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a b s t r a c t

Carquejol and its acetate are monoterpenoids based on the rare o-menthane skeleton and distinctive
components of the essential oil from Baccharis trimera. Carquejol was characterized by using Fourier
Transform infrared (FT-IR) and Raman (FT-Raman), UltravioleteVisible (UVeVisible), Electronic Circular
Dichroism (ECD), Mass, Hydrogen and Carbon Nuclear Magnetic Resonance (1H and 13C NMR) and 2D
1He1H gCOSY, 1He13CgHSQC, 1He13CgHMBC spectroscopies. Due to the chirality of this monoterpenoid,
six different structures were analysed, of which only four showed higher populations and minimal en-
ergies. The natural bond orbital (NBO), atoms in molecules (AIM), Merz-Kollman (MK) charges, molecular
electrostatic potentials (MEP) and frontier orbitals studies were performed in order to evaluate their
structural, electronic, topological and vibrational properties. All calculations were performed by using
the hybrid B3LYP method and the 6-31G* and 6-311þþG** basis sets. The comparison of the experi-
mental ECD spectra with the corresponding theoretical ones confirm the (4S,5R) configuration assigned
to carquejol. The force fields for the most stable configurations were computed by using those two levels
of theory and the complete vibrational assignments for the two conformations of carquejol are reported.
The different orientations and directions of the dipole moments of the two structures and the proximity
in the nucleophilic indexes with those reported for other terpenes could justify in part the potential
biological properties reported for carquejol. The MEP surfaces for both structures reveal that the
nucleophilic and electrophilic sites of higher reactivity are principally centred on the OH groups.

© 2017 Elsevier B.V. All rights reserved.
1. Introduction

Carquejol, IUPAC name 5-methylidene-6-prop-1-en-2-
ylcyclohex-2-en-1-ol, is the oldest member of monoterpenoids
based on the rare o-menthane skeleton. Carquejol together with
carquejyl acetate are distinctive components of the essential oil
obtained from aerial parts of Baccharis trimera (Less.) DC (syn.
B. genistelloides Pers.)(Asteraceae), a medicinal plant commonly
known as carqueja that grows wild in southern Brazil, Uruguay,
and�an).
Paraguay and northeastern Argentina. Infusions and decoctions of
this plant are used for the treatment of gastrointestinal, hepatic and
renal disorders, diabetes, rheumatism, poor blood circulation and
inflammatory processes [1e11]. The secondary metabolite chem-
istry of carqueja has been investigated by several authors, the main
groups of compounds identified being mono- and sesquiterpenoids
in the essential oil [7,12] and flavonoids, polyphenols, tannins,
diterpene lactones and saponins in extracts of different polarities
[2e12]. Several of the isolated products exhibited remarkable
therapeutic properties. For instance, the saponins present in the
butanol extract showed strong anti-inflammatory and analgesic
activity [3]; a clerodane type diterpene isolated from the ethyl
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acetate fraction of aerial parts produced full inhibition of haemor-
rhage and proteolytic activity caused by Bothrops sp. snake venom
[4] whilst the essential oil showed promising schistosomicidal ac-
tivity against the trematode species Schistosoma mansoni [11].

From chemical point of view carquejol is a monoterpene alcohol
belonging to the o-menthane series that structurally has two
asymmetric carbons and, for this reason, four stereoisomers (two
pairs of enantiomers) are possible. On the other hand, it is recog-
nized that the chirality of a drug is strongly related to its biological
or pharmacological activities. This way, to identify carquejol by
means of the vibrational spectroscopy it is necessary first to analyse
all the possible structures in order to find the most stable theo-
retical configuration, that is the most stable energetically and, be-
sides, to know if only a single or both enantiomers are present in
the natural alcohol. Hence, the aims of this workwere (i) to perform
a structural theoretical investigation on the four possible stereo-
structures of carquejol based on the DFT calculations and taking
into account the experimental structure and chirality reported for
the natural compound [13], (ii) to characterize completely natural
carquejol by using the experimental infrared, Raman, 1H NMR, 13C
NMR, UVeVisible and ECD spectra and then, (iii) to perform the
complete assignments of their vibrational spectra. With these
purposes, the optimizations of the different structures and the
calculations of the structural properties for the most stable con-
figurations were performed using the hybrid B3LYP method
together with the 6-31G* and 6-311þþG** basis sets [14,15]. Thus,
the Natural bond orbital (NBO) [16] and atoms in molecules (AIM)
calculations [17,18] were used to compute atomic charges, molec-
ular electrostatic potentials, bond orders, donor-acceptor in-
teractions energy and, the topological properties such as, the
electron density distribution, r(r) and the Laplacian values, V2r(r)
[17]. Later, the predicted infrared, Raman, 1H NMR, 13C NMR and
UVeVisible spectra using the two levels of theory were compared
with the corresponding experimental ones and, afterward, the as-
signments of all the bands observed in these spectra were per-
formed. Here, in order to perform the complete vibrational
assignments of the most stable conformations of carquejol the
normal internal coordinates and the Scaled Quantum Mechanical
Force Field (SQMFF) methodology [19] were used together with the
Molvib program [20] to compute the force fields with both basis
sets. Taking into account the potential biological and pharmaco-
logical activities of this attractive component of carqueja essential
oil, the reactivities and behaviours of all stable conformations were
predicted by using the frontier orbitals and some descriptors re-
ported in the literature [21e25]. Here, some structural properties
were compared with those reported for other terpenes [26e28]
while the gap values and the descriptors were compared with the
reported for some compounds with different biological activities
[24,29].

2. Experimental

2.1. Plant material

Aerial parts of Baccharis trimera (Less.) DC. were randomly
collected at blooming stage (March 2016) in 'Estaci�on Porvenir'
(32�21056,500S; 57�54002,100O), Paysandú Province, Uruguay. A
voucher specimen was deposited at the 'Arechavaleta' Herbarium,
Facultad de Química, Uruguay (MVFQ, UdelaR; M. Minteguiaga
4420); species identification was performed by Prof. E. Alonso-Paz.

2.2. Extraction of the essential oil and isolation of compounds

Fully air-dry plant material (30 Kg) was extracted in a pilot
steam distillation unit (Eysseric Company, Nyons, France) at
Agricultural Research National Institute INIA 0Las Brujas' (Rinc�on del
Colorado, Canelones province, Uruguay). In order to preserve the oil
(approximately 45 mL), anhydrous sodium sulfate and butylated
hydroxytoluene (Sigma-Aldrich) were added immediately after the
extraction process. Then, the oil was stored in an amber flask
at �4 �C until chemical analyses. The oil was characterized by
carquejyl acetate (71,4%) and carquejol (0,5%) according to GC-MS
analysis.

2.3. Carquejyl acetate

The essential oil was column chromatographed over Silica gel
(Merck, 230e400 mesh; 530 g) with hexane-ethyl acetate 96:4 as
elution solvent to give 105 fractions which were monitored by TLC.
Fractions showing a single spot corresponding to carquejyl acetate
were reunited and the solvent evaporated in vacuo (rotavap) to
yield carquejyl acetate (5.78 g, purity 96.8% by GC). Chiral analysis
using a capillary column CycloSil B showed that both carquejol and
carquejyl acetate from B. trimera were enantiomerically pure.

2.4. Carquejol

Carquejyl acetate (12.90 g; 67 mmol) was saponified following
the procedure described in Ref. [30] to yield crude carquejol (9.26 g,
92%) which was column chromatographed over Silica gel (Merck,
230e400 mesh; 320 g) with hexane-ethyl acetate mixtures of
increasing polarity (96:4, 96:5 and 94:6) to yield 8.15 g of pure
carquejol (purity >99.8% by GC) as crystalline needles, mp 38-39 �C.
UV (n-hexane) lmax (log ε) 208 nm (3.78). EI-MS (70 eV); m/z (%)
[M]þ� 150 (1.7), 149 (1.5), 135 (62, [MeCH3]þ), 133 (16, [MeOH]þ),
117 (45, [MeCH3eH2O]þ), 115 (17), 107 (44), 95 (23), 94 (49), 93
(24), 92 (17), 91 (97), 81 (20), 79 (100, [C6H7]þ) (RDA fragmenteH),
77 (56), 70 (23,[C4H6O]þ*), 65 (23), 55 (16), 53 (17), 51 (16), 41 (24)
(See Fig. S16). 1H NMR (200 MHz, CDCl3) (See Fig. 2) d5.87 (1H;
ddtd, 9.9, 3.2, 2, 0.4 Hz, H-4), d 5.74 (1H; dtdd, 9.9, 3.3, 1.5 and
0.4 Hz, H-5), d 5.24 (1H; m, fine splitting, H-9b), d 5.04 (1H; quint,
1.4 Hz, H-9a), d 4.97 (1H; q, 1.4 Hz, H-7b), d 4.92 (1H; s br, H-7a),
d 4.41 (1H; m, H-3), d 3.14 (1H; d br, 4.7 Hz, H-2), d 2.89 (1H; d with
fine splitting, 19.7 Hz, H-6b), d 2.77 (1H; d with fine splitting,
19.7 Hz, H-6a), d 1.87 (1H; d, 10.3 Hz, OeH), d 1.78 (3H; dd, 1.4 and
0.7 Hz, Me-10) (Fig. 2).13C NMR (50 MHz, CDCl3) d143.2 (C; C-1),
142.4 (C; C-8), 130.8 (CH; C-4), 128.1 (CH; C-5), 112.6 (CH2; C-9),
111.6 (CH2; C-7), 68.8 (CH; C-3), 54.3 (CH; C-2), 33.1 (CH2; C-6), 23.8
(CH3; C-10) (Fig. 3 and Fig. S11). IR and Raman spectra are shown in
Fig. 4. Studies on the pharmacology [31a] and toxicity [31b] of
carquejol are available. There is also a patent for preparing car-
quejol from carqueja essential oil [32].

2.5. General experimental procedures

NMR spectra were acquired on a Bruker instrument at 200 MHz
(1H) and 50 MHz (13C). All spectra were recorded in CDCl3 with the
solvent used as an internal reference (dH 7.26; dC 77.3, 77.0, 76.7). 2D
NMR spectra (1He1H gCOSY, 1He13C gHSQC, 1He13C gHMBC) were
acquired using standard Bruker programs. GC-MS analysis: Mass
spectra were recorded on a 5973 Hewlett Packard selective mass
detector coupled to a Hewlett Packard 6890 GC using HP-5MS (5%
phenylmethylsiloxane) capillary column (30 m � 0.25 mm i.d.;
0.25mm film thickness). The injector, GC-MS interphase, ion source
and selective mass detector temperatures were maintained at
250 �C, 275 �C, 280 �C and 150 �C, respectively; ionization energy,
70 eV; injection size: 0.1 mL (10% solution in ethyl acetate) (split
mode). Helium was used as carrier gas at a flow rate of
1.0 mL min�1. The oven was programmed as follows: 50 �C (1 min),
50-100 �C at 1.0 �C min�1, 100-150 �C at 2 �C min�1, 150-270 �C at
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10 �C min�1, and then kept at 270 �C (5 min). In order to establish
the enantiomeric distribution of natural carquejyl acetate and
natural carquejol, a chiral selector capillary column CycloSil-B 30%-
(2,3-di-O-methyl-6-O-tertbutyl-dimethyl)-b-cyclodextrin in DB-
1701 (Agilent Technologies) (30 m � 0.25 mm i.d. � 0.25 mm film
thickness) was used. The temperature program optimized to
separate monoterpene enantiomers was as follows: 65 �C (1min),
65e100 �C at 1 �C min�1, 100 �C (1min), 100e150 �C at 2 �C min�1,
150e220 �C at 10 �C min�1, 220 �C (3 min).

All chromatographic data were recorded and processed by
ChemStation® software (Agilent Technologies). Column chroma-
tography and TLC were performed using, Silica gel Merck 230e400
mesh and silica gel F254 plates (Merck) respectively. For compound
detection the TLC plates were sprayed with a freshly prepared so-
lution of 0.5 mL p-anisaldehyde in 50 mL glacial acetic acid and
1.0 mL 97% sulphuric acid and then heat to 105� C until maximum
visualization of spots.

FTIR measurements were carried out in a Perkin Elmer GX
spectrophotometer provided with a DTGS detector constantly
purged with dry air. The spectrawere acquired as liquid film using a
demountable cell with ZnSe windows in the 4000 to 400 cm�1

range. A total of 256 scans were accumulated. The resolution of the
equipment employed was 1 cm�1. The Raman spectrum of car-
quejol in solid state at room temperature was recorded between
3500 and 50 cm�1 with a Thermo Scientific, DRX Raman Micro-
scope equipped with a laser (excitation line of 1532 nm, 10 mW of
laser power). The Raman spectrum was recorded with 300 scans
and a resolution of 4 cm�1.The ECD spectra of the sample in ethanol
96� at a concentration of 0.1e0.3 mg/mL were recorded in a 1 mm
path length quartz cuvette using a Jasco J-815 CD spectrometer.

3. Computational details

Initially the four possible (4R,5R), (4S,5R), (4R,5S) and (4S,5S)
stereoisomers of carquejol respectively called C1, C3, C4 and C5,
were built with the GaussView program [33] and, then, they were
optimized by using the hybrid B3LYP and the 6-31G* and 6-
311þþG** basis sets [14,15] with the Gaussian 09 program [34].
These four carquejol structures are shown in Fig. 1 where C1 and C5
as well as C3 and C4 represent enantiomeric pairs. The natural
product C3 was shown to be enantiomerically pure by chiral GC. In
an achiral environment, enantiomers present identical physical and
chemical properties and differ from one another only by their
interaction with polarized light. Consequently, only diastereomers
C1 and C3 should be considered as they are energetically identical
to C4 and C5 respectively. In order to optimize C1 and C3 structures,
the potential energy surfaces (PES) described by the dihedral
C6eC5eC11eC19 angles were studied using both levels of theory
which for the 6-31G* basis set are presented in Fig. S1. These
graphics show only two most stable conformations named C1-1
and C1-2 for (4R,5R) configuration and also two stable conforma-
tions named C3-1 and C3-2 for (4S,5R) configuration which are
shown in Fig. S2. For those four carquejol conformations, two types
of charges were studied: the natural population analysis (NPA) and
the Merz-Kollman (MK) charges [35]. Then, and by using the latter
charges, the molecular electrostatic potentials were also calculated.
The bond orders and the donor-acceptor interactions were
computed with the NBO calculations [16] while the topological
properties were determined with the AIM2000 program [18]. In
this work, the frontier orbitals were calculated in order to predict
the reactivities of all structures using their gap values [21e25] and
subsequently, with these values the chemical potential (m), elec-
tronegativity (c), global hardness (h), global softness (S) and global
electrophilicity index (u) descriptors were calculated [26e29] by
using both levels of theory. The force fields of those stable
configurations of carquejol were calculated with the SQMFF pro-
cedure [19] and the Molvib program [20] using normal internal
coordinates similar to other terpenic compounds previously re-
ported by our group [26e29]. The vibrational assignments were
performed considering the potential energy distribution (PED)
contribution � 10% and their IR and Raman spectra. Besides, the 1H
and 13C chemical shifts were calculated for all carquejol structures
applying both methods and the Gauge-Independent Atomic Orbital
(GIAO) method [36] using tetramethylsilane (TMS) as reference.
Finally, the ultravioletevisible spectrum was also predicted in wa-
ter using Time-dependent DFT calculations (TD-DFT) at the 6-31G*
and 6-311þþG** levels of theory with the Gaussian 09 program
[34]. Moreover, the TDDFT calculations were also employed to
predict the rotatory strengths for all conformers in order to find the
absolute configuration of carquejol by ECD.

4. Results and discussion

4.1. Structural study

Calculated total and relative energies, dipolar moment and
population values for the four most stable conformers of carquejol
(Fig. S2) in gas phase by using both methods are shown in Table 1.
Values obtained in aqueous and n-hexane solutions are also pre-
sented. The theoretical results clearly show that C1-1 is the most
stable conformer in all media and, for these reasons, it present the
higher populations with both level calculations. It is worth to note
that in the absolute configuration (4S,5R) determined by Snatzke
et al. [13] for natural carquejol from B. trimera, the isopropenyl and
hydroxyl groups possess a cis configuration and a conformation
corresponding to that indicated as C3-1, while the most stable
conformer C1-1 has (4R,5R) configuration with the hydroxyl and
isopropenyl groups on opposite sides (trans). Table 1 also shows
that both C3 structures present the higher relative energies in gas
phase and, consequently, the lower populations in that medium.
However, when the dipole moment values for the C1-1, C1-2, C3-1
and C3-2 conformers in gas phase are graphically represented by
using the B3LYP/6-31G* method we observed that the magnitude,
direction and orientation of their vectors in all these structures
were different among them, as shown in Fig. S3. Hence, the dipole
moment values observed for C3-1 could probably explain their
presence in the solid phase, as reported for other compounds
[37e40]. Obviously, these results could have influence on their
electronic properties and probably their reactivities and behaviours
in the different media.

So far, the experimental geometrical parameters for carquejol
were not reported and, for this reason, the theoretical geometrical
parameters calculated for the four conformers in the gas phase
were compared with structures experimentally determined for
other terpenes containing similar groups such as, those structures
determined for the diterpenerac-(1R,2R,3S,7S)-3-hydroxy-5-
isopropyl-2-methyltricyclo[8.4.0.02,7]-4,9-tetradecadien-6-
one(CembraneDiterpene) by X-ray diffraction by Caracelli et al. [41]
and for 7-methyl-16-oxo-4,10-bis(prop-1-en-2-yl)-17,18-dioxa-
14,15-diaza-tetra-cyclo-[9.4.2.16,9.01,12]octa-deca-6,8,14-trien-5-yl
acetate](KAP) determined by Rodríguez-Escudero et al. [42]. Fig. S4
shows the structures of those two compared compounds indicating
with circles the similar groups to carquejol. Table 2 shows the
comparisons among the geometrical parameters calculated and
experimental by means of root-mean-square deviation (RMSD). In
general, we observed a good correlation in the bond lengths for the
four structures but a better agreement is observed for C1-1, C1-2
and C3-1 with both basis sets with values between 0.020 and
0.019 Å while for the bond angles a better correlation is principally
observed for C-11 and C1-2 (3.0e2.9�). Here, the bond lengths and



Fig. 1. Molecular structures of the most stable conformers of carquejol and atoms numbering.

Fig. 2. 1H NMR spectrum of (4S,5R)-carquejol in CDCl3.
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Fig. 3. 13C NMR spectrum of (4S,5R)-carquejol in CDCl3.

Table 1
Calculated total (E) and relative energies (DE), dipolar moment (m) and population values for the most stable C1-1 and C1-2 conformers of (4R,5R)-carquejol, and C3-1 and C3-2
conformers of (4S,5R)-carquejol in gas phase.

Configurations Conformers E (Hartrees) DE (kJ/mol) m (Debye) Population%

B3LYP/6-31G*method/Gas phase
(4R,5R) C1-1 �464.6431 0.00 1.39 49.30
(4R,5R) C1-2 �464.6430 �0.26 1.84 44.44
(4S,5R) C3-1 �464.6405 �6.82 1.59 3.13
(4S,5R) C3-2 �464.6395 �6.82 2.00 3.13
PCM/B3LYP/6-31G*method/Aqueous solution
(4R,5R) C1-1 �464.6513 0.00 2.08 39.43
(4R,5R) C1-2 �464.6509 �1.05 2.70 25.63
(4S,5R) C3-1 �464.6483 �0.34 2.31 34.30
(4S,5R) C3-2 �464.6474 �10.23 2.87 0.64
B3LYP/6-31G*method/N-hexano
(4R,5R) C1-1 �464.6536 0.00 1.56 51.65
(4R,5R) C1-2 �464.6535 �0.26 2.09 46.49
(4S,5R) C3-1 �464.6485 �9.97 1.91 0.93
(4S,5R) C3-2 �464.6498 �9.97 2.26 0.93
B3LYP/6-311þþG**method/Gas phase
(4R,5R) C1-1 �464.7836 0.00 1.61 49.72
(4R,5R) C1-2 �464.7834 �0.52 1.88 40.28
(4S,5R) C3-1 �464.7787 �4.18 1.70 9.20
(4S,5R) C3-2 �464.7797 �10.23 1.97 0.80
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angles could explain why C3-1 is the conformation experimentally
observed. On the other hand, C1-1, C1-2 and C3-1 show the major
variations in the dihedral angles, while the better correspondence
is found for C3-2 where the diverse packing of the structures
compared could justify the small differences observed. For
instance, in the crystalline KAP structure the molecules are linked
by weak CeH/O interactions and by an intra-molecular CeH/O
hydrogen bond [42] while in cembrane diterpene themolecules are
also connected through a hydrogen bond [41]. Here, taking into
account that in the KAP structure due to the OH groups the
molecules are linked by inter and intra-molecular H bonds, in the
structure of carquejol could be expected interactions by H bonds
due to the presence of OH bonds in their structure.

4.2. MEP, bond orders, NPA and MK charges

Many authors have reported that the biological properties dis-
played by sesquiterpenic compounds can probably be related to the
structural requirements associated to hydrophobic and hydrophilic
sites of these species [43e46] and, for these reasons, the



Table 2
Comparison of calculated geometrical parameters for carquejol compared with those experimental to other terpenes.

B3LYP Methoda Exp,b,c

Parameter C1-1 C1-2 C3-1 C3-2

6-31G* 6-311þþG** 6-31G* 6-311þþG** 6-31G* 6-311þþG** 6-31G* 6-311þþG**

Bond lengths (Å)
C4eO23 1.434 1.439 1.431 1.435 1.429 1.432 1.430 1.434 1.428b

C1eC2 1.509 1.332 1.507 1.504 1.510 1.504 1.508 1.506 1.508b

C2eC3 1.335 1.332 1.333 1.331 1.334 1.331 1.334 1.331 1.334b

C3eC4 1.506 1.503 1.509 1.507 1.514 1.508 1.512 1.510 1.490b

C4eC5 1.554 1.553 1.545 1.544 1.546 1.551 1.549 1.548 1.550b

C5eC6 1.521 1.520 1.527 1.526 1.526 1.522 1.526 1.525
C6eC13 1.334 1.332 1.334 1.332 1.335 1.333 1.335 1.333
C5eC11 1.530 1.530 1.523 1.522 1.531 1.534 1.535 1.533 1.524c

C11eC19 1.510 1.508 1.510 1.509 1.512 1.508 1.509 1.508 1.524c

C11eC16 1.337 1.335 1.336 1.333 1.335 1.334 1.337 1.335 1.385c

RMSD 0.019 0.065 0.019 0.020 0.020 0.020 0.020 0.020
Bond angles (�)
C3eC4eO23 106.3 106.5 111.4 111.2 112.4 112.3 112.2 112.1 107.8b

C5eC4eO23 111.2 111.2 106.6 106.5 109.2 108.3 108.1 108.2 112.6b

C1eC2eC3 123.5 123.5 122.9 122.9 122.8 123.2 123.0 123.0 118.2b

C2eC3eC4 123.5 123.5 123.5 123.6 123.4 123.2 123.7 123.7 125.5b

C3eC4eC5 113.2 113.5 111.7 112.0 112.4 112.2 112.8 113.1 114.8b

C4eC5eC6 110.1 110.2 108.9 109.2 107.1 108.3 108.2 108.2 108.1b

C5eC6eC1 114.5 114.5 114.4 114.2 114.8 117.6 116.8 116.9 111.9b

C5eC6eC13 122.6 122.6 124.2 124.4 122.5 120.9 121.3 121.3
C1eC6eC13 122.7 122.7 121.2 121.2 122.6 121.3 121.6 121.6
C5eC11eC16 124.0 124.0 120.1 120.1 125.1 125.0 118.4 118.4 119.3c

C5eC11eC19 114.5 114.5 118.4 118.5 113.6 113.9 120.8 120.8 118.3c

C16eC11eC19 121.3 121.3 121.3 121.3 121.1 120.9 120.6 120.7 122.2c

RMSD 2.9 2.9 3.0 3.0 3.6 4.0 3.2 3.2
Dihedral angles (�)
C2eC3eC4eO23 �109.1 �111.2 �141.0 �139.0 145.2 148.8 143.9 144.2 146.1b

C6eC5eC4eO23 79.8 81.9 170.3 168.5 �173.3 �172.9 �169.9 �169.6 �166.2b

C6eC5eC11eC16 101.7 101.5 �96.3 �98.1 107.0 43.1 �98.9 �101.5 �92.5c

C6eC5eC11eC19 �77.6 �77.9 83.8 82.3 �72.5 �137.0 81.1 78.7 86.2c

C2eC1eC6eC13 135.8 134.9 �145.4 �144.2 136.4 148.2 141.0 141.6
C4eC5eC6eC13 �122.3 �122.5 124.3 124.8 �117.9 �125.6 �122.3 �123.3
RMSD 218.1 219.3 221.2 219.9 127.5 130.6 4.6 6.2

a This work.
b Ref [41].
c Ref [42].
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identifications of these possible reaction sites are of interest in a
terpene derivative as carquejol due to their potential pharmaco-
logical properties reported [31,32]. In this work, the molecular
electrostatic potential (MEP) values for all atoms were calculated
from the atomic Merz-Kollman (MK) charges [35] while the MEP
mapped surfaces for C1-1, C1-2, C3-1 and C3-2 structures were
built using the GaussView program [33]. The forces of the different
bonds are also related to those reactivity sites because when a bond
is weak, the break of that bond is expected, so, for this reason, the
bond order (BO) values is other very important property. Thus, for
all structures of carquejol in gas phase, the MEP and BO expressed
as Wiberg indexes are summarized respectively in Table S1 and S2
by using both levels of theory. Analyzing, the MEP values we
observed the following tendency: O > C > H, as expected due to the
electronegativity values of the O atoms but, for the C atoms we
observed the higher values on the C13 and C16 atoms, both
belonging to the]CH2 groups, while the lower values are observed
on the C4 atoms linked to the O23 atoms belonging to the OH
groups. In relation to the values for the H atoms, the less negative
values are observed on the H24 atoms, as expected because these
atoms are linked to the O23 atoms and, as a consequence they are
the most labile. Regarding the mapped MEP surfaces of the C1-1,
C1-2, C3-1 and C3-2 conformers, which are presented in Fig. S5,
we observed the typical red and blue colorations of those nucleo-
philic and electrophilic sites, respectively. This way, these two re-
action sites are clearly defined on the OH groups. Practically, there
are not significant differences observed among those surfaces. In
relation to the BO values, Table S2 show that the C6 and C11 atoms
have the higher values because they are linked to C]C groups and,
for this reason, both atoms have higher sp2 character while the C4
and C19 present the lower BO values because in the C11eC19 bond
the C19 atom has 71.31% p character versus the C11 which has
69.19%. On the contrary, in the C4eO23 bond the C4 atom has a
79.82% of p character while the O23 atom only the 69.64%, hence,
those BO values are clearly justified. As expected, the H24 atoms are
the most labile and, as a consequence, they present the lowest BO
values. In general, when increase the size of the basis set the BO
values increase but in the MEP values there are no observed a
defined tendency because some (C and O atoms) values increase
while other decrease their values (H atoms). Here, probably the
higher MEP observed on the C11, C13 and C16 atoms of all con-
formers could probably explain the directions and orientations
observed in their dipole moments.

The charges are other important property deeply related to the
MEP values and to the charges distribution in a molecule. In
particular, we need to explain why the dipole moment values have
different directions and orientations. For these reasons, the atomic
natural population (NPA) and Merz-Kollman (MK) charges were
studied for all conformers of carquejol. The calculated MK and NPA
results in gas phase and with both levels of theory are observed in
Tables S3 and S4, respectively. First, we observed that both charges
are different between them and, in particular, the NPA charges on
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all the atoms are higher than the other ones. Second, the MK
charges observed on the C4, C5, C11, C13 and C16 atoms present
slightly variations in all conformers with both basis sets, as shown
in Fig. S6. The graphics clearly show that the behaviour of the MK
charges on the C4 and C11 atoms are different in all conformers by
using both basis sets. On the contrary, the NPA charges on those
atoms practically do not present modifications in all conformers.
This way, the orientations and directions of the dipole moment
value observed could be easily explained by the MK charges.

4.3. Stability studies

All species of carquejol were also studied by NBO [16] and AIM
[17,18] calculations in order to examine their stabilities because
some components of B. trimera shows strong anti-inflammatory
and analgesic properties probably due to the inhibition of prosta-
glandins production [3]. Here, these studies were performed for all
those forms considering the donor-acceptor energy interactions
and their topological properties in gas phase. The donor-acceptor
energy interactions computed for all conformations by using the
two levels of theory are presented in Table S5 while the topological
properties are shown from Tables S6 to S8. The NBO results for all
structures showed three different types of interactions: DETp/s*,
DETs/s* and DETLP/s* which are related to the double bonds of the
cyclohexene ring (C]C), to the ]CH2 groups of the side chain and,
to the lone pairs of the O23 atoms, where clearly we observed that
the energy of the interactions are completely different with both
basis sets. Thus, one p(2)C2eC3 / s*C4eO23, four sCeH/ s*CeC
and the LP(2)O23 / s*CeC interactions were observed in all the
conformers. Hence, C1 is the most stable stereoisomer of carquejol
because it has the higher total energy DETotal with both basis sets
while this same value of energy is also observed for C3-2 by using
the other basis set. In consequence, the influence of the size basis
set is clearly observed in this study and, for these reasons, the
presence of both C3-1 and C3-2 conformations can be expected in
solid phase, as evidenced experimentally [13].

The stabilities of those structures of carquejol were also studied
through their topological properties with the AIM program [18]. In
this study, the possible intra-molecular interactions were deter-
mined with Bader's theory [17] calculating the topological prop-
erties such as, the electron density distribution, r(r) in the bond
critical points (BCPs), the values of the Laplacian, V2r(r), the ei-
genvalues (l1, l2, l3) of the Hessian matrix and the l1/l3 ratio.
These parameters are important to identify the characteristics and
type of interaction, hence, in Table S6 is given those parameters for
C1-1 and C1-2 while in Tables S7 and S8 are summarized the pa-
rameters for C3-1 and C3-2, respectively, computed for both levels
of theory in the bond critical points (BCPs) and ring critical points
(RCPs). Notice that when an interaction present high values of r(r)
and V2r(r), the ratio l1/l3 > 1 and V2r(r) < 0 the interaction is
covalent (shared interaction) and, on the contrary, the interaction is
ionic or highly polar covalent when l1/l3< 1 and V2r(r) > 0 (closed-
shell interaction). Regarding deeply Table S6 we observed only one
H bond interaction for C1-1 using the 6-31G* basis set while in C1-
2, there are not observed H bonds interactions but, the presence of
two H bonds in C3-1 and of three H bonds in C3-2 with both basis
sets could clearly justify their experimental presence in the solid
phase. In these latter forms, RCP1and RCP2 are the new ring critical
points while RCP3 is the RCP belong to the cyclohexene ring. Fig. S7
shows details of the molecular model for the C1-1 conformer of
carquejol. On the contrary, for C1-2 with both basis sets are pre-
dicted only the RCP corresponding to the cyclohexene ring. These
studies obviously support the high stabilities of both C3 con-
formers, especially of C3-2 due to the presence of three different
OeH, HeH and CeC interactions.
4.4. Frontier orbitals and descriptors

The calculations of the gap energy values by using the frontier
orbitals are properties interesting to predict the reactivities and
behaviours of different species in all the possible media, as initially
was reported by Parr and Pearson [21]. In particular, the evalua-
tions of the chemical potential (m), electronegativity (c), global
hardness (h), global softness (S) and global electrophilicity index
(u) descriptors by using the gap values are useful to estimate the
behaviours of those conformers in relation to their potential
pharmacological activities [6,31,32]. Thus, the gap values for all
species together with those descriptors were calculated using both
levels of theory. These results are shown in Table S9 together with
the thiol and thione forms of 1,3-benzothiazole tautomers a
compound with potential antimicrobial activity [24] and with
cidofovir and brincidofovir [29], two antiviral drugs against to
Ebola virus disease. By comparing first the gap values for all con-
formers, we observed that the values for the conformers were
strongly dependent of the size of the basis set, thus, C1-1 was the
most reactive using the 6-31G* basis set but by using the 6-
311þþG** basis set C1-2 exhibited the higher reactivity. On the
other hand, the C3-1 and C3-2 forms were the most reactive with
both basis sets. When the gap values were compared with the
values for the thiol and thione [24] forms and with the antiviral
cidofovir and brincidofovir [29], carquejol clearly was much less
reactive than those four species. For a better comparison the
structures of these compounds are presented in Fig. S8. The
presence of NO2 groups in the 1,3-benzothiazole tautomers and, of
PO4 groups in those antiviral compounds, clearly increase their
reactivities. When the gap values for those structures of carquejol
were compared with the corresponding values for other terpe-
noids, such as cnicin (�4.8217 eV) [27] and onopordopicrin
(�5.0523 eV) [47] we observed that the presence of a higher
number of C]O and C]C double bonds, of OH groups and of O
atoms increased the reactivities of these compounds and, for these
reasons, decreased significantly their gap values when they were
compared with the carquejol conformers. In relation to the de-
scriptors, the hardness and softness are related to the lower and
higher reactivity, respectively, thus, obviously, for carquejol are
expected higher hardness and lower softness than those com-
pounds with antimicrobial and antiviral activities. The global
electrophilicity index is also lower in carquejol while the global
nucleophilicity index is higher in carquejol with both basis sets.
When the u and Е values are compared with those determined for
cnicin of 3.54 and �9.96 eV, respectively [27] and for onopordo-
picrin of 3.35 and �10.36 eV, respectively [47] the values are
comparable with carquejol only for Е (�9.91 eV in C3-1
and �10.34 eV in C5 using 6-31G* basis set). This way, the phar-
macological properties observed in carquejol could be easily
justified by the nucleophilicity index because the two values are
similar to those observed for onopordopicrin and cnicin which
show several biological activities too.

4.5. NMR study

The experimental 1H and 13C NMR spectra of carquejol in CDCl3
are shown in Figs. 2 and 3, respectively while the 2D 1He1H
gCOSY, 1He13C gHSQC, 1He13C gHMBC spectra are given in
Figs. S9a, S10 and S11, respectively. The expansions of the 1H NMR
spectrum are presented as supporting material in Fig. S9b and S9c.
Here, the 2D spectra were used for multiplicity determinations
and are very important because they show the spin-spin coupling
between the hydrogen atoms of the molecule (gCOSY experiment),
hydrogen atoms directly bonded to carbon (HSQC experiment) and
long distance (two and three bonds) correlation of C with H
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(HMBC experiment). The predicted 1H and 13C NMR chemical
shifts for the most stable configurations of carquejol calculated by
using the GIAO method [36] and with both basis sets are
compared with the corresponding experimental ones in Tables S10
and S11, respectively by using the RMSD values. In general, the
theoretical values are overestimated in relation to the experi-
mental ones and a better concordance for the 1H nucleus
(0.4e0.2 ppm) of all conformers than for the 13C nucleus
(24.7e8.1 ppm) was observed. As expected, the better correlations
were obtained for all conformers with the 6-311þþG** basis set
because this basis set generate better-quality results for the 1H
nucleus than the C atoms and than the 6-31G* basis set. Here, the
similarity in the RMSD values for both H and C nucleuses, for C3-1
and C3-2 by using the two basis sets, could probably suggest the
presence of these structures in the liquid phase and probably also
will be present in the solid state.
Fig. 5. Experimental infrared in the solid state of (4S,5R)-carquejol compared with the
corresponding predicted for C3-1 and C3-2 conformers by using B3LYP/6-31G* level of
theory.
4.6. Vibrational study

Fig. 4 shows the experimental IR and Raman spectra of carquejol
in the solid phase while Figs. 5 and 6 can be seen the comparisons
between the predicted IR and Raman spectra for C3-1 and C3-2 in
gas phase with the corresponding experimental ones because the
(4S,5R) conformation, corresponding to C3-1, was experimentally
observed in the solid phase. Fig. 5 shows a reasonable concordance
between the two intense bands located in approximately
1000 cm�1 region in the IR spectrum of C3-2 with the corre-
sponding experimental one. Here, the predicted Raman spectra
were expressed in relative Raman intensities after the conversion
from scattering activities by using equations reported by other
authors [48,49]. On the other hand, in Figs. S12 and S13 can be seen
the predicted infrared and Raman for all conformations in gas
phase. All structures of carquejol were predicted with C1 symme-
tries and, for this reason, 69 vibration normal modes are expected
for these species and, where all the modes present activities in both
spectra. The complete assignments were performed using the
SQMFF methodology [19] and the Molvib program [20]. The inter-
nal coordinates for those structures were similar to the reported for
other terpenes [26e28,47]. Here, the force fields were computed
with both basis sets but the assignments were performed by using
the B3LYP/6-31G* level of theory because the scale factors are re-
ported for this level of theory [19]. Table 3 shows the observed and
calculated wavenumbers and assignments for the most stable
Fig. 4. Experimental infrared (upper) and Raman spectra (bottom) of (4S,5R)-carquejol
in the solid state.
configurations of carquejol using the B3LYP/6-31G* level of theory
and those potential energy distribution (PED) contributions � 10%.
Fig. S12 shows clear differences between the predicted infrared
spectra where the intensities and forms of the observed bands in
the 1000 cm�1 region probably justify the presence of C3-1. Here,
the group of bands in the Raman spectra (Fig. S13) between 800 and
700 cm�1 probably support the presence of C3-1 and C3-2 in the
solid state because they show the same features than the experi-
mental ones. A brief discussion on the assignments of some groups
follows.
4.6.1. Band assignments

4.6.1.1. OH modes. Usually, in compounds containing OH groups
such as thymidine or some terpenes, the OH stretching modes are
assigned between 3480 and 3254 cm�1 [22,27e29], hence, the very
strong IR band at 3431 cm�1 is without difficulty assigned to that
vibration mode, as observed in Table 3. Structurally, we expected
intermolecular interactions for the conformations of carquejol
because in the higher wavenumbers region Fig. 5 shows clearly the
typical broad band associated to inter-molecular OeH bonds, as
was reported for thymidine by G€orbitz et al. [50]. The in-plane
deformation or rocking modes are assigned to the IR and Raman
bands between 1204 and 1166 cm�1 because they are predicted by
calculations in this region. Note that for C1-1 and C3-1 these modes
are predicted as pure mode but for C1-2 and C3-2 these modes are
coupled with othermodes. The SQM calculations predicted the out-
of-plane deformation modes between 269 and 228 cm�1, hence;
these modes are assigned to the shoulders and Raman band at 295,
241 and 218 cm�1, as indicated in Table 3.



Fig. 6. Experimental Raman in the solid state of carquejol compared with the corre-
sponding predicted for C3-1 and C3-2 conformers by using B3LYP/6-31G* level of
theory.
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4.6.1.2. CH modes. In the conformers of carquejol there are two
CeH stretching modes (C2eH8 and C3eH9 bonds) where the C
atoms have sp2 hybridization while other two have sp3 hybridiza-
tion (C4eH25 and C5eH12 bonds), later, all these modes are pre-
dicted in different regions. This way, the C2eH8 and C3eH9
stretching modes are predicted by the SQM calculations between
3054 and 3012 cm�1 and, for this reason, the shoulders and bands
observed between 3075 and 3021 cm�1 are assigned to these
modes, as expressed in Table 3. The C2eH8 and C3eH9 rocking
modes for all conformers are predicted between 1377 and
1157 cm�1, hence, they are assigned in these regions, as summa-
rized in Table 3. It is necessary to clarify that the CH rocking modes
corresponding to the C atoms with sp2 hybridization are identified
by the b symbol while the other ones by the r symbol, as reported
for compounds with rings [22e24,26e30]. Obviously, the out-of-
phase modes are expected only for those two C2eH8 and C3eH9
bonds with sp2 hybridization, which for all conformers are assigned
to the IR bands at 997, 985, 768, 726 and 700 cm�1, in accordance
with the calculations.

4.6.1.3. CH3 modes. Carquejol conformers have only a CH3 group,
hence only three stretching modes are expected and, where all
SQM calculations predicted these modes as fully pure in different
regions. The shoulders and the IR bands at 3021, 2978, 2971 and
2915 cm�1 are assigned to the antisymmetric and symmetric
stretching modes, as detailed in Table 3. Here, the symmetrical
modes are clearly assigned to a strong Raman bands. The CH3
deformation modes are assigned between 1587 and 1436 cm�1 in
accordance with the calculations while the rocking and twisting
modes are predicted in the 1084/1026 and 220/171 cm�1 regions
and, therefore, they were assigned as predicted by SQM calcula-
tions and, as can be seen in Table 3.

4.6.1.4. CH2 modes. For all conformers of carquejol, there are three
types of CH2 groups, two with sp2 hybridization (]CH2) where the
H atoms are linked to the C13 and C16 atoms and, a group with sp3

hybridization where the H atoms are linked to the C1 atoms.
Obviously, the ]CH2 stretching modes are predicted at higher
wavenumbers than the other ones and, for these reasons, they are
assigned in accordance with the calculations. Note that the very
strong Raman band at 3032 cm�1 is easily assigned to the sym-
metrical modes corresponding to the two ]CH2 groups. The anti-
symmetrical and symmetrical modes for the other CH2 group are
assigned in the same region but at lower wavenumbers, as indi-
cated in Table 3. The SQM calculations predicted the CH2 defor-
mation, rocking, waging and twisting modes for the two
conformers at higher wavenumbers than the other two ]CH2
groups. Hence, theywere assigned accordingly to the B3LYP/6-31G*
calculations and, as shown in Table 3.

4.6.1.5. Skeletal modes. The CeO stretching modes in all con-
formers of carquejol are predicted between 1063 and 1020 cm�1,
thus, the very strong IR band at 1065 cm�1 and the shoulder
associated to that intense band are assigned to the stretching
modes of all conformers. The C2]C3, C11]C16 and C6]C13
stretching modes are predicted by the SQM/B3LYP/6-31G* calcu-
lations between 1680 and 1659 cm�1, as observed in similar ter-
penes [27,28,47]; hence, they are clearly assigned in that region.
On the other hand, the CeC stretching modes were assigned be-
tween 1303 and 652 cm�1, as predicted by the SQM calculations
and, as observed in Table 3. The deformation and torsion ring
modes are predicted in approximately the same regions reported
for other terpenes [27,28,47] and, as a consequence they are
clearly assigned in those regions. Table 3 shows the assignments of
the remaining skeletal modes expected for all conformers of
carquejol.

5. Force fields

The force constants for all conformers of carquejol were
computed in gas phase with the SQMFF procedure [19] and the
Molvib program [20] using their corresponding scaled force fields
at the B3LYP/6-31G* and 6-311þþG** levels of theory. They were
compared with those reported for cnicin [27], 13-epi-sclareol [28]
and onopordopicrin terpenes [47] in Table 4. Comparing first the
force constants for all conformers of carquejol, we observed an
slight increase in the f(nOeH), f(nCH2), f(nCeO)c force constants
values using the 6-31G* basis set of C1-2, C3-1 and C3-2, in relation
to those observed for C1-1, while only a decrease in the f(nCeH)
force constant of those three forms are observed with the same
basis set. Here, the higher values observed for f(n]CH2) in reference
to f(nCH2) are in agreement with the higher wavenumbers observed
for those groups where the C atoms have sp2 hybridization. Note
that the f(d]CH2), f(dCH2) and f(dCeOH)force constants do not
change their values when the size of the basis set increase to 6-
311þþG**. These similarities in those force constants can be clearly
attributed to the proximities observed in the geometrical param-
eters of all conformers, as observed in Table 2. When the values for
all species of carquejol are compared with those corresponding to
the other three terpenic compounds small differences were
observed among their values. These differences are obviously
related to the different number of OH, C]O, C]C groups, of O
atoms and, to the nature of these groups present in their structures.
Thus, the presence of C]C and OH groups in carquejol, analogous



Table 3
Observed and calculated wavenumbers (cm�1) and assignments for the most stable conformers of (4R,5R)-carquejol and (4S,5R)-carquejol.

Experimentala C1-1a C1-2a C3-1a C3-2a

IR Ra SQMb Assignmentsa SQMb Assignmentsa SQMb Assignmentsa SQMb Assignmentsa

3531sh
3431vs

3357vw 3571 nO23eH24 3584 nO23eH24 3585 nO23eH24 3585 nO23eH24

3291vw 3111 naCH2(C16) 3112 naCH2(C13) 3133 naCH2(C16)
3100w 3098 naCH2(C16) 3098 naCH2(C16)
3100w 3096 naCH2(C13) 3095 naCH2(C13) 3097 naCH2(C13)

3075 m 3076w 3054 nC3eH9 3041 nC2eH8 3042 nC2eH8 3040 nC2eH8
3032s 3032vs 3034 nsCH2(C16) 3033 nsCH2(C13) 3035 nsCH2(C16)
3032s 3032vs 3029 nC2eH8 3026 nsCH2(C16)
3032s 3032vs 3024 nsCH2(C13) 3025 nsCH2(C16) 3023 nsCH2(C13) 3024 nsCH2(C13)
3021sh 3021sh 3014 nC3eH9 3015 nC3eH9 3012 nC3eH9
3021sh 3021sh 2999 naCH3 2995 naCH3 2997 naCH3 3002 naCH3

2978sh 2982s 2985 naCH3

2971s 2970sh 2957 naCH3 2966 naCH3 2955 naCH3 2947 nC5eH12
2933sh 2937sh 2942 naCH2(C1) 2926 naCH2(C1) 2935 naCH2(C1)
2915vs 2918s 2907 nsCH3 2916 nsCH3 2913 nC5eH12 2930 nsCH3

2915vs 2918s 2893 nC5eH12 2896 nC5eH12 2905 nsCH3 2926 naCH2(C1)
2864 m 2873 m 2876 nsCH2(C1) 2862 nsCH2(C1) 2880 nsCH2(C1) 2872 nsCH2(C1)

2841w 2869 nC4eH25 2857 nC4eH25
2810w 2823w 2833 nC4eH25 2838 nC4eH25
2727vw 2725vw 1422 þ 1310 ¼ 2732
1805w
1715w
1644s 1653vs 1677 nC2]C3 1680 nC2]C3 1674 nC11]C16 1675 nC2]C3
1644s 1653vs 1670 nC6]C13 1669 nC11]C16 1672 nC2eC3 1665 nC6]C13
1644s 1653vs 1662 nC11]C16 1667 nC6]C13 1663 nC6]C13 1659 nC11]C16
1587vw 1524 daCH3 1528 daCH3 1524 daCH3 1523 daCH3

1516vvw 1508 daCH3 1514 daCH3 1509 daCH3 1513 daCH3

1450 m 1460sh 1492 dCH2(C1) 1492 dCH2(C1) 1491 dCH2(C1) 1496 dCH2(C1)
1436 m 1434sh 1441 dsCH3 1439 dsCH3 1442 dsCH3 1442 dsCH3

1422vs 1427 dCH2(C13) 1422 dCH2(C13)
1422vs 1410 m 1416 rC4eH25 1416 dCH2(C13) 1419 dCH2(C13)
1402sh 1409 dCH2(C16) 1414 dCH2(C16) 1412 dCH2(C16) 1414 dCH2(C16)
1393vs 1396 bC3eH9 1395 bC2eH8 1396 bC3eH9

bC2eH8
1374vs 1377sh 1377 bC3eH9 1380 r0C4eH25 1385 r0C4eH25 1379 r0C4eH25
1354sh 1355vw 1350 r0C4eH25 1349 rC4eH25 1354 rC5eH12 1346 wagCH2(C1)

1339vw 1342 wagCH2(C1) 1342 wagCH2(C1) 1341 wagCH2(C1) 1339 rC4eH25
1310 m 1312w 1309 r0C5eH12 1319 rC4eH25 1309 r0C5eH12
1303sh 1300vw 1300 r0C5eH12,nC5eC6
1274sh 1275vw 1281 rC5eH12 1281 rC5eH12,

nC5eC11
1276 rC5eH12

rCH2(C13)
1263sh 1264vw 1254 r0C5eH12, rCH2(C1) 1273 rC5eH12 1274 bC6eC13 1271 nC5eC11
1248vw 1248 rCH2(C1)

rCH2(C13)
1247 r0C5eH12 1250 rC5eH12

1232 m 1238w 1223 rCH2(C16) 1232 rCH2(C16)
nC19eC11

1229sh 1220 rCH2(C1)
1216w 1215 rCH2(C1) 1212 rCH2(C1)
1204sh 1206 rCH2(C1), bC3eH9 1202 dOeH
1171w 1184w 1197 dOeH 1181 r0C4eH25, rC5eH12 1190 r0C4eH25, dOeH
1166sh 1169 m 1157 bC2eH8 1165 bC2eH8,

dOeH
1162 bC3eH9 1162 dOeH

1090sh 1090w 1080 r0CH3 1083 r0CH3 1081 r0CH3 1084 r0CH3

1065vs 1065w 1068 rCH3, nC4eC5 1067 nC4eC5 1059 nC4eO23
1065vs 1065w 1034 nC4eO23, rCH3 1063 nC4eO23 1063 nC4eO23 1052 nC4eC5
1042sh 1042vw 1020 nC4eO23 1045 rCH3 1045 rCH3

1031sh 1030 nC4eC5 1026 rCH3

1002sh 1016vw 1003 nC5eC11
997w 997sh 994 gC2eH8 990 gC2eH8,gC3eH9
985 m 987vw 987 rCH2(C13) 988 gC2eH8 986 gC2eH8 987 rCH2(C13)
985 m 987vw 976 nC5eC11 982 rCH2(C16) 982 rCH2(C13) 978 rCH2(C16)
976sh 958 twCH2(C1) 949 nC3eC4 963 nC5eC11,nC5eC6
934 m 937sh 945 twCH2(C1), nC1eC2 949 twCH2(C1) 948 twCH2(C1)
934 m 931w 926 bR1 919 wagCH2(C13) 924 bR1,nC5eC6
918sh 918sh 917 wagCH2(C16) 918 wagCH2(C13) 915 wagCH2(C16) 914 wagCH2(C13)
910sh 911w 913 wagCH2(C16) 912 wagCH2(C16) nC1eC2 908 wagCH2(C16)
910sh 911w 907 wagCH2(C13) 908 wagCH2(C13), twCH2(C1) 907 wagCH2(C13) 903 nC1eC2
897vs 896w 898 nC1eC2 881 nC19eC11 898 nC1eC2,bR1 884 nC19eC11
897vs 896w 867 dC11C5C4
846w 850w 861 nC3eC4,nC19eC11
829 m 830vw 839 dC11C5C6, nC1eC6 828 nC1eC6 825 nC1eC6
800w
768 m 770 m 769 nC1eC6 747 bR1, nC1eC6 755 gC3eH9 747 gC3eH9,nC5eC11

(continued on next page)

M. Minteguiaga et al. / Journal of Molecular Structure 1150 (2017) 8e20 17



Table 3 (continued )

Experimentala C1-1a C1-2a C3-1a C3-2a

IR Ra SQMb Assignmentsa SQMb Assignmentsa SQMb Assignmentsa SQMb Assignmentsa

726 m 722w 717 gC3eH9
700w 695w 705 gC3eH9 695 nC3eC4 692 nC3eC4
675w 676w 666 twCH2(C13)

652 twCH2(C16),nC5eC6 652 twCH2(C16) 659 twCH2(C13) 656 twCH2(C16)
643 twCH2(C13) 642 twCH2(C13)

626 m 631w 629 twCH2(C16) 623 gC2eH8
twCH2(C16)

619sh 616 gC2eH8, gC3eH9
569s 570w 591 twCH2(C16), dC11C5C6 564 gC6eC13 565 dC11C5C6

gC6eC13
569s 570w 559 bR2, gC6eC13 555 gC6eC13
542sh 540w 539 gC11eC16 537 bR2

534w 534 dC3C4O23 534 dC3C4O23 531 bR2

499w 496sh 519 gC11eC16 498 dC16C11C19, bR3

484w 486 dC3C4O23
478w 469 dC16C11C19 478 tR3, dC3C4O23 461 dC16C11C19
447w 449w 455 dC16C11C19 444 bR3

418w 427w 433 bC6eC13, dC5C4O23
419 gC11eC16, dC5C4O23 419 gC11eC16 dC5C4O23

406w 402 bR3 409 bR3, rC11eC5 405 bR3

400sh 396w 395 bC6eC13, dC5C4O23 389 dC16C11C19
367 m 351 rC11eC5 359 rC11eC5 351 bC6eC13
333w 338 tR1 344 bC6eC13, dC5C4O23
324w 315 tR1

311w 308 tR1 310 tR1

295sh 269 tOH 274 bR2 283 dC3C4O23 288 rC11eC5
241vw 263 tR3, tR1 243 tOH 234 tOH
218sh 220 twCH3 228 tOH
203sh 199 dC11C5C4 197 twCH3

185 dC11C5C4 190 dC11C5C4 193 dC11C5C4
178 m 172 twCH3 171 dC11C5C6 171 twCH3 173 dC11C5C6 dC11C5C4
132s 156 dC11C5C6 159 dC11C5C6
132s 112 tR3 119 tR2 121 tR2

104s 90 tR2 101 tR2 103 tR3 98 tR3

84sh 83 tR3

73vs 50 twC11eC5 61 twC11eC5
35 twC11eC5 37 twC11eC5

Abbreviations: n, stretching; wag, wagging; t, torsion; r, rocking; tw, twisting; d, deformation; a, antisymmetric; s, symmetric.
a This work.
b From scaled quantum mechanics force field B3LYP/6-31G* method.

Table 4
Comparison of scaled internal force constants for the most stable C1-1 and C1-2 conformers of (4R,5R)-carquejol, and C3-1 and C3-2 conformers of (4S,5R)-carquejol compared
with those reported for other terpenes.

B3LYP Method

Force constant C1-1a C1-2a C3-1/C3-2a B3LYP 6-31G*

6-31G* 6-311þþG** 6-31G* 6-311þþG** 6-31G* 6-311þþG** Cnicinb Epic Onopord

f(nOeH) 7.10 7.50 7.20 7.50 7.20/7.20 7.60/7.60 6.99 6.92 7.16
f(nCeH) 4.82 5.02 4.80 4.60 4.80/4.82 4.77/4.82 4.96
f(n]CH2) 5.16 5.08 5.16 5.08 5.19/5.15 5.10/5.07 5.22 5.20
f(nCH2) 4.67 4.62 4.80 4.58 4.67/4.64 4.61/4.60 4.79 4.74 4.90
f(nCeO)c 4.60 4.30 4.70 4.50 4.80/4.70 4.50/4.50 5.44 4.47 4.80
f(nCeC) 4.92 4.85 4.92 4.82 4.87/4.87 4.80/4.78
f(d]CH2) 0.40 0.40 0.40 0.40 0.40/0.40 0.40/0.40 0.44 0.43 0.45
f(dCH2) 0.80 0.80 0.80 0.80 0.80/0.80 0.80/0.80 0.76 0.76 0.77
f(dCeOH) 0.70 0.70 0.70 0.70 0.70/0.70 0.70/0.70 0.74

Units are mdyn Å�1 for stretching and mdyn Å rad�2 for angle deformations.
a This work.
b From Ref. [27].
c From Ref. [28].
d From Ref. [47].
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to the other terpenes, and, besides the similarity in their force
constants could probably explain the potential pharmacological
properties observed in carquejol because the three terpenes used
for comparison exhibit several biological activities and slightly
higher force constants values.



Fig. 7. Experimental Ultravioletevisible spectrum of carquejol in ethanol 96� .

Fig. 8. Experimental electronic circular dichroism spectrum of carquejol in ethanol
96� .
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6. Ultravioletevisible spectrum

The electronic spectra for all structures of carquejol were
predicted in water at the B3LYP/6-31G* level of theory. All pre-
dicted spectra are compared in Fig. S14. The experimental spec-
trum in ethanol 96� showed a single intense absorption at
216.6 nm (Fig. 7) while in n-hexane the maximum appeared at
208 nm. The observed hypsochromic shift is in agreement with
the change in solvent polarity. Due to the presence of three C]C
double bonds this absorption can be quickly assigned to p/p*
transitions, as reported for compounds with C]C bonds [28,51].
The predicted UV spectra can be seen in Fig. S14. No significant
differences are observed in these spectra in relation to the
experimental one.
7. Electronic circular dichroism (ECD)

The experimental ECD spectrum of carquejol recorded in the
200e400 nm regions is observed in Fig. 8. Usually, the ECD spec-
trum shows the three-dimensional arrangement of the C]C
chromophore groups in carquejol [52]. We observed a strong pos-
itive band at 223.6 nm (Fig. 8) that can be easily assigned to the
p/p* transitions usually observed between 210 and 220 nmwhich
involve the C]C groups. Here, the excitation energies, and their
corresponding oscillator strength and rotatory strength can be
easily obtained from the TD-DFT calculations. When the oscillator
strengths are graphed versus the wavelengths we observed similar
spectra for all conformers but, when the rotatory strengths were
represented in function of wavelengths we observed that the pre-
dicted ECD spectrum for C3-1 is similar to the experimental one.
This way we can confirm that the (4S,5R) structure corresponding
to that theoretical C3-1 is present in agreement with the result
obtained by Snatzke et al. [13].
8. Conclusions

In the present work, carquejol was prepared from carquejyl
acetate, the major component of the essential oil from B. trimera.
The natural alcohol was characterized by FTIR and Raman,
UVeVisible, ECD, Mass, 1H and 13C NMR and 2D 1He1H gCOSY,
1H-13CgHSQC, 1H-13CgHMBC spectroscopies. Theoretically, the
four possible (4R,5R), (4S,5R), (4R,5S) and (4S,5S) stereoisomes of
carquejol named C1, C3, C4 and C5 respectively were considered
and, since C1/C5 and C3/C4 are enantiomeric pairs, only di-
astereomers C1 and C3 were analysed as they are energetically
identical to C5 and C4 respectively. Thus, two stable conforma-
tions were found for both distereomers: C1-1 and C1-2 for the
non-natural (4R,5R)-carquejol, and C-3-1 and C3-2 for the natural
(4S,5R)-isomer. The potential energy surface with minima en-
ergies and different populations by using the hybrid B3LYP
method with the 6-31G* and 6-311þþG** basis sets are presented.
The different orientations and directions of the corresponding
dipole moments could probably justify their reactivities and
behaviour in different media. The differences between the dipole
moments are justified by the MK charges. The studies by using the
MEP surfaces for all structures have shown that the nucleophilic
and electrophilic sites of higher reactivity are principally those
centred on the OH groups. The NBO studies suggest higher sta-
bilities for C1-1 and C1-2 while the AIM analyses support the high
stabilities of C3-1 and C3-2. The studies by using the frontier or-
bitals reveal that carquejol has a lower reactivity when compared
with other terpenes while the similarity among the nucleophi-
licity indexes with other terpenes could explain their biological
activities. A good concordancewas found among the experimental
FTIR, FT-Raman, UVeVisible and 1H and 13C NMR spectra and their
corresponding theoretical ones. The predicted ECD spectrum for
C3-1 conformer is similar to the experimental one. Here, the
SQMFF force fields for all conformers by using the two levels of
theory were reported and the complete vibrational assignments
of the 69 normal vibrationmodes for both conformers of carquejol
were presented. Finally, the force constants for all species were
also reported and compared with the corresponding to known
terpenes.
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