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HIGHLIGHTS GRAPHICAL ABSTRACT

« Cnicin was characterized by infrared,
Raman, NMR and UV-visible
spectroscopies.

« The molecular structure of cnicin has
a ten member’s ring with a chair
conformation.

« The y-lactone ring of cnicin has a
half-chair conformation.

« The NBO and AIM studies show the
high stability of cnicin.

« A complete assignment of the 153
normal vibration modes for cnicin
was performed.
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1. Introduction

As part of our investigation of compounds of great pharmacolog-
ical importance that contain structural rings [1-23], we have con-
sidered the sesquiterpene lactone (SL) cnicin, whose [UPAC
chemical name is [(3aR,4S,6E,10Z,11aR)-10-(hydroxymethyl)-6-
methyl-3-methylidene-2-0x0-3a,4,5,8,9,11a-hexahydrocyclodeca
[b]furan-4-yl1](3R)-3,4-dihydroxy-2-methylidenebutanoate. This SL
has been extensively investigated for its multiple biological activi-
ties, including its anti-diabetic, anti-diarrheic, anti-rheumatic,
anti-inflammatory, anti-pyretic and antibacterial effects [24-31].
Recent advances in therapy show that the cytotoxic activity of cni-
cin in multiple myeloma possesses potent anti-proliferative effects
and induces death of primary myeloma cells even in the presence of
survival cytokines in the tumor microenvironment [32]. Therefore,
cnicin arises as a new anti-tumor drug and underlines the potential
usefulness of sesquiterpene lactones in tumor therapy [32]. Most
current studies are oriented towards the development of chemo-
therapeutic agents with less adverse reactions, such as the one that
tries to find new pyridine based antitumoral drugs with the use of
structure-activity relationship (SAR) methods [33]. Therefore,
understanding the structural and vibrational properties of cnicin
is vital for drug design, as all of the potential structural modifica-
tions of cnicin should be related to the improvement of its biological
activities. Many investigations have been performed from this point
of view [24-32]; however, there is minimal information on the
structural and vibrational properties of cnicin, as its molecular
structure has not been determined and its vibrational spectrum
has not been assigned. Hence, the aims of this work are to study
its structural properties, such as the molecular electrostatic poten-
tials, atomic charges, bond orders, stabilization energies, topological
properties and energy gap using the NBO [34,35], AIM [36,37] and
HOMO-LUMO [38] calculations for which the theoretical structure
was optimized and the corresponding harmonic frequencies were
calculated. In addition, the complete assignment of the bands ob-
served in the vibrational spectrum was completed by combining
the experimental infrared and Raman spectra with DFT calculations,
internal symmetry coordinates and a generalized valence force field
(GVFF) [39]. In addition, the force constants were also reported, and
the comparisons between the corresponding experimental NMR
and UV-visible spectra are in strong agreement with the theoretical
ones. All calculated properties are analyzed and discussed.

2. Experimental methods

Cnicin was isolated from Centaurea (Asteraceae), as reported in
previous papers [29-31], and the compound was characterized by
infrared, Raman, NMR and UV-visible spectroscopies. The UV,
EI-MS, 'H and '3C NMR spectra were identical to those previously
reported [29-31]. Purity was determined to be >99.98% using cap-
illary gas chromatography with both a flame ionization detector
(FID) and selective mass detector.

The FT-IR spectrum in the region of 4000-400cm~! was
recorded on a Fourier Transform Infrared (FT-IR) Perkin-Elmer
Spectrum RX spectrometer equipped with a DTGS (Deuterated Tri-
Glycerine Sulfate) detector. The spectral resolution was 2 cm™!, and
16 scans were performed. The spectrum was measured by placing
one drop of the pure sample between the KBr windows. The Raman
spectrum was recorded with a RM2000 Renishaw Raman Micro-
scope System equipped with a diode laser, providing a 634 nm line,
a Leica microscope, an electrically cooled CCD (Charge Coupled De-
vice) detector and a notch filter to eliminate elastic scattering. The
spectrum was obtained using a 50x objective. The laser power out-
put was 2.0 mW, and the spectral resolution was 2 cm™'.

Nuclear Magnetic Resonance (NMR) spectra were acquired
using a Bruker Avance III instrument at 200 MHz ('H) and

50 MHz ('3C) with DMSO-dg as a solvent. GC-MS analysis was
performed using a Hewlett-Packard 6890 system with a Hewlett-
Packard 5973 mass selective detector and a Perkin-Elmer Elite-
5MS column (5% phenylmethyl siloxane, 30 m length x 0.25 mm
inner diameter x 0.25 pum film thickness) with He as carrier gas
(1 mL/min; constant flow). The injector, GC-MS interphase, ion
source and selective mass detector temperatures were maintained
at 280, 280, 230 and 150 °C, respectively. The UV spectra were re-
corded on a Shimadzu 160A UV-visible spectrophotometer.

3. Computational details

The initial structure of cnicin was modeled with the GaussView
program [40] and was later optimized at the B3LYP/6-31G* level of
theory [41,42] using the Gaussian 09 package program [43]. For
this structure, the potential energy surface curves were studied
modifying the C29—038—C39—040, 038—C39—C41—C42, C41
—C42—C49—052, C39—C41—C42—C49 and C42—C49—052—H53
dihedral angles. Thus, eight conformations with similar energies
and population analysis were found. Table S1 shows a comparison
of the total energies for those stable structures of cnicin together
with the corresponding dipole moment values by using the
B3LYP/6-31G* method. The population analysis show similar val-
ues among the different structures, for this reason, in this study,
we have considered the C1 structure in accordance with the stable
structure of another sesquiterpene lactone onopordopicrin (Vibra-
tional and structural study of onopordopicrin based on FTIR and
FT-Raman spectra and DFT calculations by Chain et al.) whose struc-
ture has a side chain similar to cnicin, as can be seen in Fig. S1
(Supporting Material). The considered stable structure with C;
symmetry can be seen in Fig. 1 together with the labeled atoms.
A detailed structure showing the two rings of five members (A5)
and of ten members (A10) is given in Fig. S1. The optimized cnicin
structure was analyzed using the natural population atomic (NPA)
and the charges derived from Merz-Kollman [44], while the bond
orders were also calculated at the same theory levels from the NBO
calculation using the NBO 3.1 program [35], as implemented in the
Gaussian 09 package [43]. The AIM2000 program [37] was used to
perform the topological analysis, while the harmonic force field for
cnicin was evaluated at the B3LYP/6-31G* level using the SQMFF
procedure [39] with the Molvib program [45]. This later program
was also employed to transform the resulting force fields to “nat-
ural” internal coordinates. The natural internal coordinates for cni-
cin are listed in Table S2, and they were defined as those reported
for compounds with similar groups [1,2,4-7,9-11,17-23]. The
complete assignment was then performed, taking into account
the resulting SQM and the potential energy distribution compo-
nents (PED) >10%. The nature of all of the vibration normal modes
was ascertained by means of the GaussView program [40]. For cni-
cin, the calculated chemical shifts of the 'TH NMR and >C NMR
spectra were obtained from the GIAO method [46] using the
B3LYP/6-311++G** level of theory, as better results are obtained
from using this theory level. Therefore, the calculations were per-
formed using the geometries optimized for this level of theory,
using TMS as reference. The ultraviolet-visible spectrum was pre-
dicted using TD-DFT calculations at the B3LYP/6-31G"* theory level
with the Gaussian 09 program [43].

4. Results and discussion
4.1. Geometry optimization
Table 1 shows a comparison of the calculated geometrical

parameters for cnicin using the B3LYP/6-31G* method, with the
experimental values determined for costunolide by means of
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Fig. 1. Molecular structure of cnicin and atoms numbering.

X-ray diffraction, as demonstrated by Bovill et al. [47]. The sesqui-
terpenic germacranolide costunolide has two fused rings, one pla-
nar with five members and the other with ten members that adopt
a chair conformation (Fig. S1). The bond length and bond angle
comparisons were expressed in terms of root-mean-square devia-
tion (RMSD) values and reveal that the bond lengths have a better
correlation (0.004 A) than the bond angles (1.3°) using the B3LYP/
6-31G* calculation level. In this compound, as in the sesquiterpe-
noid 9,10-dihydrofukinone [23], greater differences between both
compared compounds are observed in the dihedral angles
(18.7°). In cnicin, the difference between the C4—C5—C11—C14
and C35—C34—C27—028 dihedral angle values justify such varia-
tions. The double bonds belonging to the ten-membered ring,
C4=C5 and C17=C23, are predicted to be longer than the experi-
mental values of 1.326 and 1.329 A, respectively. On the other
hand, the corresponding involved C—C=C—C dihedral angles,
C1—C4=C5—C11 (2.5°) and C14—C17=C23—C25 (152.2°), are pre-
dicted to be smaller than the experimental values, as observed in
Table 1 [47]. In addition, the calculations for cnicin in the gas phase
are also applicable to the solid phase, as demonstrated by Bovill
et al. [47]. The mean bond lengths for the Csp>-Csp?, Csp>-~Csp?,
and C=C distances are approximately 1.545, 1.500, and 1.323 A,
respectively. On the other hand, the calculations predicted a value
of —7.7¢ for the exocyclic C=C—C=0 dihedral angle torsion of the
lactone in cnicin, while the experimental value for the sesquiterp-
enoid costunolide is —10°. In cnicin, as in costunolide, the y-lac-
tone ring has a half-chair conformation between the C25 and C31
atoms, which is characteristic of a trans lactone with negative
C=C—C=0 torsion angles.

To evaluate the distribution of charges on all of the atoms of
cnicin and its structural stability, the potential energy and the di-
pole moment values were calculated using the B3LYP/6-31G*
method. The results demonstrate that the molecule has a certain
polarity with a dipole moment value of 5.74D as expected, as cnicin
has —OH and —COO groups in its structure with a corresponding
potential energy of —1304.2208 Hartrees. To analyze the structural
properties of cnicin, the molecular electrostatic potential and the

types of three different charges were calculated. The Mulliken, nat-
ural atomic charges (NPA) and those derived from the Merz-Koll-
man (MK) charges were calculated using a 6-31G* basis set; their
values are given in Table S3 together with the molecular electro-
static potential values. The three charges here are considered to
have different values, with the Mulliken charges being approxi-
mately the same as the MK charges. The results demonstrate that
the negative high atomic charge values are located on the five O
atoms of cnicin, while the positive high atomic charge values are
observed on the H atoms belonging to the —OH and —C=CH,
groups. The stability of cnicin is thus associated with the charge
distribution and the presence of both O atoms and C=C bonds that
give cnicin a particular polarity. In analyzing the molecular electro-
static potential, we observed that the higher values are located on
the five O atoms of cnicin and the C atoms belonging to the ten-
member ring. A strong red color on the O atoms and a blue color
on the H atoms are then expected on the surface of cnicin, as ob-
served in Fig. S2. The red color observed here is related to the po-
tential nucleophilic sites while the blue color is associated with
potential electrophilic regions.

4.2. NBO study

The stability of cnicin was also studied with NBO calculations
[35] using a 6-31G* basis set in terms of bond orders, expressed
as Wiberg indexes and second order perturbation energies, which
are given in Table S3. The bond order values clearly show higher
values for the C4, C5, C17, C23, C27, C34, C35, C39, C41, atoms (be-
tween 4.004 and 3.820), as expected because they are involved in
double bonds. For this reason, they have sp? hybridization, while
the lower bond order values are observed in the C atoms with
sp> hybridization. On the other hand, the bond orders correspond-
ing to the 026 and 038 atoms have the highest values (2.151 and
2.145, respectively) than the other ones (028, 040, 047, 052).

Table S4 shows the second-order perturbation energies E®
(donor — acceptor) related to the most important delocalizations
observed for gaseous cnicin at a B3LYP/6-31G* level of theory.
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Table 1

Calculated geometrical parameters for cnicin.
Parameter 6-31G* Exp.”
Bond length (A)
C1—C4 1.513 1.500 (3)
C4—C5 1.345 1.326 (3)
C4—C6 1.515 1.496 (3)
C5—C11 1.521 1.485 (3)
C11—C14 1.554 1.555 (3)
C14—C17 1.513 1.512 (3)
C17—C23 1.346 1.329 (2)
C23—C25 1.488 1.483 (2)
C25—C31 1.557 1.544 (2)
C25—026 1.456 1.473 (2)
026—C27 1.368 1.348 (2)
C27—C34 1.504 1.483 (3)
C27—028 1.205 1.204 (3)
C34—C35 1.332 1.315 (3)
C31—C34 1.506 1.506 (2)
C31—C29 1.544 1.536 (2)
C1—C29 1.568 1.546 (3)
C17—C18 1.522 1.487 (3)
C18—021 1.416
C29—038 1.455
C39—038 1.351
C39—040 1.214
C39—C41 1.505
C41—C44 1.336
C41—C42 1.509
C42—047 1.424
C42—C49 1.539
C49—052 1.430
RMSD 0.004
Bond angle (degrees)
C1—C4—C5 126.1 127.1 (1)
C1—C4—C6 1144 114.5 (2)
C5—C4—C6 119.2 123.8 (2)
C4—C5—C11 139.0 127.7 (2)
C5—C11—C14 126.3 109.8 (2)
C11—C14—C17 115.9 108.8 (2)
C14—C17—C23 118.5 117.9 (2)
C17—C23—C25 125.3 126.1 (2)
C23—C25—026 115.5 110.8 (1)
C25—026—C27 109.4 1104 (1)
026—C27—028 1229 121.7 (2)
026—C27—C34 108.8 109.1 (1)
028—C27—C34 128.2 129.2 (2)
C27—C34—C35 122.0 120.8 (2)
C31—C34—C35 1323 131.5 (2)
C29—C31—C34 124.0 114.8 (1)
C27—C34—C31 105.4 107.7 (1)
C1—C29—C31 108.9 1174 (1)
C4—C1—C29 117.7 114.9 (2)
RMSD 1.3
Dihedral angles (degrees)
C27—026—C25—C23 149.5 145.1 (1)
C25—026—C27—028 168.3 172.7 (2)
C4—C5—C11—C14 5.0 -101.8 (2)
C11—C5—C4—C6 179.1 -13.6 (3)
C11—C14—C17—C23 -121.1 —88.6 (2)
C14—C17—C23—C25 152.2 155.6 (2)
C17—C23—C25—026 1394 110.5 (2)
026—C25—C31—C29 -168.8 -149.9 (1)
C23—C25—C31—C29 67.4 88.6 (2)
C25—C31—C29—C1 -87.9 -83.9(2)
C25—C31—C34—C27 26.9 20.5 (2)
C29—C31—C34—C27 155.0 146.4 (1)
C31—C29—C1—C4 151.3 73.6 (2)
C29—C1—C4—C6 75.5 66.7 (2)
C31—C34—C27—028 168.4 170.0 (2)
C35—C34—C27—028 -7.7 171.8 (2)
RMSD 18.7

2 This work.
b From Ref. [47].

The results demonstrate three types of contributions to the stabil-
ization energies, which are mainly due to the presence of double
bonds and the free electron pairs of the oxygen atoms, which are
the AET;_ 4. AETip_ . and AET,, 4. charge transfers. The total
energy contribution is principally due to the lone pairs of the oxy-
gen atoms (AET;p_,4.), which clearly show that the highest stability
of cnicin is related to the presence of the —OH groups, the —COO
group and the lactone ring.

4.3. AIM analysis

The electrostatic interactions of cnicin were also studied,
employing Bader’s atoms in molecules theory [36] by using the
AIM2000 program [37]. The topological property calculations, such
as electron charge density (p) and Laplacian values V2p(r) in the
bond critical points (BCPs) are shown in Table S5. The critical
points have three principal characteristics: the p(r) values should
be between 0.05 and 0.3 a.u., the relationship |1]|/43 should be <1
and the Laplacian of the electron density V2p(r) should be positive
and have values between 0.04 and 0.2 a.u., indicating that the
interaction is dominated by the contraction of charge away from
the interatomic surface toward each nucleus [2-14,17,19-23]. This
analysis clearly shows ten BCPs, of which seven are O—H hydrogen
bonds, one is a C—C bond, one is a C—H bond and one is an H—H
bond, as observed in Table S5. In the OH—H BCPs, the p(r) values
are slightly dependent on the involved distance; therefore, a higher
density (0.0227 a.u.) is observed for the 052—H48 bond because
there is a lower distance between both atoms (2.095 A). On the
contrary, the density in the C—H bond is 0.0152 a.u. (for a
2.386 A distance), which is slightly higher than expected for the
038—H22 BCP, although the distance between these atoms is
2.354 A. For the remaining H20—H33 BCP, the density value is
0.0121 a.u. with a distance between atoms of 2.010 A. In general,
the results clearly reveal that the topological properties of the BCPs
are more dependent on the nature of the interactions than the dis-
tances between the involved atoms. Moreover, this analysis shows
that the high stability of cnicin is related to the presence of three
different hydrogen bonds, as shown in Table S5.

4.4. NMR analysis

A comparison of the 'H and '3C NMR spectroscopic data for cni-
cin in DMSO-d6 with the theoretical values calculated for the com-
pound using the GIAO method [46] and the 6-31G* and 6-311++G™*
basis sets can be seen in Tables S6 and S7, respectively. The 'H
NMR spectrum for cnicin in DMSO-d6 is given in Fig. S3, while
Fig. S4 shows the corresponding '3C NMR spectrum. The calculated
shifts for the 'H nucleus by using both basis sets and the experi-
mental values were compared with those reported for cnicin by
Berger and Sicker [48] by means of the RMSD values. In general,
the RMSD values strongly agree with both basis sets (0.62 and
0.69 ppm, respectively, by using 6-31G* and 6-311++G** basis
sets). The calculated shifts for the H2 and H15 nuclei are higher
than the experimental values; therefore, they show higher differ-
ences because their peaks overlap with the bands corresponding
to DMSO-de. Additionally, the formation of the 038—H22 and
052—H48 bonds justify that the experimental shifts for the H22
and H48 nuclei are not observed, as seen in Table S5. On the other
hand, the calculated shifts for the '*C nucleus using both basis sets
with our experimental values were compared with those reported
for cnicin by Berger and Sicker [48] using RMSD values (10.2 and
9.00 ppm, respectively, by using 6-31G* and 6-311++G** basis
sets). In this case, the calculated 3C chemical shifts for cnicin
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demonstrate a stronger concordance by using the 6-311++G** basis
set, as expected based on the experimental data reported for other
compounds containing similar groups [13,16,18,23]. Another
important finding is that the theoretical calculations do not cor-
rectly predict the chemical shifts for the C23 and C35 nuclei, most
likely because these atoms are involved in the C35—C44 and
C23—H2 intermolecular H-bonds, as demonstrated by the AIM cal-
culations (Table S5).

4.5. Vibrational analysis

Figs. 2 and 3 show comparisons between the recorded infrared
and Raman spectra, respectively, for cnicin with the corresponding
theoretical spectra calculated using the 6-31G* basis set. The opti-
mized cnicin structure has C; symmetry and 153 normal vibration
modes, which are all active in both the infrared and Raman spectra.
The assignment of the experimental bands to the normal modes of
vibration was performed at the B3LYP/6-31G* level of theory using
SQMFF methodology [39] and taking into account the Potential

Energy Distribution (PED) calculated with the Molvib program
[45]. Table 2 shows the corresponding experimental and SQM-cal-
culated wavenumbers based on the B3LYP/6-31G* calculations to-
gether with the assignments for the expected normal vibration
modes of cnicin. This calculation level was used because the scale
factors are only defined for the 6-31G* basis set [39]. As observed
in Table S8, some vibration modes corresponding to the CH, groups
appear strongly mixed and have minimal PED contribution, while
other modes, such as the CCO or CCC deformations, do not appear
due to their coupling with different vibration modes. In both cases,
the assignments of those modes were completed with the aid of
the GaussView program [40]. A characteristic symbol identifies
those modes, as indicated in Table 2. Below, we discuss the assign-
ment of selected groups.

4.5.1. Band assignments

4.5.1.1. OH modes. The shoulders and IR band observed between
3404 and 3246 cm™' are assigned to the three expected OH
stretchings. In accordance with the compounds containing OH

Absorbance

4000 3500 3000 2500

2000 1500 1000

Wavenumbers/cm -1

Fig. 2. Comparison between the experimental infrared spectrum of cnicin (upper) with the corresponding theoretical at B3LYP/6-31G* level of theory (bottom).

Raman Intensity

4000 3500 3000 2500

2000 1500 1000 500 0

Wavenumbers/cm -1

Fig. 3. Comparison between the experimental Raman spectrum of cnicin (upper) with the corresponding theoretical at B3LYP/6-31G* level of theory (bottom).
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IR? Liquid Raman*® Calculated” SQM* IR int.¢ Raman act.® Assignment?
3404 sh 3731 3577 209 107.9 v(052—H53)
3342 m 3696 3543 163.4 80.2 v(021—H22)
3246 sh 3640 3489 97.4 94.0 v(047—H48)
3260 3125 56 383 vas CH, (C44)
3257 3123 23 68.7 V.. CH, (C35)
3194 3065 6.8 26.5 vas CH; (C1)
3173 3042 29 102.8 v, CH, (C44)
3171 3040 37 714 v, CH, (C35)
3020 w 3168 3037 7.8 34.8 vas CHy (C49)
3004 vw 3134 3004 375 5.1 vop CH (C25,C23)
3130 3000 26.3 91.5 vas CH3 (C6)
2995 vw 3121 2992 0.2 92.1 vip CH (C25,C23)
2985 vw 3113 2984 229 117.2 v (C5—H10)
2980 sh 3110 2982 6.5 29.7 v (C29—H30)
3097 2969 7.2 56.3 vosCH, (C11)
2955 vw 3088 2959 10.1 104.9 vasCHs3 (C6)
2942 sh 3068 2941 15.0 49.2 vasCH; (C14)
2936 sh 3061 2934 31.8 83.1 vsCH; (C49)
2928 w 2931 vw 3057 2931 449 85.9 voCH, (C18)
2910 sh 3027 2902 13.6 402.5 vsCH; (C1)
3026 2901 92.1 65.8 vsCH; (C18)
2894 vw 3021 2896 9.5 203 vsCH;3 (C6)
3020 2895 597 171.0 v.CH, (C14)
2886 vw 3007 2883 6.0 51.8 v(C31—H32)
2861 w 2878 vw 3004 2880 243 1123 vsCH; (C11)
2839 vw 2966 2843 63.6 77.8 v(C42—H43)
1760 s 1741 vw 1865 1797 379.1 213 v (C27—028)
1700 s 1732 sh 1793 1726 253.8 18.1 v (C39—040)
1672 s 1743 1677 11.2 30.1 v (C34=C35)
1672 s 1739 1675 13 32,5 v (C4=C5)
1654 vw 1635 m 1714 1649 18.2 78.3 v (C17=C23)
1625 vw 1635 m 1711 1645 8.0 22.8 v (C41=C44)
1517 vw 1473 m 1537 1473 34 12.6 Jas CH3 (C6)
1459 sh 1525 1459 1.7 8.0 SCH, (C14)
1454 m 1523 1458 8.6 2.2 6CH; (C1)
1454 m 1515 1456 4.4 24.2 JdCH, (C49)
1454 m 1513 1451 3.4 14.3 SCH, (C18)
1445 vw 1442 sh 1490 1447 6.7 229 5CHs (C6)
1431 vw 1437 sh 1486 1431 7.1 15.7 SCH; (C44)
1424 sh 1460 1426 5.1 24.7 JCH, (C11)
1415 vw 1417 sh 1457 1416 15.3 15.0 wag CH, (C11)
1448 1407 12.0 10.1 v (C17—C18)
1396 s 1440 1403 15.7 10.4 wag CH, (C18)
1396 s 1439 1401 65.0 44 wag CH, (C49)
1397 w 1396 s 1433 1395 25.1 149 B(C5—H10), v (C1—C4)
1396 s 1422 1394 3.4 53 TwCH, (C35)
1390 sh 1396 s 1414 1390 10.4 8.8 J3sCH5 (C6)
1377 sh 1377 w 1411 1379 331 7.7 pC29—H30
1408 1370 538 05 wagCH, (C1)
1364 w 1395 1364 2.7 3.4 wagCH,(C14)
1364 w 1392 1363 1.8 14.9 wagCH, (C14)
1364 w 1389 1362 4.1 3.2 & (021—H22), pCH,(C18)
1344 vw 1351 m 1386 1356 221 3.9 pC31—H32
1338 w 1371 1338 2.1 0.7 p’C25—H33, B (C23—H24)
1338 w 1369 1335 106.2 5.7 pC42—H43
1338 w 1353 1332 3.8 15.8 pCH,(C49)
1325 vw 1328 m 1347 1325 65.8 5.5 pC25—H33
1307 m 1321 1310 14 3.0 p'C42—H43
1284 m 1296 w 1295 1291 88.8 2.7 pCH,(C1)
1287 m 1294 1268 343 7.5 p'C29—H30
1260 s 1275w 1290 1260 28.7 7.6 pCHy(C11)
1262 vw 1271 1255 44.0 7.5 §(047—H48)
1243 sh 1250 vw 1262 1238 24.2 33 v (C27—C34)
1226 m 1253 1222 7.0 293 v (C14—C17)
1214 s 1208 m 1229 1220 26.0 0.8 pCH,(C14)
1197 sh 1192 s 1215 1194 110.8 0.8 p'C31H32
1173 w 1193 1178 14.6 1.1 v (C39—038)
1161 s 1160 vw 1185 1160 14.2 29 v (C4—C6)
1147 sh 1155 vw 1174 1149 3255 2.8 0026C25C23
1136 vw 1160 1135 1139 3.4 §(052—H53), v (C41—C42)
1122 vw 1155 1127 16.6 9.6 v (C27—026), p C27=028
1115 sh 1115 vw 1136 1117 35.2 2.8 v (C23—C25), pCH3
1094 m 1101 w 1111 1092 61.8 3.2 v (C5—C11)

(continued on next page)
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IR? Liquid Raman® Calculated” SQM© IR int.? Raman act.® Assignment®
1082 sh 1081 vw 1098 1075 46.2 0.5 pCHs3
1073 sh 1093 1065 26.8 4.7 v (C42—047)
1051 sh 1069 vw 1082 1052 21.8 1.2 v (C29—C31)
1056 vw 1071 1051 35.0 53 v (C18—021)
1043 m 1047 vw 1057 1032 15.9 8.4 v (C25—C31)
1029 s 1024 sh 1054 1026 149 2.6 v (C49—052)
1010 sh 1014 m 1039 1013 0.2 7.2 v (C11—C14)
998 sh 1005 m 1026 992 73.6 3.5 v (C25—026)
991 sh 1020 984 12.6 6.8 v (C31—C34)*
1009 979 186.9 2.2 5C29C31C34
998 971 45.5 14 v (C29—038)
960 m 984 959 9.7 1.9 (C5—H10)
960 m 972 956 8.1 29 wag CH(C44)
954 s 969 954 8.8 34 wagCH,(C35)
947 sh 949 w 966 947 48.4 14 pCHy(C44)
932 w 963 945 14.5 14 P(C23—H24)
928 w 952 921 7.8 5.9 TWCH,(C35)
897 w 909 w 923 902 6.1 3.1 5C29C31C34
875 vw 895 sh 902 874 3.7 3.1 v (C29—C1)
880 s 892 867 19.1 1.9 Tw CH,(C18)
851 vw 852 m 879 845 4.0 2.6 TWCH,(C49)
836 m 855 834 4.7 53 7(C27=028)
836 m 831 828 8.3 43 TwCH,(C1) #
812 w 810 m 826 811 7.2 6.8 BR4 (A10)*
752 vs 796 vw 810 789 4.3 3.0 BR; (A10)
752 vs 753 vw 797 786 5.2 3.0 7(CO0)
752 vs 748 vw 755 781 58 53 (CO0), v (C39—C41)
735 vw 745 732 103 6.0 TWCH,(C14)*
716 sh 717 vw 743 706 5.1 2.1 TWCH,(C11)
702 vw 715 697 7.1 5.9 pCOO
693 685 33 3.6 5C29C31C34
679 sh 678 w 684 679 4.6 1.8 BR, (A5)
668 s 662 vw 668 660 5.4 1.7 TWCH,(C44)
654 sh 643 m 643 641 3.8 13 pCH,(C35) *
632 w 633 626 19.7 29 BR; (A5)
621 m 608 621 29.0 12 BR, (A10)
614 m 603 592 40.3 4.2 4CO0
600 w 601 583 104.9 1.7 5047C42C41
584 w 559 552 23 0.7 5C29038C39"
576 w 545 540 17.7 2.0 7047H48
565 w 539 527 459 14 0047C42C41, 6047C42C49
550 w 519 515 50.5 2.7 5047C42C41
510 m 459 473 6.5 3.5 7021H22
491 m 453 447 1.7 24 5026C25C23
488 m 442 446 0.8 1.2 7(C17—C18)
450 m 430 432 43 5.1 5 026C25C23
424 417 3.6 2.8 5038C29(1, pC17—C18
414 s 413 413 0.6 2.7 TR, (A10)
385 vw 375 405 2.1 4.3 BC4—C6, y(C4—C6)
374m 367 370 90.8 26 BRs (A10)
361 m 358 357 15.5 1.2 TR; (A5)
344 vw 346 342 6.1 1.8 7(C34=C35)
321s 316 329 1.0 3.0 t052H53
310 312 0.8 2.1 7R; (A10)
301w 307 307 6.2 2.1 pC1=C44, pC34=C35
294 m 292 294 5.4 1.1 5C42C49052"
282 m 271 288 5.7 3.5 5026C25C23
265 m 268 267 1.8 16 BRe (A10)
237 vw 236 255 1.7 0.3 7R3 (A10)
231w 230 238 0.9 23 5C29038C39"
23w 224 221 0.8 1.1 BR; (A10)
211 sh 207 211 0.6 23 TR4 (A10)
200 m 204 205 29 1.1 TRs (A10)
186 s 192 189 0.2 1.9 7(C41=C44) *
186 180 186 06 1.2 BR, (A10)
173 s 173 169 3.8 1.2 5C42C41C39
150 164 1.3 0.6 TWCH3
145 138 02 15 R, (A5) *
137 vs 133 125 1.2 11 TRs (A10)
129 121 0.5 2.9 TRs (A10)
118 113 0.7 03 7(C49—C42)
99 107 2.6 2.0 1(C18—C17)
95 91 16 1.8 Ry (A5)
70 83 3.1 1.2 0C29C31C34
65 65 1.1 0.5 Butt
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Table 2 (continued)

IR® Liquid Raman® Calculated” SQM° IR int.¢ Raman act.® Assignment®
49 57 24 0.4 TR1(A10)
38 40 05 14 7(C00)
27 34 23 0.4 7(C29—038)
14 23 0.2 0.9 T (C42—C41)

Abbreviations: v, stretching; B, deformation in the plane; vy, deformation out of plane; wag, wagging; 1, torsion; g, deformation ring tg, torsion ring; p, rocking; twis,
twisting; o, angular deformation; §, deformation; Butt, butterfly; a, antisymmetric; s, symmetric; A5, Five members Ring; A10, Ten members Ring; ip, in-phase; op, out-of-

phase.

2 This work.

> DFT B3LYP/6-31G*.

¢ From scaled quantum mechanics force field.

4 Units are km mol .

¢ Raman activities in A* (amu)~’.

# Assigned by GaussView program [40].
groups [1-5,7,9,11,13,14,16,18,19,23], the form and broadness of
those IR bands most likely indicate the existence of intra-molecular
O—H- - -0 bonds, which is in agreement with the results obtained
by AIM analysis. The corresponding deformation modes were pre-
dicted at 1362, 1255 and 1135 cm™!, which were assigned to the
Raman bands at 1364, 1262 and 1136 cm™', respectively. The tor-
sion modes were assigned in accordance with the calculations to
the Raman bands at 576, 510 and 321 cm™ .

4.5.1.2. CH modes. The C23—H24 stretching is predicted to be cou-
pled to the C25—H33 stretching, and the calculated SQM for both
the out-of-phase and in-phase modes is predicted to be 3004 and
2992 cm !, respectively, as observed in Table 2. The Raman bands
located at 3004 and 2995 cm ™! are thus assigned to those vibration
modes. The remaining CH vibration modes are assigned as indi-
cated in Table 2.

4.5.1.3. CH3 modes. The nine expected vibration modes correspond-
ing to this group were easily assigned, taking into account the
higher PED contribution. Thus, the Raman bands at 3004 and
2955 cm~! are assigned to the antisymmetric stretching modes,
while the corresponding symmetric stretching mode is assigned
to the Raman band at 2894 cm™'. A antisymmetric CH; deforma-
tion mode is predicted to overlap with a CH, deformation, as ob-
served in Table 2. Therefore, the three deformation modes are
associated with the IR bands at 1517, 1445 and 1390 cm~'. The
symmetric deformation mode is assigned to the strong Raman
band at 1396 cm™!. The rocking and twisting modes are clearly
predicted in the expected regions [1,3,11,13,14,16,18,19,23], and
they were assigned accordingly, as observed in Table 2.

4.5.1.4. CH, modes. Cnicin has five CH, groups and two C=CH,
groups; ten stretching modes are expected for the first group and
four for the second one. The stretching modes of both groups can
be easily assigned to the bands located in the 3260-3020 cm™! re-
gion, as observed in Table 2. The bending or deformation modes are
predicted to be between 1459 and 1426 cm~!, and they were as-
signed to the bands between 1460 and 1424 cm~!. Five wagging
modes were assigned to the bands between 1415 and 1364 cm™',
and the two remaining modes were assigned to the Raman and
IR bands at 960 and 954 cm™!, respectively. The five expected
CH, rocking modes were assigned to the Raman bands between
1364 and 1208 cm~! and the modes corresponding to the C=CH,
groups at 949 and 643 cm™', as indicated in Table 2. Finally, the
IR and Raman bands at 928, 851, 668, 880, 836, 735 and
717 cm™! are associated with the twisting modes.

4.5.1.5. CO modes. The SQM calculations clearly predicted that the
two C=0 stretching modes belong to the COO group and the lac-
tone ring of cnicin at 1797 and 1726 cm™'. Therefore, both modes

are easily assigned to the strong IR bands at 1760 and 1700 cm™".

Both bands are predicted to have an inverted intensity relation
with respect to the experimental IR spectrum, as observed in
Fig. 2. The C=0 in-plane and out-of-plane deformation modes cor-
responding to the lactone ring are assigned to the Raman bands at
1122 and 836 cm™', respectively. For the COO group, the in-plane
deformations, out-of-plane deformations, and rocking and twisting
modes are predicted at 592, 702, 753 and 30 cm !, respectively, as
indicated in Table 2. For COO, only the twisting mode was not
assigned.

4.5.1.6. Skeletal modes. Cnicin has two C=C stretching modes
belonging to the ten membered ring and two C=CH, stretching
modes. Four bands are expected in the 1677-1645 cm™! region,
as predicted by SQM calculations. These four stretching modes
were predicted to have higher intensities in the Raman spectrum
than in the IR spectrum; hence, they were assigned to the Raman
bands at 1672 and 1635 cm™!. The C=CH, in-plane and out-of-
plane deformation modes were assigned in the lower wavenum-
bers region, and as predicted by calculations, they were assigned
to the Raman bands at 344, 301 and 186 cm™!, respectively. The
very strong IR band at 752 cm™~!, which is principally attributed
to the C39—C41 stretching mode, is justified because its bond is
conjugated with two double bonds (C44=C41—C39=040), as ob-
served in Fig. 2. The remaining skeletal modes were assigned and
can be observed in Table 2.

5. Force field

The force constants expressed by internal coordinates were cal-
culated from the corresponding scaled force fields at the B3LYP/6-
31G* level of theory employing the SQM methodology [39] and the
Molvib program [45]. The force constant values for cnicin are
shown in Table 3 and were compared with those reported for an-
other sesquiterpenoid, dehydrofukinone [23]. The slightly higher
values of the f{vC=0), filvC=C), f{vCH,)sp> force constants for cni-
cin compared to dehydrofukinone are directly related to the pres-
ence of two C=0 bonds, four C=C bonds and five CH, groups; in
dehydrofukinone, only a C=0 bond, two C=C bonds and three
CH, groups exist. On the contrary, the slightly higher value of the
flvCH3) force constant for dehydrofukinone compared to cnicin is
due to the presence of four CH3 groups in dehydrofukinone, while
there is only one CH3 group in cnicin. In general, the calculated
force constant values are in accordance with the values reported
for molecules containing similar groups [1,3,5,7-11,13-16,18-23].

6. Ultraviolet-visible spectrum

Fig. 4 shows the electronic spectrum of cnicin in a methanol
(MeOH) solution phase compared to the calculated spectrum at
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Table 3
Comparison of scaled internal force constants for cnicin.

Force constant B3LYP/6-31G** B3LYP/6-31G*"

fivO—H) 6.99
flve=0) 12.40 11.11
flve—0) 5.44
five=0) 9.20 8.46
fIVCH,)sp? 479 476
flvCH,)sp? 5.22
f(VCHs3) 418 487
f(5CH, )sp? 0.76 0.73
f(5CH,)sp? 0.44
f(5CH;) 0.56 055

Units are mdyn A~ for stretching and stretching/stretching interaction and mdyn
Arad~? for angle deformations.

¢ This work.

> From Ref. [23].

i
" Experimental
\-‘.
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150 200 250 300 350 400
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Fig. 4. Experimental in methanol solution (upper) and theoretical (bottom)
ultraviolet-visible spectrum of cnicin.

the B3LYP/6-31G* level. Only intense experimental and theoretical
bands are observed at 225 and 180 nm, respectively, with the latter
having a predicted band energy of 6.8879 eV and an oscillator
strength of f=0.2084, which should be assigned to the chromo-
phore present in the molecule. In other similar sesquiterpenic
compounds, the intense band is observed in MeOH between 220
and 208 nm [49-51]. Cnicin most likely experiences a negative
Cotton effect that can be attributed to the mw — 7* transition in an
a,f-unsaturated y-lactone at 218 nm in MeOH, as reported by
Uchida and Kuriyama [52]. The sign of the Cotton effect is therefore
determined by the chirality of the C=C—C=0 chromophore; in
cnicin, the calculations predict negative C35=C34—C27=028 tor-
sion angles, as observed in Table 1 and reported by Bovill et al.
for costunolide [47].

7. Conclusions

Cnicin was isolated and characterized using infrared, Raman,
NMR and UV-visible spectroscopies. The theoretical molecular

structure of cnicin was determined by employing the B3LYP/6-
31G* method and was determined to have two fused rings, one pla-
nar with five members and another with ten members that adopts
a chair conformation. The y-lactone ring has a half-chair conforma-
tion, which is characteristic of a trans lactone with negative
C=C—C=0 torsion angles. Therefore, cnicin experiences a negative
Cotton effect, which can be attributed to the ® — m* transition in
an o,p-unsaturated y-lactone, as reported in the literature. The
NBO and AIM studies show that the high stability of cnicin is re-
lated to the presence of OH groups, a COO group and a lactone ring
as well as three different types of hydrogen bonds. A complete
assignment of the 153 normal vibration modes of the compound
was performed, taking into account the SQM force field employing
the B3LYP/6-31G* combination. The calculated force constant
values are in accordance with the values reported for similar
molecules. The combination of solution IR, Raman, NMR and UV-
visible spectra and computational methods supports the experi-
mental information about the intermolecular interactions of cnicin.
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