were accessed starting from the corresponding anilines 2, obtained from
reduction of 1,3-difluoro-5-methyl-2-nitrobenzene 1, and commercially available (4-aminophenyl)methanol 6.
Anilines were used in Baeyer-Mills reactions with 1,3-difluoro-2-nitrosobenzene 4 and nitrosobenzene, respectively,
to afford precursors for bromination, which took place either under radical (for 8b) or nucleophilic substitution
conditions (for 8a). Lastly, 4((4,5-dihydroisoxazol-3-yl)oxy)-N,N-dimethylbut-2-yn-1-amine, prepared using the
standard convergent procedure as described previously'®?, was connected to the photoswitches to afford
photoiperoxo 9a and Fs-photoiperoxo 9b.

The synthesis of the homobivalent ligands started from commercially available p-toluidine 10, which was condensed
to compound 13a by means of a Baeyer-Mills reaction. Tetra-ortho-fluorinated analogue 13b was obtained by

oxidative coupling of 12 with potassium permanganate and iron sulfate heptahydrate as oxidizing reagents. Again,
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radical bromination and substitution with 4((4,5-dihydroisoxazol-3-yl)oxy)-N,N-dimethylbut-2-yn-1-amine resulted
in formation of target compounds 15a and 15b. Aliphatic derivatives (18a-d) were synthesized reacting the
corresponding double brominated aliphatic chains with two equivalents of 4((4,5-dihydroisoxazol-3-yl)oxy)-N,N-
dimethylbut-2-yn-1-amine (Suppl. Scheme 5).

UV/Vis Spectroscopic Characterization. The UV/Vis absorption spectra of the set of compounds 9a,b and 15a,b
were measured at a concentration of 50 pM in DMSO. For compounds 9a and 15a (with unsubstituted azobenzene
scaffold), we observed a strong m-n* transition band at short wavelength (A= 320 nm) and a weaker n-r*
(An-n*= 422 nm) upon irradiation with blue light (400 nm, trans isomer). Irradiation with UV light (365 nm), and thus

photoconversion to the cis isomer, leads to a decrease in absorbance intensity of the n-7* and increase of n-n* band
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Figure 2. Representative (A) absorption spectra of PSS at the dark-adapted state and after illumination with 400 nm (to
trans) and 500 nm (to cis), (B) stability measurement and (C) multiple cis/trans isomerization cycles of compound 9b in

dimethyl sulfoxide at 25°C. Spectra of compound 9a and 15a,b are displayed in Supplementary Information section.

Table 1. UV/VisSpectroscopic data of compounds 9a,b and 15a,b.¢

Cmpd. (ngi) € (n—1*) (3_"];1) € (n—1*) (3_"];1) € (n—1*) A (n-7%) PSStrans  PSScis
*103 *103
[nm] [1/(M*cm)] [nm]  [1/(M*cm)]  [nm] [1/(M*cm)] [nm] % %
trans trans cis
9a 320 12.2 418 680 418 1.04 <10 90 62
15a 320 22.0 426 920 426 1.42 <10 99 60
9b 307 16.7 443 1440 412 1.80 31 94 86
15b 311 14.8 447 1180 412 1.38 35 93 98

“Amax (m—1*, n—1*) represents the wavelength at the maximal absorption of the n—r* and n—r* transition band, respectively.
The molar extinction coefficient ¢ (n—n*, n—n*) were calculated according to Lambert-Beer. AL (n—n*) is the difference
between trans and cis regarding Amax of n—n* band. PSS percentages after irradiation with operational wavelengths

determined by liquid chromatography using the wavelength at the isosbestic point as detecting wavelength.
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without affecting the wavelengths of the respective transition bands. Spectra of fluorinated compounds 9b and 15b
were measured using 400 nm for cis—trans and 500 nm for trans—-cis photoconversions. Due to the n-orbital
stabilization of electron-withdrawing groups in the cis-state, tetra-ortho-fluoro substitution of the azobenzene core
causes a separation of the transitions of the n-n* band, in our case of around 33 nm on average, which makes it
possible to address both isomers selectively with light in the visible region (Figure 1A).20 As a direct consequence,
the PSSs (measured by means of liquid chromatography at the isosbestic point wavelength) are substantially higher
than for non-fluorinated analogues (Table 1), which is beneficial for the application of photoswitchable ligands in
biological systems and allows a clear correlation between the distinct photoisomer and its biological effect. Moreover,
multiple cis/trans switching cycles did not cause noticeable degradation, highlighting the reliability and robustness
of the photochromic conversion of both the tetra-ortho-fluoro and unsubstituted azobenzene scaffolds. This is

confirmed by stability measurements in which the compounds were kept in the dark for at least 120 minutes after
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Figure 3. Competition for specific binding of 200 pM [3H]QNB to rat brain membranes containing high density of all the five

mAChRs by 9a,b and 15a,b. Data points were fitted using the "log(inhibitor) vs. normalized response - Variable slope”

function in GraphPad Prism 6.
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switching to the less stable cis-isomer, without significant changes in absorbance and hence in the PSS. Importantly,
this information is required when considering eventual incubation times required in biological assays, making sure
that the photoswitchable ligands do not relax to the trans-isoform during the readout (Figure 1B/C). From the
physicochemical point of view, this set of compounds shows ideal characteristics for stable and bidirectional

photoswitching.

Binding experiments. Firstly, 9a,b and 15a,b were tested for affinity to the M receptors. This was achieved in
competition experiments with the photoswitchable ligands in rat brain membrane preparations. These were
conducted as described previously,?! and contained a high density of all the five mAChR subtypes. [3H]Quinuclidinyl
benzilate ([3H]QNB) is a nonselective muscarinic ligand, which allows the identification of muscarinic receptors??,
and displays an equilibrium dissociation constant of about 40 pM,23 making it suitable for these experiments. Specific
binding was defined with test compounds at total nominal concentrations in the range of 1 to 100 puM and elaborating
the raw dpm data from the scintillation counter,?! representing total radioactivity.

In general, the compounds 9a,b and 15a,b were found to show good affinity for the M receptors (Figure 3). In
particular, the azobenzene-elongated iperoxo 9a and 9b showed a binding affinity in the low-micromolar range,
although no significant changes could be observed upon irradiation (pIC50 = 5 for both photoisomers, Figure 3A/C).
The affinity increased significantly for the homobivalent ligand 15a and 15b. In good agreement with results from
split-luciferase interaction assay, trans-15a showed an affinity in the high-nanomolar range, with a significant
difference between the two photo isoforms (pIC50 = 6.32 in the dark versus 5.88 under illumination with 365 nm
light, Figure 3B). Thus, we observed that despite the introduction of an azobenzene molecular photoswitch, a good
affinity could be preserved. Moreover, the presence of a second moiety of iperoxo, as in the homobivalent ligand 15a

and 15b, improved binding affinity and created an appreciable difference between trans and cis isomers.

Biological in vitro assay. Our goal was to assess the extent to which the pharmacological profiles of these compounds
change after fluoro-substitution of the azobenzene core. For this purpose, we used a novel split luciferase
complementation technique detecting the interaction between Goq subunit and phospholipase C-3 (PLC-B3) and
thus reflecting G protein activation in living HEK 293T cells expressing the human M1 receptor.?* The split luciferase
complementation technique is particularly suitable to detect protein-protein interactions and associated signaling in
living cells.?5 Since it is not fluorescence-based, no excitement irradiation is needed and consequently, its readout

does not interfere with the operational wavelengths for photoswitching, providing clear-cut and distinguishable
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concentration-response-curves for each photoisomer, which makes it highly suitable for photo-pharmacological
investigations into GPCRs. Technically, HEK 293T cells were engineered to express a fragment of the luciferase at the
Gaq subunit of the heterotrimeric G protein and the complementary fragment at the N-terminus of the PLC- 3. Upon
binding of the endogenous or synthetic agonists, both fragments are brought in close proximity leading to a
reconstitution of the functional luciferase protein and emission of bioluminescence, in the presence of the substrate
luciferin.?* Also advantageous is the fact that the receptor itself, in this case M1, remains un-engineered in contrast to
e.g. FRET-sensors, where often large constructs at intracellular loops could act as anchors and may affect changes in
conformations. Pharmacological data are depicted in Figure 4 and summarized in Table 2, and show the recorded
potencies and efficacies of compounds 9a,b and 15a,b, reflected by the pECso, and maximal response Emax for each
isomer. The data are normalized to the maximum response of the synthetic agonist carbachol (CCh) at a concentration
of 100 uM. Measurements of the endogenous agonists acetylcholine (ACh) and the synthetic parent compound

iperoxo as references were not affected by illumination with operational wavelengths.
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Figure 4. Go/PLC-B3 split-luciferase interaction assay in HEK 293T cells expressing the human muscarinic M1 receptors
(hM1). Concentration-response-curves for A) Reference compounds, B) Iper-linker-Iper derivatives (18a-d), C) 9a and 9b
and D) 15a and 15b at operational wavelength specific for the respective photoconversion. Data represent means + SEM of
3-4 experiments conducted at least in triplicate.
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Firstly, bivalent alkyl-substituted iperoxo compounds were screened to identify the correlation between the distance
of the orthosteric moieties and its corresponding biological activity. For this purpose, homobivalent ligands 18a-d
with different chain lengths were employed. All compounds were characterized as full agonists and longer spacer
proved advantageous for M; affinity suggesting a dualsteric binding.2¢ The C10-spacer, which is comparable to the
azobenzene scaffold, shows the highest effect and suggests this distance as optimal for the design of photoswitchable

ligands (Suppl. Figure 1).

As investigated in previous studies, photoiperoxo 9a was unable to induce a conformational change at the M1 receptor
in FRET studies, neither upon illumination with UV- nor blue light. Instead, it exhibited antagonist behavior in
competition experiments.2¢ Using the split luciferase complementation assay, 9a shows two distinct curves for each
photoisomer, differing in their efficacy. The maximal response Emax was 48% for the trans and 34% for the cis
photoisomer, indicating partial agonism at the M1 receptor. Surprisingly, substitution of azobenzene with the tetra-
ortho-fluorinated scaffold resulted in full agonist 9b with a significant potency enhancement and pECso-values almost
two log units higher (comparable to endogenous agonist ACh). However, no significant changes in efficacy or affinity

could be observed for 9b upon irradiation.

The potency at the M1 receptor was modulated effectively by introducing an additional iperoxo moiety resulting in
the homobivalent ligand 15a. By doing so, considerable improvement in the potency was gained and a difference

between the two photoisomers was re-established. Again, replacement of the azo-core with tetra-ortho-fluoro

Table 2. Pharmacological datad

Cmpd. PECso 9% Emax
Iperoxo 8.90 £ 0.02 103.5+1.0
CCh 6.34+0.02 99.9+0.9
ACh 6.87 +0.03 999+1.8
18a 6.49 £ 0.01 103.6 £ 0.6
18b 6.77 £ 0.01 92.2+0.6
18c 6.89 +0.01 101.1+£0.8
18d 7.86 +0.02 103.7 £ 0.7
trans cis trans cis
9a 5.49 +£0.01 5.68 £ 0.02 48.0 £ 0.4 33.5+£0.5
9b 7.20+£0.02 7.14+0.01 98.3+1.2 99.7 £ 0.6
15a 7.82 +0.02 7.49 + 0.02 96.5+1.1 87.9+0.7
15b 8.97 £0.01 8.30 £ 0.02 99.7£0.3 99.1+0.4

dpECso, concentration of the indicated compounds inducing a half-maximal effect (-log EC50 values); %Emax, maximum effect
as a percentage of Ecch (100 uM); Data were obtained by curve fitting to data from individual experiments shown in Figure
4.
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scaffold (15b) resulted in a distinctive change toward higher potency, being almost 10-fold more pronounced for the
trans isomer. Noteworthy, trans-15b shows a pECso concentration in the one-digit nanomolar range, which is
comparable to the agonist iperoxo itself. This is a remarkable observation, as the introduction of a molecular
photoswitch generally causes an overall loss in activity at the receptor. A photoswitch-endowed compound showing
an almost identical potency as the reference compound is hard to achieve. Taken together, these findings suggest, that
binding of trans-form of bivalent derivatives 15a, 15b and 9b stabilizes the M1 receptor in the active conformation to
a greater extent than 9a. Additionally, fluoro substitution leads to pronounced differences in biological activity and is
beneficial for binding to the M1 receptor. As such, we developed a set of photopharmacological GPCR tool compounds

for a better understanding of M1 receptor binding modes.

Molecular Modelling. Docking studies using a previously reported homology model of the active M: receptor
conformation?” reveal a dualsteric (bitopic) binding mode for all investigated photoswitchable iperoxo derivatives in
their trans conformation (Figure 5). We surmise that the photoswitch primarily occurs in solution and that the
pharmacological properties are mainly driven by binding of trans isomers. The active M1 receptor model indicates a
narrow channel between the orthosteric and the allosteric binding sites rendering binding of cis conformations to the

receptor unlikely due to steric interference with the tyrosine lid. Similar to other iperoxo-based dualsteric ligands28

A

Figure 5. Proposed binding modes and interactions of trans isomers of photoswitchable dualsteric iperoxo derivatives (A)
9b, (B) 9a and (C) 15a in complex with the M1 receptor. Positive ionizable centres are shown as blue stars, yellow spheres

indicate lipophilic contacts, purple disks show aromatic interactions and red arrows indicate hydrogen bonds.
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the iperoxo moiety is located in the orthosteric binding pocket showing interactions with D84, N213 and the tyrosine
lid consisting of Y85, Y212 and Y235 (Figure 5). For all compounds, a hydrogen bond between the azo group and the
hydroxy group of Y235 is formed. The sidechain of Y235 shows a reorientation towards the extracellular side, which
allows binding of azobenzene scaffolds through m-m interactions. This sidechain position allows full contraction of the

orthosteric binding site without full closure of the tyrosine lid and thereby stabilizes active receptor conformations.

Interestingly, fluorination of the azobenzene scaffold results in a higher potency of 9b and 15b compared to the non-
fluorinated compounds 9a and 15a. This can be rationalized in our model by an optimal geometry of the aromatic
ring in the M1 receptor. Whereas the phenyl ring opposite to Y235 is more flexible in 9a and 15a, it is restrained in
an orientation, optimal for parallel -1 interaction. This is caused by the spatial requirements of the ortho-fluorine
atoms in 9b and 15b and an additional hydrogen bond with the hydroxy group of Y85 (Figure 5A). In addition,
fluorinated compounds show additional lipophilic contacts with the tyrosine lid as well as W231 (Figure 5A/B). Since
the symmetric compounds 15a and 15b are larger, they show secondary interactions in the extracellular vestibule
compared to 9a and 9b. In particular, a charge interaction of the ammonium group in the extracellular receptor
domain with E228 can be observed (Figure 5C). Positive charges in the allosteric vestibule recognized by aromatic

residues or the EDGE sequence have previously been found to be important for the Mz receptor.28b. 29

Interestingly, the M2 receptor lacks the presence of an acidic residue at the beginning of transmembrane domain 7,
suggesting a specific role for E228 in the M1 receptor. This observation is in accordance with the higher potencies for
15a and 15b that can be explained by this specific charge interaction and additional lipophilic contacts with Y158,
which were not observed for 9a and 9b due to the lack of an allosteric ammonium group (Figure 5). The absence of
extensive allosteric interactions and less lipophilic contacts of 9a compared 9b suggest a ligand-receptor complex in
which 9a is not able to fully stabilize the active receptor state. This is supported by previously reported FRET-based
measurements indicating the insensitivity of the M1 receptor upon 9a binding with regard to conformational
changes.2c However, the here applied Ga/PLC-B3 split-luciferase interaction assay unveiled 9a as a weak partial
agonist (Emax 34-48 %).

At first sight, it may appear conflicting that the cis photoisomers bind to the receptor and induce a receptor response,
while the docking data predict only the trans photoisomers to bind. On a closer look, even though the fluorinated
azobenzene scaffold provides higher PSS, a distinct percentage of trans isomer remains (Table 1), which can still bind
and activate the receptor. On a logarithmic scale, as used for the binding and functional studies, even a small trans

percentage shows a pronounced effect. An alternative explanation can be rationalized by a second purely allosteric
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binding mode as shown for several other dualsteric ligands.?® 282 For such a binding pose the cis orientation is
compulsory, forming n-7 and cation-r interactions, which can, to a certain extent, favor the active state of the receptor.
In contrast, the linear nature of the trans photoisomer is not suitable to solely bind to the allosteric binding site. At

this stage, this is still subject of future investigations though.
CONCLUSION

We successfully developed a set of photopharmacological tools that allowed detailed investigation of the distinct
effects of fluorination and bivalency on binding properties at the M1 receptor. We designed photoswitchable iperoxo
(9a) and bivalent iperoxo compounds (15a), as well as the redshifted congeners (9b, 15b) by introduction of tetra-
ortho-fluoro scaffold. Bivalent compounds (15a,b) show much higher affinity compared to the univalent compounds
(9a,b) due to additional interactions at allosteric binding sites. Remarkably, the fluorine compounds (9b, 15b) not
only show improved operational wavelengths as shown in a novel, light-independent luciferase complementation
assay, but also increased potency at the M1 receptor. Bivalent and fluorinated photoiperoxo (15b) act as a pronounced
affinity switches, while the univalent photoiperoxo acts as efficacy switch (9a). The work significantly enlarges the
photopharmacological toolbox for mAChRs. We strongly recommend detailed pharmacological evaluation for
redshifted compounds since their biological properties might differ significantly from the parent compound. It will

be interesting to investigate the potential for in vivo photopharmacological control of this series.

EXPERIMENTAL SECTION

General Information. Common reagents and solvents were obtained from commercial suppliers (Aldrich, Steinheim,
Germany; Merck, Darmstadt, Germany) and were used without any further purification. Tetrahydrofuran (THF) was
distilled from sodium/benzophenone under an argon atmosphere. Microwave assisted reactions were carried out on a MLS-
rotaPREP instrument (Milestone, Leutkirch, Germany) using 8-10 weflon disks. Melting points were determined on a Stuart
melting point apparatus SMP3 (Bibby Scientific, UK). Thin-layer chromatography (TLC) was performed on silica gel 60 F254
plates (Macherey-Nagel, Diiren, Germany) and spots were detected under UV light (A=254 nm) or by staining with iodine.
Merck silica gel 60 (Merck, Darmstadt, Germany) was used for chromatography (230-400 mesh) columns or performed on
an Interchim Puri Flash 430 (Ultra Performance Flash Purification) instrument (Montlugon, France). Used columns are:
Silica 25 g - 30 um, Alox-B 40 g - 32/63 pm, Alox-B 25 g - 32/63 um (Interchim, Montlugon, France). Nuclear magnetic
resonance spectra were performed with a Bruker AV-400 NMR instrument (Bruker, Karlsruhe, Germany) in [de]DMSO,
CDCI3, (CD3)2C0. As internal standard, the signals of the deuterated solvents were used (DMSO-d6: H 2.50 ppm, 13C

39.52 ppm; CDCI3: 1H 7.26 ppm, 13C 77.16 ppm; (CD3)2CO0: 1H 2.05 ppm, 13C 39.52 ppm). Abbreviation for data quoted are:
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s, singlet; d, doublet; t, triplet; g, quartet; m, multiplet; br, broad; dd, doublet of doublets; dt, doublet of triplets; tt, triplet of
triplets; tq, triplet of quartets. Coupling constants (J) are given in Hz. For purity and reaction monitoring, analytical HPLC
analysis was performed with a system from Shimadzu equipped with a DGU-20A3R controller, LC20AB liquid
chromatograph, and a SPD-20A UV/Vis detector. Stationary phase was a Synergi 4 pm fusion-RP (150x4.6 mm) column
(Phenomenex, Aschaffenburg, Germany). Mobile phase a gradient of MeOH/water with 0.1% formic acid was used.
Parameters: A = water, B = MeOH, V(B)/(V(A) + V(B)) = from 5% to 90% over 10 min, V(B)/(V(A) + V(B)) = 90% for 5 min,
V(B)/(V(A) + V(B)) = from 90% to 5% over 3 min. The method was performed with a flow rate of 1.0 mL/min. Compounds
were only used for biological evaluation if the purity was = 95%. ESI mass spectral data were acquired with a Shimadzu
LCMS-2020. Data are reported as mass-to-charge ratio (m/z) of the corresponding positively charged molecular ions.
2,6-Difluoro-4-methylaniline (2). 1,3-difluoro-5-methyl-2-nitrobenzene 1 (1.0 g, 5.78 mmol) and 10% Pd-C (190 mg) in
EtOH (20 mL) was hydrogenated under atmospheric pressure for 3 h. The catalyst was filtered off, and the filtrate was
evaporated to give 2 as a light reddish oil (0.686 g, 4.80 mmol, 87%). tH-NMR (CDCl3, 400 MHz): § [ppm] = 6.63 (m, 2H),
3.49 (s, 2H), 2.23 (s, 3H). 13C-NMR (CDCl3, 400 MHz): § [ppm] = 153.3 (d, / = 8.3 Hz), 151.0 (d,J = 8.3 Hz), 127.4 (t, /= 8.5
Hz), 121.1 (t,/J=16.6 Hz),111.9 - 111.3 (m), 20.7 (t,/ = 1.7 Hz). ESI-MS: m/z calc. for C7HsF4N2* [M+H]*: 144.1, found: 144.1.
1-(2,6-Difluoro-4-methylphenyl)-2-(2,6-difluorophenyl)diazene (5). 2,6-Difluoraniline 3 (641 mg, 4.96 mmol, 2.00
equiv.) was dissolved in DCM (30 mL). To this solution, Oxone® (16.8g, 27.3 mmol, 20.00 equiv.) dissolved in water (60 mL)
was added. The solution was under argon at room temperature overnight. After separation of the layers, the aqueous layer
was extracted with DCM twice. The combined organic layers were washed with 1N HCl, saturated sodium bicarbonate
solution, water, brine, dried over MgSOs and evaporated to dryness. Afterwards toluene (10 mL) and 2,6-difluoro-4-
metylaniline 2 (357 mg, 2.49 mmol, 1.00 equiv.) were added. A mixture of acetic acid (20 mL) and TFA (50 mL) was prepared
and added to the solution. The resulting mixture was stirred at room temperature for 24h. Afterwards it was evaporated to
dryness. Purification by column chromatography over silica gel (DCM:PE,1:4, silica gel) yielded the desired product 5 as a
deep orange solid (292 mg, 1.09 mmol, 43%). tH-NMR (CDCls, 400 MHz): § [ppm] = 7.40 - 7.29 (m, 1H), 7.05 (t, / = 8.6 Hz,
2H), 6.87 (d, ] = 10.5 Hz, 2H), 2.41 (s, 3H). ESI-MS: m/Z calc. for C13H9BF4N2* [M+H]*: 269.1, found: 269.1.
(4-(Phenyldiazenyl)phenyl)methanol (7). Nitrosobenzene 4a (1.28 g, 11.9 mmol, 3 equiv.) was dissolved in ethanol
(10 mL). To this solution (4-aminophenyl)methanol 6 (491 mg, 4.00 mmol, 1 equiv.) and acetic acid (20 mL) were added.
The reaction mixture was stirred for 4 h at room temperature. Subsequently, the reaction mixture was poured into 30 mL
of ice-cold water and the precipitate was collected by filtration. Column chromatography (DCM:methanol = 50:1) provided
compound 7 (659 mg, 2.99 mmol, 75%) as bright orange needles. 1H NMR (400 MHz, DMSO-de¢): 6 [ppm] = 7.88 (m, ] = 6.9,
1.8 Hz, 4H), 7.65 - 7.50 (m, 5H), 5.40 (t, ] = 5.7 Hz, 1H), 4.61 (d, ] = 5.6 Hz, 2H). 13C NMR (101 MHz, DMSO-ds): 8§ [ppm] =

152.4,151.3,146.9,131.8,129.93,127.6, 122.9, 62.9. ESI-MS: m/z calc. for C13H12N20* [M+H]*: 213.1, found: 213.1.
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1-(4-(Bromomethyl)phenyl)-2-phenyldiazene (8a). (4-(phenyldiazenyl)phenyl)methanol 7 (300 mg, 1.41 mmo],
1 equiv.) was dissolved in dry THF (15 mL) under argon atmosphere, tetrabromomethane (703 mg, 2.12 mmol, 1.5 equiv.)
and triphenylphosphine (556 mg, 2.12 mmol, 1.5 equiv.) were added and the reaction mixture was stirred for 4 h. The
reaction mixture was filtered and the filtrate was evaporated to dryness and purified by column chromatography (EA:Hex
=1:10) giving yield to compound 8a as orange needles (232 mg, 0.84 mmol, 60%). 1H NMR (400 MHz, DMSO-de): 6 [ppm] =
7.89 (tt, /= 7.7, 2.0 Hz, 4H), 7.69 - 7.57 (m, 5H), 4.80 (s, 2H).13C NMR (101 MHz, DMSO-de): § [ppm] = 151.9, 151.5, 141.5,
131.7,130.5,129.5,122.9, 122.6, 33.6. ESI-MS: m/z calc. for C13H11BrNz* [M+H]*: 275.0, 277.0, found: 274.9, 276.9.
1-(4-(Bromomethyl)-2,6-difluorophenyl)-2-(2,6-difluorophenyl)diazene (8b). To a solution of 1,2-bis(2,6-difluoro-4-
methylphenyl)diazene 5 (250 mg, 0.93 mmol) in 20 mL of CCls was added NBS (0.332 g, 1.86 mmol) and AIBN (11 mg, 0.076
mmol). The resultant solution was stirred overnight at 80 °C. After evaporation of the solvent, the product was purified by
column chromatography over silica gel (DCM:PE,1:4, silica gel) yielding the desired product 8b (163 mg, 0.47 mmol, 50%).
1H-NMR (CDCls, 400 MHz): § [ppm] = 7.38 (t,] = 8.5 Hz, 4H), 7.21 (d, ] = 8.5 Hz, 11H), 7.13 - 7.03 (m, 14H), 6.87 (dt, ] = 14.8,
7.3 Hz, 42H), 6.65 (d, ] = 8.8 Hz, 4H), 4.44 (s, 6H), 4.33 (s, 19H), 2.41 (s, 2H), 2.29 (s, 6H). ESI-MS: m/z calc. for C13HsBrFaNa+
[M+H]*: 347.0, 349.0 found: 347.0, 349.0.
4-((4,5-Dihydroisoxazol-3-yl)oxy)-N,N-dimethyl-N-(4-(phenyldiazenyl)benzyl)but-2-yn-1-aminium (9a). 1-(4-
(bromomethyl)phenyl)-2-phenyldiazene 8a (100 mg, 0.36 mmol, 1 equiv.) and 4-((4,5-dihydroisoxazol-3-yl)oxy)-N,N-
dimethylbut-2-yn-1-amine 16 (132 mg, 0.73 mmol, 2 equiv.) were dissolved in acetonitrile (10 mL) and stirred at room
temperature for 12 h. Reaction was monitored by LC-MS. The precipitate was filtered off and the solvent was removed under
reduced pressure. The crude product was purified by column chromatography (DCM:MA:NH3 = 20:1:0.1) giving yield to
compound 9a as a dark red oil (54 mg, 0.14 mmol, 39%). 1H NMR (400 MHz, CDCls): § [ppm] = 7.99 - 7.86 (m, 6H), 7.56 -
7.46 (m, 3H), 5.24 (s, 2H), 4.88 (d, / = 7.9 Hz, 4H), 4.42 (t,] = 9.6 Hz, 2H), 3.53 - 3.40 (m, 6H), 3.02 (t, / = 9.6 Hz, 2H). 13C NMR
(101 MHz, CDCl3): 6 [ppm] = 166.9, 154.1, 152.6, 134.3, 131.9, 129.3, 129.0, 123.7, 123.3, 87.8, 75.9, 70.2, 66.2, 57.5, 54.8,
50.0, 33.1. ESI-MS: m/z calc. for C22H25BrN4O2* [M+H]*: 377.2, found: 377.2.
N-(4-((2,6-Difluorophenyl)diazenyl)-3,5-difluorobenzyl)-4-((4,5-dihydroisoxazol-3-yl) oxy)-N,N-dimethylbut-2-
yn-1-aminium bromide (9b). 1-(4-(bromomethyl)-2,6-difluorophenyl)-2-(2,6-difluorophenyl)diazene 8b (64 mg, 0.184
mmol) and 4-((4,5-dihydroisoxazol-3-yl)oxy)-N,N-dimethylbut-2-yn-1-amine (34 mg, 0.184 mmol, 1 equiv.) in ethyl acetate
(10 mL) were charged in a sealed reaction vessel and stirred for 4 h. The precipitate is collected and washed several times
with ethyl acetate to afford the desired product 9b as a bright yellow powder (90 mg, 0.170 mmol, 92%). tH-NMR (MeOD,
400 MHz): 6 [ppm] = 7.63 - 7.30 (m, 3H), 7.12 (dt, ] = 17.0, 8.7 Hz, 2H), 4.97 (d, ] = 14.5 Hz, 2H), 4.66 (d, ] = 49.0 Hz, 2H),

4.48 - 4.28 (m, 4H), 3.21 (d, ] = 30.4 Hz, 6H), 3.05 (dt, ] = 15.1, 9.6 Hz, 2H). 13C-NMR (MeOD, 400 MHz): & [ppm] = 168.82,
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154.23 (d, J = 5.1 Hz), 151.71 (d, J = 5.5 Hz), 132.40 (t, ) = 9.7 Hz), 131.22 (d, J = 9.0 Hz), 118.4, 118.1, 113.5 (d, J = 19.1 Hz), 89.1,
76.7,71.2,66.0, 58.3, 55.3, 51.1, 33.6. ESI-MS: m/z calc. for C22H21F4N402* [M]*: 449.16, found: 449.05.
1-Methyl-4-nitrosobenzene (11). p-Toluidine 10 (2.00 g, 18.7 mmol) was dissolved in DCM (60 mL), a solution of Oxone®
(11.5 g, 18.7 mmol) in water (60 mL) was added. The resulting biphasic mixture was stirred at room temperature for 30
min. The organic layer was separated, and the aqueous layer was extracted twice with DCM. The combined organic layers
were washed with 1 M aqueous hydrochlorid acid, saturated sodium hydrogen carbonate, and brine, and dried over
anhydrous sodium sulfate. The mixture 11 was concentrated to 10 - 15 ml volume, which is further used without
purification.

4,4'-Dimethylazobenzene (13a). 1-Methyl-4-nitrososbenzene 11 and p-toluidine 10 (1.00 g, 9.33 mmol) were dissolved
in glacial acetic acid (20 mL) and stirred overnight. The solution was diluted with water and extracted with ethyl acetate.
The organic phase was washed four times with water and once with brine and dried over anhydrous sodium sulfate. The
crude product was purified by flash chromatography (pentane/diethyl ether, 9:1) to obtain the desired product 13a as an
orange crystalline solid (695 mg, 3.31 mmol, 36 %). 1H NMR (400 MHz, CDCl3): § [ppm] = 7.82 (d, ] = 8.3 Hz, 4H), 7.31 (d, ]
= 8.6 Hz, 4H), 2.44 (s, 6H). 13C NMR (101 MHz, CDCl3): § [ppm] = 151.0, 141.3, 129.9, 122.9, 21.6. ESI-MS: m/z calc. for
C14H14N2* [M+H]*: 211.1, found: 211.0.

1,2-bis(2,6-difluoro-4-methylphenyl)diazene (13b). 2,6-difluoro-4-methylaniline 12 (397m g, 2.77 mmol) and a freshly
ground mixture of potassium permanganate (1.17 g, 4.21 mmol) and iron(Il)sulphate heptahydrate (1.17 g, 7.40 mmol)
were dissolved in DCM (10 mL). The solution was refluxed overnight, filtered through celite, dried over anhydrous sodium
sulphate, filtered, and concentrated under reduced pressure. The crude residue was purified by column chromatography
(DCM/petrol ether 1:1) to give the desired product 13b (110 mg, 0.39 mmol, 29%). 1H-NMR (CDCl3, 400 MHz): § [ppm] =
6.86 (d,] = 10.3 Hz, 4H, arom. trans), 6.65 (d, ] = 8.3 Hz, 0.39H, arom. cis), 2.40 (s,6 H,-CH3, trans), 2.29 (s, 0.62H, -CH3, cis).
13C-NMR (CDCI3, 400 MHz): § [ppm] = 156.8 (d, ] = 5.0 Hz), 154.3 (d, ] = 5.2 Hz), 143.2 (t,] = 10.3 Hz), 113.2, 113.0, 21.7.
4,4’-Bis(bromomethyl)azobenzene (14a). To a solution of 4,4'-dimethylazobenzene 13a (2.17 g, 10.3 mmol) in 20 mL of
carbon tetrachloride (40 mL) was added N-bromo succinimide (4.22 g, 23.7 mmol) and azobisisobutyronitrile (127 mg, 0.77
mmol). The resultant solution was stirred overnight at 70 °C, then filtered, and washed with chloroform, water and dried
under reduced pressure, which yielded 14a as orange crystalline powder ( 2.88 g, 7.81 mmol, 76%). 'H NMR (400 MHz,
CDCl3): 6 [ppm] = 7.90 (d, ] = 8.4 Hz, 4H), 7.54 (d, ] = 8.5 Hz, 4H), 4.56 (s, 4H). 13C NMR (101 MHz, CDCl3): 6 [ppm] = 152.3,
140.8,129.9, 32.7. ESI-MS: m/z calc. for C12H13Br2N2* [M+H]+: 368.9, found: 368.8.
1,2-bis(4-(bromomethyl)-2,6-difluorophenyl)diazene (14b). To a solution of 1,2-bis(2,6-difluoro-4-
methylphenyl)diazene 13b (226 mg, 0.801 mmol) in 17 mL of CCl4 was added NBS (0.356 g, 2.02 mmol) and AIBN (10 mg,

0.060 mmol). The resultant solution was stirred overnight at 80 °C. After evaporation of the solvent, the product was
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recrystallized from methanol to afford the desired product 14b as red needles (86 mg, 0.195 mmol, 24%). 1H-NMR (CDCI3,
400 MHz): 8§ [ppm] = 7.11 (d, ] = 9.1 Hz, 4H), 4.43 (s,4H). 13C-NMR (CDCl3, 400 MHz): 6 [ppm] = 160.9 (d,] = 7.6 Hz), 158.8
(d,]=6.7 Hz), 150.4 (t,] = 6.7 Hz), 125.2 (t,] = 27.2 Hz), 114.0 (dd, ] = 26.7, 3.7 Hz), 30.6 (t, ] = 3.7 Hz). ESI-MS: m/z calc. for
C14H9Br2F4N2+ [M]+: 440.9, found: 440.7.
4-((4,5-Dihydroisoxazol-3-yl)oxy)-N-(4-((4-(((4-((4,5-dihydroisoxazol-3-yl) oxy)but-2-yn-1-yl)dimethyl-14-
azaneyl)methyl)phenyl)diazenyl)benzyl)-N,N-dimethylbut-2-yn-1-aminium bromide (15a). 4,4'-
Bis(bromomethyl)azobenzene 14a (100 mg, 0.272 mmol) and 4-((4,5-dihydroisoxazol-3-yl)oxy)-N,N-dimethylbut-2-yn-1-
amine 16 were dissolved in 30 mL ethyl acetate and stirred at 60°C for 16 h. The precipitate was filtered and washed with
cold ethyl acetate to afford the desired product 15a as a yellow powder (166 mg, 0.227 mmol, 83%). tH NMR (400 MHz,
DMSO0-de): 8 [ppm] =8.03 (d, ] = 8.4 Hz, 1H), 7.83 (d, ] = 8.4 Hz, 1H), 4.99 (s, 1H), 4.75 (s, 1H), 4.47 (s, 1H), 4.33 (t,] = 9.6 Hz,
1H), 3.13 (s, 3H), 3.05 (t, ] = 9.6 Hz, 1H).13C NMR (101 MHz, DMSO-de): & [ppm] = 166.8, 152.8, 134.2, 131.1, 123.0, 86.8,
76.3,69.6,64.9,57.3,53.3,49.5, 32.3. ESI-MS: m/z calc. for C32H40N¢042+ [M]2+: 286.2, found: 286.1.
N,N'-((Diazene-1,2-diylbis(3,5-difluoro-4,1-phenylene))bis(methylene))bis(4-((4,5-dihydroisoxazol-3-yl)oxy)-
N,N-dimethylbut-2-yn-1-aminium) bromide (15b). 4-((4,5-dihydroisoxazol-3-yl)oxy)-N,N-dimethylbut-2-yn-1-amine
16 (24.5 mg, 0.134 mmol) in ethyl acetate (40 mL) was slowly added to a stirred solution of 1,2-bis(4-(bromomethyl)-2,6-
difluorophenyl)diazene 14b (118 mg, 0.269 mmol, 2 equiv.) in ethyl acetate (10 mL) at 60°C. The reaction mixture was
stirred for 18 h. The reaction mixture was evaporated to dryness and purified by reverse phase column chromatography
(acetonitrile/water) yielding the desired product 15b as a bright orange powder (35 mg, 0.043 mmol, 32%). 1H-NMR
(MeOD, 400 MHz): 6 [ppm] = 7.55 (dd, ] = 60.3, 8.6 Hz, 4H), 5.03 (dd, ] = 7.6, 6.1 Hz, 4H), 4.77 (d, ] = 38.9 Hz, 4H), 4.51 (s,
2H), 4.44 (s, 2H), 3.29 (d, ] = 24.8 Hz, 12H), 3.09 (dt, ] = 19.3, 9.7 Hz, 4H). 13C-NMR (MeOD, 400 MHz): § [ppm] = 176.6,
169.90,168.9 (d, ] = 2.4 Hz), 119.0, 118.4,89.1, 76.7 (d, ] = 7.4 Hz), 71.2, 58.4, 55.4 (d, ] = 11.4 Hz), 51.2, 33.7. ESI-MS: m/z
calc. for C32H36F4N6042+ [M]2+: 322.14, found: 322.25.

General procedure for the synthesis of the homobivalent quaternary iperoxo dimers 18a-d. To a solution of 2 equiv.
of 4-((4,5-dihydroisoxazol-3-yl)oxy)-N,N-dimethylbut-2-yn-1-amine 16 in 10 mL acetonitrile, 1 equiv. of the corresponding
bromoalkane 17-C4, 17-C6, 17-C8, and 17-C10 and a catalytic amount of KI/K2COs3 (1:1) were added. The reaction mixture
was heated in the microwave (500 W, 70 °C) for 2-3 h. After cooling to room temperature, the surplus of KI/K2CO3 was
filtered off and the solvent was evaporated to half of the volume. The solution was kept in the fridge overnight. The
precipitate obtained was filtered, washed with Et20 and dried in vacuo.
N1,N4-Bis(4-((4,5-dihydroisoxazol-3-yl)oxy)but-2-yn-1-yl)-N1,N1,N4,N4-tetramethylbutane-1,4-diaminium

bromide (18a). Light, yellow solid; yield 69%. 'H NMR (400 MHz, DMSO-ds): 6 [ppm] = 2.73-2.77 (m, 4H), 3.03 (t, 4H, ] =
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9.6 Hz), 3.12 (s, 12H), 3.44-3.48 (m, 4H), 4.33 (t, 4H, ] = 9.6 Hz), 4.53 (s, 4H), 4.95 (s, 4H). 13C NMR (101 MHz, DMSO-de): &
[ppm] =19.1,32.2,49.7,53.6,57.2,62.2, 69.6, 76.0, 86.1, 166.7. ESI-MS: m/z calc. for C22H36N4042* [M]2+: 210.1 Found: 210.1
N1,N6-Bis(4-((4,5-dihydroisoxazol-3-yl)oxy)but-2-yn-1-yl)-N1,N1,N6,N6-tetramethylhexane-1,6-diaminium
bromide (18b). Light, yellow solid; yield 49%.:H NMR (400 MHz, DMSO-d¢): § [ppm] = 1.32-1.37 (m, 4H), 1.69-1.78 (m,
4H), 3.03 (t,4H, ] = 9.6 Hz), 3.11 (s, 12H), 3.36-3.40 (m, 4H), 4.33 (t, 4H, ] = 9.6 Hz), 4,50 (s, 4H), 4.94 (s, 4H). 13C NMR (101
MHz, DMSO-de): 6 [ppm] = 21.6, 25.1, 32.2,49.7, 53.3, 57.1, 62.9, 69.5, 76.1, 85.9, 166.6. ESI-MS: m/z calc. for C24aH40N4042*
[M]2+: 224.2 Found: 224.1.
N1,N8-Bis(4-((4,5-dihydroisoxazol-3-yl)oxy)but-2-yn-1-yl)-N1,N1,N8,N8-tetramethyloctane-1,8-diaminium
bromide (18c). Light, yellow solid; yield 15%.1H NMR (400 MHz, DMSO0-ds): 6 [ppm] = 1.29-1.32 (m, 8H), 1.64-1.72 (m, 4H),
3.02 (t,4H,] =9.6 Hz), 3.10 (s, 12H), 3.39-3.41 (m, 4H), 4.32 (t, 4H, ] = 9.6 Hz), 4,51 (s, 4H), 4.93 (s, 4H). 13C NMR (101 MHz,
DMSO0-de): § [ppm] = 21.7, 25.5, 28.1, 32.2, 49.7, 53.2, 57.2, 63.0, 69.5, 76.1, 85.9, 166.7. ESI-MS: m/z calc. for C26H44N4042*
[M]2+: 238.2 Found: 238.1.
N1,N10-Bis(4-((4,5-dihydroisoxazol-3-yl)oxy)but-2-yn-1-yl)-N1,N1,N10,N10-tetramethyldecane-1,10-diaminium
bromide (18d). Light, yellow solid; yield 36%.1H NMR (400 MHz, DMSO-de¢): 6 [ppm] = 1.30 (s, 12H), 1.62-1.72 (m, 4H),
3.02 (t,4H,] =9.2 Hz), 3.09 (s, 12H), 3.36-3.38 (m, 4H), 4.32 (t, 4H, ] = 9.2 Hz), 4,51 (s, 4H), 4.93 (s, 4H). 13C NMR (101 MHz,
DMSO0-de): & [ppm] = 21.7, 25.6, 28.3, 28.6, 32.2, 49.7, 53.2, 57.1, 63.0, 69.5, 76.1, 85.8, 166.6. ESI-MS: m/z calc. for
C28HagN4042+ [M]2+: 252.2 Found: 252.2.

Photochemical characterization. UV /Vis spectra and experiments were recorded on a Varian Cary 50 Bio UV/Vis
Spectrophotometer using Hellma (Type 100-QS) cuvettes (10 mm light path). Data were plotted using GraphPad Prism 5.0.
For irradiation, high performance LEDs (Mouser Electronics Inc. or Hartenstein) were used as light source. A concentration
of 50 uM was prepared for each compound and measured in its dark-adapted state. Next, the probe is illuminated with LEDs
of different wavelengths (254, 365, 380, 400, 430, 500 nm and white light) while gradually increasing the irradiation time
until no change in the spectrum was detectable. Stability measurements were performed irradiating the probe with the light
source, which provided the highest photoconversion to the cis-isomer and kept in dark for at least 120 minutes. During this
time the absorbance at Amax was recorded every 5 minutes. Lastly, the probe is irradiated with the light source, which
provided the highest photoconversion to the trans-isomer. Photostationary distributions were determined by HPLC analysis
using a 50 uM probe in physiological buffer. Absorption was measured at the respective isosbestic point wavelengths.
Analysis was carried out with GraphPad Prism software (GraphPad Software Inc., San Diego CA, www.graphpad.com).
Pharmacology. Cell culture. All experiments were performed with HEK 293T cells stably expressing the novel split

luciferase receptor sensor. Cells were incubated at 37 °C with 5% CO:z and cultivated in DMED with 4500 mg/1 glucose, 10%

18

ACS Paragon Plus Environment

Page 18 of 24



Page 19 of 24

oNOYTULT D WN =

Journal of Medicinal Chemistry

(v/v) FCS, 100 pg/mL penicillin, 100 pg/mL streptomycin sulfate and 2 mM L-glutamine and 600 pg/mL G-418. Every two
to three days the cell lines were routinely passaged.

Split Luciferase complementation assay. The assay was performed as described previously,2¢ except for the following
modifications: A Berthold Mithras LB 940 plate reader was used to quantify the luminescence emitted by the cells, using
white, flat bottomed nunc™ f96 microwell™ polystyrene plates.

Molecular Modeling. In brief, all receptor-ligand docking experiments reported in this study were carried out with the
CCDCs software GOLD version 5.1.3% The active M1 receptor homology model used as protein was previously reported.2” All
residues of the extracellular domains and the receptor core region were defined as potential binding pocket. Default settings
were chosen for receptor-ligand docking and GoldScore was used as primary scoring function. All obtained docking poses
and receptor-ligand interactions were analyzed with LigandScout 4.2 using 3D-pharmacophores.3!

Binding experiments. [3H]Quinuclidinyl benzilate ([3H]QNB), ethanol solution, was purchased from Amersham
Biosciences (catalog number TRK 604, 42 Ci/mmol, 1 mCi/ml). The experiments were carried out in 10 mM Tris-HCI buffer,
pH 7.0, containing 6 mM MgCl.. Rat brain cortices were used as a source of muscarinic receptors in the assay. After cleaning
the meninges with buffer-soaked filter paper, cortices were dissected, and white matter was carefully trimmed off. This
tissue was homogenized in 40 mL buffer using a Potter homogenizer with a motor-driven Teflon pestle. The homogenate
was centrifuged for 30 min at 50,000 X g, and the resulting pellet was homogenized and centrifuged again. After protein
determination by the Bradford assay, the final pellet was re-suspended at 1 mg of protein/ml, transferred to 1.5-ml
microcentrifuge tubes, and centrifuged once more. After discarding the supernatant, membrane pellets were kept at -80 °C
until use.23 The general procedure consists of the incubation of 20 pg membrane protein with 200 pM [3H]QNB (200 pM),
in a total volume of 2 mL and in the presence of varying concentrations of competing compounds. An excess (2 pM) of the
unlabeled muscarinic antagonist atropine was used to define nonspecific binding. After 45 min at 25 °C to reach equilibrium
the reaction mixtures were quickly filtered through glass fiber disks using a semi-automated Brandel harvester allowing the
simultaneous filtration of 24 samples.2! Filters were washed twice with 4 mL of ice-cold Tris-HCI buffer (10mM, pH 7.0),
and counted for radioactivity. The final results were reported as % binding of [3H]QNB in each condition. This analysis was

carried out with GraphPad Prism software (GraphPad Software Inc., San Diego CA, www.graphpad.com).

ASSOCIATED CONTENT

Supporting Information.
UV/VIS spectra, NMR data, HPLC traces, molecular modelling, binding experiments.
Molecular formula strings.

This material is available free of charge via the Internet at http://pubs.acs.org.
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Accession codes
PDB code for the crystal structure of the human Mz receptor in complex with agonist iperoxo is 4MQS. This crystal structure
was used for the generation of the homology model for computational studies of the human M1 receptor in complex with

compound 9a, 9b, 15a, 15b, and 18a-d.
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