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HIGHLIGHTS

GRAPHICAL ABSTRACT

e The IR/VCD spectra of crude EO were
modelized as a linear weighted
combination of the individual spectra
of pure enantiomers.

o The relative percentage and absolute
configuration of the major chiral
compounds of EOs are obtained
combining VCD and LSE.

e Comparing IR-LSE and VCD-LSE re-
veals the occurrence as a single or a
mixture of enantiomers of each ma-
jor chiral compound.
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ABSTRACT

An unprecedented methodology was developed to simultaneously assign the relative percentages of the
major chiral compounds and their prevailing enantiomeric form in crude essential oils (EOs). In a first
step the infrared (IR) and vibrational circular dichroism (VCD) spectra of the crude essential oils were
recorded and in a second step they were modelized as a linear weighted combination of the IR and VCD
spectra of the individual spectra of pure enantiomer of the major chiral compounds present in the EOs.
The VCD spectra of enantiomer of known enantiomeric excess shall be recorded if they are not yet
available in a library of VCD spectra. For IR, the spectra of pure enantiomer or racemic mixture can be
used. The full spectra modelizations were performed using a well known and powerful mathematical
model (least square estimation: LSE) which resulted in a weighting of each contributing compound. For
VCD modelization, the absolute value of each weighting represented the percentage of the associate
compound while the attached sign addressed the correctness of the enantiomeric form used to build the
model. As an example, a model built with the non-prevailing enantiomer will show a negative sign of the
weighting value. For IR spectra modelization, the absolute value of each weighting represented the
percentage of the compounds without of course accounting for the chirality of the prevailing enantio-
mers. Comparison of the weighting values issuing from IR and VCD spectra modelizations is a valuable
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source of information: if they are identical, the EOs are composed of nearly pure enantiomers, if they are
different the chiral compounds of the EOs are not in an optically pure form. The method was applied on
four samples of essential oil of Artemisia herba-alba in which the three major compounds namely (—)-o-
thujone, (+)-B-thujone and (—)-camphor were found in different proportions as determined by GC—MS
and chiral HPLC using polarimetric detector. In order to validate the methodology, the modelization of
the VCD spectra was performed on purpose using the individual VCD spectra of (—)-a-thujone, (+)-f-
thujone and (+)-camphor instead of (—)-camphor. During this work, the absolute configurations of
(—)-a-thujone and (+)-B-thujone were confirmed by comparison of experimental and calculated VCD
spectra as being (1S5,4R,5R) and (1S,4S,5R) respectively.

1. Introduction

Artemisia herba-alba (AHA) is a species belonging to the Aster-
aceae family. It grows in arid and semi-arid climates around Med-
iterranean Sea. It is characteristic of the steppes and Middle East
deserts (Egypt and Sinai desert), North Africa (Algeria, Tunisia and
Morocco), Spain, with extension into Northwestern Himalayas
[1—4]. Essential oil (EO) obtained by steam distillation of the aerial
parts of the plant is widely used in folk medicine to treat diabetes,
bronchitis and other diseases such as jaundice [5], and in phar-
maceutical industries [6—8]. A. herba-alba essential oil (AHA-EO) is
a yellow oil with a strong penetrating pleasant herbaceous odor
characteristic of the plant. Various studies reporting on the chem-
ical composition of AHA-EO from different origins revealed the
existence of different chemotypes (CT) such as camphor CT, and
thujones CT [9]. Chiral components in plants usually exist as one
largely predominant optical isomer. In addition, the inspection of
enantiomeric ratios could characterize regional differences be-
tween essential oils [10]. The presence of scalemic or racemic pairs
(one-to-one ratios of each enantiomer) most often indicates an
unnatural origin or is the result of partial or total racemization
during the processing. Interestingly, (+) or (—)-camphor may be
found in natural sources in association with (—)-a-thujone and/or
(+)-B-thujone diastereoisomers [11], while the enantiomers of the
respective thujones have not been detected [10—12]. In a previous
work, (—)-a-thujone and (+)-B-thujone epimers were separated
from camphor enantiomers by enantioselective HPLC with polari-
metric detection [10]. Spectroscopic methods should be also useful
for crude essential oils analysis. Molecular spectroscopy techniques
such as mid-infrared (MID-IR) allowed the differentiation of
essential oils such as essential oil of thyme, oregano and chamomile
[13] or the quantitative analysis of the major constituent in
essential oil of lavandin Grosso [14]. However these techniques are
not suitable to address the chiral issues in EOs, instead spectro-
scopic methods based on electronic circular dichroism (ECD) or
vibrational circular dichroism (VCD) shall be used. Generally, these
methods that measure the differential absorption of left and right
circularly polarized lights are carried on to compare experimental
and theoretical spectra in order to elucidate the absolute configu-
ration of optically pure chiral molecules [15]. The efficiency of these
techniques is largely demonstrated in the literature through the
high growing number of absolute configuration determinations
[16—21]. In the case of natural products, the vibrational circular
dichroism (VCD) are most often performed on pure isolated com-
pounds [22—24]. IR as well as VCD spectroscopies are both quan-
titative techniques, the regression methods (LSE, PLS) are already
widely used in IR spectroscopy to quantify the major constituents
in complex mixtures while they have not yet been applied in VCD
spectroscopy of chiral complex mixtures [14,25,26]. Our purpose
was introducing the Least Square Estimation (LSE) method in VCD
spectra treatment of complex mixture of chiral compounds [27].

The VCD spectra were recorded for optically pure (+)-camphor,
(—)-a-thujone, (4)-B-thujone as reference compounds and crude
AHA-EOs. A reconstruction method based on (LSE) was developed
in order to assign the prevailing enantiomeric form and the relative
percentage of chiral compounds in four samples of AHA-EO from
Algeria and Morocco. For comparison and validation purposes, the
chemical composition of these four samples was also determined
by GC coupled to mass spectrometry and the prevailing enantio-
meric forms were determined for the major chiral compounds
through the optical rotation sign (ORS) acquired by an online Jasco
polarimetric detector during enantioselective HPLC of crude EOs.

2. Experimental section
2.1. Samples

Samples 1 and 4 of AHA aerial part were collected during April
2013 and 2014 at the flowering stage from the region of Beni Ounif,
110 km in the North of Bechar in the south-west of Algeria (latitude:
32°1’25"” N; longitude: 1° 35’ 40 ” W; altitude: 970.5 m); Spec-
imens were then dried in the open air for fifteen days and were
conserved into freshness conditions before EO extraction. Sample 2
of AHA aerial part was collected at the flowering stage on July 2010,
from the Atlas Mountains, near Marrakech (Morocco) and dried at
room temperature for ten days before EO extraction. Dried leaves of
AHA were subjected to hydrodistillation for 6 h. The EOs obtained
were dried over anhydrous sodium sulfate, filtered and stored in a
sealed vial in the dark at 4 °C before analysis. The oil yields were
1.89%, 2.57%, 2.35% for EOs 1, 2 and 4 respectively. Sample 3 of AHA
is a commercial EO from Morocco origin purchased from Natur-
osources (Sherbrooke, Canada).

2.2. Chemicals

The pure (—)-a-thujone and (+)-p-thujone were obtained from
a commercially a,B-thujone mixture (~70%, ~10% respectively)
(89230) from Sigma—Aldrich (Steinheim, Germany) after semi-
preparative chromatography over Chiralpak AZ-H from Chiral
Technologie Europe (lllkirch, France), with a 99:1 hexane/2-PrOH
mixture as the mobile phase [10]. Approximately 80 mg of pure
(=)-a-thujone and 20 mg of pure (+)-B-thujone were obtained
from 200 mg of commercially mixture. (+)-Camphor (A10708) was
purchased from Alfa Aesar (Karlsruhe, Germany).

2.3. Chiral HPLC

The analytical chromatography analyses of the AHA-EOs were
performed on a Lachrom-Elite unit, Hitachi High-Technologies
(California, USA), composed of a L-2130 pump, a L-2130 autosam-
pler, a L-2350 oven and a L-2455 DAD-detector. The semi-
preparative chromatography analyses were performed on a



Knauer unit with pump, TCI-MBS column from Tokyo Chemical
Industry (Antwerp, Belgium), a mobile phase composed of a
mixture of 1% v/v of 2-PrOH in hexane at 1 ml min~’, UV detector
and software to collect the different fractions. The separations were
monitored by a JASCO OR-1590 online polarimeter detector (Bou-
guenais, France). 1 mg of each sample was diluted in 1 ml of the
mobile phase (99:1 v/v hexane/2-PrOH) before injection.

2.4. GC/MS analysis

An Agilent Technologies GC instrument (Utilis, France), equip-
ped with a GC 7890A gas chromatograph system, a MS 5975C VL
MSD mass spectrometer detector and a HP-5MS capillary column
J&W Scientific (30 m x 0.25 mm; film thickness 0.25 pm) was used.
The data acquisition and processing were performed using the MSD
Chemstation (Agilent) software. 1 pl of diluted EO (0.05 g in 1.5 ml
of CH,Cl,) was injected. The experimental conditions were: solvent
delay, 2 min; column temperature program, 2 min at 80 °C, then
80—200 °C (5 °C/min), then 200—260 °C (20 °C/min), and held at
final temperature for 5 min; injector (split ratio 60) and detector
temperatures were 250 °C; carrier gas was helium at a flow rate of
1.2 ml min~'; ionization voltage 70 eV; electron multiplier, 1 kV.
The identification of the compounds was based on the comparison
of their mass spectra with those of Wiley and NIST libraries as well
as by comparison of their retention indices with those of authentic
samples. EOs compositions were given as relative area percentages
and for peak accounting for more than 0.1%.

2.5. VCD spectroscopy

IR and VCD spectra were collected on a Vertex70 Fourier
transform infrared spectrometer coupled with PMA 50 accessory,
Bruker Corporation (Ettlingen, Germany). The VCD spectra were
recorded with CaF, windows with a constant path length (200 um)
for 3 h at 4 cm~! resolution and room temperature. Each sample
was diluted in the CCly solvent for best solubility and weak ab-
sorption in the region of interest. The concentration of each sample
was: (—)-a-thujone (137 g L71), (+)-B-thujone (137 g L°1),
(+)-camphor (137 g L), EO1 (99 g L~ 1), EO2 (110 g L™1), EO3
(111 g L1) and EO4 (130 g L~!). The baseline of the VCD and IR
spectra were corrected with the corresponding spectrum of the
solvent obtained under the same experimental conditions. Spectra
were collected in the MID-IR region, 1500—1050 cm™ . Calculations
were performed on the (15,4R,5R) and (15,4S,5R) diastereomers of
a-thujone and B-thujone respectively. The geometry optimizations,
vibrational frequencies, IR absorption and VCD intensities were
calculated with Density Functional Theory (DFT) using B3LYP
functional combined with 6-311 + G(d,p) basis set. The average
effects of the solvent were modeled using the implicit solvation
model SMD. Computed harmonic frequencies are generally larger
than the fundamentals observed experimentally. They have been
calibrated using a scaling factor of 0.98. IR absorption and VCD
spectra were constructed from calculated dipole and rotational
strengths assuming Lorentzian band shape with a half-width at half

maximum of 8 cm L

2.6. Spectral reconstruction and prediction

The VCD spectrum of a chiral compound AA(%;) is defined
assuming Beer—Lambert's law, eq. (1).

AA(T;) = (ee)ICAe(7;) (1)

AA(7;) and Ae(7;) are the VCD spectrum defined in terms of absor-
bances and molar absorptivities respectively. C is the concentration

of the sample being measured and | is the path length. (ee) is the
enantiomeric excess of the sample introduced to correct for devi-
ation of the chiral sample from the pure major enantiomer of the
chiral molecule being measured (ee = (Cwmajor—Cminor)/
(Cmajor + Crminor) With Cyvajor and Cinor the concentrations of major
and minor enantiomers respectively). eq. (1) breaks down if
intermolecular interactions between solute molecules reach a sig-
nificant level. They have been avoided using sufficiently low levels
of concentration. The VCD spectra of EOs AAgo(7;) were measured
and reconstructed as a weighted combination of pure spectra of the
chiral compounds AA(¥;) (k refers to a chiral compound) using
additive property of the Beer—Lambert law, eq. (2). All spectra were
given in molar absorptivity Ae(7;), to be free on the choice of
sampling (concentration C and path length 1), eq. (3).

Mpo(7) = > AA(T) (2)
k

Aego(7) = > Xi(ee)yAey(7;) (3)
k

Xx = Ci/Ceo and (ee)y are respectively the molar fraction and the
enantiomeric excess of the chiral molecule k in the EO. The path
length | has been kept constant for all measurements (200 um). The
contribution of a chiral molecule to Aego(7;) depends of its molar
fraction or/and its enantiomeric excess in the EO, eq. (4).

Major minor
Aego(7i) = > Xp(ee)Aep () + > Xy (ee)y Mgy (7))  (4)
k' K’

Z;f,’”jorxk, (ee)pAey (7;) are the contributions of the major chiral
molecules which represent more than 5% of the total relative
composition with an enantiomeric excess greater than 80%.

ST (e€)r Agy (7;) are the contributions of minor chiral
molecules which represents less than 5% of the total relative
composition. We consider them minor because they are of the same
intensities of the baseline artifacts. The value of the molar fractions
X was predicted using a Least Square Estimation (LSE). In the case
of VCD spectra, the sign of x;, also provided access to the prevailing
enantiomeric form. A positive sign means that the proper enan-
tiomer was used to build the model while a negative sign indicates
that the opposite enantiomer is actually present in the crude EO.
Moreover, eq. (4) must be completed in order to take into account
the artifacts of measure a(7;) and the so called matrix effects M(7;)
which are the effects on the VCD spectra of all molecules, chiral and
achiral, that compose the EOs (eq. (5)). Indeed these effects are not
present in the spectra of the isolated molecules that are used in the
reconstruction.

Major
Aego() = D Xi(ee) Aey (7)) + B(7) (5)
k'
with B(I_/i) = Zﬂrmorka (ee)kw Ask// (Vi) —+ M(?,‘) + a(ﬁi)
This equation can be written in matrix form as:

AEpo = XAE, + B (6)

X is the vector of unknown parameters, eq. (7), AEgp and AE,,
contain the VCD spectra of the EO and the major chiral compounds,
eqs. (8) and (9) respectively, and B is the intercept of the model.



x1(eeq) X1
X= %20 = %2 | [eer) (ees) .. (een)] (D)
Xn(een) Xn
Aepo(71)
ABpp — AEE(?(VZ) (8)
A“?Ed(in)
Der(m) Bex(m) ... Ag()
AEg — A81:(1'2) A82:(1/2) : AEk:(Vz) 9)
Aey(mn) Aex(Tn) .. Aey(7n)

where each column of AEy or AEgp contains the absorptivities at 7,
wavenumbers and each line of AEy, the absorptivities of the k major
chiral compounds.

The least squares estimators of the unknown parameters B and
X (eqgs (10) and (11)) are:

B =Ego (10)

~ -1
X — (EEc) Eeo Ef (11)

At the end, the value and the sign of the x-coefficients allows us
to know relative percentage of the major chiral compounds in the
mixture and their prevailing enantiomeric form, respectively. The
same model was developed using normal IR spectra. The equations
are given in Supplementary Materiel. The models were built using
full cross validation method during the calibration developments
and the solvent spectra were substracted in each case. The che-
mometric calculations were performed using the Unscrambler X
(v10.3, CAMO software, Oslo, Norway) software.

3. Results and discussion
3.1. GC—MS

The chemical compositions of the oils were investigated using
GC/MS technique (Table S-1). Forty-three compounds were iden-
tified, representing 98.3%, 99.7%, 94.4% and 99.5% of the oil for the
EOs 1, 2, 3 and 4 respectively. The major compounds were
oxygenated monoterpenes including «-thujone, B-thujone and
camphor. The sesquiterpenes like a-amorphene, germacrene-D,
bicyclogermacrene, d-cadinene, B-caryophyllene and a-cubebene
were found in smaller amounts. It was interesting to note that the
chiral compounds represent 93.8%, 94.4%, 82.3% and 94.6% of the
total composition for the EOs 1, 2, 3 and 4 respectively. In this work
only the major chiral constituents were taken into account, ie a-
thujone, B-thujone and camphor. These three compounds
contribute for 78.9%, 78.0%, 60.8% and 82.7% of the total composi-
tion of the EOs 1, 2, 3 and 4 respectively. EOs 1, 2 and 4 contain o-
thujone as major compound (57.4%, 35.4%, and 58.2% respectively)
so they are a-thujone CT. Our results are in agreement with those
previously reported by Mighri et al. and Derwich et al. in which a-
thujone is the major compound (49 and 42% respectively) in AHA-
EOs from Tunisian and Moroccan origin respectively [3,7]. EO3 is a
camphor CT since camphor is the major compound (34.5%). This
result was reported previously by Vernin et al. in which camphor is
the major compound (48%) in AHA-EOs from Algerian and Moroc-
can origin respectively [28]. The thujones CT and camphor CT were
also found in Egypt and Spain [9].

3.2. Chiral HPLC

TCI-MBS column associated with a polarimetric detection for EO
analysis was reported for the first time by El Montassir et al. [10] to
detect epimeric thujones and the chirality of the major enantiomer
of camphor. The advantages of this method are short time analysis,
good detection and separation of the chiral molecules in the EOs
without any sample pre-treatment. This method is well adapted to
the study of EOs.

The TCI-MBS column was thus used to separate o- and p-thujone
and camphor in the four samples of AHA-EOs. For the four samples,
the polarimeter clearly detects the presence of (—)-a-thujone,
(+)-B-thujone and (—)-camphor as prevailing enantiomers. The
four HPLC chromatograms were similar even if the area of the peaks
change in agreement with relative percentage obtained in GC—MS.
A typical chromatogram of AHA-EOQ is presented in Fig. 1. Some non-
retained chiral compounds such as a-pinene, camphene, sabinene,
B-pinene and 4-carene were also detected. The other constituents
of the crude EOs (achiral and chiral compounds) are present in very
low concentration, and give no signal with the polarimeter
detector.

3.3. IR and VCD of pure samples

The measured IR and VCD spectra of optically pure (—)-a-thu-
jone, (+)-B-thujone and (+)-camphor are presented in Fig. 2. Ac-
cording to the literature [29,30], the absolute configurations of
(—)-a-thujone and (+)-B-thujone are respectively (1S,4R,5R)-(—)-4-
methyl-1-(propan-2-yl)-bicyclo-[3.1.0]-hexan-3-one and
(15,4S,5R)~(+)-4-methyl-1-(propan-2-yl)-bicyclo-[3.1.0]-hexan-3-
one respectively. These configurations, which were previously
assigned on the basis of chemical correlations, were confirmed
herein for the first time using VCD by comparing the corresponding
measured and calculated IR and VCD spectra. (+)-Camphor abso-
lute configuration was already determined by VCD and was found
to be (1R4R) [31].

Figs. 3—5 show IR and VCD spectra of (—)-a-thujone, (+)-3-
thujone and (+)-camphor in the 1500—1050 cm™! range. In fact, as
VCD and IR spectrum show bands at the same frequencies, VCD
bands can be positive or negative band [32]. The assignment of the
major bands was done from the calculated spectra and the litera-
ture data [29,33]. IR spectra of (—)-a-thujone and (+)-B-thujone are
quite similar with strong bands at 1458 cm™! (8 CH,), 1367 cm™!
(C—H bending), 1240 cm~' (C—O stretching vibration) and
1174 cm~! (C—CH3 stretching vibration). The strong bands at
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Fig. 1. HPLC on TCI-MBS (250 x 4.6 mm) of crude EO1 with polarimetric detection
(1 ml min~!, 99:1 v/v hexane/2-PrOH, 25 °C).
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Fig. 2. VCD spectra of the three major chiral compounds of AHA-EO. Blue: (-)-a-
thujone, red: (+)-p-thujone and green: (+)-camphor. (For interpretation of the refer-
ences to colour in this figure legend, the reader is referred to the web version of this
article.)
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1450 cm ™! (825ym CH3), 1417 cm™! (CH; scissoring), 1390 cm ™! and
1373 cm™! (dsym CH3) characterize (+)-camphor IR and VCD spectra
(Table S-2). For both, (—)-a-thujone and (+)-B-thujone, a satisfying
agreement between measured and calculated IR spectra (Figs. 3 and
4) was established. Same agreements were obtained between VCD
spectra. Thus, the positive bands at 1456, 1384, 1367, 1256, 1160 and
1110 cm™ ! and negative bands at 1411, 1307, 1275 and 1118 cm™!
allowed us to attribute the absolute configuration (1S,4R,5R) to
(—)-a-thujone. In the same way, the positive bands at 1458, 1366,
1173 and 1159 cm~! and negative bands at 1413, 1280, 1257, 1239,
1148 and 1059 cm~! allowed us to attribute the absolute configu-
ration (1S,4S,5R) to (+)-B-thujone. In a mixture, the distinction
between two chiral molecules will be possible using VCD only if
their spectra are sufficiently different and intense. (—)-a-Thujone,
(+)-B-thujone and (+)-camphor VCD spectra meet these conditions
(Table S-2), so they are good candidates for our study of EOs.

3.4. IR and VCD of EOs

The VCD spectra of EO1 and EO4 (Fig. 6) were very similar with a
Pearson correlation percentage of 95.7% and present a similar
profile as their main constituents: (—)-a-thujone (57.36% and
58.21% respectively). There were some differences between these
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Fig. 3. Measured and calculated IR and VCD spectra of (—)-a-thujone. Green: Measured spectra, dark blue: averaged calculated spectra and light blue: averaged dipole strengths.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 5. Measured IR and VCD spectra of (+)-camphor.

two spectra in the region 1175—1245 cm™". In fact, the band at
1196 cm~! was most intense for EO1 and the band at 1209 cm ™!
characterized EO4 (absent in EO1). The VCD spectrum of EO2
(Fig. 6) characterized by a high content of (—)-a-thujone (35.4% GC)
and (+)-B-thujone (25.6% GG), displayed bands at 1457, 1411 and
1160 cm™! attributed to (—)-a-thujone and at 1411, 1148 cm™! and

1457 cm™~! (strong band) relative to (+)-B-thujone. The VCD spec-
trum of EO2 was moderately similar to VCD spectra of EO1 and EO4
with a Pearson correlation percentage of 83.7 and 81.9% respec-
tively. A difference between the VCD spectrum of EO2 and VCD
spectra of EO1 and EO4 could be observed in the region
1281—1245 cm™ ' absence of the band at 1256 cm ™! in EO2 which
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Fig. 6. VCD spectra of the four samples of AHA-EOs. Yellow: EO1, orange: EO2, blue:
EO3 and red: EO4. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)

Table 1
x-Coefficient value from IR and VCD spectra.

Molecules LSE of VCD/IR spectra

EO1 EO2 EO3 EO4
(-)-a-Thujone x; 0.71/0.72  045/044  026/024  0.70/0.69
(+)-B-Thujone  x,  0.11/0.11 0.32/0.29 0.13/0.15 0.13/0.12
(+)-Camphor  x3 -0.16/0.15 —022/021 -0.57/045 —0.16/0.16

is typical for (—)-a-thujone (Fig. 3) and presence of the strong band
at 1475 cm™! in EO2 typical for (+)-p-thujone (Fig. 4).

VCD spectrum of EO3 (Fig. 6) was mostly characterized by bands
representative of (—)-camphor (1166, 1245, 1299, 1390 and
1470 cm™~!) since camphor represented 34.5% of the oil (Fig. 5). This
result is in accordance with the result of GC (Table S-1) where EO1,
2 and 4 are thujones CT and EO3 is camphor CT. We conclude that IR
and VCD spectra of the EOs present similar profiles as their main
compounds and that the others minor chiral and achiral molecules
do not interfere.

3.5. Spectral reconstruction and prediction

A predictive model was proposed to assign the prevailing
enantiomeric form and relative percentage of each major chiral
constituent in a mixture solely from the IR and VCD spectra of the
pure molecules and EOs. According to the literature and the results
we have obtained with the GC—MS and the chiral HPLC, the major
chiral molecules in AHA-EOs are (—)-a-thujone, (+)-p-thujone and
(—)-camphor with 100% of ee. In order to built and validate the
predictive model (—)-a-thujone, (+)-p-thujone VCD spectra were
used, while, on purpose, (+)-camphor VCD spectrum was used
instead of (—)-camphor VCD spectrum.

For our AHA-EOs, eq. (5) in 2.6 part can be written:

Aepo(7;) = X18e1(7;) + XpAe5(7;) + X3Ae3(7;) + B (12)

in which e1(7;) means the i'th absorptivities value of (15,4R,5R)-
(—)-o-thujone at the i'th wavenumber, &,(7;) means the i'th ab-
sorptivities value of (15,4S,5R)-(+)-B-thujone at the i'th wave-
number, e3(7;) means the i'th absorptivities value of (1R/4R)-
(+)-camphor at the i'th wavenumber and B.

Eq. (12) and S-6 (Supporting Information) were used. The x-
coefficients (Table 1, Supporting Information) corresponding to
ANOVA analysis were obtained after LSE.

As an example EO1 could be described by polynomial extensions
as follow:

for VCD spectra prediction:

AEEO(ii) = (0.71)A€] (’_ji) + (0.11)A€2 (7,') + ( — 0.16)A€3(ii) +B
and for IR spectra prediction:
epo(7i) = (0.72)e1(m) + (0.11)e2(7;) + (0.15) e3(7;) + B’

B and B’ are the intercept of the models.

The reconstruction method based on LSE from VCD spectra of
EO1 gave the following x-coefficients for the 3 compounds inves-
tigated: (1S,4R,5R)-(—)-a-thujone (x; = 0.71), (15,4S,5R)-(+)-B-
thujone (x; = 0.11) and (1R,4R)-(+)-camphor (x3 = —0.16) (Table 1).
The sum of the three coefficients equals 0.98. The missing 0.02 are
issuing from model errors and minor contributions of other chiral
compounds or intermolecular interactions not included in the
model. Accordingly LSE of IR spectra, the x-coefficients were found
to be: a-thujone (x; = 0.72), B-thujone (x, = 0.11) and camphor
(x3 = 0.15). The x-coefficients for the other EOs are given in Table 1.
The x-coefficients being very similar from VCD and IR LSE models, it
can be safely concluded that within the method precision the three
main chiral constituents of EO1 are in nearly optically pure form.
The sign associated to an x-coefficient is also quite informative: the
occurrence of negative sign associated to an x-coefficient indicates
that the actual major enantiomer found in the EO has the opposite
configuration to the one introduced into the VCD LSE model. As
stated before, the model was built using (1S,4R,5R)-(—)-a-thujone,
(15,4S,5R)-(+)-B-thujone and on purpose (1R,4R)-(+)-camphor.
The x-coefficients of the two thujones are positive indicating the
correctness of the enantiomer choice. The x-coefficient of camphor

Table 2
GC and LSE ratio of the three major chiral compounds from IR and VCD spectra.
Molecules % LSE of VCD spectra % LSE of IR spectra % GC
EO1 EO2 EO3 EO4 EO1 EO2 EO3 EO4 EO1 EO2 EO3 EO4
(—)-a-Thujone 73 46 27 71 73 47 27 71 72.7 454 253 703
(+)-B-Thujone 11 33 13 13 11 31 17 12 11.8 328 17.6 13.7
(—)-Camphor 16 23 58 16 15 22 56 16 15.5 21.8 57.1 16.0




is negative indicating that the camphor enantiomer used to build
the model is not the prevailing one (Table 1). We used (+)-camphor
instead of (—)-camphor intentionally to validate the mathematical
model (LSE) and to prove its effectiveness. The occurrence of
(—)-camphor is in agreement with the results obtained by chiral
HPLC with polarimetric detection. The same approach was done
with the infrared spectra using the same pure components, which
was recorded at the same time, same solution and same conditions.
The results of this calculation are presented in Table 1.

From GC results, (—)-a-thujone (1) + (+)-B-thujone (2) + (-)-
camphor (3) = 78.9%, 78.0%, 60.8% and 82.7% (Table S-1) of the total
composition of the EOs 1, 2, 3 and 4 respectively and (1/2/3) are in a
ratio of (72.7/11.8/15.5), (45.4/32.8/21.8), (25.3/17.6/57.1), (70.3/
13.7/16.0) (Table 2) for EOs 1, 2, 3 and 4 respectively.

LSE can be used to predict the ratio (%x;) for the three major
compounds in the EOs according to eq (13).

%x; = 7"';‘100 (13)
>ie1 Xl

These predicted ratios (Table 2) were very close to the ratios
given by GC. The best correlations obtained using VCD LSE were
observed for EOs 1, 2 and 4. For EO3, %x; were less well correlated:
(—)-a-thujone (27%sg, 25.3%cc), (+)-B-thujone (13%sg, 17.6%cc)
and (—)-camphor (58%sg, 57.1%cc) (Table 2). The best correlations
in IR LSE were observed for EOs 1 and 4. For EOs 2 and 3, %x; were
less well correlated: (+)-B-thujone (33%;sg, 32.8%cc) for EO2 and
(—)-a-thujone (27%sg, 25.3%cc) for EO3 (Table 2). In addition, the

03 EO 1 : Pearson coefficient = 0.98
- 02 -
£ N ‘
2 644 \ ’
.__! \ l‘u/\'n ! J /"r\\
S 00+ ;\ 7\
E V ‘a ’f'
é -0.1 .," v
g 02 -

i
0.3 4
T T T T T T T
1500 1400 1300 1200 1100
0.3 - -
EO 3 : Pearson coefficient = 0.94

0.2 !
g 0.1 -
'._J. 0.0 ll‘
[}
& A
é -0.
= 024
g 02

-0.3

T T T T T T T
1500 1400 1300 1200 1100
vV (em™)

LSE percentages from IR and VCD spectra were very close particu-
larly for EOs 1, 2 and 4 (Table 2). Therefore we can conclude that we
have one enantiomer with high enantiomeric excess. The output
regression models are the simulated IR and VCD spectra, which
were compared to the measured spectra (Figs. 7 and 8). A corre-
lation percentage and Pearson coefficients between these spectra
had been calculated from the ANOVA analysis (Supplementary
materiel). The simulated IR spectra for EOs 1 and 4 present 98%
of similarity with the analysis spectra, EO2 present 94% and EO3
present 91% (Table 3). The simulated VCD spectra for EOs 1, 2 and 4
present 98% of similarity with the analysis spectra, EO3 present 94%
(Table 3). In summary, The LSE x-coefficients sign and value allowed
to address the prevailing eantiomeric form and molar fraction of
enantiomers. The absolute configurations of the prevailing enan-
tiomeric forms in the crude EOs can be assigned since the absolute
configuration of the major chiral compounds of AHA-EO were
independently determined by comparison of their measured and
calculated spectra (Figs. 3 and 4).

4. Conclusion

Different chromatography and spectroscopy techniques were
used for the study of AHA-EOs from Algeria and Morocco (GC—MS,
chiral HPLC, IR and VCD) with a special attention to their chiral
signatures. These EOs were characterized by a large amount of a-
thujone, f-thujone and camphor. The ORS (optical rotation sign) of
(—)-a-thujone, (+)-B-thujone and (—)-camphor were determined
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Fig. 7. Measured and modelized VCD spectra of EOs. Yellow: EO1, orange: EO2, blue: EO3 and red: EO4. (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)
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Table 3

Pearson coefficient obtained from the LSE models using VCD and IR spectra.

Samples Pearson coefficient from IR spectra Pearson coefficient from VCD spectra
EO1 0.98 0.98
EO2 0.94 0.98
EO3 0.91 0.94
EO4 0.98 0.98

by enantioselective chiral HPLC with polarimetric detection.
Furthermore, the absolute configurations of (—)-a-thujone and
(+)-B-thujone were determined for the first time by VCD. An
original validation method was developed by combining IR, VCD
and LSE (least square estimation). The method provided the relative
percentage of the three major chiral compounds of AHA-EOs, which
were very close to those given by GC—MS. More interestingly, the
method provided the prevailing enantiomeric form, which can be
linked to the absolute configuration of the major chiral constituents
when known. The percentages resulting for the LSE of IR and VCD
spectra being quite similar, it can be concluded that chiral thujones
and camphor were present in the EO as a single enantiomer within
the precision of the determination. Reciprocally the comparison of
the percentages resulting for the LSE of IR and VCD spectra could be
used to detect racemization or non-natural origin of the sample.
This mathematical model applied to VCD can be extended to other

EOs or other complex chemical systems, which contain in majority
chiral molecules. Further work is underway to validate the method
in the case of non-natural mixtures with different enantiomeric
compositions.
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