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1 Introduction

Abstract. The structure of the antimalarial drug halofantrine is ana-
lyzed by means of density functional theory (DFT) calculations, IR,
and Raman spectroscopy. Strong, selective enhancements of the Ra-
man bands of halofantrine at 1621 and 1590 cm~" are discovered by
means of UV resonance Raman spectroscopy with excitation wave-
length Neyc=244 nm. These signal enhancements can be exploited for
a localization of small concentrations of halofantrine in a biological
environment. The Raman spectrum of halofantrine is calculated by
means of DFT calculations [B3LYP/6-311+ G(d, p)]. The calculation
is very useful for a thorough mode assignment of the Raman bands of
halofantrine. The strong bands at 1621 and 1590 cm™' in the UV
Raman spectrum are assigned to combined C=C stretching vibra-
tions in the phenanthrene ring of halofantrine. These bands are con-
sidered as putative marker bands for 7 interactions with the biologi-
cal target molecules. The calculation of the electron density
demonstrates a strong distribution across the phenanthrene ring of
halofantrine, besides the electron withdrawing effect of the Cl and
CF3 substituents. This strong and even electron density distribution
supports the hypothesis of 7 stacking as a possible mode of action of
halofantrine. Complementary IR spectroscopy is performed for an in-
vestigation of vibrations of polar functional groups of the halofantrine

molecule. © 2010 Society  of  Photo-Optical  Instrumentation  Engineers.
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vivax.® Halofantrine was first synthesized by Colwell et al.” in
an army research program on malaria, within a large series of

Malaria is a major human parasitic disease and affects ap-
proximately 40% of the world population.'™ The mortality
and morbidity from the disease strongly increased in the re-
cent decades. The disease has tremendous effects on the eco-
nomic development primarily of sub-Saharan countries.'” The
control of malaria was declared as a global priority by the
World Health Organization® (WHO). The main reason for this
disaster is a rise of worldwide resistances against existing
drugs, most of all against chloroquine.'™ Chloroquine was the
mainstay therapy for decades and is one of the most important
drugs used against an infectious disease.”® To address these
problems with resistances, more effort is required in the de-
velopment of novel antimalarials.* In particular, a better un-
derstanding of the molecular mode of action of the active
agents is required for the design of structure-based drugs.
Halofantrine is a drug that is effective against chloroquine-

resistant strains of Plasmodium falciparum7 and Plasmodium
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phenanthrenes, quinolines, and related arylaminoethanols.
The drug is marketed by GlaxoSmithKline under the name
Halfan. Halofantrine was also successfully applied in a pedi-
atric study.'” The drug shows enhanced activity in combina-

tion with chloroquine” and is especially prescribed against a

high incidence of multidrug resistances.'”

However, the molecular mode of action of halofantrine is
not well understood. The drug interferes with the detoxifica-
tion process of hemoglobin digestion by-products in the 48-h
cycle of the red blood cell state of the malaria parasite
Plasmodium.”*™"® 1t was shown that protein mutations in P,
falciparum confer resistances to halofantrine.'” Recently a
crystal structure of a complex of halofantrine and ferriproto-
porphyrin IX (FPPIX) was derived and it was found that 7
stacking of the phenanthrene ring of the drug and the porphy-
rin of the target structure may play a major role in the bio-
logical activity.zo’21 Halofantrine inhibits the formation of the
malaria pigment hemozoin. Therefore, a selective binding to
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Fig. 1 Molecular structure of halofantrine. The atomic numbering
scheme and the partitioning of the phenanthrene ring in P1, P2, and
P3 is used in the context for the description of the mode assignment.

the small, active growing faces of the hemozoin crystallites
may be considered as a mode of action.”** Halofantrine
showed essential chemical features in a pharmacophore model
for FPPIX-targeting antimalarials.”*

New diagnostic techniques are required to elucidate the
molecular mode of action of halofantrine in vitro as well as in
Plasmodium. Therefore, the fast, easy, and reliable localiza-
tion of the drug in the biological environment is of high im-
portance. Halofantrine was determined in rat* and human'>*
plasma by means of high-performance liquid chromatography
(HPLC). However, a localization of halofantrine in life cells
with high spatial resolution would be desired to address the
specific binding sides of the drugs in Plasmodium. Novel pho-
tonic diagnostic techniques were recently developed and ex-
citing results were achieved in biomedical research.”’ =’ The
application of such biophotonic techniques has high potential
to elucidate the molecular mode of action of halofantrine and
to contribute in a structure-based design of new, effective
drugs against malaria.

2 Material and Methods
2.1 Chemicals

Halofantrine hydrochloride was a kind gift of GlaxoSmith-
Kline and was used without further purification. The system-
atic JIUPAC name of halofantrine is 3-dibutylamino-1-[1,3-
dichloro-6-(trifluoromethyl)  phenanthren-9-yl1]-propan-1-ol.
The molecular structure of halofantrine is shown in Fig. 1.
The atomic numbering scheme and the partitioning of the
phenanthrene ring in P1, P2 and P3 in Figure 1 is used in the
context for the description of the mode assignment.

2.2 Spectroscopy

The Fourier transform (FT) Raman spectrum of halofantrine
hydrochloride was recorded with a Bruker FT Raman spec-
trometer (RFS 100/S) at the macroscopic mode with a spectral
resolution of 2 cm™'. The instrument was equipped with a
Nd:YAG laser (Ao.=1064 nm, estimated laser power at the
samples P=50 mW) as the excitation source and a liquid-
nitrogen-cooled germanium detector.

The complementary FT IR spectrum of halofantrine hydro-
chloride was measured as KBr pellet using a Bruker IFS 66
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spectrometer equipped with a DTGS (doped triglycerinsul-
fate) detector and with 4-cm™! spectral resolution.

UV resonance Raman microspectroscopy was performed
with an UV Raman setup (HR800 LabRam, Horiba/Jobin-
Yvon, focal length of 800 mm and a 2400 lines/ mm grating)
equipped with an Olympus BX41 microscope, UV sensitive
video camera, and a liquid-N,-cooled CCD detector. For UV
microscopy, a UV achromatic fused silica/CaF, microspot ob-
jective [LMU-40X-UVB, numerical aperture (NA)=0.5]
with broad band UVB coating was chosen. Validation of the
wave number axis was performed via the Raman signals from
Teflon. The excitation wavelength 244 nm was derived from
an intracavity frequency-doubled argon-ion laser (Innova300-
MotoFreD, Coherent Inc.). The laser power at the sample was
estimated to be 1 mW. The spectral resolution was 5 cm™'.
Because the laser wavelength was chosen to excite the sample
in an electronic absorption band, it was necessary to carefully
avoid any sample destruction. Furthermore, the sample rota-

tion technique®”*® was applied.

2.3 Density Functional Theory Calculation

Density functional theory (DFT) calculations were performed
with Gaussian 03 (revision D.01)* with Becke’s three-
parameter exchange functional®’ (B3) as slightly modified by
Stephens et al.,*' coupled with the correlation functional of
Lee et al.** (B3LYP) and B3 in combination with the correla-
tion part of the functional from Perdew and Wang® and Per-
dew et al.** (B3PW91). Double (6-31+G(d,p)) and triple
(6-311+G(d,p)) split valence basis sets of contracted Gauss-
jan functions with polarized and diffuse functions™™*" were
applied. These hybrid exchange correlation functionals pro-
vide reliable estimates of experimental frequencies of organic
molecules with small root mean square deviations.*®™?

The DFT calculated harmonic vibrational frequencies are
typically too large compared with the experimentally ob-
served ones, due to neglect of anharmonicity, incomplete in-
corporation of electron correlation, and the use of finite basis
sets. Fortunately, this overestimation of the calculated har-
monic vibrational frequencies is relatively uniform and can be
circumvented by applying transferable scaling factors to the

harmonic flrequencies.‘m’54 For the B3LYP/6-311+G(d,p)
calculations, values of 0.98 for modes below 1800 cm™! and
0.96 above 1800 cm™!' were applied, in agreement with the
literature. %

The calculated Raman activities were transformed into
Raman intensities®’ and were further convoluted with Gauss-
Lorentz-weighted profiles to simulate Raman spectra with fi-
nite bandwidth.

3 Results and Discussion

Raman spectroscopy has unique capabilities as diagnostic tool
in biomedical research.”’~" The method is highly specific for
slight environmental changes that have importance in the bio-
logical activity of molecules—such as changes in pH,” water
environment,”® or molecular interactions.””’ The measure-
ment is fast and does not require further labeling or prepara-
tion steps. The combination of a Raman spectrometer with a
confocal microscope enables targeting of biological molecules
in subcellular compartments with a spatial resolution of ap-
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Fig. 2 (a) UV resonance Raman spectrum of halofantrine
(Nexce=244 nm) and (b) FT-Raman spectrum of halofantrine (A
=1064 nm). The wavenumber values of some prominent bands are
given in graph (b). The band at 1621 cm™" is very strong in the UV
Raman spectrum (a) due to the resonance enhancement. The intensi-
ties in both graphs are normalized to the strongest peak in the spectra,
respectively.

prox. 0.5 um.*** Living cells can be studied since water is a
weak Raman scatterer and the technique is nondestructive.
The sensitivity and selectivity of Raman spectroscopy can be

further improved if the excitation wavelength is tuned into the

. . 33.63-65
electronic absorption of the molecules.’**** Resonance

Raman spectroscopy is an extremely capable technique and
enables a selective enhancement of the Raman signals of
chromophores in complex biological environments.%

Furthermore, the application of UV laser excitation wave-
lengths causes very strong signal enhancements due to the
intrinsic enhancement of the scattering effect [/(w) ~ w*] and
the resonance enhancement of vibrations that are coupled to
the electronic transitions.”>*** Additionally, the Raman sig-
nals are spectrally shifted with respect to disturbing fluores-
cence and it is possible to derive Raman spectra with high
contrast ~within an  environment with  fluorescing
baclqg,round.s&66 UV resonance Raman microspectroscopy
was applied for a localization of small amounts of antima-
larial drugs in plant material. **®
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Fig. 3 Comparison of an experimental FT Raman spectrum (Ag
=1064 nm) of halofantrine (a) alongside a calculated [B3LYP/6-311
+ G(d, p)] Raman profile (b). The individual Raman modes of the con-
voluted profile (b) are shown in the stick spectrum (c). The wave
number values of some prominent bands are given in (a).

3.1 UV Resonance Raman Spectroscopy

The molecular structure of halofantrine (Fig. 1) shows a chro-
mophoric phenanthrene structure that is highly polarizable
and causes strong Raman signals [Fig. 2(b)]. These Raman
intensities can be enhanced by several magnitudes by exploi-
tation of the described UV resonance effect. Halofantrine
shows strong absorption bands in the deep UV at approx.
250 nm.”” Therefore, the laser excitation wavelengths A,
=244 nm was chosen for the investigation of halofantrine. A
strong enhancement of two Raman bands at 1621 and
1590 cm™! is seen in the UV resonance Raman spectrum [Fig.
2(a)] in comparison with the nonresonant FT Raman spectrum
(Nexe=1064 nm) [Fig. 2(b)]. These strongly enhanced Raman
signals of halofantrine can be used as marker bands to localize
halofantrine in a complex biological environment. The inten-
sities in the spectra in Fig. 2 are normalized to the strongest
Raman peaks, respectively, for better illustration.

3.2 DFT Calculation
3.2.1 Raman spectra

To interpret the individual Raman bands in more detail, a
thorough normal mode assignment is required. High-
performance computing facilities nowadays enable a reliable
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Fig. 4 Comparison of measured (e) and calculated Raman spectra
(a—d) of halofantrine with different model chemistries. The convolu-
tion of the profiles was performed with FWHM 6 instead of FWHM 10
in Fig. 3(b). (a) DFT calculation of the Raman spectrum of halofan-
trine [B3PW91/6-311+G(d, p)], (b) DFT calculation of the Raman
spectrum of halofantrine [B3PW91/6-31+ G(d, p)], (c) DFT calcula-
tion of the Raman spectrum of halofantrine [B3LYP/6-311+G(d, p)],
(d) DFT calculation of the Raman spectrum of halofantrine
[B3LYP/6-31+G(d, p)], (e) Measured FT Raman spectrum of halofan-
trine (Nexe=1064 nm).

calculation of vibrational spectra of medium-sized
biomolecules.™® The DFT calculation [B3LYP/6-311
+G(d,p)] of the Raman spectrum of halofantrine is shown in
Fig. 3. The individual Raman bands in the calculated stick
spectrum [Fig. 3(c)] were convoluted with line profiles [Fig.
3(b)] for comparison with measured Raman spectra with finite
bandwidth [Fig. 3(a)]. One can see that often several normal
modes contribute to an individual Raman band. However, the
strongest peak in the nonresonant Raman spectrum of halo-
fantrine [Fig. 3(b)] is dominated by one distinct mode at
1347 cm™! [Fig. 3(c)]. Several weaker normal modes contrib-
ute to the wings of the line profile of this band. Two molecular
vibrations at 1621 cm™! and weaker at 1629 cm™! [Fig. 3(c)]
contribute to the Raman peak at 1621 cm™! [Fig. 3(b)], which
is strongly enhanced in the UV resonance Raman spectrum of
halofantrine [Fig. 2(a)]. The overall agreement of the calcu-
lated Raman spectrum of halofantrine [Fig. 3(b)] and the mea-
surement [Fig. 3(a)] is very good, while the intensity of the
band at 1431 cm™! is underestimated in the calculation. DFT
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Fig. 5 Calculation of the electron density distribution of halofantrine
(iso-value 0.25 electrons/ag). An even electron distribution is seen in
the phenanthrene ring of halofantrine, despite the electron withdraw-
ing effect of substituents C(1)CI(31) and C(3)CI(32) as well as
C(27)F(28)F(29)F(30).

calculations with the hybrid functional B3PW91 were per-
formed to address whether any improvement can be achieved
(results are shown in Fig. 4). The calculation with B3PW91
shows an improvement of the intensity of the Raman band at
1431 cm™!; however, the intensity of the band at 1621 cm™!
is overestimated. The results of the DFT calculations with
double [6-31+G(d,p)] [Figs. 4(b) and 4(d)] and triple
[6-311+G(d,p)] [Figs. 4(a) and 4(c)] split valence basis sets
are very similar and no significant basis size effect was found.
The calculation with the model chemistry B3LYP/6-311
+G(d,p) was chosen for further consideration because of the
very good agreement in the wavenumber region
1500 to 1650 cm™!, where certain Raman modes gain strong
UV resonance enhancement.

3.2.2 Electron density distribution

The electron density distribution of halofantrine was calcu-
lated and yields fundamental insight regarding the possible
binding behavior of the halofantrine molecule. A 7 stacking

of the phenanthrene ring of halofantrine with the porphyrin

backbone of ferriprotoporphyrin IX (FPPIX) was found®*' in

a recent crystal structure of an in vitro complex of halofan-
trine with FPPIX. One should consider whether such binding
is possible, due to strongly electron withdrawing substituent’s
at the phenanthrene ring of halofantrine. The electron density
distribution of halofantrine (Fig. 5) highlights the electron
withdrawing effect of the substituent’s [C(1)CI1(31) and
C(3)CI1(32) as well as C(27)F(28)F(29)F(30)]. However, a
strong and evenly distributed electron density remains across
the phenanthrene ring. This result supports the hypothesis that
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mar stacking may play an important role in the biological
activity of halofantrine.

3.3 Mode Assignment and Atomic Displacements

The ultimate goal of the Raman spectroscopic investigation of
halofantrine is a localization of the drug at the binding side of
the biological target in life cells and an elucidation of changes
in the Raman spectrum, caused by molecular interactions. To
enable a discussion of such changes in the Raman bands of
halofantrine, caused by changes in the environment, a detailed
interpretation of the individual Raman bands is required. The
DFT calculations can be used for a thorough band assignment.
The calculations of the atomic displacements of the molecular
normal modes provide much deeper understanding of the as-
sociated Raman bands.

The Raman spectrum of halofantrine consists of two well
separated parts above 2800 cm™! and below 1800 cm™! (see
Fig. 6). The range with high wave number values consist of
two separated parts: a region with CH-stretching vibrations at
the phenanthrene ring (3120 to 3060 cm™') and an area with
CH,, CHj; stretching vibrations at the side chain
(3010 to 2840 cm™') of halofantrine. In addition, there is also
one OH stretching vibration present at 3710 cm™'. However,
the fingerprint region of halofantrine (below 1800 cm™!) is of
more importance in the further discussion. The graphical il-
lustration of the atomic displacements of two prominent
modes at 1621 and 1349 cm™! are shown in Figs. 7(a) and
7(b), respectively. The assignment of more Raman bands of
halofantrine is summarized in Table 1.

The strongest peak in the UV resonance Raman spectrum
(Nexe=244 nm) of halofantrine (Fig. 1) is found at wavenum-
ber position 1621 cm™! [Fig. 2(a)]. This band is assigned to a
very strong, combined C—C-stretching vibration at the
phenanthrene ring. The atomic displacement of the mode is
displayed in Fig. 7(a). The strongest contribution to this nor-
mal mode arises from vC(5)=C(6) in P2 (see Fig. 1 for
numbering scheme) as well as from vC(6)—C(15) at the
connection of the side chain of the molecule and 5,C(5)H. A
highly symmetric vibration is seen across the phenanthrene
ring, where vC(1)=C(14), vC(3)=C(4), »C(13)=C(12),
vC(5)=C(6), vC(11)=C(10), and vC(7)=C(8) stretch in
phase, with a parallel, out-of-phase movement of the pairs
{C(4), C(7)} and {C(12), C(9)} toward each other, respectively.
Further bending contributions take place &,C(14)H,
5,p,C(11)H and weaker 6;,C(9)H and &,C(8)H. The fluorine
atoms F(28), F(29), and F(30) and chlorine atoms CI(31) and
CI(32) are fixed in space. There are no contributions from the
side chain. The very strong enhancement of this mode in the
UV resonance Raman spectrum [Fig. 2(a)] is very promising,
since this combined C=C-stretching vibration is likely to be
influenced by 77 stacking of the phenanthrene ring to the
porphyrin ring of biological target structures.””*! The calcula-
tion of the electron density distribution of halofantrine sup-
ports the hypothesis of such interaction. The monitoring of
changes in this Raman band during the drug-target interaction
might yield novel insight into proposed biological activities of
halofantrine.

The strongest band in the nonresonant Raman spectrum is
seen at wavenumber position 1349 cm™' [Fig. 2(b)]. Two dif-
ferent snapshots of the atomic displacement of this mode are
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Fig. 6 Comparison of measured and calculated [B3LYP/6-311
+ G(d, p)] vibrational spectra of halofantrine. Two scaling factors were
applied: 0.98 for wave numbers smaller than 1800 cm™" and 0.96 for
those above. (a) DFT calculation of the IR stick spectrum of halofan-
trine, (b) DFT calculation and convolution of the IR spectrum of ha-
lofantrine, (c) measured FT IR spectrum of halofantrine, (d) measured
FT Raman spectrum of halofantrine, (e) DFT calculation and convo-
lution of the Raman spectrum of halofantrine, and (f) DFT calculation
of the Raman stick spectrum of halofantrine. The IR and Raman spec-
tra of halofantrine are complementary. Distinct normal modes show
either strong IR or Raman activity, respectively. The wavenumber val-
ues of some prominent IR/Raman bands are given in (c) and (d),
respectively.

illustrated in Fig. 7(b). The normal mode consists of a very
strong, combined CC-stretching vibration at the phenanthrene
ring, an in-phase breathing vibration at [C(4)C(13),
C(7)C(12)] of P1, P2, and P3; combined with a deformation
mode [see Fig. 7(b)]. The symmetric narrowing of the ring
system at C(4)C(13) and C(7)C(12) is nicely illustrated in the
two snapshots of the molecular vibration in Fig. 7(b). More
contributions to this mode arise from vC(10)C(27) and
vC(27)F; as well as very strong &,C(9)H, &,C(8)H,
8,C(11H, and &,C(14)H and medium 6,,C(2)H, &,,C(5)H,
and &,C(15)H vibrations. Small @CH, contributions are
present at the side chain.

3.4 IR Spectroscopy

The IR and Raman spectra of halofantrine yield complemen-
tary information. Highly symmetric C=C-stretching vibra-
tions in the phenanthrene ring [e.g., Figs. 7(a) and 7(b)] pos-
ses strong changes in polarizability and cause intense bands in
the Raman spectrum (Figs. 2 and 3). On the other hand, polar
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Table 1 Mode assignment and wave number values of prominent Raman bands of halofantrine [Figs. 2,
3, and 6].

p(cm™) Assignment

3120-3060 Localized ¥CH at phenanthrene ring
3010-2840 vCH,, ¥CHj at side chain

1621 Very strong C=C strefching vibration at the phenanthrene ring; strongest
contribution by vC(5)=C(6) in P2 as well as C(6)—C(15) at the connection
of the side chain and &,C(5)H; highly symmetric vibration across the
phenanthrene ring: VC(]) C(14), »C(3)—C(4), vC(13)—C(12),
vC(5)—C(6), »C(11)—C(10), and »C(7)—C(8) stretch in phase, with a
parallel, out-of-phase movement of the atom pairs {C(4), C(7)} and
{C(12)C(9)} toward each other, respechvely, further bending: 5,C(14)H,
8,C(11H and weaker 6,C(?)H and 6,C(8)H; F(28), F(29), F(30) Cl(31),
and Cl(32) are fixed in space; no contnbuhon from the side chain

1590 Strong C=C strefching vibration at the phenanthrene ring; dominated by
in-phase C(2)=C(3) and C(14)=C(13) stretching in P1, C(1)=C(14) and
C(3)=C(4) stretch outof-phase, C(31) and C(32) are very rigid and distort
the symmetry of the mode; strong ¥C=C in P2 and weaker in P3; further very
s’rrong 8,C(2)H and & C(]A)H and weaker §,C(11H, §,C(9H, §,C(8)H,
C(5)H and & C(]5)H no further contrlbuhon from ’rhe S|de chaln

1565 Highly symmetric, accordion-like C=C strefching vibration at the
phenanthrene ring; C(1)=C(2), C(13)=C(4), and C(7)=C(6) strefch in
phase; the vibration is more disturbed in P3 due to the rigid position of
C(27)F3; medium &,CH around the phenanthrene ring; no further contribution
from the side chain

1525 Strong C=C stretching vibration in P3 of the phenanthrene ring with very
strong 6,C(11)H, §,C(9H, and 5,C(8)H; also accordion-like C=C
stretching vibration in P1 and P2 the phenanthrene ring similar to the one at
1565 cm~! but with less intensity; no further contribution from the side chain

1431 Tentative assignment: strong C=C stretching vibration as well as §,CH
around the phenanthrene ring; §O(33)H, sC(15)H and ESC(]())HQ, no further

contribution from the side chain

1383 Strong C=C stretching vibration as well as §,CH around the phenanthrene
ring; 8O(33)H, 8C(15)H and 8sC(16)H,; no further contribution from the side
chain

1349 Very strong combined CC-stretching vibration at the phenanthrene ring;

in-phase narrowing/breathing vibration (C(4)C(13), C(7)C(12)) of P1, P2,
and P3 (combined with a deformation mode, see Fig. 7); vC(10)C(27);
vC(27)F3; very strong C(‘?)H C(S)H C(] HH, & C(M)H medium
8,C(2)H, 8,C(5)H, & C(]5)H smoll »CH, confrlbuhon from the side chain

1279 This normal mode is spread across the whole molecule; strong combined CC-
stretching/breathing vibration at the phenanthrene ring; very strong
8,C(1H; very srrong vC(10)C(17) and 8sC(27)F5 (while the F atoms are
rigid); medium 6,C(2)H, 8,C(14)H, 8,C(5)H, §,C(8)H, §,C(9)H; medium
»CH,, oCHjg ocross the 5|cre chain

902 This normal mode is delocalized across the whole molecule; strong asymmetric
bredthing vibrations at P1, P2, and P3 of the phenanthrene ring; medium
8,C2)H, 3,C(14)H, 6,C(5)H, 6,CB)H, 6,C(OH; 6,C(11)H; strong pCHy,
pCH3 across ’rhe side choln

757 Strong, highly symmetric breathing vibrations at P1, P2, and P3 of the
phenanthrene ring; strong »C(1)CI(31), »C(10)C(27), 65C(27)F3; 8,C(15)H;
pC(16)H,, pC(17)H,

The assignment was performed with help of DFT calculation [B3LYP/6-311+G(d, p)]. The atomic numbering scheme,
as shown in Fig. 1, is used for the assignment. The atomic displacements of the prominent mode at 1622 cm=!, which
is strongly enhanced with UV excitation A, =244 nm [Fig. 2(a)], is shown in Fig. 5. The atomic displacements of the
strongest mode in the non-resonant Raman spectrum [Fig. 2(b)] at 1349 cm™! is shown in Fig. 7.
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Fig. 7 (a) Calculated [B3LYP/6-311+G(d, p)] atomic displacements of the prominent normal mode of halofantrine at 1621 cm~'. This Raman
band is strongly enhanced with UV excitation \.,.=244 nm [see Fig. 2(a)]. The normal mode is localized at the phenanthrene ring with very strong
contributions from P1 (see Fig. 1) as described in the context. (b) Calculated [B3LYP/6-311+ G(d,p)] atomic displacements of the prominent
normal mode of halofantrine at 1349 cm™'. This Raman band is very strong in the FT-Raman spectrum \o,.=1064 nm [see Fig. 2(b)]. The normal
mode represents a highly symmetric stretching/narrowing vibration, localized at the phenanthrene ring, as described in the text.

functional groups in the halofantrine molecule cause weak
Raman signals, but very strong IR bands. All IR and Raman
bands of halofantrine are shown in Fig. 6. The wave number
values of some prominent IR and Raman bands are given in
the Figs. 6(c) and 6(d), respectively. The strongest IR bands of
halofantrine are seen at wave number values 2961, 1320,
1147, 1126, 1082, and 1049 cm™!. The atomic displacement
of the very strong IR mode at 2961 cm™ is exemplarily
shown in Fig. 8. This mode represents a combined, asymmet-
ric CH,/CHj3-stretching vibration in the butyl part of the side
chain of halofantrine.

2961 cm”

Fig. 8 Calculated [B3LYP/6-311+ G(d,p)] atomic displacements of
the prominent normal mode of halofantrine at 2961 cm™'. This mode
is very strong in the IR spectrum [Figs. 3(a)-3(c)] and represents a
combined CH,/CH;-stretching vibration (polar functional group) in
the side chain of halofantrine, as described in the text.
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4 Conclusion and Outlook

The vibrational spectra of halofantrine, an active agent against
multidrug-resistant strains of the malaria parasite Plasmo-
dium, were analyzed by means of nonresonant Raman, UV
resonance Raman, and IR spectroscopy as well as DFT calcu-
lations. The comparison of the nonresonant Raman spectra
and UV resonance Raman spectra (Fig. 2) showed that dis-
tinct Raman bands at 1621 and 1590 cm™! can be enhanced
with excitation wavelength A..=244 nm. UV resonance Ra-
man spectra are many orders of magnitude stronger than con-
ventional Raman spectra due to the w* dependency of the
scattering effect and the selective resonance enhancement.
The discovery of these signal enhancements is the basis for
continuing experiments that will address a localization of
small concentrations of halofantrine in a biological environ-
ment. Raman microspectroscopy has unique capabilities to
derive molecular information with submicrometer spatial res-
olution in life cells. It was possible to identify strong, com-
bined C—=C-stretching vibrations in the phenanthrene ring of
halofantrine by means of a thorough mode assignment of the
Raman spectra of halofantrine. These vibrations are consid-
ered as putative marker bands for 7 interactions with the
porphyrin ring of biological target structures. The calculation
of the electron density indicates a strong and even distribution
across the phenanthrene ring, despite the electron withdraw-
ing effect of the Cl and CFj5 substituents. The electron density
calculation supports the hypothesis that 777 interactions play
an important role in the molecular mode of action of halofan-
trine.

Further experiments are underway to monitor changes of
the putative Raman marker bands during the drug-target bind-
ing process. These results will shed more light on suggested
models for the biological activity of halofantrine.”**" A better
elucidation of the molecular mode of action of halofantrine
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will assist in structure-based design of new, effective antima-
larials.
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