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In the framework of investigating the role of heteroatoms in pyridinyl-substituted 5-membered (hetero)cycles
as potential p38R MAP kinase inhibitor scaffolds, cyclopentene, pyrrole, furan, and imidazole analogues
were synthesized and tested with respect to their ability to inhibit p38R MAP kinase. The vicinal pyridine/
4-fluorophenyl pharmacophore was conserved, such as in the prototypical imidazole inhibitor SB203580.
The strength of the HB interaction was calculated and compared to the biological data.

Introduction

The p38 MAPa kinase, a serine/threonine kinase, is one
of the best studied kinases in the inflammatory process.1,2 It is
a key-player in the biosynthesis of pro-inflammatory cytokines,
such as IL-1� and TNF-R at both the translational and the
transcriptional level.1,3 Activation of this kinase by different
extracellular stimuli results in diphosphorylation of Thr180 and
Tyr182 in its activation loop.1,4 Among the four identified p38
isoforms (p38R, p38�, p38γ, and p38δ), the R-form is the fully
studied. The structural appearance of the ATP-binding site in
protein kinases has been reviewed recently.5,6 Cocrystallographic
data of the isolated p38R MAP kinase complexed with various
pyridin-4-yl imidazole derivatives described a common ground
of features that can be exemplified by the way SB203580 (1)
binds to the protein (Figure 1).4 The ATP competitive inhibitor
1 binds in the ATP binding site located in the cleft between the
N- and the C-terminal domains of p38R MAP kinase, making
a crucial hydrogen bond (HB) between the pyridin-4-yl moiety
and the backbone NH of Met109 in the hinge region. The
importance of this HB is deduced from a decrease in activity
when the pyridin-4-yl moiety is replaced by a pyridin-3-yl or a
phenyl moiety.7,8 The 4-fluorophenyl ring interacts with the
hydrophobic pocket I, mainly causing selectivity, which is
mediated by the presence of the gatekeeper residue Thr106 in
the ATP-binding site. Another possible ligand-protein interac-
tion is a π-π stacking between Tyr35 and the phenyl system
at the 2-position of the imidazole core of 1. The hydrophobic
region II remains unoccupied by 1. The relevance of the HB
between Lys53 of the p38R MAP kinase and the N-3 of the
imidazole core is still unclear. Several studies indicate the
imidazole ring-N as a critical determinant for the binding of

pyridinyl-imidazoles to the side chain of Lys53.1,4 Some authors
suggest an important role for the imidazole core as a scaffold
for positioning the vicinal pyridine/4-fluorophenyl system. For
example, Fitzgerald et al. reported no interaction between the
side chain nitrogen of Lys53 and the N3 of the imidazole ring
of their pyrimidinyl-imidazole compound.9 Lys53 appears to
be too distant for HB interaction to the imidazole ring.6

There are compounds with moderate inhibitory activity that
are unable to form a HB to Lys53, for example compounds 210

and 311 (Figure 2). The modest inhibitory activity of these
compounds, which are unable to form a HB to Lys53, under-
scored the demand for further investigations.
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Figure 1. Schematic drawing of important interactions between the
competitive inhibitor SB203580 (1) and the ATP binding site of p38R.

Figure 2. Inhibitors of p38 MAP kinase: cmpd 2 (IC50 ) 670 nM);10

cmpd 3 (IC50 ) 530 nM).11
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A HB [D-H · · ·A] consists of a donor (D-H) and acceptor
(A) subunit and plays a very important role in drug design. The
strength of a HB ranges from >1 to about 40 kcal/mol12 and is
weaker than a normal covalent bond. A HB dictates the
orientation of an inhibitor binding in the receptor and contributes
importantly to binding affinity. The major component of
hydrogen-bonding interaction is electrostatic.13,14 Furthermore,
the geometry (distance and orientation) between HB-donor and
HB-acceptor is important for the strength of the HB. To enhance
the hydrogen-bonding interaction in drug discovery, bioisosteric
replacement is used.

The aim of this work was to conserve the vicinal pyridinyl/
4-fluorophenyl system of the prototypical imidazole 1 while
replacing the central imidazole core by a carbocyclic scaffold
(cyclopentene 4, Figure 3) and different bioisosteric heterocyclic
scaffolds (pyrrole 5, furan 6, imidazole 7, Figure 3). These
compounds can be considered as key compounds to reveal the
role of the hydrogen bonding heteroatom-Lys53 interaction.

The difference in interaction of the title compounds 4-7 at
the ATP-binding cleft of p38R MAP kinase is mainly character-
ized by the hydrogen bonding interaction between the inhibitor
molecule and the amino function of the side chain of Lys53
(Figure 4). Under physiological conditions the side chain of
Lys53 is protonated. Therefore, this protonated amino function
can only interact as a HB-donor. Between compounds 4 and 5
and Lys53, no HB can be formed. Compounds 6 and 7 can
interact with Lys53 by hydrogen bonding interaction. The
heteroatom X is the acceptor of the HB, and the amino function
of the side chain of Lys53 is the donor of the HB. To estimate
the strength of this hydrogen bonding interaction between X
and Lys53, the atomic electrostatic potential charges (AEPCs)
of analogues 6 and 7 were calculated and the hydrogen binding
energies of 6 and 7 to Lys53 were determined by docking
experiments with the inhibitors and the p38 MAP kinase.

Chemistry

The synthetic route toward the cyclopentene derivative 4
(Scheme 1) was published recently.15 Cyclopentanone (8) was
converted into cyclopentenyl fluorobenzene (9) using the
Grignard reaction, followed by oxidation with hydrogen per-
oxide in the presence of formic acid, yielding fluorophenyl
cyclopentanone (10). This ketone was activated using a neody-
mium salt (NdCl3 ·2LiCl) and consecutively reacted with the
complex Grignard reagent PyMgCl ·LiCl, affording the corre-
sponding cyclopentanol derivative 11. Finally, the dehydration
of alcohol 11 with p-TsOH and a few drops of concentrated
sulfuric acid in toluene under reflux conditions gave 2-(4-
fluorophenyl)-1-(pyridin-4-yl)cyclopentene (4).

The pyrrole derivative 5 was synthesized according to a
protocol of Qian et al.16 starting from 1-(4-fluorophenyl)-2-
(pyridin-4-yl)ethanone (12) (Scheme 2). Ethanone 12 was

deprotonated using NaHMDS (2 M in THF) at 0 °C and treated
with allylbromide. After quenching the reaction mixture with
HCl (2 N) and extraction with ethyl acetate, the crude product
was purified by flash chromatography to yield 1-(4-fluorophe-
nyl)-2-(pyridin-4-yl)pent-4-en-1-one (13). Ozonolysis of 13 in
MeOH at 0 °C, followed by reductive workup of the ozonide
with dimethyl sulfide, gave aldehyde 14. Finally, 2-(4-fluo-
rophenyl)-3-(pyridin-4-yl)-1H-pyrrole (5) was prepared via
Paal-Knoor condensation of the 1,4-dicarbonyl compound 14
by heating it together with ammonium acetate in acetic acid up
to 115-120 °C. 2-(4-Fluorophenyl)-3-(pyridin-4-yl)furan (6)
was prepared by acid catalyzed dehydration of aldehyde 14
(Scheme 2). Therefore, a mixture of 14, glacial acetic acid, and
concentrated HCl was heated to reflux temperature.

A possible synthetic access to 4-(4-fluorophenyl)-5-(pyridin-
4-yl)-1H-imidazole (7) via a modified van Leusen methodology
for 1,3-dipolar cycloaddition of the anion of tosylmethyl
isocyanides to imines was published in 1996 by Boehm et al.17

We chose another synthetic strategy for the formation of the
imidazole ring (Scheme 3). The imidazole derivative 7 was
synthesized starting from 1-(4-fluorophenyl)-2-(pyridin-4-yl)e-
thanone (12). Compound 12 was oxidized by selenium dioxide
into the R-diketo compound 15. The formation of the imidazole
ring was accomplished by a microwave-assisted Radziszewski
reaction.18 Treatment of 15, NH4OAc, and formaldehyde (37%
aq solution) in a microwave synthesizer yielded the 4-(4-
fluorophenyl)-5-(pyridin-4-yl)-1H-imidazole (7).

Results and Discussion

Biological Studies. The inhibitory potencies of compounds
4, 5, 6, and 7 were evaluated using an isolated p38R MAP kinase
assay19 wherein SB203580 (1) was used as a reference. Table
1 compares the IC50 values of the cyclopentene 4, pyrrole 5,
furan 6, and imidazole 7 derivatives. The order of the inhibitory
activity of the tested compounds 4-7 is imidazole . pyrrole >
furan . cyclopentene derivative.

Computational Studies. The computational chemical cal-
culation was carried out with the program package Jaguar from
Schrödinger, Inc.

Figure 3. Cyclopentene 4, pyrrole 5, furan 6, and imidazole 7 deri-
vatives.

Table 1. Biological Data of Compounds 4-7

compd 4 5 6 7

IC50 ( SEMa (µM) 4.05 ( 0.67 0.42 ( 0.11 0.74 ( 0.18 0.079 ( 0.006
a Results are of three experiments.

Table 2. Geometrical Data of Compounds 4-7

cmpd a (Å) R (deg) � (deg) d.a. (deg) d.a. (deg)a

4 1.348a 128.7a 129.1a 59.63
5 1.396 132.6 129.2 46.61 60.50
6 1.363 136.3 129.8 49.51 58.93
7 1.393 134.2 129.7 44.66 58.36

a Determined by QM minimizations.

Table 3. Calculated AEPC and Hydrogen Binding Energy of
Compounds 6 and 7

6 7

AEPC (A) -0.21 (O) -0.58 (N3)
D-H · · ·A N-H · · ·O N-H · · ·N3
HB binding energy -11.50 kcal/mol -25.05 kcal/mol
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Table 2 shows the common structural ground of these
compounds determined by crystallographic data of compounds
with heteroaromatic cores 5,20 6,21 and 722 as well as compu-
tational minimization of compounds 4-7. The double bond
between the two aromatic moieties of the nonaromatic cyclo-
pentene scaffold is shorter compared to the heteroaromatic
scaffolds. The pedant 4-fluorophenyl and pyridinyl moieties are
in the same orientation.

The AEPCs of the derivatives 6 and 7 were calculated using
density functional theory (DFT) with the B3LYP functional.23

The AEPCs of the interesting atoms are -0.58 and -0.21 for
imidazole-N3 and furan-O, respectively (Table 3).

The calculation of the HB binding energies from Lys53 to
the furan and imidazole derivatives 6 and 7 was done with the
Jaguar batch script hydrogen_bond.py (which is available in
the Jaguar package).24 The two compounds were first docked
with an induced fit docking tool25 into the X-ray structure of
1A9U.pdb.4 The best docking poses were used for further
calculations. For the calculation of the binding energies for the
hydrogen-bonded complexes, we selected the fast mode, which
uses the DFT energies instead of the LMP2 energies. Besides
this, all torsions were frozen during optimizations. The HB
binding energy of compounds 6 and 7 is -11.50 and -25.05
kcal/mol, respectively (Table 3).

Comparison. Both computational chemical calculation of the
HB binding energy of the heterocyclic examples 6 and 7 to
Lys53 and AEPC data show that the nitrogen atom is a better
HB-acceptor than the oxygen atom. This is reflected in the
inhibition of p38 MAP kinase. The imidazole derivative 7 is
about five times more potent than the furan derivative 6. The
pyrrole 5 and the carbocyclic derivative 4, which both are not
able to form a HB to Lys53, show a significant difference in
inhibition of p38 MAP kinase. The pyrrole 5 and the furan
derivative 6 interact in different ways with the enzyme, since 5
is a HB donor and 6 an HB acceptor, but they show similar
biological activity. These facts indicate an interaction between
the N-H of pyrrole and Lys53. This could be caused by an
intervening water molecule.

Conclusion

In this article, we present the synthesis and biological data
of 2-(4-fluorophenyl)-1-(pyridin-4-yl)cyclopentene (4), 2-(4-
fluorophenyl)-3-(pyridin-4-yl)-1H-pyrrole (5), and 2-(4-fluo-
rophenyl)-3-(pyridin-4-yl)furan (6), and 4-(4-fluorophenyl)-5-
(pyridin-4-yl)-1H-imidazole (7). The imidazole derivative 7 with
the highest absolute value of AEPC at the N3 and lowest HB
binding energy shows the best IC50-value in our series. The
cyclopentene derivative 4, which is not able to form a HB to
Lys53, shows a dramatic decrease in inhibitory activity of p38
MAP kinase (about 63 times less active than 7). The pyrrol
derivative 5, which is not able to form a direct HB to Lys53,

Figure 4. Possible interactions between compounds 4 and 5 (left) and 6 and 7 (right) and the ATP-binding site of p38R MAP kinase. No HB can
be formed between X-H and the side chain of Lys53 in the case of compounds 4 and 5. In the case of compounds 6 and 7, the side chain of Lys53
is the donor of the HB.

Scheme 1. Preparation of 2-(4-fluorophenyl)-1-(pyridin-4-yl)cyclopentene (4)a

a Reagents: (i) 4-fluorophenylmagnesium bromide, ether, reflux; (ii) H2O2, formic acid; (iii) NdCl3 ·2LiCl, 1 h and then 2 equiv of PyMgCl ·LiCl, 0 °C,
8-10 h; (iv) TsOH, H2SO4, toluene, reflux temperature, 1 h.

Scheme 2. Preparation of 2-(4-fluorophenyl)-3-(pyridin-4-yl)-
1H-pyrrole (5) and 2-(4-fluorophenyl)-3-(pyridin-4-yl)furan (6)a

a Reagents: (i) NaHMDS, allyl bromide, THF, 0 °C; (ii) O3, MeOH,
1.5 h, then Me2S, 16 h at room temperature; (iii) NH4OAc, HOAc, 115-120
°C; (iv) TsOH, AcOH, conc HCl, reflux temperature. bYield over two steps.

Scheme 3. Preparation of 4-(4-fluorophenyl)-5-(pyridin-4-yl)-
1H-imidazole (7)a

a Reagents: (i) SeO2, HOAc, 95 °C; (ii) HCHO, NH4OAc, AcOH, 5 min,
180 °C, 200 W, microwave.
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shows interactions with the amino function of the side chain of
Lys53. Maybe an intervening water molecule is playing a role.

Experimental Section

General. All commercially available reagents and solvents
were used without further purification. The microwave reaction
was performed on a CEM Discover system. Melting points were
determined with a Büchi melting point B-545 and are thermo-
dynamically corrected. NMR data were obtained on a Bruker
Spectrospin AC 200 at ambient temperature. High-resolution
spectra were obtained on a Thermo Finnigan TSQ70 instrument.
The purity of the final compounds was determined by HPLC on
a Hewlett-Packard HP 1090 Series II liquid chromatograph using
a Betasil C8 column (150 mm × 4.6 mm i.d., dp ) 5 µm,
Thermo Fisher Scientific, Waltham, MA) at 230 and 254 nm
employing a gradient of 0.01 M KH2PO4 (pH 2.3) and methanol
as the solvent system with a flow rate of 1.5 mL/min; all final
compounds have a purity of >98% (see Supporting Information
for details).

2-(4-Fluorophenyl)-3-(pyridin-4-yl)-1H-pyrrole (5). Ammo-
nium acetate (2.2 g, 34.9 mmol) was added to a solution of
compound 14 (0.5 g) in glacial acetic acid (10 mL). The resulting
mixture was heated to 115-120 °C for 2 h. The solvent was
removed under reduced pressure, and the residue was diluted
with ethyl acetate and aq NaHCO3 solution. Solid Na2CO3 was
added until effervescence ceased. The organic phase was washed
with aq NaHCO3 solution and brine and dried over Na2SO4, and
the solvent was evaporated under reduced pressure to give crude
5. The residue was dissolved in ethyl acetate (7 mL), filtered,
and then purified by flash chromatography (SiO2, petroleum
ether/ethyl acetate 1-1 to 1-4). Yield 135 mg (24%, over two
steps); Mp 260.8 °C; 1H NMR (DMSO-d6) 6.43-6.46 (m, 1H,
C4-H pyrrole), 6.92-6.95 (m, 1H, C5-H pyrrole), 7.18-7.27
(m, 4H, C3/C5-H 4-F-Phe, C3/C5-H Pyr), 7.33-7.41 (m, 2H,
C2/C6-H 4-F-Phe), 8.37 (dd, J1 ) 4.6 Hz, J2 ) 1.6 Hz, 2H,
C2/C6-H Pyr), 11.47 (bs, 1H, NH); HRMS (EI): calculated for
C15H11FN2 238.0906, found 238.0897.

The crystal structure of 5 has been proven by X-ray analysis:
Enraf-Nonius CAD-4, Cu KR, SIR92, SHELXL97. Further details
of the crystal structure analysis are available in ref 20.

2-(4-Fluorophenyl)-3-(pyridin-4-yl)furan (6). Compound 14
(2.0 g) was treated with glacial acetic acid (10 mL) and conc
HCl (30 mL) and then heated to reflux temperature for 4 h. The
reaction mixture was cooled to room temperature and put into
ice. A solution of K2CO3 was added until it became basic. The
aqueous phase was extracted four times with ethyl acetate, and
the combined organic layers were dried over Na2SO4 and filtered.
The remaining solution was concentrated in vacuo and then
purified by flash chromatography (SiO2, petroleum ether/ethyl
acetate 2-1 to 1-1) to give the furan derivative (1.15 g, 52%,
over two steps) as a pale yellow solid. Mp 62.1 °C; 1H NMR
(CDCl3) 6.55-6.56 (m, 1H, C4-H furan), 6.95-7.03 (m, 2H,
C3/C5-H 4-F-Phe), 7.24-7.27 (m, 2H, C3/C5-H Pyr), 7.41-7.48
(m, 3H, C2/C6-H 4-F-Phe, C5-H furan), 8.54 (d, J ) 4.7 Hz,
2H, C2/C6-H Pyr); HRMS (EI): calculated for C15H10OFN
239.0746, found 239.0740.

The crystal structure of 6 has been proven by X-ray analysis:
Enraf-Nonius CAD-4, Cu KR, SIR92, SHELXL97. Further details
of the crystal structure analysis are available in ref 21.

4-(4-Fluorophenyl)-5-(pyridin-4-yl)-1H-imidazole (7). Com-
pound 15 (46 mg, 0.2 mmol), formaldehyde (15 µL, 0.2 mmol,
37% aq solution), ammonium acetate (154 mg, 2,0 mmol), and
1 mL of glacial acetic acid were combined in a reaction vial.
The reaction vessel was heated in a CEM microwave reactor
for 5 min at 180 °C (initial power 200 W), after which a stream
of compressed air cooled the reaction vessel. The reaction
mixture was added dropwise to a concentrated NH4OH solution
at 0 °C. The formed white/colorless precipitate was collected
by filtration, washed with water, and dried. Yield 43 mg (90%);
Mp 258.5 °C; 1H NMR (DMSO-d6) δ 7.22-7.31 (m, 2H, C3/

C5-H 4-F-Phe), 7.38-7.41 (m, 2H, C3/C5-H Pyr), 7.45-7.52
(m, 2H, C2/C6 4-F-Ph), 7.86 (s, 1H, C2-H imidazole), 8.45 (d,
J ) 5.8 Hz, 2H, C2/C6-H Pyr), 12.76 (bs, 1H, NH); HRMS
(EI): calculated for C14H10FN2 239.0859, found 239.0765.

The crystal structure of 7 has been proven by X-ray analysis:
Enraf-Nonius CAD-4, Cu KR, SIR92, SHELXL97. Further details
of the crystal structure analysis are available in ref 22.
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