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Abstract The Fourier transform infrared and Fourier trans-
form Raman spectra of xanthoxyline crystals are reported,
along with ab initio computations of the vibrational spec-
trum of the xanthoxyline molecule. The infrared and Raman
spectra were recorded at 300 K in the 400- to 4,000- and 40-
to 4,000-cm ' intervals, respectively. The vibrational wave
numbers and wave vectors were obtained from a density
functional computation with the 6-31 G(d,p) basis set and
the B3LYP approximation to the exchange correlation func-
tional. Comparison with the theoretical results allows assign-
ment of normal modes to the prominent features of the recorded
spectra.
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1 Introduction

The genus Croton of the plant family Euphorbiaceae is
widespread in northeastern Brazil. Its application in pop-
ular medicine to treat a variety of diseases—cancer, con-
stipation, diabetes, digestive problems, dysentery, external
wounds, fever, hypercholesterolemia, hypertension, inflam-
mation, intestinal worms, malaria, pain, ulcers, and weight
loss—has been reported by Carneiro et al. [1]. Phytochem-
ical investigations have shown that plants in this genus
produce alkaloids [2, 3], flavonoids [4-6], triterpenoids,
and steroids [7, 8], and a large number of diterpenoids
[9-13].

Croton nepetaefolius in particular, an aromatic plant na-
tive to the region, has been extensively used as a sedative,
Orexigen, and antispasmodic agent [14]. The chromato-
graphic analysis of the ethanolic extract of C. nepetaefolius
bark has led to the isolation and characterization of xan-
thoxyline (C;oH;,04), an acetophenone named 2-hydroxy-
4,6-dimethoxyacetophenone [15].

Xanthoxyline derivatives, the results of structural modifi-
cations, have been studied in search of new drugs. The xan-
thoxyline derivative 2-(4-bromobenzoyl)-3-methyl-4,6-
dimethoxy benzofuran showed potent antispasmodic activity
[16]. The benzoyl, acetyl, and tosyl groups were introduced
in the hydroxyl group of xanthoxyline, but yielded inactive
compounds. By contrast, the benzyl and p-methoxybenzyl
groups yielded compounds four- to eightfold more potent than
xanthoxyline [17]. While highlighting the derivatives, which
are perhaps more important than the molecule itself, these
studies call for additional research of xanthoxyline. Additional
motivation is provided by the remarkable biological and
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pharmacological properties of acetophenone, a bactericide
[18], a fungicide [19], and an antispasmodic [20].

Having found no pertinent vibrational spectroscopical
study in the literature, we here report an infrared analysis
and a Raman scattering study, in the 40- to 4,000-cm™ ' spec-
tral range, of a xanthoxyline crystal obtained from the stems of
C. nepetaefolius. We compare the results of a density func-
tional calculation with the measured spectra and assign normal
modes of vibration to the peaks in the spectra.

2 Experimental

The bark of C. nepetaefolius was collected in May 2004, in
Caucaia, Ceara State, Brazil. The plant material was identi-
fied by Edson Paula Nunes at the Ceard Federal University
Herbarium, Fortaleza, Brazil, where a voucher specimen
(No. 33582) was deposited.

The bark (5.0 kg) of C. nepetaefolius was powdered and
extracted with ethanol (10 Lx3, at room temperature). The
solvent was removed under reduced pressure to give an EtOH
extract. The EtOH extract (58.2 g) was coarsely fractionated
on a silica gel column by elution with n-hexane (F 1-15),
n-hexane/EtOAc 1:1 (F s 16-25), EtOAc (F 26-40), and EtOH
(F 41-48), affording a total of 48 fractions of 100 mL each.
The fractions n-hexane/EtOAc 1:1 (F 16-25; 10.8 g) were
pooled and fractionated on a silica gel column using n-hexane
(F' 1), n-hexane/EtOAc (9:1 F' 2-10; 7:3 F' 11-13; 1:1 F’ 14-15)
and EtOAc (F' 16), providing 16 fractions of 100 mL each. The
fractions (F’ 10-13) and (F’ 16) obtained with n-hexane/EtOAc
(7:3) and EtOAc yielded white crystals [mp 77-78.5 °C, MS
(70 eV, in percent) m/z 196 [M]", 181 (100), 166 (15), 151 (8),
138 (23), 95 (8)] whose 'H and '*C NMR spectra and other
properties coincided with the published values for 2-hydroxy-
4,6-dimethoxyacetophenone, listed in Table 1 [15, 21].

The melting point was recorded with a Mettler Toledo,
and the 'H and '>C NMR spectra were recorded on a Bruker

Table 1 Reference data
for 2-hydroxy-4,6- C O de
dimethoxyacetophenone

(from refs. [15, 21]) 1 106.22
2 163.12
3 6.04 93.72
4 167.78
5 5.91 90.91
6 166.30
7 203.32
8 2.60 33.04
OH 14.01
MeO 3.84 55.70
MeO 3.81 55.70

Avance DRX-500 (500 MHz for 'H and 125 MHz for *C);
chemical shifts were given in parts per million ("M¢ and ™),
relative to residual CHCl; (7.24 and 77.0 ppm). Mass spectra
were registered by a Shimadzu QP5050A mass spectrometer.
Silica gel 60 (230—400 mesh, Merck) was used for analytical
TLC. Silica gel 60 (70-230 mesh, Merck) was used for
column chromatography. The compound was visualized by
TLC using vanillin—perchloric acid—EtOH followed by
heating.

The Fourier transform (FT)-Raman spectrum was mea-
sured in a Bruker RFS100/S FTR system and D418-T detec-
tor, with the sample excited by the 1,064-nm line of an Nd:
YAG laser. The infrared spectrum was obtained with an
Equinox/55 (Bruker) Fourier transform infrared (FTIR)
spectrometer. FT-Raman and FTIR spectra were collected
from samples confined in screw cap standard chromato-
graphic glass vials, at the nominal resolution of 4 cm ',
accumulating 60 scans per spectra under 150 mW laser
power. To record the IR spectra, we ground the sample in
an agate mortar to minimize surface scattering and mixed it
with KBr until a uniform pellet resulted. Two Raman
spectra were obtained from a slightly compacted powder
of the sample in a specific sample holder.

3 Computational Method

Density functional theory (DFT) calculations were carried
out with the Gaussian 98 package [22]. The B3LYP func-
tional was used with the 6-31 G(d,p) basis set. The calcula-
tion determined the electronic structure of an isolated
molecule of xanthoxyline. The optimized structure yielded
the vibrational wave numbers, the output file containing the
optimized structure, the vibrational frequencies in the harmonic
approximation, and the atomic displacements for each mode.

Fig. 1 Molecular structure of xanthoxyline: C;oH;,04

@ Springer
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Fig. 2 Representation of the molecules in the crystal structure of
xanthoxyline at room temperature

For the optimized structure of the molecule, no imaginary
frequency was obtained, showing that the true minimum of
the potential energy surface had been found. In Section 4 we
compare the calculated vibrational wave numbers with the
experimental Raman and IR frequencies.

Several codes for ab initio molecular computation of ener-
gies, molecular structures, and vibrational frequencies are
available, such as the HyperChem, Spartan, Gamess and
Materials Studio, and Quantum Expresso, the last two capable
of carrying out DFT calculations of vibrational frequencies of
the crystal under study. Our investigation relied on the Gauss-
ian code, which does not calculate crystalline vibrational
frequencies. For this reason, our DFT calculations focused
on a single molecule in the unit cell of the crystal. Our
calculation is thus restricted to the optical modes of the crystal,
i.e., blind to the low-wave number lattice vibrations.

4 Results and Discussion

Figure 1 shows the molecular structure of xanthoxyline. The
labeling describes the parameters for the optimized structure and
molecular wave vectors. At room temperature, the xanthoxyline
crystal has triclinic structure with space group P1, with Z=4 and
lattice parameters a=8.0551 A, b=11.5505 A, c=11.7068 A,
a=70.590°, 3=77.218°, and v=75.733° [19]. Figure 2 shows
the distribution of the four molecules of xanthoxyline in the unit
cell at 300 K. The FT-Raman and FT-IR spectra appear in
Fig. 3a, b, respectively. The vertical arrow in Figs 3a, b corre-
sponds to the Raman band @ pr.raman=965 cm ' and the infra-
red band @prR=965 cm ', respectively, associated with the
atomic displacements in Fig. 4a.

The molecular structure of xanthoxyline in the DFT
calculations corresponds to a single molecule of the unit
cell described in [19]. This structure is compatible with the
NMR data in [15].

Fig. 3 The spectra of a
xanthoxyline crystal at room . T T T T - 17 "~ 17 " 17 T 17 1 ©° T °
temperature: a FT-Raman <
and b FT-IR. The vertical 2
arrows in a and b correspond ~
respectively to Raman band E
OFrRaman=965 cm | and the b
infrared band @p1r=965 cm™ ! E
associated with the atomic 4
displacements in Fig. 4a E J
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The xanthoxyline molecule has 26 atoms and hence 72
modes of vibration. Table 2 lists in details the assignments for
the molecular vibrations of the xanthoxyline crystal. The first,
second, and third column presents the calculated wave numbers
@ cae» the experimental FT-Raman wavenumbers @ grramams
and the experimental FT-IR wave numbers wgr.r, respectively.
The last column lists the assignments.

The following symbols label the assignments: r = rocking;
T= twisting; sc = scissoring; wag = wagging; J = deformation;
dip = in-plane deformation; o0, = out-of-plane deformation;
and v = stretching, v, = symmetric stretching, and v, =
asymmetric stretching. To more clearly describe the molecular
vibrations, we denote R the ring containing the benzene
functional group type.

The assignment for the crystal shows that most bands
in the FT-Raman and FT-IR spectroscopies correspond to
mixtures of vibrational modes. Such mixtures are com-
mon in molecules of C; site symmetry. The superposition
of modes precludes direct identification of the bands.
This difficulty notwithstanding, the DFT calculation
allowed us to describe the assignments of the vibrational
modes in detail.

In the 200- to 1,000-cm ™' range, the Raman bands have
the lowest intensities, while the strongest ones emerge in the
1,250- to 1,700-cm ! range. Vibrations related to the defor-
mation of the ring are observed in the wide spectral range
spanning from 50 to 1,691 cm™'. The out-of-plane deformations
(YoopR]) lie in the 50<® <309 and 585<@q.<956-cm ™'
regions, while the in-plane ring deformations (v;[R]) occur
frequently in the 349<®4<562, 969<® q<1,162, and
1,309< @ 1c<1,691-cm regions.

Torsional ring modes are most commonly found in the
50< @ ¢q1e<309-cm range of calculated wave numbers. In
this region we identified nine Raman bands. For example, the
out-of-plane deformation v,,,[R][7 (C2C3C4)], responsible
for strong Raman bands, is at 105 cm™" (@ ¢ue=106 cm ).

Scissoring vibrations appear at w.,.=137, 216, and
1,521 cm™'. Most vibrations of this type are nonetheless found
in the 299Sa)calc§606—cm7l range. Rocking vibrations gen-
erate bands in the 660<®.,.<1,244-cm range. In the
1,259<0cqc<1,497-cm™' range, wagging vibrations appear.

The 2,800- to 3,200-cm ' range of the Raman spectrum
contains stretching vibrations of the CH and CHj; functional
groups. Since no bands were observed above 3,050 cm ', and
since the stretching vibrations of water molecules resonate at
3,400 cm ', we conclude that the crystal contains no water.

Figure 4 shows atomic displacements corresponding to
selected normal modes from the isolated molecular structure
of xanthoxyline. Figure 4a shows the atomic displacements
associated to the deformations {;,[R][sc(C1C2C3)], r(C8H3),
v(C9013; C1002)}, which gives rise to the strong band at
965 cm ! (0ac=969 cm ™). Figure 4b depicts the atomic
displacements due to the mixture of the vibrational modes

Fig. 4 Selected representations of atomic vibrations corresponding to the

calculated wave numbers of molecule xanthoxyline: a @¢uc=969 cm '

and b ®q.=1,511 cm™'

{wag(C9H3;C10H3), sc(C8H3), 5(O1H)}, which corresponds
to the calculated wave number @ ,.=1,511 cm .

Finally, we comment on the low-frequency bands (@ ¢qc<
200 cm™ "), a region of the spectrum that, in our calculation, is
punctuated by vibrations of the R ring. We recall, however,
that the DFT computation misses the long wavelength vibra-
tions of the lattice and is hence only partially reliable in this
range. The first few assignments in Table 2 are therefore only
indicative of more complex modes combining the listed vibra-

tions with degenerate acoustic phonon modes (not shown).

5 Conclusions

We have measured the FT-Raman and FT-IR spectra of the
xanthoxyline at room temperature and computed the vibra-
tional modes and wave numbers of xanthoxyline molecule
with the Gaussian 98 implementation of DFT, the B3LYP
exchange correlation functional, and the 6-31 G(d,p) basis

@ Springer



184

Braz J Phys (2012) 42:180-185

Table 2 Calculed wave numbers, Raman, and IR bands positions in
units of per centimeter and assignments for vibrational modes of
xanthoxyline

Table 2 (continued)

@ calc WOFT-Ramam @OFTIR ASSignment

@Dcale OFT-Ramam @FT-IR A531gnment

50 59 YoopRI[(02C10; C7C8)]
84 74 YoopRI[T(O3C9Y; 02C10)]
105 106 Yoop[RI[T(C2C3C4)]
118 Yoop[R][T(C1C2C3)]
137 145 s¢(C302C10; C503C9)
203 191 Yoop[RI[T(C1C201)]
214 222 Yoop [ RI[T(C2C3C4)]
216 s¢(C302C10; C503C9; C6CTCY)
228 YoopRI[T(C2C3C4)]
254 267 YoopRI[T(C5C6CT)]
286 Yoop[RI[(C2C3C4)]
299 302 Yip[R][sc(C6CTC8; C302C10; C503C9)]

309 312 320 oop[RI[HC1C6CT)]
349 341 367 6,[R][sc(C6CTC8; C9O3CS)], G(O1H)
388 383 5,,[R][sc(C6CTC8; C9O3C5)], S(O1H)
433 429 420 §,[R][sc(C6CTCS; COO13CS)], S(O1H)
466 469 467 5,[R][sc(C503C9; C1002C3)]

543 535 531 6;,[R][sc(C1C2C3)]

562 558 556 6;,[R][sc(C1C5C6)]

585 586 595 Yoop[RI[T(CE6CTC8)], Goop(O4)

606 ~ip[R][sc(C1002C3)], 6(C704)

632 631 630 7oop[RIHCIC5C6)], 6(C2H; C4H)

660 660 657 Yoop RITH(C2C3C4)], Gop[RI[S(C2H;
C4H)], r(C8Hs; C9Hs)

7ip[R][r(C10H3; C9H3)]

Yip[R][Vs(C1C5C6); s¢(C2C3C4)],
r(C8Hs; C9H;)

YoopRI[T(C1C5C6); (C2C3C4A)],
Joop(C2H; C4H; O1H)

801 Yoop [ RI[T(C3CACS)], doop[RI[H(C4H)]
820 845 836 Yoop[RI[Wag(C1C2C3)], Soop[RI[G(C2H)]
956 940 940 Yoop[RI[H(O1H)]

969 965 963~ [R][sc(C1C2C3)], H(C8H;), v(C9013;

703 691 703
719 714 713

726 719

C1002)

978 Yip[R][V(C1C6)], r(C8H3), §(C2H; O1H)

1,031 Yip[R][sc(C3C4C5)], 1(C8H;), 6(C2H),
vy(C903; C1002), v(C101)

1,050 1,045 1,045 7(C8Hs)

1,068 1,083 1,081 ~;,[R][v{(C2C3C4); v(C7C6)], r(C8H3),
§(C4H; C2H), v(02C10)

1,107 1,108 1,111 7;[R][vs(C2C3C4)], r(C8H;; COH3),
5(C4H; C2H)

1,162 1,157 1,157 ~;,[R][V(C5C6)], v(O3C9), r(C8H;;
C10H5)

1,176 r(C9H5; C10H5)

1,177 r(C9H5;C10H5)

1,196 1,196 1(C9Hs5; C10H3), 6(C2H; C4H; O1H)

1,216 1,219 1,205 r(C9H5; C10H;), 6(C2H; C4H; O1H)

1,244 1,223 1(C9H5; C10H3), §(C2H; C4H), v(C101)

@ Springer

1,259 1,267 1,272 7;,[R][V(C1C2)], wag(C9H3), r(C10H;),
5(C4H;01H)

1,309 1,323 1,324 ~;,[R][V(C1C2; C3C4; C5C6)],
wag(C8Hj; C9H;; C10H;)

1,352 1,365 1,367 7;[R][vas(C1C2C6); v(C101)],
wag(C8Hjs; C9H3; C10Hs;),
5(C4H; O1H)

1,371 1,393 1,389 7;,[R][V(C5C6); v4s(C2C3C4)],
wag(C8Hjs; C9Hj3; C10H;), 6(O1H)

1,410 1,411 Yip[R][V(C5C6)], wag(C8Hj;; C10H3)

1,455 1441 1,441 ~;,[R][V(C2C3; C4C5)], wag(COHs;
C10H3;), sc(C8H3), §(C2H; O1H)

1,464 1461 1,469 ~;[R][V(C2C3; C4C5)], wag(C10Hs3),
sc(C8Hj;; C9H3), 6(C4H; O1H)

1,473 7:p[R](V(C4C5; C101)),
wag(C9H3; C10H3), sc(C8H3)

1,487 (C8Hs;)

1,497 1,493 ~;,[R][v(C1C201)], wag(COH;; C10H3),
sc(C8H;), 6(C2H; O1H)

1,504 (C9H5; C10H;)

1,505 1,506 1,507 7(C9Hs; C10H3)

1,511 wag(C9H;; C10H3), sc(C8H3), §(O1H)

1,518 Yip[R][V(C503; C302)], sc(C8H;; C9Hs;
C10H3;), §(O1H)

1,521 sc(C9H;; C10H5), 5(O1H; C2H)

1,551 1,592 1,597 ~;[R][V(C5C6; C3C4)], §(C4H; O1H),
sc(C8Hj3; C9H3; C10H;)

1,635 1,616 1,619 7;[R][vas(C1C5C6); (C2C3)],
§(C2H; O1H)

1,664 Yip[RI[6(C4H; C2H)], wag(COH3; CH3),
v(C7014)

1,691 Yip[RI[UCTO4)], 0i,(C4H)

3,012 3,009 3,005 v(CI1H)

3,028 V(C11H)

3,029 v(C9H;; C10H3)

3,067 v(C8H3)

3,006 3,000 3,089 v, (C9Hs; C10H;)

3,097 Vas(C9H5; C10H3)

3,139 3,116 v,(C8H;)

3,154 Vos(C9H3)

3,168 Vos(C8H3)

3,297 v(C2H)

3,255 v(C4H)

set. The computation reproduced the spectral features very
well. On the basis of this agreement, we have assigned the
observed resonant wave numbers to ionic displacements
motions in the molecules. Given that stretching vibrations of
water molecule are expected at ~3,400 cm ', the structureless
profile in this region indicates that the crystal is devoid of
water molecules. Although offering no clues concerning the
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pharmacological properties of xanthoxyline, our study of its
vibrational spectrum yields the quantitative information that
future researchers may need to explain the behavior of the
material under different thermodynamical conditions.
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