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� The vibrational and electronic
properties of dehydrofukinone were
studied.
� Dehydrofukinone was investigated by

using FTIR, FTRaman, NMR and UV
spectroscopies.
� A complete vibrational analysis for

dehydrofukinone was performed.
� The theoretical UV–visible spectrum

has a good concordance with the
experimental one.
� The calculated 1H and 13C chemicals

shifts are in good agreement with the
experimental ones.
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a b s t r a c t

The vibrational and electronic properties of 4b,5b-eremophil-7(11)9-dien-8-one, also known as dehy-
drofukinone (DHF), have been investigated by using experimental FT-IR, FT-Raman, NMR and UV spectra
techniques and density functional theory (DFT) employing B3LYP exchange correlation with the 6-31G�

and 6-311++G�� basis sets. The calculated vibrational frequencies and the chemical shifts were success-
fully compared with the corresponding experimental values. The DFT calculations were combined with
the Pulay’s scaled quantum mechanical force field (SQMFF) methodology in order to perform a complete
assignment of the observed bands in the vibrational spectra. The comparison of the theoretical ultravio-
let–visible spectrum with the corresponding experimental demonstrates a good concordance. The natural
bond orbital (NBO) study reveals for the isopropyliden and the two rings of DHF the characteristics of the
electronic delocalization, while the corresponding topological properties of electronic charge density
were analyzed by employing Bader’s Atoms in the Molecules theory (AIM).

� 2013 Elsevier B.V. All rights reserved.
1. Introduction them present important biological activities [1–10]. The genus
Compounds containing rings in their structures are very inter-
esting for research from different point of view because many of
Senecio, is a largest and most complex genus in the family of the
Asteraceae (Compositae) that have been extensively investigated
for their secondary metabolites. Pyrrolizidine alkaloids, eremophi-
lanolides and cacalolides are particularly characteristic for species
of this genus [11]. Recently, the structure and the vibrational spec-
tra of the antifungal 4-hydroxy-3-(3-methyl-2-butenyl) acetophe-
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none, isolated from Senecio nutans Sch. Bip. (Asteraceae), were
studied [12] combining the infrared, Raman and NMR spectra with
DFT calculations. The molecular structure of two mixed and closely
related conformers of that acetophenone derivate were found in
the solid with unequal occupancies by using X-ray diffraction
methods and, then, a complete assignment of the vibrational spec-
tra was performed by using a generalized valence force field (GVFF)
[13,14]. Some compounds isolated from the genus Senecio and
even crude extracts are known to possess antimicrobial activity,
including antibacterial, antifungal, and antitubercular activities.
In this work, we have studied the structural and vibrational prop-
erties of an eremophilane derived sesquiterpene ketone, the dehy-
drofukinone (DHF) that probably possesses interesting
pharmacologic properties owing to the well known cytotoxic, anti-
fungal and insect feeding deterrent activities of eremophilane ses-
quiterpenoids [15–19]. So far, molecular structure of DHF was not
determined and there is no theoretical study concerning either
geometry or vibrational spectra. DHF was described for the first
time by Naya and coworkers [20] in Arcticum lappa, later as a con-
stituent from Cacalia hastata [21], Senecio humillimus [22] and Sene-
cio aureus [23]. First, dehydrofukinone was isolated from aerial
parts of Senecio viridis var. viridis and then characterized by FTIR,
FTRaman, NMR and UV–visible spectroscopies in the liquid state.
Later, a theoretical study of DHF was performed in order to evalu-
ate the theory best level and basis set to reproduce the experimen-
tal vibrational spectra and carry out its complete assignment. The
normal mode calculations were accomplished by using a general-
ized valence force field (GVFF) together with the SQM methodol-
ogy [14]. To complete the characterization of this interesting
substance its solution phase ultraviolet–visible and NMR spectra
are reported and discussed. The comparison of the theoretical
ultraviolet–visible spectrum with the corresponding experimental
one demonstrates a good concordance while the NMR spectra ob-
served were successfully compared with the corresponding calcu-
lated chemical shifts at the two studied levels of theory. On the
other hand, the characteristics of the electronic delocalization for
isopropyliden group and the two rings of DHF and the topological
properties of the electronic charge density for those rings were
evaluated by means of NBO [24] and Atoms in Molecules (AIM)
[25,26] studies.
Fig. 1. Theoretical structure and atoms numbering of dehydrofukinone.
2. Experimental methods

The DHF compound (oil) was isolated from aerial parts of S. vir-
idis var. viridis. Leaves and flowers were extracted with methanol at
room temperature for 3 days. After solvent evaporation, the resi-
due was chromatographed on silica gel Merck 230–400 mesh using
hexane–ethyl acetate mixtures of increasing polarity (97:3, 95:5,
93:7, 90:10, 87:13: 85:15 and 80:20). Fractions showing a single
spot on TLC were reunited and the solvent evaporated to yield
DHF as yellow oil. UV, EI–MS, 1H and 13C NMR spectra: were iden-
tical to the reported [14–17]. Purity: >99.98% by capillary gas chro-
matography using both flame ionization detector (FID) and
selective mass detector.

The FT-IR spectrum in the region of 4000–400 cm�1 was re-
corded on a Fourier Transform Infrared (FT-IR) Perkin Elmer Spec-
trum RX spectrometer equipped with a DTGS (Deuterated
TriGlycerine Sulfate) detector. The spectral resolution was
2 cm�1, and 16 scans were performed. The spectrum was measured
by putting one drop of the sample between KBr windows The Ra-
man spectrum was recorded with a Renishaw Raman Microscope
System RM2000 equipped with a diode laser providing a 634 nm
line, a Leica microscope, an electrically cooled CCD (Charge Cou-
pled Device) detector and a notch filter to eliminate elastic scatter-
ing. The spectrum was obtained by using a 50� objective. The laser
power output was 2.0 mW, and the spectral resolution was 2 cm�1.

Nuclear magnetic resonance (NMR) spectra were recorded on a
Bruker 300 AVANCE spectrometer at 300 MHz for 1H and 75 MHz
for 13C in CDCl3 solutions containing 0.03 vol.% TMS as internal
standard. GC–MS spectrum was recorded on a 5973 Hewlett–Pack-
ard selective mass detector coupled to a Hewlett Packard 6890 gas
chromatograph equipped with a Perkin–Elmer Elite-5MS capillary
column (5% phenyl methyl siloxane, length = 30 m, inner diame-
ter = 0.25 mm, film thickness = 0.25 lm); ionization energy,
70 eV; carrier gas: helium at 1.0 mL/min. UV spectra were collected
on a UV–visible 160 A Shimadzu spectrophotometer.
3. Computational details

The geometries of DHF were studied at the B3LYP/6-31G� and 6-
311++G�� theory levels. A stable conformation with C1 symmetry
was obtained for the compound using both calculations. The DHF’s
structure and the atoms labelling can be seen in Fig. 1. Natural pop-
ulation atomic (NPA) charges and bond orders for the DHF struc-
ture were also calculated at the same theory levels from the NBO
calculation by using the NBO 3.1 program [26], as implemented
in the Gaussian 03 package [27]. The topological analysis for the
compound was performed by using the AIM2000 program package
[25] while the MOLVIB program [28] was used to transform the
resulting force fields to ‘‘natural’’ internal coordinates. The natural
internal coordinates for DHF have been defined according to those
reported in the literature [1–10,12,13], and are listed in Table S1
(Supporting material). The harmonic force field for the compound
was evaluated at the B3LYP/6-31G� level using the procedure
SQMFF [29]. Then, the complete assignment was performed with
the resulting SQM only considering the potential energy distribu-
tion components (PED) P 10%. The nature of all the vibration nor-
mal modes was determinate by means of the GaussView program
[30]. Ultraviolet–visible spectrum was predicted by using TD-DFT
calculations at the B3LYP/6-31G� theory level. The calculated
chemical shifts of the 1H NMR and 13C NMR for DHF were obtained
by means the GIAO method [31] using the B3LYP/6-311++G�� level
of theory. The calculations have been performed using the geome-
tries optimized for this level of theory and using TMS as reference.
4. Results and discussion

4.1. Geometry optimization

The potential energy and the dipole moment value are two
important properties to describe the stability and the distributions
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of charges on the atoms of a molecule. Here, both descriptors were
calculated by using the B3LYP/6-31G� and B3LYP/6-311++G�� cal-
culations. Table S2 (Supporting material) shows the comparison
of the total energies and the corresponding dipole moment values
for the stable structure of DHF. It is important to note that the mol-
ecule of DHF has a certain polarity due to the presence of the car-
boxyl group. Thus, the highest dipole moment value and the more
stable structure are obtained with the B3LYP/6-311++G�� method,
as expected because this level of calculation produce the better re-
sults due to its complete basis set. Table 1 shows a comparison of
the calculated geometrical parameters for DHF by using the two
methods of calculations, with the experimental values determined
for the 6b,8b-dihydroxyeremophil-7(11)-en-8a, 12-olide by means
of X-ray diffraction [32]. This eremophilane sesquiternoid has, as
DHF, two six-membered rings that adopt chair conformations.
The comparison by means of the root-mean-square deviation
(RMSD) values shows that using both methods the bond lengths
in DHF have a same correlation (0.070 Å) while the better values
for the bond angles are observed using the 6-311++G�� basis set
(0.285�). The higher differences at these levels of calculation be-
tween both compounds are observed in the dihedral angles be-
Table 1
Calculated geometrical parameters for the dehydrofukinone.

Parameter a6-31G� a6-311++G�� bExp.

Bond length (Å)
C1AC2 1.574 1.573 1.551(2)
C1AC31 1.537 1.536 1.531(3)
C1AC6 1.540 1.538 1.528(3)
C2AC3 1.530 1.528 1.558(2)
C2AC14 1.555 1.553 1.556(2)
C2AC35 1.549 1.549 1.538(2)
C3AC4 1.511 1.508 1.531(2)
C4AC5 1.536 1.535 1.517(3)
C5AC6 1.530 1.529 1.521(3)
C14AC16 1.516 1.514 1.323(2)
C15AC17 1.478 1.476 1.514(2)
C16AC17 1.495 1.494 1.497(2)
C16AC19 1.356 1.353 1.323(2)
C17AO28 1.231 1.227 1.394(2)
C3AC15 1.348 1.345 –

RMSD 0.070 0.070

Bond angle (degrees)
C1AC2AC35 111.91 111.88 111.07(15)
C2AC1AC31 114.10 114.07 114.13(15)
C1AC2AC14 108.44 108.45 110.06(14)
C1AC6AC5 111.91 111.93 113.11(16)
C6AC1AC31 110.05 110.17 109.68(16)
C16AC19AC24 123.82 123.64 –
C19AC16AC14 125.31 125.35 –
C16AC19AC20 124.06 124.18 –
C17AC16AC19 122.37 122.56 110.12(14)
O28AC17AC16 124.49 124.41 110.25(13)
C15AC3AC4 120.52 120.48 109.57(14)
C3AC2AC14 108.89 109.07 109.34(14)

RMSD 0.318 0.285

Dihedral angles (degrees)
O28AC17AC16AC19 24.20 27.72 –
C17AC15AC3AC2 �6.55 �6.33 �53.80(18)
C15AC3AC2AC35 100.41 102.01 169.56(15)
C15AC3AC2AC1 �137.21 �135.75 �68.34(17)
C35AC2AC1AC31 �54.29 �55.27 �58.1(2)
C14AC2AC1AC31 66.73 65.76 60.42(19)
C31AC1AC6AC5 �175.03 �174.92 �179.04(17)
C2AC14AC16AC19 126.87 125.37 �114.4(2)
C14AC16AC19AC24 0.20 0.58 �3.9(3)

RMSD 16.768 16.858

a This work.
b From Ref [26].
cause the compared sesquiternoid has in its structure another
five-member ring almost planar (0.016 Å). In DHF, the geometries
obtained with both basis sets shows that the isopropyliden group
and both rings are nearly coplanar, as they would be expected.
These differences could probably justify that both sesquiternoids
compounds exhibit different properties.

4.2. NBO study

NBO calculations [24] were used to study the stability of DHF by
using the atomic charges, bond orders and the second order pertur-
bation energies. The natural atomic charges (NPA) for DHF by using
6-31G� and 6-311++G�� basis sets are given in Table S3. The results
show that, with both basis sets, the stability of DHF is associated
respectively to the positive and negative high atomic charges val-
ues on the C17, C20, C24, O28, C31 and C35 atoms, in reference
to the other ones. In relation to the bond orders, they are expressed
by means of the Wiberg’s indexes and are given in Table S4. Note
that the bond orders values are slightly higher with the basis set
of greater size, and for this reason, they are strongly dependent
of the size of the basis set. Then, the values for the C2, C3, C16
and C19 atoms by using both basis sets are higher than the other
ones. The double bond characters give explanation for the values
observed in the bond orders of the C3, C16 and C19 atoms while
the sp3 hybridizing justify the corresponding bond order for the
C2 atom. Probably, the same positions due to the chair conforma-
tion explain that the C16 atom has a similar bond order than the
C19 atom.

On the other hand, the second-order perturbation energies E(2)

(donor ? acceptor) that involve the most important delocalization
are presented in Table S5. The contributions of the stabilization
energies to the DETr?r

� charge transfers, due mainly to the pres-
ent doubles bonds, are higher than the delocalization DETLP?r

�

due to the free electron pairs of the oxygen atom. In addition, there
are two other important delocalizations DETr

�
?r
� attributed to

C@O double bond by using both basis sets. Thus, the total energy
values clearly show two thinks, first, a highest stability of DHF
by using the 6-31G� basis set and, second, that the stability is given
by the ketonic function.

4.3. AIM analysis

The topological properties, such as the calculated charge elec-
tron density, (q) and the Laplacian values, r2q(r) in the bond crit-
ical points (BCPs) and the ring critical points (RCPs) are shown in
Table S6 and Fig. S1. Thus, for these critical points the values of
q(r) are between 0.05 and 0.3 a.u., the relationship, |k1|/k3 are <1
and the Laplacian of the electron density, r2q(r) are positive and
have values between 0.04 and 0.2 a.u., indicating that the interac-
tion is dominated by the contraction of charge away from the
interatomic surface toward each nucleus [4–10,12]. This analysis
for both basis set, shows clearly the two expected RCPs, two BCPs,
such as the HAH and OAH hydrogen bonds, which give rise to
three new RCPs, as observed in Fig. S1. The results revels the high
stability of this compound due to the hydrogen bonds and to the
high values corresponding to RCP2 in relation to the other ones
(See Fig. S1).

4.4. NMR analysis

Fig. S2 shows the 1H NMR spectrum for DHF in CDCl3, while
Fig. S3 shows the corresponding 13C NMR spectrum. Experimental
and calculated chemical shifts for the 1H and 13C nuclei are com-
pared in Tables S7 and S8 respectively. In general, the calculated
shifts for the 13C nuclei are higher than the corresponding experi-
mental values. The calculated chemical shifts for the H nuclei show



Fig. 3. Experimental Raman spectrum of dehydrofukinone.
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a significant variation using 6-311++G�� basis set (1.98 ppm) in
relation to those calculated using 6-31G� basis set (0.41 ppm)
and to the experimental values, while the chemical shifts for the
carbon nuclei show higher RMSD values (9.461 and 5.390 ppm.
respectively by using 6-31G� and 6-311++G�� basis sets). The calcu-
lated 13C chemical shifts show a good concordance for DHF by
using the 6-311++G�� basis set, as expected in accordance with
other compounds [13,33–35]. Probably, the theoretical calcula-
tions do not correctly predict the hydrogen chemical shifts of the
H nucleus belonging to the CH3 groups, as observed in Table S7,
due to the those groups are involved in intermolecular H-bonds,
as observed by the AIM calculations (see Fig. S1). The NMR spec-
trum of fukinone [36] exhibits two singlets at 1.78 and 1.90 ppm
for two methyls on a double bond, in this case, they are observed
at 1.846 and 2.254 ppm. Table S8 shows that the calculated 13C
chemical shifts with the GIAO method using the 6-311++G�� basis
set are in accordance with the experimental values.

4.5. Vibrational analysis

The recorded infrared and Raman spectra for the compound can
be seen in Figs. 2 and 3, respectively while the corresponding the-
oretical ones are observed in Fig. S4. The differences observed be-
tween both spectra are attributed to that in liquid phase the H
bonds forces are important while the theoretical calculations are
carry out in gas phase. The DHF structure have C1 symmetry and
108 normal vibration modes, all active in the infrared and Raman
spectra. The experimental and calculated wavenumbers for the ex-
pected normal vibration modes, the SQMFF based on the 6-31G�

basis set, and the corresponding assignments are shown in Table 2.
The assignment of the experimental bands to the normal modes of
vibration was made taking into account the potential energy distri-
bution (PED) and by using the B3LYP/6-31G� level. This method
was employed because the used scale factors are only defined for
this basis set [29]. The root mean square deviations (RMSD) ob-
tained by comparing the experimental and calculated frequencies
is 68.4 cm�1 for the 6-31G� basis set which was decreased until
15.1 cm�1 using the reported scale factors [29]. Notice that the
groups of weak IR bands between 3500 and 3114 cm�1 indicate
probably the existence of inter-molecular OAH� � �O bonds, in
accordance with reported molecules [3–5,13,32–35,37,38] and
with the results obtained by AIM analysis. Below, we discuss the
assignment of the most important groups.

4.5.1. Bands assignments
4.5.1.1. CH modes. The DHF structure has two types of CH bonds, as
observed in Fig. 1. On the one hand, the C15 atom has a sp2 struc-
Fig. 2. Experimental infrared spectrum of dehydrofukinone.
ture and for this reason, presents only a band in the IR spectrum at
3024 cm�1 which is associated with the C15AH18 stretching. On
the other hand, the strong IR band at 2862 cm�1 can be easily as-
signed to the C1AH7 stretching modes because the C1 atom has
a sp3 structure, as observed in Table 2 and Fig. 1. The correspond-
ing deformation modes were assigned to the IR band at 1344 cm�1

and to the Raman bands at 1331 and 1303 cm�1. The remaining
CAH modes were assigned as observed in Table 2.

4.5.1.2. CH3 modes. The antisymmetric and symmetric stretching
modes of methyl groups are calculated by SQM calculations as to-
tally pure modes between 3056 and 2907 cm�1, for this reason,
those modes are assigned as observed in Table 2. The antisymmet-
ric and symmetric CH3 bending modes are predicted by calcula-
tions between 1474 and 1371 cm�1 according to the values
reported for similar compounds [3,12,13,34]; hence, they were as-
signed in this region. Also, the rocking and twisting modes are
clearly predicted in the expected regions for this group
[3,12,13,34] and thus, they were assigned in those regions, as ob-
served in Table 2.

4.5.1.3. CH2 modes. The bands in the 2961–2862 cm�1 region can
be easily assigned to CH2 stretching modes, as observed in Table 2.
The bending modes were assigned to the bands at 1461 and
1440 cm�1 while the wagging modes were associated with ob-
served bands between 825 and 640 cm�1. The expected rocking
modes were assigned to the IR bands at 1247–1165 and to the Ra-
man bands at 1263–1164 cm�1, as indicated in Table 2. Finally, the
twisting modes were in the 1380–1344 cm�1 region
[2,3,5,7,12,13].

4.5.1.4. CO modes. The very strong band observed in the IR spec-
trum of the compound at 1662 cm�1 is easily assigned to the
C@O stretching mode according to the values reported for similar
compounds [1,3–6,12,13] and by the calculations. The weak IR
band at 581 cm�1 is assigned to the C@O in plane deformation
modes while the corresponding out-of-plane deformation mode
is associated with the weak IR band at 741 cm�1.

4.5.1.5. Skeletal modes. The description of the skeletal stretching
modes can be seen in Table 2. The strong IR band at 1625 cm�1

and observed with very strong intensity in the Raman spectrum
at 1635 cm�1, in accordance with the predicted intensity, is as-
signed to the C@C stretching modes corresponding to the isopro-
pyliden side chain and to the C@C corresponding to a ring. In the
IR spectrum of fukinone [36] these modes are assigned to the
bands at 1685 and 1625 cm�1. According to the values previously



Table 2
Observed and calculated wavenumbers (cm�1) and assignment for dehydrofukinone.

Mode IRa solid Ramana Calculatedb SQMc IR int.d Raman act.e Assignmenta

1 3023 m 3188 3056 2.8 25.6 masCH3 (C20)
2 3180 3048 14.3 121.8 mas(C15AH18)
3 3165 3034 32.1 39.8 masCH3 (C24)
4 3138 3008 29.0 53.6 masCH2 (C14)
5 3131 3001 26.1 39.8 masCH3 (C35)
6 3128 2999 13.4 56.6 masCH3 (C35)
7 3121 2992 25.7 15.7 masCH3 (C31)
8 3111 2983 42.8 78.2 masCH3 (C31)
9 2961 s 3089 2961 31.5 65.4 masCH2 (C4)
10 2956 w 3083 2955 34.0 139.0 masCH2 (C5)
11 3082 2955 51.5 165.4 masCH3 (C20)
12 2929 s 2951 w 3076 2948 11.9 82.3 masCH3 (C24)
13 3068 2941 58.7 145.4 masCH2 (C6)
14 3060 2934 23.8 153.3 msCH3 (C35)
15 3052 2925 18.3 51.0 msCH3 (C31)
16 3040 2915 58.1 410.4 msCH3 (20)
17 3037 2911 30.2 58.5 msCH2 (C5)
18 2909 w 3033 2907 6.5 51.4 msCH3 (C24)
19 3028 2903 28.4 43.4 msCH2 (C6)
20 2874 sH 2873 w 3014 2889 35.7 87.4 msCH2 (C14)
21 2874 sh 2873 w 3012 2887 10.1 112.9 msCH2 (C4)
22 2862 s 3009 2877 5.9 26.7 m(C1AH7)
23 1662 vs 1673 m 1740 1678 218.1 46.8 m(C17AO28)
24 1625 s 1635 vs 1690 1629 42.5 222.6 m(C15AC3)
25 1679 1616 102.9 74.2 m(C16AC19)
26 1472 sh 1541 1474 0.3 5.4 dasCH3 (C31)
27 1536 1470 10.2 12.9 dasCH3 (C31)
28 1465 sh 1534 1467 5.6 5.7 dCH2 (C6)
29 1461 s 1529 1463 0.14 8.0 dasCH3 (35)
30 1527 1460 2.1 31.7 daCH2 (C5)
31 1455 m 1523 1458 11.2 29.4 dasCH3 (C24)
32 1518 1453 2.4 8.9 dasCH3 (C24)
33 1516 1450 0.7 10.4 dasCH3 (C35)
34 1440 s 1511 1446 19.8 68.6 dasCH3 (C20)
35 1505 1439 2.1 7.4 dCH2 (C14)
36 1503 1437 8.5 24.7 dCH2 (C4)
37 1499 1434 5.5 17.4 dasCH3 (20)
38 1380 sh 1384 w 1447 1384 2.8 33.4 dsCH3 (C24)
39 1443 1383 2.3 1.3 swCH2 (C6)
40 1437 1379 11.7 24.9 dsCH3 (C20)
41 1431 1375 6.5 6.4 dsCH3 (C31)
42 1411 1371 0.4 4.4 dsCH3 (C35)
43 1370 s 1396 1370 4.3 4.3 swCH2 (C5)
44 1351 w 1390 1354 2.8 4.7 swCH2 (C4)
45 1344 m 1385 1349 5.4 12.1 q0CH(C1)
46 1371 1340 1.5 17.2 swCH2 (C14)
47 1331 m 1364 1334 8.7 2.1 bCH (C15)
48 1303 m 1349 1315 0.6 8.9 qCH (C1)
49 1295 s 1327 1290 55.7 18.2 m(C16AC17)
50 1263 m 1297 1259 0.3 15.6 qCH2 (C6)
51 1247 m 1288 1250 33.2 9.2 qCH2 (C14)
52 1225 s 1231 m 1253 1221 53.5 14.2 qCH2 (C5)
53 1202 w 1250 1218 17.0 4.9 masCC2 (C19)
54 1193 s 1170 w 1226 1184 30.9 2.8 m(C2AC14)
55 1165 m 1154 sh 1199 1160 15.2 8.6 qCH2 (C4)
56 1140 m 1136 m 1174 1140 0.6 11.6 m(C1AC2)
57 1130 w 1168 1133 17.8 6.5 qCH3 (C24)
58 1120 m 1152 1114 7.9 1.7 m(C6AC1)
59 1107 w 1150 1107 3.0 9.3 m(C3AC4)
60 1102 m 1133 1088 8.9 4.4 sR1 (A1)
61 1079 m 1082 w 1112 1085 13.8 0.8 q0CH3 (C24)
62 1049 w 1100 1059 7.7 5.4 m(C1AC31)
63 1036 s 1042 w 1073 1036 2.2 6.9 qCH3 (C35)
64 1015 m 1017 w 1057 1020 14.9 10.8 m(C5AC6)
65 977 w 983 vw 1040 987 4.9 7.6 m(C2AC35)
66 972 sh 1000 965 0.7 1.1 q0CH3 (C20)
67 957 sh 993 958 4.7 3.2 q0CH3 (C31)
68 951 m 954 w 979 951 0.4 3.0 qCH3 (C20)
69 925 m 929 w 968 930 3.4 8.2 qCH3 (C35)
70 959 922 1.1 3.6 qCH3 (C31)
71 907 sh 941 912 5.4 9.3 c(C15AH18)
72 901 m 904 w 930 905 13.7 3.4 q0CH3 (C35), bR1 (A2)
73 884 s 888 sh 907 872 4.5 5.9 msCC2 (C19)
74 848 m 854 m 897 857 3.2 0.5 m(C4AC5)

(continued on next page)
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Table 2 (continued)

Mode IRa solid Ramana Calculatedb SQMc IR int.d Raman act.e Assignmenta

75 825 w 870 820 2.7 5.1 wag CH2 (C14)
76 826 sh 866 806 3.8 3.0 wag CH2 (C6)
77 791 vw 838 783 0.2 3.3 wag CH2 (C4)
78 741 w 746 w 757 736 3.2 3.3 c(O28AC17)
79 702 w 708 w 718 695 3.1 3.1 m(C14AC16)
80 666 m 667 w 705 682 5.8 1.8 m(C2AC3)
81 640 m 640 s 674 652 3.4 1.8 wag CH2 (C5)
82 611 sh 646 626 7.0 6.3 bR2 (A2)
83 581 w 582 w 594 577 4.9 2.0 b(C17AO28)
84 556 sh 539 w 545 528 1.4 2.3 dC31C1C2
85 509 sh 510 m 514 503 0.6 4.6 c(C19AC16)
86 495 w 503 489 2.7 0.9 bR1 (A1)
87 455 vw 456 m 460 453 0.1 0.1 dC20C19C24, c(C16AC19)
88 442 vw 426 m 426 417 0.1 1.8 bR3 (A1)
89 430 vw 403 m 415 410 0.9 1.3 qC19C2

90 413 vw 354 s 402 393 0.6 1.9 dC31C1C6, bR3 (A2)
91 371 362 0.1 0.6 Butt
92 356 349 0.2 5.7 bR2 (A1)
93 349 341 7.9 1.3 b(C16AC19)
94 327 sh 336 327 0.5 0.1 sR2 (A1)
95 302 w 309 291 0.6 0.5 qC2C35
96 283 278 0.7 2.0 q0C2C35
97 266 m 280 271 1.0 1.5 sR3 (A2)
98 235 m 242 231 0.2 1.1 qC2C35, sR3 (A2), Butt
99 230 217 0.7 1.0 sCH3 (C35), sCH3 (C31)
100 206 sh 213 198 0.4 0.9 sR3 (A1)
101 196 182 0.1 0.1 sCH3 (C35)
102 160 m 174 168 1.1 2.2 sR1 (A2)
103 126 m 133 119 0.4 0.5 sCH3 (C24)
104 114 108 0.1 1.7 sCH3 (C20), sR2 (A1), sR3 (A1)
105 104 97 0.8 0.2 sCCCC
106 99 91 0.2 0.5 sCH3 (C20)
107 64 62 0.2 1.2 sCH3 (C20), sR2 (A2)
108 39 38 1.7 0.9 sR2 (A2)

a This work.
b DFT B3LYP/6-31G�.
c From scaled quantum mechanics force field.
d Units are km mol�1.
e Raman activities in Å4 (amu)�1.

Table 3
Comparison of scaled internal force constants for dehydrofukinone.

Force constant B3LYP/6-31G�a B3LYP/6-311++G��a

f(mC@O) 11.115 10.750
f(mC@C) 8.464 8.271
f(mCAC) 4.030 3.963
f(mCAH) 4.840 4.779
f(mCH2) 4.746 4.686
f(mCH3) 4.874 4.796
f(dCH2) 0.735 0.706
f(dCH3) 0.553 0.529

Units are mdyn Å�1 for stretching and stretching/stretching interaction and mdyn Å
rad�2 for angle deformations.

a This work.
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reported for molecules with similar rings [37,38] and at the values
obtained from our theoretical results, the deformations and tor-
sions rings are associated with the IR bands observed between
1102 and 100 cm�1, as observed in Table 2. The remaining skeletal
modes were assigned as can be observed in Table 2.

5. Force field

The force constants expressed in terms of simple valence inter-
nal coordinates were calculated at the B3LYP/6-31G� and B3LYP/6-
311++G�� levels from the corresponding scaled force fields by using
the MOLVIB program [28]. The force constants for DHF were esti-
mated by using the SQM methodology [29] as was previously de-
scribed in Section 3 and they are shown in Table 3. In general,
the force constants have higher values with the B3LYP/6-31G� than
the other calculation level indicating that the values are strongly
dependent of the size of the basis set. The calculated f(mC@O) force
constant value is in accordance with the values reported for similar
molecules [1,3,4–6,12].

6. Ultraviolet–visible spectrum

The solution ethanol phase electronic spectrum of the sub-
stance is shown in Fig. 4 compared with the calculated spectrum
at B3LYP/6-31G� level. Three bands located at 274, 249 and
208 nm can be experimentally observed, which should be assigned
to the chromophores present in the molecule. The chromophoric
system of DHF is a cross-conjugated system in which two overlap-
ping a,b-unsaturated chromophoric groups are present. In this
case, it should be expected that both systems give rise to transi-
tions with reasonably large extinction coefficient. Although the
estimated absorption for the less substituted (>C3@C15HAC17@O)
and for the more substituted (>C19@C16AC17@O) a,b-unsaturated
ketone systems of DHF using the Woodward-Fieser rules are kmax

244 nm and kmax 254 nm respectively, the observed absorption in
ethanol appears at kmax 249 nm, exactly at the middle of the esti-
mated absorptions. It seems that because of the band nature of
the spectra, the observed absorption correspond to the sum of both
a,b-unsaturated ketone systems. The absorption at 280 nm could
be assigned to the p ? p� transition corresponding to the entire
crossed chromophoric system >C3@C15HAC17@OAC16@C19<.



Fig. 4. Experimental in ethanol 96% (upper) and theoretical (bottom) ultraviolet–
visible spectrum of dehydrofukinone.

Table 4
TD-DFT calculated visible absorption wavelengths (nm) and oscillator strengths (f) for
dehydrofukinone.

Energy
transitiona

B3LYP6-31G�a Exp. a Assignmenta

eV k (nm) f k (nm)

3.3258 372.80 0.0003
4.4310 280.00 0.1458 274 p ? p� (cross-conjugated system)
5.2026 238.31 0.2065 249 p ? p� (b-unsaturated ketone)
5.4843 226.07 0.0025
5.9649 207.86 0.0017
6.5027 191.00 0.3587 208 p ? p� (C@C)

a This work.

E. Lizarraga et al. / Journal of Molecular Structure 1048 (2013) 331–338 337
The theoretical calculations predict one intense electronic tran-
sition at 6.5027 eV (191 nm) with an oscillator strength
f = 0.3587.showing good agreement with the measured experimen-
tal data (208 nm) assigned to p ? p�(C@C) transitions as shown in
Table 4. The calculations also predict intense electronic transitions
at 238 nm and 280 nm in good concordance with the experimental
spectrum. The present assignments of the p ? p� transitions of
DHF are in agreement with those of similar derivatives [39].
7. Conclusions

The compound was isolated from aerial parts of S. viridis var.
viridis and characterized by IR, Raman, ultraviolet–visible and
NMR spectroscopic techniques in the liquid state.

The theoretical molecular structures of dehydrofukinone were
determined by using the B3LYP/6-31G� and B3LYP/6-311++G��

methods. Both calculations levels show that the two six-membered
rings adopt chair conformations and that the involved atoms in
these rings present different atomic charges and bond orders val-
ues, as expected, because they have different chemical
environments.

The stability of dehydrofukinone was studied by means of NBO
and AIM investigations. The hyperconjugation between the elec-
tron donating groups shows larger energies values due to the ring
containing the isopropyliden group and the ketonic function and
revels that the DETr?r

�, DETLP?r
� and DETr

�
?r
� charge transfers

stabilize the structure of dehydrofukinone. Additionally, the topo-
logical properties support the high stability of this compound due
to the hydrogen bonds and to the high values corresponding to the
six-membered linked to the isopropyliden group and the ketonic
function.

A complete assignment of the 108 normal vibration modes for
the compound was performed.
The SQM force fields and the scaled force constants by using the
B3LYP/6-31G� and B3LYP/6-311++G�� combinations were obtained.

The comparison of the theoretical ultraviolet–visible and NMR
spectra with the corresponding experimental ones demonstrates
a good concordance.
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