LSEVIER

Available online at www.sciencedirect.com

ScienceDirect

Bioorganic &
Medicinal
Chemistry
Letters

Bioorganic & Medicinal Chemistry Letters 17 (2007) 4942-4946

Experimental and theoretical study on the structure and
electronic spectra of imiquimod and its synthetic intermediates

Bo Zhao,** Yu-Zhi Rong,* Xiao-Hua Huang® and Jing-Shan Shen®*

2College of Chemistry and Environmental Science, Nanjing Normal University, Nanjing 210097, PR China
bShanghai Institute of Materia Medica, SIBS, Chinese Academy of Sciences, 555, Zuchongzhi Road,
Zhangjiang High-Tech Park, Shanghai 201203, China

Received 25 April 2007; revised 2 June 2007; accepted 7 June 2007
Available online 10 June 2007

Abstract—Crystal structure of the imiquimod has been determined by single crystal X-ray analysis, imiquimod crystallizes in ortho-
rhombic space group P2;2,2, and the molecules are linked along the ¢ axis by the strong N-H- - -N hydrogen bonds. A density func-
tional theory (DFT) study on the electronic properties of imiquimod and its synthetic intermediates has been performed at B3LYP/
6-31G™ level, while taking solvent effects into account. Both the single configuration interaction (CIS) method and the time-depen-
dent DFT (TDDFT) approaches have been used to calculate the electronic absorption spectra, and there is a good agreement
between the calculated and experimental UV-visible absorption spectra. The fluorescence emission spectra of these three com-
pounds in solution have also been measured, the relatively low fluorescence intensity is attributed to a chlorine-modulated heavy
atom effect that enhances intersystem crossing between excited singlet and triplet states, and the relatively high fluorescence intensity
of imiquimod results from an extended m-conjugated system which enhances S; — Sy radiant transition.

© 2007 Elsevier Ltd. All rights reserved.

Since the discovery of interferon (IFN) and its potential
for the treatment of viral infections and cancer, there
have been increasing studies for small-molecule inducers
of this cytokine. A number of compounds that induce
IFN in mice have been identified, but few are active in
human cells.! While working on potential antiherpes
agents, a series of 1H-imidazo[4,5-c]quinolines that in-
duce IFN in mice, guinea pigs, monkeys, and humans
were discovered,>* studies on which have led to the
development of imiquimod (1-(2-methylpropyl)-1H-imi-
dazo[4,5-c]quinoline-4-amine), for clinical use. Imiqui-
mod had the right balance of activity and tolerability
for the prevention of lesions caused by herpes simplex
virus-2 (HSV-2) infection in the guinea pig model.’
The observed antiviral activity in vivo is associated with
the production of IFN in a cell-mediated immune re-
sponse. It has been demonstrated that topical applica-
tion of imiquimod in humans induces synthesis of IFN
and other cytokines in skin at the application site.* Clin-
ical utility has been demonstrated in treating genital
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warts, basal cell carcinoma, and actinic keratosis.®!!

This novel series of immune response modifiers will still
need to be explored in order to find small molecules that
treat diseases involving the immune system.'>!3

Imiquimod as well as synthetic intermediates: 1-(2-meth-
ylpropyl)-1 H-imidazo[4,5-c]quinoline and 4-chloro-1-(2-
methylpropyl)-1 H-imidazo[4,5-c]quinoline have been
plentifully synthesized and extensively experimented
in vitro and in vivo as potential antiviral agents, but
their crystal structure, electronic properties, electronic
and fluorescence spectra have never been studied. In this
paper, we performed experimental studies on electronic,
fluorescence spectra properties and theoretical studies
on the above-mentioned properties which have vital sig-
nificance in the future study and hope that our data can
help the chemists in finding some indications for the fu-
ture use in medical applications of imidazoquinoline
compounds.

Molecular structures of the title compounds are depicted
in Figure 1 (IT). All compounds have been fully opti-
mized at the B3LYP (DFT) level with the 6-31G™ basis
set and characterized by the calculations of vibrational
frequencies at the same level. The effects of solvent on
electronic structures have been simulated by an Onsager
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Figure 1. Structure of the imiquimod with atomic numbering (I); molecular structures of the organic compounds studied in this work (II) for a
(R=H), b (R =Cl), and ¢ (R = NH,); the intermolecular hydrogen bonds in the crystal structure of imiquimod (I1I).

model with solvent parameters performed using SCRF/
dipole scheme. The Onsager reaction field model'4!°
places the solute in a fixed spherical cavity of radius ag
within the solvent field. We have selected water to re-
search the solvent effects on them. The values of cavity
size (ag) are 4.87 A, 5.19 A, and 5.04 A for a, b, and c,
respectively, and the dielectric constant of water is the
default value. The electronic absorption spectra have
also been calculated using two different methods: the
single configuration interaction (CIS)**2! and the time-
dependent DFT (TDDFT),2> 2> both basing on the
B3LYP/6-31G™ level optimized structures. In order to
better compare theoretical and experimental absorption
spectra, we assume the Gaussian band width the same as
the experimental absorption spectra. A line spectrum is
directly obtained by the output file of Gaussian and we
use a Swizard file to draw the spectrum by the Origin
software. The Mulliken atomic charges for partial se-
lected atoms of the three compounds in gas and in water
are listed in Table 4. All theoretical calculations are car-
ried out using GAUSSIAN 03 suite of programs?® and
using the default convergence criteria.

The imiquimod single crystal has been selected for data
collection at 273(2) K, using a CCD area detector with
graphite  monochromated Mo K, radiation
(4 =10.71073 A). The data have been collected by w scan
technique and the structure has been solved by direct
methods using SHELXL-97 program package.?’ Crystal
data and structure refinement parameters are listed in
Table 1. The molecular structure with atomic numbering
scheme of the imiquimod is shown in Figure 1 (I). The
intermolecular hydrogen bonds are shown in Figure 1
(III). Table 2 lists its bond lengths, angles, and symme-
try code. Crystallographic data (excluding structure fac-
tors) for the structures in this paper have been deposited
with the Cambridge Crystallographic Data Centre as
supplementary publication numbers CCDC 637851.
The selected experimental and optimized geometric
parameters as bond lengths and torsion angles are listed
in Table 3.

The imiquimod crystallizes in orthorhombic crystal sys-
tem and forms noncentrosymmetric space group
P2,2:2;. In the unit cell the molecules are head-to-head
linked along the ¢ axis by the strong N-H- - -N hydrogen
bonds between the amino group and imidazole ring

Table 1. Crystallographic data and structure refinement parameters of
the imiquimod

Compound c¢ (imiquimod)

Empirical formula Ci4H 6Ny
Crystal system Orthorhombic
Space group P2,2:2;
Unit cell parameters

aA) 8.1327(6)

b (A) 9.7473(6)

¢ (A) 15.7524(10)
B ) 90

V(A% 1248.72(14)
Z 4

D (Mg/m®) 1.278
Absorption coefficient (mm ") 0.080
F(000) 512

Final Ry and wR; [I > 2a(])]
R; and wR; indices (all data) .
Largest diff. peak and hole (e/A~3)

0.0384, 0.0767
0.0502, 0.0811
0.123 and —0.195

Table 2. Intermolecular hydrogen bonds in the imiquimod crystal
D-H---A dD-H) dMH---A) dD---A) Z(DHA)
N2-H (2A)---N3* 0.86 2.24 3.1011(16) 175.5
N2-H (2B)---N1° 0.86 2.33 3.1265(16) 153.6

Symmetry transformations used to generate equivalent atoms: *x —

12, —p+3/2, —z+ 1. °x + 1/2, —y + 3/2, —z + 1.

(Table 2), which contribute to the high thermal stability
(mp 292-294 °C). As can be seen from Table 3, the bond
lengths of the C—C and C-N in imidazoquinoline ring
are shorter than their natural single bond lengths, sug-
gesting that the C—C and C-N bonds in imidazoquino-
line ring have part double bond character, among
which the bond lengths of CI1-N1, C6-C7, C8-C9,
and C10-N3 are relatively shorter. The crystal structure
data indicate that the imidazole, benzene, pyridine, and
the connected amino group are coplanar in the whole
molecule (the torsion angles of N1-C5-C4-C9, Cl-
C2-C3-N4, and N2-C1-C2-C3 are nearly 180°). The
optimized geometric parameters in Table 3 are in good
agreement with the X-ray experimental results.

Seen from the calculated results for a and b in Table 4,
the nitrogen atoms have relatively big negative atomic
charges, especially the atom N1 on the quinoline ring
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Table 3. Selected experimental and optimized geometric parameters of
the imiquimod

Parameters X-ray analysis B3LYP/6-31G*
The bond lengths ( A )

C1-N2 1.3533(18) 1.3691
Cl-C2 1.4239(19) 1.4297
C2-C3 1.3775(18) 1.3937
C3-C4 1.4263(19) 1.4320
C4-C5 1.4218(19) 1.4400
C5-N1 1.3847(17) 1.3736
C1-N1 1.3201(17) 1.3170
C5-C6 1.410(2) 1.4163
Cc6-C7 1.367(2) 1.3809
C7-C8 1.390(2) 1.4081
C8-C9 1.371(2) 1.3831
C4-C9 1.4115(19) 1.4142
C2-N3 1.3892(17) 1.3792
C3-N4 1.3855(18) 1.3886
CI0-N3 1.3064(18) 1.3101
C10-N4 1.3669(19) 1.3794
The torsion angles (°)

N1-C5-C4-C9 —178.61(13) —179.51
C1-C2-C3-N4 178.74(12) —179.92
N2-C1-C2-C3 —179.29(13) —177.54

acts as the electronegative potential site of the whole
molecule and the atom C3 has the biggest positive atom-
ic charges. It can be found that the atomic charge values
of atoms N1 and C3 in solution-phase are bigger than
those in gas-phase. Atom C1, whose atomic charge va-
lue increases dramatically when the hydrogen atom is
substituted by the amino-group, turns to the electropos-
itive potential site, and the nitrogen atom of the substi-
tuted amino-group turns to the electronegative potential
site of the imiquimod. Moreover, their atomic charge
values in solution-phase are smaller than those in gas-
phase. The main route for charge transfer of the whole
molecule has changed from NI — C3 to N2 — CI.
The atomic charge values of atoms C3 and N1 in solu-
tion-phase also increase comparing that in gas-phase.

We have calculated the electronic absorption spectra
using both the CIS method at cis/6-31G* and the TD-

DFT method at B3LYP/6-31G™ levels based on the opti-
mized structures and twenty bands of electronic transi-
tion are selected. The experimental and calculated
maximum absorption wavelengths (1,.x) and corre-
sponding oscillator strengths (f) of the three compounds
are reported in Table 5.

Figure 2 presents experimental UV-visible absorption
spectra of a, b and c in water solution containing 20%
methanol. We find that the presence of chlorine atom
at the 1-position results in no major perturbation of
UV-visible absorption Az, While A,.x of ¢ is red-
shifted in comparison with a and b as the result of an ex-
tended m-conjugated system when the substitute of ami-
no-group at the 1-position, which reduces the energy
differences between the ground state and the excited
states.

The calculated UV-visible absorption spectra are also
shown in Figure 2. The calculated values of molar
absorptivity are plotted versus the wavelength included
in CIS and TDDFT calculations. The TDDFT method
gives slightly underestimated values, while the SCI
method underestimates A,,x by about 50 nm for the
three compounds. The calculated A, follows the trend
Amax (€) > Amax (B) > A (a), in good agreement with
the experimental data. The experimental values of f
are situated between the values calculated by TDDFT
and CIS. The above results indicate that the overall per-
formance of the TDDFT method is better than the CIS
approach for the three organic compounds. There is a
certain extent deviation between calculated results and
experimental data as our calculated results are obtained
in the molecular level, while actual values are related to
concrete experimental condition.

Figure 3 presents fluorescence emission spectra of a, b,
and c in water solution containing 20% methanol. The
fluorescence emission Ay,x of ¢ is red-shifted with re-
spect to a and b (341 nm for a, 343 nm for b, and
351 nm for c), as is also expected from an extended
n-conjugated system when the substitute of amino-
group is at the I-position, which reduces the energy

Table 4. The Mulliken atomic charges for partial selected atoms calculated in gas-phase and in solution-phase (water, ¢ = 78.39)

Atoms Compound a (R’ = H) Compound b (R’ = Cl) Compound ¢ (R’ =N)
Gas Water Gas Water Gas Water
N1 —0.518 —0.530 —0.519 —0.529 —0.631 —0.636
N3 —0.502 —0.514 —0.484 —0.498 —0.529 —0.534
N4 —0.508 —0.507 —0.509 —0.507 —-0.517 —-0.516
Cl 0.019 0.013 0.066 0.067 0.478 0.464
C2 0.185 0.186 0.211 0.214 0.156 0.158
C3 0.269 0.274 0.279 0.283 0.285 0.290
C4 0.156 0.154 0.167 0.166 0.147 0.145
Cs 0.224 0.225 0.214 0.213 0.239 0.239
C6 —0.144 —0.146 —0.144 —0.145 —-0.162 —0.163
C7 —0.134 —0.133 —0.134 —0.132 —0.131 —0.131
C8 —0.141 —0.142 —0.140 —0.140 —0.149 —0.150
C9 —0.196 —0.194 —0.197 —0.195 —0.198 —0.196
C10 0.207 0.209 0.211 0.213 0.210 0.212
R’ 0.151 0.129 0.015 —0.032 —0.774 —0.773

R’ is H atom, Cl atom, and N atom for a, b, and c, respectively.
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Table 5. Calculated and experimental maximum absorption wavelengths (4m.x) and oscillator strengths (f)

Compound TDDFT CIS Expt
/max (nm) S /max (nm) S /max (nm) A
a 226.2 0.692 180.5 1.783 235 1.546
230.0 0.805 181.5 1.879 238 1.658
c 232.6 0.669 182.9 1.636 245 1.041

&m, Maximum molar absorptivity (M™' em™}); v, wavenumber (cm™); Avyj,, width at half-height (cm™?).
2 Experimental f is given as follows. /= 4.32x 10 %[en, dv ~ 4.32x 107 ° X 1. 0645emaxAv1 2.
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Figure 2. Simulated UV-visible absorption spectra calculated at CIS/6-31G* and TD-B3LYP/6-31G™ levels, experimental UV-visible absorption
spectra measured in water solution containing 20% methanol of 0.02 mM a, b, and c.
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Figure 3. Fluorescence emission spectra measured in water solution
containing 20% methanol of 0.02mM a, b, and c. For a and b,
excitation and emission slits are all 5 nm; for ¢, excitation and emission
slits are all 2.5 nm.

differences between the first singlet-spin excited state and
singlet-spin ground state. The fluorescence intensity ()
follows the trend I; (¢) > It (a) > I; (b). The relatively low
Iy of b is attributed to the presence of chlorine atom at
the 9-position, which increases the lowest triplet (T;)
populations by enhancing So — T absorption transition
and S; — T, intersystem crossing. The fluorescence
intensity of ¢ is much higher than that of a and b due
to an extended m-conjugated system which enhances
S; — Sy radiant transition when electron donating ami-
no-group is present at the 9-position.

In the present study, we have reported crystal struc-
ture of the imiquimod. Theoretical calculations have
been performed on the electronic structures and the
electronic absorption spectra of the title compounds.
Also, we have measured the fluorescence emission
spectra and UV-visible absorption spectra of them in
solution. First, imiquimod crystallizes in orthorhombic
space group P2,2;2;. The intermolecular hydrogen
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bonds locate among the amino-group of one molecule
and the imidazole rings of the other two molecules.
The optimized geometric parameters are in good
agreement with the experimental values. Second, the
atomic charge value of the nitrogen atom on the quin-
oline ring which acts as the electronegative potential
site of the compounds a and b increases when consid-
ering solvent effects. But the nitrogen atom of the
substituted amino-group turns to the electronegative
potential site of the whole imiquimod molecule and
its atomic charge value decreases when considering sol-
vent effects. Third, the J,.x values calculated by the
CIS approach are underestimated significantly com-
pared with the experimental values, but the TDDFT
method is more suitable in general to estimate elec-
tronic absorption spectra properties of these com-
pounds. The relatively low I; is attributed to heavy
atom effect that enhances intersystem crossing between
excited singlet and triplet states, and the relatively high
I; is attributed to substituting group effect with an ex-
tended m-conjugated system that enhances S; — S,
radiant transition.
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