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Ute F. Röhrig,* Somi Reddy Majjigapu, Aline Reynaud, Florence Pojer, Nahzli Dilek,
Patrick Reichenbach, Kelly Ascencao, Melita Irving, George Coukos, Pierre Vogel, Olivier Michielin,*
and Vincent Zoete*

Cite This: https://dx.doi.org/10.1021/acs.jmedchem.0c01968 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: The heme enzyme indoleamine 2,3-dioxygenase 1
(IDO1) plays an essential role in immunity, neuronal function, and
aging through catalysis of the rate-limiting step in the kynurenine
pathway of tryptophan metabolism. Many IDO1 inhibitors with
different chemotypes have been developed, mainly targeted for use
in anti-cancer immunotherapy. Lead optimization of direct heme
iron-binding inhibitors has proven difficult due to the remarkable
selectivity and sensitivity of the heme−ligand interactions. Here,
we present experimental data for a set of closely related small azole
compounds with more than 4 orders of magnitude differences in
their inhibitory activities, ranging from millimolar to nanomolar
levels. We investigate and rationalize their activities based on
structural data, molecular dynamics simulations, and density
functional theory calculations. Our results not only expand the presently known four confirmed chemotypes of sub-micromolar
heme binding IDO1 inhibitors by two additional scaffolds but also provide a model to predict the activities of novel scaffolds.

1. INTRODUCTION

Recent developments in cancer immunotherapy have greatly
improved the prognosis of cancer patients, but low response
rates caused by tumoral immune resistance remain an unsolved
issue. Tryptophan catabolism along the kynurenine pathway
has emerged as an important mechanism in this field,
motivating the development of small-molecule inhibitors of
indoleamine 2,3-dioxygenase 1 (IDO1) and of tryptophan 2,3-
dioxygenase (TDO), the enzymes catalyzing the rate-limiting
step in this pathway. However, despite compelling pre-clinical
and early clinical data, a phase 3 clinical trial (ECHO-301) of
the IDO1 inhibitor epacadostat (INCB024360) in combina-
tion with pembrolizumab failed to increase the overall and
progression-free survival when compared to pembrolizumab
alone.1,2 Potential reasons for the negative outcome of this
clinical trial and possible solutions have been suggested, such
as the use of more potent and more specific IDO1 inhibitors
and the use of dual IDO1/TDO inhibitors in combination
with intratumoral kynurenine level monitoring.3 Alternative
targeting of the downstream effector aryl hydrocarbon receptor
(AHR)4−6 or the AHR-activating enzyme IL4I1 has also been
suggested.7 Novel aspects of IDO1 biology have recently come
to light and might influence its role as an anti-cancer target,
such as its signaling activity,8−10 regulation by heme
availability,11 nitrite reductase activity in hypoxic tissues,12

involvement in the redox signaling pathways of hydrogen
peroxide and singlet oxygen,13 and activation by polysulfides.14

There is an ongoing interest for IDO1 inhibitors capable of
modulating these different pathways and processes.
We have previously classified the available IDO1 inhibitors

into four types according to their preferential binding and
inhibition mechanism.15 Type I inhibitors preferentially bind
to oxygen-bound holoIDO1 (e.g., 1-methyl-L-tryptophan), type
II inhibitors to free ferrous holoIDO1 (e.g., epacadostat), type
III to free ferric holoIDO1 (e.g., navoximod), and type IV to
apoIDO1 (e.g., linrodostat). Since L-trp competitive type I
inhibitors display the same relatively low (micromolar) affinity
for IDO1 as the substrate, and type IV inhibitors were for the
first time described in 2018,11,16 most of the inhibitor design
efforts of the last 15 years concentrated on the heme−iron
binding type II and type III inhibitors.
Lead optimization of these inhibitors has proven difficult in

the past due to the remarkable selectivity and sensitivity of the
heme−ligand interactions to changes in the electronic
structure of the ligand and due to the small size of the distal
heme pocket (pocket A, Figure 1).17 In fact, there are only four
confirmed chemotypes of sub-micromolar type II or type III
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IDO1 inhibitors, consisting of imidazoles, hydroxyamidines,
indazoles, and 1,2,3-triazoles (Figure 1).
Imidazoles are classical heme binders, and 4-phenyl-

imidazole is a known IDO1 ligand18 and the first co-
crystallized IDO1 inhibitor.19 Structure-based optimization of
this chemotype yielded the 2-hydroxy-substituted phenyl
derivative (IC50 4.8 μM) as the most active compound.20

Subsequent development also used pocket B (Figure 1) and
led to the discovery of navoximod (Figure 1), first disclosed in
the patent literature and more recently in the scientific
literature.21 Based on the pioneering work of New Link
Genetics, other groups developed imidazole-based IDO1
inhibitors.22−27 While there are very few examples of 4-
phenylimidazoles of nanomolar potency, rigidification of the
scaffold to imidazoleisoindole by a methylene linker fusing the
N-1 of the imidazole with the 2′-position of the phenyl ring
greatly improved the activity and ligand efficiency.21 X-ray
structures of IDO1 in complex with imidazoleisoindoles
including navoximod have been reported (PDB IDs 5ek2,
5ek3, 5ek4, 6o3i).21,22 Recently, two nanomolar 1-benzyl-
imidazoles have also been described.28 In the absence of
structural data and in vitro inhibitory activities, the reported
benzimidazole IDO1 inhibitors with low nanomolar activities
in cellular assays29 might in fact be apoIDO1 binding type IV
inhibitors.
Providing a variation of the imidazole scaffold, nanomolar

imidazothiazole-based IDO1 inhibitors were disclosed in 2014
by researchers from Sumitomo Dainippon Pharma, including
both structural and functional data (Figure 1, compound
17g).30 Subsequent works on this scaffold, however, showed
that these compounds do not inhibit IDO1 in a cellular
context.31,32 Replacement of the phenyl ring in pocket A with a
cyclopropylethynyl group and of the urea function by a
thiourea function led to a compound with increased in vitro
activity but still lacking cellular activity.33

The second high-affinity heme iron-binding scaffold, the N-
hydroxyamidines including epacadostat (Figure 1), has been
pioneered by researchers from Incyte.34,35 Structural data
(PDB IDs 5xe1, 5wn8, 6e40, 6e41, and 6pu7)36−39 and
quantum chemical computations40 established that this
scaffold binds through an oxygen atom to the heme iron,

providing a hitherto unknown heme-binding group. In the
following, many groups described N-hydroxyamidine deriva-
tives as IDO1 inhibitors, modifying mainly the extension in
pocket B and less frequently also the extension in pocket
A.39,41−45

More recently, indazole has emerged as another potentially
high-affinity heme-binding scaffold. In the patent literature,
they were first described as TDO inhibitors, but over the last
years, a few sub-micromolar IDO1 inhibitors have also been
disclosed.46−49 In addition, it has been suggested that they
preferentially bind to ferrous IDO148 (type II inhibitors). This
scaffold might provide a good route to dual IDO1/TDO
inhibitors (Figure 1, compound 35).49 Structural data is only
available for an indazole bound to hTDO (PDB ID 6a4i) and
reveals a direct N2−Fe bond.
Finally, we have previously discovered 1,2,3-triazole as a

heme-binding scaffold yielding nanomolar IDO1 inhibi-
tors.17,50 The X-ray structure of the potent 4-phenyl-1,2,3-
triazole MMG-0358 (PDB ID 6r63)15 confirmed the predicted
binding mode with a direct iron-1,2,3-triazole bond. Such a
bond also exists in the case of 4-amino-1,2,3-triazole bound to
IDO1 (PDB ID 6f0a),51 although this compound otherwise
shows a different inhibition mechanism.15 Recently, nanomolar
4,5-disubstituted 1,2,3-triazole IDO1 inhibitors occupying
both pockets A and B have also been described without
providing structural data.52 In general, structural data of direct
iron-1,2,3-triazole bonds is extremely scarce but has been
documented for seviteronel binding to human cytochrome
P450 17A1 (PDB ID 5irv).53

1,2,4-Triazole is a common heme-binding scaffold present in
many antifungal drugs, and its direct iron binding in sterol
14α-demethylase (CYP51) is well documented by structural
data. However, until now, efforts to develop IDO1 inhibitors
based on this scaffold were unsuccessful. We demonstrated
that imidazole antifungal drugs such as miconazole and
sulconazole consistently inhibited IDO1 at micromolar levels,
while all tested 1,2,4-triazole antifungals were inactive.54

Bioisosteric replacement of imidazole by 1,2,4-triazole in 4-
phenylimidazole also yielded an inactive compound.50 The
only known IDO1 inhibitor with a 1,2,4-triazole scaffold is the
fused thiazolo-1,2,4-triazole Amg-1,55 which has been co-

Figure 1. Binding pockets A and B in IDO1-active site (PDB ID 6e40; ligand: epacadostat) and examples of nanomolar inhibitors with different
heme-binding scaffolds. The iron-binding atom, as confirmed by X-ray crystallography, is marked in blue.
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crystallized with IDO1 (PDB ID 4pk5)30 and displays an
activity in the low micromolar range.
There are very few examples of heme-binding tetrazoles in

the literature. However, they have been exploited by Viamet
Pharmaceuticals with the rationale to replace the imidazole or
1,2,4-triazole iron binding group in antifungals by a weaker
iron-binding group in combination with potency-enhancing
modifications in other parts of the compounds to achieve a
better selectivity for CYP51B.56,57 No nanomolar tetrazole
IDO1 inhibitor has been reported to date.
Here, we report IDO1 enzymatic inhibition data for 36

closely related small heterocyclic compounds, including 12
known17,20,21,50,54,58 and 24 new IDO1 ligands, spanning more
than 4 orders of magnitude of activities on IDO1. They include
the first nanomolar 1,2,4-triazole and tetrazole inhibitors. For
the most active compounds, we determined cellular IC50 and
toxicity values. We provide three new X-ray structures of azole-
bound IDO1 to support our structural hypotheses and
rationalize the observed activities with the support of classical
molecular dynamics (MD) simulations and static quantum
mechanical (QM) calculations. The resulting model can be
applied to predict activities of novel scaffolds and to meet the
challenge of discovering novel high-affinity IDO1 inhibitor
scaffolds.

2. RESULTS AND DISCUSSION
2.1. Azole Compounds with Chloro-, Hydroxy-, and

Amino-Substituted Phenyl Rings. For the 4-phenyl-1,2,3-
triazole scaffold, we have previously shown that introduction of
two substituents on the phenyl ring, namely, 2-hydroxy and 5-
chloro, improved the IC50 values by more than 2 orders of

magnitude.50 Here, we systematically investigated the influence
of these two substitutions separately and in combination upon
a series of six different heme-binding azoles. We added the 2-
amino substitution and its combination with the 5-chloro
substitution to the investigation because it showed a different
influence upon inhibition activities than the 2-hydroxy
substitution and led to some highly active compounds
(Table 1). All compounds in Table 1, combining six different
heme-binding azoles with six different phenyl ring substitu-
tions, were bought or synthesized and tested for their IDO1
inhibitory activity. Surprisingly, they displayed activities
ranging from 3 mM to 35 nM, spanning more than 4 orders
of magnitude. Large activity differences are seen both between
different azoles and between different phenyl ring substitu-
tions. Interestingly, the influence of the phenyl ring
substitutions and of the azole ring upon the activity depend
on each other and show little correlation (Figure 2A,B).
We decided to look at this intriguing data set of highly

similar small compounds with highly disparate activities in
more detail with the aim to understand favorable and
unfavorable factors for IDO1 inhibitory activity and to apply
this knowledge to future inhibitor design.

2.2. Chemical Synthesis. The imidazole, triazole, and
tetrazole derivatives were synthesized using the existing
protocols or procedures adapted from the literature.
Compounds 4a−4f have been described previously by us.50

Other compounds were synthesized according to literature
procedures [(1b, 1c, 1e),20 (1d, 1f),20,59 (2a−f),59−61 (3c,
3e),61,62 (3f),62 (5b−c, 5e−g),63 (6c, 6e−f),64 9,65 15,66 17,67
20,68 21,69 and 23].70 Briefly, the 4-phenylimidazole
derivatives 1b−c and 1e were obtained by the reaction of α-

Table 1. Enzymatic IC50 Values [μM] for rhIDO1 Inhibition, Mean of at Least Two Independent Assaysa

aStandard deviations are given in parentheses. For more details, see the Supporting Information, Table S1. bOnly one assay.
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bromoketone derivatives (36b−c, 36e) with formamide
(Scheme 1). The amino derivatives 1d and 1f were obtained
from the nitro arenes 37 and 38 through reaction with
formamide, followed by reduction with N2H4·H2O/FeCl3
(Scheme 1). Compounds 2a and 2b were obtained by the
reaction of the corresponding aryl iodides 39a and 39b with N-
methyl imidazole in the presence of tricyclohexyl phospho-
nium tetrafluoroborate, Cs2CO3, and Pd(OAc)2 in DMF at
120 °C. The same procedure applied to aryl iodides 42 and 43
produced the corresponding nitro derivatives that were then

reduced with N2H4·H2O/FeCl3 to produce 2d and 2f.
Similarly, the corresponding aryl methyl ethers were obtained
from aryl iodides 40 and 41. Demethylation with 48% HBr in
H2O at 100 °C yielded compounds 2c and 2e (Scheme 2).
Aryl iodide 39f reacted with imidazole in the presence of N,N′-
dimethylethylenediamine, Cs2CO3, and CuI in DMF at 140 °C
to produce 3f. In the same way, the aryl methyl ethers 40 and
41 were converted to the corresponding N-aryl imidazoles,
followed by demethylation with 48% HBr in H2O at 100 °C to
produce phenols 3c and 3e, respectively (Scheme 3). The

Figure 2. Experimentally determined enzymatic activities. The activity Act of each compound was calculated as Act = −RT ln IC50 in analogy to the
relation between the binding free energy and measured Ki values. (A) Absolute activites. (B) Change in activities due to phenyl ring substitutions.
(C) Additivity of substituent effects. Calc. stands for the calculated sum of substituent effects (ΔAct(Cl) + ΔAct(OH/NH2)), while exp. stands for
the experimentally measured effect of the di-substituted compounds (ΔAct(Cl + OH/NH2)). Left side: additivity of chloro/hydroxy effects; right
side: additivity of chloro/amino effects.

Scheme 1a

aReagents and conditions: (a) formamide, 170−180 °C, rt, and 4 h and (b) FeCl3, N2H4·H2O, activated carbon, MeOH, rt−70 °C, and 48 h.

Journal of Medicinal Chemistry pubs.acs.org/jmc Article

https://dx.doi.org/10.1021/acs.jmedchem.0c01968
J. Med. Chem. XXXX, XXX, XXX−XXX

D

https://pubs.acs.org/doi/10.1021/acs.jmedchem.0c01968?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.0c01968?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.0c01968?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.0c01968?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.0c01968?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jmedchem.0c01968?fig=sch1&ref=pdf
pubs.acs.org/jmc?ref=pdf
https://dx.doi.org/10.1021/acs.jmedchem.0c01968?ref=pdf


triazoles 5b−c and 5e−g were obtained from benzamides

44b−c and 44e−g through condensation with N,N-dimethyl

formamide-dimethyl acetal (DMF-DMA), followed by cycliza-

tion with hydrazine hydrate in acetic acid at 90 °C (Scheme 4).

Tetrazoles 6c and 6e−f were prepared by reaction of the

corresponding arene carbonitriles 45c and 45e−f with sodium

azide and triethylamine hydrochloride in toluene at 99 °C
(Scheme 5).
Compound 9 was synthesized by N-arylation of pyrazole

with phenyl iodide, pyrazole, and Cs2CO3 in DMF at 110 °C
(Scheme 6). For compound 15, phenylacetic acid underwent a
double Vilsmeier−Haack reaction, followed by hydrolysis with
NaOH and treatment with SOCl2 in DCM to yield the

Scheme 2a

aReagents and conditions: (a) tricyclohexylphosphonium tetrafluoroborate, Cs2CO3, Pd(OAc)2, DMF, 120 °C, and 15 h; (b) 48% HBr in H2O,
100 °C, and 14 h; and (C) FeCl3, N2H4·H2O, activated carbon, MeOH, rt−70 °C, and 48 h.

Scheme 3a

aReagents and conditions: (a) N,N′-dimethylethylenediamine, Cs2CO3, Cul, DMF, 140 °C, and 12 h and (b) 48% HBr in H2O, 100 °C, and 14 h.

Scheme 4a

aReagents and conditions: (a) N,N-dimethyl formamide-diethyl acetal (DMF-DMA), reflux, and 1 h and (b) N2H4·H2O, AcOH, 90 °C, and 1.5 h.
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chloroacrolein, which was heated in DMF at 70 °C with
NH4SCN to yield compound 15 (Scheme 7). Compound 17

was obtained from the treatment of methyl benzenecarbo-
thioate with TMSCHN2 and n-BuLi at −78 °C (Scheme 8).
Compound 20 was synthesized by the coupling reaction of
benzaldehyde with TosMIC in the presence of K2CO3 in
MeOH (Scheme 9). The 4-phenylisoxazole 21 was obtained
from 2-phenylmalonaldehyde and NH2OH·HCl in EtOH at
80 °C (Scheme 10). Compound 23 was prepared by the
reaction of benzohydrazide with triethyl orthoformate and p-
TsOH in toluene at reflux (Scheme 11). Compounds 1a, 3a,
3b, 3d, 5a, 5d, 6a, 6b, 6d, 22, and 29 were bought from Sigma-
Aldrich and compound 7 from Fluorochem.
2.3. Enzymatic Activities. The enzymatic IC50 values were

measured as previously described.71 Briefly, ascorbate and
methylene blue were used as reductants and catalase to remove
hydrogen peroxide. Triton-X was added to inhibit compound
aggregation, and a substrate concentration of 100 μM L-trp
was chosen to minimize substrate inhibition. With an
estimated IDO1 concentration of about 40 nM (2.5 μg/mL),
an incubation time of 20 min at room temperature allowed for

stopping the reaction in its linear phase. Kynurenine and L-trp
concentrations were determined by HPLC through UV
detection. The measured IC50 values are given in Table 1,
while dose−response curves and Hill slopes can be found in
the Supporting Information (Figure S1). We chose to test
compounds at maximal concentrations of 1 mM to be able to
also detect weak binders. The most active compound, 5f, is a
tight binder with the IC50 value in the range of the enzyme
concentration. We therefore determined its apparent Ki value
using the Morrison equation.72,73

From Table 1 and Figure 2A,B, it is clear that for the
unsubstituted parent compounds (a), the 1,2,3-triazole hetero-
cycle is the most potent, the imidazoles are of intermediate
activity, and the tetrazole performs the worst. The 5-chloro
substitution (b) is favorable for all scaffolds and does not
change this ordering. The 2-hydroxy substitution (c) is also
favorable for all scaffolds, but in a more diverse way, changing
also the ordering. This is even more strikingly the case for the
2-amino substitution (d), which is very favorable for the 1,2,4-
triazole and the tetrazole but neutral or unfavorable for the
other scaffolds. The combination of 2-hydroxy or 2-amino
substitution with the 5-chloro substitution (Figure 2C)
generally produces additive results, except for the 1-methyl-
imidazole scaffold (red bar), where the effect of combining the
two substituents is smaller than the sum of the effects of the
single substituents. The strongest substitution effects are in all
cases seen for the 1,2,4-triazole scaffold, yielding IC50 values
ranging from 1.8 mM to 35 nM, while the biggest dependence
on the character of the azole ring was detected for the 2-
amino-5-chloro substitution (IC50 values of 1.2 mM to 35
nM).

Scheme 5a

aReagents and conditions: (a) NaN3, Et3N·HCl, toulene, rt−90 °C, and overnight.

Scheme 6a

aReagents and conditions: (a) Cu(OAc)2·H2O, Cs2CO3, DMF, 110 °C, and 24 h.

Scheme 7a

aReagents and conditions: (a) POCl3, DMF, 85 °C, and 2 h; (b)
NaOH, EtOH/H2O, reflux, and 1 h; (c) SOCl2, CH2Cl2, 0 °C, and 1
h; and (d) NH4SCN, DMF, 70 °C, and 16 h.

Scheme 8a

aReagents and conditions: (a) n-BuLi, Et2O/H2O, -78 °C (30 min), 0 °C (30 min), and rt (1 h).
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In the following, we first describe the cellular activities of
compounds 1a to 5f before rationalizing the observed
enzymatic activities based on structural and theoretical data.
2.4. Cellular Activities. We tested the cellular hIDO1

inhibitory activity (Figure 3A) and toxicity (Figure 3B) of all
active compounds at a concentration of 200 μM (Table S1) to
be able to also detect weak cellular inhibitors. As some aniline
compounds reacted with Ehrlich’s reagent (p-dimethylamino-
benzaldehyde, p-DMAB), the kynurenine content of these
samples had to be determined by HPLC (Figure S3). In
general, the compounds displayed very little cytotoxicity under
the experimental conditions; only the amino-substituted 1,2,3-
triazoles showed up to 30% of toxicity.
Cellular inhibition was observed to be closely related to

enzymatic activity, showing a sigmoidal dependence (Figure
3C). The 1-phenyl-imidazole 3e is an outlier of this
dependence, showing much lower cellular activity than
expected for an unknown reason. We proceeded to determine
cellular IC50 values for the 10 most active compounds
(Supporting Information, Table S1, Figure S2). Figure 3D
shows the correlation between cellular and enzymatic activities,
including our previously published cellular data for compounds
4a, 4b, and 4c.50 There is generally a good correlation, except
for the tetrazole 6f, which displays a 16 times higher enzymatic
than cellular activity. This might be due to the presence of a
negative charge on the tetrazole under physiological con-
ditions, hampering cellular uptake. Compounds 1e (0.88 ±
0.16 μM), 4b (0.62 ± 0.01 μM),50 4e (0.11 ± 0.04 μM), and
5f (0.034 ± 0.011 μM) show nanomolar IC50 values also in the
cellular assay (Figure 3E). In summary, the cellular assay data
shows that most azoles are as active in the cellular environment
as in the in vitro assay without significant toxicity, supporting
their interest for drug development.
2.5. Structural Data for Azole Compounds. Structural

data was available for three of the compounds, 4-phenyl-
imidazole (compound 1a, PDB ID 2d0t),19 4-(5-Cl-phenyl)-

imidazole (compound 1b, PDB ID 6e42),38 and MMG-0358
(compound 4e, PDB ID 6r63).15 All the three compounds
bind similarly to the heme iron of IDO1 through an azole ring
nitrogen (Figure 4A−C).
The chloro substituent in the latter two is oriented toward a

small hydrophobic cavity between Cys129, Leu234, and
Gly262 (Figure 4B,C). The closest contact (3.2−3.4 Å) exists
with the sulfur atom of Cys129 and is smaller than the sum of
their van der Waals radii. However, the angle C−Cl···S of 95−
112° is in disagreement with a halogen bond, where this angle
should be close to 180° due to the σ-hole of the C−Cl
bond.74,75 Another contact exists between the chloro
substituent and the backbone amide carbon of Gly262 (3.6
Å), forming a characteristic CO···Cl angle of about 60°. This
“side-on carbon interaction” between the electronegative belt
around halogen atoms and the positively polarized amide
carbon has been found in the crystallographic structures of
different small molecules76 and ligand−protein complexes.77

Hydrophobic contacts, which are frequently observed for
chlorine,77 exist mainly between the Cl and the side chain of
Leu234 (Figure 4C). Taking all evidence into account, we
suggest that the chloro primarily interacts via van der Waals
and dipolar interactions with the IDO1 binding pocket, in
addition to modulating the electronic properties of the azole
ring. This is at variance with earlier suggestions of a chlorine−
cysteine halogen bond,36 which are known to be extremely
rare.77

The hydroxy group of MMG-0358 forms a hydrogen bond
with the side chain of Ser167, probably donating the hydrogen,
because the side chain of Ser167 simultaneously donates a
hydrogen bond to the backbone oxygen of Phe163 (Figure
4C). The importance of this interaction has been demon-
strated previously by the strongly increased IC50 value of
compound 1c in the Ser167Ala hIDO1 mutant (41 μM) as
compared to the wild type (1.2 μM).78

Here, we co-crystallized compounds 4f and 5f with rhIDO1
and resolved the X-ray structures of the complexes. Addition-
ally, we co-crystallized an analogue of 5f, where the chloro
substituent is replaced by a bromo substituent (5g).
Compound 5g showed an even better enzymatic IC50 value
(0.020 ± 0.001 μM) than 5f, and the bromo substituent is very
amenable to X-ray crystallography because of its high electron
density. The 2Fo − Fc maps of the bound ligands are shown in
the Supporting Information (Figure S4).

Scheme 9a

aReagents and conditions: (a) K2CO3, MeOH, 80 °C, and 2 h.

Scheme 10a

aReagents and conditions: (a) NH2OH·HCl, EtOH, reflux, and 2 h.

Scheme 11a

aReagents and conditions: (a) p-TsOH, toulene, reflux, and 2 h.
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The 1,2,3-triazole 4f (PDB ID 7ah4, Figure 4D) binds to
IDO1 in the same way as 4e, with the triazole ring directly
bound to the heme iron, the chloro substituent in the
hydrophobic cavity close to Cys129 (distance 3.4 Å) and
Gly262 (distance 3.7 Å), and the amino instead of the hydroxy
group making a hydrogen bond to Ser167 in the back of
pocket A. The orientation and protonation state of the 1,2,3-
triazole ring cannot be unequivocally determined from the
electron density. In analogy to the structure of 4e, the
conformation shown in Figure 4D was selected based on the
proximity between the N3 atom of the triazole ring and the
backbone amide nitrogen of Ala264 (3.0 and 2.7 Å in chains A
and B, respectively). In this conformation, the negatively
charged triazole could make a favorable electrostatic
interaction with the NH hydrogen. In both asymmetric
subunits, a second ligand is bound to pocket D on the
proximal heme side, roughly parallel to the heme plane. This
ligand binding site, which has been observed by several groups
since 2017,15,37,38 is opened by a conformational change of
Phe270, clearly seen here in the electron density. In the case of
ligand 4f, there seem to be two orientations of the ligand in
pocket D present (Figure 4G), the slightly higher populated
one (shown in magenta) similar to the one of compounds 4e
and 1b, with the triazole pointing toward His346 and the
chloro substituent toward a hydrophobic aliphatic pocket
formed by Val170, Ala174, Leu207, and Ala210. The other
ligand pose (dark green) is roughly rotated by 180°, with the
phenyl ring pointing toward the heme and the chloro
substituent toward His346. This ligand pose makes a hydrogen
bonding interaction with Asp274 and Phe270 bridged by a
solvent molecule.
Interestingly, the electrostatic potential created by the

protein and the heme cofactor in pocket D is negative,
regardless of the oxidation state of the heme iron (Figure 5).
However, the electrostatic potential in pocket A strongly
depends on the iron charge, being slightly positive in the case

of ferric heme but negative in the case of ferrous heme. This
supports the earlier formulated hypothesis that the 1,2,3-
triazoles bind in their deprotonated form to ferric heme. On
the other hand, the ligands in pocket D are most likely present
in their neutral form.
The X-ray structure of 5f bound to IDO1 demonstrates that

the 1,2,4-triazole binds very similar to pocket A as the 1,2,3-
triazole (PDB ID 7ah5, Figure 4E) with the chloro substituent
close to Cys129 and Gly262 and the amino group pointing to
the back of pocket A. The amino group simultaneously donates
two hydrogen bonds to Ser167 and to the N2 atom of the
triazole ring. Compound 5f is also detected in pocket D,
adopting a distinct binding mode, with the phenyl ring
pointing toward the heme, but at variance with compound 4f
pointing the chloro substituent toward Phe214 and the amino
group toward Arg343 (Figure 4H).
Compound 5g (PDB ID 7ah6) binds very similarly to

pocket A as compound 5f. The bromo substituent is located at
a distance of 3.6 Å from the sulfur atom of Cys129 and at 3.5 Å
from the backbone amide carbon of Gly262. Inside pocket D
(Figure 4I), it adopts yet another binding mode, occupying the
same plane but pointing the triazole toward Phe214 and the
amino group toward the heme propionate donating a hydrogen
bond to it (distance 2.8 Å).
In summary, ligands binding to pocket D all adopt a planar

conformation with respect to the heme plane but can adopt
different conformations inside this plane depending on the
scaffold and the substituents. The halogen substituent is
located either in a hydrophobic aliphatic pocket or close to the
His346 or Phe214 aromatic rings. These interactions could
contribute to ligand binding in pocket D, as the unsubstituted
compound 1a was not detected in this pocket. However, the
absence of specific interactions suggests a low-affinity site
potentially only accessible at the very high ligand concen-
trations used for crystallization.

Figure 3. Cellular inhibition data and its comparison to enzymatic inhibition data. (A) Cellular inhibition of kynurenine production at a compound
concentration of 200 μM. (B) Cellular toxicity under the same conditions. (C) Cellular inhibition compared to enzymatic activity. The orange line
is a sigmoidal fit to all data points except for the outlier of compound 3e. (D) Correlation between cellular activity and enzymatic activity. Color
code given in the legend of part B. (E) Cellular dose−response curves of compounds 1e, 4e, and 5f.
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Figure 4. X-ray crystal structures of hIDO1 in complex with (A) compound 1a (PDB ID 2d0t), (B) compound 1b (PDB ID 6e42), (C) compound
4e (PDB ID 6r63), (D,G) compound 4f (PDB ID 7ah4), (E,H) compound 5f (PDB ID 7ah5), and (F,I) compound 5g (PDB ID 7ah6). The
structures of 4f, 5f, and 5g have been resolved for the present work. Ligand carbon atoms in pocket A are highlighted in orange, in pocket D in
magenta/dark green. Hydrogen bonds are displayed as green lines. (A−F) Pocket A: Distances of halogen substituents with the closest protein
contacts are indicated and the carbon−halogen−sulfur angle is given. (G−I) Ligand binding poses in pocket D are shown. For 4f, two alternative
conformations are detected and depicted in magenta and dark green, respectively.

Figure 5. Electrostatic potential generated by the protein and the heme cofactor in pockets A and D of holoIDO1 (PDB ID 6r63). (A) Ferric
heme. (B) Ferrous heme.
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2.6. Protonation States of Active Species. It is known
that ligand−protein binding,79 and especially ligand binding to
ferric hemoproteins,80−82 induces large pKa shifts in ligands. In
our earlier works on 4-phenyl-1,2,3-triazole IDO1 inhibitors,
we concluded that this scaffold most likely binds in its
deprotonated, negatively charged form to the ferric heme
cofactor.50 More recently, we corroborated preferential binding
of compounds 1a and 4e to ferric IDO1 by experimental
techniques and reported density functional theory (DFT)
calculations, suggesting that the deprotonation of compound
4e is energetically much more favorable when bound to ferric
heme than in solution.15

Here, we tested compounds 1a, 4e, and 5a in the enzymatic
assay at two different pH values, namely, at pH 6.5 and at pH
7.4 (Figure 6). We did not test other imidazoles for their pH
dependence, as they can only bind to holoIDO1 in their
neutral form. We also did not test the tetrazoles, as their low
pKa value in solution (4.53)83 ensures their prevalent existence
in their negatively charged form at physiological pH values. At
both pH values, the enzymatic reaction is about equally
efficient. While the IC50 value of imidazole 1a remains
constant, the IC50 of 1,2,3-triazole 4e shifts to a lower value
at higher pH, as shown previously.50 The same is true for the

1,2,4-triazole 5a, supporting the hypothesis that the 1,2,4-
triazoles bind stronger to IDO1 in their deprotonated form.
In summary, our results suggest that the imidazoles bind in

their neutral form to ferric holoIDO1, while the 1,2,3-triazoles
and tetrazoles bind in their anionic form to it. The activity of
the 1,2,4-triazole 5a shows a pH dependence and is likely to
bind to IDO1 in its deprotonated form.

2.7. Molecular Modeling. The activity of the azole
compounds is determined by their binding free energies to
holoIDO1, which are influenced by the ligand−protein and the
ligand−heme interaction energies, the changes in conforma-
tional energies, the changes in solvation energies, and the
entropic changes due to ligand binding. For an in-depth
investigation of all of these factors, the dynamics and the
electronic details of the systems should be taken into account
at a high level of theory to accurately describe transition metal
interactions. As this would be prohibitively computing
intensive, we tried instead to deduce trends from static QM
calculations and from classical MD simulations.

2.8. QM Calculations. To investigate the interaction
energy between the ligands and the heme cofactor, we
optimized the structures of the 36 azole compounds using
DFT calculations. For all ligands with more than one local

Figure 6. Enzymatic dose−response curves measured at different pH values for an imidazole (1a), a 1,2,3-triazole (4e), and a 1,2,4-triazole (5a).
While the activity of the imidazole is pH-insensitive, both the 1,2,3-triazole and the 1,2,4-triazole are more active at higher pH.

Figure 7. DFT calculations. (A) Correlation between the calculated Hirshfeld charge on the iron-binding nitrogen atom and the experimentally
measured activity for unsubstituted parent compounds. For 1,2,4-triazole 5a, the charges for the negatively charged compound (orange left
triangle), for the neutral compound (purple left triangle), and their average (black left triangle) are shown. (B) The same correlation for m-chloro-
substituted compounds (red). (C) Iron−nitrogen bond lengths in a ferric heme model system relative to the unsubstituted parent compounds. (D)
Optimized geometries of 2-amino-substituted compounds in ferric heme models.
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energy minimum, we assumed the conformation where the o-
hydroxy and o-amino groups could donate a hydrogen bond to
Ser167 and the m-chloro substituent would be located in the
identified hydrophobic subpocket (Supporting Information
Figure S5). After careful investigation of many variables and
different charge partitioning schemes, we chose to use the
atomic Hirshfeld charge on the iron-binding nitrogen atom as a
proxy for the basicity of the site and its heme binding strength
because this was the only observable that correlated with
known basicities of different scaffolds and that reproduced the
ordering of the activities of the six parent compounds.
As shown in Figure 7A, there is a correlation between the

charge on that atom and the activity of the compound. The
more basic or electron-rich the nitrogen atom is, the higher the
activity. The deprotonated 1,2,3-triazole 4a has the most
negative charge (−0.245), the tetrazole 6a the least negative
charge (−0.186), and the imidazoles display charges in
between these values. For the 1,2,4-triazole 5a, we calculated
the charge both for the neutral (purple left triangle) and for the
negatively charged (orange left triangle) compound. Interest-
ingly, neither value obeys the correlation found for the other
compounds, but the average of both values (black left triangle)
provides the best correlation (correlation coefficient 0.862,
standard deviation 0.69 kcal/mol). This shows that the
deprotonated form of 5a has a very high affinity for IDO1,
but the neutral form is prevalent under experimental
conditions. More sophisticated pKa-based models may be
used to estimate the ratio of deprotonated to neutral
compound but are unlikely to yield additional insights. The
activity of the 4-phenyl-imidazole 1a is underestimated by the
regression for an unknown reason.
Figure 7B shows the same data as part A but for the activities

of the m-chloro-substituted compounds. A very similar
correlation emerges between the different azole scaffolds, but
all values are shifted toward a better activity, although the
magnitude of charges decreases for each scaffold due to the
electron-withdrawing substituent. This demonstrates that the
m-chloro substituent increases activity mainly by interaction
with the protein environment, as supported by the structural
data. Again, the average charge of the 1,2,4-triazole 5b fits well
with the regression. For the compounds with ortho
substituents, the correlation between atomic charge and

compound activity becomes less clear (Supporting Informa-
tion, Figure S6).
In order to better understand the effects of the ortho

substituents, we optimized the structures of the azoles bound
to a ferric iron−porphin−imidazole system as a model of the
heme cofactor. Solvation effects were taken into account via a
polarizable continuum model. We chose to use the ligand
nitrogen to heme iron bond distance as a proxy for the binding
strength because this avoids the use of an unbound ligand
reference structure, which is challenging to unambiguously
define. All optimized structures are shown in the Supporting
Information Figure S7, and the calculated absolute bond
lengths are shown in Figure S8.
Not surprisingly, the results of the calculations (Figure S7)

show no correlation to the IDO1 inhibitory activities (Figure
2A) because all protein interactions are neglected. However, a
few things can be deduced from the results. For all compounds,
the 5-chloro substitution leads to a decrease in binding
strength, while the 2-hydroxy substitution leads to an increase
in binding strength (Figure 7C). Interestingly, the 2-amino
substitution is favorable only for the 1,2,4-triazole and the
tetrazole and unfavorable for all other scaffolds. This is
probably related to the fact that only in the 1,2,4-triazole and
the tetrazole, the 2-amino substituent can make a favorable
electrostatic interaction with a nitrogen atom (leading to an
essentially planar conformation), while in all other scaffolds, it
is oriented toward a CH group, leading to a twisted
conformation (Figure 7D), unfavorable in the protein
environment.

2.9. Molecular Mechanics-Generalized Born Surface
Area Calculations. Classical MD simulations suffer from
shortcomings in the ligand force fields and in describing the
electronic interactions with the heme cofactor, but they give
insight into the dynamics of ligand−protein interactions. The
molecular mechanics-Generalized Born surface area (MM-
GBSA) is a popular method for free energy prediction, where
the binding free energy ΔGbind is decomposed into the sum of
the gas-phase binding enthalpy, the desolvation free energy,
and an entropic contribution.84 The electrostatic part of the
desolvation free energy is estimated using a Generalized Born
(GB) model, while the non-polar part is assumed to be
proportional to the solvent-accessible surface area. Because of

Figure 8. MM-GBSA calculations for azole compounds. (A) Non-polar contributions of substituted compounds relative to their parent compound.
(B) Sum of all polar contributions of substituted compounds relative to their parent compound. Standard errors are indicated by error bars. The
absolute values can be found in the Supporting Information, Figure S7.
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its computational efficiency and accuracy, MM-GBSA has been
widely used in biomolecular studies and in drug design.85,86

Here, we carried out MM-GBSA calculations for all
compounds of Table 1. During the MD simulations, a covalent
iron−ligand nitrogen bond was introduced, but for analysis, all
ligand interactions with the heme porphyrin and His346 were
excluded because they are badly described within the classical
approach and introduce high fluctuations. The largest
contributions to the binding free energies stem from residues
Ala264, Ser167, Ser263, Tyr126, Gly262, and Val130
(Supporting Information, Figure S9C).
The electrostatic interactions favor the neutral ligands over

the negatively charged ones (Figure S9A) and are slowly
converging, especially for the charged ligands. The relative
ordering of the binding free energies of the different azole
scaffolds does not correlate with the experimental data as
expected from the neglect of part of the interactions. We
therefore display just the differences due to the phenyl
substituents in Figure 8. It can be concluded from the results
that (i) the 5-chloro substituent makes favorable interactions
with the protein, mainly through non-polar (van der Waals)
forces; (ii) the 2-hydroxy substituent makes favorable
interactions with the protein, mainly through electrostatic
interactions; and (iii) the 2-amino substituent is favorable for
some compounds and detrimental for others. As expected, the
2-hydroxy and the 2-amino substituent mainly influence the
interaction with Ser167 in the active site (Figure S9B).
2.10. Quantitative Structure−Activity Relationship

and Application to Other Compounds. With the
information gathered by classical and quantum chemical
calculations, we developed a new quantitative structure−
activity relationship (QSAR) model, as the one we previously
developed for 1,2,3-triazoles50 proved not to be transferable to
other heterocycles. Despite many trials, QSAR models taking
into account the MM-GBSA and DFT energies and
combinations thereof did not display a good correlation with
the experimentally measured values. However, a multiple linear
regression on a simple binary matrix provided a correlation
coefficient of 0.922 with a standard deviation of 0.706 kcal/
mol (Figure 9A) and a correlation coefficient of 0.896
(standard deviation 0.812 kcal/mol) with the leave-one-out
method. The four variables are (i) the presence of a m-chloro
substituent, (ii) the presence of a o-hydroxy substituent, (iii)

the presence of a o-amino substituent making an intra-
molecular interaction with a nitrogen atom, and (iv) the
presence of a 4-phenyl-imidazole or a 4-phenyl-1,2,3-triazole
scaffold. The last variable captures the observed preference of
hIDO1 to bind to these scaffolds, which can be explained by
the basicity or negative charge density on the iron-binding
nitrogen atom (Figure 7A). In fact, the fourth variable can be
replaced by the Hirshfeld charge on the iron-binding nitrogen
atom of the parent compound for each scaffold. This provides
a correlation with a correlation coefficient of 0.893 (sd 0.821
kcal/mol) and a correlation coefficient of 0.865 (sd 0.917 kcal/
mol) with the leave-one-out method (Figure 9B).
From the graphs, it is clear that the second model

underestimates the 4-imidazole activities (black) and over-
estimates the activities of the other imidazoles (green and red),
which is probably due to steric factors unaccounted for in the
model.
We applied this last model to other unsubstituted scaffolds

of similar shape and type, compounds 7−35 shown in Figure
10. For each compound, we optimized the structure and
calculated the Hirshfeld charge on the hypothetically iron-
binding nitrogen atom, circled in blue. We tested compounds
7, 9, 15, 17, 20−23, and 29 in the enzymatic assay. In Figure
10, enzymatic activity is indicated by a green frame even if the
IC50 value is the millimolar range, inactivity by a red frame, and
absence of experimental data by no frame (for details, see
Table S3 in the Supporting Information). It is clear that the
Hirshfeld charges, which are related to the basicity of the
nitrogen atom, allow to distinguish between active and inactive
scaffolds. With two exceptions (compounds 15 and 34), all
compounds with a charge smaller than −0.18 are inactive.
With one exception (compound 28), all compounds with a
charge larger than −0.18 are active. This could indicate that
sterically the benzo-compounds 26 to 29 are less favorable
than the phenyl compounds because of suboptimal filling of
pocket A. Scaffolds 30 and 31 have been used before in IDO1
inhibitors, and interestingly, a large increase in activity was
observed when passing from scaffold 31 to 30, in agreement
with the higher charge density on the nitrogen.30−33,55

Interestingly, our results suggest testing compound 10, as it
is predicted to be active on IDO1.

Figure 9. QSAR relationships. (A) Using four binary variables as descriptors (see text). (B) Using three binary variables and the charge density on
the iron-binding nitrogen atom as descriptors.
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3. CONCLUSIONS

Despite the clinical failure of epacadostat, recent findings
suggest that IDO1 is a player in many different pathways. Well-
characterized and potent IDO1 inhibitors will be instrumental
in deciphering its precise biological role. Here, we have
presented experimental data for a set of closely related small
heterocyclic compounds with more than 4 orders of magnitude
differences in their IDO1 inhibitory activities ranging from
millimolar to nanomolar levels. Based on structural data,
classical MD simulations, and density functional theory
calculations, we developed a model that rationalizes the
observed activities and that can be applied to predict the
activities of novel scaffolds. This may be important for
expanding the currently very limited number of known high-
affinity heme-binding IDO1 inhibitor scaffolds.

4. EXPERIMENTAL SECTION
4.1. Chemistry. 4.1.1. General Remarks. All commercially

available reagents and solvents (Fluka, Aldrich, Acros) were used
without further purification. For reactions requiring anhydrous
conditions, dry solvents were bought (Fluka, Aldrich). Reactions
were monitored by TLC (Merck; silica gel 60 F254 plates) and
detected with UV light, KMnO4. Purifications were performed using
flash chromatography (FC) on silica gel (SiO2; Merck no. 9385 silica
gel 60 Å, 230−400 mesh). IR Spectra: Perkin-Elmer Paragon 1000
FT-IR spectrometer. Mass spectra were recorded on a Nermag R 10−
10C instrument in the chemical ionization mode. Electrospray mass
analyses were recorded on a Finnigan MAT SSQ 710C spectrometer
in the positive ionization mode. 1H and 13C NMR spectra were
recorded on a Bruker-DPY-400 or a Bruker-ARX-400 spectrometer at
400 and 100.6 MHz, respectively. Data for 1H NMR spectra are
reported as follows: chemical shift, multiplicity, apparent coupling

Figure 10. Other potential IDO1 inhibitor scaffolds. Hirshfeld charges on the nitrogen atom circled in blue are indicated. Inactive compounds are
framed in red, active ones in green.
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constant, and integration. Data for 13C NMR spectra are reported in
terms of chemical shifts. Chemical shifts are given in parts per million,
relative to an internal standard such as residual solvent signals.
Coupling constants are given in hertz (Hz). High-resolution mass
spectra were recorded via ESI−TOF−HRMS or MALDI−TOF−
HRMS. The purity of all novel compounds was assessed by 1H NMR
and analytical HPLC (UV 220 nm) using a PFP propyl column
(RESTEK Allure HPLC column, particle size 5 μm, pore size 60 Å,
dimensions 150 × 4.6 mm) with a linear gradient of solvent B
(acetonitrile, 0.1% TFA) over solvent A (H2O, 0.1% TFA) from 0 to
100% in 30 min at a flow rate of 1 mL/min. Typically, 5 μL solution
(0.5 mg/mL in 50% ACN/H2O) was injected for each compound.
The measured purity of all compounds was 95% or higher.
4.1.2. Procedures. 4.1.2.1. General Procedure for the Synthesis of

Imidazole Derivatives (1b−1f).20,59 A solution of α-bromoacetophe-
none derivatives (2 mmol, 1 equiv) was heated to 170−180 °C in
formamide (12 mL) for 3−8 h. The solution was allowed to cool to
room temperature (r.t) and the mixture was diluted with a saturated
aq. soln. of NaHCO3 (8 mL). The aqueous phase was extracted with
EtOAc (3 × 10 mL). The combined organic extracts were washed
successively with water and brine, then dried (Na2SO4), and
concentrated in vacuo to afford a residue which was purified by
flash column chromatography on silica gel to afford compounds 1b−
1f.
4-(3-Chlorophenyl)-1H-imidazole (1b).87 Synthesized from 2-

bromo-(3-chlorophenyl)ethanone (36b) and formamide according
to the general procedure to afford 1b as a white solid in 70% yield. 1H
NMR (400 MHz, CDCl3): δ 7.78 (t, J = 1.9 Hz, 1H), 7.74 (s, 1H),
7.69−7.64 (m, 1H), 7.34 (t, J = 7.8 Hz, 1H), 7.25 (ddd, J = 8.0, 2.1,
1.1 Hz, 1H), 13C NMR (100 MHz, CD3OD): δ 137.65, 136.07,
135.32, 134.32, 129.81, 126.22, 124.30, 122.70, 115.19, ESI−TOF−
HRMS m/z: calcd for (M + H) C9H8ClN2, 179.0371; found,
179.0367.
2-(1H-Imidazole-4-yl)phenol (1c).20 Synthesized from 2-(2-

bromoacetyl)phenol (36c) and formamide according to the general
procedure to afford 1c as a white solid in 60% yield. 1H NMR (400
MHz, CD3OD): δ 7.75 (d, J = 1.3 Hz, 1H), 7.63 (dd, J = 7.7, 1.7 Hz,
1H), 7.54 (d, J = 1.2 Hz, 1H), 7.13−7.04 (m, 1H), 6.90−6.80 (m,
2H), 13C NMR (100 MHz, CD3OD): δ 154.71, 133.64, 127.36,
125.13, 118.99, 117.80, 115.95, 114.02, ESI−TOF−HRMS m/z:
calcd for (M + H) C9H9N2O, 161.0709; found, 161.0705.
2-(1H-Imidazole-4-yl) aniline (1d).59 Synthesized from 2-bromo-1-

(2-nitrophenyl)ethan-1-one (37) and formamide according to the
general procedure to afford 5-(2-nitrophenyl)-1H-imidazole. 1H
NMR (400 MHz, CD3OD): δ 9.08 (d, J = 1.4 Hz, 1H), 8.29 (dd, J
= 8.1, 1.4 Hz, 1H), 7.94−7.80 (m, 2H), 7.78 (d, J = 1.4 Hz, 1H), 7.74
(dd, J = 7.5, 1.6 Hz, 1H). 5-(2-Nitrophenyl)-1H-imidazole (1 equiv)
was dissolved in methanol and treated with ferric chloride (0.33
equiv), activated carbon (1.70 equiv), and hydrazine hydrate (20
equiv). The resulting mixture was stirred at r.t. for 5 min and then
heated to 70 °C for 48 h. The mixture was cooled to r.t and the solid
was filtered off and washed with methanol. The liquids were
combined and the solvent was removed under reduced pressure.
The residue was purified by flash chromatography to afford 1d as a
white solid in 25% yield for two steps. 1H NMR (400 MHz, CD3OD):
δ 7.77 (s, 1H), 7.37 (dd, J = 7.7, 1.5 Hz, 1H), 7.31 (s, 1H), 7.10−7.03
(m, 1H), 6.83 (d, J = 8.0 Hz, 1H), 6.74 (t, J = 7.5 Hz, 1H). 13C NMR
(100 MHz, CD3OD): δ 148.06, 134.49, 133.77, 133.00, 131.54,
129.45, 125.15, 121.27, 117.80; ESI−TOF−HRMS m/z: calcd for (M
+ H) C9H9ClN3, 160.0867; found, 160.0866.
4-Chloro-2-(1H-imidazole-4-yl)phenol (1e).21 Synthesized from 4-

chloro-2-(2-bromoacetyl) phenol (36e) and formamide according to
the general procedure to afford 1e as a light yellow solid in 75% yield.
1H NMR (400 MHz, CDCl3): δ 12.23 (br s, −OH, 1H), 9.39 (br s,
−OH, 1H), 7.77 (d, J = 1.2 Hz, 1H), 7.45 (d, J = 2.6 Hz, 1H), 7.39
(d, J = 1.2 Hz, 1H), 7.12 (dd, J = 8.7, 2.6 Hz, 1H), 6.94 (d, J = 8.8 Hz,
1H), 13C NMR (100 MHz, CD3OD): δ 153.57, 136.86, 133.95,
126.78, 124.58, 123.61, 119.65, 117.33, 114.43, ESI−TOF−HRMS
m/z: calcd for (M + H) C9H8ClN2O, 195.0320; found, 195.0316.

4-Chloro-2-(1H-imidazole-4-yl)aniline (1f). Synthesized from 2-
bromo-1-(5-chloro-2-nitrophenyl)ethan-1-one88 (38) and formamide
according to the general procedure to afford 5-(5-chloro-2-nitro-
phenyl)-1H-imidazole. 1H NMR (400 MHz, CD3OD): δ 9.09 (d, J =
1.4 Hz, 1H), 8.31 (d, J = 8.8 Hz, 1H), 7.90−7.80 (m, 3H). 5-(5-
Chloro-2-nitrophenyl)-1H-imidazole (1 equiv) was dissolved in
methanol and treated with ferric chloride (0.33 equiv), activated
carbon (1.70 equiv), and hydrazine hydrate (20 equiv). The resulting
mixture was stirred at r.t. for 5 min and then heated to 70 °C for 48 h.
The mixture was cooled to r.t. and the solid was filtered off and
washed with methanol. The liquids were combined and the solvent
was removed under reduced pressure. The residue was purified by
flash chromatography to afford 1f as a white solid in 30% yield (over
two steps). 1H NMR (400 MHz, CD3OD): δ 7.83 (d, J = 2.3 Hz,
1H), 7.80−7.76 (m, 2H), 7.50 (dd, J = 8.6, 2.3 Hz, 1H), 7.37 (d, J =
1.1 Hz, 1H), 13C NMR (100 MHz, CD3OD): δ 146.39, 139.66,
134.80, 132.75, 131.32, 128.34, 126.93, 123.30, 118.39; ESI−TOF−
HRMS m/z: calcd for (M + H) C9H10N3, 194.0480; found, 194.0476.

4.1.2.2. General Procedure for the C5 Arylation of N-
Methylimidazoles (2a−f).59−61 The aryl iodide (1 mmol, 1 equiv)
was combined with 1-methyl-1H-imidazole (4 mmol, 4 equiv), Pd
(OAc)2 (5 mol %, 0.05 equiv), tricyclohexylphosphonium tetra-
fluoroborate (10 mol %, 0.1 equiv), and Cs2CO3 (1 mmol, 1 equiv) in
DMF (4 mL). The mixture was heated to 120 °C for 15 h. After
cooling to r.t., the solids were filtered off and the solution was
partitioned between EtOAc and H2O. The organic layer was
collected, and the H2O layer was extracted with EtOAc (2 × 5
mL). The combined extracts were washed with a saturated aq. soln. of
NaHCO3 and dried over Na2SO4. The solvent was removed under
vacuum and the residue was purified by column chromatography on
silica gel to afford 2a−2f.

1-Methyl-5-phenyl-1H-imidazole (2a).89 Synthesized from 1-
iodobenzene (39a) and N-methylimidazole according to the general
procedure to afford 2a as a white solid in 35% yield. 1H NMR (400
MHz, CDCl3): δ 7.59 (s, 1H), 7.51−7.36 (m, 5H), 7.17 (s, 1H), 3.70
(s, 3H). 13C NMR (100 MHz, CD3COCD3): δ 139.65, 130.42,
128.70, 128.08, 127.76, 127.48, 31.92; ESI−TOF−HRMS m/z: calcd
for (M + H) C10H11N2, 159.0917; found, 159.0913.

1-Methyl-5-(3-chlorophenyl)-1H-imidazole (2b). Synthesized from
1-chloro-3-iodobenzene (39b) and N-methylimidazole according to
the general procedure to afford 2b as an oil in 60% yield. 1H NMR
(400 MHz, CDCl3): δ 7.52 (s, 1H), 7.39−7.26 (m, 3H), 7.25 (dt, J =
7.2, 1.7 Hz, 1H), 7.10 (s, 1H), 3.66 (s, 3H); 13C NMR (100 MHz,
CDCl3): δ 139.51, 134.59, 132.06, 131.51, 130.03, 128.55, 128.25,
127.94, 126.45, 32.65, ESI−TOF−HRMS m/z: calcd for (M + H)
C10H10ClN2, 193.0527; found, 193.0524.

2-(1-Methyl-1H-imidazole-5-yl)phenol (2c, CAS 1781522-02-8).
Synthesized from 2-iodoanisole (40) and N-methylimidazole
according to the general procedure to afford crude 2-(1-methyl-1H-
imidazole-5-yl)anisole. 1H NMR (400 MHz, CD3OD): δ 7.73 (s,
1H), 7.46 (ddd, J = 8.3, 7.4, 1.8 Hz, 1H), 7.26 (dd, J = 7.5, 1.8 Hz,
1H), 7.13 (dd, J = 8.4, 1.1 Hz, 1H), 7.05 (td, J = 7.5, 1.1 Hz, 1H),
6.92 (s, 1H), 3.85 (s, 3H), 3.55 (s, 3H). 2-(1-Methyl-1H-imidazole-5-
yl)anisole (1.0 mmol) was dissolved in 48% hydrobromic acid (HBr)
in water (4 mL) and the orange solution was heated to 100 °C for 14
h under N2. The solution was cooled to r.t., diluted with water, and
neutralized by the addition of a saturated aq. soln. of NaHCO3 until
the evolution of CO2 ceased. The organic product was extracted with
ethyl acetate. The extract was dried over sodium sulfate and
concentrated in vacuo to afford a residue that was purified by flash
column chromatography on silica gel to afford 2c as a white solid in
60% yield (over two steps). 1H NMR (400 MHz, CD3OD): δ 7.78 (s,
1H), 7.29 (ddd, J = 8.2, 7.4, 1.7 Hz, 1H), 7.20 (dd, J = 7.5, 1.7 Hz,
1H), 6.97−6.86 (m, 3H), 3.62 (s, 3H), 13C NMR (100 MHz,
CD3OD): δ 155.44, 131.71, 130.03, 126.38, 119.29, 116.44, 115.27,
31.13, ESI−TOF−HRMS m/z: calcd for (M + H) C10H11N2O,
175.0866; found, 175.0862.

2-(1-Methyl-1H-imidazole-5-yl)aniline (2d, CAS 1780550-29-9).
Synthesized from 2-iodonitrobenzene (42) and N-methylimidazole
according to the general procedure to afford 1-methyl-5-(2-nitro-
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phenyl)-1H-imidazole. 1H NMR (400 MHz, CDCl3): δ 8.04−7.90
(m, 2H), 7.66−7.60 (m, 2H), 7.58−7.50 (m, 1H), 7.39 (dd, J = 7.5,
1.6 Hz, 1H), 3.42 (s, 3H). 1-Methyl-5-(2-nitrophenyl)-1H-imidazole
(1 equiv) was dissolved in methanol and treated with ferric chloride
(0.33 equiv), activated carbon (1.70 equiv), and hydrazine hydrate
(20 equiv). The resulting mixture was stirred at r.t. for 5 min before
heating to 70 °C for 48 h. The mixture was cooled to r.t., and then the
solid was filtered off and washed with methanol. The liquids were
combined, and the solvent was removed under reduced pressure. The
residue was purified by flash chromatography to afford 2d as a brown
solid in 60% yield (over two steps). 1H NMR (400 MHz, CD3OD): δ
7.65 (s, 1H), 7.06 (ddd, J = 8.1, 7.3, 1.6 Hz, 1H), 6.90 (dd, J = 7.6, 1.6
Hz, 1H), 6.84 (s, 1H), 6.71 (dd, J = 8.2, 1.2 Hz, 1H), 6.61 (td, J = 7.4,
1.2 Hz, 1H), 3.41 (s, 3H); 13C NMR (100 MHz, CD3OD): δ 146.86,
138.35, 131.30, 130.79, 129.91, 126.25, 117.17, 115.25, 113.67, 30.84;
ESI−TOF−HRMS m/z: calcd for (M + H) C10H11N3, 174.1029;
found, 174.1040.
4-Chloro-2-(1-methyl-1H-imidazole-5-yl)phenol (2e, CAS

2107720-24-9). Synthesized from 2-iodo-4-chloroanisole (41) and
N-methylimidazole according to the general procedure to afford the
crude 4-chloro-2-(1-methyl-1H-imidazole-5-yl)anisole. 1H NMR (400
MHz, CD3OD): δ 7.71 (s, 1H), 7.45 (dd, J = 8.8, 2.7 Hz, 1H), 7.27
(d, J = 2.7 Hz, 1H), 7.13 (d, J = 8.9 Hz, 1H), 6.94 (s, 1H), 3.85 (s,
3H), 3.56 (s, 3H). 4-Chloro-2-(1-methyl-1H-imidazole-5-yl)anisole
(1.0 mmol) was dissolved in 48% HBr in water (4 mL) and the
orange solution was heated to 100 °C for 14 h under N2. The mixture
was cooled to r.t., diluted with water, and neutralized by the addition
of a saturated aq. soln. of NaHCO3 until the evolution of CO2 ceased.
The organic layer was extracted with ethyl acetate (2 × 5 mL), dried
over sodium sulfate, and concentrated in vacuo to afford a residue that
was purified by flash column chromatography on silica gel to afford 2e
as a white solid in 70% yield for two steps. 1H NMR (400 MHz,
CD3OD): δ 7.58 (s, 1H), 7.15 (dd, J = 8.7, 2.7 Hz, 1H), 7.08 (d, J =
2.7 Hz, 1H), 6.83 (s, 1H), 6.79 (d, J = 8.7 Hz, 1H), 3.50 (s, 3H); 13C
NMR (100 MHz, CD3OD): δ 154.37, 138.41, 131.01, 130.05, 129.67,
126.91, 123.68, 118.23, 116.70, 31.23; ESI−TOF−HRMS m/z: calcd
for (M + H) C10H10ClN2O, 209.0476; found, 209.0472.
4-Chloro-2-(1-methyl-1H-imidazole-5-yl)aniline (2f, CAS

2106580-97-4). Synthesized from 2-iodo-4-chloronitrobenzene (43)
and N-methylimidazole according to the general procedure to afford
5-(5-chloro-2-nitrophenyl)-1-methyl-1H-imidazole. 1H NMR (400
MHz, CDCl3): δ 8.75 (s, 1H), 8.12 (d, J = 8.8 Hz, 1H), 7.64 (dd,
J = 8.8, 2.2 Hz, 1H), 7.47 (d, J = 2.3 Hz, 1H), 7.18 (s, 1H), 3.61 (s,
3H). 5-(5-Chloro-2-nitrophenyl)-1-methyl-1H-imidazole (1 equiv)
was dissolved in methanol and treated with ferric chloride (0.33
equiv), activated carbon (1.70 equiv), and hydrazine hydrate (20
equiv). The resulting mixture was stirred at r.t. for 5 min before
heating to 70 °C for 48 h. The mixture was cooled to r.t., and then the
solid was filtered off and washed with methanol. The liquids were
combined, and the solvent was removed under reduced pressure. The
residue was purified by flash chromatography to afford 2f as a white
solid in 65% yield for two steps. 1H NMR (400 MHz, CD3OD): δ
7.75 (s, 1H), 7.16 (dd, J = 8.7, 2.5 Hz, 1H), 7.04 (d, J = 2.5 Hz, 1H),
6.98 (s, 1H), 6.81 (d, J = 8.7 Hz, 1H), 3.56 (s, 3H); 13C NMR (100
MHz, CD3OD): δ 145.96, 138.82, 130.58, 129.59, 126.99, 121.11,
116.29, 115.04, 30.80; ESI−TOF−HRMS m/z: calcd for (M + H)
C10H11ClN3, 208.0641; found, 208.0643.
4.1.2.3. General Procedure for the Synthesis of N-Phenyl-

imidazole Derivatives (3c, 3e, and 3f).61,62 The aryl iodide (1
mmol, 1 equiv) was dissolved in DMF and treated with N,N-
dimethylethane-1,2-diamine (0.3 mmol, 0.3 equiv), Cs2CO3 (2 mmol,
2.0 equiv), CuI (0.1 mmol, 0.1 equiv), and 1H-imidazole (2.0 mmol,
2.0 equiv) under an N2 atmosphere. The mixture was stirred at 140
°C for 12 h. After cooling to r.t., the solids were filtered off and
washed with dichloromethane (2 × 5 mL). The combined organic
phases were concentrated under reduced pressure and the residue was
purified by flash column chromatography on silica gel to afford 3c, 3e,
and 3f.
2-(1H-Imidazole-1-yl)phenol (3c).90 Synthesized from 1-iodoani-

sole (40) and 1H-imidazole according to the general procedure to

afford 2-(1H-imidazole-1-yl)anisole. 1H NMR (400 MHz, CD3OD):
δ 7.97 (s, 1H), 7.51−7.37 (m, 3H), 7.24 (d, J = 8.9 Hz, 1H), 7.13 (s,
1H), 6.96 (m, 1H), 3.90 (s, 3H). 2-(1H-Imidazole-1-yl)anisole was
dissolved in 48% HBr in water (4 mL) and the orange solution was
heated to 100 °C for 14 h under N2. The mixture was cooled to r.t.,
then diluted with water, and neutralized by the addition of a saturated
aq. soln. of NaHCO3 until the evolution of CO2 ceased. The mixture
was extracted with ethyl acetate (2 × 5 mL), and the combined
extracts were dried over sodium sulfate and concentrated in vacuo to
afford a residue that was purified by flash column chromatography on
silica gel to afford 3c as a white solid in 65% yield (over two steps).
1H NMR (400 MHz, CD3OD): δ 7.96 (d, J = 1.2 Hz, 1H), 7.40 (t, J =
1.4 Hz, 1H), 7.33 (dd, J = 7.9, 1.6 Hz, 1H), 7.26 (ddd, J = 8.2, 7.4, 1.6
Hz, 1H), 7.11 (s, 1H), 7.04 (dd, J = 8.2, 1.3 Hz, 1H), 6.97 (td, J = 7.7,
1.4 Hz, 1H), 13C NMR (100 MHz, CD3OD): δ 150.54, 128.73,
127.04, 125.03, 124.73, 120.36, 119.66, 116.50, ESI−TOF−HRMS
m/z: calcd for (M + H) C9H9N2O, 161.0709; found, 161.0706.

4-Chloro-2-(1H-imidazole-1-yl)phenol (3e).91 Synthesized from 4-
chloro-2-iodoanisole (41) and 1H-imidazole according to the general
procedure to afford 4-chloro-2-(1H-imidazole-1-yl)anisole. 1H NMR
(400 MHz, CDCl3): δ 7.82 (d, J = 1.1 Hz, 1H), 7.38−7.29 (m, 2H),
7.25−7.14 (m, 2H), 7.01 (d, J = 8.8 Hz, 1H), 3.87 (s, 3H). 4-Chloro-
2-(1H-imidazole-1-yl)anisole was dissolved in 48% HBr in water (4
mL) and the orange solution was heated to 100 °C for 14 h under N2.
The mixture was cooled to r.t, then diluted with water, and
neutralized by the addition of a saturated aq. soln. of NaHCO3
until the evolution of CO2 ceased. The mixture was extracted with
ethyl acetate. The combined extracts were dried over Na2SO4 and
concentrated in vacuo to afford a residue that was purified by flash
column chromatography on silica gel to afford 3e as a white solid in
52% yield (over two steps). 1H NMR (400 MHz, CD3OD): δ 8.04 (s,
1H), 7.46 (s, 1H), 7.42 (d, J = 2.5 Hz, 1H), 7.27 (dd, J = 8.7, 2.6 Hz,
1H), 7.14 (s, 1H), 7.02 (d, J = 8.8 Hz, 1H), 13C NMR (100 MHz,
CD3OD): δ 149.43, 128.47, 125.53, 124.77, 123.96, 117.69, ESI−
TOF−HRMS m/z: calcd for (M + H) C9H8ClN2O, 195.0320; found,
195.0315.

2-(1H-Imidazole-1-yl)aniline (3f, CAS 190200-15-8). Synthesized
from 4-chloro-2-iodoaniline (39f) and 1H-imidazole according to the
general procedure to afford 3f as a white solid in 75% yield. 1H NMR
(400 MHz, CD3OD): δ 7.82 (s, 1H), 7.30 (s, 1H), 7.21 (dd, J = 8.8,
2.4 Hz, 2H), 7.16 (d, J = 2.4 Hz, 1H), 6.90 (d, J = 8.7 Hz, 1H), 13C
NMR (100 MHz, CD3OD): δ 142.27, 137.56, 129.37, 128.40, 126.38,
123.16, 121.06, 120.43, 117.28, ESI−TOF−HRMS m/z: calcd for (M
+ H) C9H9ClN3, 194.0480; found, 194.0476.

4.1.2.4. General Procedure for the Synthesis of 1,2,4-Triazoles
(5b−c and 5e−g).63 A solution of amide (44b−c, 44e−g) (1.0
mmol, 1 equiv) and N,N-dimethylformamide−dimethyl acetal
(DMF−DMA) (1.5 mL) was heated under reflux for 1 h under N2.
The mixture was concentrated under reduced pressure and the
residue was washed with hexane. After drying in vacuo, a white solid
was obtained that was used without purification in the next step. The
crude product was dissolved in acetic acid (2 mL), and then hydrazine
hydrate (1.1 mmol, 1.1 equiv) was added dropwise to the stirred
solution. The mixture was stirred at 90 °C for 2 h. After cooling to r.t.,
the solvent was removed in vacuo. The mixture was taken with diethyl
ether (5 mL) and stirred at 0 °C for 30 min. The precipitate was
collected, dried under reduced pressure, and purified by flash column
chromatography on silica gel to afford the corresponding triazoles
(5b−c, 5e−g).

3-(3-Chlorophenyl)-1H-1,2,4-triazole (5b).92 Synthesized from 2-
chlorobenzamide (44b) and hydrazine hydrate according to the
general procedure to afford 5b as a white solid in 50% yield. 1H NMR
(400 MHz, CDCl3): δ 8.24 (s, 1H), 8.09 (q, J = 1.3 Hz, 1H), 7.97 (td,
J = 4.4, 1.6 Hz, 1H), 7.43−7.40 (m, 2H). 13C NMR (100 MHz,
CD3OD): δ 134.49, 130.12, 129.24, 125.92, 124.28; ESI−TOF−
HRMS m/z: calcd for (M + H) C8H7ClN3, 180.0323; found,
180.0319.

2-(1H-1,2,4-Triazol-3-yl)phenol (5c).93 Synthesized from 2-
hydroxybenzamide (44c) and hydrazine hydrate according to the
general procedure to afford 5c as a white fluffy powder in 75% yield.
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1H NMR (400 MHz, CD3OD): δ 8.34 (s, 1H), 7.97 (dd, J = 7.8, 1.7
Hz, 1H), 7.34 (ddd, J = 8.7, 7.3, 1.7 Hz, 1H), 7.04−6.93 (m, 2H), 13C
NMR (100 MHz, CD3OD): δ 156.33, 131.15, 126.60, 119.25, 116.47,
112.72, ESI−TOF−HRMS m/z: calcd for (M + H) C8H8N3O,
162.0662; found, 162.0658.
4-Chloro-2-(1H-1,2,4-triazol-3-yl)phenol (5e, CAS 814263-35-9).

Synthesized from 5-chloro-2-hydroxybenzamide (44e) and formic
acid according to the general procedure to afford 5e as a white solid in
76% yield. 1H NMR (400 MHz, CD3OD): δ 8.44 (s, 1H), 7.99 (d, J =
2.6 Hz, 1H), 7.31 (dd, J = 8.8, 2.6 Hz, 1H), 6.99 (d, J = 8.8 Hz, 1H),
13C NMR (100 MHz, CD3OD): δ 155.10, 130.65, 125.97, 123.92,
118.28, 114.68, ESI−TOF−HRMS m/z: calcd for (M + H)
C8H7ClN3O, 196.0272; found, 196.0267.
4-Chloro-2-(1H-1,2,4-triazol-3-yl)aniline (5f, CAS 55138-98-2).

Synthesized from 2-amino-5-chlorobenzamide (44f) and formic acid
according to the general procedure to afford 5f as a white solid in 52%
yield. 1H NMR (400 MHz, CD3COCD3): δ 7.81 (s, 1H), 7.57 (d, J =
2.5 Hz, 1H), 7.10 (dd, J = 8.7, 2.5 Hz, 1H), 6.74 (d, J = 8.6 Hz, 1H),
6.39 (s, 1H); 13C NMR (100 MHz, CD3COCD3): δ 151.43, 147.31,
141.10, 131.16, 123.33, 122.87, 116.63, 112.29; ESI−TOF−HRMS
m/z: calcd for (M + H) C8H8ClN4, 195.0437; found, 195.0441.
4-Bromo-2-(1H-1,2,4-triazol-3-yl)aniline (5g).94 Synthesized from

2-amino-5-bromobenzamide (44g) and hydrazine hydrate according
to the general procedure to afford 5g as a white solid in 35% yield. 1H
NMR (400 MHz, CD3OD): δ 8.50 (s, 1H), 8.04 (s, 1H), 7.24 (dd, J
= 8.8, 2.4 Hz, 1H), 6.78 (d, J = 8.7 Hz, 1H); 13C NMR (100 MHz,
CD3OD): δ 145.55, 142.70, 132.04, 130.07, 117.80, 107.17; ESI−
TOF−HRMS m/z: calcd for (M + H) C8H8BrN4, 238.9927; found,
238.9922.
4.1.2.5. General Procedure for the Synthesis of 1,2,3,4-Tetrazoles

(6c, 6e, and 6f).64 A mixture of the corresponding carbonitrile
(45c,e,f) (1 mmol, 1 equiv), NaN3 (2 mmol, 3 equiv), and Et3N·HCl
(3.7 mmol, 3.7 equiv) in toluene (3 mL) was stirred at 99 °C
overnight. After cooling to r.t., the mixture was extracted with H2O (2
mL) and the aqueous phase was acidified by dropwise addition of
conc. HCl affording a precipitate. The precipitate was collected,
washed with H2O (2 × 5 mL), dried under reduced pressure, and
purified by flash column chromatography on silica gel to afford the
corresponding products 6c, 6e, and 6f.
2-(1H-Tetrazol-5-yl)phenol (6c).64 Synthesized from 2-hydrox-

ybenzonitrile (45c) and NaN3 according to the general procedure to
afford 6c as a white solid in 80% yield. 1H NMR (400 MHz,
CD3OD): δ 8.08 (dd, J = 7.8, 1.7 Hz, 1H), 7.44 (ddd, J = 8.3, 7.3, 1.7
Hz, 1H), 7.10−7.02 (m, 2H), 13C NMR (100 MHz, CD3OD): δ
155.63, 152.42, 132.74, 128.51, 119.80, 116.00, 109.76, ESI−TOF−
HRMS m/z: calcd for (M + H) C7H7N4O, 163.0614; found,
163.0612.
4-Chloro-2-(1H-tetrazol-5-yl)phenol (6e).95 Synthesized from 5-

chloro-2-hydroxybenzonitrile (45e) and NaN3 according to the
general procedure to afford 6d as a white solid in 70% yield. 1H
NMR (400 MHz, CD3OD): δ 8.08 (d, J = 2.7 Hz, 1H), 7.42 (dd, J =
8.8, 2.7 Hz, 1H), 7.07 (d, J = 8.9 Hz, 1H); 13C NMR (100 MHz,
CD3OD): δ 155.23, 152.78, 133.16, 128.69, 125.27, 118.99, 112.15;
ESI−TOF−HRMS m/z: calcd for (M + H) C7H6ClN4O, 197.0225;
found, 197.0221.
4-Chloro-2-(1H-tetrazol-5-yl)aniline (6f).96 Synthesized from 2-

amino-5-chlorobenzonitrile (45f) and NaN3 according to the general
procedure to afford 6f as a white solid in 69% yield. 1H NMR (400
MHz, CDCl3): δ 7.71 (d, J = 2.5 Hz, 1H), 7.21 (dd, J = 8.8, 2.4 Hz,
1H), 6.78 (d, J = 8.8 Hz, 1H), 13C NMR (100 MHz, CD3OD): δ
155.11, 146.09, 131.40, 126.70, 120.42, 117.94, 106.45, ESI−TOF−
HRMS m/z: calcd for (M + H) C7H7ClN5, 196.0384; found,
196.0381.
4-Phenyl-4H-1,2,4-triazole (9).65 To a solution of Cu(OAc)2·H2O

(0.01 mmol, 0.01 equiv) in DMF (2 mL) were added phenyl iodide
(1.2 mmol, 1.2 equiv), 4H-1,2,4-triazole (1.0 mmol, 1.0 equiv), and
Cs2CO3 (2.0 mmol, 2.0 equiv) under a nitrogen atmosphere. The
mixture was stirred at 110 °C for 24 h. After cooling to r.t., the
mixture was partitioned between water and ethyl acetate. The organic
layer was separated, and the aqueous layer was extracted with ethyl

acetate. The combined organic layers were washed with brine, dried
over Na2SO4, and concentrated in vacuo. The residue was purified by
flash chromatography on silica gel to afford 4-phenyl-4H-1,2,4-triazole
(9) as a semi solid in 45% yield. 1H NMR (400 MHz, CDCl3): δ 8.59
(s, 1H), 8.14 (s, 1H), 7.75−7.67 (m, 2H), 7.59−7.50 (m, 2H), 7.48−
7.39 (m, 1H), 13C NMR (101 MHz, CDCl3): δ 152.60, 140.87,
137.01, 129.80, 128.26, 120.10, ESI−TOF−HRMS m/z: calcd for (M
+ H) C8H8N3, 146.0713; found, 146.0710.

4-Phenylisothiazole (15).66 DMF (2.0 mL) was added dropwise to
POCl3 (9.0 mmol, 3.0 equiv) and cooled to 0 °C. Phenyl acetic acid
(3.0 mmol, 1.0 equiv) was then added and the mixture was stirred at
85 °C for 2 h. The reaction mixture was cooled to room temperature
and cracked ice was added to adjust the volume to ca. 15 mL. The
reaction mixture was extracted with dichloromethane, the combined
extracts were dried, and the solvents were evaporated to yield crude 2-
phenyl-3-N,N-dimethylaminoacrolein as a yellow oil. NaOH (25% aq.
soln., 6 mL) was added to crude 2-phenyl-3-N,N-dimethylaminoa-
crolein in EtOH (5.0 mL), and the reaction mixture was refluxed
under stirring for 1 h. Ethanol was removed under vacuum, and the
residue was diluted by addition of crushed ice and acidified (pH < 3)
using aqueous HCl (1:1). The resulting mixtures were extracted with
diethyl ether, the combined extracts were dried, and the solvents were
evaporated to leave crude enolized 2-aryl malondialdehyde as a yellow
oil. SOCl2 (4.2 mL, 57.6 mmol) was added to crude 2-aryl
malondialdehyde in CH2Cl2 (6 mL) and cooled to 0 °C, and the
reaction mixtures were stirred at 0 °C for 1 h. The solvents were
evaporated, and the crude product was used without purification in
the next step. NH4SCN (7.2 mmol, 4.0 equiv) was added to a solution
of chloroacrolein (1.8 mmol, 1.0 equiv) in DMF (3.0 mL), and the
reaction mixture was heated for 16 h at 70 °C under stirring. The
reaction mixture was diluted with brine (20 mL) and extracted with
ethyl acetate. The combined extract was dried, the solvent evaporated,
and the residue was subjected to flash chromatography on silica gel to
afford compound 15 as a white solid in 70% yield. 1H NMR (400
MHz, CDCl3): δ 8.81 (s, 1H), 8.74 (s, 1H), 7.66−7.59 (m, 2H),
7.51−7.45 (m, 2H), 7.48−7.34 (m, 1H), 13C NMR (100 MHz,
CDCl3): δ 156.05, 142.69, 139.98, 132.59, 129.17, 128.07, 126.93,
ESI−TOF−HRMS m/z: calcd for (M + H) C9H8NS, 162.0372;
found, 162.0373.

5-Phenyl-1,2,3-thiadiazole (17).67 To a solution of TMSCHN2 (2
M ether solution, 0.6 mL, 1.2 mmol, 1.2 equiv) in diethylether (8
mL), n-BuLi (2.5 M hexane solution, 0.48 mL, 1.2 mmol, 1.2 equiv)
was added dropwise at −78 °C under nitrogen, and the mixture was
stirred at −78 °C for 20 min. A solution of methyl thiobenzoate (1.0
mmol, 1.0 equiv) in diethyl ether (3 mL) was then added dropwise at
−78 °C. The mixture was stirred at −78 °C for 30 min and then at 0
°C f or 30 min. After addition of water (1 mL) and methanol (5 mL),
the mixture was stirred at r.t. for 1 h and concentrated in vacuo. The
residue was suspended in water and extracted with ethyl acetate. The
organic extracts were washed with water, saturated aq. NaCl, dried
over anhydrous Na2SO4, and concentrated in vacuo. The residue was
purified by column chromatography to afford 5-phenyl-1,2,3-
thiadiazole (17) as a semi solid in 75% yield. 1H NMR (400 MHz,
CDCl3): δ 8.90 (s, 1H), 7.67-7-61 (m, 2H), 7.57−7.47 (m, 3H), 13C
NMR (100 MHz, CDCl3): δ 157.06, 144.18, 130.55, 129.60, 128.19,
127.45, ESI−TOF−HRMS m/z: calcd for (M + H) C8H7N2S,
163.0324; found, 163.0323.

5-Phenyloxazole (20).68 To a solution of benzaldehyde (1.0 mmol,
1.0 equiv) in MeOH (5 mL) was added K2CO3 (1.5 mmol, 1.5 equiv)
and toluenesulfonylmethyl isocyanide (TosMIC, 1.0 mmol, 1.0
equiv). The reaction mixture was stirred for 2 h at 80 °C, cooled
down to r.t., quenched with H2O, and diluted with EtOAc. After
removal of the organic layer, the aqueous layer was extracted with
EtOAc. The organic layer was combined, dried over Na2SO4, filtered,
and concentrated in vacuo. Flash chromatography afforded 5-
phenyloxazole (20) as a white solid in 60% yield. 1H NMR (400
MHz, CDCl3): δ 7.95 (s, 1H), 7.72−7.65 (m, 2H), 7.50−7.42 (m,
2H), 7.39 (s, 2H), 13C NMR (101 MHz, CD3OD): δ 154.02, 147.65,
128.79, 128.61, 127.59, 126.00, 121.41, 121.39, ESI−TOF−HRMS
m/z: calcd for (M + H) C9H8NO, 146.0600; found, 146.0599.
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4-Phenylisoxazole (21).69 To a solution of 2-phenylmalonaldehyde
(1.0 mmol, 1.0 equiv) in EtOH (5 mL) was added hydroxylamine
hydrochloride (2.0 mmol, 2.0 equiv). The reaction mixture was stirred
for 2 h at 80 °C. After completion of the reaction, the solvents were
removed under reduced pressure, and the crude product was
dissolved in CH2Cl2 (2 × 5 mL) and washed with water (10 mL).
The organic layers were combined, dried over Na2SO4, filtered, and
concentrated in vacuo. Purification was accomplished by column
chromatography on silica gel to afford compound 21 as a white solid
in 80% yield. 1H NMR (400 MHz, CDCl3): δ 8.70 (s, 1H), 8.59 (s,
1H), 7.55−7.41 (m, 2H), 7.41−7.33 (m, 2H), 3.47 (s, 1H), 13C NMR
(100 MHz, CDCl3): δ 153.38, 147.99, 129.21, 128.54, 128.12, 126.45,
121.41, ESI−TOF−HRMS m/z: calcd for (M + H) C9H8NO,
146.0600; found, 146.0597.
5-Phenyl-1,2,3-oxadiazole (23).94 To a solution of benzoic

hydrazide (2.0 mmol, 1 equiv) dissolved in toluene (3 mL) were
added triethylorthoformate (3.0 mL) and p-toluenesulfonic acid (0.2
mmol, 0.1 equiv). The reaction mixture was heated to reflux for 2 h,
cooled to r.t., and concentrated. The residue was dissolved in Et2O
and washed with H2O (2 × 10 mL), 0.1 N HCl (10 mL), and brine
(10 mL); dried over Na2SO4; filtered; and concentrated. The crude
product was purified by column chromatography on silica gel to afford
compound 23 as a light yellow solid in 65% yield. 1H NMR (400
MHz, CDCl3): δ 8.50 (s, 1H), 8.16−8.08 (m, 2H), 7.64−7.51 (m,
3H), 13C NMR (101 MHz, CDCl3): δ 164.79, 152.63, 132.02, 129.14,
127.12, 123.51, ESI−TOF−HRMS m/z: calcd for (M + H)
C8H7N2O, 147.0553; found, 147.0551.
4.2. Protein Expression and Purification. Full-length human

IDO1 gene was cloned into the pET-28a vector and expressed in E.
coli Rosetta (DE3) cells. Protein was produced in the LB medium
supplemented with 0.5 mM dALA (5-aminolevulinic acid) and was
induced by addition of 0.1 mM isopropylthio-β-galactoside overnight
at 16 °C. The culture was harvested and frozen at −80 °C until
further use. The frozen cells were lysed by sonication in 20 mM Tris
pH 7, 400 mM NaCl, 1 mM MgCl2, 20 mM imidazole, 1 mM DTT,
0.5 mg/mL lysozyme, and protease inhibitor. After centrifugation, the
supernatant was loaded into a HisTrap HP column pre-equilibrated
with buffer containing 20 mM Tris pH 7, 500 mM NaCl, and 20 mM
imidazole and eluted with the same buffer containing 500 mM
imidazole. Fractions containing IDO1 were pooled, concentrated, and
injected on a size exclusion chromatography column (HiLoad
Superdex S75 16/60) to increase purity. hIDO1 fractions were
concentrated to 20 mg/mL in 20 mM Tris pH 7 and 150 mM NaCl.
4.3. Protein Crystallization, Data Collection, Structure

Determination, and Model Refinement. hIDO1 protein at 20
mg/mL was mixed with compounds 4f, 5f, and 5g at a final
concentration of 5 mM and co-crystallized by a hanging drop vapor
diffusion method. Crystals formed in a couple of days in 20% PEG
1500, 0.15 M potassium thiocyanate, and 0.1 M Tris pH 8.5. The
crystals were cryoprotected with 25% glycerol. Diffraction data were
collected at the Paul Scherrer Institute (SLS, Villigen) at PXII
X10SA beamline. Data were processed with the XDS Program
Package.97 Structures were solved by molecular replacement using
Phaser-MR and chain A of PDB entry 2d0t19 as the model. Manual
model building and structure refinement were carried out in Phenix
Suite98 using coot99 software and phenix-refine, respectively. After
validation, ligand-bound IDO1 models were deposited in the PDB
database under PDB codes 7ah4 (4f), 7ah6 (5f), and 7ah6 (5g). Data
collection and refinement statistics are summarized in the Supporting
Information (Table S2). The structures were displayed with PyMOL
(http://www.pymol.org/) and UCSF Chimera.100

4.4. Density Functional Theory Calculations. Quantum
chemical geometry optimizations and charge calculations were carried
out in the density functional theory (DFT) framework with the PBE0
hybrid functional101 using the Gaussian09 code.102 Geometry
optimizations were carried out with standard settings and the
TZVP basis set,103 while atomic point charges derived from a
Hirshfeld population analysis104 were calculated with the aug-cc-
pVTZ basis set105−107 to obtain converged charges. We also tested the
use of atomic point charges derived from a natural population

analysis, a Mulliken population analysis, a Bader charge analysis, and
electrostatic potential-derived charges according to the Merz−Singh−
Kollman scheme. Solvation effects were taken into account by the
polarizable continuum model108 as implemented in Gaussian09. The
histidine-bound heme complex of IDO1 was modeled by an iron−
porphin−imidazole system. Binding energies were calculated by
subtracting the energy of the iron−porphin−imidazole system and the
energy of the isolated ligand from the energy of the 6-fold coordinated
system. For the ferric iron−porphin−imidazole system, the ground
state with the hybrid DFT functional PBE0 is a quartet, while for the
ferrous system, it is a quintuplet. For the 6-fold coordinated systems, a
low-spin complex was always assumed, as it has been found
experimentally.58

4.5. MM-GBSA Calculations. Starting from the crystal structure
2d0t of the complex between hIDO1 and compound 1a,19 we
removed chain B, the N-cyclohexyltaurine molecules, and the resolved
water molecules. For all other compounds, ligand 1a was replaced by
the docked conformation of the respective ligand. A covalent bond
with an equilibrium distance of 1.97 Å and a force constant of 250
kcal/mol/Å2 was added between the heme iron and the coordinated
ligand nitrogen atom. The ligand force fields were generated with the
SwissParam algorithm.109 MD simulations were performed in the
CHARMM program110 version 36b1 with the CHARMM27 force
field.111,112 The systems were locally solvated in a sphere of TIP3P
water113 of 25 Å surrounding the active site using the stochastic
boundary method.114 A time step of 1 fs was used. After 220 ps of
initial heating and equilibration, data was collected for 2.5 ns.
Structural snapshots excluding water molecules were saved every 10
ps for a total of 250 frames. At least three simulations with
independent initial velocities were carried out for each ligand.

In the MM-GBSA approach,84−86 the binding free energy is written
as the sum of the change in gas-phase enthalpy ΔHbind,gas, the
solvation free energy ΔGsolv, and the entropic contribution −TΔS.

Δ = Δ + Δ − ΔG H G T Sbind bind,gas solv

in which

Δ = Δ + Δ + ΔH H H Hbind,gas elec vdW intra

and

γΔ = Δ + Δ = Δ + ΔG G G G SASAsolv solv,elec solv,np solv,elec

where ΔHelec is the electrostatic interaction energy, ΔHvdW is the van
der Waals interaction energy, ΔHintra is the change in internal energy
of the ligand and the receptor, ΔGsolv,elec is the electrostatic
contribution to the solvation free energy, ΔGsolv,np is the non-polar
contribution, and SASA is the solvent-accessible surface area. Here,
we neglected the entropic term and the change in internal energy.
ΔGsolv,elec was calculated with the GB-MV2 model115,116 and a value of
0.0072 kcal/mol/Å2 was used for the parameter γ.117,118 For each
neutral ligand, the values were averaged over a minimum of 750
structural snapshots extracted from three independent simulations,
while for charged ligands, 1500 structural snapshots were extracted
from six independent simulations to improve convergence. All ligand
interactions with the heme porphyrin ring and the His346 side chain
were excluded from the analysis. The standard errors were calculated
taking into account the autocorrelation within the data.119

4.6. Electrostatic Potential Calculation. Electrostatic potentials
were calculated with the UHBD code120 on the structure of hIDO1
extracted from its complex with compound MMG-0358 in structure
6r63.15 The protein was described with the CHARMM27 force
field,111,112 and the charge of the iron was left at +0.24 for the ferrous
complex and set to +1.24 for the ferric complex.

4.7. Enzymatic Assays. The enzymatic inhibition assays were
performed as described by Takikawa et al.121 with some modifications.
Briefly, the reaction mixture (100 μL) contained potassium phosphate
buffer (100 mM, pH 6.5), ascorbic acid (20 mM), catalase (400
units/mL), methylene blue (10 μM), purified recombinant IDO1 (2.5
ng/μL), L-trp (100 μM), Triton X-100 (0.01%), and DMSO (5 μL).
The inhibitors were serially diluted 3-fold for at least eight different
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concentrations. After incubation at room temperature for 20 min, the
reaction was stopped in its linear phase by addition of trichloroacetic
acid solution (40 mL, 30% w/v), and the samples were incubated at
50 °C for 30 min. After centrifugation, 80 μL of supernatant from
each well was used for HPLC analysis.
The mobile phase for HPLC analysis was composed of 50% (v/v)

of methanol and 50% of sodium citrate buffer (40 mM, pH 2.4)
containing 400 μM sodium dodecyl sulfate. An Agilent Zorbax Eclipse
XDB C18 column (150 n 4.6 mm) was used at 23 °C with a flow rate
of 1 mL/min and an injection volume of 20 μL. For detection of
kynurenine, absorption at 365 nm was measured, while the remaining
L-trp was detected at a wavelength of 280 nm. All assays were carried
out in duplicates. The activity Act of each compound was calculated
as Act = −RT ln IC50 in analogy to the relation between the binding
free energy and the measured Ki values.
4.8. Cellular Assays. The cDNA encoding hIDO1 (NCBI,

NM_0021464.3) was purchased from Origene as a pCMV6-Entry
vector (RC206592). The full ORF of hIDO1 was cloned into the
mammalian expression vector pcDNA6/myc-His from Invitrogen.
Human embryonic kidney 293T (HEK 293T) cells were transiently
transfected with the plasmid construct encoding hIDO1. A 75 cm2

flask containing HEK 293T cells at a confluency of 70% was
transfected with the jetPEI DNA transfection reagent (Polyplus
transfection) according to manufacturer’s protocol. A total of 20 μg of
pcDNA-IDO1 along with 5 μg of pcDNA-GFP plasmid was used for
the transfection; GFP was used to evaluate the transfection efficiency
prior to the cellular assays; 16−18 h post-transfection, the 293T cells
were detached with trypsin, centrifuged, and resuspended in 25 mL of
DMEM medium without phenol red, supplemented with penicillin
and streptomycin, 10% fetal bovine serum, and 1 mM pyruvate
(Gibco). Subsequently, 100 μL of cells were distributed to each well
of two 96-well round-bottom plates that had been pre-loaded with
100 μL DMEM and the small organic test molecule in DMSO (for a
final DMSO concentration of 2%). The DMEM medium contains 78
μM L-trp and was supplemented with 500 μM of L-trp for hIDO1.
Cells transfected with hIDO1 were incubated for 7 h at 37 °C in a
CO2 incubator. The reaction was stopped in its linear phase by adding
trichloroacetic acid (TCA) to the medium at a final concentration of
4%. Plates were centrifuged for 15 min at 4000 rpm. The supernatant
(100 μL) was added to 100 μL of 2% (w/v) p-DMAB in glacial acetic
acid. After 10 min, the absorbance was measured at a wavelength of
480 nm to detect kynurenine formation.122 Alternatively, kynurenine
content was determined by HPLC as done for the enzymatic assay.
4.9. Cell Viability. Following DMSO (negative control) or

inhibitor treatments, apoptotic cells were detected by 4′,6-diamidino-
2-phenylindole (DAPI) staining. Briefly, after 7 h of incubation, the
cells were washed with PBS, resuspended in PBS with 1 μg/mL of
DAPI, and immediately analyzed using a BD LSR II cytometer. A 405
nm laser with a 450/50 nm band-pass filter was used to collect data.
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D.; Farkas, Ö.; Foresman, J. B.; Ortiz, J. v.; Cioslowski, J.; Fox, D. J.
Gaussian 09 Revision A.1.; Gaussian, Inc., 2009.
(103) Scha ̈fer, A.; Huber, C.; Ahlrichs, R. Fully Optimized
Contracted Gaussian Basis Sets of Triple Zeta Valence Quality for
Atoms Li to Kr. J. Chem. Phys. 1994, 100, 5829−5835.
(104) Hirshfeld, F. L. Bonded-Atom Fragments for Describing
Molecular Charge Densities. Theor. Chim. Acta 1977, 44, 129−138.
(105) Dunning, T. H. Gaussian Basis Sets for Use in Correlated
Molecular Calculations. I. The Atoms Boron through Neon and
Hydrogen. J. Chem. Phys. 1989, 90, 1007−1023.
(106) Kendall, R. A.; Dunning, T. H.; Harrison, R. J. Electron
affinities of the first-row atoms revisited. Systematic basis sets and
wave functions. J. Chem. Phys. 1992, 96, 6796−6806.
(107) Woon, D. E.; Dunning, T. H. Gaussian Basis Sets for Use in
Correlated Molecular Calculations. III. The Atoms Aluminum
through Argon. J. Chem. Phys. 1993, 98, 1358−1371.
(108) Tomasi, J.; Mennucci, B.; Cammi, R. Quantum Mechanical
Continuum Solvation Models. Chem. Rev. 2005, 105, 2999−3094.
(109) Zoete, V.; Cuendet, M. A.; Grosdidier, A.; Michielin, O.
SwissParam: A Fast Force Field Generation Tool for Small Organic
Molecules. J. Comput. Chem. 2011, 32, 2359−2368.
(110) Brooks, B. R.; Brooks, C. L.; Mackerell, A. D.; Nilsson, L.;
Petrella, R. J.; Roux, B.; Won, Y.; Archontis, G.; Bartels, C.; Boresch,
S.; Caflisch, A.; Caves, L.; Cui, Q.; Dinner, A. R.; Feig, M.; Fischer, S.;
Gao, J.; Hodoscek, M.; Im, W.; Kuczera, K.; Lazaridis, T.; Ma, J.;
Ovchinnikov, V.; Paci, E.; Pastor, R. W.; Post, C. B.; Pu, J. Z.;
Schaefer, M.; Tidor, B.; Venable, R. M.; Woodcock, H. L.; Wu, X.;
Yang, W.; York, D. M.; Karplus, M. CHARMM: The Biomolecular
Simulation Program. J. Comput. Chem. 2009, 30, 1545−1614.
(111) MacKerell, A. D.; Bashford, D.; Bellott, M.; Dunbrack, R. L.;
Evanseck, J. D.; Field, M. J.; Fischer, S.; Gao, J.; Guo, H.; Ha, S.;
Joseph-McCarthy, D.; Kuchnir, L.; Kuczera, K.; Lau, F. T. K.; Mattos,
C.; Michnick, S.; Ngo, T.; Nguyen, D. T.; Prodhom, B.; Reiher, W. E.;
Roux, B.; Schlenkrich, M.; Smith, J. C.; Stote, R.; Straub, J.;
Watanabe, M.; Wiórkiewicz-Kuczera, J.; Yin, D.; Karplus, M. All-Atom
Empirical Potential for Molecular Modeling and Dynamics Studies of
Proteins†. J. Phys. Chem. B 1998, 102, 3586−3616.
(112) Mackerell, A. D.; Feig, M.; Brooks, C. L. Extending the
Treatment of Backbone Energetics in Protein Force Fields:
Limitations of Gas-Phase Quantum Mechanics in Reproducing
Protein Conformational Distributions in Molecular Dynamics
Simulations. J. Comput. Chem. 2004, 25, 1400−1415.
(113) Jorgensen, W. L.; Chandrasekhar, J.; Madura, J. D.; Impey, R.
W.; Klein, M. L. Comparison of Simple Potential Functions for
Simulating Liquid Water. J. Chem. Phys. 1983, 79, 926−935.

Journal of Medicinal Chemistry pubs.acs.org/jmc Article

https://dx.doi.org/10.1021/acs.jmedchem.0c01968
J. Med. Chem. XXXX, XXX, XXX−XXX

V

https://dx.doi.org/10.1021/bi052182l
https://dx.doi.org/10.1021/bi052182l
https://dx.doi.org/10.1016/j.bbapap.2015.04.013
https://dx.doi.org/10.1016/j.bbapap.2015.04.013
https://dx.doi.org/10.1016/j.bbapap.2015.04.013
https://dx.doi.org/10.1016/j.bbapap.2015.04.013
https://dx.doi.org/10.1021/ja981844+
https://dx.doi.org/10.1021/ja981844+
https://dx.doi.org/10.1002/jmr.1005
https://dx.doi.org/10.1002/jmr.1005
https://dx.doi.org/10.1021/acs.chemrev.9b00055
https://dx.doi.org/10.1021/acs.chemrev.9b00055
https://dx.doi.org/10.1021/acs.bioconjchem.8b00080
https://dx.doi.org/10.1021/acs.bioconjchem.8b00080
https://dx.doi.org/10.1021/acs.bioconjchem.8b00080
https://dx.doi.org/10.1002/ejoc.200800738
https://dx.doi.org/10.1002/ejoc.200800738
https://dx.doi.org/10.1002/ejoc.200800738
https://dx.doi.org/10.1002/ejoc.200800738
https://dx.doi.org/10.1021/acs.jmedchem.8b01827
https://dx.doi.org/10.1021/acs.jmedchem.8b01827
https://dx.doi.org/10.1021/acs.jmedchem.8b01827
https://dx.doi.org/10.1021/acs.jmedchem.8b01827
https://dx.doi.org/10.1016/j.cplett.2016.06.005
https://dx.doi.org/10.1016/j.cplett.2016.06.005
https://dx.doi.org/10.1021/acs.oprd.7b00016
https://dx.doi.org/10.1021/acs.oprd.7b00016
https://dx.doi.org/10.1021/acs.oprd.7b00016
https://dx.doi.org/10.1080/00397911.2016.1156131
https://dx.doi.org/10.1080/00397911.2016.1156131
https://dx.doi.org/10.1107/S0907444909047337
https://dx.doi.org/10.1107/S0907444909052925
https://dx.doi.org/10.1107/S0907444909052925
https://dx.doi.org/10.1107/S0907444910007493
https://dx.doi.org/10.1107/S0907444910007493
https://dx.doi.org/10.1002/jcc.20084
https://dx.doi.org/10.1002/jcc.20084
https://dx.doi.org/10.1016/S0166-1280(99)00235-3
https://dx.doi.org/10.1016/S0166-1280(99)00235-3
https://dx.doi.org/10.1016/S0166-1280(99)00235-3
https://dx.doi.org/10.1063/1.467146
https://dx.doi.org/10.1063/1.467146
https://dx.doi.org/10.1063/1.467146
https://dx.doi.org/10.1007/BF00549096
https://dx.doi.org/10.1007/BF00549096
https://dx.doi.org/10.1063/1.456153
https://dx.doi.org/10.1063/1.456153
https://dx.doi.org/10.1063/1.456153
https://dx.doi.org/10.1063/1.462569
https://dx.doi.org/10.1063/1.462569
https://dx.doi.org/10.1063/1.462569
https://dx.doi.org/10.1063/1.464303
https://dx.doi.org/10.1063/1.464303
https://dx.doi.org/10.1063/1.464303
https://dx.doi.org/10.1021/cr9904009
https://dx.doi.org/10.1021/cr9904009
https://dx.doi.org/10.1002/jcc.21816
https://dx.doi.org/10.1002/jcc.21816
https://dx.doi.org/10.1002/jcc.21287
https://dx.doi.org/10.1002/jcc.21287
https://dx.doi.org/10.1021/jp973084f
https://dx.doi.org/10.1021/jp973084f
https://dx.doi.org/10.1021/jp973084f
https://dx.doi.org/10.1002/jcc.20065
https://dx.doi.org/10.1002/jcc.20065
https://dx.doi.org/10.1002/jcc.20065
https://dx.doi.org/10.1002/jcc.20065
https://dx.doi.org/10.1002/jcc.20065
https://dx.doi.org/10.1063/1.445869
https://dx.doi.org/10.1063/1.445869
pubs.acs.org/jmc?ref=pdf
https://dx.doi.org/10.1021/acs.jmedchem.0c01968?ref=pdf
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