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Indoleamine 2,3-dioxygenase (IDO) is emerging as an important new therapeutic target for the treatment of
cancer, chronic viral infections, and other diseases characterized by pathological immune suppression. With
the goal of developing more potent IDO inhibitors, a systematic study of 4-phenylimidazole (4-PI) derivatives
was undertaken. Computational docking experiments guided design and synthesis efforts with analogues of
4-PI. In particular, three interactions of 4-PI analogues with IDO were studied: the active site entrance, the
interior of the active site, and the heme iron binding. The three most potent inhibitors (1, 17, and 18) appear
to exploit interactions with C129 and S167 in the interior of the active site. All three inhibitors are
approximately 10-fold more potent than 4-PI. The study represents the first example of enzyme inhibitor
development with the recently reported crystal structure of IDO and offers important lessons in the search
for more potent inhibitors.

Introduction

Immune escape by tumors is a fundamental aspect of disease
progression resulting from immunoediting of tumors as they
interact with the host immune system.1 Key to this process from
a therapeutic standpoint is that tumors are selected to actively
suppress the ability of the immune system to mount an effective
response through the establishment of a tolerogenic microen-
vironment that dominantly suppresses treatment strategies aimed
at eliciting antitumor immune activation.2 Ongoing progress in
understanding the cellular and molecular mechanisms that shape
the pathological state of tumoral immune tolerance has revealed
a complex web of interactions between both tumor cells and
stromal cells in which a number of potential therapeutic targets
for intervention with small molecule inhibitors have been
identified.3 One central player is the immunomodulatory enzyme
indoleamine 2,3-dioxygenase (IDOa). IDO can contribute to
immune escape when expressed directly in tumor cells or when
expressed in immunosuppressive antigen presenting cells such
as tolerogenic dendritic cells or tumor associated macrophages.4,5

Either way, experimental results suggest that IDO inhibition
may restore the capacity to stimulate an effective antitumor
immune response and thus provide a method to treat malignant
diseases in combination with chemotherapeutic agents and/or
immunotherapy-based strategies.6

IDO is an extrahepatic, tryptophan (Trp) metabolizing
enzyme,7–9 that catalyzes the initial and rate-limiting step along
the kynurenine pathway. The oxidative metabolism of Trp by

IDO involves the addition of oxygen across the C-2/C-3 bond
of the indole ring. IDO coordinates molecular oxygen to a heme
iron in the ferrous oxidation state. Only the ferrous oxidation
state is catalytically active. Oxidation of the heme iron to the
ferric state creates an inactive form of the enzyme that requires
reduction prior to Trp and oxygen binding.

The most frequently used inhibitor of IDO, 1-methyl-
tryptophan (1-MT), has a reported Ki of 34 µM;10,11 only
recently have nanomolar level inhibitors been reported in the
scientific literature.12–15 In 1989, 4-phenylimidazole (4-PI) was
identified as a weak noncompetitive inhibitor of IDO.16 Despite
the noncompetitive inhibition kinetics, Sono and Cady demon-
strated through impressive spectroscopic studies that 4-PI was
binding to the heme iron at the active site. Furthermore, a
preference for binding to the ferric versus the ferrous form of
the enzyme was discovered. Presumably, the noncompetitive
inhibition kinetics was the result of preferential binding for the
inactive ferric form of IDO.

More recently, the first crystal structure of IDO was reported17

and it confirmed the results of Sono and Cady by showing 4-PI
bound to the heme iron (Figure 1). With the rich structural
information found in the crystal structure, we began a
structure-activity study of 4-PI analogues to probe the active
site and discover more potent IDO inhibitors. Our structural
modifications to the 4-PI skeleton were focused on exploiting
three binding interactions with IDO: (1) the active site entrance
region defined by the heme 7-propionic acid group and occupied
by the N-cyclohexyl-2-aminoethanesulfonic acid (CHES) buffer
molecule in the crystal structure; (2) the interior of the active
site, in particular interactions with C129 and S167; (3) the heme
iron binding group. We hoped to achieve interactions with the
active site entrance region through substitution on the imidazole
ring. The interior region of the active site would be probed
through substitution on the phenyl ring of 4-PI. The heme iron
binding interaction would be explored by replacement of the
imidazole ring with other heterocycles or, more subtly, through
electronic changes caused by phenyl group substitution. The
results of our study are described herein and include a 10-fold
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improvement in 4-PI potency. Two of the most potent inhibitors
in the study illustrate the benefits of using sulfur moieties over
oxygen or fluorine to enhance protein-ligand interactions in
the binding site of IDO.

Chemistry

The 4-phenylimidazole derivatives were synthesized using
precedented protocols or procedures adapted from the literature.
De novo imidazole ring synthesis occurred through the reaction
of R-bromoketones with formamide (Scheme 1).18 The 2,6-
dimethoxyacetophenone precursor of 10 was also synthesized
by reaction with formamide, and the methyl ethers were cleaved
with HBr to generate 11. The nitrile group of 6 was reduced to
an aldehyde (12, not shown) by literature protocols.19

Thioether substituted phenyl derivatives (13-15) were syn-
thesized through Suzuki coupling reactions (Scheme 2). Dem-
ethylation was accomplished under alkali metal reduction
conditions to provide the thiophenols (16-18).20,21

N-1 alkylated derivatives of the 4-phenylimidazoles were
synthesized by deprotonation with sodium hydride and alkyla-
tion (Scheme 3). The N-1 aminoalkyl substituents were masked

as phthalimide groups and subsequently deprotected with
hydrazinolysis to afford 23 and 24.

Alkylation of the N-3 imidazole position was accomplished
by first protecting the N-1 position with acrylonitrile (25,
Scheme 4).23 Benzylation of the N-3 position generated
quaternary salt 26, which was deprotected with NaOH to afford
27.

C-2 Imidazole derivatives were synthesized by N-1 trityl
protection, followed by lithiation and formylation (Scheme 5).
The aldehyde 2824 was reduced to the alcohol 2924 or converted
to the methylamine 30 by reductive amination. All other
4-phenylimidazole derivatives were synthesized according to
literature procedures or were commercially available.

Results

IDO Inhibition through Interactions at the Active Site
Entrance. The N-1, C-2, and N-3 positions of the imidazole
ring were substituted with the goal of appending groups that
would occupy the active site entrance. In the crystal structure
of 4-PI with IDO, this region contains a CHES buffer molecule

Figure 1. 4-PI bound to heme iron of IDO. C129 is located above the
4-PI phenyl ring, while S167 resides in the back of the binding site.
The buffer molecule CHES (yellow) is bound at the entrance of the
active site of the IDO crystal structure. Graphics were generated with
PyMOL 1.0, (http//wwwpymolorg), an open-source molecular graphics
system developed, supported, and maintained by DeLano Scientific LLC
(http//www.delanoscientific.com).

Scheme 1. Derivatives Synthesized by de Novo Imidazole
Synthesis

Scheme 2a

a Reagents and conditions: (a) Pd(OAc)2, PPh3, K2CO3, n-propanol/H2O
(7:3), reflux, 24 h; (b) Na, liq NH3, NH4Cl.

Scheme 3a

a Reagents and conditions: (a) NaH, THF, R-Br or CH3-I, 0°C to room
temp, 3-12 h; (b) H2NNH2 · xH2O, EtOH, 65 °C, 6 h.

Scheme 4a

a Reagents and conditions: (a) CH2CHCN, sealed tube, 140°C, 1 d, 75%;
(b) PhCH2Br, CH3CN, reflux, 96%; (c) NaOH, MeOH, room temp, 78%.
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whose alkyl portion forms hydrophobic interactions with F163
and F226. In addition, the amino group of the CHES molecule
forms an ion pair with the heme 7-propionic acid. However,
our attempts to form an ionic or hydrogen bond with the heme
7-propionic acid group or to form a hydrogen bond to other
residues in the entrance to the binding site (i.e., S263 or R231)
all failed (Table 1, 23, 24, 29, and 30).

The absence of activity with N-1 substituted 4-PI derivatives
19 and 20 confirms the binding of the N-1 nitrogen to the heme
iron and demonstrates that the N-3 nitrogen of the imidazole
cannot substitute to bind at the heme iron. Moreover, our
docking experiments showed N-3 substitution should be permit-
ted, and indeed, the N-3 benzyl substituted derivative 27 was
roughly equipotent to 4-PI, thereby demonstrating that imidazole
ring substitution is tolerable. Compound 27 also fits the
pharmacophore that was developed in studies of IDO inhibition
by brassinin derivatives, i.e., a heme iron binding group flanked
by two aromatic structures.25

IDO Inhibition through Interactions in the Interior of
the Active Site. Analysis of the crystal structure of 4-PI bound
to IDO17 indicated that S167 and C129 were close to the phenyl
ring. We proposed systematic ortho, meta, and para substitutions
of the phenyl ring with oxygen, sulfur, and fluorine to ascertain
if specific protein-ligand interactions could be exploited.
Docking experiments conducted with Gold (version 3.1)27,28

predicted hydrogen bonds between the 2- or 3-hydroxy and S167
(Figure 2). Furthermore, docking was suggestive of a disulfide
bond or a weak hydrogen bond29–35 between the 3- or 4-thiol
substituted phenyl and C129. The fluoro-substituted analogues
were synthesized to serve as a bioisostere to the OH substitutions
or to enhance potency through other potential polar interactions
with the protein.36

The 2-hydroxy modification (1) afforded the most success
(Table 2), generating a 10-fold increase in potency relative to
4-PI. Presumably, the 2-hydroxy group is forming a hydrogen
bond with the S167, although the crystal structure indicates the
2-hydroxy group can rotate away from S167 by spinning about
the phenylimidazole bond. The 2,6-dihydroxyphenyl derivative
11, which presents a hydroxy group to S167 in either rotamer,
supports the presence and significance of the hydrogen bond to
S167 because it is roughly equipotent to 1.

The 2-thiomethoxy 13 and 2-thiol 16 both lead to modest
increases in potency relative to 4-PI, while the 2-fluoro 2 reduced
binding affinity. Docking experiments indicated that both sulfur
ortho substituents were tolerated and that a hydrophobic contact
may form with Y126 for 13. Alternatively for 16, docking
studies indicated that the thiol group might form an SH-π
interaction with F163. Finally, the thiol of 16 is also positioned
correctly to serve as a hydrogen bond donor to S167. The weaker
potency of the thiol group of 16 versus the hydroxy group of 1

Scheme 5a

a Reagents and conditions: (a) NEt3, Ph3CCl, DMF, room temp, 2 h,
87%; (b) n-BuLi, DMF, 0 °C to room temp, 3 h, 72%; (c) NaBH4, MeOH,
room temp, 2 h, 92%; (d) AcOH, MeOH, 70°C, 4 h, 90%; (e) H3CNH2HCl,
NEt3, CH2Cl2, MeOH, NaBH4, 0 °C to room temp, 7 h; (f) MeOH, HCl,
70 °C, 1 h, 57% for two steps.

Table 1. IDO Inhibition of Imidazole Ring Substituted Derivatives

compd N-1 C-2 N-3 IC50, µMa

27 H PhCH2 32
4-PI H H 4826

19 H3C H NI
20 PhCH2 H NI
23 H2N(CH2)2 H NI
24 H2N(CH2)3 H NI
29 H HOCH2 NI
30 H (H3C)NHCH2 NI
a Values are means of at least two experiments. NI ) no inhibition.

Figure 2. Predicted binding modes for 2-OH (1, magenta) and 4-SH
(18, purple) as docked in Gold.27,28 Figure was rendered with PyMOL
098 (http://www.pymol.org), an open-source molecular graphics system
developed, supported, and maintained by DeLano Scientific LLC (http://
www.delanoscientific.com).

Table 2. IDO Inhibition of Phenyl Ring Substituted Derivatives

compd X IC50, µMa

1 2-OH 4.8
11 2,6-(OH)2 5.3
17 3-SH 7.6
18 4-SH 7.7
16 2-SH 25
13 2-SCH3 38
7 3-CN 41
4-PI H 4826

5 3-F 60
14 3-SCH3 73
9 4-F 123
2 2-F 179
15 4-SCH3 209
4 3-OH 365
10 2,6-(OCH3)2 734
12 3-CHO 825
8 4-OH 1200

a Values are the mean of at least two experiments.
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and the dihydroxy derivative 11 is consistent with the greater
hydrogen bond enthalpies of OH-O versus OH-S.32

Modifications in the meta position focused on interacting with
C129 located along the roof of the IDO active site (Figure 1).
The most potent example in this regard was the meta thiol
derivative 17, which demonstrated a 6-fold increase in potency
versus 4-PI. Although disulfide formation between the thiol and
the C129 side chain was considered possible, no evidence for
irreversible inhibition was seen in the enzyme assays. Nonethe-
less, a weak hydrogen bond (∼1 kcal/mol)32 with C129 could
also explain the 6-fold increase in potency. Alternatively,
docking indicated that the 3-thiolphenyl ring may rotate so that
the 3-thiol serves as a H-bond acceptor to S167. In the absence
of structural information that could confirm predicted binding
modes, either interaction may account for the increased affinity
for this substitution. Hydroxy and fluoro hydrogen bonding
donors and acceptors in the meta position failed to enhance the
activity of the 4-PI structure. While docking indicates that either
substitution could bind with favorable interactions to either S167
or C169, the optimal distance for a hydrogen bond interaction
with either residue may be achieved with the larger thiol group.

Nitrile 7 and aldehyde 12 were synthesized to exploit the
well-known nucleophilicity of thiol groups,37–39 such as that
found in C129. However, on the basis of the absence of
irreversible inhibition kinetics with these compounds, neither
the nitrile nor the aldehyde engaged in any reaction with the
thiol of C129.

Thiol substitution in the para position (18) also generated a
6-fold increase in IDO inhibitor potency. Similar to 17, enzyme
inhibition assays did not support irreversible binding through
disulfide bond formation. No other modification in the para
position increased potency relative to 4-PI. Examination of the
surface complimentarity between the docked model of 18 in
IDO suggests that it may bind in a small hydrophobic crevice
between C129, F164, and L234. Most interestingly, the SAR
of ortho-, meta-, and para-SH substitution indicates that thiol
clearly enhances protein-ligand interactions over F and OH at
the meta and para positions. In the absence of structural
information, our working hypothesis is that a stronger thermo-
dynamic interaction exists between the thiol of C129 and the
sulfur of 18 versus oxygen (8) or fluorine (9).32

IDO Inhibition through Modifications to Heme Iron
Binding: Alternative Aromatic Rings. To probe the effect of
heterocycle binding to the heme iron, we substituted other
aromatic rings for the imidazole of 4-PI. These changes almost
universally led to less potent compounds relative to 4-PI (Table
3). For instance, pyridine (7, 33, or 36), thiazole (34), pyrazole
(35), and furan (36) all failed to demonstrate any inhibition.
Presumably the thiazole, pyrazole, and furan fail to bind to the
heme iron with the same affinity as the imidazole, a well-known
iron ligand in nature, e.g., histidine. Nevertheless, pyridine is
generally considered to be a better ligand of ferrous heme
iron,40,41 the active form of IDO, than imidazole, which is
considered a stronger ligand for ferric heme iron.16 However,
none of the compounds containing pyridine demonstrated
activity better than 4-PI. The poor results with pyridine
derivatives might be due to steric factors that limit IDO’s ability
to accommodate the larger six-member ring directly over the
heme iron. The replacement of the phenyl group of 4-PI with
thiophene was permitted, although there was approximately a
5-fold loss in activity. Only when hydroxy groups were returned
to the phenyl ring of pyrazole compounds 31 and 32 was the
activity restored or modestly improved over 4-PI. It is likely
that these hydroxy groups are exploiting the same hydrogen

bonding interactions with the S167 as seen with 1 and 11.
Nevertheless, these studies demonstrate that the imidazole group
is optimal in terms of both iron binding strength and shape
complementarity.

IDO Inhibition through Modifications to Heme Iron
Binding: A Quantum Mechanical Study of Substituent
Effects on the Electrostatic Potential of the Imidazole
Ring. As reported by Gaspari et al.,25 the binding affinity of
the dithiocarbamate IDO inhibitors correlated with the electro-
static potential of the moiety purported to coordinate the heme
iron. In the dithiocarbamate study, as the charge on the
coordinating atom decreased, there was an increase in binding
affinity to the heme iron based on a lower inhibition constant
with IDO. The previously described ortho, meta, or para
substitutions of the phenyl ring in 4-PI (Table 2) can affect the
charge distribution on the imidazole ring of 4-PI through
inductive effects and thereby modulate the binding affinity to
the heme iron. To probe these electronic effects to the imidazole
ring, the quantum mechanical geometry optimizations were
calculated and the electrostatic potential was mapped onto the
electron distributions for nine phenyl compounds derivatized
with hydroxyl (1, 4, 8), thiol (16, 17, 18), or fluoro (2, 5, 9)
groups. These calculations determined that there was no
appreciable difference in the electronic charge on the iron
coordinating imidazole nitrogen due to these substitutions
(Supporting Information). Consequently, we conclude that the
increase in binding affinity for the designed thiol (17 and 18)
and hydroxyl (1) phenylimidazole analogues results from
specific protein-ligand interactions rather than ligand electronic
effects.

More detailed kinetic analysis was performed on the most
potent 4-PI derivatives, 1, 17, and 18. Inhibition constants for

Table 3. IDO Inhibition of Aromatic Ring Modified Derivatives

a Values are mean of at least two experiments. NI ) no inhibition.
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1, 17, and 18 (Table 4) were found to closely resemble the IC50

values. Interestingly, all three showed the best graphical match
to an uncompetitive inhibition mode (Figure 3 and Supporting
Information), although noncompetitive or mixed inhibition
modes also demonstrated a good fit. The original report16 of
4-PI inhibition described noncompetitive inhibition with D-Trp;
nevertheless, a switch between a noncompetitive and uncom-
petitive mode of inhibition in IDO is not without precedent. In
fact, a similar observation was made with �-carboline.16,45 This
apparent switch between non- and uncompetitive inhibition
modes probably indicates an extremely close affinity for two
different forms of the IDO enzyme. For example, these inhibitors
may have similar affinity for the ferric and ferrous forms of the
enzyme and subtle differences in the assay conditions may lead
to an apparent switch in the inhibition mode.

Conclusion

By use of the recently reported enzyme crystal structure,17

more potent IDO inhibitors have been designed and developed.
Importantly, the best inhibitors (1, 17, and 18) are roughly 10-
fold more potent than 4-PI and appear to successfully exploit
interactions with two residues in the IDO active site, S167 and
C129. Two of these compounds demonstrated the benefits of
thiols over hydroxy groups in enhancing protein-ligand interac-
tions. Less potent 4-PI derivatives demonstrate the limitations
to modifications of the 4-PI structure. Future work will seek to
further exploit the successes communicated herein with the goal
of generating even more potent IDO inhibitors.

Experimental Section

Chemistry. General Procedures. All reactants and reagents
were commercially available and were used without further
purification unless otherwise indicated. Anhydrous CH2Cl2 was
obtained by distillation from calcium hydride under nitrogen.
Anhydrous MeOH was obtained by distillation from Mg metal
under nitrogen. Anhydrous THF was freshly distilled from Na and

benzophenone. All reactions were carried out under an inert
atmosphere of argon or nitrogen unless otherwise indicated.
Concentrated refers to the removal of solvent with a rotary
evaporator at normal water aspirator pressure followed by further
evacuation with a two-stage mechanical pump. Thin layer chro-
matography was performed using silica gel 60 Å precoated glass
or aluminum backed plates (0.25 mm thickness) with fluorescent
indicator, which were cut. Developed TLC plates were visualized
with UV light (254 nm), iodine, or KMnO4. Flash column
chromatography was conducted with the indicated solvent system
using normal phase silica gel 60 Å, 230-400 mesh. Yields refer
to chromatographically and spectroscopically pure (>95%) com-
pounds except as otherwise indicated. All new compounds were
determined to be >95% pure by NMR, HPLC, and/or GC as
indicted. Melting points were determined using an open capillary
and are uncorrected. 1H and 13C NMR spectra were recorded at
300 and 75 MHz, respectively. Chemical shifts are reported in δ
values (ppm) relative to an internal reference (0.05% v/v) of
tetramethylsilane (TMS) for 1H NMR and the solvent peak in 13C
NMR. Peak splitting patterns in the 1H NMR are reported as
follows: s, singlet; d, doublet; t, triplet; q, quartet; m, multiplet; br,
broad. 13C experiments with the attached proton test (APT)
sequence have multiplicities reported as δu (up) for methyl and
methine, and δd (down) for methylene and quaternary carbons.
Normal phase HPLC (NP-HPLC) analysis was performed with UV
detection at 254 nm and a 5 µm silica gel column (250 mm × 4.6
mm) eluted with a mixture of n-hexane and 2-propanol at 0.5 or 1
mL/min. Reverse phase HPLC (RP-HPLC) analysis was performed
with UV detection at 254 nm and a 4 µm SYNERGI Hydro-RP
80A (250 mm × 4.6 mm). IR data were obtained with an FT-IR
spectrometer. MS data were recorded with atmospheric pressure
chemical ionization (APCI) or atmospheric pressure electrospray
ionization (APESI) mode.

General Procedure for Imidazole Synthesis. A solution of
bromoacetyl derivative (1 mmol) was heated (170-180 °C) in
formamide (15 mL) for 5-9 h. After cooling to room temperature,
the reaction mixture was diluted with saturated NaHCO3 (20 mL)
and the aqueous layer was extracted with EtOAc (3 × 50 mL).
The combined organic extract was dried (Na2SO4) and concentrated
in vacuo to afford the crude product which was purified by column
chromatography to yield the final product.

2-(1H-Imidazol-4-yl)phenol (1). Synthesized from 2-(2-bro-
moacetyl)phenol46 and formamide according to the general proce-
dure to afford 1 as brown solid in 49% yield. Mp ) 174-175 °C
(lit.47 mp ) 174-175 °C. TLC Rf ) 0.32 (20% MeOH/CHCl3).
1H NMR (CDCl3 + CD3OD) δ 7.64 (s, 1H), 7.49 (d, 1H, J ) 7.71

Figure 3. Eadie-Hofstee plot for compound 1.

Table 4. Inhibition Constants of Three Potent 4-PI Derivatives

compd Ki (µM)

1 8.9
17 5.3
18 4.8
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Hz), 7.34 (s, 1H), 7.11 (t, 1H, J ) 7.20 Hz), 6.93 (d, 1H, J ) 8.13
Hz), 6.84 (t, 1H, J ) 7.47). 13C NMR (CDCl3 + CD3OD) δd 156.3,
139.3, 119.3; δu 135.2, 128.9, 126.7, 120.6, 117.5, 115.4. IR (KBr)
3207, 2602, 1583 1488 cm-1. NP-HPLC tR ) 8.41 (40:60,
2-propanol/n-hexane, 1 mL/min). MS m/z 160.

4-(2-Fluorophenyl)-1H-imidazole (2). Synthesized from 2-bromo-
(2-fluorophenyl)ethanone48 and formamide according to the general
procedure to afford 2 as an off-white solid in 52% yield. Mp )
107-108 °C. TLC Rf ) 0.25 (10% MeOH/CHCl3). 1H NMR
(CDCl3) δ 11.2 (br s, 1H), 8.00-7.95 (m, 1H), 7.73 (s, 1H), 7.53
(d, 1H, J ) 3.09 Hz), 7.24-7.07 (m, 3H). 13C NMR (CDCl3) δd

159.3 (J1
C-F ) 246.32 Hz), 132.8, 121.1 (J2

C-F ) 12.77 Hz); δu

135.6, 128.0 (J3
C-F ) 8.31 Hz), 127.51(J3

C-F ) 3.83 Hz), 124.5
(J4

C-F ) 3.15 Hz), 119.0 (J3
C-F ) 11.49 Hz), 115.98 (J2

C-F )
21.97 Hz). IR (KBr) 3080, 3005, 2839, 1678 cm-1. NP-HPLC tR

) 5.29 (30:70, 2-propanol/n-hexane, 1 mL/min) mixture of two
isomers. GC m/z 162.

4-(Thiophen-2-yl)-1H-imidazole (3). Synthesized from 2-bromo-
1-(thiophen-2-yl)ethanone49 and formamide according to the general
procedure to afford 3 as brown crystalline solid in 60% yield. Mp
) 126-127 °C. TLC Rf ) 0.62 (20% MeOH/CHCl3). 1H NMR
(CDCl3) δ 7.60 (s, 1H), 7.23-7.20 (m, 2H), 7.15 (d, 1H, J ) 4.98
Hz), 6.98 (dd, 1H, J ) 3.75, 1.05 Hz). 13C NMR (CDCl3) δd 136.7,
134.4; δu 135.6, 127.8, 123.6, 122.5, 114.2. IR (KBr) 3115, 3080,
2872, 1658 cm-1. NP-HPLC tR ) 5.85 (30:70, 2-propanol/n-hexane,
1 mL/min). MS m/z 150.

3-(1H-Imidazol-4-yl)phenol (4). Synthesized from 3-(2-bro-
moacetyl)phenol46 and formamide according to the general proce-
dure to afford 4 as brown solid in 53% yield. Mp ) 209-210 °C.
TLC Rf ) 0.45 (20% MeOH/CHCl3). 1H NMR (CDCl3 + CD3OD)
δ 7.69 (s, 1H), 7.33 (s, 1H), 7.22-7.17 (m, 3H), 6.75-6.68 (m,
1H). 13C NMR (CDCl3 + CD3OD) δd 158.7, 139.2, 135.4; δu 136.8,
130.8, 117.4, 117.0, 115.0, 112.8. IR (KBr) 3294, 2802, 1619, 1582,
1492, 1471 cm-1

. NP-HPLC tR ) 10.81 (40:60, 2-propanol/n-
hexane, 1 mL/min). MS m/z 160.

4-(3-Fluorophenyl)-1H-imidazole (5). Synthesized from 2-bromo-
(3-fluorophenyl)ethanone48 and formamide according to the general
procedure to afford 5 as off-white solid in 52% yield. Mp ) 94-95
°C. TLC Rf ) 0.27 (10% MeOH/CHCl3). 1H NMR (CDCl3) δ 10.06
(br s, 1H), 7.68 (d, 1H, J ) 0.72 Hz), 7.51 (d, 1H, J ) 11.76 Hz),
7.46-7.23 (m, 3H), 6.97-6.87 (m, 1H). 13C NMR (CDCl3) δd

163.48 (J1
C-F ) 243.34 Hz), 138.9, 135.7 (J3

C-F ) 8.28 Hz); δu

135.9, 130.5 (J3
C-F ) 8.52 Hz), 120.7 (J4

C-F ) 2.74 Hz), 115.1,
113.9 (J2

C-F ) 21.19 Hz), 112.05 (J2
C-F ) 22.57 Hz). IR (KBr)

3057, 3000, 2861, 1607, 1561, 1511 cm-1
. NP-HPLC tR ) 6.41

(30:70, 2-propanol/n-hexane, 1 mL/min). MS m/z 162.
3-(1H-Imidazol-4-yl)benzonitrile (6). Synthesized from 3-(2-

bromoacetyl)benzonitrile50 and formamide according to the general
procedure to afford 6 as white solid in 43% yield. Mp ) 191-192
°C. TLC Rf ) 0.63 (20% MeOH/CHCl3). 1H NMR (CDCl3) δ
7.98-7.94 (m, 2H), 7.66 (d, 1H, J ) 1.05 Hz), 7.52-7.44 (m,
2H), 7.36 (d, 1H, J ) 1.08 Hz). NP-HPLC tR ) 8.39 min 30:70
(2-propanol/n-hexane, 1 mL/min). MS m/z 169.

3-(1H-Imidazol-4-yl)pyridine (7). Synthesized from 2-bromo-1-
(pyridine-3-yl)ethanone hydrobromide51 and formamide according
to the literature procedure52 to afford 7 as yellow oil in 67% yield.
TLC Rf ) 0.37 (20% MeOH/CHCl3). 1H NMR (CDCl3) δ 9.01 (d,
1H, J ) 1.68 Hz), 8.48 (dd, 1H, J ) 1.59, 3.24 Hz), 8.09 (dt, 1H,
J ) 1.83, 4.11 Hz), 7.78 (d, 1H, J ) 0.96 Hz), 7.45 (d, 1H, J )
0.96 Hz), 7.36-7.32 (m, 1H). NP-HPLC tR ) 30.19 (30:70,
2-propanol/n-hexane, 1 mL/min). MS m/z 145.

4-(1H-Imidazol-4-yl)phenol (8). Synthesized from 4-(2-bro-
moacetyl)phenol46 and formamide following the general procedure
to afford 8 as brown solid in 52% yield. Mp ) 221-222 °C; lit
225-226 °C.53 TLC Rf ) 0.28 (20% MeOH/CHCl3). 1H NMR
(CDCl3 + CD3OD) δ 7.66 (d, 1H, J ) 1.08 Hz), 7.53 (t, 1H, J )
2.79 Hz), 7.50 (t, 1H, J ) 2.76 Hz), 7.23 (d, 1H, J ) 1.08 Hz),
6.83 (t, 1H, J ) 2.76 Hz), 6.80 (t, 1H, J ) 2.76 Hz). 13C NMR
(CDCl3 + CD3OD) δd 157.9, 139.3, 125.9; δu 136.6, 127.4, 116.7,
116.1. IR (KBr) 3196, 2589, 1610, 1515 cm-1

. NP-HPLC tR )
11.53 (40:60, 2-propanol/n-hexane, 1 mL/min). MS m/z 160.

4-(4-Fluorophenyl)-1H-imidazole (9). Synthesized from 2-bromo-
(4-fluorophenyl)ethanone48 and formamide according to the general
procedure to afford 9 as off-white solid in 51% yield. Mp )
125-126 °C. TLC Rf ) 0.24 (10% MeOH/CHCl3). 1H NMR
(CDCl3) δ 10.67 (s, 1H), 7.70-7.74 (m, 3H), 7.26 (s, 1H),
7.08-7.00 (m, 2H). 13C NMR (CDCl3) δd 162.2 (J1

C-F ) 244.33
Hz), 138.6, 129.6; δu 135.9, 126.8 (J3

C-F ) 7.94 Hz), 115.84 (J2
C-F

) 21.48 Hz), 114.9. IR (KBr) 3099, 3053, 2858, 1658, 1606, 1562,
1465 cm-1

. NP-HPLC tR ) 6.91 (30:70, 2-propanol/n-hexanes, 1
mL/min). MS m/z 162.

4-(2,6-Dimethoxyphenyl)-1H-imidazole (10). Synthesized from
2-bromo-1-(2,6-dimethoxyphenyl)ethanone54 and formamide ac-
cording to the general procedure to afford 10 as yellow oil in 65%
yield. TLC Rf ) 0.43 (20% MeOH/CHCl3). 1H NMR (CDCl3) δ
10.80 (br s, 1H), 7.70 (s, 1H), 7.63 (s, 1H), 7.13 (t, 1H, J ) 8.43
Hz), 6.61 (s, 1H), 6.58 (s, 1H), 3.82 (s, 6H). 13C NMR (CDCl3) δd

156.6, 124.2, 107.8; δu 133.8, 129.3, 127.5, 124.4, 104.2, 103.8,
55.6 (2C). IR (film) 3417, 3118, 1589, 1483 cm-1

. NP-HPLC tR )
9.81 (30:70, 2-propanol/n-hexane, 1 mL/min). MS m/z 204.

2-(1H-Imidazol-4-yl)benzene-1,3-diol (11). The dimethoxy com-
pound 10 (100 mg, 0.489 mmol) was heated to reflux (145-150
°C) in HBr (5 mL, 48% aqueous solution) for 10 h. After the
mixture was cooled, excess of HBr was distilled off and the residue
was diluted with MeOH (15 mL), treated with solid NaHCO3, and
filtered. The filtrate was taken in EtOAc (50 mL), washed with
water, dried (Na2SO4), and concentrated in vacuo to afford a light-
brown solid, which was purified by chromatography to afford 11
as an off-white solid in 78% yield. Mp ) 205-206 °C. TLC Rf )
0.61 (20% MeOH/CHCl3). 1H NMR (CD3OD) δ 7.73 (d, 1H, J )
2.19 Hz), 6.89 (t, 1H, J ) 8.13 Hz), 6.40 (s, 1H), 6.37 (s, 1H). 13C
NMR (CD3OD) δd 157.6, 137.6, 107.2; δu 132.9, 128.3, 117.2,
108.0. IR (KBr) 3416, 3261, 1614, 1596 cm-1

. NP-HPLC tR )
11.60 (60:40, 2-propanol/n-hexane 0.5 mL/min).

3-(1H-Imidazol-4-yl)benzaldehyde (12). The nitrile was reduced
with Raney Ni following a literature procedure.19 Chromatographic
purification gave 12 as white solid in 71% yield. Mp ) 137-138
°C. TLC Rf ) 0.57 (20% MeOH/CHCl3). 1H NMR (CDCl3 +
CD3OD) δ 10.03 (s, 1H), 8.22 (t, 1H, J ) 1.50 Hz), 8.01 (dt, 1H,
J ) 1.59, 4.89 Hz), 7.77 (dt, 1H, J ) 1.23, 5.04 Hz), 7.57 (t, 1H,
J ) 7.68 Hz), 7.45 (s, 1H). NP-HPLC tR ) 6.48 (40:60, 2-propanol/
n-hexane, 0.5 mL/min).

General Procedure for the Suzuki Coupling. A mixture of
4-bromoimidazole (0.680 mmol), substituted thiomethylphenylbo-
ronic acid (0.748 mmol), Pd(OAc)2 (0.0340 mmol), PPh3 (0.102
mmol), and K2CO3 in n-propanol (7 mL) and water (2 mL) was
heated to reflux for 24 h. After cooling, the reaction mixture was
diluted with water (10 mL) and extracted with EtOAc (3 × 50
mL). The combined organic extract was dried (Na2SO4) and
concentrated in vacuo to afford a yellowish oil. Chromatographic
purification afforded the desired products as a white solid.

4-(2-(Methylthio)phenyl)-1H-imidazole (13). Synthesized from
4-bromoimidazole and 2-thiomethylphenylboronic acid according
to the general procedure to afford 13 as a white crystalline solid in
31% yield. Mp ) 123-125 °C. TLC Rf ) 0.52 (20%MeOH/
CHCl3). 1H NMR (CDCl3) δ 8.94 (br s, 1H), 7.70 (d, 1H, J ) 0.96
Hz), 7.66-7.63 (dd, 1H, J ) 1.62, 5.67 Hz), 7.46 (d, 1H, J ) 1.02
Hz), 7.32-7.17 (m, 3H), 2.42 (s, 3H). 13C NMR (CDCl3) δd 135.6,
135.0, 131.6; δu 135.1, 129.4, 127.9, 127.5, 125.8, 121.1, 16.7. IR
(KBr) 3060, 2872, 1586, 1463 cm-1

. NP-HPLC tR ) 9.26 (20:80,
2-propanol/n-hexane, 1 mL/min). MS m/z 190.

4-(3-(Methylthio)phenyl)-1H-imidazole (14). Synthesized from
4-bromoimidazole and 3-thiomethylphenylboronic acid according
to the general procedure to afford 14 as a white crystalline solid in
57% yield. Mp ) 126-127 °C. TLC Rf ) 0.50 (20% MeOH/
CHCl3). 1H NMR (CDCl3) δ 9.43 (br s, 1H), 7.70 (s, 1H), 7.65 (t,
1H, J ) 1.65 Hz), 7.48-7.45 (dt, J ) 1.32, 5.1 Hz), 7.35 (s, 1H),
7.27 (t, 1H, J ) 7.74 Hz), 7.15-7.12 (m, 1H). 13C NMR (CDCl3)
δd 139.3, 138.8, 133.9; δu 135.9, 129.4, 125.3, 123.2, 122.0, 115.7,
15.9. IR (KBr) 3109, 3052, 2810, 2620 cm-1

. NP-HPLC tR ) 9.58
(20:80, 2-propanol/n-hexane, 1 mL/min). MS m/z 190.
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4-(4-(Methylthio)phenyl)-1H-imidazole (15). Synthesized from
4-bromoimidazole and 4-thiomethylphenylboronic acid according
to the general procedure to afford 15 as a white crystalline solid in
37% yield. Mp ) 155-156 °C. TLC Rf ) 0.51 (20% MeOH/
CHCl3). 1H NMR (CDCl3 + CD3OD) δ 7.60 (m, 3H), 7.25 (m,
3H), 2.47 (s, 3H). 13C NMR (CDCl3) δd 137.8, 136.8, 129.9; δu

135.7, 127.1, 125.3, 115.5. IR (KBr): 3055, 2810, 1544, 1494 cm-1
.

NP-HPLC tR ) 10.74 (20:80, 2-propanol/n-hexane, 1 mL/min). MS
m/z 190.

General Procedure for Demethylation of Suzuki Products.20,21

To a solution of thiomethyl derivatives (0.263 mmol) in liquid NH3

(20 mL) at -78 °C was added Na metal until the blue color
persisted for at least 15 min. Solid NH4Cl (55 mg) was added, the
solution was allowed to warm to room temperature, and NH3 was
evaporated with a stream of N2. The solid residue was acidified by
adding 6 N HCl. The acidic solution was basified by adding NH4OH
solution and the precipitate so formed was filtered, washed with
water, and concentrated in vacuo to afford a white solid. Chro-
matographic purification afforded the final product as a white solid.

2-(1H-Imidazol-4-yl)benzenethiol (16). Compound 16 was syn-
thesized from 13 according to the general procedure for demethy-
lation in 74% yield. Mp ) 192-194 °C. TLC Rf ) 0.30 (20%
MeOH/CHCl3). 1H NMR (CD3OD) δ 7.89 (s, 1H), 7.60 (dd, 1H,
J ) 5.92, 1.32 Hz), 7.49 (dd, 1H, J ) 5.55, 1.89 Hz), 7.38 (s, 1H),
7.28-7.19 (m, 2H). 13C NMR (CD3OD) δd 136.7, 136.0, 133.7;
δu 131.0, 129.6, 129.5, 128.4, 120.0. IR (KBr) 3400, 3090, 2842,
1638, 1457 cm-1

. NP-HPLC tR ) 22.41 (40:60, 2-propanol/n-
hexane, 0.5 mL/min).

3-(1H-Imidazol-4-yl)benzenethiol (17). Compound 17 was syn-
thesized from 14 following the general procedure for demethylation
in 80% yield. TLC Rf ) 0.30 (20% MeOH/CHCl3). 1H NMR
(CDCl3 + CD3OD) δ 7.85 (t, 1H, J ) 1.53 Hz), 7.69 (s, 1H), 7.64
(s, 1H), 7.60-7.56 (dt, 1H, J ) 4.92, 1.23 Hz), 7.43-7.40 (dt,
1H, J ) 4.92, 1.23 Hz), 7.36-7.30 (m, 2H). 13C NMR (CDCl3 +
CD3OD) δd 137.5 (2C), 133.8; δu 135.8, 129.3, 126.0, 124.0, 123.8,
115.7. IR (KBr) 3402, 3118, 3080, 1597 cm-1

. NP-HPLC tR )
27.90 (30:70, 2-propanol/n-hexane, 1 mL/min).

3-(4H-Imidazol-4-yl)benzenethiol (18). Compound 18 was syn-
thesized from 15 following the general procedure for demethylation
in 72% yield. Mp ) 231-232 °C. TLC Rf ) 0.26 (20% MeOH/
CHCl3). 1H NMR (CD3OD) δ 7.83 (d, 1H J ) 1.08 Hz), 7.68 (t,
1H, J ) 2.16 Hz), 7.65 (t, 1H, J ) 2.01 Hz), 7.52 (t, 1H, J ) 2.07
Hz), 7.49 (t, 1H, J ) 1.92 Hz), 7.47 (d, 1H, J ) 1.08 Hz). 13C
NMR (CD3OD) δd 138.9, 136.8, 133.7; δu 137.3, 130.1, 126.8,
116.9. IR (KBr) 3399, 3084, 2848, 1457 cm-1

. NP-HPLC tR )
10.17 (40:40:20, 2-propanol/EtOAc/n-hexane, 1 mL/min).

1-Methyl-4-phenylimidazole (19). To a suspension of NaH (83.2
mg, 3.47 mmol) in THF (20 mL) at 0 °C was added a solution of
4-phenylimidazole (500 mg, 3.47 mmol) in THF (5 mL) over a
period of 5 min. After the reaction mixture was stirred for 30 min,
MeI (541.5 mg, 3.81 mmol) was added dropwise and the mixture
was stirred for 3 h. The reaction was quenched by adding saturated
NH4Cl solution. The product was extracted with EtOAc (2 × 50
mL). The combined organic extract was dried (Na2SO4)and
concentrated in vacuo to afford a yellow oil. Chromatogaphic
purification (50% EtOAc/hexanes) afforded 19 as an off-white
crystalline solid in 13% yield; 34% of the unreacted 4-phenylimi-
dazole was also recovered. Mp ) 108-109 °C (lit.55 mp )
109-110 °C).55 TLC Rf ) 0.18 (EtOAc). 1H NMR (CDCl3) δ 7.77
(s, 1H), 7.74 (s, 1H), 7.46 (s, 1H), 7.39-7.16 (m, 4H), 3.71 (s,
3H).

1-Benzyl-4-phenylimidazole (20). Compound 20 was prepared
by an analogueous procedure to 19 but with benzyl bromide as the
alkylating agent. The reaction afforded an off-white solid in 37%
yield. Mp ) 100-101 °C (lit.56 mp ) 102-103 °C. TLC Rf )
0.47 (EtOAc). 1H NMR (CDCl3) δ 7.77 (d, 1H, J ) 1.38 Hz),
7.74 (s, 1H), 7.57 (d, 1H, J ) 1.05 Hz), 7.39-7.17 (m, 9H), 5.11
(s, 2H).

2-(2-(4-Phenyl-1H-imidazol-1-yl)ethyl)isoindoline-1,3-dione (21).
To a suspension of NaH (83.2 mg, 3.47 mmol) in THF (20 mL) at
0 °C was added a solution of 4-phenylimidazole (500 mg, 3.47

mmol) in THF (5 mL) over a period of 5 min. After the reaction
mixture was stirred for 30 min, N-(2-bromoethyl)phthalimide (3.81
mmol) was added as a solution in THF (5 mL) and the mixture
was stirred overnight. The reaction was quenched by adding
saturated NH4Cl solution. The product was extracted with EtOAc
(2 × 50 mL). The combined organic extract was dried (Na2SO4)
and concentrated in vacuo to afford a yellow oil. Chromatogaphic
purification (50% EtOAc/hexanes) afforded 21 as white crystalline
solid in 38% yield. Mp ) 150-151 °C. TLC Rf ) 0.23 (20%
MeOH/CHCl3). 1H NMR (CDCl3) δ 7.82-7.67 (m, 6H), 7.44 (s,
1H), 7.35-7.17 (m, 4H), 4.28 (t, 2H, J ) 6.65 Hz), 4.07 (t, 2H, J
) 6.60 Hz). 13C NMR (CDCl3) δd 167.8, 142.9, 134.1, 131.1, 44.7,
38.3; δu 137.6, 134.4, 128.6, 126.9, 124.9, 123.7, 114.8.

2-(3-(4-Phenyl-1H-imidazol-1-yl)propyl)isoindoline-1,3-dione (22).
Compound 22 was prepared from N-(2-bromopropyl)phthalimide
and 4-phenylimidazole according to the procedure for 21. The
product was obtained as white solid in 57% yield. Mp ) 125-126
°C. TLC Rf ) 0.23 (20% MeOH/CHCl3). 1H NMR (CDCl3) δ
7.85-7.68 (m, 6H), 7.57 (s, 1H), 7.37-7.19 (m, 4H), 4.03 (t, 1H,
J ) 6.90 Hz), 3.79 (t, 1H, J ) 6.39 Hz), 2.24 (m, 2H). 13C NMR
(CDCl3) δd 168.1, 142.1, 134.1, 131.6, 44.6, 35.1, 29.8; δu 137.4,
133.9, 128.4, 126.5, 124.6, 123.1, 114.6.

2-(4-Phenyl-1H-imidazol-1-yl)ethanamine (23). To a solution of
21 (100 mg, 0.315 mmol) in ethanol (5 mL) was added hydrazine
hydrate (1 mL), and the solution was stirred at 60 °C for 5 h. After
the solution was cooled, the volatiles were evaporated; the crude
product was diluted with ethyl acetate (25 mL) and washed with
water. The organic layer was dried (Na2SO4) and concentrated in
vacuo to afford a yellow oil. Chromatographic purification afforded
23 as yellow oil in 51% yield. TLC Rf ) 0.23 (40% MeOH/CHCl3).
1H NMR (CDCl3) δ 7.78-7.75 (m, 2H), 7.55 (d, 1H, J ) 0.99
Hz), 7.39-7.20 (m, 4H), 4.00 (t, 2H, J ) 5.85 Hz), 3.08 (t, 2H, J
) 5.79 Hz). 13C NMR (CDCl3) δd 142.7, 134.3, 50.61, 42.8; δu

137.8, 128.8, 127.0, 124.9, 114.9. IR (film) 3431, 3251, 2940, 1652
cm-1

. RP-HPLC tR ) 2.14 [20:80; H2O/CH3CN (0.1% TFA)]. MS
m/z 187.

3-(4-Phenyl-1H-imidazol-1-yl)propan-1-amine (24). Compound
24 was prepared by an analogous procedure to 23 affording a pale-
yellow oil in 67% yield. TLC Rf ) 0.20 (40% MeOH/CHCl3). 1H
NMR (CDCl3) δ 7.78-7.75 (m, 2H), 7.48 (d, 1H, J ) 1.11 Hz),
7.38-7.18 (m, 4H), 4.01 (t, 2H, J ) 6.96 Hz), 2.70 (t, 2H, J )
6.75 Hz), 1.89 (m, 2H), 1.20 (br s, 2H). 13C NMR (CDCl3) δd

142.3, 134.4, 44.4, 38.8, 29.7; δu 137.5, 128.7, 126.7, 124.8, 114.8.
IR (CHCl3) 3156, 3021, 2361, 1650 cm-1

. RP-HPLC tR ) 2.13
[20:80, H2O/CH3CN (0.1% TFA)].

3-(4-Phenyl-1H-imidazol-1-yl)propanenitrile (25). A mixture of
4-phenylimidazole (1.0 g, 6.93 mmol) and acrylonitrile (10 mL)
was heated (140 °C) in a sealed tube for 24 h. After the mixture
was cooled, the excess of acrylonitrile was removed under reduced
pressure. Chromatographic purification of the crude gave 25 as an
off-white solid (1.03 g) in 75% yield. Mp ) 110-112 °C (lit.57

mp ) 112-113 °C). TLC Rf ) 0.34 (10% MeOH/CHCl3). 1H NMR
(CDCl3) δ 7.76 (s, 1H), 7.74 (s, 1H), 7.67-7.19 (m, 5H), 4.26 (t,
2H, J ) 6.45 Hz), 2.83 (t, 2H, J ) 6.42 Hz).

3-Benzyl-1-(2-cyanoethyl)-4-phenyl-1H-imidazol-3-ium Bromide
(26). A mixture of 25 (500 mg, 2.53 mmol) and benzyl bromide
(5.06 mmol) was heated to reflux in acetonitrile (20 mL) for 8 h.
After the mixture was cooled, the solvent was evaporated and the
residue was diluted with diethyl ether and filtered to afford an off-
white solid (467 mg) in 96% yield. Mp ) 151-153 °C. 1H NMR
(CDCl3) δ 10.51 (s, 1H), 7.89 (s, 1H), 7.53-7.25 (m, 10H),
7.08-7.05 (m, 2H), 5.39 (s, 2H), 4.94 (t, 2H, J ) 6.21 Hz), 3.41
(t, 2H, J ) 6.21 Hz).

1-Benzyl-5-phenyl-1H-imidazole (27). A solution of 26 (250 mg,
0.678 mmol) in MeOH (5 mL) was treated with NaOH (1.36 mmol
in 5 mL of H2O). After 1 h, the mixture was acidified by adding 6
N HCl and washing with diethyl ether. The acidic solution was
adjusted to pH 9.0 by 25% aqueous NH3 solution and extracted
with EtOAc (3 × 35 mL). The organic extract was dried (Na2SO4)
and concentrated in vacuo to afford 27 as an off-white crystalline
solid (124 mg) in 78% yield. Mp ) 114-115 °C (lit.23 mp )
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112-113 °C). TLC Rf ) 0.64 (5% MeOH/CHCl3). 1H NMR
(CDCl3) δ 7.57 (s, 1H), 7.39-7.27 (m, 8H), 7.15 (s, 1H), 7.03-7.00
(m, 2H), 5.15 (s, 2H).

4-Phenyl-1-trityl-1H-imidazole-2-carbaldehyde (28). To an ice
cold (0 °C) solution of N-trityl-4-phenylimidazole24 (0.500 g, 1.29
mmol) in THF (20 mL) was added n-BuLi (0.889 mL of 1.6 M
solution in hexanes, 1.41 mmol). The solution was warmed to room
temperature and stirred for 2 h. After the solution was cooled to
-78 °C, DMF (1 mL) was added, the mixture was allowed to warm
to room temperature, and stirring was continued for 3 h. The
reaction mixture was diluted with water (10 mL) and extracted with
CH2Cl2 (3 × 50 mL). The combined organic layer was washed
with water, brine, dried (MgSO4), and concentrated in vacuo to
afford a yellowish oil. Chromatographic purification (10% EtOAc/
hexanes) afforded 28 as white solid in 72% yield. Mp ) 178-179
°C (lit.24 mp ) 184 °C). TLC Rf ) 0.8 (25% EtOAc/hexanes). 1H
NMR (CDCl3) δ 9.22 (s, 1H), 7.76 (d, 1H, J ) 1.38 Hz), 7.74 (s,
1H), 7.38-7.24 (m, 13H), 7.19-7.14 (m, 6H).

(4-Phenyl-1H-imidazol-2-yl)methanol (29). To a solution of
compound 28 (0.250 g, 0.603 mmol) in methanol (10 mL) at 0 °C
was added NaBH4 (0.0684 g, 80 mmol) in three portions. After
the mixture was stirred for 2 h, the solvent was removed in vacuo.
The crude product was chromatographed to afford N-trityl 29 as a
white solid in 92% yield. Mp ) 195-196 °C (lit.24 mp ) 195-196
°C). TLC Rf ) 0.23 (25% EtOAc/hexanes). 1H NMR (CDCl3 +
CD3OD) δ 7.70 (d, 1H, J ) 1.20 Hz), 7.67 (s, 1H), 7.35-7.31 (m,
11H), 7.21-7.15 (m, 8H), 3.66 (d, 2H, J ) 5.31 Hz), 3.37 (t, 1H,
J ) 5.43 Hz).

The detritylation was achieved by refluxing N-trityl 29 (0.100
g, 0.240 mmol) in mixture of methanol (5 mL) and acetic acid
(0.250 mL) for 4 h. After the mixture was cooled, the volatiles
were distilled off and the crude was purified by chromatography
to afford 29 as a white crystalline solid in 90% yield. Mp )
197-198 °C (lit.24 mp ) 199-200 °C). TLC Rf ) 0.22 (20%
MeOH/CHCl3). 1H NMR (CD3OD) δ 7.66 (m, 2H), 7.40-7.21 (m,
4H), 4.68 (s, 2H). NP-HPLC tR ) 4.88 (40:60, 2-propanol/hexanes,
0.5 mL/min). IR (KBr) 3154, 3037, 2768, 1604, 1534, 1457 cm-1

.

N-Methyl-1-(4-phenyl-1H-imidazol-2-yl)methanamine (30). To
a solution of 28 (0.500 g, 1.20 mmol) and N-methylamine
hydrochloride (0.0896 g, 1.32 mmol) in CH2Cl2 (10 mL) was added
triethylamine (0.133 g, 1.32 mmol) at 0 °C. After the mixture was
stirred for 5 h at 0 °C, NaBH4 (3.6 mmol) was added followed by
MeOH (2 mL), and mixture was warmed to room temperature and
stirred for 2 h. The reaction mixture was acidified by careful
addition of 6 N HCl (3 mL) and heated to reflux for 2 h. After
cooling to room temperature, the volatiles were evaporated and the
crude was adjusted to pH 8-9 with 2 N NaOH. The aqueous layer
was extracted with CH2Cl2 (2 × 50 mL). The combined organic
layer was dried (Na2SO4) and concentrated in vacuo to afford the
crude product. Chromatographic purification afforded 30 as a yellow
glassy oil in 57% yield. TLC Rf ) 0.25 (20% MeOH/CHCl3). 1H
NMR (CDCl3) δ 7.67 (d, 1H, J ) 1.23 Hz), 7.65 (s, 1H), 7.34 (t,
2H, J ) 7.77 Hz), 7.24-7.19 (m, 2H), 5.39 (br s, 1H), 3.89 (s,
2H), 2.45 (s, 3H). 13C NMR (CDCl3): δd 144.0, 138.2, 132.4, 47.1;
δu 128.9, 127.3, 124.9, 34.4. IR (KBr): 3442, 3020, 2401, 1608,
1520 cm-1. RP-HPLC tR ) 2.13 [20:80, H2O/CH3CN (0.1% TFA)].

5-Phenylthiazole (34). Compound 34 was prepared according to
the literature procedure42 in 73% yield as yellow solid. Mp )
42-43 °C (lit.58 mp ) 44-45 °C). TLC Rf ) 0.40 (25% EtOAc/
hexanes). 1H NMR (CDCl3) δ 8.75 (s, 1H), 8.08 (s, 1H), 7.60-7.56
(m, 2H), 7.44-7.31 (m, 3H). MS m/z 161.

3-Phenyl-1H-pyrazole (35). Compound 35 was synthesized
according to the literature procedure59 in 35% yield as a white solid.
Mp ) 229-230 °C (lit.59 mp ) 229-230 °C). TLC Rf ) 0.45
(5% MeOH/CHCl3). 1H NMR (CDCl3) δ 7.87 (s, 1H), 7.53-7.50
(m, 2H), 7.40-7.35 (m, 2H), 7.24 (m, 1H).

3-(Furan-2-yl)pyridine (36). Compound 36 was synthesized
according to the literature procedure44 in 65% yield as a yellowish
oil. TLC Rf ) 0.26 (25% EtOAc/hexanes). 1H NMR (CDCl3) δ
8.93 (dd, 1H, J ) 1.62, 0.54 Hz), 8.48 (dd, 1H, J ) 3.27, 1.56
Hz), 7.92 (dt, 1H, J ) 4.11, 1.74 Hz), 7.52 (dd, 1H, J ) 1.17, 0.54

Hz), 7.32-7.26 (m, 1H), 6.74 (d, 1H, J ) 3.39 Hz), 6.50 (dd, 1H,
J ) 1.80, 1.59 Hz). MS m/z 145.

Biochemical Assays. Recombinant human IDO was expressed
and purified as described.60 The IC50 inhibition assays were
performed in a 96-well microtiter plate as described by Littlejohn
et al.60 with some modification. Briefly, the reaction mixture
contained 50 mM potassium phosphate buffer (pH 6.5), 40 mM
ascorbic acid, 400 µg/mL catalase, 20 µM methylene blue, and ∼27
nM purified recombinant IDO per reaction. The reaction mixture
was added to the substrate, L-tryptophan (L-Trp), and the inhibitor.
The inhibitors were serially diluted in 3-fold increments ranging
from 100 µM to 1.69 nM, and the L-Trp was tested at 100 µM (Km

) 80 µM). The reaction was carried out at 37 °C for 60 min and
stopped by the addition of 30% (w/v) trichloroacetic acid. The plate
was incubated at 65 °C for 15 min to convert N-formylkynurenine
to kynurenine and was then centrifuged at 1250g for 10 min. Lastly,
100 µL of supernatant from each well was transferred to a new 96
well plate and mixed at equal volume with 2% (w/v) p-dimethy-
laminobenzaldehyde in acetic acid. The yellow color generated from
the reaction with kynurenine was measured at 490 nm using a
Synergy HT microtiter plate reader (Bio-Tek, Winooski, VT). The
data were analyzed using Graph Pad Prism 4 software (Graph Pad
Software Inc., San Diego, CA). For the Ki determinations of 36,
41, and 50, tryptophan concentrations were varied from 25 to 200
µM (Km) 42 µM) and inhibitor concentrations were varied between
3-fold above and below the calculated IC50. Otherwise, reaction
conditions were exactly as described above. Data were analyzed
with the Enzyme Kinetics module in SigmaPlot, version 10.

Computational Methods. Small Molecule Preparation. Mol-
ecules were constructed in MOE (MOE Molecular Operating
Environment Chemical Computing Group, version 2005.06, Mon-
treal, Canada, http//www.chemcomp.com/) and ionized using
MOE’s WashMDB function, and hydrogens were added. The small
molecule conformation was minimized to a gradient of 0.01 in the
MMFF94S force field61,62 using distance-dependent dielectric
constant of 1.

Protein Preparation. By use of the IDO crystal structure (PDB
code 2D0T), hydrogen atoms were added and tautomeric states and
orientations of Asn, Gln, His residues were determined with
Molprobity (http://molprobity.biochem.duke.edu/).63,64 Hydrogens
were added to crystallographic waters using MOE.65 The Am-
ber9966 force field in MOE was used, and iron was parametrized
in the Fe3+ state. Dioxygen was not added to the iron. All hydrogens
were minimized to an rms gradient of 0.01, holding the remaining
heavy atoms fixed. A stepwise minimization followed for all atoms
using a quadratic force constant (100) to tether the atoms to their
starting geometries; for each subsequent minimization, the force
constant was reduced by a half until zero.

Docking Calculations. The 2-[N-cyclohexylamino]ethane sul-
fonic acid and 4-phenyl-1-imidazole ligands were removed from
the active site prior to docking. Preliminary docking calculations
performed with annulin B were carried out using MolDock.67 Gold
(version 3.1)27,28 and AutoDock (version 3.05)68 were used with
default parameters and reproduced the crystallographic position of
4-phenyl-1-imidazole binding to the heme. Docking of the
napthquinone series of compounds using AutoDock and Gold
produced a top scoring binding pose with a ketone oxygen within
coordination distance to the heme iron.

Quantum Mechanical Calculations. Preliminary energy mini-
mizations of all compounds in Tables 1 and 2 were carried out
using Molecular Operating Environment (MOE).65 The force field
MMFF94S61,62 was used with a dielectric of 2, and energy
minimization was terminated when the rms gradient fell below the
cutoff value of 0.001 Å. The energy minimized geometries of all
compounds were then exported from MOE for use in the Gaussian
0369 suite of programs. Geometry optimizations were carried out
using the ab initio Hartree-Fock method, the B3LYP hybrid
functional, and Pople’s basis set 6-31G(d,p). CHelpG charges were
computed.70 A table of the CHelpG charges for ortho, meta, and
para substituted 4-phenylimidazole compounds is included in the
Supporting Information.
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