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In the present work, the structural and vibrational properties of the sesquiterpene lactone onopordopi-
crin (OP) were studied by using infrared spectroscopy and density functional theory (DFT) calculations
together with the 6-31G* basis set. The harmonic vibrational wavenumbers for the optimized geometry
were calculated at the same level of theory. The complete assignment of the observed bands in the infra-
red spectrum was performed by combining the DFT calculations with Pulay’s scaled quantum mechanical
force field (SQMFF) methodology. The comparison between the theoretical and experimental infrared
spectrum demonstrated good agreement. Then, the results were used to predict the Raman spectrum.
Additionally, the structural properties of OP, such as atomic charges, bond orders, molecular electrostatic
potentials, characteristics of electronic delocalization and topological properties of the electronic charge
density were evaluated by natural bond orbital (NBO), atoms in molecules (AIM) and frontier orbitals
studies. The calculated energy band gap and the chemical potential (), electronegativity (), global hard-
ness (7), global softness (S) and global electrophilicity index () descriptors predicted for OP low reactiv-
ity, higher stability and lower electrophilicity index as compared with the sesquiterpene lactone cnicin
containing similar rings.
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Introduction

As part of our investigations on compounds that contain rings in
their structures and exhibit important biological activities [1-13],
in this work, we studied the structural and vibrational properties
of onopordopicrin (OP), a sesquiterpene lactone isolated from the
weed Centaurea tweediei. Onopordopicrin exhibits antimicrobial
and cytotoxic activities, especially against human-derived macro-
phages [14] and against epidermoid carcinoma cells [15]. To date,
the molecular structure of OP has not been reported, and there is
little information that has been gathered concerning this com-
pound by theoretical studies of its geometry and vibrational spec-
tra. From a chemical point of view, it is known that OP is isolated as
oil, and its geometrical parameters have been compared with those
of another sesquiterpenoid, costunolide, which has a common
basic structure [16]. Due to its significant pharmacological bioac-
tivity, it is of great interest to carry out structural and vibrational
studies of this compound. Hence, an experimental and theoretical
study of OP combining FT-IR spectroscopy with DFT calculations
was performed to understand the stable structure that produces
the experimentally observed infrared spectrum and thus carry
out complete assignments of the observed bands to the vibration
normal modes. For this purpose, the internal normal coordinate’s
analysis was accomplished with the generalized valence force field
(GVFF) by using the SQM methodology [17]. Then, the results were
used to predict the Raman spectrum of OP. We demonstrated that
the molecular force field for the compound, calculated by using the
B3LYP/6-31G* combination, can be well-described. Additionally,
the structural properties of OP, such as atomic charges, bond
orders, molecular electrostatic potentials, characteristics of elec-
tronic delocalization and topological properties of the electronic
charge density, were evaluated by NBO [18], AIM [19,20] and
HOMO-LUMO studies. The reactivity and behavior of OP were pre-
dicted by using some descriptors reported in the literature [13].
Here, the comparisons between the topological properties, the
frontier orbitals and useful descriptors for OP with those calculated
in this work for other sesquiterpene lactone containing similar
rings such as, cnicin show that the presence of a higher quantity
of OH groups in cnicin justifies the increase in their reactivity, as
compared with OP. We think that this work constitutes a very
important insight to understand the connection existent between
the different chemical groups present in onopordopicrin in relation
to their biological properties.

Experimental methods

Onopordopicrin was isolated from a chloroform extract of the
aerial parts of C. tweediei, according to the protocol of Bach et al.
[14,21]. The FTIR spectrum of the compound in the region of
4000-400 cm~! was recorded between KBr windows with a
Fourier Transform Infrared (FT-IR) Perkin Elmer Spectrum RX spec-
trometer equipped with a DTGS (deuterated triglycine sulfate)
detector. The spectral resolution was 4 cm™! and 16 scans were
performed. It was not possible to obtain the Raman spectrum of
the sample due to interference with the laser line.

Oil; m/z (% relative intensity) (HR-EIMS; [M+] m/z 333.0128):
[ot]or +27.70 (0.062; MeOH).

Computational details

The initial geometry of OP was modeled with the GaussView
program [22] and optimized at the B3LYP/6-31G"* level of theory
by using the Gaussian program [23]. The potential energy curves
described by the C29-038-C39-C41, C39-C41-C42-045, C41-C4
2-045-H46, C17-C18-021-H22, C29-038-C39-040 and C14-C1

7-C18-021 dihedral angles show a total of nineteen configurations
with minima energies. Here, we have considered only that confor-
mation with bigger population analysis (99.99%), as indicated in
Table S1 (Supporting material) and, in agree with that experimen-
tal absolute configuration reported by DrozdzZ et al. for onopor-
dopicrin by means infrared and NMR studies [24]. The
corresponding geometrical parameters for the ten member’s ring
are similar to the sesquiterpene lactone cnicin [25]. Thus, the most
stable structure with C; symmetry together with labeled atoms
and a stereographic projection of the compound can be observed
in Fig. 1. The predicted H-bonds are indicated by dashed lines.
Natural charges (NPA) and bond orders were also calculated at
the same level of theory for the stable OP structure from the
NBO calculation by using the NBO 3.1 program [26], as imple-
mented in the Gaussian 09 program [23]. The molecular electro-
static potentials (MEP) were calculated at the same level of
approximation employing Merz-Kollman charges (MK) [27]
whereas the surface MEP mapped was produced using the
GaussView program [22]. The topological analysis of the compound
was performed by using the AIM2000 program [20]. The harmonic
force field for the compound was evaluated at the B3LYP/6-31G*
level following the SQMFF procedure [28]; the potential energy
distribution (PED) components > 10% were subsequently calcu-
lated using the SQM results. The natural internal coordinates for
OP were defined according to those reported in the literature for
similar molecules [1,9,11,12]; these coordinates are listed in
Table S2. The MOLVIB program [29,30] was used to transform
the resulting force field into “natural” internal coordinates. The
nature of all of the vibration normal modes was also analyzed by
the GaussView program [22]. Here, the Raman spectrum of OP
was predicted at the B3LYP/6-31G* level of theory. The calculated
'H NMR and 3C NMR chemical shifts for OP were obtained

CH,

Fig. 1. (a) Stereographic projection of the most stable structure of onopordopicrin
and (b) Theoretical structure and atoms numbering. The H-bondings are indicated
by dashed lines.
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Table 1 Table 1 (continued)
Calculated geometrical parameters for onopordopicrin.
Parameter 6-31G* PExp.
Parameter 6-31G* PExp.
- C1-C29-C31-C34 -169.5 158.4 (1)
Bond length (A) C4-C5-C11-C14 —~125.2 -101.8 (2)
€39-040 1214 C11-C5-C4-C6 178.8 -13.6 (3)
€27-028 1.206 1.204 (3) C11-C14-C17-C18 —~1486 82.9(2)
C18-021 1.427 C11-C14-C17-C23 -33.8 —88.6 (2)
C42-045 1.428 C14-C17-C23-C25 -1.9 155.9 (2)
(25-026 1.455 1.473 (2) C23-C25-C31-C29 138.4 88.6 (2)
C27-026 1.366 1.348 (2) (23-C25-C31-C34 -100.5 ~146.4 (1)
C29-038 1.455 €25-C31-C29-C1 —~54.4 -83.9 (2)
C39-038 1.354 C25-C31-C34-C27 14.0 20.5 (2)
C1-c4 1516 1.500 (3) (25-C31-C34-C35 166.4 ~159.8 (2)
C1-C29 1.547 1.546 (3) (25-026-C27-C34 6.4 —8.6(2)
C4-C5 1.343 1.326 (3) (29-C1-C4-C5 108.4 ~111.7 (2)
C4-C6 1.512 1.496 (3) C29-C1-C4-C6 729 66.7 (2)
C5-C11 1.505 1.485 (3) (29-C31-C34-C27 107.7 146.4(1)
C11-C14 1.548 1.555 (3) €29-C31-C34-C35 -71.9 -33.9(3)
c14-C17 1.523 1.512 (3) C31-C29-C1-C4 —44.4 73.6 (2)
C17-C23 1.342 1.329(2) C31-C34-C27-028 173.9 170.0 (2)
C17-C18 1518 1.487 (3) (35-C34-C27-028 5.7 —~9.7 (4)
C23-C25 1.503 1.483 (2) (27-026-C25-C31 —-15.4 21.8(2)
(25-C31 1.565 1.544 (2) C5-C11-C14-C17 53.6 52.0 (2)
31-C29 1.543 1.536 (2) C18-C17-C23-C25 ~179.4 ~15.1 (3)
C31-C34 1.511 1.506 (2) €17-C23-C25-C31 ~114.1 -131.2(2)
C34-C27 1.492 1.483 (3) C1-C29-038-C39 87.2
(34-C35 1.335 1315 (3) C41-C39-038-C29 -178.1
021-H22 0.971 RMSDP 117.9
045-H46 0.971
RMSDP 0.093 2 This work.
° From Ref. [16].
Bond angle (°) rom Ref. [16]
C18-021-H22 106.9
C42-045-H46 107.4
8‘2‘2‘32‘8338 }(2);'?) s (1 employing the Gauge Independent Atomic Orbital (GIAO) method
026:@7:028 1223 1217 8 [31] by using the B3LYP/6-311++G** level of theory because the
026-C25-C31 1061 105.2 (1) size of this basis set is recommended for NMR chemical shift calcu-
026-C27-C34 108.8 109.1 (1) lations [32,33]. The calculations were performed using the geome-
028-C27-C34 128.9 129.2 (2) tries optimized for this level of theory and TMS as a reference. The
€29-038-C39 117.0 results were compared with experimental NMR data from Ref. [34].
€25-026-C27 111.7 1104 (1)
€23-C25-C31 112.6 113.7 (1)
C11-C14-C17 119.9 108.8 (1) Results and discussion
C14-C11-C5 113.7 109.8 (2)
C14-C17-C18 112.8 117.8 (2) L.
C14-C17-C23 129.5 117.9 (2) Geometry optimization
C17-C23-C25 130.5 126.1 (1)
C18-C17-C23 117.6 123.8 (2) The dipole moment value for the most stable structure of OP
€25-C31-C34 1020 101.2 (1) obtained by using the B3LYP/6-31G* method is 5.72 D (Table S1).
C27-C34-C31 108.3 107.7 (1) Itis i fant t te that the OP molecule h i larit
C37-C34-C35 121.4 1208 (2) is important to note that the OP molecule has a certain polarity
C29-C31-C25 1133 116.2 (1) due to the presence of two O atoms, one of them belonging to the
C29-C31-C34 1125 114.8 (1) side chain and the other one to the lactone ring; the molecule also
C1-C29-C31 1157 1174 (1) possesses two carboxyl and two hydroxyl groups. The direction
8:3:22 ﬁé? ﬁl; 8; and position of the dipole moment of OP are shown in Fig. S1.
C5-C4-C6 1203 1238 (2) Table 1 shows a comparison of the calculated geometrical param-
C4-C5-C11 129.2 127.7 (2) eters obtained for OP by using the B3LYP/6-31G* method, with the
C4-C1-C29 116.5 1149 (1) experimental values determined by Bovill et al. [16] for costuno-
(31-C34-C35 1303 1315 (2) lide by X-ray diffraction. A comparison between the calculated
C42-C41-C47 122.1 . . .
038-C39-C41 111.9 geometrical parameters values and the available experimental data
RMSD" 47 by the root-mean-square deviation (RMSD), reported in Table 1,
Dihedral angles (°) indicates a acceptable agreement for the bonds lengths (0.093 A)
C17-C18-021-H22 _624 and angles (4.7°), whereas for the dihedral angles the correlation
C41-C42-045-H46 -56.8 is significantly lower (117.9°), as shown in Table 1. The differences
€29-038-C39-040 0.2 observed in the geometrical parameters are attributed to the mole-
g;é’_g;%g’_g?? }gg‘? 1105 (2) cule costunolide because it is slightly different from OP. Thus, the
026-C25-C31-C29 _103.7 ~149.9 (1) RMSD values for bonds lgngths anq angles suggest that the opti-
026-C25-C31-C34 17.4 -249(1) mized OP structure provided a reliable starting point for the fre-
026-C27-C34-C31 5.6 -8.5(2) quencies and B3LYP/6-31G* force field calculations.
026-C27-C34-C35 -174.7 171.8 (2)
(27-026-C25-C23 105.5 145.1 (1) ) )
C25-026-C27-028 1739 172.7 (2) Atomic charges, bond orders, MEP and NBO studies
C1-C4-C5-C11 -0.2 164.6 (2)

To investigate the stability of the most stable conformer of OP,
the nature of the different interactions and the potentials



384 F.E. Chain et al./Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy 150 (2015) 381-389

electrophilic and/or nucleophilic sites, atomic natural charges
(NPA), bond orders, molecular electrostatic potentials and
second-order perturbation energies were investigated by using
MK charges and NBO calculations [18]. The NPA charges, bond
orders and molecular electrostatic potentials for OP calculated at
the B3LYP/6-31G* level of theory are presented in Table S3,
whereas the second-order perturbation energies are summarized
in Table S4. Fig. S2 shows the mapped surface on the molecular
surface of the OP structure. The results show that the stability of
OP is associated with the positive and negative high atomic charge
values on the €27, C39, C6, 021, 040 and 045 atoms, related to the
charge values on the other atoms, whereas high negative molecular
electrostatic potential values occur on the 026, 028 and 045 atoms
belonging to the OC=0 groups. These two regions are potential
nucleophilic sites, and thus, strong red colorations are expected
on these two hydrogen bond acceptor regions, as can be seen in
Fig. S2. On the contrary, the less negative molecular electrostatic
potential values are observed on the H22 and H46 atoms belonging
to the two OH groups, thus, these potential electrophilic sites are H
bond donors, with the 045-H46 bond constituting the strongest H
bond donor group, as we will see later.

The second-order perturbation energies E?) (donor — acceptor)
that involve the most important delocalization for OP calculated by
using the 6-31G* basis set are presented in Table S4. The results
show clearly that the contributions of the stabilization energies
to the AET,_ .- and AET, ., charge transfers, due mainly to the lone
electron pairs of the O atoms are higher than the remaining delo-
calizations observed in Table S4. On the other hand, another
important AET - _.,- delocalization attributed to the C27=028 dou-
ble bond has a higher value than the AET, ., charge transfer
attributed to the C39=040 double bond. Thus, the total energy val-
ues evidently reveal the high stability of OP due mainly to the two
ketone functional groups and to the presence of oxygen atoms in
the overall structure.

AIM analysis

To elucidate the magnitude of the different interactions present
in OP are useful the calculations of the topological properties, such
as the calculated electronic charge density p(r) and the Laplacian
values V2p(r) in the bond critical points (BCPs) and in the ring crit-
ical points (RCPs). Thus, these properties were calculated for OP by
using the AIM2000 program [20] and the B3LYP/6-31G* method.
The results can be seen in Table S5. The BCPs are characterized by
a closed-shell interaction; it is, the value of p(r) is relatively low,
the |41]/23 ratio is <1 and V?p(r) is positive, indicating that the
interaction is dominated by charge contraction away from the inter-
atomic surface toward each nucleus. Details of the molecular model
for onopordopicrin showing the geometry of all the BCPs and RCPs
are presented in Fig. S3. This analysis clearly shows (i) four different
BCPs, including two O---H bonds and two H---H bonds interac-
tions, and (ii) six RCPs, which are visibly indicated in Table S5.
Note that the topological properties of the two H---H bonds inter-
actions present higher values due to the proximity between both
atoms involved in the H bond formation, as indicated in Table S5.
Thus, these two types of interactions are the most important in this
molecule justifying, this way, the high stability of OP. When, the
topological properties obtained for OP are compared with those
obtained for cnicin, whose structure has one ring of five members
(A5) and other of ten members (A10), a higher number of BCPs
and RCPs are obtained, as reported in the literature [25].

NMR analysis

Experimental available data from Ref. [34] and chemical shifts
calculated for the 'H and '3C nuclei by using the GIAO method

[31] are compared in Tables S6 and S7, respectively. Chemical
shifts calculated for H nuclei show a good correlation with respect
to the experimental values (RMSD 0.072 and 0.096 ppm), whereas
the chemical shifts for carbon nuclei show higher deviations (9.4
and 10.6 ppm, respectively) [15,24]. Note that in general the calcu-
lated shifts for the '>C nuclei are smaller than the corresponding
experimental values, as observed in similar compounds [11,12]. A
very important result is that the theoretical calculations predict
the chemical shifts values for the H22 and H46 nuclei belonging
to the OH groups, as observed in Table S6, but experimentally
the corresponding chemical shifts were not observed probably
because those groups are involved in intra-molecular H bonds, as
revealed by the AIM calculations. Table S7 shows that the '3C
chemical shifts calculated with the GIAO method using the
6-311++G** basis set do not agree as well with the experimental
values, a result also observed in cnicin [25].

Vibrational analysis

Comparison of the recorded infrared spectrum for OP with the
corresponding theoretical scaled can be observed in Fig. 2 while

3435

Absorbance

1733

1009

3580

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber/cm-1

Fig. 2. Experimental infrared spectrum of onopordopicrin (upper) compared with
the corresponding scaled theoretical at B3LYP/6-31G* level of theory (bottom).

1677

2915

1646

1435

Raman Intensity

2000 1000 100

Wavenumber/cm-1

4000 3000

Fig. 3. Predicted Raman spectrum of onopordopicrin at B3LYP/6-31G* level of
theory corrected according to Refs. [35,36].
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Observed and calculated wavenumbers (cm~') and assignment for onopordopicrin.

Mode IR* Solid Calc.” SQM-* IR int. Raman int.! Assignment®

1 3435 s 3735 3580 539 0.02 v(045-H46)

2 3435 s 3729 3575 333.6 0.02 v(021-H22)

3 3137 sh 3266 3131 12 0.02 v, = CH,(C47)

4 3137 sh 3262 3127 39 0.03 Vs = CHp(C35)

5 3190 3059 4.1 0.01 v(C25-H33)

6 3174 3043 6.1 0.04 v, = CH,(C47)

7 3166 3034 3.6 0.04 Vs = CHy(C35)

8 3135 3004 221 0.02 VasCH,(C42)

9 3133 3003 29.3 0.02 vasCH2(C11)

10 3131 3001 11.0 0.03 Vv(C23-H24)

11 2994 sh 3125 2996 12.2 0.02 Vv 2sCH3(C6)

12 3121 2992 18.6 0.02 v(C5-H10)

13 3113 2984 27.6 0.00 v(C29-H30)

14 3107 2978 3.4 0.01 VasCH,(C1)

15 3094 2966 19.5 0.02 Vv(C31-H32)

16 3089 2960 373 0.03 VasCH5(C6)

17 3078 2951 39.9 0.04 VasCH,(C18)

18 2941 m 3065 2938 40.7 0.03 VasCH,(C14)

19 3062 2935 80.1 0.04 VsCH,(C1)

20 3042 2916 39.8 0.90 vsCH,(C14)

21 3035 2909 129 0.05 vsCH3(C6)

22 2874 m 3025 2899 43 0.05 VvsCH,(C42)

23 2874 m 3021 2896 22.0 0.04 vsCH,(C18)

24 2874 m 3020 2895 56.5 0.04 vsCH»(C11)

25 1771 vs 1861 1792 384.6 0.02 v(C27=028)

26 1718 vs 1799 1733 207.0 0.01 Vv(€39=040); pCOO

27 1654 m 1743 1677 202 1.00 V(C17=C23); V(C-C)ip(2)
28 1642 m 1742 1674 6.0 0.01 Vv(C4=C5)

29 1642 m 1733 1670 203 0.06 V(C34=C35); V(C-C)ip(3)
30 1632 sh 1708 1645 28.2 0.08 V(C41=C47)

31 1538 1470 0.0 0.02 3CH; (C11)

32 1465 sh 1531 1464 3.5 0.01 8 asCH3 (C6)

33 1530 1462 42 0.02 3CH; (C18)

34 1452 m 1526 1459 12.6 0.02 3CH, (C42)

35 1517 1451 2.5 0.00 3CH, (C1)

36 1441 sh 1507 1441 55 0.02 8.,CH; (C6)

37 1500 1435 8.9 0.03 3CHy(C14)

38 1474 1434 209 0.03 8 =CH, (C35)

39 1458 1423 19.0 0.04 8 =CH, (C47)

40 1406 m 1446 1413 1.8 0.02 wagCH, (C18)

41 1397 m 1443 1396 120.3 0.01 p’(C29-H30)

42 1397 m 1433 1392 6.7 0.01 wagCH, (C42)

43 1429 1388 29.2 0.01 wagCH, (C14)

44 1382 sh 1427 1381 8.2 0.03 3sCH5(C6)

45 1415 1374 11.2 0.00 B(C23-H24)

46 1402 1363 29 0.02 p(C29-H30)

47 1352 sh 1398 1358 7.5 0.01 B(C5-H10)

48 1381 1338 11 0.01 wagCH, (C1)

49 1322 sh 1379 1323 44 0.01 wagCH, (C11)

50 1367 1317 15 0.03 p’(C25-H33)

51 1359 1306 18.4 0.00 3(021-H22); twCH,(C18)
52 1352 1304 0.7 0.00 5(045-H46)

53 1299 sh 1332 1298 321 0.01 p(C25-H33)

54 1329 1287 2209 0.01 Vv(C41-C42)

55 1264 m 1298 1260 32 0.01 V(C-C)op(3); p = CH5(C35)
56 1295 1246 331 0.01 p(C31-H32)

57 1224 m 1270 1221 26.5 0.01 p'(C31-H32); pR; (A10)
58 1199 m 1261 1199 69.4 0.00 V(C4-C6); BRs (A10); V(C1-C4)
59 1251 1177 21.6 0.02 v(C39-038); 5CO0

60 1168 sh 1239 1166 306 0.05 BRs (A10): V(C-C)op(2): PR, (A10)
61 1224 1159 271 0.02 pCH, (C14)

62 1144 s 1220 1144 16.4 0.03 pCH,(C1)

63 1121 sh 1205 1125 26.2 0.00 pCH, (C11)

64 1199 1112 162 0.01 V(C27-026); B (C27=028)
65 1182 1105 252.1 0.00 pCH,(C42)

66 1144 1098 1103 0.01 pCH,(C18)

67 1130 1091 236 0.00 V(C5-C11); pCH3 (C6)
68 1069 sh 1115 1073 25.1 0.01 p’'CH; (C6)

69 1097 1062 62.9 0.01 Vv(C17-C18)

70 1046 s 1084 1051 24.7 0.00 V(C-C)op(1); V(C29-C31)
71 1025 s 1069 1035 121.6 0.01 3(C29C31C34)

72 1060 1019 10.2 0.01 Vv(C42-045)

73 1048 1017 7.2 0.03 5(026C25C23)

74 1044 1009 17.9 0.01 wag = CH»(C35)

(continued on next page)
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Table 2 (continued)

Mode IR* Solid Calc. SQM*© IR int.9 Raman int./ Assignment®

75 1006 sh 1036 1005 1.6 0.01 v(C18-021); v(C25-026)

76 1029 999 7.5 0.01 v(C11-C14)

77 991 sh 1015 995 59.9 0.00 3(C29C31C34); BRs(A10)

78 1006 990 158.3 0.02 wag = CH,(C47)

79 973 sh 1003 972 299 0.00 V(C-C)ip(1)

80 991 967 29.5 0.00 TwCH, (C11)

81 984 957 18.3 0.01 TwCH, (C42)

82 973 947 17.6 0.01 BRs (A10)

83 969 938 19.9 0.01 p =CH; (C47)

84 926 sh 960 925 8.1 0.01 TwCH, (C1)

85 951 921 3.1 0.01 BR4 (A10)

86 918 898 2.0 0.01 v(C23-H24)

87 904 894 3.0 0.01 v(C5-H10)

88 872 w 886 867 5.5 0.01 v(C29-038)

89 851 sh 866 850 6.0 0.01 TwCH; (C14)

920 861 843 11.6 0.02 3(C29038C39)

91 819 w 838 799 96 0.01 Y(C27=028); tw = CH, (C35); Y(C34=C35); TR, (A5)
92 824 792 22.4 0.01 ¥(COOY; Y(C41=C47)

93 814 786 1.6 0.02 3(026C25C23); TRy(A10)

94 794 768 18.1 001 BR, (A5)

95 753 w 777 749 14.2 0.02 PR, (A10); 5(C29C31C34)

96 746 721 105 0.01 3(C29C31C34): TR, (A5): PR, (A10)
97 700 w 732 683 2.7 0.01 TWCH, (C47); § (C41C42045)

98 666 w 698 671 26 0.03 BR, (AS5); y(C4-C6)

99 684 644 9.1 0.01 3(C17C18021)

100 634 sh 653 640 0.1 0.01 BR4 (A10); BRs (A10); TR (AS5)

101 614 vw 625 615 1.2 0.03 BR, (A5)

102 601 581 10.2 0.01 Vv(C39-C41)

103 588 568 493 0.00 3(026C25C23)

104 548 w 557 540 55.0 0.01 TR; (A5); §(C29C31C34)

105 509 vw 523 509 45.5 0.02 TR, (A5)

106 514 502 58.5 0.01 BRs (A10); BR4 (A10); TR(A10)
107 485w 504 487 119 0.01 TR, (A5); 5(026C25C23); Ry (A10)
108 463 w 473 460 92.0 0.01 R, (A5); 5 (C29C31C34); BRs (A10)
109 456 w 462 450 0.6 0.01 TR(A10); 5(026C25C23); TR,(A10)
110 458 447 0.4 0.02 TR3(A10)

111 425 vw 443 429 24 0.02 TR5(A10); TR,(A10)

112 411 vw 420 411 52 0.03 PR, (A10); 5(026C25C23); BRs (A10)
113 407 388 0.3 0.03 p(C41=C47)

114 388 380 27 0.01 TRy(A10); TR5(A10)

115 384 353 2.3 0.03 B(C4-C6)

116 365 351 6.9 0.01 7(021-H22)

117 361 346 1.0 0.01 AR, (A10); TR5(A10); 5(038C29C1)*
118 333 317 1.2 0.03 B(C34=C35)

119 320 300 6.3 0.01 7(045-H46); 5(C42C41C39); §(038C29C31)
120 314 299 0.9 0.02 5(026C25C23); TR, (A5); TR5(A10)
121 274 258 46 0.01 BR4 (A10); TR,(A10); TR, (A5)

122 262 251 3.5 0.01 TR;(A10)

123 252 243 23 0.03 TRy(A10); BR4 (A10), B(C17-C18)"
124 210 212 0.9 0.03 BRq (A10); TRy (A5)

125 208 195 3.1 0.02 3(C29C31C34); TR (A10)

126 197 189 13 0.09 TwCH; (C6); 7(C17-C18)*

127 185 184 08 0.02 3(C29C31C34); TRy(A10); TRe(A10)
128 176 169 0.4 0.03 TR(A10); TR; (AS5)

129 167 157 1.6 0.06 TRs(A10)

130 143 131 1.6 0.03 Ry(A10); TRs(A10): BRs (A10)

131 120 0.4 0.10 ¥(Ca-C6)*

132 108 110 0.9 0.08 TRs(A10); 7(021-C18-C17-C)"
133 105 102 15 0.02 TR, (A5); TR,(A10); TR,(A10)

134 85 81 24 0.16 TR, (A5): TRo(A10)

135 81 77 0.9 0.18 3(C29C31C34)

136 61 57 18 0.15 7(CO0Y; T(CC29038C39)

137 60 53 2.1 0.16 TR;(A10); Butt”

138 55 50 1.7 0.16 7(CC39038C29)

139 46 42 0.5 0.26 TR4(A10)

140 33 31 17 0.53 TRy(A10); TR&(A10); TR,(A10)

141 24 24 0.6 1.00 TR,(A10)

RMSD (cm) 73.51 18.28

v, stretching; 8, scissoring; wag, wagging or out-of plane deformation; p, rocking; 7, torsion, twist, twisting; a, antisymmetric; s, symmetric; ip, in-phase; op, out-of-phase; R,
ring; five members, (A5); ten members, (A10).
# See text. Letter bold, assigned by GaussView program [22].
This work.
> From B3LYP/6-31G* calculations.
¢ From scaled quantum mechanics force field B3LYP/6-31G*.
Units are km mol .

a
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the predicted Raman spectrum at the B3LYP/6-31G* level is
observed in Fig. 3. The calculated Raman activities were converted
to relative Raman intensities using the relationship derived from
the intensity theory of Raman scattering, as reported in the litera-
ture [35,36]. Note that in general the calculated spectrum repro-
duces the experimental spectrum reasonably well. Clearly, the
differences observed between both spectra are attributed to the
calculations because the anharmonicity was not taken into account
in our calculations in the gas phase, whereas in the condensed
phase, the forces due to the H bonds are important, as previously
analyzed. Furthermore, the broadening of some bands observed
in the infrared spectra probably justifies the H bonds predicted
by NBO and AIM calculations. The OP structure has C; symmetry
and 141 normal vibration modes, all active in the infrared and
Raman spectra. Table 2 shows the experimental and calculated
wavenumbers for the expected normal vibration modes, the SQM
based on the 6-31G* basis set and the corresponding assignments.
The theoretical calculations reproduce the normal frequencies for
OP with initial value of RMSD of 73.51 cm~! while when the
SQMFF method is applied using the scaling factors, the final
RMSD decrease significantly until 18.28 cm~!, as observed in
Table 2. It is necessary to clarify that the presence of wide bands
in the infrared spectrum overlaps some bands and in these cases
the theoretical frequencies were considered as experimental ones.
The infrared frequencies, the infrared and Raman intensities and
the potential energy distribution obtained by B3LYP/6-31G* calcu-
lations appear in Table S8. Tables 2 and S8 show clearly that the
calculated and SQM wavenumbers for some normal vibration
modes are closely distributed, and thus, these modes exhibit a
lower PED contribution or are not directly observed (such as the
frequency calculated at 120 cm™!). Thus, the assignment of the
experimental bands to the normal modes of vibration was per-
formed by taking into account PED contributions >10% for some
vibration normal modes; for other modes, i.e., those with low con-
tributions and/or that not observed, the assignments were carried
out using the GaussView program [22]. These vibration normal
modes are defined by the following internal coordinates: Sgg
(6(038C29C] )), S106 (B(C17—C18)), S116 ('Y(C17—C18)), S131 (Butt)
and S;3; (1(021-C18-C17-C)) and are represented in bold letter
in Table 2. To perform the complete assignment of OP, we took into
account the assignments reported for related molecules [1-6,9-1
2,24,37-39] and the B3LYP/6-31G* level of calculation because
the scale factors used are defined for the 6-31G* basis set [28].
Table S1 summarize the scale factors together with the definitions
of the natural internal Coordinates for onopordopicrin. Below, a
discussion of the assignments of the most important groups is
presented.

Bands assignments

OH modes

In accordance to the values reported for similar compounds |1
,3-6,9,11,37-39], the broad band observed in the IR spectrum of
the compound in the solid phase at 3435 cm™! is easily assigned
to the two O-H stretching modes of OP. The OH in-plane deforma-
tion modes for both groups are predicted at 1306 and 1304 cm™!
and they are observed overlapped by wide and intense bands in
that region, whereas the corresponding out-of-plane deformation
modes are not observed in the IR experimental spectrum and, for
this reason, they were not assigned, because they are predicted
by calculation at 351 and 300 cm™!, as indicated in Table 2.

CH3 modes

The antisymmetric stretching modes of methyl groups are cal-
culated as totally pure modes at 2996 and 2960 cm~! while the
corresponding symmetric mode is predicted at 2909 cm™!, hence,

they can be assigned to the shoulder and IR band of the medium
intensity at 2994 and 2941 cm™', respectively, as observed in
Table 2. The antisymmetric and symmetric CH; bending modes
are predicted to occur at 1464, 1441 and 1381 cm™! by SQM calcu-
lations; hence, they are assigned to those regions. The rocking and
twisting modes are assigned as predicted by the calculations and in
accordance with the expected regions for similar compounds
[11,12,38,39], as observed in Table 2.

CH> modes

The vibration stretching modes corresponding to these groups
are calculated in the expected regions; thus, the group of IR bands
between 3131 and 2895 cm™! region can be easily assigned to
stretching modes, as observed in Table 2. An important observation
is that for the CH, groups with sp? C atoms, stretching and wagging
modes are predicted by calculations at higher and lower
wavenumbers, respectively than those groups with sp®> C atoms.
Thus, all of the deformation modes for these groups are associated
with the shoulders and IR bands between 1470 and 1423 cm™},
whereas the wagging modes are predicted to occur between
1413 and 1323 cm™! for those CH, groups with sp> C atoms and
between 1009 and 990 cm™! for the other ones. The rocking and
twisting modes are assigned as predicted by calculations, as indi-
cated in Table 2.

CH modes

The C-H stretching modes are predicted to occur in the 3059-
2984 cm~! region. The in-plane and out-of-plane deformation
modes are predicted to occur in the expected regions reported
for similar molecules [1-3,5,6,9-12,38,39]: 1396-1246 and 898-
894 cm™ ', respectively.

Skeletal modes

The description of the skeletal stretching modes for OP can be
observed in Table 2. The very strong IR bands at 1771 and
1718 cm™' are easily assigned to the C=0 stretching modes
according to the values reported for similar compounds [1,3-
6,9,11,38,39]. Note that the Raman intensities of these bands are
lower than the expected because the O atoms belonging to the
C27=028 and C39=040 groups are involved in AET;p_, charge
transfers, as observed in Table S4. The C=C stretching modes are
predicted to occur between 1677 and 1645 cm™}, and due to the
proximity of these bands, the IR bands of the medium intensities
at 1654 and 1642 cm™! and the shoulder at 1632 cm™! in the IR
spectrum are assigned to C=C stretching modes. Here, the
C41=C47 stretching mode was assigned to the shoulders in the
IR spectrum at 1636 and 1625 cm™!, respectively because this
bond is involved in the ¢(2)C41-C47 — ¢*(2)C39-040 delocaliza-
tion, as observed in Table S4. On the other hand, the C-O stretching
modes are predicted between 1177 and 886 cm™!, hence, they are
clearly assigned to the shoulders and overlapped bands in those
region, as shown in Table 2. According to the values previously
reported for molecules with similar rings [1-6,9,11,12,37-39]
and the values obtained from our theoretical results, the IR bands
at 1199 and 1046 cm™! are associated with some C-C stretching
modes. The remaining skeletal modes are assigned according to
the calculations, as shown in Table 2.

Force field

The force constants for OP were estimated employing the SQM
methodology [28] at the B3LYP/6-31G* level of theory by using the
Molvib program [29,30], as was previously described in
Computational Details. These constants expressed in internal coor-
dinates are shown in Table 3 and they are compared with the
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Table 3
Comparison of scaled internal force constants for onopordopicrin.

Force constant B3LYP/6-31G*

Onopordopicrin® Dehydrofukinone®

f(vO-H) 7.16
f(vC=0) 12.30 11.11
f(VC-O)ring 4.80
f (vC—OH) 4.85
f(vC=C) 9.13 8.46
f(VC-H) 4.96 4.84
f(VCH3) 4.90 4.75
f(VCH3) 4.82 4.87
f(5CH,)(sp?) 0.45
f(5CH2)(sp3) 0.77 0.73
f(5CH3) 0.55 0.55
f(SOH) 0.74

Units are mdyn A~ for stretching and stretching/stretching interaction and mdyn
A rad~2 for angle deformations.

@ This work.

b From Ref. [12].

values obtained for an eremophilane-derived sesquiterpene
ketone, dehydrofukinone [12], by using the same level of theory.
Clearly, the lower values observed for the filvC=0), f{vC=C), f(vC-
H) and f{vCH,) force constants for dehydrofukinone are justified
because the number of those groups present in the molecule’s
structure is lower than that observed in the OP structure. For OP,
the f{vC-0) force constants belonging to the C-O ring and to the
side chain were analyzed separately from those corresponding to
the C-OH groups but, the calculation show that the obtained val-
ues are approximately the same. Furthermore, the force constants
corresponding to the CH, bending modes assume different values
when the C atoms of these groups are sp? hybridized than when
those groups are sp> hybridized. Thus, in the first case, the average
value is slightly lower, as observed in Table 3. This difference in the
force constants values are justified probably because the bond
angles values for the =CH, groups are between 118.4° and
117.8° while for the other ones the values are among 105.1° and
107.6°.

HOMO-LUMO

To study the reactivity of OP and to predict its behavior in the
gas phase, the frontier HOMO-LUMO molecular orbitals and the
chemical potential (u), electronegativity (), global hardness (7),
global softness (S) and global electrophilicity index () descriptors
[13,40-42] were calculated at the B3LYP/6-31G* level of theory.
The gap energy band and the descriptors for OP can be observed
in Table S9 and are compared with the values obtained in this work
for the more stable conformer of cnicin and with those reported in
the literature for the C3 conformer of thymidine because it has
antiviral property. Comparing the energy band gap of OP
(-5.0523 eV) with that obtained for the more stable conformer
of cnicin (—4.8217) and thymidine (—5.4748 eV), we observed that
OP is less reactive than cnicin but more reactive than thymidine
while cnicin is less stable than OP and thymidine because it has
a lower 7. On the other hand, OP has a better capability for accept-
ing electrons because it has a greater electrophilicity index
(3.3505eV) than thymidine (2.0728 eV) but lower than cnicin
(3.5434). In contrast, thymidine is a better electron donor than
OP because it is supported by two OH and C=0 groups, one NH
group, two N atoms and one O atom, whereas OP has two OH
and C=0 groups and only two O atoms. These studies show clearly
that the presence of various OH groups in the cnicin structure
increase their reactivity as compared with OP.

Conclusions

In the present work, onopordopicrin was isolated and charac-
terized by using infrared and 'H, '*C NMR spectroscopies. The the-
oretical molecular structure for the most stable structure of
onopordopicrin was determined by the B3LYP/6-31G* method.
NBO and AIM calculations reveal that the high stability of onopor-
dopicrin is due to the hyperconjugation between electron-donating
groups, which exhibit high energy values due to the AET, ...,
AET - and AET,_ - charge transfers. The AIM study reveals the
formation of two O-H intramolecular hydrogen bonds, which
may also be responsible for the high stability of onopordopicrin.
A complete assignment of the 141 normal vibration modes of the
molecule was performed. The SQM force field was obtained, and
the theoretical vibrational calculations allowed us to obtain a set
of scaled force constants fitting the observed wavenumber values.
The calculations of the frontier orbitals and of some descriptors
indicate that OP has a lower energy band gap, lower # and a larger
electrophilicity index than the potentially antiviral thymidine but
the comparison of these descriptors with those calculated for a
compound with similar ring in their structure such as, cnicin, show
clearly that the presence of higher OH groups in a structure is a
structural requirements important for increase the reactivity and
the electrophilic index and, for these reasons, their activity.
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