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Chapter 3
Hypothesis-driven, structurebased design in
photopharmacology: The case of
eDHFR inhibitors
Photopharmacology uses light to regulate the biological activity of drugs. This precise control is
obtained through the incorporation of molecular photoswitches into bioactive molecules. A major
challenge for photopharmacology is the rational design of photoswitchable drugs that show lightinduced activation. Computer-aided drug design is an attractive approach toward more effective,
targeted design. Herein, we critically evaluated different structure-based approaches for
photopharmacology with Escherichia coli dihydrofolate reductase (eDHFR) as a case study. Through
the iterative examination of our hypotheses, we progressively tuned the design of azobenzene-based,
photoswitchable eDHFR inhibitors in five design-make-switch-test-analyze cycles. Targeting a
hydrophobic subpocket of the enzyme and a specific salt bridge only with the thermally metastable
(Z)-isomer emerged as the most promising design strategy. We identified three inhibitors that could
be activated upon irradiation and reached potencies in the low-nanomolar range. Above all, this
systematic study provided valuable insights for future endeavors toward rational photopharmacology.

This chapter was published as:
Hypothesis-driven, structure-based design in photopharmacology: The case of eDHFR
inhibitors
Piermichele Kobauri, Nicole S. Galenkamp, Albert M. Schulte, Jisk de Vries, Nadja A. Simeth,
Giovanni Maglia, Sebastian Thallmair, Dušan Kolarski, Wiktor Szymanski and Ben L. Feringa
J. Med. Chem., 2022, 65, 4798–4817.

Rational drug design in photopharmacology

3.1

Introduction

Photopharmacology takes advantage of light-responsive molecular tools to achieve
photocontrol over the potency of bioactive molecules, with the goal of improving the
selectivity profile of drugs.1–6 A combination of suitable photochemistry and synthetic
accessibility makes azobenzene currently the most commonly used photoswitch in
photopharmacology.5 Upon irradiation with light of wavelength λ1, azobenzene undergoes
photochemical isomerization from the thermally stable (E)-isomer to the metastable (Z)isomer (Figure 3.1A). The photoswitch then isomerizes back to the (E)-isomer by thermal
relaxation or by irradiation with light of wavelength λ2.5 The distinctive geometrical and
electronic differences between the isomers are exploited for the regulation of the potency
of the drug.1–6
Among other possible future uses, photopharmacology has appeared as an exciting,
unconventional strategy to tackle poor selectivity in antibacterial therapies.7–11 Similarly to
the majority of applications,12 the ideal scenario for light-controlled antibiotics would
require low or no potency of the thermally stable isomer of the drug, while irradiation should
result in its activation (“(Z)-on”, Figure 3.1A).8 Currently, one of the biggest challenges in
photopharmacology is the rational, informed design of (Z)-on photoswitchable drugs with
a large difference in potency between the isomers.
Due to the strongly interdisciplinary nature of the field, the molecular design of
photopharmacological agents lies at the intersection of organic synthesis, photochemistry,
chemical biology and medicinal chemistry. The resulting challenges go beyond typical drug
design: One has to design two forms, guided by the structures of known switches, and
maximize their difference in potency, aiming at a higher activity of the metastable state.
Concurrently, other properties need to be optimized (Figure 3.1A): the irradiation
wavelengths that promote photoisomerization (toward the visible/NIR part of the
electromagnetic spectrum for better tissue penetration and lower toxicity12–14); the
photostationary state distribution (PSD), which quantifies the enrichment of a specific
isomer under irradiation at a specific wavelength; and the photochemical stability (i.e.,
fatigue) and the thermal half-life of the metastable isomer.12 Finally, if the design comes
from the modification of existing molecules, the alteration of the original pharmacological
properties should be kept at a minimum. In a nutshell, photopharmacology needs to
examine classical medicinal chemistry considerations6 through the lenses of
photochemistry,3,12 and vice versa.
Going beyond trial-and-error approaches, rational design in photopharmacology can take
two forms: azo-extension and azologization.2 In the first approach, an azobenzene is
appended to the drug core after structure-activity relationships (SAR) evaluations. In the
second approach, bioisosteres of azobenzene (“azosteres”) are identified and
substituted.15 Nevertheless, these methods often lead to “(E)-on” ligands16 as well as less
predictable outcomes.
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D

Figure 3.1. (A) Main features of a photoswitchable drug, employing azobenzene as a
representative photoswitch. Irradiation with light at wavelength λ1 or λ2 induces (E)-to-(Z)
or subsequent (Z)-to-(E) photoisomerization until a PSD is reached. The photochemical
stability of the drug is analyzed via repeated cycles of irradiation. (B) Molecular structure
and predicted binding mode of TMP to eDHFR (PDB ID: 3DAU).17 While previous work8
applied the azo-extension strategy (C), the current study focuses on iterative structure-
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based drug design with a DMSTA cycle (D). All IC50 values were obtained in this work (ns:
not significant; P: P value). Extra sum-of-squares F test was used for statistical analysis.
A partial solution for the rational design of (Z)-on photoswitchable drugs is provided by the
azologization of (Z)-like azosteres, that is, moieties that are geometrically and
electrostatically similar to (Z)-azobenzene:18 Azologization of (Z)-stilbene in
combretastatin A-4,19 N-methylbenzilaniline in methotrexate,20,21 benzophenone in a
CRY1 activator,22 and biaryl sulfonamide in a kinase inhibitor23 and in phospholipase and
histone deacetylase inhibitors18 resulted in (Z)-on ligands. Very recently, the atypical
azologization of an adamantyl group has been reported in the design of a photoswitchable
cannabinoid receptor ligand.24 However, most drugs do not feature (Z)-like substructures
that can be substituted, thus highlighting the need for a strategy with a broader utility.
A more general approach is the application of structure-based drug design, which is a
mature technique in drug discovery.25–28 This method would broaden the scope of rational
design in photopharmacology, because it can be applied not only to targets with resolved
structures but also to other targets via homology modeling.29 Such an approach has been
gaining momentum also in photopharmacology in recent years, resulting in different
applications for modeling: computer-assisted design18,22,30 and a posteriori rationalization
of the observed results.23,31–33 However, proper structure-based design34,35 (analysis of
substitutions, reiterated cycles of design-test) is still an underexplored pathway in smallmolecule-based approaches to regulating biological activity with light.
Here, we compared and evaluated different approaches for rational design in
photopharmacology taking Escherichia coli dihydrofolate reductase (eDHFR), a relevant
drug target for antibiotics, as a model case. Starting from the concept of design-make-testanalyze (DMTA) cycles36 common in early-stage drug discovery efforts, we conducted
several cycles of iterative rational design, synthesis, photochemical characterization,
biological evaluation, and thorough analysis of results (design-make-switch-test-analyze,
DMSTA). At every stage, the main goal was the design of (Z)-on photoswitchable
antibiotics with enhanced difference in potency between the isomers.

3.2

Results and discussion

3.2.1

Target and approach

The ubiquitous enzyme dihydrofolate reductase (DHFR) uses NADPH as a cofactor to
catalyze the reduction of dihydrofolate to tetrahydrofolate, which is an important cofactor
for the biosynthesis of DNA bases and amino acids. The inhibition of this enzyme blocks
cell division, synthesis, and repair of DNA/RNA and protein synthesis in rapidly
proliferating cells of different organisms.37 Widely used DHFR inhibitors include
methotrexate, a long-standing chemotherapeutic agent that targets human DHFR,38 and
trimethoprim (TMP, Figure 3.1B), a broad-spectrum antimicrobial mainly used to treat
urinary tract infections.39 DHFR is a highly suitable target for structure-based drug design,
because it is a small (~18 kDa), well-characterized enzyme with > 6000 deposited PDB
structures. For example, the DHFR inhibitor iclaprim, currently under clinical trials,40 was
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discovered through computer-aided design.41 Moreover, modulating DHFR activity with
light has seen promising results in previous studies.8,20,21
In pioneering efforts toward light-controlled antimicrobial agents, our group developed
three photoswitchable TMP conjugates that displayed from 2- to 8-fold differences in
antibacterial activity (Figure 3.1C).8 Since these compounds had been tested only for their
minimal inhibitory concentration (MIC) values, we characterized their inhibition of eDHFR
as a first step for the rational improvement of the design. Computational studies suggested
that the different isomers would bind to the enzyme but with no relevant differences (see
section 3.6.6, Figures 3.82-84). The azobenzene part of the inhibitors was predicted to be
highly solvent-exposed and flexible, thus providing only transient, nonspecific interactions.
These predicted properties were confirmed by inhibition assays showing that the
compounds were indeed potent eDHFR inhibitors, although no significant differences
between the photoisomers were observed (see section 3.6.3). These initial results are in
accordance with the known tolerance of long linkers in the para position of the
trimethoxyphenyl ring of TMP.42 Furthermore, they indicate that the observed differences
in antibacterial activities might arise from other coexisting mechanisms (e.g., different
accumulation in bacteria), as recently suggested by our follow-up study of resistance
development against the best candidate.43 Furthermore, a cheminformatics analysis of key
physicochemical parameters revealed that these TMP derivatives have molecular weights
and calculated log P s outside of the drug-like ranges (see section 3.6.7). Overall, despite
being responsive to visible light, these previously designed compounds still offer major
room for improvement and are an attractive starting point for structure-based design in
photopharmacology.
The focus of our current work is the hypothesis-driven design of photoswitchable eDHFR
inhibitors, through structure- and photochemistry-based, rational strategies for hit
discovery and hit-to-lead optimization (Figure 3.1D). Each cycle started with computerassisted design, namely performing induced fit docking44 (IFD) to incorporate some
enzyme flexibility, followed by three replicas of 100 ns molecular dynamics (MD)
simulations. The IFD results were visually inspected in detail, while docking scores were
not considered in our analysis. Despite their popularity, docking scores have been
optimized to discriminate only between binding and nonbinding compounds in vast
libraries, although they should always be supported by other selection criteria (e.g., ligand
strain, interactions with key residues).45 Docking scores are rough and inaccurate
estimations of binding affinities,46 and it has been suggested that visual inspection of
docking poses can outperform simple evaluations of docking scores.47 Moreover, our
computational protocol enabled us to assess ligand stability (root-mean-square deviation,
RMSD) and the persistence of specific interactions over time,48 as well as to compute
useful descriptors such as solvent accessible surface area (SASA).49 Second, the
compounds were synthesized and fully characterized (1H NMR, 13C NMR, HRMS, Scheme
3.1 and section 3.6.1). Next, UV-vis and 1H NMR spectroscopies were used to investigate
their photochemical properties in DMSO and eDHFR assay buffer, that is, optimal
photoisomerization wavelengths λ1 and λ2, PSD, fatigue upon multiple photoisomerization
cycles, and stability tests in the presence of the reducing agent glutathione (GSH).
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Additionally, the thermal half-life of the metastable isomer was determined in DMSO and
aqueous buffer at 25 and 37 °C. The key hypothesis behind each approach was then
evaluated by in vitro and in cellulo pharmacological characterization of eDHFR inhibition
and antibacterial activity against Escherichia coli mutant strain CS1562. Finally, we
analyzed computational and experimental data to generate insights and inspire the
working hypothesis for the next step in the iterative cycle.

Scheme 3.1 General synthetic strategies for compounds 1-15. For complete synthetic
details (numbers for intermediate compounds, R substituents) see section 3.6.1.

3.2.2

Hit discovery: Ensuring the H-bond network only in the (Z)-form

It has been argued that developing a photoswitchable ligand starting from a
photoswitchable hit might lead to larger differences in activity, in comparison to the
attachment of a photoswitch in peripheral regions of an optimized ligand.6 In particular, the
inclusion of a photoresponsive unit in the pharmacophore, i.e., an intrinsic photoswitch,
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should have more critical effects on binding.18 We tested this design principle by
incorporating the azobenzene in a crucial position, that is, very close to the 2,4diaminopyrimidine head of TMP (Figure 3.2). The hydrogen bonds between this ring,
Asp27, and the peptide backbone carbonyl groups of Ile5 and Ile94 of eDHFR mimic the
enzyme-substrate interactions50 and are essential for the molecular recognition of TMP
(Figure 3.1B; docking poses in agreement with the recently published structure of a TMPeDHFR complex,51 see also experimental section, Figure 3.79). As an example,
photocaging one of the amino groups proved to be an effective strategy for irreversible
photocontrol of TMP binding to eDHFR.42 Considering the angle of the methylene bridge
in TMP, the introduction of a linear and stiff (E)-azobenzene should cause steric clashes
of the ligand with the enzyme and the disruption of the above-mentioned hydrogen-bond
network (Figure 3.2A). On the other hand, the bent geometry of (Z)-azobenzene would
allow a better accommodation of the pyrimidine head and result in higher affinities. A
related principle has been successfully applied to the azologization of methotrexate both
in bacterial20 and human DHFR.21
To test this hypothesis, we screened linkers of different lengths (no linker, phenyl and
phenylacetylene linker)52 between the pharmacophore and the azobenzene (Figure 3.2B).
For synthetic accessibility, we did not introduce substituents at the azobenzene moiety at
this stage. The decision was supported by a previous report, which showed that a TMP
analog with an unsubstituted outer ring lost some potency, yet still retained low nanomolar
activity (IC50 ranging from 2 to 160 nM).53
Starting from TMP, the most straightforward design was the substitution of the methylene
bridge with an azo bond. Here, the photoswitching unit was included directly in the
pharmacophore. Modeling studies suggested that both isomers of compound 1 could fit
the binding pocket, because of their small structural change (see experimental section,
Figure 3.87). In the second design, we increased the distance between the azobenzene
and the pyrimidine head with a phenyl linker (resembling pyrimethamine), exploring both
para and meta substitution patterns. IFD and MD calculations indicated that compound 2
would engage in a hydrogen-bond network only in the (Z)-form (see section 3.6.6, Figure
3.88), while compound 3 showed negligible differences in predicted binding behaviors
(Figure 3.2C and section 3.6.6, Figure 3.89). Finally, we further extended the linear region
with a longer phenylacetylene linker. Related structures have only been studied as
inhibitors of protozoal DHFR,52 thus we decided to explore the activity of this linker on
eDHFR. Both meta- and para-substituted azobenzene were computationally predicted to
fit, with negligible differences between the isomers.
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Figure 3.2. First design. (A) Design hypothesis: The diaminopyrimidine head of TMP can
form its hydrogen-bond network with the DHFR protein (yellow dashed lines) only upon
photoisomerization. The 3D visualization is obtained from IFD poses of (E)- (cyan) and
(Z)-4 (magenta) into eDHFR (PDB ID: 3DAU). (B) Overview of molecular structures (linker
shown in orange) and IC50 values of inhibitors 1-5. (C) Photochemical and
pharmacological evaluation of compound 3. Top left: UV-vis spectra (20 µM, 1 % DMSO
in eDHFR assay buffer) at the thermal equilibrium (light blue), PSS420nm (dark blue) and
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PSS340nm (red). Doughnut charts of the respective PSDs in DMSO-d6 (2 mM). Top right:
Repeated photoisomerization with λ = 340 nm and 420 nm light (20 µM, 1 % DMSO in
eDHFR assay buffer, 10 mM GSH). Bottom left: Dose-response curves against eDHFR
before and after irradiation with λ = 340 nm. Bottom right: IFD poses of (E)- (cyan) and
(Z)-3 (magenta) into eDHFR.
Compound 1 was obtained in one step by a challenging azo coupling, albeit with very low
yields, adapting a published procedure (Schemes 3.1-2).54 For the single-bond and the
acetylenic series, iodination of 2,4-diaminopyrimidine at the position 5 provided a common
intermediate (compound S1) that could be subjected to Suzuki or Sonogashira crosscoupling, respectively (Scheme 3.1; for the synthesis of all intermediates and final
compounds, see section 3.6.1). Next, compounds 1-5 were photochemically characterized
(see section 3.6.2, Figures 3.7-26). As an illustrative example, photoisomerization of 3 was
achieved with λ1 = 340 nm and λ2 = 420 nm in eDHFR assay buffer (Figure 3.2C), reaching
a PSD in DMSO-d6 of 82 % (Z)- and 60 % (E)-isomer, respectively. The compound showed
no sign of fatigue after repeated cycles of irradiation in the presence of 10 mM GSH, which
represents the reducing environment that is typically found in cells (Figure 3.2C).55
To determine their inhibitory potency, we performed a colorimetric assay on compounds
1-5 in their dark-adapted and irradiated states (see section 3.6.3 for details). Compounds
1, 2, and 4 did not show considerable activity up to 10 µM (Figure 3.2B). The azopyrimidine
derivative 1 was inactive, probably due to the lack of methoxy substituents on the outer
ring, in addition to the fact that the overall structure of the TMP has been modified by
replacing the methylene bridge with an azo bond. However, the (Z)-isomer of this
compound showed an extremely short lifetime (t1/2 = 10 s in eDHFR buffer at 25 °C, Figure
3.9), which would hinder any applications. Molecules 2 and 4 appeared to be too elongated
and stiff to bind in either isomer form, although 2 had emerged as the most promising
design from IFD calculations (see section 3.6.6, Figure 3.88). On the other hand,
derivatives bearing a meta-substituted azobenzene inhibited eDHFR with no significant
difference between the two forms. In particular, we observed that compound 5, which
featured the longer phenylacetylene linker, showed low inhibition (dark IC50 = 5.3 µM and
light IC50 = 2.6 µM), while compound 3 with the phenyl spacer showed satisfactory
activities (dark IC50 = 280 nM and light IC50 = 710 nM, Figure 3.2C).
The bioactivity data indicated that derivatives with a phenylacetylene linker had lower
potency. A re-examination of the MD simulations provided another possible explanation
for the discrepancies between computational predictions and experimental results. To
engage in the key hydrogen bonds with Asp27, Ile5, and Ile94, the alkyne linker of both
isomers of compounds 4 and 5 had to deviate from its flat, linear geometry throughout the
simulations (see section 3.6.6, Figures 3.91 and 3.93). Such unusual torsional strains are
known to lead to lower binding affinities.56
Nevertheless, the isomer-specific formation of the hydrogen bonds between the 2,4diaminopyrimidine head and Asp27, Ile5, and Ile94 was not a sufficiently high driving force
for a large difference in potency between the isomers. Our photoswitchable inhibitors had
similar affinities in both forms: either none of them displayed binding or both did. We also
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verified the binding contribution of the 2,4-diaminopyrimidine head, which fell in the range
of activity for small fragments (IC50 = 0.36 mM, see section 3.6.3). The design approach
investigated here appears to give better results when applied to larger structures, as in the
case of the azologization of methotrexate.20,21 When the photoswitching unit is
incorporated in the middle of an extended structure, the geometrical change is more
substantial. In contrast, TMP is much smaller and proved not to be suitable. Moreover, we
did not apply azologization strictly, but rather aimed at the binding modulation of the TMP
pharmacophore. As a result, it turned out to be extremely challenging to pursue de novo
photopharmacology, i.e., to find a structurally novel photoswitchable hit compound and
build up activity from there. However, the results presented in this section also provided a
key insight, insofar that the space in the meta position needs to be explored with the next
design hypothesis.

3.2.3

Hit discovery: Meta-substituted biaryl scaffolds as (Z)-like azosteres

Inspired by the structure of propargyl-linked antifolates (PLAs) with high potency against
eDHFR,57 we envisioned that the bent geometry of this linker could exploit the available
space. We hypothesized that meta-substituted biaryl systems are (Z)-like azosteres for
para-substituted azobenzenes (Figure 3.3A), in agreement with one reported example.58
To test this hypothesis, we designed two photoswitchable inhibitors with both para- and
meta-substituted azobenzene (Figure 3.3B). For synthetic convenience, we simplified the
scaffold by removing the ethyl chain on the pyrimidine ring. In addition, the design included
one methoxy group, which was predicted to occupy a similar region of the binding pocket
as the methoxy groups of TMP do (see section 3.6.6, Figure 3.94). Methyl substitution at
the benzylic position of these antifolates was shown to be tolerated, and the position of
the proximal methoxy group could also be changed, retaining the high potency.57 These
considerations supported our design featuring a disubstituted propargyl linker, which was
necessary for synthetic reasons to avoid the formation of allene side-product in the
deprotection of the trimethylsilyl alkyne.
The alkynyl moiety was introduced via the addition of lithium acetylide to an acetyl group,
followed by quenching with methyl iodide (Scheme 3.1 and section 3.6.1, Scheme 3.3).
Subsequently, Sonogashira coupling with the iodopyrimidine intermediate S1 yielded the
target compounds. Although the synthesis route created a stereogenic center, the racemic
mixture was not resolved because the methyl configuration at this benzylic position was
previously shown to have limited influence on eDHFR inhibition.57
Photochemical isomerization of compounds 6 and 7 was investigated in eDHFR assay
buffer and, in spite of decreased solubility (limited to 5 µM with 20 % DMSO as an additive),
they revealed robust photoswitching in the presence of 10 mM GSH (Figure 3.3C and
section 3.6.2, Figure 3.32). Also, the thermal lifetimes were long enough for the biological
testing (t1/2 > 24h at 25 and 37 °C, see section 3.6.2., Figure 3.29 and 3.33). However, it
must be noted that compound 6 displayed a PSD365nm of 72 % (Z)-isomer and hence, the
irradiated sample contains significant amounts of the (E)-isomer. (Figure 3.3C).
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Figure 3.3. Second design. (A) Design hypothesis: Azologization of the biaryl system in
PLA can give a (Z)-on inhibitor. The 3D visualization is obtained from IFD poses of PLA
(green), (E)- (cyan) and (Z)-6 (magenta) into eDHFR. (B) Overview of molecular structures
(linker shown in orange) and IC50 values of inhibitors 6 and 7. (C) Photochemical and
pharmacological evaluation of 6. Top left: UV-vis spectra (5 µM, 20 % DMSO in eDHFR
159
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assay buffer) at the thermal equilibrium (light blue), PSS420nm (dark blue) and PSS365nm
(red). Doughnut charts of the respective PSDs in DMSO-d6 (2 mM). Top right: Doseresponse curves against eDHFR before and after irradiation with λ = 365 nm. Bottom left:
Bacterial growth curves of E. coli CS1562 at different concentrations of 6 before and after
irradiation with λ = 365 nm. (* = The concentration range was limited by solubility in LB
medium.) Bottom right: IFD poses of (E)- (cyan) and (Z)-6 (magenta) into eDHFR
(hydrophobic subpocket as gray surface).
Both derivatives 6 and 7 achieved higher potencies than the compounds 1-5 studied in the
first approach cycle. Here, the propargyl linker has a more favorable geometry than the
phenylacetylene linker (see section 3.6.5, Figures 3.95 and 3.99), because it derives from
an optimized structure.57 Supporting our hypothesis, the photocontrol of inhibition caused
opposite effects depending on the substitution pattern on the azobenzene. UV irradiation
with λ1 = 365 nm resulted in a promising 2-fold activation of 6, toggling between a dark
IC50 of 370 nM to an irradiated IC50 of 160 nM, while the light-induced changes in potency
were not significant for compound 7. These observations suggest that meta-substituted
biaryl systems are better mimicked by para-substituted (Z)-azobenzenes. On the other
hand, the meta-substituted (E)-azobenzene of compound 7 perfectly overlaps with the
biaryl moiety of PLA (see section 3.6.6, Figure 3.98).
Since compounds 6 and 7 displayed promising eDHFR inhibition, we determined their
antibacterial activities against E. coli CS1562 before and after irradiation with λ1 = 365 nm.
Compound 6 maintained its (Z)-on activity, showing a > 2-fold difference in bacterial growth
inhibition (Figure 3.3C), with a MIC > 40 µM in the dark (the concentration range was
limited by solubility in LB medium) and 20 µM after irradiation. Instead, 7 inhibited bacterial
growth equally in both forms, as its MIC of 20 µM was not affected by the
photoisomerization (see section 3.6.4).
Since eDHFR inhibitor 6 displayed the desired (Z)-on behavior with promising enzymatic
and antibacterial activity, we selected it as our photopharmacological hit for further
optimization studies. Our findings at the end of the hit discovery stage reinforce the
common assumption in photopharmacology that greater chances of success are
associated with the rational modification of optimized bioactive structures. Nevertheless,
de novo design of a photoswitchable hit remains an underexplored approach that holds
great potential in spite of its intrinsic challenges.1–4,6
Analysis of biological and computational data suggested a correlation between the binding
affinity of the isomers and their solvent exposure. When the lipophilic outer ring of
azobenzene was solvent-exposed, the isomer showed weaker inhibition. Conversely, we
observed an increase in potency to the submicromolar range when that outer ring formed
van der Waals interactions with the lipophilic subpocket formed by Phe31, Leu28, Leu54,
and Ile50 (Figure 3.3C, see also section 3.6.6, Figures 3.96-97 and 3.100-101). This
enzyme region has been targeted by the cyclopropyl group of iclaprim (see section 3.6.6,
Figures 3.80-81).41 Shape complementarity with these hydrophobic residues seems to
drive the encouraging photoinduced changes, which were obtained notwithstanding the
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nonquantitative photoisomerization of compound 6 upon irradiation with λ1 = 365 nm.
Therefore, we aimed to address this issue in the next design round.

3.2.4

Hit-to-lead: (Z)-Enriched PSD to enhance activation

As mentioned earlier, photopharmacological design combines elements of medicinal
chemistry and photochemistry. The identification of the (Z)-on hit 6 prompted us to
optimize it by improving its photochemical properties.12 Irradiation of this compound with
λ1 = 365 nm light resulted in a 2-fold gain in activity, although it only generated a PSD of
72 % (Z)-isomer. Thus, we reasoned that a higher PSD could result in a more effective
activation by light (Figure 3.4A). Two strategies established in our earlier studies to
increase the population of the metastable isomer are the introduction of a para-methoxy
substituent59,60 and the replacement of azobenzene with azopyrazole (Figure 3.4B), which
is known to give quantitative photoswitching in both directions,61,62 as well as increased
solubility.63,64 Although azobenzene and azopyrazole have clear differences in shape and
electrostatics, nitrogen-containing aromatic heterocycles (pyridine, imidazole) were shown
to be tolerated in previous SAR studies.57
To further complicate the intricate relationship between drug design and photochemical
optimization in photopharmacology, it should be mentioned that the para-methoxy group65
and the trimethylpyrazole moiety66 are hydrogen-bond acceptors that could potentially
engage in additional hydrogen bonds in the (Z)-isomer, when pointing toward the binding
pocket. However, MD simulations suggested that they would not be able to form persistent
interactions. In more detail, we observed a high RMSD for the whole ligands, along with a
large RMS fluctuation (RMSF) of the ether oxygen and the pyrazole nitrogen (see section
3.6.6, Figures 3.104 and 3.106).
In agreement with our expectations, the structural modifications improved the PSDs of the
series from 72 % (Z)-isomer observed for compound 6 to > 95 % recorded for compounds
8 and 9 (Figure 3.4C). However, an additional decrease in solubility for compound 8
required us to study its photoswitching behavior with a 5 µM solution in eDHFR assay
buffer with 50 % DMSO as an additive (Figure 3.4C and section 3.6.2, Figures 3.35-38).
On the other hand, the introduction of an azopyrazole resulted in better aqueous solubility
for compound 9 (see section 3.6.2, Figures 3.39-42).
The biological activity results, however, did not support our design hypothesis, as we found
that a (Z)-enriched PSD was not enough to promote a boost in eDHFR inhibition. A subtle
drop in potency was observed for derivative 8, whereas the azopyrazole analog 9 could
be deactivated upon irradiation, thereby additionally losing the desired (Z)-on character
(although the differences in IC50 were not significant, Figure 3.4B-C and section 3.6.2).
When evaluated for their antibacterial properties, compounds 8 and 9 showed lower
potency against E. coli CS1562 than the parent compound 6. While compound 8 was
completely inactive up to 80 µM, compound 9 did not display any light-dependent potency
difference at the tested concentrations (see section 3.6.4, Figure 3.71).
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Figure 3.4. Third design. (A) Design hypothesis: Increasing PSD can boost the activation
effect of irradiation. (B) Overview of molecular structures (photochemistry-driven
modifications shown in orange) and IC50 values of inhibitors 8 and 9. (C) Photochemical
and pharmacological evaluation of 8. Top left: UV-vis spectra (5 µM, 50 % DMSO in
eDHFR assay buffer) at the thermal equilibrium (light blue), PSS445nm (dark blue) and
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PSS365nm (red). Top right: Doughnut charts of PSDs in DMSO-d6 (2 mM). λ2 = 420 nm for
6 and λ2 = 445 nm for 8 and 9. Bottom left: Dose-response curves against eDHFR before
and after irradiation with λ = 365 nm. Bottom right: Ligand RMSD from three replicas of
100 ns MD simulations of the protein-ligand complex.
In an effort to rationalize the results and conceive the next hypothesis, we reconsidered
the MD simulations data. Both ligands showed high flexibility in the binding pocket with a
RMSD > 4 Å, a structural feature which has been linked to lower inhibitory activities.67 This
mobility highlights the need to shift the focus to isomer-specific stronger interactions that
could lock the (Z)-form in the active site of eDHFR.

3.2.5

Hit-to-lead: Salt bridge formed only by the (Z)-isomer

After scrutinizing the residues in the binding pocket, we decided to seek a salt bridge with
Arg57, by introducing a carboxylic acid moiety into the structure of the photoswitchable
inhibitors, in a position that would enable only the (Z)-isomer to form the salt bridge (Figure
3.5A). This specific interaction is found in the binding modes of the endogenous ligand
dihydrofolate and of methotrexate and has been exploited also by some PLAs.68 Moreover,
using one isomer to target a charge-assisted hydrogen bond between a carboxylic acid
and an arginine has been recently implemented in photopharmacology.69 However,
targeting a particular interaction with one of the two isomers is still an underexplored
approach for reversible photopharmacology.24,70 We designed two compounds, exploring
both meta and para substitution on the outer benzene ring (Figure 3.5B). We first
evaluated our hypothesis computationally, and IFD poses and subsequent MD simulations
suggested that compound 11 could engage in the desired salt bridge only in the case of
the (Z)-isomer (Figure 3.5A). On the other hand, derivative 10 appeared able to interact
with Arg57 with both isomers (see section 3.6.6, Figures 3.107-109), thus indicating that
the (Z)-on activity might be less probable.
The photochemical characterization of compounds 10 and 11 was performed with smaller
amounts of DMSO in eDHFR buffer, because the ionizable carboxylic acid improved the
aqueous solubility of the compounds. This enhancement came at the cost of the resistance
to reduction, especially for 11 (Figure 3.5C).
Gratifyingly, compounds 10 and 11 were determined to be potent eDHFR inhibitors, with
IC50 values in the 2-digit nanomolar range (Figure 3.5B). Compound 10 exhibited a
significant, yet undesired deactivation upon irradiation (dark IC50 of 24 nM against an
irradiated IC50 of 57 nM), in line with the modeling observations. On the other hand, the
difference in activity between the isomers of 11 was not significant, making this potent
derivative more attractive for further fine-tuning toward a (Z)-on behavior.
The in vitro light-dependent potency that was observed for 10 did not translate into a
photocontrolled antibacterial activity: Both forms completely inhibited bacterial growth at
20 µM (see section 3.6.4). Compound 11, on the contrary, showed a similar inhibition
pattern in the antibacterial assay, with a MIC value of 40 µM both before and after
irradiation with λ1 = 365 nm light.
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Figure 3.5. Fourth design. (A) Design hypothesis: The salt bridge between carboxylate
and Arg57 (yellow dashed lines) can be formed only in the (Z)-form. The 3D visualization
is obtained from IFD poses of (E)- (cyan) and (Z)-10 (magenta) into eDHFR. (B) Overview
of molecular structures (exploration of regioisomers shown in orange) and IC50 values of
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inhibitors 10 and 11. (C) Photochemical and pharmacological evaluation of 11. Top left:
UV-vis spectra (20 µM, 5 % DMSO in eDHFR assay buffer) at the thermal equilibrium (light
blue), PSS420nm (dark blue) and PSS365nm (red). Doughnut charts of the respective PSDs
in DMSO-d6 (2 mM). Top right: Repeated photoisomerization with λ = 365 nm and 420 nm
light (20 µM, 5 % DMSO in eDHFR assay buffer, 10 mM GSH). Bottom left: Dose-response
curves against eDHFR before and after irradiation with λ = 365 nm. Bottom right: Violin
plots of the distance between carboxylate and selected eDHFR residues for (E)- (blue)
and (Z)-11 (red) throughout three replicas of 100 ns MD simulations (5 Å threshold as
green surface).
The biological evaluation of the “interaction in the (Z)-form” hypothesis revealed that the
differences in potency were not as we predicted by monitoring only the salt bridge with
Arg57. Re-examination of the MD trajectories suggested that an explanation might be the
simultaneous salt bridges formation of 10 and 11 with Arg52 and, to a lesser extent, Lys32
(Figure 3.5C and section 3.6.6, Figure 3.109). It is likely that these undesired interactions
are quite weak because those residues are more solvent-exposed than Arg57 (see section
3.6.6, Figures 3.111 and 3.117), while only buried salt bridges contribute significantly to
ligand affinities.71 They are also more flexible (see section 3.6.6, Figures 3.110 and 3.116),
hence a higher entropy cost is associated with the engagement in these interactions.
However, these additional contributions might be responsible for the unexpected lightcontrolled behavior, together with the neglected desolvation costs of the carboxyl acid
moieties. In fact, the energetic gain of the salt bridge is often compensated by the
desolvation penalties, which can cancel out the increase in affinity of charge-assisted
hydrogen bonds.71 In our case, we decided to keep the carboxylic acid in the next design
hypothesis because it provided a notable boost in activity.

3.2.6

Hit-to-lead: Increased hydrophobic contacts in the (Z)-form

To conceive the following structure-based hypothesis, we chose to merge the knowledge
that was obtained from the design approaches that gave the best outcomes. In the second
hypothesis/stage, hydrophobic interactions with the lipophilic subpocket emerged as the
driving force for the (Z)-on inhibition, even though the ligands displayed high flexibility
during MD studies due to the solvent-exposed binding pocket. Evaluating the fourth
hypothesis revealed that the targeted salt bridge enhanced the potencies of the new
series, along with locking the outer ring in its bound conformation (see section 3.6.6, low
RMSD in Figures 3.107 and 3.113). Therefore, we decided to combine these observations
and use the acid-arginine interaction as an anchoring point to enhance additional van der
Waals contacts with hydrophobic substituents only in the (Z)-isomer (Figure 3.6A).
Furthermore, we hypothesized that exposing these hydrophobic moieties to the solvent
should further penalize the (E)-isomer (Figure 3.6A).
Starting from compounds 10 and 11, we substituted the outer benzene ring with a methyl
group or a chlorine atom in meta or para positions. The hydrophobic interactions can be
formed with two different sides of the lipophilic subpocket: Leu28 and Phe31 or Leu54 and
Ile50. IFD indicated that contacts with Leu28 and Phe31 were more favorable, and MD
simulations gave additional time-domain support to the hypothesis. Both the lipophilic
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substituents and residues displayed a decrease in SASA upon switching (Figure 3.6C, see
also section 3.6.6, Figures S121-122, S126-128, S132-133 and S137-139).

Figure 3.6. Fifth design. (A) Design hypothesis: Additional hydrophobic contacts can be
formed only with the (Z)-isomer. The 3D visualization is obtained from IFD poses of (E)-
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(cyan) and (Z)-15 (magenta) into eDHFR (hydrophobic subpocket as gray surface). (B)
Overview of molecular structures (exploration of regioisomers shown in orange) and IC50
values of inhibitors 12-15. (C) Photochemical and pharmacological evaluation of 15. Top
left: UV-vis spectra (20 µM, 1 % DMSO in eDHFR assay buffer) at the thermal equilibrium
(light blue), PSS420nm (dark blue) and PSS365nm (red). Doughnut charts of the respective
PSDs in DMSO-d6 (2 mM). Top right: Dose-response curves against eDHFR before and
after irradiation with λ = 365 nm. Bottom left: Bacterial growth curves of E. coli CS1562 at
different concentrations of 15 before and after irradiation with λ = 365 nm. Bottom right:
Violin plots of the SASA of the lipophilic subpocket for (E)- (blue) and (Z)-15 (red)
throughout three replicas of 100 ns MD simulations.
Photochemical evaluation of compounds 12-15 revealed that the addition of methyl and
chlorine substituents enhanced the resistance to reduction by GSH (Figures 3.52, 3.56,
3.60, and 3.64). We also observed an increase in PSD365nm compared to the parent
compounds 10 and 11 (Figure 3.67). Furthermore, the original solubility of compound 7 in
eDHFR buffer was improved with a substituent in ortho position to the carboxylic acid,
possibly able to disrupt the crystal packing of the flat structure of (E)-7.
We established that the starting point for the optimization clearly influenced the outcome
of the design hypothesis, given that all photoswitchable inhibitors retained high potencies
against eDHFR (Figure 3.6B). When the hydrophobicity hypothesis was tested on the (E)on compound 10 (i.e., analogs 12 and 13), the approach gave less satisfactory results. In
fact, 13 displayed no difference in activity between the isomers, while UV irradiation
caused a remarkable 5-fold increase in IC50 for 12. Conversely, modification of compound
11, which had no significant difference in activity between the isomers, resulted in two (Z)on ligands (i.e., analogs 14 and 15). Irradiation with λ = 365 nm light induced the desired
photoactivation of both derivatives, with a 2-fold increase in IC50. In the case of 15, we
observed a dark IC50 of 52 nM versus an irradiated IC50 of 27 nM. To our delight, this 2fold activation was maintained for the antibacterial activity (Figure 3.6C), as the dark MIC
of 40 µM was successfully increased to 20 µM upon irradiation. The biological results
indicate that, when the binding pocket is solvent-exposed, the photoisomerization of
azobenzene can be used to toggle between solvent exposure and burial of hydrophobic
groups to induce differences in activity upon irradiation. This final hypothesis, which
combines the insights obtained in the whole study presented herein, has also provided the
best design in terms of general potency and its difference for the isomers, with the (Z)
being more potent.

3.3

Conclusion and outlook

We presented here a systematic investigation of strategies inspired by structure-based
drug design and applied to photopharmacology. The iterative design cycles of
photoswitchable eDHFR inhibitors as a case study culminated in three (6, 14, and 15) (Z)on ligands with low-nanomolar potencies, but especially gave precious insights that can
serve as guidance for future design efforts. We have shown that computational techniques
such as molecular docking and MD can offer hypothetical explanations of effects observed
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experimentally and can be useful for repeated design cycles. In particular, we have
adapted the regular modus operandi of rational drug design, i.e., DMTA cycles, to
photopharmacology, i.e., DMSTA cycles. Obviously, structural biology methods would be
more accurate, although they are generally more costly and time-consuming.
Nevertheless, recent structural elucidations of the molecular recognition of the metastable
isomers 72–74 certainly have the potential to stimulate further structure-based approaches
in photopharmacology. Qualitative analysis of docking and MD simulations (ligand strains,
specific interactions, SASA) can promote the pragmatic understanding of biological results
to guide the design of photopharmacological agents. For this purpose, a significant
statistical ensemble (three replicas) and medium length (at least 100 ns) are
recommended for the MD simulations, as a trade-off between computational cost and
quality of the outcomes is necessary. These simulations are computationally cheaper than
free energy calculations, but they do not allow quantitative predictions.48
The application of a structure-based approach instead of the more straightforward azoextension led to a more compact molecular structure than that of the previous TMP
conjugates (Figure 3.1C).8 As a result, we obtained compounds with physicochemical
descriptors in better agreement with the ChEMBL data set with antibacterial activity
against E. coli and with inhibitory activity against eDHFR (see section 3.6.7). In particular,
our photoswitchable antibiotics featured calculated log P s < 3.5 and molecular weights <
450 g/mol, whereas the best candidate of the previous series (TCAT) had a log P of 7.3
and a molecular weight of > 600 g/mol. This indirect physicochemical refinement highlights
a crucial issue of the azo-extension strategy, i.e., how to achieve switching in aqueous
environment facing the substantial increase in lipophilicity and molecular weight that
naturally stems from the attachment of an azobenzene to an existing drug.64 In response
to such a tendency, we have shown that structure-based optimization can help
photopharmacology to obtain more elegant molecular designs. Nevertheless, the abovementioned improvements came at the expense of the inhibitory potencies of our
compounds, with the best derivative (compound 15) being 1 order of magnitude less potent
than the previously reported TMP conjugates (see section 3.6.3, Table S3).
In this study, we evaluated the performance of modeling predictions as guiding tools for
the design of (Z)-on photoswitchable drugs. The isolated use of docking calculations and
scores can lead to inaccurate conclusions,47 even more so in photopharmacology. In fact,
we believe that comparisons of docking scores between the photoisomers of a compound
should be avoided. On the other hand, our workflow demonstrated that a combination of
molecular docking, MD simulations and chemical intuition can create detailed knowledge
of drug-target interactions at the molecular level. When the computer-aided predictions led
to unexpected experimental results, these were carefully analyzed by re-examining the
simulations in order to improve our subsequent hypotheses and our understanding of the
system. Although strictly speaking the computational data stay hypothetical until structural
data are collected, multiple iterations of DMSTA cycles can build a certain degree of local
consensus with useful practical implications. In contrast to brute-force screenings that lead
to serendipitous findings and to photocontrolled “me-too” drugs, hypothesis-driven drug
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design allows photopharmacology to go beyond trial-and-error approaches, addressing
multiparameter issues, and is able to provide valuable insights for future endeavors.
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3.6

Experimental section

3.6.1

Synthesis and characterization

General remarks. All chemicals for synthesis were obtained from commercial suppliers
(Sigma-Aldrich, Combi-blocks, and Boom) and used as received, unless stated otherwise.
Solvents used were reagent grade for synthesis and technical grade for isolation if not
otherwise stated. Thin-layer chromatography was carried out on aluminum sheets coated
with silica gel 60 F254 (Merck). The developed chromatogram was analyzed by UV lamp
(254 nm) for the detection of components. Alternatively, oxidative staining using aqueous
basic potassium permanganate solution (KMnO4) or aqueous acidic cerium
phosphomolybdic acid solution (Seebach’s stain) was used. Flash chromatography was
performed on silica gel (Screening devices B.V.) with a particle size of 40−64 μM and a
pore size of 60 Å or on Buchi FlashPure silica columns (4-25 g, 40−63 μM, 60 Å) using a
Buchi Reveleris® X2 system. Preparative HPLC purification was performed on a
Shimadzu HPLC system with a Phenomenex® Kinetex 5 μm EVO C18 100 Å column.
Compound characterization. Nuclear magnetic resonance (NMR) spectra were
recorded on an Agilent Technologies 400-MR (400/54 Premium Shielded) spectrometer
(400 MHz). All spectra were measured at room temperature (22-24 °C). Chemical shifts
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for the specific NMR spectra were reported relative to the residual solvent peak in ppm (δH
= 7.26 and δC = 77.16 for CDCl3; δH = 2.49 and δC = 39.5 for DMSO-d6). The multiplicities
of the signals are denoted by s (singlet), d (doublet), t (triplet), q (quartet), m (multiplet), br
(broad), app (apparent). All 13C-NMR spectra are 1H-broadband decoupled. Highresolution mass spectrometry was performed on a Thermo scientific LTQ Orbitrap XL in
positive (ACPI/ESI) or negative (ESI) mode. Melting point ranges were determined on a
Stuart analogue capillary melting point SMP11 apparatus. All compounds whose IC50
values were determined had purities ≥ 95 % (SI). Purities were determined with a Thermo
Ultimate 3000 QExactive Orbitrap instrument (Thermo Scientific) equipped with a C18
column (Acquity UPLC BEH C18, 150 x 2.1 mm, 1.7 μm) and operating at 25 °C. The
injection volume of each sample in acetonitrile was 1 μL. The flow rate of the mobile
phases was 0.3 mL/min. The elution was carried out using water containing 0.1 % formic
acid as mobile phase A and acetonitrile as mobile phase B. Elution conditions: From 0
until 1 min, 95 % phase A + 5 % phase B; at 8 min, 40 % phase A + 60 % phase B; from
10 until 11 min, 10 % phase A + 90 % phase B; from 12 until 17 min, 95 % phase A + 5 %
phase B. Chromatograms were detected at 254 and 360 nm.
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Scheme 3.2. Synthesis of the compounds for the first hypothesis.

Scheme 3.3. Synthesis of the compounds for the second hypothesis.
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Scheme 3.4. Synthesis of the compounds for the third hypothesis.

Scheme 3.5. Synthesis of the compounds for the fourth hypothesis.
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Scheme 3.6. Synthesis of the compounds for the fifth hypothesis.
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General procedure for Baeyer-Mills reactions (A). The aromatic nitroso compound (1.2
equiv) and the aniline (1.0 equiv) were dissolved in a minimal volume of AcOH/DCM (1:1,
v/v). The mixture was stirred at r.t. in absence of light for 3 d. The mixture was neutralized
with sat. aq. NaHCO3 and extracted with EtOAc. The organic layer was washed with brine
and dried over MgSO4, and the solvent was removed under reduced pressure. The crude
product was purified by flash chromatography.
General procedure for deprotections of TMS-acetylene (B). The TMS-alkyne (1.0
equiv) was dissolved in MeOH (0.1 M). K2CO3 (2.0 equiv) was added, and the mixture was
stirred for 4 h at r.t. MeOH was removed under reduced pressure and the residue was
dissolved in EtOAc. The organic layer was washed with sat. aq. NH4Cl and brine and dried
over MgSO4, and the solvent was removed under reduced pressure. Unless stated
otherwise, the crude product was used directly in the next step without purification.
General procedure for Sonogashira couplings (C). The protocol was obtained by
adapting a literature procedure.52 To a flame-dried 3-necked round-bottom flask under N2
atmosphere, the terminal alkyne (1.1 equiv), compound S1 (1 equiv), Pd(PPh3)2Cl2 (0.08
equiv), CuI (0.05 equiv) and KOAc (10.0 equiv) were added. After the solids were loaded,
the flask was evacuated under vacuum and flushed with N2 three times. Subsequently, the
solids were dissolved in dry DMF (0.1 M solution of alkyne). If the terminal alkyne was an
oil, it was separately dissolved in dry DMF under N2 and added at this stage. The reaction
mixture was deoxygenated by bubbling dry N2 through it for 10 min. The mixture was
stirred for 2 d at 55 °C, filtered over Celite, and diluted with EtOAc. The organic layer was
washed with sat. aq. NaHCO3 and brine and dried over MgSO4, and the solvent was
removed under reduced pressure. The crude product was purified by flash
chromatography.
General procedure for nucleophilic additions of TMS-acetylene followed by
methylation (D). In a flame-dried, three-necked round-bottom flask under N2 atmosphere,
trimethylsilylacetylene (varying equiv) was dissolved in dry THF (0.1 M). The solution was
cooled to -78 °C with an acetone/liquid N2 bath, and n-BuLi (1.6 M in hexanes, varying
equiv) was added dropwise. After stirring at -78 °C for 30 min, the cooling bath was
removed, and the mixture was stirred at r.t. for 1 h. Subsequently, a 0.2 M solution of the
ketone (1.0 equiv) in dry THF was added dropwise at -78 °C. The mixture was kept at -78
°C for 3 h, then it was allowed to reach -40 °C and it was stirred for an additional 2 h. Then,
iodomethane (10 equiv) was added at -40°C, and the solution was allowed to reach r.t.
overnight. The reaction mixture was neutralized with sat. aq. NaHCO3, and diluted with
EtOAc. The organic layer was washed with sat. aq. NH4Cl and brine and dried over
MgSO4, and the solvent was removed under reduced pressure. The crude product was
purified by flash chromatography.
General procedure for hydrolyses of methyl esters (E). The methyl ester (1.0 equiv)
was dissolved in MeOH and THF, then LiOH (6.0 equiv) in water was added
(THF/MeOH/H2O, 1:1.4:0.7, v/v). The reaction mixture was stirred at 32 °C for 16 h. The
mixture was quenched with sat. aq. NH4Cl and extracted with 15 % isopropyl alcohol in
EtOAc. The organic layer was washed with brine, dried over Na2SO4 and the solvent was
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removed under reduced pressure. The crude product was purified by either flash
chromatography or preparative HPLC.
5-Iodopyrimidine-2,4-diamine (S1)

Prepared following a literature procedure.52 In a flame-dried, round-bottom flask, 2,4diaminopyrimidine (1.0 g, 9.1 mmol) was dissolved in MeOH (30 mL). ICl (1.5 mL, 29
mmol) was added dropwise, and the mixture was stirred at room temperature for 15 h.
MeOH was removed under reduced pressure, and the obtained viscous oil was stirred in
Et2O (40 mL) for 45 min. The resulting precipitate was filtered off and thoroughly washed
with Et2O. Subsequently, the solid was suspended in 1 M aq. NaOH (100 mL) and the
mixture stirred at r.t. for 2 h. The solid was filtered, washed with water (2 x 10 mL), and
dried to afford S1 as a brown solid (1.2 g, 5.1 mmol, 56 %). An analytical sample was
prepared by recrystallization from MeCN to give compound S1 as colorless crystals. Rf:
0.60 (DCM/MeOH = 9:1, v/v). 1H NMR (400 MHz, DMSO-d6) δ = 7.90 (s, 1H), 6.35 (br s,
2H), 6.06 (br s, 2H); spectrum in agreement with literature data.52 HRMS (ESI+) m/z calc.
for [M+H]+ (C4H6IN4+): 236.9632, found: 236.9628. M.p. (dec.): 197 °C (lit. 212–214 °C).52
Benzenediazonium tetrafluoroborate (S2)

Prepared following a literature procedure.75 To a solution of aniline (1.8 g, 20 mmol) in
ethanol at r.t. was added HBF4 (48 % in water, 12 mL), and the reaction mixture was stirred
for 2 min. The mixture was cooled to 0 °C and aqueous solution tert-butyl nitrite was added
dropwise. The mixture was stirred at 0 °C for 15 min and then 1 h at r.t. Diethyl ether was
added to the reaction mixture and the resulting solids were filtered, washed with diethyl
ether (3 x 20 mL), and dried under vacuum to give S6 (0.78 g, 4.1 mmol, 21 %). The grey
solid (crude yield = 21 %) was used directly for the next step without purification.
5-(4-Aminophenyl)pyrimidine-2,4-diamine (S3a)

In a flame-dried, 3-necked round-bottom flask, under N2 atmosphere, compound S1 (0.48
g, 2.0 mmol), 4-aminophenylboronic acid pinacol ester (0.40 g, 1.8 mmol) and anhydrous
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K2CO3 (0.51 g, 3.7 mmol) were added to a mixture of 1,4-dioxane (5.0 mL), ethanol (1.5
mL) and water (3.3 mL). The reaction mixture was deoxygenated by bubbling dry N2
through it for 20 min. Subsequently, Pd(PPh3)4 (0.11 g, 91 µmol) was added, and the
reaction mixture was stirred and heated under reflux at 95 °C. After 16 h, it was filtered
over Celite and diluted with EtOAc (10 mL) and water (10 mL). The phases were
separated, and the aqueous layer was extracted with EtOAc (3 x 10 mL). The organic layer
was washed with brine, dried over Na2SO4, and the solvent was removed under reduced
pressure. The crude product was purified by flash chromatography (DCM/MeOH/Et3N =
95:4:1, v/v) to afford compound S3a as a brown solid (0.30 g, 1.5 mmol, 81 %). Rf: 0.45
(DCM/MeOH/Et3N = 95:4:1, v/v). 1H NMR (400 MHz, DMSO-d6) δ 7.51 (s, 1H), 6.97
(AA’BB’, 2H), 6.60 (AA’BB’, 2H), 5.88 (br s, 4H), 5.12 (br s, 2H). 13C NMR (101 MHz,
DMSO-d6) δ 161.7, 161.4, 154.4, 147.6, 129.0, 122.7, 114.2, 109.2. HRMS (ESI+) m/z
calc. for [M+H]+ (C10H12N5+): 202.1087, found: 202.1085. M.p. (dec.): 214 °C.
5-(3-Aminophenyl)pyrimidine-2,4-diamine (S3b)

In a flame-dried, 3-necked round-bottom flask, under N2 atmosphere, compound S1 (0.48
g, 2.0 mmol), 3-aminophenylboronic acid (0.25 g, 1.8 mmol) and anhydrous K2CO3 (0.51
g, 3.7 mmol) were added to a mixture of 1,4-dioxane (5.0 mL), ethanol (1.5 mL) and water
(3.3 mL). The reaction mixture was deoxygenated by bubbling dry N2 through it for 20 min.
Subsequently, Pd(PPh3)4 (0.11 g, 91 µmol) was added, and the reaction mixture was
stirred while heated under reflux at 95 °C. After 16 h, it was filtered over Celite and diluted
with EtOAc (10 mL) and water (10 mL). The phases were separated and the aqueous layer
was extracted with EtOAc (3 x 10 mL). The organic layer was washed with brine, dried
over Na2SO4, and the solvent was removed under reduced pressure. The crude product
was purified by flash chromatography (DCM/MeOH/Et3N = 95:4:1, v/v) to afford compound
S3b as a yellow solid (0.26 g, 1.3 mmol, 72 %). Rf: 0.41 (DCM/MeOH/Et3N = 95:4:1, v/v).
1H NMR (400 MHz, DMSO-d ) δ 7.58 (s, 1H), 7.05 (t, J = 7.7 Hz, 1H), 6.54 – 6.49 (m, 2H),
6
6.46 (d, J = 7.7, 1H), 6.10 (br s, 4H), 5.17 (br s, 2H). 13C NMR (101 MHz, DMSO-d6) δ
161.4, 161.2, 153.5, 136.1, 129.4, 115.7, 113.7, 112.6, 109.4. HRMS (ESI+) m/z calc. for
[M+H]+ (C10H12N5+): 202.1087, found: 202.1085. M.p.: 62–65 °C.
(E)-5-[4-(Phenyldiazenyl)phenyl]pyrimidine-2,4-diamine (2)
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Compound S3a (0.12 g, 0.60 mmol) was reacted following the general procedure A. The
residue was purified by flash chromatography (DCM/MeOH = 97:3, v/v) to afford
compound 2 as an orange solid (65 mg, 0.22 mmol, 38 %). Rf: 0.52 (DCM/MeOH = 9:1,
v/v). 1H NMR (400 MHz, DMSO-d6) δ 7.96 – 7.88 (m, 4H), 7.77 (s, 1H), 7.64 – 7.54 (m,
5H), 6.23 (br s, 2H), 6.11 (br s, 2H). 13C NMR (101 MHz, DMSO-d6) δ 162.8, 161.0, 156.5,
152.1, 150.2, 139.9, 131.4, 129.5, 129.0, 123.2, 122.5, 107.4. HRMS (ESI+) m/z calc. for
[M+H]+ (C16H15N6+): 291.1353, found: 291.1356. M.p.: 199–201 °C.
(E)-5-[3-(Phenyldiazenyl)phenyl]pyrimidine-2,4-diamine (3)

Compound S3b (0.1 g, 0.50 mmol) was reacted following the general procedure A. The
residue was purified by flash chromatography (DCM/MeOH = 97:3, v/v) to afford
compound 3 as an orange solid (57 mg, 0.20 mmol, 40 %). Rf: 0.53 (DCM/MeOH = 9:1,
v/v). 1H NMR (400 MHz, DMSO-d6) δ 7.94 – 7.89 (m, 2H), 7.85 (s, 1H), 7.81 (d, J = 7.8
Hz, 1H), 7.74 (s, 1H), 7.65 – 7.56 (m, 4H), 7.53 (d, J = 7.8 Hz, 1H), 6.19 (br s, 2H), 6.06
(br s, 2H). 13C NMR (101 MHz, DMSO-d6) δ 162.8, 161.2, 156.3, 152.4, 152.0, 137.6,
131.7, 131.6, 130.1, 129.6, 122.7, 122.6, 120.8, 107.7. HRMS (ESI+) m/z calc. for [M+H]+
(C16H15N6+): 291.1353, found: 291.1357. M.p.: 209–211 °C.
4-[(Trimethylsilyl)ethynyl]aniline (S4a)

Prepared following a literature procedure.76 In a flame-dried, 3-necked round-bottom flask,
under N2 atmosphere, TMS-acetylene (0.54 g, 5.5 mmol) was added to a solution of 4iodoaniline (1.0 g, 4.6 mmol) in deoxygenated diethylamine (20 mL) with PdCl2(PPh3)2 (64
mg, 90 µmol) and CuI (6.0 mg, 32 µmol). After stirring for 16 h at room temperature, the
solvent was evaporated and the residue was extracted with Et2O (40 mL), washed with
brine (2 x 20 mL), dried over MgSO4 and the solvent was removed under reduced
pressure. The residue was purified by flash chromatography (Pentane/EtOAc = 7:3, v/v)
to afford compound S4a as a brown solid (0.64 g, 3.4 mmol, 73 %). Rf: 0.68
(Pentane/EtOAc = 7:3, v/v). 1H NMR (400 MHz, CDCl3) δ 7.27 (AA’BB’, 2H), 6.55 (AA’BB’,
2H), 3.79 (br s, 2H), 0.24 (s, 9H); spectrum in agreement with literature data.77 HRMS
(ESI+) m/z calc. for [M+H]+ (C11H16NSi+): 190.1047, found: 190.1044. M.p.: 87–89 °C (lit.
95–96 °C).77
3-[(Trimethylsilyl)ethynyl]aniline (S4b)
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Prepared following a literature procedure.78 In a flame-dried, 3-necked round-bottom flask,
under N2 atmosphere, TMS-acetylene (1.6 g, 16 mmol) was added to a solution of 3iodoaniline (3.0 g, 14 mmol) in deoxygenated diethylamine (60 mL) with PdCl2(PPh3)2
(0.19 g, 0.27 mmol) and CuI (19 mg, 0.10 mmol). After stirring for 16 h at room
temperature, the solvent was evaporated and the residue was extracted with Et2O (80 mL),
washed with brine (2 x 40 mL), dried over MgSO4 and the solvent was removed under
reduced pressure. The crude product was purified by flash chromatography
(Pentane/EtOAc = 9:1, v/v) to afford compound S4b as a yellow oil (2.5 g, 13 mmol, 95
%). Rf: 0.67 (Pentane/EtOAc = 7:3, v/v). 1H NMR (400 MHz, CDCl3) δ 7.08 (app t, 1H),
6.88 (d, J = 8.0 Hz, 1H), 6.79 (s, 1H), 6.61 (t, J = 8.0 Hz, 1H), 3.65 (br s, 2H), 0.26 (s, 9H);
spectrum in agreement with literature data.78 HRMS (ESI+) m/z calc. for [M+H]+
(C11H16NSi+): 190.1047, found: 190.1048.
4-Ethynylaniline (S5a)

Compound S4a (0.40 g, 2.1 mmol) was reacted following the general procedure B. The
crude product was purified by flash chromatography (pentane/EtOAc = 8:2, v/v) to afford
compound S5a as a light pink solid (0.24 g, 2.0 mmol, 95 %). Rf: 0.49 (pentane/EtOAc =
8:2, v/v). 1H NMR (400 MHz, CDCl3) δ 7.30 (AA'BB', 2H), 6.59 (AA’BB’, 2H), 3.81 (br s,
2H), 2.95 (s, 1H); spectrum in agreement with literature data.79 HRMS (ESI+) m/z calc. for
[M+H]+ (C8H8N+): 118.0651, found: 118.0650. M.p.: 96–98 °C (lit. 99-100 °C).80
3-Ethynylaniline (S5b)

Compound S4b (1.5 g, 8.2 mmol) was reacted following the general procedure B.
Purification by flash chromatography was not required. The product S5b was obtained as
a colorless solid (0.89 g, 7.6 mmol, 93 %). Rf: 0.60 (Pentane/EtOAc = 8:2, v/v). 1H NMR
(400 MHz, DMSO-d6) δ 7.12 (m, 3H), 6.79 (d, J = 7.8 Hz, 1H), 5.31 (br s, 2H), 2.48 (s, 3H);
spectrum in agreement with literature data.81 HRMS (ESI+) m/z calc. for [M+H]+ (C8H8N+):
118.0651, found: 118.0652. M.p.: 86–87 °C (lit. not reported).
5-[(4-Aminophenyl)ethynyl]pyrimidine-2,4-diamine (S6a)
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Compound S5a (0.15 g, 1.3 mmol) was reacted following the general procedure C. The
residue was purified by flash chromatography (DCM/MeOH = 9:1, v/v) to afford compound
S6a as a brown solid (0.16 g, 0.70 mmol, 64 %). Rf: 0.52 (DCM/MeOH = 9:1, v/v). 1H NMR
(400 MHz, DMSO-d6) δ 7.85 (s, 1H), 7.19 (AA’BB’, 2H), 6.52 (AA’BB’, 2H), 6.43 (br s, 2H),
6.22 (br s, 2H), 5.41 (br s, 2H). 13C NMR (101 MHz, DMSO-d6) δ 163.2, 161.8, 158.5,
148.8, 132.2, 113.5, 109.4, 95.6, 90.9, 80.5. HRMS (ESI+) m/z calc. for [M+H]+
(C12H12N5+): 226.1087, found: 226.1089. M.p.: 198–201 °C.
5-[(3-Aminophenyl)ethynyl]pyrimidine-2,4-diamine (S6b)

Compound S5b (0.31 g, 2.7 mmol) was reacted following the general procedure C. The
residue was purified by flash chromatography (DCM/MeOH = 9:1, v/v) to afford compound
S6b as a yellow solid (0.18 g, 0.79 mmol, 37 %). Rf: 0.40 (DCM/MeOH = 9:1, v/v). 1H NMR
(400 MHz, DMSO-d6) δ 7.90 (s, 1H), 7.00 (d, J = 8.0 Hz, 1H), 6.70 (s, 1H), 6.70 (d, J = 8.0
Hz, 1H), 6.53 (d, J = 8.0 Hz, 1H), 6.51 (br s, 1H), 6.32 (br s, 2H), 5.13 (br s, 2H). 13C NMR
(101 MHz, DMSO-d6) δ 163.3, 162.1, 159.3, 148.5, 128.9, 123.5, 118.6, 115.9, 113.8,
95.1, 90.0, 82.8. HRMS (ESI+) m/z calc. for [M+H]+ (C12H12N5+): 226.1087, found:
226.1085. M.p.: 155–158 °C.
(E)-5-{[4-(Phenyldiazenyl)phenyl]ethynyl}pyrimidine-2,4-diamine (4)

Compound S6a (86 mg, 0.38 mmol) was reacted following the general procedure A. The
residue was purified by flash chromatography (DCM/MeOH = 97:3, v/v) to afford
compound 4 as an orange solid (74 mg, 0.24 mmol, 62 %). Rf: 0.39 (DCM/MeOH = 96:4,
v/v). 1H NMR (400 MHz, DMSO-d6) δ 8.01 (s, 1H), 7.90 (AA’BB’, 2H), 7.78 (AA’BB’, 2H),
7.60 (m, 3H), 6.76 (br s, 2H), 6.45 (br s, 2H). 13C NMR (101 MHz, DMSO-d6) δ 163.4,
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162.4, 160.0, 152.0, 150.4, 131.7, 131.6, 129.5, 126.8, 122.8, 122.6, 94.5, 89.3, 88.2.
HRMS (ESI+) m/z calc. for [M+H]+ (C18H15N6+): 315.1353, found: 315.1355. M.p.: 220–222
°C.
(E)-5-{[3-(Phenyldiazenyl)phenyl]ethynyl}pyrimidine-2,4-diamine (5)

Compound S6b (46 mg, 0.20 mmol) was reacted following the general procedure A. The
residue was purified by flash chromatography (DCM/MeOH = 96:4, v/v) to afford
compound 5 as an orange solid (18 mg, 57 µmol, 28 %). Rf: 0.56 (DCM/MeOH = 9:1, v/v).
1H NMR (400 MHz, DMSO-d ) δ 8.09 (s, 1H), 8.00 (s, 1H), 7.92 (d, J = 7.3 Hz, 2H), 7.85
6
(d, J = 8.0 Hz, 1H), 7.74 (d, J = 8.0 Hz, 1H), 7.66 – 7.56 (m, 4H), 6.76 (br s, 2H), 6.40 (br
s, 2H). 13C NMR (101 MHz, DMSO-d6) δ 163.5, 162.4, 159.9, 151.9, 133.4, 131.8, 129.6,
129.5, 128.9, 124.8, 124.3, 122.6, 122.0, 120.0, 93.6, 89.3, 85.9. HRMS (ESI+) m/z calc.
for [M+H]+ (C18H15N6+): 315.1353, found: 315.1358. M.p.: 207–209 °C.
1-(4-Nitrosophenyl)ethan-1-one (S7a)

Prepared following a literature procedure.82 To a solution of 4’-aminoacetophenone (10 g,
74 mmol) in DCM (0.20 L), a solution of Oxone (78 g, 0.13 mol) in water (0.40 L) was
added and the suspension stirred vigorously at r.t. for 1.5 h. The reaction mixture was
diluted with DCM (0.20 L) and washed with 1M aq. HCl (2 x 0.10 L), sat. aq. NaHCO3 (2 x
0.10 L), brine (2 x 0.10 L), dried over MgSO4, and the solvent was removed under reduced
pressure. The yellow solid (crude yield: 95 %) was used directly for the next step without
purification.
1-(3-Nitrosophenyl)ethan-1-one (S7b)

To a solution of 3’-aminoacetophenone (3.4 g, 25 mmol) in DCM (60 mL), a solution of
Oxone (15 g, 25 mmol) in water (80 mL) was added and the suspension stirred vigorously
at r.t. for 1.5 h. The reaction mixture was diluted with DCM (60 mL) and washed with 1M
aq. HCl (2 x 30 mL), sat. aq. NaHCO3 (2 x 30 mL), brine (2 x 30 mL), dried over MgSO4,
and the solvent was removed under reduced pressure. The brown solid (crude yield: 64
%) was used directly for the next step without purification.
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(E)-1-[4-(Phenyldiazenyl)phenyl]ethan-1-one (S8a)

Aniline (1.0 g, 11 mmol) was reacted following the general procedure A. The residue was
purified by flash chromatography (Pentane/EtOAc = 95:5, v/v) to afford compound S8a as
an orange solid (1.5 g, 6.7 mmol, 61 %). Rf: 0.23 (petroleum ether/EtOAc = 95:5, v/v). 1H
NMR (400 MHz, CDCl3) δ 8.11 (AA’BB’, 2H), 8.00 – 7.93 (m, 4H), 7.57 – 7.49 (m, 3H),
2.67 (s, 3H), spectrum in agreement with literature data.83 HRMS (APCI+) m/z calc. for
[M+H]+ (C14H13N2O+): 225.1022, found: 225.1022. M.p.: 108–112 °C (lit. 102–104).83
(E)-1-[3-(Phenyldiazenyl)phenyl]ethan-1-one (S8b)

Aniline (2.0 g, 13 mmol) was reacted following the general procedure A. The residue was
purified by flash chromatography (Pentane/EtOAc = 9:1, v/v) to afford compound S8b as
an orange solid (1.1 g, 4.7 mmol, 35 %). Rf: 0.66 (Pentane/EtOAc = 8:2, v/v). 1H NMR (400
MHz, CDCl3) δ 8.45 (s, 1H), 8.08 (d, J = 7.8 Hz, 1H), 8.04 (d, J = 7.8 Hz, 1H), 7.93 (d, J =
7.8 Hz, 2H), 7.57 (t, J = 7.8 Hz, 1H), 7.50 (m, 3H), 2.66 (s, 3H), spectrum in agreement
with literature data.84 HRMS (APCI+) m/z calc. for [M+H]+ (C14H13N2O+): 225.1022, found:
225.1030. M.p.: 81–84 °C (lit. 88–90).85
(E)-1-{4-[2-Methoxy-4-(trimethylsilyl)but-3-yn-2-yl]phenyl}-2-phenyldiazene (S9a)

Compound S8a (0.80 g, 3.6 mmol) was reacted following the general procedure D. The
residue was purified by flash chromatography (Pentane/EtOAc = 90:10, v/v) to afford
compound S9a as an orange oil (0.69 g, 2.1 mmol, 58 %). Rf: 0.70 (petroleum ether/EtOAc
= 96:4, v/v). 1H NMR (400 MHz, DMSO-d6) δ 7.95 – 7.87 (m, 4H), 7.73 (AA’BB’, 2H), 7.61
(m, 3H), 3.16 (s, 3H), 1.67 (s, 3H), 0.25 (s, 9H). 13C NMR (101 MHz, DMSO-d6) δ 151.9,
151.5, 145.5, 131.6, 129.5, 126.8, 122.6, 122.6, 105.1, 92.3, 75.8, 51.8, 31.6, -0.2. HRMS
(ESI+) m/z calc. for [M+H]+ (C20H25N2OSi+): 337.1731, found: 337.1739.
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(E)-1-{3-[2-Methoxy-4-(trimethylsilyl)but-3-yn-2-yl]phenyl}-2-phenyldiazene (S9b)

Compound S8b (0.77 g, 3.4 mmol) was reacted following the general procedure D. The
residue was purified by flash chromatography (Pentane/EtOAc = 97:3, v/v) to afford
compound S9b as an orange oil (1.0 g, 3.1 mmol, 90 %). Rf: 0.70 (Pentane/EtOAc = 95:5,
v/v). 1H NMR (400 MHz, CDCl3) δ 8.20 (s, 1H), 7.94 (d, J = 7.8 Hz, 2H), 7.87 (d, J = 7.8
Hz, 1H), 7.72 (d, J = 7.8 Hz, 1H), 7.52 (m, 4H), 3.26 (s, 3H), 1.78 (s, 3H), 0.29 (s, 9H). 13C
NMR (101 MHz, CDCl3) δ 152.8, 152.8, 144.1, 131.2, 129.2, 129.2, 128.7, 123.0, 122.9,
120.6, 105.1, 93.0, 76.8, 52.7, 32.6, 0.1. HRMS (ESI+) m/z calc. for [M+H]+
(C20H25N2OSi+): 337.1731, found: 337.1732.
(E)-1-[4-(2-Methoxybut-3-yn-2-yl)phenyl]-2-phenyldiazene (S10a)

Compound S9a (0.33 g, 1.0 mmol) was reacted following the general procedure B.
Purification by flash chromatography was not required. The product S10a was obtained
as an orange solid (0.24 g, 0.95 mmol, 93 %). Rf: 0.60 (petroleum ether /EtOAc = 95:5,
v/v). 1H NMR (400 MHz, DMSO-d6) δ 7.96 – 7.87 (m, 4H), 7.75 (AA’BB’, 2H), 7.64 – 7.55
(m, 3H), 3.92 (s, 1H), 3.16 (s, 3H), 1.69 (s, 3H). 13C NMR (101 MHz, DMSO-d6) δ 151.9,
151.5, 145.4, 131.6, 129.5, 126.8, 122.6, 122.6, 83.0, 79.0, 75.5, 51.9, 31.7. HRMS (ESI+)
m/z calc. for [M+H]+ (C17H17N2O+): 265.1335, found: 265.1344. M.p.: 54–56 °C.
(E)-1-[3-(2-Methoxybut-3-yn-2-yl)phenyl]-2-phenyldiazene (S10b)

Compound S9b (1.0 g, 3.0 mmol) was reacted following the general procedure B.
Purification by flash chromatography was not required. The product S10b was obtained
as a dark orange oil (0.67 g, 2.5 mmol, 85 %). Rf: 0.80 (Pentane/EtOAc = 95:5, v/v). 1H
NMR (400 MHz, CDCl3) δ 8.18 (s, 1H), 7.94 (d, J = 6.8 Hz, 2H), 7.86 (d, J = 7.8 Hz, 1H),
7.73 (d, J = 7.8 Hz, 1H), 7.56 – 7.46 (m, 5H), 3.29 (s, 3H), 2.79 (s, 1H), 1.81 (s, 3H). 13C
NMR (101 MHz, CDCl3) δ 152.9, 152.8, 143.8, 131.2, 129.2, 128.6, 123.0, 121.9, 121.4,
83.5, 76.4, 76.1, 52.8, 32.6. HRMS (ESI+) m/z calc. for [M+H]+ (C17H17N2O+): 265.1335,
found: 265.1331.
(E)-5-{3-Methoxy-3-[4-(phenyldiazenyl)phenyl]but-1-yn-1-yl}pyrimidine-2,4-diamine (6)
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Compound S10a (0.15 g, 0.57 mmol) was reacted following the general procedure C. The
residue was purified by flash chromatography (DCM/MeOH = 96:4, v/v) and subsequent
recrystallization (Pentane/EtOAc = 80:20, v/v) to afford compound 6 as an orange solid
(25 mg, 67 µmol, 11 %). Rf: 0.42 (DCM/MeOH = 96:4, v/v). 1H NMR (400 MHz, DMSO-d6)
δ 7.99 (s, 1H), 7.96 – 7.87 (m, 4H), 7.81 (AA’BB’, 2H), 7.60 (m, 3H), 6.40 (br s, 4H), 3.22
(s, 3H), 1.79 (s, 3H). 13C NMR (101 MHz, DMSO-d6) δ 163.5, 162.4, 160.1, 152.0, 151.4,
146.4, 131.6, 129.5, 127.0, 122.6, 93.7, 88.9, 82.3, 76.4, 52.0, 31.8. HRMS (ESI+) m/z
calc. for [M+H]+ (C21H21N6O+): 373.1771, found: 373.1775. M.p.: 149–150 °C.
(E)-5-{3-Methoxy-3-[3-(phenyldiazenyl)phenyl]but-1-yn-1-yl}pyrimidine-2,4-diamine (7)

Compound S10b (0.11 g, 0.43 mmol) was reacted following the general procedure C. The
residue was purified by flash chromatography (DCM/MeOH = 95:5, v/v) to afford
compound 7 as an orange solid (0.12 mg, 0.31 mmol, 72 %). Rf: 0.40 (DCM/MeOH = 95:5,
v/v). 1H NMR (400 MHz, DMSO-d6) δ 8.11 (s, 1H), 7.99 (s, 1H), 7.91 (dd, J = 7.9, 1.6 Hz,
2H), 7.87 (d, J = 7.9 Hz, 1H), 7.80 (d, J = 7.9 Hz, 1H), 7.65 (t, J = 7.8 Hz, 1H), 7.62 – 7.55
(m, 3H), 6.40 (br s, 4H), 3.22 (s, 3H), 1.81 (s, 3H). 13C NMR (101 MHz, DMSO-d6) δ 163.5,
162.4, 160.0, 151.9, 144.7, 131.6, 129.6, 129.5, 129.0, 122.6, 122.2, 119.7, 93.7, 88.9,
82.3, 76.5, 52.0, 31.9. HRMS (ESI+) m/z calc. for [M+H]+ (C21H21N6O+): 373.1771, found:
373.1776. M.p.: 105–107 °C.
(E)-1-{4-[(4-Methoxyphenyl)diazenyl]phenyl}ethan-1-one (S11a)

4-Methoxyaniline (1.8 g, 14 mmol) was reacted following the general procedure A. The
residue was purified by recrystallization from EtOAc to afford compound S11a as an
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orange solid (1.0 g, 4.0 mmol, 28 %). Rf: 0.18 (petroleum ether/EtOAc = 95:5, v/v). 1H
NMR (400 MHz, CDCl3) δ 8.09 (AA’BB’, 2H), 7.94 (m, 4H), 7.03 (AA’BB’, 2H), 3.90 (s, 3H),
2.65 (s, 3H). 13C NMR (101 MHz, CDCl3) δ 197.6, 162.9, 155.4, 147.2, 138.0, 129.5, 125.4,
122.7, 114.5, 55.8, 26.9. HRMS (ESI+) m/z calc. for [M+H]+ (C15H15N2O2+): 255.1128,
found: 255.1134. M.p.: 143–144 °C.
(E)-1-{4-[(1,3,5-Trimethyl-1H-pyrazol-4-yl)diazenyl]phenyl}ethan-1-one (S11b)

The compound was synthesized adapting a published procedure.86 1-(4Aminophenyl)ethan-1-one (11 mmol, 1.0 equiv) was dissolved in AcOH (30 mL) and aq.
HCl (conc., 1.5 mL) and NaNO2 (920 mg, 13 mmol, 1.2 equiv), dissolved in water (8.0 mL),
was added dropwise and stirred for 20 min. Then, the resulting mixture was added to
acetyl acetone (1.4 g, 1.5 mL, 14 mmol, 1.3 equiv) and NaOAc (2.7 g, 33 mmol, 3.0 equiv)
in ethanol (15 mL). The reaction mixture was stirred for 3 h at ambient temperature. The
formed yellow precipitate was filtered off and dried under high vacuum. The solid
(1.0 equiv) was dissolved in ethanol (0.16 L), methyl hydrazone (0.40 g, 8.8 mmol,
1.0 equiv, 0.46 mL) was added and the mixture stirred at 85 °C for 5 h. The solvent was
evaporated, and the crude material was purified by flash chromatography (10→100 %
EtOAc in petroleum ether). Compound S11b was isolated as a yellow solid (2.0 g, 7.7
mmol, 69 % over two steps). 1H NMR (400 MHz, DMSO-d6) δ 8.08 (AA’BB’, 2H), 7.81
(AA’BB’, 2H), 3.75 (s, 3H), 2.61 (s, 3H), 2.57 (s, 3H), 2.38 (s, 3H). 13C NMR (101 MHz,
DMSO-d6) δ 197.3, 155.6, 140.7, 136.8, 134.9, 129.5, 121.4, 36.0, 26.8, 13.8, 9.5. HRMS
(ESI+) m/z calc. for [M+H]+ (C14H17N4O+): 257.1397, found: 257.1400. M.p.: 112–114 °C.
(E)-1-{4-[2-Methoxy-4-(trimethylsilyl)but-3-yn-2-yl]phenyl}-2-(4-methoxyphenyl)diazene
(12a)

Compound S11a (0.70 g, 2.8 mmol) was reacted following the general procedure D. The
residue was purified by flash chromatography (petroleum ether/EtOAc = 88:12, v/v) to
afford compound S12a as an orange solid (0.89 g, 2.4 mmol, 89 %). Rf: 0.73 (petroleum
ether/EtOAc = 88:12, v/v). 1H NMR (400 MHz, CDCl3) δ 7.93 (AA’BB’, 2H), 7.87 (AA’BB’,
2H), 7.72 (AA’BB’, 2H), 7.02 (AA’BB’, 2H), 3.90 (s, 3H), 3.24 (s, 3H), 1.74 (s, 3H), 0.27 (s,
9H). 13C NMR (101 MHz, CDCl3) δ 162.3, 152.5, 147.2, 145.0, 127.0, 125.0, 122.6, 114.4,
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105.1, 92.7, 76.7, 55.7, 52.6, 32.6, 0.1. HRMS (ESI+) m/z calc. for [M+H]+ (C21H27N2O2Si+):
367.1836, found: 367.1842. M.p.: 59–62 °C.
(E)-4-{[4-(2-Methoxy-4-(trimethylsilyl)but-3-yn-2-yl)phenyl]diazenyl}-1,3,5-trimethyl-1Hpyrazole (12b)

Compound S11b (1.5 g, 5.9 mmol) was reacted following the general procedure D. The
residue was purified by flash chromatography (petroleum ether/EtOAc = 7:3, v/v) to afford
compound S12b as an orange oil (1.9 g, 1.9 mmol, 89 %). Rf: 0.31 (petroleum ether/EtOAc
= 7:3, v/v). 1H NMR (400 MHz, CDCl3) δ 7.77 (AA’BB’, 2H), 7.67 (AA’BB’, 2H), 3.78 (s,
3H), 3.22 (s, 3H), 2.57 (s, 3H), 2.50 (s, 3H), 1.73 (s, 3H), 0.26 (s, 9H). 13C NMR (101 MHz,
CDCl3) δ 153.3, 143.7, 142.6, 138.9, 135.3, 126.8, 121.7, 105.3, 92.6, 76.7, 52.6, 36.1,
32.6, 14.0, 10.1, 0.1. HRMS (ESI+) m/z calc. for [M+H]+ (C20H29N4OSi+): 369.2105, found:
369.2110.
(E)-1-[4-(2-Methoxybut-3-yn-2-yl)phenyl]-2-(4-methoxyphenyl)diazene (S13a)

Compound S12a (0.60 g, 1.4 mmol) was reacted following the general procedure B.
Purification by flash chromatography was not required. The product S13a was obtained
as an orange solid (0.31 mg, 0.89 mmol, 63 %). An analytical sample was prepared by
recrystallization from MeCN/Pentane to give compound S13a as orange crystals. Rf: 0.55
(petroleum ether/EtOAc = 9:1, v/v). 1H NMR (400 MHz, CDCl3) δ 7.93 (AA’BB’, 2H), 7.87
(AA’BB’, 2H), 7.73 (AA’BB’, 2H), 7.02 (AA’BB’, 2H), 3.90 (s, 3H), 3.26 (s, 3H), 2.77 (s, 1H),
1.77 (s, 3H). 13C NMR (101 MHz, CDCl3) δ 162.3, 152.5, 147.2, 144.5, 126.9, 125.0, 122.6,
114.4, 83.5, 76.4, 75.9, 55.8, 52.8, 32.6. HRMS (ESI+) m/z calc. for [M+H]+ (C18H19N2O2+):
295.1441, found: 295.1444. M.p.: 93–95 °C.
(E)-4-{{4-(2-Methoxybut-3-yn-2-yl)phenyl]diazenyl}-1,3,5-trimethyl-1H-pyrazole (S13b)

Compound S12b (1.9 g, 5.1 mmol) was reacted following the general procedure B. The
residue was purified by flash chromatography (petroleum ether/EtOAc = 8:2, v/v) to afford
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compound S13b as an orange solid (1.5 mg, 5.1 mmol, 95 %). Rf: 0.33 (petroleum
ether/EtOAc = 1:1, v/v). 1H NMR (400 MHz, CDCl3) δ 7.77 (AA’BB’, 2H), 7.69 (AA’BB’,
2H), 3.78 (s, 3H), 3.25 (s, 3H), 2.76 (s, 1H), 2.58 (s, 3H), 2.50 (s, 3H), 1.76 (s, 3H). 13C
NMR (101 MHz, CDCl3) δ 153.4, 143.3, 142.6, 139.0, 135.4, 126.8, 121.8, 83.6, 76.4,
75.8, 52.7, 36.2, 32.7, 14.0, 10.1. HRMS (ESI+) m/z calc. for [M+H]+ (C17H21N4O+):
297.1710, found: 297.1714. M.p.: 60–62 °C.
(E)-5-{3-Methoxy-3-[4-((4-methoxyphenyl)diazenyl]phenyl}but-1-yn-1-yl)pyrimidine-2,4diamine (8)

Compound S13a (0.25 g, 0.85 mmol) was reacted following the general procedure C. The
residue was purified by flash chromatography (DCM/MeOH = 97:3, v/v) to afford
compound 8 as an orange solid (0.23 g, 0.57 mmol, 76 %). Rf: 0.44 (DCM/MeOH = 96:4,
v/v). 1H NMR (400 MHz, DMSO-d6) δ 7.99 (s, 1H), 7.90 (AA’BB’, 2H), 7.87 (AA’BB’, 2H),
7.78 (AA’BB’, 2H), 7.14 (AA’BB’, 2H), 6.40 (br s, 4H), 3.87 (s, 3H), 3.21 (s, 3H), 1.78 (s,
3H). 13C NMR (101 MHz, DMSO-d6) δ 163.5, 162.4, 162.1, 160.1, 151.5, 146.2, 145.6,
126.9, 124.6, 122.2, 114.6, 93.8, 88.9, 82.2, 76.4, 55.7, 52.0, 31.8. HRMS (ESI+) m/z calc.
for [M+H]+ (C22H23N6O2+): 403.1877, found: 403.1884. M.p.: 186–189 °C.
(E)-5-(3-Methoxy-3-(4-((1,3,5-trimethyl-1H-pyrazol-4-yl)diazenyl)phenyl)but-1-yn-1yl)pyrimidine-2,4-diamine (9)

Compound S13b (0.62 g, 2.1 mmol) was reacted following the general procedure C. The
residue was purified by flash chromatography (DCM/MeOH = 95:5, v/v) to afford
compound 9 as an orange solid (0.49 g, 1.2 mmol, 70 %). An analytical sample was further
purified by preparative HPLC. Rf: 0.49 (DCM/MeOH = 9:1, v/v). 1H NMR (400 MHz, CDCl3)
δ 8.13 (s, 1H), 7.79 (AA’BB’, 2H), 7.71 (AA’BB’, 2H), 5.19 (br s, 2H), 4.96 (br s, 2H), 3.79
(s, 3H), 3.29 (s, 3H), 2.58 (s, 3H), 2.50 (s, 3H), 1.84 (s, 3H). 13C NMR (101 MHz, CDCl3)
δ 164.0, 162.0, 160.2, 153.5, 143.8, 142.6, 139.0, 135.4, 126.7, 121.9, 96.0, 92.0, 80.9,
77.2, 52.8, 36.2, 32.8, 14.0, 10.12. HRMS (ESI+) m/z calc. for [M+H]+ (C22H20ClN6O3+):
405.2146, found: 405.2151. M.p.: 162–164 °C.
Methyl (E)-3-[(4-acetylphenyl)diazenyl]benzoate (S14a)
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Methyl 3-aminobenzoate (2.0 g, 14 mmol) was reacted following the general procedure A.
The residue was purified by flash chromatography (toluene/EtOAc = 96:4, v/v) to afford
compound S14a as an orange solid (2.7 g, 9.5 mmol, 69 %). Rf: 0.55 (toluene/EtOAc =
95:5, v/v). 1H NMR (400 MHz, CDCl3) δ 8.60 (s, 1H), 8.19 (AA’BB’, 1H), 8.16 – 8.10 (m,
3H), 8.00 (AA’BB’, 2H), 7.62 (t, J = 7.8 Hz, 1H), 3.98 (s, 3H), 2.67 (s, 3H). 13C NMR (101
MHz, CDCl3) δ 197.5, 166.6, 154.9, 152.6, 138.9, 132.5, 131.6, 129.6, 129.5, 127.4, 124.4,
123.2, 52.6, 27.0. HRMS (APCI+) m/z calc. for [M+H]+ (C16H15N2O3+): 283.1077, found:
283.1084. M.p.: 123–125 °C.
Methyl (E)-4-[(4-acetylphenyl)diazenyl]benzoate (S14b)

Methyl 4-aminobenzoate (0.82 g, 5.5 mmol) was reacted following the general procedure
A. The residue was purified by flash chromatography (toluene/EtOAc = 98:2, v/v) to afford
compound S14b as an orange solid (0.86 g, 3.0 mmol, 56 %). Rf: 0.45 (toluene/EtOAc =
98:2, v/v). 1H NMR (400 MHz, CDCl3) δ 8.21 (AA’BB’, 2H), 8.13 (AA’BB’, 2H), 8.03 – 7.97
(m, 4H), 3.97 (s, 3H), 2.68 (s, 3H). 13C NMR (101 MHz, CDCl3) δ 197.5, 166.5, 155.1,
155.0, 139.0, 132.6, 130.8, 129.6, 123.3, 123.1, 52.6, 27.0. HRMS (APCI+) m/z calc. for
[M+H]+ (C16H15N2O3+): 283.1077, found: 283.1084. M.p.: 185–189 °C.
Methyl
(S15a)

(E)-3-{[4-(2-methoxy-4-(trimethylsilyl)but-3-yn-2-yl)phenyl]diazenyl}benzoate

Compound S15a (1.5 g, 5.3 mmol) was reacted following the general procedure D. The
residue was purified by flash chromatography (pentane/Et2O = 95:5, v/v) to afford
compound S15a as an orange solid (1.0 g, 2.6 mmol, 48 %). Rf: 0.38 (pentane/Et2O =
95:5, v/v). 1H NMR (400 MHz, DMSO-d6) δ 8.38 (s, 1H), 8.17 (m, 2H), 7.98 (AA’BB’, 2H),
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7.77 (m, 3H), 3.92 (s, 3H), 3.16 (s, 3H), 1.67 (s, 3H), 0.25 (s, 9H). 13C NMR (101 MHz,
DMSO-d6) δ 165.6, 151.9, 151.4, 146.0, 131.8, 131.0, 130.3, 127.8, 126.9, 122.9, 122.1,
105.1, 92.4, 75.9, 52.5, 51.9, 31.6, -0.1. HRMS (ESI+) m/z calc. for [M+H]+
(C22H27N2O3Si+): 395.1786, found: 395.1794. M.p.: < 50 °C.
Methyl
(S15b)

(E)-4-{[4-(2-methoxy-4-(trimethylsilyl)but-3-yn-2-yl)phenyl]diazenyl}benzoate

Compound S14b (0.40 g, 1.4 mmol) was reacted following the general procedure D. The
residue was purified by flash chromatography (pentane/Et2O = 70:30, v/v) to afford
compound S15b as an orange solid (0.18 g, 0.46 mmol, 32 %). Rf: 0.58 (petroleum
ether/EtOAc = 95:5, v/v). 1H NMR (400 MHz, CDCl3) δ 8.20 (AA’BB’, 2H), 7.95 (AA’BB’,
2H), 7.94 (d, J = 8.7 Hz, 2H), 7.76 (d, J = 8.7 Hz, 2H), 3.96 (s, 3H), 3.25 (s, 3H), 0.27 (s,
9H). 13C NMR (101 MHz, CDCl3) δ 166.7, 155.3, 152.3, 146.6, 132.0, 130.8, 127.1, 123.2,
122.8, 104.9, 93.0, 52.7, 52.5, 32.6, 29.9, 0.1. HRMS (ESI+) m/z calc. for [M+H]+
(C22H27N2O3Si+): 395.1786, found: 395.1791. M.p.: 86–89 °C.
Methyl (E)-3-{[4-(2-methoxybut-3-yn-2-yl)phenyl]diazenyl}benzoate (S16a)

Compound S15a (0.9 g, 2.3 mmol) was reacted following the general procedure B.
Purification by flash chromatography was not required. The product S16a was obtained
as an orange solid (0.71 g, 2.2 mmol, 95 %). Rf: 0.49 (pentane/EtOAc = 95:5, v/v). 1H NMR
(400 MHz, CDCl3) δ 8.55 (s, 1H), 8.12 (d, J = 7.8 Hz, 1H), 8.07 (d, J = 7.8 Hz, 1H), 7.92
(AA’BB’, 2H), 7.75 (AA’BB’, 2H), 7.55 (t, J = 7.8 Hz, 1H), 3.94 (s, 3H), 3.25 (s, 3H), 2.78
(s, 1H), 1.76 (s, 3H). 13C NMR (101 MHz, CDCl3) δ 166.5, 152.6, 152.1, 145.7, 131.8,
131.3, 129.2, 127.0, 126.9, 124.1, 123.1, 83.3, 76.3, 76.1, 52.7, 52.4, 32.5. HRMS (APCI+)
m/z calc. for [M+H]+ (C19H19N2O3+): 323.1390, found: 323.1389. M.p.: 59-61 °C.
Methyl (E)-4-{[4-(2-methoxybut-3-yn-2-yl)phenyl]diazenyl}benzoate (S16b)
O
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Compound S15b (0.16 g, 0.41 mmol) was reacted following the general procedure B.
Purification by flash chromatography was not required. The product S16b was obtained
as an orange solid (0.13 g, 0.39 mmol, 95 %). Rf: 0.45 (pentane/EtOAc = 95:5, v/v). 1H
NMR (400 MHz, CDCl3) δ 8.20 (AA’BB’, 2H), 7.95 (AA’BB’, 2H), 7.95 (AA’BB’, 2H), 7.77
(AA’BB’, 2H), 3.96 (s, 3H), 3.27 (s, 3H), 2.78 (s, 1H), 1.78 (s, 3H). 13C NMR (101 MHz,
CDCl3) δ 166.7, 155.3, 152.3, 146.1, 132.0, 130.8, 127.0, 123.3, 122.8, 83.3, 76.4, 76.1,
52.8, 52.5, 32.6. HRMS (APCI+) m/z calc. for [M+H]+ (C19H19N2O3+): 323.1390, found:
323.1388. M.p.: 119–122 °C.
Methyl (E)-3-{[4-(4-(2,4-diaminopyrimidin-5-yl)-2-methoxybut-3-yn-2-yl]phenyl}diazenyl)
benzoate (S17a)

Compound S16a (0.24 g, 0.75 mmol) was reacted following the general procedure C. The
residue was purified by flash chromatography (DCM/MeOH = 96:4, v/v) to afford
compound S17a as an orange solid (0.22 g, 0.52 mmol, 69 %). Rf: 0.42 (DCM/MeOH =
96:4, v/v). 1H NMR (400 MHz, DMSO-d6) δ 8.39 (s, 1H), 8.19 (d, J = 7.7 Hz, 1H), 8.15 (d,
J = 7.7 Hz, 1H), 7.98 (m, 3H), 7.83 (AA’BB’, 2H), 7.78 (t, J = 7.7 Hz, 1H), 6.40 (br s, 4H),
3.92 (s, 3H), 3.22 (s, 3H), 1.79 (s, 3H). 13C NMR (101 MHz, DMSO-d6) δ 165.6, 163.5,
162.4, 160.1, 151.9, 151.2, 147.0, 131.7, 131.0, 130.2, 127.8, 127.1, 122.8, 122.0, 93.6,
88.9, 82.3, 76.4, 52.5, 52.0, 31.8. HRMS (ESI+) m/z calc. for [M+H]+ (C23H23N6O3+):
431.1826, found: 431.1835. M.p. (dec.): 175 °C.
Methyl (E)-4-{[4-(4-(2,4-diaminopyrimidin-5-yl)-2-methoxybut-3-yn-2-yl)phenyl]diazenyl}
benzoate (S17b)

Compound S16b (0.24 g, 0.75 mmol) was reacted following the general procedure C. The
residue was purified by flash chromatography (DCM/MeOH = 96:4, v/v) to afford
compound S17b as an orange solid (0.22 g, 0.52 mmol, 53 %). Rf: 0.39 (DCM/MeOH =
96:4, v/v). 1H NMR (400 MHz, DMSO-d6) δ 8.20 – 8.15 (AA’BB’, 2H), 7.99 (m, 5H), 7.84
(AA’BB’, 2H), 6.39 (br s, 4H), 3.91 (s, 3H), 3.23 (s, 3H), 1.79 (s, 3H). 13C NMR (101 MHz,
DMSO-d6) δ 165.6, 163.5, 162.4, 160.1, 154.5, 151.4, 147.3, 131.6, 130.6, 127.1, 122.9,

189

Rational drug design in photopharmacology

122.7, 93.5, 88.9, 82.4, 76.4, 52.5, 52.0, 31.8. HRMS (ESI+) m/z calc. for [M+H]+
(C23H23N6O3+): 431.1826, found: 431.1827. M.p. (dec.): 205 °C.
(E)-3-{[4-(4-(2,4-diaminopyrimidin-5-yl)-2-methoxybut-3-yn-2-yl)phenyl]diazenyl}benzoic
acid (10)

Compound S17a (0.14 g, 0.33 mmol) was reacted following the general procedure E. The
residue was dispersed in 10 mL of a 9:1 mixture of DCM and MeOH and sonicated. The
solid was filtered off to afford compound 10 as an orange solid (0.11 g, 0.26 mmol, 78 %).
Rf: 0.50 (DCM/MeOH/AcOH = 9:1:0.1, v/v). 1H NMR (400 MHz, DMSO-d6) δ 8.38 (s, 1H),
8.14 (t, J = 8.0 Hz, 2H), 8.01 – 7.94 (m, 3H), 7.83 (AA’BB’, 2H), 7.74 (t, J = 8.0 Hz, 1H),
7.31 (s, 1H), 6.41 (br s, 4H), 3.22 (s, 3H), 1.79 (s, 3H). 13C NMR (101 MHz, DMSO-d6) δ
166.7, 163.5, 162.3, 159.9, 151.9, 151.3, 146.9, 132.5, 131.9, 130.0, 127.3, 127.1, 122.8,
122.2, 93.6, 88.9, 82.2, 76.4, 52.0, 31.8. HRMS (ESI+) m/z calc. for [M+H]+ (C22H21N6O3+):
417.1670, found: 417.1674. M.p. (dec.): 190 °C.
(E)-4-{[4-(4-(2,4-diaminopyrimidin-5-yl)-2-methoxybut-3-yn-2-yl)phenyl]diazenyl}benzoic
acid (11)

Compound S17b (64 mg, 0.15 mmol) was reacted following the general procedure E. The
residue was dispersed in 10 mL of a 9:1 mixture of DCM and MeOH and sonicated. The
solid was filtered off to afford compound 11 as an orange solid (25 mg, 60 µmol, 40 %).
Rf: 0.47 (DCM/MeOH/AcOH = 90:9:1, v/v). 1H NMR (400 MHz, DMSO-d6) δ 8.13 (AA’BB’,
2H), 7.99 – 7.92 (m, 5H), 7.81 (AA’BB’, 2H), 6.38 (br s, 4H), 3.20 (s, 3H), 1.77 (s, 3H). 13C
NMR (101 MHz, DMSO-d6) δ 166.8, 163.5, 162.3, 159.9, 154.3, 151.4, 147.2, 133.2,
130.7, 127.2, 122.9, 122.6, 93.7, 89.0, 82.3, 76.5, 52.1, 31.8. HRMS (ESI+) m/z calc. for
[M+H]+ (C22H21N6O3+): 417.1670, found: 417.1675. M.p. (dec.): 248 °C.
Methyl (E)-5-[(4-acetylphenyl)diazenyl]-2-methylbenzoate (S18a)
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Methyl 5-amino-2-methylbenzoate (1.9 g, 12 mmol) was reacted following the general
procedure A. The residue was purified by flash chromatography (petroleum ether/DCM =
50:50, v/v) to afford compound S18a as an orange solid (2.6 g, 8.9 mmol, 76 %). Rf: 0.22
(petroleum ether/DCM = 50:50, v/v). 1H NMR (400 MHz, CDCl3) δ 8.50 (d, J = 2.1 Hz, 1H),
8.10 (AA’BB’, 2H), 7.96 (m, 3H), 7.40 (d, J = 8.2 Hz, 1H), 3.95 (s, 3H), 2.69 (s, 3H), 2.66
(s, 3H). 13C NMR (101 MHz, CDCl3) δ 197.5, 167.4, 155.0, 150.7, 144.4, 138.6, 132.8,
130.5, 129.5, 126.2, 125.7, 123.1, 52.2, 27.0, 22.0. HRMS (ESI+) m/z calc. for [M+H]+
(C17H17N2O3+): 297.1234, found: 297.1232. M.p.: 108–111 °C.
Methyl (E)-5-[(4-acetylphenyl)diazenyl]-2-chlorobenzoate (S18b)

Methyl 5-amino-2-chlorobenzoate (2.0 g, 11 mmol) was reacted following the general
procedure A. The residue was purified by flash chromatography (petroleum ether/EtOAc
= 9:1, v/v) to afford compound S18b as an orange solid (1.6 g, 5.1 mmol, 47 %). Rf: 0.36
(petroleum ether/EtOAc = 9:1, v/v). 1H NMR (400 MHz, CDCl3) δ 8.43 (d, J = 2.4 Hz, 1H),
8.11 (d, J = 8.6 Hz, 2H), 8.02 – 7.99 (m, 3H), 7.62 (d, J = 8.6 Hz, 1H), 3.99 (s, 3H), 2.67
(s, 3H). 13C NMR (101 MHz, CDCl3) δ 197.5, 165.6, 154.7, 150.6, 139.0, 137.0, 132.2,
131.0, 129.6, 126.6, 126.3, 123.3, 52.9, 27.0. HRMS (APCI+) m/z calc. for [M+H]+
(C16H14ClN2O3+): 317.0688 (35Cl, 75 %), 319.0658 (37Cl, 25 %); found: 317.0694 (35Cl, 75
%), 319.0660 (35Cl, 25 %). M.p.: 124–126 °C.
Methyl (E)-4-[(4-acetylphenyl)diazenyl]-2-methylbenzoate (S18c)

Methyl 4-amino-2-methylbenzoate (2.6 g, 16 mmol) was reacted following the general
procedure A. The residue was purified by flash chromatography (petroleum ether/DCM =
50:50, v/v) to afford compound S18c as an orange solid (3.9 g, 13 mmol, 83 %). Rf: 0.63
(pentane/EtOAc = 8:2, v/v). 1H NMR (400 MHz, CDCl3) δ 8.12 (AA’BB’, 2H), 8.07 (d, J =
8.3 Hz, 1H), 7.99 (AA’BB’, 2H), 7.82 – 7.76 (m, 2H), 3.94 (s, 3H), 2.71 (s, 3H), 2.67 (s,
3H). 13C NMR (101 MHz, CDCl3) δ 197.5, 167.6, 155.0, 154.1, 141.7, 138.9, 132.2, 131.8,
129.5, 126.4, 123.2, 120.1, 52.2, 27. 0, 22.0. HRMS (APCI+) m/z calc. for [M+H]+
(C17H17N2O3+): 297.1234, found: 297.1237. M.p.: 99–100 °C.
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Methyl (E)-4-[(4-acetylphenyl)diazenyl]-2-chlorobenzoate (S18d)

Methyl 4-amino-2-chlorobenzoate (3.0 g, 16 mmol) was reacted following the general
procedure A. The residue was purified by flash chromatography (Toluene/EtOAc = 98:2,
v/v) to afford compound S18d as an orange solid (2.0 g, 6.4 mmol, 40 %). Rf: 0.49
(Toluene/EtOAc = 98:2, v/v). 1H NMR (400 MHz, CDCl3) δ 8.13 (AA’BB’, 2H), 8.00 (m,
4H), 7.89 (dd, J = 8.4, 1.8 Hz, 1H), 3.98 (s, 3H), 2.68 (s, 3H). 13C NMR (101 MHz, CDCl3)
δ 197.4, 165.7, 154.7, 154.3, 139.3, 135.0, 132.4, 132.1, 129.6, 125.0, 123.5, 121.8, 52.8,
27.0. HRMS (ESI+) m/z calc. for [M+H]+ (C16H14ClN2O3+): 317.0688 (35Cl, 75 %), 319.0658
(37Cl, 25 %); found: 317.0689 (35Cl, 75 %), 319.0659 (37Cl, 25 %). M.p.: 123–125 °C.
Methyl
(E)-5-{[4-(2-methoxy-4-(trimethylsilyl)but-3-yn-2-yl)phenyl]diazenyl}-2-methyl
benzoate (S19a)

Compound S18a (1.6 g, 5.4 mmol) was reacted following the general procedure D. The
residue was purified by flash chromatography (petroleum ether/EtOAc = 98:2, v/v) to afford
compound S19a as an orange solid (1.4 g, 3.4 mmol, 63 %). Rf: 0.59 (petroleum
ether/EtOAc = 9:1, v/v). 1H NMR (400 MHz, CDCl3) δ 8.48 (d, J = 2.1 Hz, 1H), 7.96 (dd, J
= 8.2, 2.1 Hz, 1H), 7.92 (AA’BB’, 2H), 7.74 (AA’BB’, 2H), 7.39 (d, J = 8.2 Hz, 1H), 3.95 (s,
3H), 3.25 (s, 3H), 2.69 (s, 3H), 1.74 (s, 3H), 0.27 (s, 9H). 13C NMR (101 MHz, CDCl3) δ
167.6, 152.2, 150.8, 145.9, 143.5, 132.7, 130.5, 127.0, 125.9, 125.5, 122.9, 105.0, 92.8,
76.7, 52.7, 52.2, 32.6, 21.9, 0.1. HRMS (ESI+) m/z calc. for [M+H]+ (C23H29N2O3Si+):
409.1942, found: 409.1950. M.p. < 50 °C.
Methyl
(E)-2-chloro-5-{[4-(2-methoxy-4-(trimethylsilyl)but-3-yn-2-yl)phenyl]diazenyl}
benzoate (S19b)
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Compound S18b (0.60 g, 1.9 mmol) was reacted following the general procedure D. The
residue was purified by flash chromatography (petroleum ether/EtOAc = 9:1, v/v) to afford
compound S19b as an orange solid (0.15 g, 0.36 mmol, 19 %). Rf: 0.68 (petroleum
ether/EtOAc = 9:1, v/v). 1H NMR (400 MHz, CDCl3) δ 8.39 (d, J = 2.4 Hz, 1H), 7.97 (dd, J
= 8.5, 2.4 Hz, 1H), 7.92 (AA’BB’, 2H), 7.75 (AA’BB’, 2H), 7.59 (d, J = 8.5 Hz, 1H), 3.98 (s,
3H), 3.25 (s, 3H), 1.74 (s, 3H), 0.27 (s, 9H). 13C NMR (101 MHz, CDCl3) δ 165.7, 152.0,
150.8, 146.6, 136.2, 132.1, 130.9, 127.1, 126.3, 126.2, 123.1, 104.8, 92.9, 76.7, 52.8,
52.7, 32.6, 0.1. HRMS (ESI+) m/z calc. for [M+H]+ (C22H26ClN2O3Si+): 429.1396 (35Cl, 75
%), 431.1366 (37Cl, 25 %); found: 429.1391 (35Cl, 75 %), 431.1350 (37Cl, 25 %). M.p.: 55–
57 °C.
Methyl
(E)-4-{[4-(2-methoxy-4-(trimethylsilyl)but-3-yn-2-yl)phenyl]diazenyl}-2-methyl
benzoate (S19c)

Compound S18c (0.90 g, 3.0 mmol) was reacted following the general procedure D. The
residue was purified by flash chromatography (petroleum ether/EtOAc = 98:2, v/v) to afford
compound S19c as an orange oil (0.55 g, 1.4 mmol, 45 %). Rf: 0.49 (petroleum
ether/EtOAc = 98:2, v/v). 1H NMR (400 MHz, CDCl3) δ 8.06 (d, J = 8.2 Hz, 1H), 7.93
(AA’BB’, 2H), 7.75 (m, 4H), 3.93 (s, 3H), 3.25 (s, 3H), 2.71 (s, 3H), 1.74 (s, 3H), 0.27 (s,
9H). 13C NMR (101 MHz, CDCl3) δ 167.7, 154.3, 152.3, 146.4, 141.7, 131.8, 131.5, 127.1,
126.0, 123.1, 119.9, 104.9, 92.9, 76.7, 52.7, 52.2, 32.6, 22.0, 0.1. HRMS (ESI+) m/z calc.
for [M+H]+ (C23H29N2O3Si+): 409.1942, found: 409.1944. M.p.: 69–72 °C.
Methyl
(E)-2-chloro-4-{[4-(2-methoxy-4-(trimethylsilyl)but-3-yn-2yl)phenyl]diazenyl}benzoate (S19d)

Compound S18d (1.6 g, 5.1 mmol) was reacted following the general procedure D. The
residue was purified by flash chromatography (petroleum ether/EtOAc = 97:3, v/v) to afford
compound S19d as an orange solid (0.55 g, 1.3 mmol, 25 %). Rf: 0.43 (petroleum
ether/EtOAc = 96:4, v/v). 1H NMR (400 MHz, CDCl3) δ 8.02 – 7.97 (m, 2H), 7.94 (AA’BB’,
2H), 7.85 (dd, J = 8.2, 1.9 Hz, 1H), 7.76 (AA’BB’, 2H), 3.97 (s, 3H), 3.26 (s, 3H), 1.74 (s,
3H), 0.27 (s, 9H). 13C NMR (101 MHz, CDCl3) δ 165.8, 154.6, 152.0, 147.1, 134.9, 132.4,
131.4, 127.1, 124.7, 123.4, 121.6, 104.8, 93.0, 76.7, 52.8, 52.7, 32.6, 0.1. HRMS (ESI+)
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m/z calc. for [M+H]+ (C22H26ClN2O3Si+): 429.1396 (35Cl, 75 %), 431.1366 (37Cl, 25 %);
found: 429.1394 (35Cl, 75 %), 431.1356 (37Cl, 25 %). M.p.: 50–52 °C.
Methyl (E)-5-{[4-(2-methoxybut-3-yn-2-yl)phenyl]diazenyl}-2-methylbenzoate (S20a)

Compound S19a (1.0 g, 2.5 mmol) was reacted following the general procedure B.
Purification by flash chromatography was not required. The product S20a was obtained
as an orange solid (0.71 g, 2.1 mmol, 83 %). Rf: 0.36 (petroleum ether/EtOAc = 96:4, v/v).
1H NMR (400 MHz, CDCl ) δ 8.48 (d, J = 2.1 Hz, 1H), 7.96 (dd, J = 8.2, 2.1 Hz, 1H), 7.92
3
(AA’BB’, 2H), 7.76 (AA’BB’, 2H), 7.39 (d, J = 8.2 Hz, 1H), 3.95 (s, 3H), 3.27 (s, 3H), 2.78
(s, 1H), 2.69 (s, 3H), 1.78 (s, 3H). 13C NMR (101 MHz, CDCl3) δ 167.6, 152.3, 150.8,
145.5, 143.6, 132.7, 130.5, 127.0, 125.9, 125.5, 123.0, 83.4, 76.4, 76.0, 52.8, 52.2, 32.6,
21.9. HRMS (ESI+) m/z calc. for [M+H]+ (C20H21N2O3+): 337.1547, found: 337.1553. M.p.:
90–92 °C.
Methyl (E)-2-chloro-5-{[4-(2-methoxybut-3-yn-2-yl)phenyl]diazenyl}benzoate (S20b)

Compound S19b (0.14 g, 0.32 mmol) was reacted following the general procedure B.
Purification by flash chromatography was not required. The product S20b was obtained
as an orange solid (99 mg, 0.28 mmol, 88 %). Rf: 0.65 (petroleum ether/EtOAc = 8:2, v/v).
1H NMR (400 MHz, CDCl ) δ 8.39 (d, J = 2.4 Hz, 1H), 7.97 (dd, J = 8.5, 2.4 Hz, 1H), 7.92
3
(AA’BB’, 2H), 7.76 (AA’BB’, 2H), 7.60 (d, J = 8.5 Hz, 1H), 3.98 (s, 3H), 3.27 (s, 3H), 2.78
(s, 1H), 1.77 (s, 3H). 13C NMR (101 MHz, CDCl3) δ 165.7, 152.1, 150.8, 146.1, 136.2,
132.1, 130.9, 127.0, 126.3, 126.2, 123.2, 83.3, 76.4, 76.1, 52.8, 32.6. HRMS (ESI+) m/z
calc. for [M+H]+ (C19H18ClN2O3+): 357.1000 (35Cl, 75 %), 359.0971 (37Cl, 25 %); found:
357.1003 (35Cl, 75 %), 359.0968 (37Cl, 25 %). M.p.: 67–68 °C.
Methyl (E)-4-{[4-(2-methoxybut-3-yn-2-yl)phenyl]diazenyl}-2-methylbenzoate (S20c)

Compound S19c (0.50 g, 1.2 mmol) was reacted following the general procedure B. The
residue was purified by flash chromatography (petroleum ether/EtOAc = 98:2, v/v) to afford
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compound S20c as an orange solid (0.38 mg, 1.1 mmol, 92 %). Rf: 0.40 (petroleum
ether/EtOAc = 98:2, v/v). 1H NMR (400 MHz, CDCl3) δ 8.06 (d, J = 8.2 Hz, 1H), 7.96 –
7.90 (m, 2H), 7.79 – 7.72 (m, 4H), 3.93 (s, 3H), 3.27 (s, 3H), 2.78 (s, 1H), 2.71 (s, 3H),
1.78 (s, 3H). 13C NMR (101 MHz, CDCl3) δ 167.7, 154.3, 152.4, 145.9, 141.7, 131.8, 131.5,
127.0, 126.1, 123.2, 119.9, 83.3, 76.4, 76.1, 52.8, 52.2, 32.6, 22.0. HRMS (ESI+) m/z calc.
for [M+H]+ (C20H21N2O3+): 337.1547, found: 337.1551. M.p.: 68–72 °C.
(E)-2-Chloro-4-{[4-(2-methoxybut-3-yn-2-yl)phenyl]diazenyl}benzoic acid (S22)

Compound S19d (0.60 g, 1.4 mmol) was reacted following the general procedure B. The
residue was purified by flash chromatography (DCM/MeOH/AcOH = 90:9:1, v/v) to afford
compound S22 as an orange solid (0.31 mg, 0.89 mmol, 63 %). Rf: 0.78
(DCM/MeOH/AcOH = 90:9:1, v/v). 1H NMR (400 MHz, CDCl3) δ 8.19 (d, J = 8.3 Hz, 1H),
8.02 (d, J = 1.7 Hz, 1H), 7.96 (AA’BB’, 2H), 7.89 (dd, J = 8.3, 1.8 Hz, 1H), 7.79 (AA’BB’,
2H), 3.29 (s, 3H), 2.79 (s, 1H), 1.78 (s, 3H). 13C NMR (101 MHz, CDCl3) δ 169.5, 155.1,
152.1, 146.8, 135.9, 133.4, 129.9, 127.1, 125.1, 123.5, 121.6, 121.1, 83.2, 76.4, 76.3,
76.2, 52.9, 32.6, 29.9. HRMS (ESI-) m/z calc. for [M-H]- (C18H14ClN2O3-): 341.0688 (35Cl,
75 %), 343.0658 (37Cl, 25 %); found: 341.0696 (35Cl, 75 %), 343.0665 (37Cl, 25 %). M.p.:
160–164 °C.
Methyl (E)-5-{[4-(4-(2,4-diaminopyrimidin-5-yl)-2-methoxybut-3-yn-2-yl)phenyl]diazenyl}2-methylbenzoate (S21a)

Compound S20a (0.59 g, 1.7 mmol) was reacted following the general procedure C. The
residue was purified by flash chromatography (DCM/MeOH = 97:3, v/v) to afford
compound S21a as an orange solid (0.57 g, 1.28 mmol, 45 %). Rf: 0.45 (DCM/MeOH =
97:3, v/v). 1H NMR (400 MHz, DMSO-d6) δ 8.30 (d, J = 2.3 Hz, 1H), 7.99 (m, 2H), 7.93 (d,
J = 8.7 Hz, 2H), 7.81 (d, J = 8.7 Hz, 2H), 7.55 (d, J = 8.2 Hz, 1H), 6.41 (br s, 4H), 3.88 (s,
3H), 3.22 (s, 3H), 2.60 (s, 3H), 1.79 (s, 3H). 13C NMR (101 MHz, DMSO-d6) δ 166.6, 163.5,
162.4, 160.1, 151.3, 149.9, 146.7, 142.9, 133.0, 130.3, 127.0, 125.9, 123.9, 122.7, 93.6,
88.9, 82.3, 76.4, 52.2, 52.0, 31.8, 21.1. HRMS (ESI+) m/z calc. for [M+H]+ (C24H25N6O3+):
445.1983, found: 445.1986. M.p.: 173–175 °C.

195

Rational drug design in photopharmacology

Methyl
(E)-2-chloro-5-{[4-(4-(2,4-diaminopyrimidin-5-yl)-2-methoxybut-3-yn-2yl)phenyl]diazenyl}benzoate (S21b)

Compound S20b (96 mg, 0.27 mmol) was reacted following the general procedure C. The
residue was purified by flash chromatography (DCM/MeOH = 97:3, v/v) to afford
compound S21b as an orange solid (45 mg, 97 µmol, 41 %). Rf: 0.37 (DCM/MeOH = 96:4,
v/v). 1H NMR (400 MHz, CDCl3) δ 8.40 (d, J = 2.4 Hz, 1H), 8.14 (s, 1H), 7.98 (dd, J = 8.6,
2.4 Hz, 1H), 7.94 (AA’BB’, 2H), 7.78 (AA’BB’, 2H), 7.60 (d, J = 8.6 Hz, 1H), 5.21 (br s, 2H),
5.02 (br s, 2H), 3.99 (s, 3H), 3.32 (s, 3H), 1.85 (s, 3H). 13C NMR (101 MHz, CDCl3) δ
165.7, 163.9, 162.0, 160.4, 152.1, 150.7, 146.6, 136.3, 132.1, 131.0, 127.0, 126.3, 126.2,
123.3, 95.6, 91.8, 81.2, 52.9, 52.8, 32.7. HRMS (ESI+) m/z calc. for [M+H]+
(C23H22ClN6O3+): 465.1436 (35Cl, 75 %), 467.1407 (37Cl, 25 %); found: 465.1438 (35Cl, 75
%), 467.1404 (37Cl, 25 %). M.p.: 152–153 °C.
Methyl (E)-4-{[4-(4-(2,4-diaminopyrimidin-5-yl)-2-methoxybut-3-yn-2-yl)phenyl]diazenyl}2-methylbenzoate (S21c)

Compound S20c (0.23 g, 0.68 mmol) was reacted following the general procedure C. The
residue was purified by flash chromatography (DCM/MeOH = 97:3, v/v) to afford
compound S21c as an orange solid (0.17 g, 0.38 mmol, 62 %). Rf: 0.47 (DCM/MeOH =
96:4, v/v). 1H NMR (400 MHz, CDCl3) δ 8.10 (s, 1H), 8.06 (d, J = 8.2 Hz, 1H), 7.95 (AA’BB’,
2H), 7.80 – 7.71 (m, 4H), 5.47 (br s, 4H), 3.93 (s, 3H), 3.31 (s, 3H), 2.71 (s, 3H), 1.85 (s,
3H). 13C NMR (101 MHz, CDCl3) δ 167.7, 164.0, 154.3, 152.4, 146.3, 141.7, 131.8, 131.6,
126.9, 126.1, 123.3, 119.9, 95.9, 92.1, 80.7, 52.9, 52.2, 32.7, 22.0. HRMS (ESI+) m/z calc.
for [M+H]+ (C24H25N6O3+): 445.1983, found: 445.1991. M.p. (dec.): 165 °C.
(E)-5-{[4-(4-(2,4-Diaminopyrimidin-5-yl)-2-methoxybut-3-yn-2-yl)phenyl]diazenyl}-2methylbenzoic acid (12)
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Compound S21a (0.30 g, 0.68 mmol) was reacted following the general procedure E. The
residue was purified by flash chromatography (DCM/MeOH/AcOH = 90:9:1, v/v) to afford
compound 12 as an orange solid (56 mg, 0.13 mmol, 20 %). Rf: 0.70 (DCM/MeOH/AcOH
= 90:9:1, v/v). 1H NMR (400 MHz, DMSO-d6) δ 8.28 (d, J = 2.0 Hz, 1H), 7.98 – 7.90 (m,
4H), 7.79 (AA’BB’, 2H), 7.51 (d, J = 8.3 Hz, 1H), 6.38 (br s, 4H), 3.20 (s, 3H), 2.60 (s, 3H),
1.77 (s, 3H). 13C NMR (101 MHz, DMSO-d6) δ 168.3, 163.5, 162.4, 160.1, 151.3, 149.9,
146.5, 142.7, 132.8, 132.0, 127.1, 125.4, 124.0, 122.6, 93.7, 88.9, 82.3, 76.5, 52.0, 31.8,
21.3. HRMS (ESI+) m/z calc. for [M+H]+ (C23H23N6O3+): 431.1826, found: 431.1830. M.p.
(dec.): 221 °C.
(E)-2-Chloro-5-{[4-(4-(2,4-diaminopyrimidin-5-yl)-2-methoxybut-3-yn-2yl)phenyl]diazenyl}benzoic acid (13)

Compound S21b (24 mg, 52 µmol) was reacted following general procedure E. The
residue was purified by flash chromatography (DCM/MeOH/AcOH = 90:9:1, v/v) to afford
compound 13 as an orange solid (18 mg, 40 µmol, 77 %). Rf: 0.60 (DCM/MeOH/AcOH =
90:9:1, v/v). 1H NMR (400 MHz, DMSO-d6) δ 8.18 (d, J = 2.3 Hz, 1H), 8.02 – 7.92 (m, 4H),
7.82 (AA’BB’, 2H), 7.73 (d, J = 8.5 Hz, 1H), 6.46 (br s, 4H), 3.22 (s, 3H), 1.79 (s, 3H). 13C
NMR (101 MHz, DMSO-d6) δ 166.8, 163.5, 162.1, 159.7, 151.2, 150.1, 147.0, 134.8,
134.0, 131.7, 127.1, 125.4, 123.9, 122.8, 93.6, 89.0, 82.2, 76.5, 52.1, 31.8. HRMS (ESI+)
m/z calc. for [M+H]+ (C22H20ClN6O3+): 451.1280 (35Cl, 75 %), 453.1250 (37Cl, 25 %); found:
451.1279 (35Cl, 75 %), 453.1246 (37Cl, 25 %). M.p. (dec.): 212 °C.
(E)-4-{[4-(4-(2,4-diaminopyrimidin-5-yl)-2-methoxybut-3-yn-2-yl)phenyl]diazenyl}-2methylbenzoic acid (14)

Compound S21c (61 mg, 0.14 mmol) was reacted following general procedure E. The
residue was purified by flash chromatography (DCM/MeOH/AcOH = 90:9:1, v/v) to afford
compound 14 as an orange solid (22 mg, 51 µmol, 37 %). Rf: 0.79 (DCM/MeOH/AcOH =
90:9:1, v/v). 1H NMR (400 MHz, DMSO-d6) δ 8.04 – 7.92 (m, 4H), 7.84 – 7.71 (m, 4H),
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6.62 (br s, 4H), 3.21 (s, 3H), 2.62 (s, 3H), 1.78 (s, 3H). 13C NMR (101 MHz, DMSO-d6) δ
168.2, 163.5, 161.5, 158.6, 153.2, 151.5, 146.9, 140.6, 133.0, 131.5, 127.2, 125.7, 122.8,
119.5, 93.8, 89.3, 81.8, 76.5, 52.1, 31.8, 21.3. HRMS (ESI+) m/z calc. for [M+H]+
(C23H23N6O3+): 431.1826, found: 431.1833. M.p. (dec.): 240 °C.
(E)-2-Chloro-4-{[4-(4-(2,4-diaminopyrimidin-5-yl)-2-methoxybut-3-yn-2yl)phenyl]diazenyl}benzoic acid (15)

Compound S22 (0.28 g, 0.80 mmol) was reacted following the general procedure C. The
residue was purified by preparative HPLC to afford compound 15 as an orange solid (0.17
g, 0.37 mmol, 52 %). Rf: 0.58 (DCM/MeOH/AcOH = 90:9:1, v/v). 1H NMR (400 MHz,
DMSO-d6) δ 8.02 – 7.92 (m, 5H), 7.91 (dd, J = 8.1, 1.9 Hz, 1H), 7.87 – 7.80 (m, 2H), 6.44
(br s, 4H), 3.22 (s, 3H), 1.79 (s, 3H). 13C NMR (101 MHz, DMSO-d6) δ 166.4, 163.5, 162.2,
159.8, 153.3, 151.2, 147.5, 134.2, 132.6, 131.8, 127.2, 123.5, 123.0, 121.7, 93.6, 89.0,
82.3, 76.4, 52.1, 31.7. HRMS (ESI+) m/z calc. for [M+H]+ (C22H20ClN6O3+): 451.1280 (35Cl,
75 %), 453.1250 (37Cl, 25 %); found: 451.1276 (35Cl, 75 %), 453.1242 (37Cl, 25 %). M.p.
(dec.): 245 °C.

3.6.2 Photochemical and thermal isomerization by UV-Vis and NMR
spectroscopy
UV-vis absorption spectra were recorded on an Agilent 8453 UV-vis Spectrophotometer.
Photochemical isomerization (photoswitching) was achieved by irradiation from the side in
a fluorescence quartz cuvette (width = 1.0 cm) using a custom-built (Prizmatix/Mountain
Photonics) multi-wavelength fiber coupled LED-system (FC6-LED-WL) including the
following LEDs: 365A, 390B, 420Z, 445B, 535R, 630CA. A detailed description of the
setup was published by us recently.87 Alternatively, the samples were irradiated at 340 nm
using the LOT Quantum design setup with 300 W Xe-Arc lamp, using the Thorlabs FB34010 Bandpass filter. A Quantum Northwest TC1 temperature controller was used to
maintain the temperature at 25 °C during photochemical studies.
To analyze the fatigue resistance of the compounds, repeated irradiation cycles were
performed using alternating wavelengths. The decrease and increase of the π-π*
transition band was followed by UV-vis spectroscopy (Agilent 8453) at 25 °C while stirring.
To determine the thermal lifetime for the metastable (Z)-isomer, samples were irradiated
with the custom-built setup until PSS was reached. Then, the cuvettes were placed in a
JASCO V750 spectrophotometer with a PTC 424S/15 temperature controller and the
recovery of the π-π* transition was followed while stirring at 25 °C (for solutions in DMSO
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and eDHFR assay buffer) or 37 °C (for solutions in 10 mM Tris-HCl buffer pH 7.0). The
data were fitted using a first-order exponential function in OriginPro 2018.
For the PSD determination by 1H NMR spectroscopy, 0.5 mL of a 2 mM solution of the
respective compound in DMSO-d6 was thermally equilibrated by briefly (~10 s) heating the
sample with a heat gun. Subsequently, the sample was irradiated in a glass NMR tube
with a 365 nm hand-held lamp (Spectroline ENB-280C) or the LEDs of the custom-built
setup.

A

B

Figure 3.7. Photoisomerization of compound 1 in (A) DMSO (20 µM) and (B) eDHFR
assay buffer with 1 % DMSO (20 µM).
A

B

C

Figure 3.8. Fatigue studies of compound 1. (A) In DMSO (20 µM), using alternating 390
and 445 nm light. (B) In eDHFR assay buffer with 1 % DMSO (20 µM), using alternating
365 and 445 nm light. (C) In eDHFR assay buffer with 1 % DMSO (20 µM) + 10 mM GSH,
using alternating 365 and 445 nm light.

199

Rational drug design in photopharmacology

A

B

Figure 3.9. Thermal (Z)-to-(E) isomerization of compound 1 in (A) DMSO (25 °C, 20 µM)
with t1/2 = 1.3 h, and in (B) eDHFR assay buffer with 1 % DMSO (25 °C, 20 µM), with t1/2
= 10 s.

Figure 3.10. Partial 1H NMR spectra for compound 1 before and after irradiation with 390
and 445 nm light (~2 mM in DMSO-d6).
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Figure 3.11. Photoisomerization of compound 2 in (A) DMSO (20 µM) and (B) eDHFR
assay buffer with 1 % DMSO (20 µM).
A

C

B

Figure 3.12. Fatigue studies of compound 2. (A) In DMSO (20 µM), using alternating 390
and 445 nm light. (B) In eDHFR assay buffer with 1 % DMSO (20 µM), using alternating
365 and 445 nm light. (C) In eDHFR assay buffer with 1 % DMSO (20 µM) + 10 mM GSH,
using alternating 365 and 445 nm light.
A

B

Figure 3.13. Thermal (Z)-to-(E) isomerization of compound 2 in (A) DMSO (25 °C, 20 µM)
with t1/2 = 27 h, and in (B) eDHFR assay buffer with 1 % DMSO (25 °C, 20 µM), with t1/2 =
23 h.
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Figure 3.14. Partial 1H NMR spectra for compound 2 before and after irradiation with 400
and 445 nm light (~2 mM in DMSO-d6).
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Figure 3.15. Photoisomerization of 3 in (A) DMSO (20 µM) and (B) eDHFR assay buffer
with 1 % DMSO (20 µM).
A

B

C

Figure 3.16. Fatigue studies of compound 3 using alternating 365 and 420 nm light. (A) In
DMSO (20 µM). (B) In eDHFR assay buffer with 1 % DMSO (20 µM). (C) In eDHFR assay
buffer with 1 % DMSO (20 µM) + 10 mM GSH.
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Figure 3.17. Thermal (Z)-to-(E) isomerization of compound 3 in (A) DMSO (25 °C, 20 µM)
with t1/2 > 24 h, and in (B) eDHFR assay buffer with 1 % DMSO (25 °C, 20 µM), with t1/2 >
24 h.

Figure 3.18. Partial 1H NMR spectra for compound 3 before and after irradiation with 340
and 420 nm light (~2 mM in DMSO-d6).
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Figure 3.19. Photoisomerization of compound 4 in (A) DMSO (20 µM) and (B) eDHFR
assay buffer with 50 % DMSO (5 µM).
A

B

C

Figure 3.20. Fatigue studies of compound 4. (A) In DMSO (20 µM), using alternating 420
and 365 nm light. (B) In eDHFR assay buffer with 50 % DMSO (5 µM), using alternating
390 and 445 nm light. (C) In eDHFR assay buffer with 50 % DMSO (5 µM) + 10 mM GSH,
using alternating 390 and 445 nm light.
A

B

Figure 3.21. Thermal (Z)-to-(E) isomerization of compound 4 in (A) DMSO (25 °C, 20 µM)
with t1/2 = 8.6 h, and in (B) eDHFR assay buffer with 50 % DMSO (25 °C, 5 µM), with t1/2
= 11 h.

204

Hypothesis-driven, structure-based design in photopharmacology: The case of eDHFR inhibitors

Figure 3.22. Partial 1H NMR spectra for compound 4 before and after irradiation with 420
and 365 nm light (~2 mM in DMSO-d6).
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Figure 3.23. Photoisomerization of compound 5 in (A) DMSO (20 µM) and (B) eDHFR
assay buffer with 50 % DMSO (5 µM).
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Figure 3.24. Fatigue studies of compound 5 using alternating 390 and 445 nm light. (A) In
DMSO (20 µM). (B) In eDHFR assay buffer with 50 % DMSO (5 µM). (C) In eDHFR assay
buffer with 50 % DMSO (5 µM) + 10 mM GSH.
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Figure 3.25. Thermal (Z)-to-(E) isomerization of compound 5 in (A) DMSO (25 °C, 20 µM)
with t1/2 > 24 h, and in (B) eDHFR assay buffer with 50 % DMSO (25 °C, 5 µM), with t1/2 >
24 h.

Figure 3.26. Partial 1H NMR spectra for compound 5 before and after irradiation with 390
and 445 nm light (~2 mM in DMSO-d6).
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Figure 3.27. Photoisomerization of compound 6 in (A) DMSO (20 µM) and (B) eDHFR
assay buffer with 20 % DMSO (5 µM).
A

B

C

Figure 3.28. Fatigue studies of compound 6 using alternating 365 and 420 nm light. (A) In
DMSO (20 µM). (B) In eDHFR assay buffer with 20 % DMSO (5 µM). (C) In eDHFR assay
buffer with 20 % DMSO (5 µM) + 10 mM GSH.
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Figure 3.29. Thermal (Z)-to-(E) isomerization of compound 6 in (A) DMSO (25 °C, 20 µM)
with t1/2 > 24 h, in (B) eDHFR assay buffer with 20 % DMSO (25 °C, 5 µM), with t1/2 > 24
h, and in (C) Tris buffer with 20 % DMSO (37 °C, 5 µM), with t1/2 > 24 h.

207

Rational drug design in photopharmacology

Figure 3.30. Partial 1H NMR spectra for compound 6 before and after irradiation with 365
and 420 nm light (~2 mM in DMSO-d6).
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Figure 3.31. Photoisomerization of compound 7 in (A) DMSO (20 µM) and (B) eDHFR
assay buffer with 20 % DMSO (5 µM).
A
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Figure 3.32. Fatigue studies of compound 7 using alternating 365 and 420 nm light. (A) In
DMSO (20 µM). (C) In eDHFR assay buffer with 20 % DMSO (5 µM). (C) In eDHFR assay
buffer with 20 % DMSO (5 µM) + 10 mM GSH.
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Figure 3.33. Thermal (Z)-to-(E) isomerization of compound 7 in (A) DMSO (25 °C, 20 µM)
with t1/2 > 24 h, in (B) eDHFR assay buffer with 20 % DMSO (25 °C, 5 µM), with t1/2 > 24
h, and in (C) Tris buffer with 20 % DMSO (37 °C, 5 µM), with t1/2 > 24 h.

Figure 3.34. Partial 1H NMR spectra for compound 7 before and after irradiation with 365
and 420 nm light (~2 mM in DMSO-d6).
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Figure 3.35. Photoisomerization of compound 8 in (A) DMSO (20 µM) and (B) eDHFR
assay buffer with 50 % DMSO (5 µM).
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Figure 3.36. Fatigue studies of compound 8 using alternating 365 and 445 nm light. (A) In
DMSO (20 µM). (B) In eDHFR assay buffer with 50 % DMSO (5 µM). (C) In eDHFR assay
buffer with 50 % DMSO (5 µM) + 10 mM GSH.
A

C

B

Figure 3.37. Thermal (Z)-to-(E) isomerization of compound 8 in (A) DMSO (25 °C, 20 µM)
with t1/2 > 24 h, in (B) eDHFR assay buffer with 50 % DMSO (25 °C, 5 µM), with t1/2 > 24
h, and in (C) Tris buffer with 50 % DMSO (37 °C, 5 µM), with t1/2 = 6 h.

Figure 3.38. Partial 1H NMR spectra for compound 8 before and after irradiation with 365
and 445 nm light (~2 mM in DMSO-d6).
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B
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Figure 3.39. Photoisomerization of compound 9 in (A) DMSO (20 µM) and (B) eDHFR
assay buffer with 1 % DMSO (20 µM).
A

B

C

Figure 3.40. Fatigue studies of compound 9 using alternating 365 and 445 nm light. (A) In
DMSO (20 µM). (C) In eDHFR assay buffer with 1 % DMSO (20 µM). (C) In eDHFR assay
buffer with 1 % DMSO (20 µM) + 10 mM GSH.
A

B

C

Figure 3.41. Thermal (Z)-to-(E) isomerization of compound 9 in (A) DMSO (25 °C, 20
µM) with t1/2 > 24 h, in (B) eDHFR assay buffer with 1 % DMSO (25 °C, 20 µM), with t1/2
> 24 h, and in (C) Tris buffer with 1 % DMSO (37 °C, 20 µM), with t1/2 > 24 h.
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Figure 3.42. Partial 1H NMR spectra for compound 9 before and after irradiation with 365
and 445 nm light (~2 mM in DMSO-d6).
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Figure 3.43. Photoisomerization of compound 10 in (A) DMSO (20 µM) and (B) eDHFR
assay buffer with 1 % DMSO (20 µM).
A

B

C

Figure 3.44. Fatigue studies of compound 10 using alternating 365 and 420 nm light. (A)
In DMSO (20 µM). (B) In eDHFR assay buffer with 1 % DMSO (20 µM). (C) In eDHFR
assay buffer with 1 % DMSO (20 µM) + 10 mM GSH.
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Figure 3.45. Thermal (Z)-to-(E) isomerization of compound 10 in (A) DMSO (25 °C, 20
µM) with t1/2 > 24 h, in (B) eDHFR assay buffer with 1 % DMSO (25 °C, 20 µM), with t1/2 >
24 h, and in (C) Tris buffer with 1 % DMSO (37 °C, 20 µM), with t1/2 = 8.5 h.

Figure 3.46. Partial 1H NMR spectra for compound 10 before and after irradiation with 365
and 420 nm light (~2 mM in DMSO-d6).
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Figure 3.47. Photoisomerization of compound 11 in (A) DMSO (20 µM) and (B) eDHFR
assay buffer with 5 % DMSO (20 µM).
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Figure 3.48. Fatigue studies of compound 11 using alternating 365 and 420 nm light. (A)
In DMSO (20 µM). (B) In eDHFR assay buffer with 5 % DMSO (20 µM). (C) In eDHFR
assay buffer with 5 % DMSO (20 µM) + 10 mM GSH.
A

B

C

Figure 3.49. Thermal (Z)-to-(E) isomerization of compound 11 in (A) DMSO (25 °C, 20
µM) with t1/2 > 24 h, in (B) eDHFR assay buffer with 5 % DMSO (25 °C, 20 µM), with t1/2 >
24 h, and in (C) Tris buffer with 5 % DMSO (37 °C, 20 µM), with t1/2 > 24 h.

Figure 3.50. Partial 1H NMR spectra for compound 11 before and after irradiation with 365
and 420 nm light (~2 mM in DMSO-d6).
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Figure 3.51. Photoisomerization of compound 12 in (A) DMSO (20 µM) and (B) eDHFR
assay buffer with 1 % DMSO (20 µM).
A

B

C

Figure 3.52. Fatigue studies of compound 12 using alternating 365 and 420 nm light. (A)
In DMSO (20 µM). (B) In eDHFR assay buffer with 1 % DMSO (20 µM). (C) In eDHFR
assay buffer with 1 % DMSO (20 µM) + 10 mM GSH.
A

B

C

Figure 3.53. Thermal (Z)-to-(E) isomerization of compound 12 in (A) DMSO (25 °C, 20
µM) with t1/2 > 24 h, in (B) eDHFR assay buffer with 1 % DMSO (25 °C, 20 µM), with t1/2 >
24 h, and in (C) Tris buffer with 1 % DMSO (37 °C, 20 µM), with t1/2 > 24 h.
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Figure 3.54. Partial 1H NMR spectra for compound 12 before and after irradiation with 365
and 420 nm light (~2 mM in DMSO-d6).
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Figure 3.55. Photoisomerization of compound 13 in (A) DMSO (20 µM) and (B) eDHFR
assay buffer with 1 % DMSO (20 µM).
A

B

C

Figure 3.56. Fatigue studies of compound 13 using alternating 365 and 420 nm light. (A)
In DMSO (20 µM). (B) In eDHFR assay buffer with 1 % DMSO (20 µM). (C) In eDHFR
assay buffer with 1 % DMSO (20 µM) + 10 mM GSH.
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Figure 3.57. Thermal (Z)-to-(E) isomerization of compound 13 in (A) DMSO (25 °C, 20
µM) with t1/2 > 24 h, in (B) eDHFR assay buffer with 1 % DMSO (25 °C, 20 µM), with t1/2 >
24 h, and in (C) Tris buffer with 1 % DMSO (37 °C, 20 µM), with t1/2 > 24 h.

Figure 3.58. Partial 1H NMR spectra for compound 13 before and after irradiation with 365
and 420 nm light (~2 mM in DMSO-d6).
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Figure 3.59. Photoisomerization of compound 14 in (A) DMSO (20 µM) and (B) eDHFR
assay buffer with 1 % DMSO (20 µM).
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Figure 3.60. Fatigue studies of compound 14 using alternating 365 and 445 nm light. (A)
In DMSO (20 µM). (B) In eDHFR assay buffer with 1 % DMSO (20 µM). (C) In eDHFR
assay buffer with 1 % DMSO (20 µM) + 10 mM GSH.
A

B

C

Figure 3.61. Thermal (Z)-to-(E) isomerization of compound 14 in (A) DMSO (25 °C, 20
µM) with t1/2 > 24 h, in (B) eDHFR assay buffer with 1 % DMSO (25 °C, 20 µM), with t1/2 >
24 h, and in (C) Tris buffer with 1 % DMSO (37 °C, 20 µM), with t1/2 > 24 h.

Figure 3.62. Partial 1H NMR spectra for compound 14 before and after irradiation with 365
and 420 nm light (~2 mM in DMSO-d6).
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Figure 3.63. Photoisomerization of compound 15 in (A) DMSO (20 µM) and (B) eDHFR
assay buffer with 1 % DMSO (20 µM).
A

B

C

Figure 3.64. Fatigue studies of compound 15 using alternating 365 and 420 nm light. (A)
In DMSO (20 µM). (B) In eDHFR assay buffer with 1 % DMSO (20 µM). (C) In eDHFR
assay buffer with 1 % DMSO (20 µM) + 10 mM GSH.
A

B

C

Figure 3.65. Thermal (Z)-to-(E) isomerization of compound 15 in (A) DMSO (25 °C, 20
µM) with t1/2 > 24 h, in (B) eDHFR assay buffer with 1 % DMSO (25 °C, 20 µM), with t1/2 >
24 h, and in (C) Tris buffer with 1 % DMSO (37 °C, 20 µM), with t1/2 > 24 h.
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Figure 3.66. Partial 1H NMR spectra for compound 15 before and after irradiation with 365
and 420 nm light (~2 mM in DMSO-d6).

Table 3.1. Overview of the thermal lifetimes in DMSO (20 µM), DHFR assay buffer at 25
°C and Tris buffer at 37 °C (both with different concentrations and DMSO %).

1

t1/2 DMSO
(25 °C)
1.3 h

t1/2 Buffer
(25 °C)
10 s

t1/2 Buffer
(37 °C)
n.d.

20 µM, 1 % DMSO

2

27 h

23 h

n.d.

20 µM, 1 % DMSO

3

> 24 h

> 24 h

n.d.

20 µM, 1 % DMSO

Compound
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Buffer conditions

4

8.6 h

11 h

n.d.

5 µM, 50 % DMSO

5

> 24 h

> 24 h

n.d.

5 µM, 50 % DMSO

6

> 24 h

> 24 h

> 24 h

5 µM, 20 % DMSO

7

> 24 h

> 24 h

> 24 h

5 µM, 20 % DMSO

8

> 24 h

> 24 h

6h

5 µM, 50 % DMSO

9

> 24 h

> 24 h

> 24 h

20 µM, 1 % DMSO

10

> 24 h

> 24 h

8.5 h

20 µM, 1 % DMSO

11

> 24 h

> 24 h

> 24 h

20 µM, 5 % DMSO

12

> 24 h

> 24 h

> 24 h

20 µM, 1 % DMSO

13

> 24 h

> 24 h

> 24 h

20 µM, 1 % DMSO

14

> 24 h

> 24 h

> 24 h

20 µM, 1 % DMSO

15

> 24 h

> 24 h

> 24 h

20 µM, 1 % DMSO
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Table 3.2. Overview of the PSDs in DMSO-d6 (~2 mM).
Compound

λ1 (nm)

% Z at λ1

λ2 (nm)

% Z at λ2

1

390

89 %

445

30 %

2

400

64 %

445

47 %

3

340

82 %

420

40 %

4

420

61 %

365

37 %

5

390

52 %

445

35 %

6

365

72 %

420

17 %

7

365

81 %

420

19 %

8

365

96 %

445

27 %

9

365

98 %

445

29 %

10

365

75 %

420

15 %

11

365

69 %

420

10 %

12

365

93 %

420

16 %

13

365

90 %

420

16 %

14

365

88 %

445

16 %

15

365

79 %

420

11 %

A

B

Figure 3.67. Overview of the PSDs in DMSO-d6, upon irradiation (A) with light of λ1 and
(B) with light of λ2 (blue = % of (E)-isomer; red = % of (Z)-isomer).
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3.6.3

eDHFR inhibition assay

A 10 mM stock solution of the inhibitor in DMSO was divided into two parts. One half was
thermally adapted with a heat gun for 1 min to obtain only the trans isomer. To reach the
photostationary state (PSS), the second half of the stock solution was diluted to 100 µM
and then irradiated with light for 15-45 min, in a 10 mm quartz cuvette under constant
stirring.
The compounds were tested as eDHFR inhibitors via a colorimetric assay (Sigma-Aldrich,
Catalog No. CS0340). Instead of the human DHFR protein provided in the kit, the in-house
purified eDHFR was used. In a 3 mL cuvette, eDHFR (~20 ng) was incubated with NADPH
(60 μM, final) for 3 min, followed by an incubation with the inhibitor (from 10−5 to 10−12 M,
final) for additional 7 min. The obtained solution was used as blank for UV-vis
spectroscopy (Agilent 8453). Then, dihydrofolic acid (15 μM, final) was added to the blank
and the absorbance at 340 nm was monitored every 5 s for 300 s at 25 °C. The
concentration of DMSO in the final volume was 1 % v/v for all enzymatic reactions. The
measurements were performed in triplicates. For the control enzymatic reactions, eDHFR
was incubated with NADPH and DMSO (1 % v/v, final). In one case (compound 1), it was
necessary to perform the inhibition assay under continuous irradiation with λ1 = 390 nm
light because of the extremely short thermal half-life of the compound (t1/2 = 10 s). The
related control enzymatic reaction was also performed under continuous irradiation with λ1
= 390 nm light. Linear regression was performed in Microsoft Excel to calculate ∆Abs/s. %
eDHFR activity was calculated as the ratio between ∆Abs/s for the sample and ∆Abs/s for
the control reaction. GraphPadPrism 5.0 (GraphPad Software, Inc., version 5.00) was
used for the determination of the IC50 of each inhibitor. Nonlinear regression was used for
data fitting. The statistical significance of the difference in activity between the isomers
was checked with the extra sum-of-squares F-test.
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Table 3.3. Overview of IC50 values as determined with the DHFR assay. * = Significant
differences in activity between the isomers.
Compound

IC50

Compound

IC50

TMP

1.0 ± 0.2 nM

2,4-diaminopyrimidine

0.39 ± 0.15 mM

1

2

3

4

5

6*

7

8

9

dark

> 10 µM

light

> 10 µM

dark

> 10 µM

light

> 10 µM

dark

280 ± 60 nM

light

710 ± 560 nM

dark

> 10 µM

light

> 10 µM

dark

5.3 ± 5.3 µM

light

2.6 ± 2.6 µM

dark*

370 ± 140 nM

light*

160 ± 62 nM

dark

190 ± 40 nM

light

250 ± 140 nM

dark

330 ± 190 nM

light

200 ± 77 nM

dark

220 ± 60 nM

light

640 ± 510 nM

10*

11

12*

13

14*

15*

PMAT8

TFAT8

TCAT8

dark*

24 ± 4.0 nM

light*

57 ± 12 nM

dark

58 ± 13 nM

light

70 ± 39 nM

dark*

13 ± 2.8 nM

light*

71 ± 18 nM

dark

28 ± 4.8 nM

light

29 ± 8.6 nM

dark*

77 ± 26 nM

light*

37 ± 14 nM

dark*

52 ± 11 nM

light*

27 ± 3.7 nM

dark

2.0 ± 0.61 nM

light

2.5 ± 0.61 nM

dark

1.9 ± 0.61 nM

light

1.7 ± 0.32 nM

dark

3.8 ± 1.4 nM

light

3.3 ± 2.1 nM
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A
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Figure 3.68. (A) Overview of IC50 values as determined with the eDHFR assay for
compounds 6-15. (B) Evaluation of possible assay interference: eDHFR inhibition of
compound 10 at a fixed concentration (30 nM) with 5 s and 30 s recording time intervals.
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Figure 3.69. Dose-response curves for the tested eDHFR inhibitors.

3.6.4

Antibacterial assay and bacterial growth curves

A culture of E. coli CS1562 was grown overnight in LB medium (10 g/L tryptone, 5 g/L
yeast extract, 5 g/L NaCl) containing tetracycline (10 µg/mL) at 37 °C. The OD600 was
measured, and the culture was diluted to 0.002 OD600 in LB medium. Series dilutions of
the compounds were prepared in DMSO and diluted 25 times in sterile LB medium in a
black sterile Eppendorf tube. For the irradiated samples, triplicates containing 100 µL of
this mixture were pipetted into a transparent sterile 96-well plate and irradiated (λ = 355
nm, 30 min, plate irradiation setup). Subsequently, the dark samples were added to the 96
well plate (100 µL, triplicates). Lastly, the LB-medium containing E. coli CS1562 at 0.002
OD was added to every well (100 µL). The cells were grown overnight at 37 °C in a plate
reader (Synergy H1, Biotek) and the OD600 was measured every 10 min with a 10 s
shaking step before each measurement. The OD600 curves were background-corrected
by subtracting the value at t = 0. MIC values were determined at 24 h of incubation.
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Table 3.4. Overview of MIC values as determined with the antibacterial activity assay. * =
The concentration range was limited by solubility in LB medium.
Compound

MIC (µM)

TMP

1.3

6
7
8
9
10
11
12
13
14
15

dark

> 40*

light

20

dark

20*

light

20*

dark

> 80*

light

> 80*

dark

80

light

80

dark

20

light

20

dark

40

light

40

dark

20

light

20

dark

40

light

80

dark

20

light

40

dark

40

light

20

Figure 3.70. Overview of MIC values as determined with antibacterial activity assay for
compounds 6-15.
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Figure 3.71. Bacterial growth curves for compounds 6-15.

3.6.5

Geometry measurements from the CSD

The substructure search in the Cambridge Structural Database (CSD) was performed on
ConQuest (as of July 2021, ver 2.0.5, Cambridge Crystallographic Data Centre). The
measurements were handled through Mercury (ver 4.3.1, Cambridge Crystallographic
Data Centre) and Excel 2019 (Microsoft). All ring atoms were set as “any” to allow all
possible heterocycles and substitutions, and the linker atoms were set as “acyclic”. CSD
search parameters: 3D coordinates determined, R factor ≤ 0.10, only not disordered, no
errors, not polymeric, no ions, only organic. 1706 structures were found.
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Figure 3.72. Distribution of ring angles of two generic 6-membered rings linked by a triple
bond in the CSD (1706 hits).
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Figure 3.73. Distribution of ring angles of two generic 6-membered rings linked by a
propargyl linker in the CSD (513 hits).

3.6.6

Molecular docking and MD simulations

The docking calculations and the MD simulations were carried out with Maestro (ver 12.4,
Schrödinger Release 2020-2: Maestro, Schrödinger, LLC, New York, NY, 2020).
Molecular docking. The protein (PDB ID: 3DAU,17 Chain: A) was prepared through the
Protein Preparation Wizard in Maestro, performing the assignment of bond orders,
hydrogen addition, hydrogen bonds definition and optimization, removal of water
molecules and ions, and restrained minimization with the OPLS3e force field.88 All water
molecules were removed. LigPrep was used to prepare the ligands and to generate
possible states at pH 7.0 ± 2.0 with Epik. The ligands were docked with Induced Fit
Docking XP44,89 with the standard protocol. The ligand was picked to define the centroid
of the receptor box, the option “Enhance planarity of conjugated pi groups” was selected,
and the side chains were trimmed based on their B-factor. All docking pose images were
obtained with Pymol (The PyMOL Molecular Graphics System, Version 2.2.3 Schrödinger,
LLC). The co-crystallized ligand was redocked with root-mean-square deviation (RMSD)
= 0.8 Å. When the ligand featured a chiral center (hypothesis 2 to 5), the calculations were
performed on the R enantiomer.
MD simulations. The crystal or docking structures were embedded in a orthorhombic box
of circa 11,000 TIP3P90 water molecules with 0.15 M NaCl, and the dimension of the box
was circa 100x100x100 Å. The net charge of the system was neutralized by addition of
sodium ions to the solvent box. The total number of atoms was circa 40,000 atoms. The
simulations were performed with the Desmond molecular dynamics package,91 with
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default settings for bond-constrains, van der Waals and electrostatic interactions cutoffs,
and PME method92 for long range electrostatic interactions. Each system was subjected
to the following relaxation and equilibration protocol: 100 ps of Brownian dynamics at 10
K in an NVT ensemble with harmonic restraints (50 kcal/mol/A2) on the solutes’ heavy
atoms, followed by 12 ps in an NVT ensemble (Berendsen thermostat)93 at 10 K and
retaining harmonic restraints on the solutes’ heavy atoms, followed by 12 ps in an NPT
ensemble (Berendsen thermostat and barostat) at 10 K and retaining harmonic restraints
on the solutes’ heavy atoms, followed by 24 ps in an NPT ensemble (Berendsen
thermostat and barostat) at 300 K and retaining harmonic restraints on the solutes’ heavy
atoms, followed by 24 ps in an NPT ensemble (Berendsen thermostat and barostat) at 300
K without harmonic restraints on the solutes’ heavy atoms. The production simulations
were run for 100 ns in an NPT ensemble (300 K, 1 bar, Martyna-Tobias-Klein barostat and
Nose-Hoover thermostat),94,95 in three replicas.96 Coordinates were saved every 100 ps
and analyzed in Maestro to compute the following properties over the trajectories: RMSD
of the ligand heavy atoms after least square fitting to the protein heavy atoms, RMSF of
ligands, solvent accessible surface area (SASA) of ligands and selected residues, atom
distances for the identification of salt bridges. The salt bridge cutoff is defined as a distance
of 5 Å between the centroids of side-chain charged groups (carboxylate and guanidine).97
This less strict criterion allows to include different interaction geometries (standard salt
bridges and N-O bridges).
A

B

Figure 3.74. Key residues for (A) buried hydrogen bonds (Asp27, Ile5, Ile94) and for (B)
salt bridges (Arg57, Arg52, Lys32).

Figure 3.75. Residues of the lipophilic pocket (Phe31, Leu28, Leu54, Ile50).
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Figure 3.76. (A) a standard salt bridge and (B) an N-O bridge.
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Figure 3.77. (A) Redocking (purple) of the co-crystallized ligand methotrexate (green). (B)
RMSD of methotrexate throughout three replicas of 100 ns MD simulations. (C) Distance
between Arg57 and carboxylates of methotrexate throughout three replicas of 100 ns MD
simulations (5 Å threshold as green surface).
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Figure 3.78. Violin plots of the distance between γ- and α-carboxylate of methotrexate and
selected residues throughout three replicas of 100 ns MD simulations (5 Å threshold as
green surface).
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Figure 3.79. (A) Docking pose of TMP (green), superposed with the complex TMP-eDHFR
(violet, PDB ID: 6XG5). (B) RMSD of TMP throughout three replicas of 100 ns MD
simulations.
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Figure 3.80. (A) Docking pose of iclaprim (green). (B) RMSD of iclaprim throughout three
replicas of 100 ns MD simulations.
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Figure 3.81. Violin plots of the SASA of the lipophilic pocket for TMP and iclaprim
throughout three replicas of 100 ns MD simulations.
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Figure 3.82. (A) Docking poses of (E)-PMAT (cyan) and (Z)-PMAT (red). RMSD of (B)
(E)-PMAT and (C) (Z)-PMAT throughout three replicas of 100 ns MD simulations.
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Figure 3.83. (A) Docking poses of (E)-TFAT (cyan) and (Z)-TFAT (red). RMSD of (B) (E)TFAT and (C) (Z)-TFAT throughout three replicas of 100 ns MD simulations.
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Figure 3.84. (A) Docking poses of (E)-TCAT (cyan) and (Z)-TCAT (red). RMSD of (B) (E)TCAT and (C) (Z)-TCAT throughout three replicas of 100 ns MD simulations.
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Figure 3.85. (A) Docking pose of PLA-COOH (green). (B) RMSD of PLA-COOH
throughout three replicas of 100 ns MD simulations. (C) Distance between Arg57 and the
carboxylic acid of PLA-COOH throughout three replicas of 100 ns MD simulations (5 Å
threshold as green surface).
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Figure 3.86. Violin plots of the distance between the carboxylic acid of PLA-COOH and
selected residues throughout three replicas of 100 ns MD simulations. (5 Å threshold as
green surface).
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Figure 3.87 (A) Docking poses of (E)-1 (cyan) and (Z)-1 (red), superimposed with the
docking pose of TMP (green). RMSD of (B) (E)-1 and (C) (Z)-1 throughout three replicas
of 100 ns MD simulations.
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Figure 3.88. (A) Docking poses of (E)-2 (cyan) and (Z)-2 (red). RMSD of (B) (E)-2 and (C)
(Z)-2 throughout three replicas of 100 ns MD simulations.
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Figure 3.89. (A) Docking poses of (E)-3 (cyan) and (Z)-3 (red). RMSD of (B) (E)-3 and (C)
(Z)-3 throughout three replicas of 100 ns MD simulations.
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Figure 3.90. (A) Docking poses of (E)-4 (cyan) and (Z)-4 (red). RMSD of (B) (E)-4 and (C)
(Z)-4 throughout three replicas of 100 ns MD simulations.

Figure 3.91. Distributions of ring angles between pyrimidine and the inner ring of
azobenzene for (E)-4 (blue) and (Z)-4 (red) throughout three replicas of 100 ns MD
simulations, compared to the CSD distribution of ring angles between two generic rings
linked by a triple bond (green).
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Figure 3.92. (A) Docking poses of (E)-5 (cyan) and (Z)-5 (red). RMSD of (B) (E)-5 and (C)
(Z)-5 throughout three replicas of 100 ns MD simulations.

Figure 3.93. Distributions of ring angles between pyrimidine and the inner ring of
azobenzene for (E)-5 (blue) and (Z)-5 (red) throughout three replicas of 100 ns MD
simulations, compared to the CSD distribution of ring angles between two generic rings
linked by a triple bond (green).
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Figure 3.94. (A) Docking poses of (E)-6 (cyan) and (Z)-6 (red), superimposed with TMP
(green). RMSD of (A) (E)-6 and (B) (Z)-6 throughout three replicas of 100 ns MD
simulations.
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Figure 3.95. Distributions of ring angles between pyrimidine and the inner ring of
azobenzene for (E)-6 (blue) and (Z)-6 (red) throughout three replicas of 100 ns MD
simulations, compared to the CSD distribution of ring angles between two generic rings
linked by a triple bond (green).
A

B

Figure 3.96. SASA of the outer benzene ring for (A) (E)-6 and (B) (Z)-6 throughout three
replicas of 100 ns MD simulations.
A

B

Figure 3.97. SASA of the lipophilic pocket for (A) (E)-6 and (B) (Z)-6 throughout three
replicas of 100 ns MD simulations.
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B

C

Figure 3.98. (A) Docking poses of (E)-7 (cyan) and (Z)-7 (red), superimposed with PLA
(green). RMSD of (B) (E)-7 and (C) (Z)-7 throughout three replicas of 100 ns MD
simulations.

Figure 3.99. Distributions of ring angles between pyrimidine and the inner ring of
azobenzene for (E)-7 (blue) and (Z)-7 (red) throughout three replicas of 100 ns MD
simulations, compared to the CSD distribution of ring angles between two generic rings
linked by a triple bond (green).
A

B

Figure 3.100. SASA of the outer benzene ring for (A) (E)-7 and (B) (Z)-7 throughout three
replicas of 100 ns MD simulations.
A

B

Figure 3.101. SASA of the lipophilic pocket for (A) (E)-7 and (B) (Z)-7 throughout three
replicas of 100 ns MD simulations.
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Figure 3.102. Docking pose of (Z)-7 (cyan, hydrophobic subpocket as gray surface).
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Figure 3.103. (A) Docking poses of (E)-8 (cyan) and (Z)-8 (red). RMSD of (B) (E)-8 and
(C) (Z)-8 throughout three replicas of 100 ns MD simulations.
A

B
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Figure 3.104. RMSF of (A) (E)-8 and (B) (Z)-8 throughout three replicas of 100 ns MD
simulations. Note the high RMSF value for the oxygen atom of the methoxy substituent
(atom 29).
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Figure 3.105. (A) Docking poses of (E)-9 (cyan) and (Z)-9 (red). RMSD of (B) (E)-9 and
(C) (Z)-9 throughout three replicas of 100 ns MD simulations.
A
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Figure 3.106. RMSF of (A) (E)-9 and (B) (Z)-9 throughout three replicas of 100 ns MD
simulations. Note the high RMSF value for the unsubstituted nitrogen atom of the pyrazole
ring (atom 26).
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Figure 3.107. (A) Docking poses of (E)-10 (cyan) and (Z)-10 (red). RMSD of (B) (E)-10
and (C) (Z)-10 throughout three replicas of 100 ns MD simulations.
A

B

Figure 3.108. Distance between carboxylate and Arg57 for (A) (E)-10 and (B) (Z)-10
throughout three replicas of 100 ns MD simulations (5 Å threshold as green surface).
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Figure 3.109. Violin plots of the distance between carboxylate and selected residues for
(E)- and (Z)-10 throughout three replicas of 100 ns MD simulations (5 Å threshold as green
surface).

Figure 3.110. Violin plots of the RMSD of selected residues for (E)- and (Z)-10 throughout
three replicas of 100 ns MD simulations.

Figure 3.111. Violin plots of the SASA of selected residues for (E)- and (Z)-10 throughout
three replicas of 100 ns MD simulations.
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A

B

Figure 3.112. SASA of (A) (E)-10 and (B) (Z)-10 throughout three replicas of 100 ns MD
simulations.
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Figure 3.113. (A) Docking poses of (E)-11 (cyan) and (Z)-11 (red). RMSD of (B) (E)-11
and (C) (Z)-11 throughout three replicas of 100 ns MD simulations.
A

B

Figure 3.114. Distance between carboxylate and Arg57 for (A) (E)-11 and (B) (Z)-11
throughout three replicas of 100 ns MD simulations (5 Å threshold as green surface).

243

Rational drug design in photopharmacology

Figure 3.115. Violin plots of the distance between carboxylate and selected residues for
(E)- and (Z)-11 throughout three replicas of 100 ns MD simulations (5 Å threshold as green
surface).

Figure 3.116. Violin plots of the RMSD of selected residues for (E)- and (Z)-11 throughout
three replicas of 100 ns MD simulations.

Figure 3.117. Violin plots of the SASA of selected residues for (E)- and (Z)-11 throughout
three replicas of 100 ns MD simulations.
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A

B

Figure 3.118. SASA of (A) trans-11 and (B) cis-11 throughout three replicas of 100 ns MD
simulations.
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Figure 3.119. (A) Docking poses of (E)-12 (cyan) and (Z)-12 (red). The hydrophobic
subpocket is depicted as a gray surface. RMSD of (B) (E)-12 and (C) (Z)-12 throughout
three replicas of 100 ns MD simulations.
A

B

Figure 3.120. Distance between carboxylate and Arg57 for (A) (E)-12 and (B) (Z)-12
throughout three replicas of 100 ns MD simulations (5 Å threshold as green surface).
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Figure 3.121. Violin plots of the distance between carboxylate and selected residues for
(E)- and (Z)-12 throughout three replicas of 100 ns MD simulations (5 Å threshold as green
surface).
A

B

Figure 3.122. SASA of the methyl group on the outer ring for (A) (E)-12 and (B) (Z)-12
throughout three replicas of 100 ns MD simulations.
A

B

Figure 3.123. SASA of the lipophilic pocket for (A) trans-12 and (B) cis-12 throughout
three replicas of 100 ns MD simulations.
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A

B

C

Figure 3.124. (A) Docking poses of (E)-13 (cyan) and (Z)-13 (red). The hydrophobic
subpocket is depicted as a gray surface. RMSD of (B) (E)-13 and (B) (Z)-13 throughout
three replicas of 100 ns MD simulations.
A

B

Figure 3.125. Distance between carboxylate and Arg57 for (A) trans-13 and (B) cis-13
throughout three replicas of 100 ns MD simulations (5 Å threshold as green surface).

Figure 3.126. Violin plots of the distance between carboxylate and selected residues for
(E)- and (Z)-13 throughout three replicas of 100 ns MD simulations (5 Å threshold as green
surface).
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A

B

Figure 3.127. SASA of the chlorine substituent on the outer ring for (A) (E)-13 and (B) (Z)13 throughout three replicas of 100 ns MD simulations.
A

B

Figure 3.128. SASA of the lipophilic pocket for (A) (E)-13 and (B) (Z)-13 throughout three
replicas of 100 ns MD simulations.

Figure 3.129. Violin plots of the SASA of the lipophilic pocket for inhibitors with a m-COOH
substituent throughout three replicas of 100 ns MD simulations.
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A
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C

Figure 3.130. (A) Docking poses of (E)-14 (cyan) and (Z)-14 (red). The hydrophobic
subpocket is depicted as a gray surface. RMSD of (B) (E)-14 and (C) (Z)-14 throughout
three replicas of 100 ns MD simulations.
A

B

Figure 3.131. Distance between carboxylate and Arg57 for (A) (E)-14 and (B) (Z)-14
throughout three replicas of 100 ns MD simulations (5 Å threshold as green surface).

Figure 3.132. Violin plots of the distance between carboxylate and selected residues for
(E)- and (Z)-14 throughout three replicas of 100 ns MD simulations (5 Å threshold as green
surface).
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A

B

Figure 3.133. SASA of the methyl group on the outer ring for (A) (E)-14 and (B) (Z)-14
throughout three replicas of 100 ns MD simulations.
A

B

Figure 3.134. SASA of the lipophilic pocket for (A) (E)-14 and (B) (Z)-14 throughout three
replicas of 100 ns MD simulations.
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Figure 3.135. (A) Docking poses of (E)-15 (cyan) and (Z)-15 (red). The hydrophobic
subpocket is depicted as a gray surface. RMSD of (B) (E)-15 and (C) (Z)-15 throughout
three replicas of 100 ns MD simulations.
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A

B

Figure 3.136. Distance between carboxylate and Arg57 for (A) (E)-15 and (B) (Z)-15
throughout three replicas of 100 ns MD simulations (5 Å threshold as green surface).

Figure 3.137. Violin plots of the distance between carboxylate and selected residues for
(E)- and (Z)-15 throughout three replicas of 100 ns MD simulations (5 Å threshold as green
surface).
A

B

Figure 3.138. SASA of the chlorine substituent on the outer ring for (A) (E)-15 and (B) (Z)15 throughout three replicas of 100 ns MD simulations.
A

B

Figure 3.139. SASA of the lipophilic pocket for (A) (E)-15 and (B) (Z)-15 throughout three
replicas of 100 ns MD simulations.
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Figure 3.140. Violin plots of the SASA of the lipophilic pocket for inhibitors with a p-COOH
substituent throughout three replicas of 100 ns MD simulations.

3.6.7

Physicochemical descriptors

The data were retrieved from the ChEMBL database (as of August 2021) with two different
target queries: “E. coli” for antibacterial activity (Target ID: CHEMBL354) and “eDHFR” for
enzyme inhibition activity (Target ID: CHEMBL1809). The definitions of active subsets
were adapted from published criteria.98 The data were handled with KNIME and the
properties were calculated with its RDKit node.
Table 3.5. Filters used to define antibacterial and biochemical compounds as active.98
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Dataset

Standard Type

Standard Units

Standard Value

E. coli

‘MIC’

‘nM’

<= 25’000

E. coli

‘MIC’

‘ug.ml-1’ or ‘ug ml-1’

<= 8

E. coli

‘MIC50’

‘nM’

<= 25’000

E. coli

‘MIC50’

‘ug.ml-1’ or ‘ug ml-1’

<= 8

E. coli

‘MIC95’

‘uM’

<= 100

E. coli

‘MIC95’

‘ug.ml-1’ or ‘ug ml-1’

<= 32

eDHFR

‘Inhibition’

‘%’

70 <= x <= 100

eDHFR

‘IC50’

‘nM’

<= 25’000

eDHFR

‘IC50’

‘ug.ml-1’ or ‘ug ml-1’

<= 8

eDHFR

‘IC90’

‘nM’

<= 100’000

eDHFR

‘IC90’

‘ug.ml-1’ or ‘ug ml-1’

<= 32

eDHFR

‘Kd’

‘nM’

<= 25’000

eDHFR

‘Ki’

‘nM’

<= 25’000
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Figure 3.141. Distributions of RDKit descriptors calculated for compounds with
antibacterial activity against E. coli (orange) and eDHFR inhibition activity (purple).
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Table 3.6. RDKit descriptors calculated for the eDHFR inhibitors considered in this study.

3.7
1
2
3
4
5
6
7
8
9
10
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Compound

SlogP

TPSA

AMW

HBD

HBA

TMP

0.68

106.76

291.33

2

6

Iclaprim

1.85

106.76

355.42

2

6

PMAT

4.67

140.71

501.57

2

9

TFAT

5.22

131.48

543.5

2

8

TCAT

7.28

131.48

609.32

2

8

PLA

1.82

128.43

416.48

2

6

1

1.48

103.79

215.24

2

5

2

3.14

103.79

291.34

2

5

3

3.14

103.79

291.34

2

5

4

2.88

103.79

315.36

2

5

5

2.88

103.79

315.36

2

5

6

3.39

113.02

373.44

2

6

7

3.39

113.02

373.44

2

6

8

3.4

122.25

403.47

2

7

9

2.74

130.84

405.49

2

8

10

1.75

153.15

416.44

2

8

11

1.75

153.15

416.44

2

8

12

2.06

153.15

430.47

2

8

13

2.41

153.15

450.89

2

8

14

2.06

153.15

430.47

2

8

15

2.41

153.15

450.89

2

8
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