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Abstract
Bacteria use a communication system, called Quorum Sensing (QS), to organize 
into communities and synchronize gene expression to promote virulence and secure 
survival. Here we report on a method to externally interfere with this bacterial 
communication system using light. By employing photoswitchable small molecules, 
we were able to photocontrol the QS-related bioluminescence in an Escherichia 
coli reporter strain, the expression of target QS genes and pyocyanin production in 
Pseudomonas aeruginosa.

Introduction
Like higher organisms, bacteria are able to organize themselves in multicellular groups, 
which offers the resulting bacterial communities certain advantages, such as a greater 
resistance against host defense mechanisms and an improved antibiotic tolerance, 
as compared to the individual cells (1). In order to organize, bacteria rely on quorum 
sensing (QS) as a system of communication, which is dependent on the population 
density (2). Using QS, bacteria are able to synchronize their gene expression, and regu-
late their pathogenicity, biofilm formation and fitness (1,3), amongst others. Establishing 
external control over QS is challenging, but might be highly useful to regulate bacterial 
organization. Not only is it a viable possibility to control gene expression (4) in a large 
population of bacteria, it can also be considered an important alternative as a thera-
peutic strategy (5,6). Light, which can be delivered with high spatiotemporal resolution, 
has successfully been employed to gain control over biological function, as was shown 
in the fields of optogenetics (7) and photopharmacology (8). The molecular approaches 
rely on the use of photocaged (9) and photoswitchable small molecules (10,11). In parti-
cular, photopharmacology relies on the introduction of photoresponsive units in the 
structure of bio-active compounds (8). By irradiating with different wavelengths of light, 
the structure and properties of the bio-active compound can be reversibly switched 
between two or more stages, altering the physiological properties of the compound (8). 
In the bacterial QS system, small molecules, called auto-inducers, act as signals that 
can be detected by receptors (3,12). We envisioned that the introduction of a molecular 
photoswitch in the structure of such a signal molecule might allow for external regula-
tion of the communication between bacteria with light.
Here, we describe the design, synthesis and biological activity of three switchable QS 
signal molecules, incorporating an azobenzene photochromic unit. Two of the signal 
molecules are shown to have an opposite effect upon UV-light irradiation in biolu-
minescence assays, i.e. one molecule gains QS-inducing activity and the other loses 
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its activity, upon trans-cis photoisomerization of the azobenzene unit. Furthermore, 
the reported compounds allow the photochemical control over the expression of 
virulence genes and pyocyanin production in Pseudomonas aeruginosa. This offers 
a new approach to interfere in a non-invasive and reversible manner with bacterial 
communication and control bacterial group biology. In addition, this method might 
be useful to tackle bacterial pathogenesis, study QS and represents a promising tool 
for biotechnology, taking advantage of the potential to regulate the expression of a 
wide range of target genes in a non-invasive manner.

Results and Discussion
N-acyl homoserine lactones (AHLs) are an important class of QS auto-inducers that 
play a major role in the QS system of Gram-negative bacteria (3). These molecules 
consist of a N-acyl homoserine lactone moiety and an aliphatic chain of varying 
length (Fig. 1a). Our molecular design is based on compound 1 (Fig. 1b), which 
has been reported as a common QS-inducer for bacteria (13). Co-crystal structures 
of the 3-oxo analog of compound 1, bound to its receptor LasR, reveal that all the 
AHLs heteroatoms, except for the oxygen in the lactone ring, form hydrogen bonds 
with the receptor protein, and that the alkyl chain is located in a hydrophobic cavity 
(14). Therefore, we envisioned that the introduction of a photoresponsive azobenzene 
moiety (15), which can be switched between the trans and cis forms with light, accom-
panied by a large change in polarity and geometry, into the hydrophobic part of the 
molecule, might block the interaction between the ligand and its receptor in one of 
the photoisomeric states, whereas the activity would be retained in the other isomeric 
form. Further support for this hypothesis comes from recent studies showing that 
the activity of autoinducers was conserved after introduction of an aromatic ring in 
the aliphatic part of the molecule (13). Three molecules (2-4, Fig. 1c) were designed 
with an azobenzene moiety conjugated to a N-acyl homoserine lactone. Compound 
3 differs from compound 2 by the addition of an extra methylene group, which was 
introduced to offer more flexibility to the hydrophobic part of the molecule (Fig. 
1c). Compound 4 bears an additional p-methoxy group, which has been reported to 
result in a large difference in trans:cis ratio of the azobenzene moiety, before and after 
365 nm light irradiation (vide infra) (8).
The azobenzene-containing molecules consist of a mixture of trans and cis isomers. 
The ratio between the two isomers can be changed by irradiation with light (Fig. 1d) (15). 
Upon UV-light irradiation, the trans molecules undergo a photochemical isomeri-
zation, changing the ratio to mostly cis isomer. Subsequent exposure to visible light 
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changes the ratio back to mostly trans isomer. This last step can also be achieved 
by thermal relaxation, because the cis isomer is the thermodynamically less stable 
form. Figure 1d shows the trans:cis ratios of compound 2, 3 and 4 before and after 
λ=365 nm light irradiation in water, which were determined using 1H NMR spectro-
scopy (Fig. S1-S3). The UV-Vis absorption spectra of compound 2, 3 and 4 show an 
absorption maximum around 340 nm, which is characteristic of trans azobenzene 
(15,16).After irradiation with λ=365 nm light, this absorption maximum decreases, 
which is typical for trans-cis azobenzene isomerization (Fig. S4-S6) (15,16). By moni-
toring the absorbance at this maximum at 37 °C in water overtime, the half-life of 
the cis isomer of compounds 2, 3 and 4 were determined (Fig. 1d and Fig. S7-S12), 
showing that the cis isomers are rather stable, with half-lives in the  multi-hour range. 
Because activity assays (vide infra) contain an incubation step of less than two hours, 
only minor thermal cis-trans isomerization is expected to occur while assaying the 
activity of the 365 nm light-irradiated compounds.

Figure 1 Molecular structures of AHLs. a) The structure of naturally-occurring AHLs, where 
R is usually an alkyl chain varying in length between 4 and 18 carbon atoms. b) Structure of 
a naturally occurring auto-inducer (1) c) Three photoswitchable analogs (2, 3 and 4) that can 
undergo trans-cis photoisomerization upon UV-light irradiation and cis-trans isomerization 
upon visible-light irradiation and thermal relaxation. d) trans:cis ratios of compound 2, 3 and 
4 before and after λ=365 nm light irradiation in D2O at room temperature and half-lives of the 
cis isomer at 30 °C and 37 °C in water.
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The major QS signaling network in P. aeruginosa is the Las system. This system is 
regulated by the level of AHLs that are produced by the signal molecule synthase 
LasI. Activation of the signaling network requires a sufficient threshold concentra-
tion of AHLs, which is coincident with a high cell density (1,3). Before the threshold 
concentration of the AHLs is reached, the transcriptional activator LasR will be 
rapidly degraded due to incorrect folding. Upon AHL binding, LasR can fold and 
form a stable dimer (13), which can bind responsive promoter regions on the bacterial 
genome and thereby activate transcription of QS-controlled genes. Virulent genes 
regulated by the Las QS include lasI, lasA, and lasB, but also other QS systems, like Rhl 
QS, are controlled by the Las system (17). To measure the effect of the photoswitchable 
AHL molecules on the Las quorum sensing system, E. coli JM109 pSB1075 was used. 
Addition of Las QS ligands to this biosensor strain results in a rapid emission of 
bioluminescence due to the presence of a luxCDABE-lasR promoter fusion (18).
Indeed, addition of compound 1 to the E. coli sensor strain resulted in an increase 
in luminescence after approximately 1-2 hours of incubation (Fig. S13). When 
compound 2 or 3 were added to the reporter strain, E. coli JM109 pSB1075, a dose-
dependent increase in bioluminescence was observed (Fig. 2a and b), while addi-
tion of compound 4 did not result in any increase in bioluminescence (Fig. 2c). To 
examine the effect of photoswitching on the activity of the compounds, the same 
experiment was repeated, but now the compounds were exposed to 365 nm light for 
5 min, prior to incubation. A drop in efficacy, as well as a decrease in potency, were 
observed for compound 2. This indicates that cis-2 activates the Las QS pathway less 
effectively, as compared to trans-2 (Fig. 2a). Surprisingly, the opposite, and an even 
more strongly-pronounced effect was observed for compound 3: after UV irradiation 
at 365 nm, an almost 5-fold increase in activity was observed, implying that, in its cis 
isomeric form, compound 3 more effectively activates the Las system as compared to 
trans-3 (Fig. 2b). After λ=365 nm light irradiation, compound 4 still did not exhibit 
any significant effect (Fig. 2c).
To study the effect of photoswitching on the biological activity of compound 2 and 3, 
sequential rounds of photoirradiation with λ=365 nm light, followed by white light, 
were performed on samples of 2 and 3, prior to incubation. Irradiation of compound 
2 with λ=365 nm light results in switching to the cis isomer, which has a lower QS 
inducing activity and its addition led to lower bioluminescence. Sequential exposure 
to white light switched compound 2 to the trans isomer, which has higher QS indu-
cing activity and resulted in an increase in bioluminescence. Subsequent exposure to 
λ=365 nm light again resulted in a decrease in luminescence (Fig. 2d). Similar rounds 
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of irradiation of compound 3 resulted in opposite behavior (Fig. 2e). These results 
show how compounds 2 and 3 are able to switching the QS system “ON and OFF” 
in an opposite fashion, although the maximum reached bioluminescence decreases 
after each round of photoswitching. We attribute this to the instability of the lactone 
ring, since the azobenzene switch itself shows little or no fatigue upon alternating 
irradiation with UV and white light (Fig. S14-S16).

Figure 2 Dose-response curves of compounds 2, 3 and 4, before and after irradiation, 
obtained by measuring the Las QS controlled bioluminescence at different concentrations, 
using the E. coli JM109 pSB1075 sensor strain. Dose-response curve of non-irradiated (black) 
and λ=365 nm light-irradiated (red) compounds 2 (a), 3 (b) and 4 (c). d) and e) Effect of 
photoswitching on the biological activity of compounds 2 (d) and 3 (e). Both compounds 
were used at a concentration of 6.25 μM for the sequential rounds of photoirradiation. Data 
points and error bars represent the mean and pooled standard deviation of two biological 
replicates each performed in triplo.

It has been shown that the Las QS system in P. aeruginosa is responsible for the 
regulation of several downstream mechanisms, including virulence (19). lasA is one 
of the many genes controlled by Las QS and encodes the protease LasA that has 
bacteriolytic activity and enhances the elastinolytic activity of other proteases (20). We 
measured the effect of the photoswitchable signal molecules on the QS-controlled 
gene lasA in P. aeruginosa, in order to examine if these compounds can be used to 
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manipulate the expression of QS regulated genes in vivo. Compound 3 was chosen 
for these studies, because it showed the largest difference in activity between the 
non-irradiated and λ=365 nm light-irradiated forms on the bioluminescence assay 
(Fig. 2b). For this purpose, the “signal negative” P. aeruginosa PA14 ΔlasI strain 
was used, which is defective in the production of Las QS AHL molecules. Since QS 
synchronizes gene expression at a high cell density, P. aeruginosa were grown to a late 
exponential growth phase before adding synthetic signal molecules. Upon addition 
of non-irradiated compound 3 at a concentration of 100 μM to the P. aeruginosa ΔlasI 
culture, we measured a modest 2-fold increase in gene expression of lasA (Fig. 3a). 
However, when compound 3 at the same concentration was irradiated with λ=365 nm 
light prior to addition to the culture, an 18-fold increase in gene expression of lasA 
was observed, comparable (yet less strong) than the 35-fold increase in gene expres-
sion evoked by the native signaling compound 1 at 10 times lower concentration 
(10 μM). Compound 3 did not affect lasA gene expression in a P. aeruginosa ΔlasRI 
strain which lacks the las receptor and is defective in las-AHL production, proving 
that the increased gene expression is specifically induced by Las QS. Furthermore, 
compounds 1-3 (50 μM) did not have any substantial effect on the growth of E. 
coli JM109 pSB1075 and P. aeruginosa (Fig. S17 and S18). These results show how 
photoswitchable QS molecules can be used to externally control the expression of 
(virulence) genes using light. 
Finally we performed experiments towards photocontrolling one of the P. aeruginosa 
phenotypes, associated with QS, i.e. pyocyanin production (21). Addition of 50 μM 
(2x) non-irradiated compound 3 to a P. aeruginosa ΔlasI culture resulted in only 
marginal pyocyanin production (Fig. 3b and Fig. S19). When compound 3 was added 
at the same concentration, but activated by irradiation with λ=365 nm light before 
addition, a significant increase in pyocyanin concentration was observed (Fig. 3b and 
Fig S19). These results indicate that it is possible to control QS regulated phenotypes 
with light, using our approach.
In conclusion, we showed that, using photoswitchable signaling molecules, we can 
specifically manipulate a quorum sensing mechanism. A system like this, which 
utilizes a non-invasive and noncontaminating external stimulus, is advantageous 
for biological applications. QS is an attractive system that can be used as a biotech-
nological toolbox for synthetic biology. Exploitation of QS has been successful in 
the control of biofilm formation (22) and for recombinant protein production in E. 
coli (23). Here, we have shown that the biosynthesis of a luminescent molecule can 
be controlled with light. In more general context, using our strategy on engineered 
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bacterial strains, whose production of target proteins is under control of QS, would 
make it possible to photoregulate the protein expression. This allows the photo-
control of numerous biological processes that depend on the presence and activity 
of selected proteins. This research paves the way for the design of efficient inducing 
agents with a built-in ON/OFF trigger as a tool to specifically control gene expres-
sion. Combined with the strong regulatory power of QS, an extra layer of control has 
been added to the circuitry of this novel chemical biology toolbox.

Figure 3 Gene expression and pyocyanin production in P. aeruginosa. a) Effect of compounds 
1 (10 μM) and 3 (100 μM) on the gene expression of las-controlled genes in P. aeruginosa. 
Gene expression of lasA in the presence of non-irradiated compound 3, 365 nm irradiated 3 
and compound 1 in the ΔlasI (gray) and ΔlasRI (black) strains. All samples are compared to 
the control sample, Data is plotted as mean and standard deviation of two biological repli-
cates each performed in duplo. b) The effect of compounds 1 (50 μM) and 3 (2x50 μM) on 
pyocyanin production in cultures of P. aeruginosa ΔlasI before and after λ=365 nm light-
irradiation. Data is plotted as mean and standard deviation of three experiments consisting 
of two biological replicates.
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Methods

Bacterial strains and growth conditions
Bacterial strains used in this study are Pseudomonas aeruginosa PA14 ΔlasI (24), P. 
aeruginosa PAO1 ΔlasRI (25) and E. coli JM109 containing the plasmid pSB1075 (19).
Strains were grown in Luria Bertani (LB) broth at 37 °C supplemented with 100 μg/
ml gentamicin or 100 μg/ml ampicillin respectively for the P. aeruginosa strains and 
E. coli JM109 pSB1075.

Bioluminescence assay
Overnight cultures of E. coli JM109 pSB1075 were diluted to an optical density (OD) 
at 600 nm of 0.02 in LB and 100 μl of the cell suspension was added to 100 μl sterile 
water containing AHLs at the given concentration. To determine the effect of the 
AHL signaling molecules on the receptor LasR after photoirradiation, stock solu-
tions in DMSO were first irradiated at λ=365 nm for 10 minutes, after which the 
solutions were diluted in LB broth to the right concentration, before adding the cell 
suspension. To measure multiple rounds of switching between cis and trans isomers, 
the solutions were sequentially photo-irradiated at λ=365 nm for 10 min using a 
Spectroline ENB-280C/FE UV lamp, followed by white light for 30 min using a Thor 
Labs OSL1-EC Fiber Illuminator. Next, the samples were irradiated for a second 
time at λ=365 nm for 10 min. The cell suspensions with or without AHL compounds 
were incubated for 2-3 hours at 30 °C in a white microtiter plate and the lumines-
cence was measured at 10 minute intervals using a microtiter plate luminometer 
(Orion L, Berthold detection systems). The maximum luminescence, occurring after 
approximately 1.5 hours, was used to compare the AHL effect on the las activity. 
Measurements were performed on two biological replicates, each performed in 
triplo. The normalized average and pooled variance (calculated using equation 1) of 
the maximum luminescence were plotted for each AHL concentration.
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Equation 1:

RNA isolation and cDNA synthesis
Overnight cultures of P. aeruginosa PA14 ΔlasI or PAO1 ΔlasRI were diluted 100-fold 
in fresh LB medium and grown at 37 °C to an OD600 of 2.5. The preculture was diluted 
to an OD600 of 0.5 and subsequently compound 1 (10 μM final concentration) or 
compound 3 (100 μM final concentration) in DMSO was added to the culture. As a 
control, an equal volume of DMSO was used. After 90 min of growth, 5 OD units of 
each culture was centrifuged for 15 min, 3000 x g at 4 °C. The resulted pellet was resus-
pended in MilliQ water and total RNA was isolated using TRIzol (Life Technologies), 
followed by DNase treatment using the Turbo DNA-free kit (Ambion). The total 
RNA concentration was measured using a Nanodrop ND-1000. 500 ng of total RNA 
was used to synthesize cDNA using iScript cDNA synthesis kit (Bio-Rad).

Gene expression with qPCR
The expression of the gene of interest, lasA, and the reference gene rpoD were 
analyzed using qPCR with the primers listed in table S1. A negative control reaction 
with total RNA was analyzed to exclude gDNA contamination. As a PCR mastermix, 
the SYBR mix (Bioline) was used with 0.4 μM primers. Expression levels of the genes 
of interest of two biological replicates, each performed in duplo, were measured with 
a MiniOpticon system (Bio-Rad) and results were corrected for the control sample 
and normalized against the reference gene.

Pyocyanin assay
Overnight cultures of P. aeruginosa PA14 ΔlasI grown in peptone broth (20 g/l Bacto 
Peptone, 10 g/l K2SO4, 1.5 g/l MgSO4) were diluted to an OD600 of 1.0 and grown for 30 
minutes at 37 °C. Subsequently, 50 μM of compound 1 or compound 3, non-irradiated 
or λ=365 nm light-irradiated were added to the culture and incubated for 2 h at 37 
°C. Then a second dose of 50 μM compound 3, nonirradiated or λ=365 nm light-
irradiated, was added and the cultures were incubated for another 3 h at 37 °C. The 
pyocyanin concentration was determined as described (21). In short, after incubation 
the cultures were centrifuged, the supernatant was filtered using a 0.2 μm filter and the 
pyocyanin production in the spent medium was determined by measuring the absor-
bance at 690 nm using an Agilent 8453 UV-Visible Spectrophotometer. The absorbance 
was converted to pyocyanin concentration using the extinction coefficient of 4310 M-1 
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cm-1. The results were background-corrected by subtracting the signal obtained from a 
control that was incubated with an equal volume of DMSO only.

Photoswitching Experiments
Irradiation experiments were performed with a Spectroline ENB-280C/FE UV lamp 
(365 nm) and Thor Labs OSL1-EC Fiber Illuminator (white light).
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Supporting information

Table S1 Primers used for gene expression analysis

Primer Sequence 5’-3’ Reference

lasA F TCCTTCGATGCGTCCTAC This work
lasA R GTTGCTCACCTGGATCTG This work
rpoD F TTCCTCGTCGTCCTTCTC This work
rpoD R TCCTGGCCGACTACAATC This work

Synthesis General
All chemicals for synthesis were obtained from commercial sources and were used as 
received, unless stated otherwise. Solvents were reagent grade. Thin-layer chromato-
graphy (TLC) was performed using commercial Kieselgel 60, F254 silica gel plates. 
Flash chromatography was performed on silica gel (Silicycle Siliaflash P60, 40-63 
μm, 230-400 mesh). Drying of solutions was performed with MgSO4 and solvents 
were removed with a rotary evaporator. Chemical shifts for NMR measurements 
were determined relative to the residual solvent peaks (δH 7.26 for CHCl3 and 2.50 
for DMSO, δC 77.16 for CDCl3 and 39.52 for DMSO). The following abbreviations 
are used to indicate signal multiplicity: s, singlet; d, doublet; t, triplet; q, quartet; m, 
multiplet; brs, broad signal; appt, apparent triplet. HRMS (ESI) spectra were obtained 
on a Thermo scientific LTQ Orbitrap XL. Melting points were recorded using a Buchi 
melting point B-545 apparatus. UV/Vis absorption spectra were recorded on an Agi-
lent 8453 UV-Visible Spectrophotometer using Uvasol grade solvents.
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Trans:cis ratios of compound 2, 3 and 4

Figure S1 Trans:cis ratio of compound 2 at a concentration of 10 mM in DMSO-d6 before 
(bottom) and after 365 nm light irradiation (top), determined by integration of  the N-H (nr. 
17 in molecular structure) signal of compound 2 using 1H NMR spectroscopy.
 

Figure S2 Trans:cis ratio of compound 3 at a concentration of 10 mM in DMSO-d6 before 
(bottom) and after 365 nm light irradiation (top), determined by integration of the CH2 signal 
(nr. 15 in molecular structure) of compound 3 using 1H NMR spectroscopy.
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Figure S3 Trans:cis ratio of compound 4 at a concentration of 10 mM in DMSO-d6 before 
(bottom) and after 365 nm light irradiation (top), determined by integration of the CH3 signal 
(nr. 1 in molecular structure) of compound 4 using 1H NMR spectroscopy.

 
UV-vis absorption spectra of compound 2, 3 and 4

Figure S4 UV-Vis absorption spectra of compound 2 at a concentration of 50 μM in DMSO. 
Trans isomer is solid line, cis isomer is dashed line.
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Figure S5 UV-Vis absorption spectra of compound 3 at a concentration of 50 μM in DMSO. 
Trans isomer is solid line, cis isomer is dashed line.

Figure S6 UV-Vis absorption spectra of compound 4 at a concentration of 50 μM in DMSO. 
Trans isomer is solid line, cis isomer is dashed line.

Half-lives of compound 2, 3 and 4 at 30 °C and 37 °C

Figure S7 Changes in absorption at λ = 327 nm of the cis isomer of compound 2 at a concen-
tration of 11 μM in water at 30 °C. Half-life > 10 hours.
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Figure S8 Changes in absorption at λ = 327 nm of the cis isomer of compound 2 at a concen-
tration of 7.1 μM in water at 37 °C. Half-life > 10 hours.

Figure S9 Changes in absorption at λ = 323 nm of the cis isomer of compound 3 at a concen-
tration of 38 μM in water at 30 °C. Half-life is 6.8 hours.

Figure S10 Changes in absorption at λ = 323 nm of the cis isomer of compound 3 at a concen-
tration of 19 μM in water at 37 °C. Half-life is 2.5 hours.
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Figure S11 Changes in absorption at λ = 353 nm of the cis isomer of compound 4 at a concen-
tration of 8.6 μM in water at 30 °C. Half-life is 8.9 hours.

Figure S12 Changes in absorption at λ = 353 nm of the cis isomer of compound 4 at a concen-
tration of 11.4 μM in water  at 37 °C. Half-life is 5.8 hours.

Bioluminescence dose-response curves of compound 1
 

Figure S13 Bioluminescence observed in the E. coli sensor strain over time, after addition of 
different concentrations of compound 1.
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Reversible photochromism of compounds 2, 3 and 4

Figure S14 Reversible photochromism of compound 2 at a concentration of 50 μM in DMSO.

Figure S15 Reversible photochromism of compound 3 at a concentration of 50 μM in DMSO.

Figure S16 Reversible photochromism of compound 4 at a concentration of 50 μM in DMSO
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Growth curves of E. coli JM109 pSB1075 and P. aeruginosa in the presence of 
compounds 1-3
 

Figure S17 Growth curve of E. coli JM109 pSB1075 in the presence of 50 μm of compound 1-3.
 

Figure S18 Growth curve of P. aeruginosa in the presence of 50 μm of compound 1-3.
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Pyocyanin Production
 

Figure S19 UV-Vis absorption spectra of filtered supernatant of P. aeruginosa ΔlasI cultures 
incubated with compound 1 (50 μM), compound 3 (2x50 μM) and compound 3 (2x50 μM) 
exposed to 365 nm light.

 
General synthetic scheme
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Synthesis
 

(S)-N-(2-oxotetrahydrofuran-3-yl)butyramide (1) Lauroyl chloride (0.46 mmol, 100 mg) was 
dissolved in DCM (5 mL). (S)-(−)-α-Amino-γ-butyrolactone hydrobromide (0.46 mmol, 84 
mg) was added, followed by triethylamine (1.38 mmol, 140 mg), and the resulting solution 
was stirred for 16 h at room temperature. Next, the solution was concentrated in vacuo and 
the residue was dissolved in EtOAc (20 mL). This solution was washed with 1 M aq. HCl (20 
mL) and brine (20 mL) and dried (MgSO4). Removing the solvent in vacuo resulted in 110 mg 
(85%) of a white solid. Mp. 140-142 °C.
1H NMR (400 MHz, CDCl3): δ 5.93 (s, 1H), 4.61 - 4.42 (m, 2H), 4.28 (ddd, J = 11.3, 
9.3, 5.8 Hz, 1H), 2.95 - 2.83 (m, 1H), 2.28 - 2.20 (m, 2H), 2.11 (ddd, J = 23.9, 11.6, 8.8 
Hz, 1H), 1.69 – 1.62 (m, 2H), 1.38 – 1.24 (m, 16H), 0.88 (t, J = 6.8 Hz, 3H).
1H NMR spectrum in agreement with published data (3).

(E)-4-(phenyldiazenyl)benzoic acid (5) Nitrosobenzene (1.86 mmol, 200 mg) and 4-amino-
benzoic acid (2.05 mmol, 282 mg) were dissolved in acetic acid (15 mL) and the mixture was 
stirred for 16 h at 60 °C. Next, the solution was diluted with water (30 mL) and extracted with 
DCM (30 mL). The organic layer was washed with water (30 mL) and brine (30 mL) and dried 
(MgSO4). After concentrating in vacuo, the solid was recrystallized from EtOAc, resulting in 
360 mg (85%) of an orange solid.
1H NMR (400 MHz, DMSO-d6): δ 13.22 (brs, 1H), 8.13 (d, J = 8.4 Hz, 2H), 7.98 – 
7.88 (m, 4H), 7.65 – 7.56 (m, 3H).
13C NMR (100 MHz, DMSO-d6): δ 167.1, 154.7, 152.3, 133.3, 132.6, 131.1, 130.0, 
123.3, 123.0.
1H NMR spectrum in agreement with published data (4).
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(S)-N-(2-oxotetrahydrofuran-3-yl)-4-(phenyldiazenyl)benzamide (2) Compound 5 (0.42 
mmol, 95 mg) was dissolved in thionyl chloride (2 mL) and the mixture was heated at reflux 
for 2 h. The mixture was concentrated in vacuo and the residue was redissolved in DCM. 
To the solution was added (S)-(−)-α-amino-γ-butyrolactone hydrobromide (0.42 mmol, 76 
mg) and triethylamine (1.26 mmol, 127 mg) and the mixture was stirred for 16 h at room 
temperature. Next, the solution was concentrated in vacuo and the residue was dissolved in 
EtOAc (20 mL). The organic solution was washed with 1 M HCl (20 mL) and brine (20 mL) 
and dried (MgSO4). Concentrating in vacuo resulted in 120 mg (93%) of an orange solid. Mp. 
229-231 °C.
1H NMR (400 MHz, DMSO-d6): δ 9.16 (d, J = 8.2 Hz, 1H), 8.06 (d, J = 8.5 Hz, 2H), 
7.97 (d, J = 8.5 Hz, 2H), 7.92 (dd, J = 7.6, 2.0 Hz, 2H), 7.66 – 7.58 (m, 3H), 4.81 (apq, 
J = 9.2 Hz, 1H), 4.43 (apt, J = 8.1 Hz, 1H), 4.32 – 4.24 (m, 1H), 2.43 – 2.28 (m, 2H).
13C NMR (100 MHz, DMSO-d6): δ175.6, 165.7, 153.9, 152.4, 136.0, 132.5, 130.0, 
129.1, 123.2, 122.9, 65.8, 49.0, 28.4.
HR-MS (ESI, [M+H]+): Calcd. for C17H16N3O3: 310.1186; Found: 310.1186

 

(E)-2-(4-(phenyldiazenyl)phenyl)acetic acid (6) Nitrosobenzene (1.86 mmol, 200 mg) and 
4-aminophenylacetic acid (2.05 mmol, 310 mg) were dissolved in acetic acid (15 mL) and the 
solution was stirred for 16 h at 50 °C. Next, the solution was diluted with water (30 mL) and 
extracted with DCM (30 mL). The organic layer was washed with water (30 mL) and brine 
(30 mL) and dried (MgSO4). After concentrating in vacuo, the solid was recrystallized from 
EtOAc, resulting in 400 mg (89%) of an orange solid.
1H NMR (400 MHz, DMSO-d6): δ 12.44 (brs, 1H), 7.89 – 7.81 (m, 4H), 7.62 – 7.54 
(m, 3H), 7.47 (d, J = 8.3 Hz, 2H), 3.69 (s, 2H).
13C NMR (100 MHz, DMSO-d6): δ 172.7, 152.4, 151.2, 139.3, 131.9, 131.0, 129.9, 
122.9, 122.9, 40.8.
1H NMR spectrum in agreement with published data (5). 
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(S)-N-(2-oxotetrahydrofuran-3-yl)-2-(4-(phenyldiazenyl)phenyl)acetamide (3) Compound 6 
(0.42 mmol, 100 mg) was dissolved in 1,4-dioxane (4 mL) and added to a solution of  (S)-(−)-
α-amino-γ-butyrolactone hydrobromide (0.42 mmol, 76 mg) in water (2 mL). Next, TEA 
(1.25 mmol, 126 mg) and EDC hydrochloride (0.63 mmol, 120 mg) were added, and the reac-
tion mixture was stirred for 16 h at room temperature. The mixture was added to EtOAc (20 
mL) and washed with a 5% aqueous citric acid solution (20 mL) and brine (20 mL) and dried 
(MgSO4). Concentrating in vacuo resulted in 55 mg (40%) of an orange solid. Mp. 222-224 °C.
1H NMR (400 MHz, DMSO-d6): δ 8.66 (d, J = 7.7 Hz, 1H), 7.85 (dd, J = 13.5, 7.5 Hz, 
4H), 7.62 – 7.53 (m, 3H), 7.47 (d, J = 8.2 Hz, 2H), 4.57 (apq, J = 8.8 Hz, 1H), 4.33 
(t, J = 8.1 Hz, 1H), 4.24 – 4.15 (m, 1H), 3.59 (s, 1H), 2.40 (dd, J = 17.6, 8.9 Hz, 1H), 
2.20 – 2.07 (m, 1H).
13C NMR (100 MHz, DMSO-d6): δ 175.7, 170.2, 152.4, 151.1, 140.2, 131.9, 130.6, 
129.9, 122.9, 122.9, 65.7, 48.6, 42.2, 28.7.
HR-MS (ESI, [M+H]+): Calcd. for C18H18N3O3: 324.1343; Found: 324.1341
 

Methyl 4-nitrosobenzoate (7) Methyl-4-aminobenzoate (3.30 mmol, 500 mg) was dissolved in 
DCM (10 mL) and a solution of oxone (6.60 mmol, 4.10 g) in water (50 mL) was added. The 
resulting biphasic mixture was stirred at room temperature for 3 h. Next, the organic layer was 
separated and the aqueous layer was extracted with DCM (2 x 20 mL). The combined organic 
layers were washed with 1M aqueous HCl (30 mL) and brine (20 mL) and dried (MgSO4). 
Drying in vacuo and recrystallization from ethyl acetate resulted in 431 mg (79%) of a bright 
yellow solid. 
1H NMR (400 MHz, CDCl3): δ 8.30 (d, J = 8.6 Hz, 2H), 7.94 (d, J = 8.6 Hz, 2H), 3.98 
(s, 3H).
1H NMR spectrum in agreement with published data (6). 
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Methyl (E)-4-((4-methoxyphenyl)diazenyl)benzoate (8) p-Anisidine (0.66 mmol, 81 mg) and 
compound 7 (0.60 mmol, 100 mg) were dissolved in acetic acid (5 mL) and the resulting 
solution was stirred at 40 °C for 16 h. Next, the solution was diluted with water (40 mL) and 
extracted with DCM (3 x 40 mL). The collected organic phases were dried (MgSO4). The 
solvent was evaporated in vacuo, resulting in 159 mg (>95%) of orange crystals. 
1H NMR (400 MHz, CDCl3): δ 8.17 (d, J = 8.6 Hz, 2H), 7.96 (d, J = 9.0 Hz, 2H), 7.91 
(d, J = 8.6 Hz, 2H), 7.03 (d, J = 9.0 Hz, 2H), 3.96 (s, 3H), 3.91 (s, 3H). 
1H NMR spectrum in agreement with published data (7). 

 

(E)-4-((4-methoxyphenyl)diazenyl)benzoic acid (9) Compound 8 (0.660 mmol, 180 mg) was 
added to a solution of 2.5 M aqueous NaOH (1 mL) in EtOH (15 mL) and the mixture was 
stirred at 60 °C for 16 h. Subsequently, 1M aqueous HCl (30 mL) was added and the mixture 
was extracted with DCM (3 x 20 mL). Removing the solvent in vacuo resulted in 161 mg 
(>95%) of an orange solid. 
1H NMR (400 MHz, DMSO-d6): δ 8.10 (d, J = 8.6 Hz, 2H), 7.93 (d, J = 9.0 Hz, 2H), 
7.90 (d, J = 8.6 Hz, 2H), 7.15 (d, J = 9.1 Hz, 2H), 3.87 (s, 3H). 
1H NMR spectrum in agreement with published data (8). 

 

(S)-N-(2-oxotetrahydrofuran-3-yl)-2-(4-(phenyldiazenyl)phenyl)acetamide (4) Compound 9 
(0.39 mmol, 100 mg) was dissolved in 1,4-dioxane (4 mL) and added to a solution of  (S)-(−)-
α-amino-γ-butyrolactone hydrobromide (0.39 mmol, 71 mg) in water (1 mL). Next, triethyla-
mine (0.78 mmol, 118 mg) and EDC hydrochloride (0.59 mmol, 111 mg) were added, and this 
solution was stirred for 16 h at room temperature. The mixture was diluted with EtOAc (20 
mL) and washed with a 5% aqueous citric acid solution (20 mL) and brine (20 mL) and dried 
(MgSO4). Concentrating in vacuo resulted in 50 mg (30%) of an orange solid. Mp. 210-212 °C.
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1H NMR (400 MHz, DMSO-d6): δ 9.13 (d, J = 7.5 Hz, 1H), 8.03 (d, J = 8.2 Hz, 2H), 
7.96 – 7.87 (m, 4H), 7.15 (d, J = 8.7 Hz, 2H), 4.80 (apq, J = 9.3 Hz, 1H), 4.42 (apt, J = 
8.6 Hz, 1H), 4.28 (apq, J = 9.0 Hz, 1H), 3.87 (s, 3H), 2.36 (m, 2H).
13C NMR (100 MHz, DMSO-d6): δ 175.7, 165.8, 162.9, 154.1, 146.7, 131.0, 129.0, 
125.4, 125.4, 122.6, 115.2, 65.8, 56.2, 49.0, 28.4.
HR-MS (ESI, [M+H]+): Calcd. for C18H18N3O4: 340.1292; Found: 340.1291
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