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Introduction
Macrophage migration inhibitory factor (MIF) is a central cytokine of the immune system. 
It is expressed in immune cells such as T-cells, macrophages, basophiles, eosinophils 
and B-cells (1). Unlike other cytokines, MIF is constitutively expressed and stored in 
cytoplasmic pools (2). Therefore, it is rapidly released in response to a stimulus. Upon 
release, MIF interacts with surface receptors on B-cells, T-cells, macrophages and some 
epithelial cells, which induce a pro-inflammatory signal transduction. MIF has been 
shown to interact with the type II cluster of differentiation 74 (CD74) receptor, which 
is the invariant chain of the major histocompatibility complex II (MHCII). CD74 does 
not seem to have an intracellular signaling domain and is therefore thought to initiate 
intracellular signaling by recruiting other membrane receptors such as CD44, CXCR2 and 
CXCR4 (3-5). Through these interactions, MIF plays a major role in inflammatory signaling 
and has therefore been suggested to be a target for therapeutics against inflammatory 
diseases. MIF has also been implicated in cancer due to its downregulation of p53 and 
the observation that it was overexpressed in several cancer cell types (6-10). Indeed, 
it was shown that neutralization of MIF through antibodies or genetic deletion, was 
beneficial in several inflammatory disease models and a small molecule inhibitor of MIF 
was able to reduce tumor growth in mouse models (11-15). Therefore, MIF is a potential 
target in both immune diseases and cancer and inhibitors of MIF may ultimately serve as 
therapeutic agents in these diseases. 

MIF is a small protein of 115 amino acids, weighing approximately 12.4 kDa and exists 
predominantly in a homotrimeric form. One human homologue has been described, 
which is D-dopachrome tautomerase (D-DT or MIF2), which shows a similar function 
to MIF (16). MIF has structural similarity to two bacterial enzymes: 4-oxalocrotonate 
tautomerase (4-OT) and 5-carboxymethyl-2-hydroxymuconate isomerase (17). Inspired 
by these similarities, it was discovered that MIF not only functions as a cytokine, but 
has enzymatic activity as well. It has been shown to catalyze the tautomerization of 
D-dopachrome and phenylpyruvate substrates to their respective enol forms (18). 
One residue particularly important for this activity is the N-terminal proline that has 
an unusually acidic pKa of around 5-6 and can therefore act as a catalytic base in the 
tautomerase reaction (19). This enzymatic activity of MIF has drawn the attention of 
the field of inhibitor discovery. It is much more suitable for fast and efficient screening 
of potential inhibitors than the interaction between MIF and CD74. However, to date it 
is not clear whether the tautomerase activity has a biological function and it has been 
suggested to be vestigial (20). Moreover, the tautomerase activity has been shown to 
be unrelated to the CD74 binding (21). Therefore, the question is whether screening 
inhibitors for tautomerase activity is a suitable way to find inhibitors for the interaction 
between MIF and CD74. Inhibitors for the tautomerase activity of MIF showed no one-
to-one relationship between inhibition of tautomerase activity and inhibition of CD74 
binding or pro-inflammatory cytokine production (22,23). However, in these studies it 
was also shown that mutations on the surface near to the tautomerase binding site 
did intervene with CD74 binding and some tautomerase inhibitors also inhibited CD74 
binding. It may therefore be possible that CD74 interacts to the MIF surface close to the 
tautomerase binding site. The tautomerase pocket may then be used to anchor small 
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molecule inhibitors that can be expanded towards inhibition of CD74 binding. 

Several small molecule inhibitors of MIF have been developed, some examples of 
which are shown in figure 1. One of the most studied compounds is ISO-1 ((S,R)-3-
(4-hydroxyphenyl)-4,5-dihydro-5-isoxazole acetic acid methyl ester), an isoxazoline 
compound. ISO-1 is a competitive inhibitor of the MIF tautomerase activity (24). Although 
it has not been reported whether it inhibits the interaction between MIF and CD74 in-
vitro, it was shown to have a beneficial effect in several disease models such as sepsis, 
chronic obstructive pulmonary disease (COPD) and cancer (15,25-27). Based on ISO-1, 
several other isoxazolines have been described (23,28). Using a structure-based virtual 
screening method, Orita-13 was found to be a competitive inhibitor of the tautomerase 
activity of MIF (29). In a high-throughput screening, the inhibitor P425 was discovered 
that both inhibits MIF tautomerase activity and its interaction with CD74 (30). It was 
shown using crystallographic data that P425 bound on the interface of two MIF trimers, 
blocking, but not entering the tautomerase active site and inhibiting CD74 binding as 
well as pro-inflammatory action. Biaryltriazoles have also been described as competitive 
inhibitors of MIF tautomerase activity. Many derivatives of these triazoles were made, 
however, only a few were tested for inhibition of the interaction between MIF and CD74 
(31-33). The MIF-CD74 inhibition data showed a rather inconsistent structure-activity 
relationship and surprisingly, some compounds were found to be agonists of the MIF-
CD74 binding. Additionally, some of the inhibitors tested for MIF-CD74 inhibition, were 
not tested for tautomerase inhibition. For example the biaryltriazole shown in figure 
1 showed inhibition of the CD74 binding of MIF, but was not tested for tautomerase 
inhibition. Therefore, it is still uncertain whether small molecules for the tautomerase 
activity of MIF can be used to inhibit the binding of MIF to CD74. 

In this project, the aim was to discover novel inhibitors of the MIF tautomerase activity 
and CD74 interaction and to investigate whether the tautomerase binding pocket can 
be used to anchor small molecule inhibitors that can inhibit the interaction of MIF with 
CD74 as well. Two strategies have been applied to find inhibitors of the MIF tautomerase 
activity. First, a rational design approach was chosen based on ISO-1 and the biaryltriazole 

Figure 1: A selection of known MIF tautomerase activity and CD74 interaction inhibitors. 
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scaffold. This showed that the phenol-triazole scaffold was a good scaffold to investigate 
whether the tautomerase active site can be used to anchor small molecule inhibitors 
that can inhibit the CD74 binding as well. Secondly, a library of chromene compounds 
was screened for inhibition, which yielded several inhibitors of MIF tautomerase activity.

Results and discussion

Rational design of MIF inhibitors
The rational design of novel MIF inhibitors was based on known MIF inhibitors ISO-1 
and the biaryltriazoles. A crystal structure of MIF with ISO-1 showed that the inhibitor 
bound in the active site of the tautomerase activity which is positioned at the interface 
between two MIF monomers (Figure 2A(24)). Amino acids Asn-97 and Tyr-95 from one 
monomer (cyan) and Lys-32, Ile-64 and Pro-1 from the other monomer (violet) were 
shown to interact with ISO-1 (Figure 2B). The interaction with Asn-97 plays a key role in 
anchoring the molecule to the catalytic site, due to its strategic position at the end of 
the cavity. A hydrogen bond is formed between the amide group of the amino acid and 
the hydroxyl group of the phenol ring. It is therefore not surprising that this phenol ring 
is a recurrent moiety in many known MIF tautomerase inhibitors. The isoxazoline moiety 
interacts with Lys-32, Ile-64 and Pro-1. The crystal structure of one of the biaryltriazoles 
shows that these inhibitors have a similar binding mode as ISO-1 (Figure 2C). These 
inhibitors contain the same phenol moiety as ISO-1, which interacts with Asp-97. The 
triazole interacts with Pro-1 and surrounding amino acids via hydrogen bond and pi-
stacking interactions.

In the design of novel inhibitors, the recurrent phenol moiety was conserved due to its 
role in anchoring the molecule to the binding pocket as explained above (Figure 3). This 
phenol was substituted with various 5-membered aromatic heterocycles to investigate 
the possibilities on this position. Subsequently the substituent of this heterocycle was 
investigated. This substituent is expected to protrude from the binding pocket and to 
interact on the outside of the MIF tautomerase active site, where it may interfere with 
CD74 binding. This will be important for investigating whether the tautomerase active 

Figure 2: Crystal structures of MIF with known inhibitors ISO-1 and a biaryltrazole. A) Top view of 
the crystal structure of MIF homotrimer (blue) with ISO-1 (green, PDB: 1LJT). B) Close up of the 
interactions of ISO-1 (green) with the residues Pro-1, Lys-32 and Ile-64 of one monomer (violet) 
and Asn-97 and Tyr-95 of the monomer beside it (cyan). C) Close up of the crystal structure of MIF 
with a biaryltriazole inhibitor (yellow) (PDB: 4WR8). The biaryltriazole inhibitor shows a similar 
binding mode as ISO-1.
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site can be used to anchor small molecules that can inhibit the CD74 interaction as 
well. Since no crystal structure is available of MIF bound to CD74, a range of different 
substituents was chosen for this position to pioneer the molecular properties needed to 
inhibit this interaction.

To investigate the nature of the heterocycle, the isoxazoline moiety was replaced by 
an isoxazole (1). The methylated form of isoxazole 1 was synthesized using a one-pot 
three-step reaction as described by Koufaki et al (34) with a yield of 30-50 % (Scheme 
1A). Anisaldehyde was transformed in the corresponding oxime, which yielded an in 
situ nitrile oxide through the reaction with the oxidant chloramine-t, which was rapidly 
coupled with phenylacetylene using the microwave. Interestingly, the oxime formed is 
relatively stable (48 hours) in the solvent system of the reaction This property could 
allow the set-up of a parallel approach to synthesize compounds with an isoxazole 
scaffold. The final product 1, was then obtained using boron trichloride in presence of 
tetra-N-butylammonium iodide with an overall yield of 15% (35). The isoxazoline was 
replaced with a benzoxazole moiety with either the ester group conserved as in ISO-1 
with the hydroxyl on the benzoxazole (2) or a phenol substituted with a benzoxazole (3). 
Benzoxazole 2 was synthesized starting from 2-aminophenol with p-toluenesulphonic 
acid using the reagent dimethylmalonate as a solvent, followed by a demethylation 
(Scheme 1B). The demethylation was done under the same conditions as for 1, which 
allowed selective demethylation of the methoxy on the benzoxazole, leaving the ester 
intact (36). Benzoxazole 3 was synthesized similarly to 2 by reacting 2-aminophenol, 
obtained by reduction of 4-methoxy-2-nitrophenol, with 4-hydroxy benzoic acid in the 
presence of boric acid (Scheme 1C). This reaction gave a disappointing yield of only 5%. 
A more effective method would be a solvent free synthesis using Lawessons’s reagent 
as described by Seijas et al. (data not shown (37)). Triazole 4 was synthesized from 
4-aminophenol by converting the amine to an azide, followed by a click reaction with 
phenylacetylene (Scheme 1D, (38,39)). In this reaction, THF was found to be a better 
solvent than water/t-BuOH, due to limited water-solubility of the alkynes. Therefore THF 
was used as a solvent in the synthesis of 5-8 (Scheme 1E). 

The synthesized compounds were tested for inhibition of the tautomerase activity 
of MIF. A spectrophotometric assay was used, which was based on the absorbance 
detection of the enzymatic enol product of 4-hydroxy phenylpyruvate (4-HPP) after 
reaction with boric acid (31). First, a single point screen was done at a concentration 
of 25 and 50 µM or 250 µM and the compounds showing more than 50% activity at 25 
µM were tested for IC50 values (Figure S1 , Figure S2). Compounds 5-8 were not tested 
in the single point assay, but IC50 values were determined directly. ISO-1 was tested as a 
reference and gave an IC50 of 77 ± 7.6 µM. This corresponds to a Ki value of 58 µM based 
on competitive inhibition, which is similar to the potency reported in literature (40). 

Figure 3: The design of MIF tautomerase inhibitors based on ISO-1 and the biaryltriazoles
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As shown in table 1, isoxazole 1 was not active, which could be due to the lack of sp3 
character in the isoxazole ring compared to the isoxazoline, influencing the orientation 
of the ring. The benzoxazoles 2 and 3 also did not show activity. These compounds 
probably lose the interaction of the isoxazoline with Lys-32, Ile-64 and Pro-1 as described 
for ISO-1. Triazole 4 did show inhibition of the MIF tautomerase activity. Therefore, this 
phenol-triazole scaffold was found to be a scaffold for further investigation. Triazole 
6 was synthesized as a reference as it was shown by Jorgensen et al. to inhibit CD74 
binding (32). This compound was not tested for tautomerase activity by Jorgensen et 
al., but showed activity similar to triazole 4 in this study. Consistently, all other triazoles 
were similarly active except for 5, which may be too bulky and rigid for the triazole to 

Scheme 1: Synthesis of potential MIF inhibitors based on rational design. Reagents and conditions: 
a) NH2OH·HCl, 1N NaOH, t-BuOH/H2O (1:1), RT; b) Chloramine-T hydrochloride, RT, 3 min; c) 
Phenylacetylene, Ph=6, MW, 90°C, 45min; from a to c in the same flask and solvent; d) BCl3, Bu4NI, 
Dry DCM, -78°C to RT, 5h e) Pd/C, H2 (g), MeOH, 3h; f) dimethylmalonate, p-toluenesulphonic acid, 
160°C; g) 4-hydroxybenzoic acid, H3BO3, 1,2-dichlorobenzene, Reflux, 24h; h) HCl conc., NaNO2, 
H2O, 0°C, 1h; i) NaN3, RT, 1h; j) 1%mol CuSO4·5H2O, 10%mol L-ascorbate, t-BuOH/H2O (1:1), 
Refluxing, 16 h; k) corresponding alkynes, 1%mol CuSO4·5H2O, 10%mol L-ascorbate, dry THF, 16 h.
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make the optimal interactions of with the binding pocket. Similar compounds to triazole 
5 have been described to be MIF inhibitors, however, these compounds all contained a 
quinoline moiety instead of a naphthalene (31). As shown in figure 2C, the N from the 
quinoline makes an interaction with Lys-32. This suggests that this interaction is essential 
for the binding of this type of MIF inhibitors. All other substituents were similarly active, 
suggesting that these substituents did not participate in the interaction of the compound 
with the tautomerase active site, protruding from the binding pocket into the space 
outside the MIF protein. This gives great possibilities for studying the inhibition of the 
binding of MIF with the CD74 receptor, which, as described before, potentially occurs 
just outside the tautomerase active site. This will show whether the tautomerase active 

Table 1: IC50 values of compounds 1-8 for the MIF tautomerase activity. IC50 values are given as 
mean and standard deviation of at least 2 independent experiments. 
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site can be used to anchor small molecules that can inhibit the CD74 interaction as well. 
The different substitutions on the phenol-triazole scaffold may then give an indication of 
what substitution would be suitable for inhibition the MIF-CD74 interaction. 

MIF inhibitors with a chromene scaffold
To find MIF inhibitors with a novel structure, a focused library of approximately 100 
compounds with a chromene scaffold was screened for inhibition of the MIF tautomerase 
activity. The chromene scaffold shows similarity to the chromone core of Orita-13 (Ki 
value between 13-22 μM (31)) and had therefore a good potential to show MIF inhibition. 
A wide variety of substituents was present in the library as depicted in Figure 4 (see table 
S1 for a complete list). All chromene compounds were synthesized from coumarines and 
the corresponding cyanoacetamides as described by Rosati et al. (41). The R1 position was 
substituted with methyl, methoxy, ethoxy, 3-chlorobenzyloxy or 3,4-chlorobenzyloxy. 
The R2 position in some cases carried a methyl group instead of a substitution on the 
R1 position. The R3 position was the most diversely substituted position carrying both 
aliphatic as well as aromatic moieties with various substitutions. The compounds were 
screened in the same assay as described before at a concentration of 100, 50 and 25 µM 
and compounds giving more than 50% inhibition at 25 µM were tested for IC50 values 
(Figure S3). Table 2 presents the IC50 values for the hits from the screening. As shown by 
the IC50 values, the relevance of the substituent on position R1 is debatable. There seems 
to be a preference for smaller substitutions, since the inhibitors carrying no substitution 
(12, 13) are the most active compounds. However, compound 13 is a very high molecular 
weight and symmetrical compound, which is undesirable for medicinal chemistry 
purposes. Additionally, although the compounds carrying substitutions on position R1 (9-
11, 14-24) are slightly less active than the ones without substituent, the difference in IC50 
between these inhibitors is minimal. Interestingly, almost all of the compounds carrying 
a 2,3-dichlorobenzyloxy group on R1 were found to be active, despite the great diversity 
of R3 groups. These compounds (17-24) all showed a similar IC50 between 3.2 and 6.6 
µM, indicating that the substituent on the R3 group has little influence on the inhibition 
of the tautomerase activity of MIF. Several compounds with a methyl substitution on 
the R2 position were present in the library. However, substitutions on this position seem 
not to be tolerated, since none of the compounds with a methyl substitution on the R2 
position were active. On the R3 position, the N-dodecane group was a recurrent moiety 
(13, 14, 17), which indicates that lipophilic interactions are favored by the protein. In 

Figure 4: General structure of the chromene compounds. 
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Table 2: IC50 values of the hits from the screening for inhibition of MIF tautomerase activity. IC50 
values are given as mean and standard deviation of at least 2 independent experiments. 
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fact, even though there is a wide variety of substitutions on this position among the 
active compounds, all of them have a lipophilic character. 

To continue the development toward bioactive MIF inhibitors, the active chromene 
compounds will be tested for their mechanism of inhibition of the tautomerase activity 
and the reversibility of the inhibition will be investigated. Then the compounds will be 
tested for inhibition of the interaction between MIF and CD74. Ultimately, this may lead 
to the development of a novel class of MIF inhibitors for the treatment of cancer or 
inflammatory diseases.

Conclusions and future perspectives
MIF is an essential cytokine involved in inflammatory processes. It has been shown that 
MIF plays a role in inflammatory diseases and cancer and is therefore a promising target 
for therapeutic agents against these diseases. MIF binds to the cytokine receptor CD74, 
which results in a pro-inflammatory response in cells, but MIF also has tautomerase 
activity. This tautomerase activity can be used to screen inhibitors in a high-throughput 
fashion, although it is not known whether this activity is biologically relevant. Therefore, 
the aim of this project was both to discover novel inhibitors of the tautomerase activity 
of MIF and to investigate the inhibition of MIF-CD74 binding. Based on two known 
classes of MIF inhibitors, inhibitors with a phenol-triazole scaffold were found to be 
optimal for investigation of both the tautomerase activity and CD74 binding of MIF. After 
validating the competitive binding of these inhibitors in the tautomerase binding pocket 
as described for biaryltriazoles, these compounds will be used to investigate whether the 
tautomerase active site can be used to anchor small molecule inhibitors that can inhibit 
the CD74 binding as well. We discovered chromene compounds as novel inhibitors of the 
tautomerase activity of MIF. The mechanism of inhibition of these compounds will be 
investigated as well as the inhibition of the MIF-CD74 binding. Ultimately, this will lead 
to novel inhibitors of MIF that can be used for the development of therapeutic agents 
against cancer and inflammatory diseases.
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Supplementary figures

Figure S1: Single point screening of compounds 1 – 4. Inhibition of MIF tautomerase activity was measured at 
an inhibitor concentration of 50 and 25 µM in the presence of 0.5 mM 4-HPP, 340 nM MIF and 0.2 M boric acid. 
The compound indicated with * was tested at a concentration of 250 µM. 

Figure S2: IC50 curves of compounds 4 -8 and ISO-1. Inhibition of MIF tautomerase activity was measured at 
an inhibitor concentration of 125 - 0 µM in the presence of 0.5 mM 4-HPP, 340 nM MIF and 0.2 M boric acid. 
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Figure S3: IC50 curves of the hits from the screening. The compounds were tested for inhibition of MIF 
tautomerase activity at 125 - 0 µM, 100 – 0 µM or 25 – 0 µM in the presence of 0.5 mM 4-HPP, 340 nM MIF 
and 0.2 M boric acid. 
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Table S1: The structures of all chromene compounds that were screened for activity on MIF tautomerase 
activity.
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Experimental section
MIF tautomerase activity assay
Inhibition of the tautomerase activity of MIF was measured using recombinantly 
expressed his-tagged MIF, following the procedure of Wasiel et al (42). Dilutions 
were made in 50 mM ammonium acetate buffer pH 6.0 unless otherwise indicated. 
4-hydroxyphenyl pyruvate (4-HPP) was used as substrate. 4-HPP (10 mM) was incubated 
overnight at room temperature to allow equilibration to the keto form. MIF (340 nM 
ditluted in 0.2 M boric acid pH 6.2) and the compounds (single point assay: 25, 50 or 
250 µM, IC50 assay: 250 – 0 µM or 100 – 0 µM or 25 – 0 µM, 2x/0.6x dilution series in 
5% DMSO) were added to a UV-star F bottom 96-well plate. The enzymatic reaction was 
started by addition of 4-HPP (0.5 mM) and the increase of absorbance at 306 nm was 
followed over time using a Spectrostar Omega BMG Labtech plate reader. The positive 
control contained everything except inhibitor (but including 5% DMSO). The negative 
control was as the positive control without MIF. The raw data were analyzed taking the 
slope of the linear part of the increased absorbance over the time. The slopes were 
normalized in to the positive and negative control giving the percentage of inhibition. 

Chemistry 
Chemicals were purchased from commercial suppliers and used without further 
purification. If required, glassware was oven-dried before use. Reactions in the 
microwave were carried out in a Biotage InitiatorTM Microwave Synthesizer. The reactions 
were monitored by thin layer chromatography (TLC) using Silica Gel 60 F254 aluminium 
sheets. TLC’s were visualized using UV light or KMnO4 solution. Column chromatography 
was performed using MP Ecochrom Silica Gel 32-63, 60 Å. Products were analyzed by 
proton (1H) and carbon (13C) nuclear magnetic resonance (NMR), recorded on the Bruker 
Advance 500 MHz. Chemical shifts were reported as part per million (ppm) relative to 
residual solvent peaks (CDCl3, 

1H δ = 7.26, 13C δ = 77.16; CD3OD, 1H δ = 3.31, 13C δ = 49.00). 
Intermediate products were analysed by electrospray ionization mass spectra (ESI-MS) 
using an Applied Biosystems/SCIEX API3000-triple quadrupole mass spectrometer. Final 
products were analysed by high resolution mass spectrometry (HRMS) on a LTQ-Orbitrap 
XL mass spectrometer with a resolution of 60,000 at m/z 400 at a scan rate of 1Hz.

3-(4-methoxyphenyl)-5-phenylisoxazole

O

N O

Hydroxylamine hydrochloride (1.5 mmol) was added to a solution of p-methoxy 
benzaldehyde (1.5 mmol) in water : t-BuOH (1 : 1 ratio, 7 mL) in a MW tube. 
Subsequently, NaOH (1.5 mmol, 1 M solution in water) was added. The reaction 
mixture was left stirring at RT until the p-methoxy benzaldehyde was consumed. Then 
Chloramine-T hydrochloride (1.5 mmol) was added. After 3 minutes, phenyl acetylene 
(1.5 mmol) was added and the pH of the reaction was adjusted to 6. The reaction was then 
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MW irradiated for 45 minutes at 90°C. The product was extracted with ethyl acetate (3 x 
25 mL), was with water (3 x 25 mL), dried over MgSO4, filtered and concentrated under 
reduced pressure. The crude product was purified using column chromatography (20 : 1 
petroleum ether : ethyl acetate), affording the product as a colorless solid. Yield: 31 %, 
Rf = 0.77 (2 : 1 petroleum ether : ethyl acetate). 1H NMR (500 MHz, CDCl3) δ 7.85- 7.80 
(m, 4H), 7.50-7.45 (m, 3H), 7.00 (d, J = 8.8 Hz, 2H) 6.78 (s, 1H), 3.87 (s, 3H). 13C NMR (126 
MHz, CDCl3) δ 170.04, 162.47, 160.91, 130.02, 128.87 (2x), 128.09 (2x), 127.46, 125.71 
(2x), 121.55, 114.22 (2x), 97.15, 55.26. Spectroscopic data are in line with literature (34)

4-(5-phenylisoxazol-3-yl)phenol (1)

HO

N O

Tetra-N-butylammonium iodide (0.25 mmol) was added to a solution of 
3-(4-methoxyphenyl)-5-phenylisoxazole (0.19 mmol) in dry DCM (10 ml) under nitrogen 
atmosphere. Subsequently the reaction was cooled down to -78°C using a mixture of 
acetone and liquid N2. Then boron trichloride (0.3 mmol, 1M solution in DCM) was added 
dropwise and stirred for 5 minutes. The reaction was allowed to heat to RT and stirred 
for 5 hours. The mixture was quenched in ice-water, the product was extracted with 
DCM (3 x 20 ml), dried over MgSO4, filtered and concentrated under reduced pressure. 
The crude product was purified on column chromatography (5 : 1 petroleum ether : 
ethyl acetate), to yield a white solid. Yield: 46 %, Rf = 0.16 (2 : 1 petroleum ether : ethyl 
acetate). 1H NMR (500 MHz, Methanol-d4) δ 7.92 (d, J = 7.5 Hz, 2H), 7.78 (d, J = 8.6 Hz, 
2H), 7.54 (m, 3H), 7.19 (s, 1H), 6.93 (d, J = 8.6 Hz, 2H).13C NMR (126 MHz, Methanol-d4) δ 
171.44, 164.44, 160.76, 136.96, 131.40, 130.18 (2x), 129.36, 128.81, 126.79 (2x), 121.30, 
116.80 (2x), 98.63. Spectroscopic data are in line with literature (43).

2-amino-4-methoxyphenol 

O

OH
NH2

To a solution of 4-methoxy-2-nitrophenol (5 mmol) in MeOH (10 mL) was added palladium 
on carbon (10% w/w, 10% Pd on carbon) under hydrogen atmosphere. The mixture was 
stirred for 3 hours at RT, filtered over celite and concentrated under reduced pressure. 
The product was used in the following reaction without further purification. 1H NMR 
(500 MHz, CDCl3) δ 6.47 (dd, J = 8.5, 2.9 Hz, 1H), 6.18 (d, J = 2.9 Hz, 1H), 6.02 (dd, J = 8.5, 
3.0 Hz, 1H), 3.53 (s, 3H). 13C NMR (126 MHz, CDCl3) δ 153.75, 139.10, 135.79, 115.43, 
103.60, 103.04, 55.69. 

Methyl 2-(5-methoxybenzo[d]oxazol-2-yl)acetate 
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N

O O
O

O
2-amino-4-methoxyphenol (3.6 mmol) was added to dimethylmalonate (18 mmol, 2.4 
mL) under nitrogen. The mixture was heated to 160 °C for 2 hours until 2-aminophenol 
was consumed. Then p-toluenesulphonic acid (0.4 mmol) was added and the mixture 
was stirred at 160 °C for 15 hours. The mixture was directly purified by column 
chromatography (1 : 10 ethyl acetate : petroleum ether) to yield the product as a yellow 
solid. Yield 54 %, Rf = 0.63 (1 : 2 ethyl acetate : petroleum ether). 1H NMR (500 MHz, 
CDCl3) δ 7.39 (d, J = 8.9 Hz, 1H), 7.18 (d, J = 2.5 Hz, 1H), 6.93 (dd, J = 8.9, 2.5 Hz, 1H), 3.99 
(s, 2H), 3.84 (s, 3H), 3.77 (s, 3H). 13C NMR (126 MHz, CDCl3) δ 167.46, 160.13, 157.27, 
145.77, 141.95, 113.79, 110.79, 103.00, 55.96, 52.82, 35.17. MS (ESI): m/z [M+H], 
calculated C11H12O4N 221.1, found 222.1.

Methyl 2-(5-hydroxybenzo[d]oxazol-2-yl)acetate (2)

N

O

HO

O
O

To a solution of Methyl 2-(5-methoxybenzo[d]oxazol-2-yl)acetate (0.5 mmol) in dry 
DCM was added t-butylammonium iodide (0.65 mmol) under nitrogen atmosphere. The 
mixture was cooled down to -78 °C and boron trichloride (2.5 mL, 1M in DCM) was 
added dropwise. The mixture was allowed to warm to room temperature and stirred for 
1 hour turning bright orange. The reaction was quenched with ice-water and saturated 
NaHCO3. The product was extracted with DCM and purified by column chromatography 
(1 : 2 ethyl acetate : petroleum ether) yielding the product as a light yellow solid. Yield 43 
%, Rf = 0.3 (1 : 1 ethyl acetate : petroleum ether). 1H NMR (500 MHz, MeOD) δ 7.39 (d, J = 
8.8 Hz, 1H), 7.02 (d, J = 2.3 Hz, 1H), 6.86 (dd, J = 8.8, 2.4 Hz, 1H), 4.06 (s, 2H), 3.76 (s, 3H). 
13C NMR (126 MHz, DMSO) δ 168.27, 160.93, 155.18, 144.63, 142.05, 113.90, 111.13, 
105.05, 52.90, 35.01. MS (ESI): m/z [M+H], calculated C10H10O4N 207.1, found 208.1.

4-(benzo[d]oxazol-2-yl)phenol (3).

N

O
OH

4-hydroxybenzoic acid (1.8 mmol) was added to a solution of 2-aminophenol (1.8 mmol) 
in 1,2-dichlorobenzene (10 mL) under nitrogen atmosphere. The flask was equipped 
with a condenser and boric acid (0.2 mmol) was added. The suspension was refluxed for 
24 hours, after which it was cooled down. The product was precipitated using petroleum 
ether, filtered and directly purified by column chromatography (4 : 1 petroleum ether : 
ethyl acetate) to yield the product as a red solid. Yield: 5.2 %. Rf = 0.43 (2 : 1 petroleum 
ether : ethyl acetate). 1H NMR (500 MHz, chloroform/MeOH) δ 7.87 (d, J = 8.7 Hz, 2H), 
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7.49 – 7.45 (m, 1H), 7.38 – 7.34 (m, 1H), 7.15 – 7.10 (m, 2H), 6.75 (d, J = 8.7 Hz, 2H). 13C 
NMR (126 MHz, Methanol-d4) δ 163.81, 161.32, 150.41, 141.46, 129.22 (2x), 124.64, 
124.45, 118.55, 117.45, 115.62 (2x), 110.12. MS (ESI): m/z [M+H], calculated C11H14O2N3 
211.06, found 212.07.

4-azidophenol 

N3HO

To a suspension of p-aminophenol (14 mmol) in water (20 mL), concentrated hydrochloric 
acid (3.5 mL) was added dropwise over a period of 5 min. The resulting solution was 
cooled down to 0°C and then NaNO2 (27 mmol) was added portion wise. The reaction 
was then left stirring for 1h, after which a freshly made solution of NaN3 (16 mmol) 
water, was added dropwise. The reaction was left stirring for another hour at room 
temperature. The product was then extracted with ethyl acetate (3x50ml), dried over 
MgSO4, filtered and concentrated under reduced pressure to yield the product as a dark 
red oil. The product was used in other reactions without further purification. Yield: 96 %, 
Rf = 0.63 (2 : 1 petroleum ether : ethyl acetate). 1H NMR (500 MHz, CDCl3) δ 6.83-6.81 (m, 
2H), 6.77- 6.75 (m, 2H). 13C NMR (126 MHz, CDCl3) δ 154.18, 131.12, 119.93 (2x), 116.41 
(2x). Spectroscopic data are in line with the literature (38).

4-(4-phenyl-1H-1,2,3-triazol-1-yl)phenol (4)

N
N N

HO

Phenylacetylene (1.5 mmol) was added to a solution of 4-azidophenol (1.5 mmol) in 
water : t-BuOH (1 : 1 ratio, 7 mL). To the vigorously stirred solution, were added in 
sequence, a freshly made solution of CuSO4 5H2O (0.015 mmol) in water (100 µL) and 
a freshly made solution of L-ascorbate (0.15 mmol) water (100 µL). The reaction was 
refluxed for 15 hours. The resulting mixture was then extracted with ethyl acetate (3 x 
20ml), washed with water (5 x 20 mL) dried over MgSO4, filtered and concentrate. The 
product was recrystallized in DCM, which yielded a brown solid. Yield: 8.5 %, Rf = 0.23 (2 
: 1 petroleum ether : ethyl acetate). 1H NMR (500 MHz, Methanol-d4) δ 8.74 (s, 1H), 7.91 
(d, J = 7.2 Hz, 2H), 7.67 (d, J = 6.2 Hz, 2H), 7.46 (t, J = 7.2 Hz, 2H), 7.38 (t, J = 6.2 Hz, 1H), 
6.96 (m, 2H). 13C NMR (126 MHz, Methanol-d4) δ 158.25, 147.90, 130.14, 129.31, 128.61 
(2x), 128.09, 125.35 (2x), 121.94 (2x), 119.02, 115.75 (2x). Spectroscopic data are in line 
with the literature (44).

General procedure for 5-8
The appropriate alkyne (0.5 mmol) was added to a solution of 4-azidophenol (0.5 mmol) 
in dry THF (2 mL). To the vigorously stirred solution were added in sequence a freshly 
made solution of CuSO4 5H2O (0.01 mmol) in water (50 µL) and a freshly made solution 
of L-ascorbate (0.05 mmol) water (50 µL). The reaction was stirred for 15 hours and 
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quenched into ice-water. The product was extracted with ethyl acetate (2 x 20 mL), 
washed with water (5 x 20 mL), dried over MgSO4, filtered and concentrated under 
reduced pressure to afford the products as brown solid. 

4-(4-(6-methoxynaphthalen-2-yl)-1H-1,2,3-triazol-1-yl)phenol (5)

HO N
N N

O

Yield: 57 %, Rf = 0.68 (2 : 1 ethyl acetate : petroleum ether). 1H NMR (500 MHz, DMSO) δ 
10.02 (s, 1H), 9.20 (s, 1H), 8.41 (s, 1H), 8.02 (d, J = 8.5 Hz, 1H), 7.96 – 7.88 (m, 2H), 7.75 
(d, J = 8.8 Hz, 2H), 7.37 (s, 1H), 7.22 (d, J = 8.9 Hz, 1H), 6.99 (d, J = 8.8 Hz, 2H). 13C NMR 
(126 MHz, DMSO) δ 158.24, 157.99, 147.66, 134.47, 130.06-129.98 (1x), 129.31, 128.98, 
127.94-127.89 (1x), 126.14, 124.62, 124.07-124.02 (1x), 122.37, 122.27, 119.89, 119.69, 
116.55 (2x), 106.52-106.50 (1x), 55.67. MS (ESI): m/z [M+H], calculated C19H16O2N3 
317.35, found 318.12.

4-(4-benzyl-1H-1,2,3-triazol-1-yl)phenol (6)

HO N
N N

Yield: 95 %, Rf = 0.66 (2 : 1 ethyl acetate : petroleum ether). 1H NMR (500 MHz, DMSO) δ 
9.92 (s, 1H), 8.42 (s, 1H), 7.64 (d, J = 8.9 Hz, 2H), 7.35 – 7.29 (m, 4H), 7.26 – 7.15 (m, 1H), 
6.92 (d, J = 8.9 Hz, 2H), 4.07 (s, 2H). 13C NMR (126 MHz, DMSO) δ 157.98, 147.21, 139.89, 
129.37, 128.99 (2x), 128.91 (2x), 126.67, 122.19, 121.13, 121.09, 116.42 (2x), 31.69. MS 
(ESI): m/z [M+H], calculated C11H14O2N3 251.11, found 252.11.

4-(4-(3-hydroxypropyl)-1H-1,2,3-triazol-1-yl)phenol (7)

N
N N

HO
OH

Yield: 27 %, Rf = 0.7 (2 : 1 ethyl acetate : petroleum ether). 1H NMR (500 MHz, 
Methanol-d4) δ 8.18 (s, 1H), 7.62 (d, J = 6.0 Hz, 2H), 6.96 (d, J = 5.9 Hz, 2H), 3.67 (t, J = 5.8 
Hz, 2H), 2.87 (d, J = 5.8 Hz, 2H), 1.97 (t, J = 5.8 Hz, 2H). 13C NMR (126 MHz, Methanol-d4) 
δ 158.06, 147.99, 129.43, 121.89 (2x), 120.24, 115.71 (2x), 60.61, 31.86, 21.35. MS (ESI): 
m/z [M+H], calculated C11H14O2N3 219.24, found 220.10.

4-(4-((benzyl(methyl)amino)methyl)-1H-1,2,3-triazol-1-yl)phenol (8)
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N
N N

HO
N

Yield: 69 %, Rf = 0.26 (2 : 1 ethyl acetate : petroleum ether). 1H NMR (500 MHz, MeOD) 
δ 8.28 (s, 1H), 7.61 (d, J = 8.5 Hz, 2H), 7.32 (m, 6H), 6.94 (d, J = 8.5 Hz, 2H), 3.77 (s, 2H), 
3.61 (s, 2H), 2.25 (s, 3H). 13C NMR (126 MHz, DMSO) δ 158.02, 144.97, 139.24, 129.40 
(2x), 129.25 (2x), 128.62, 127.37, 122.23 (2x), 122.19, 116.43 (2x), 60.86, 51.84, 41.91. 
MS (ESI): m/z [M+H], calculated C17H19ON4 294.36, found 295.15 

The characterization of the chromene compounds can be requested from Dr. Constantinos 
Neochoritis, University of Groningen, k.neochoritis@rug.nl. 
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