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Abstract: The hemi-synthesis of chiral imine, benzimidazole and benzodiazepine structures is
reported by the condensation of (S)-(−)-perillaldehyde, the major phytochemical of Ammodaucus
leucotrichus subsp. leucotrichus essential oil, with different amine derivatives of 2,3-diaminomaleonitrile,
o-phenylenediamine and 3-[(2-aminoaryl)amino]dimedone. The reaction proceeds in situ at ambient
temperature without prior isolation of the natural (S)-(−)-perillaldehyde. Final products precipitate
in the ethanolic reaction medium. 2D NMR and single-crystal X-ray diffraction studies were used to
unequivocally characterize the structures in solution and in the solid state, respectively. Chiral HPLC
analysis confirms the formation of unique enantiomers and diastereomeric mixtures.

Keywords: (S)-(−)-perillaldehyde; Ammodaucus leucotrichus; amines; hemi-synthesis; essential oil;
2D NMR; single-crystal X-ray diffraction; chiral-HPLC

1. Introduction

Over the past decades, there has been a growing transition in drugs from natural materials,
natural products, or their simple derivatives to more potent natural-mimicking synthetic prototypes [1].
Essential oils’ components still play a major role in this combinatorial chemistry and are considered
promising sources of stereospecific structures. They can indeed serve as substrates in hemi-synthesis,
leading to new active molecules. For instance, (+)-carotol, the major constituent of carrot seed essential
oil, was used as a starting material in the hemi-synthesis of ten cytotoxic hydroindene-derived chiral
synthons [2]. A novel series of essential oils oriented chiral esters with high insecticidal activity
have been synthesized based on the scaffold of the natural pyrethrin [3]. Cymbopogon schoenanthus
essential oil is mainly composed of piperitone (68.2%), which was used for in situ preparation of three
anti-parasitic carbasones [4].
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Ammodaucus leucotrichus Cosson & Durieu subsp. leucotrichus belongs to the Apiaceae (Umbelliferae)
plant family. It is an endemic species growing in the Saharan and sub-Saharan countries of North
Africa, extending up to Egypt and tropical Africa [5]. Generally, it grows in wadis with granite
boulders (temporary water streams) [6]. This plant plays an important role in traditional medicine
in North African countries. It is used as a remedy for cardiac diseases [7], rheumatism, asthma and
stomach diseases [8,9]. The major components in the essential oil of A. leucotrichus from Morocco
were reported to be perillaldehyde (63.6%) and limonene (26.8%) [5]. A similar phytochemical profile
is reported for the essential oil of A. leucotrichus growing wild at different areas in the Southern
Algerian Sahara, characterized by perillaldehyde (37.5–84.4%) and limonene (7.0%–29.2%) [10–12].
(S)-(−)-Perillaldehyde laevorotatory form is found most abundantly in essential oils of other plants
such as the woody shrub Conyza newii [13]. This aldehyde is extensively used as a food additive
for flavouring and especially as an ingredient in perfumes [14], but it also exhibits antioxidant,
antidepressant and other biological activities [15].

In general, aldehydes are most commonly used in the synthesis of a large range of interesting
molecules, such as imines and benzodiazepines. Many preparations of various imines by
the condensation of different aldehydes with aliphatic or aromatic amines are reported in the
literature [16,17]. This kind of molecule is known to possess significant biological properties,
such as antitumor, insecticidal, antibacterial, anti-tuberculosis, antimicrobial and anticonvulsant
activities [18]. Benzodiazepines represent a well-known class of therapeutics displaying anticonvulsant,
anti-inflammatory, analgesic and anti-depressive effects [19]. A literature survey reveals that a fair
amount of work has been published in the stereospecific synthesis of benzodiazepine derivatives by the
condensation of aldehydes and several heterocyclic compounds [20,21]. In particular, a simple and fast
method has recently been described by us for the elaboration of novel benzodiazepine structures [22].

Following this last method, we propose herein the hemi-synthesis of novel chiral imine,
benzimidazole and benzodiazepine structures from the essential oil of A. leucotrichus by condensation
of its major constituent (S)-(−)-perillaldehyde (81.0%) with different amine substrates, such as
2,3-diaminomaleonitrile, o-phenylenediamine and 3-[(2-aminoaryl)amino]dimedone. The GC-MS
analysis of our A. leucotrichus essential oil allowed the identification of perillaldehyde (81.0%) and
limonene (12.4%) as major constituents (see Supplementary Materials). The combination of amines with
the enantiopure perillaldehyde may lead to functional synergy and render the final chiral molecules
with improved biological properties, since it is well-known that the biological effect is intrinsically
related to one of the enantiomers. In addition, the toxicological, pharmacokinetic behaviour and
metabolism of the enantiomers may also be different [23].

2. Results and Discussion

2.1. Chemistry and Mechanism

Perillaldehyde, the major constituent of the A. leucotrichus essential oil, reacts in situ with the
aforementioned amines without the need for prior purification or isolation from the oil matrix.
The condensation reaction proceeds under similar operating conditions as previously published [22],
by employing ethanol as a solvent at ambient temperature and under catalyst-free conditions over a
period of 12 h. The reaction is easily worked up by filtration of the formed solid showing a high purity
of products 1–4, isolated in moderate-to-good yields (47%–82%) after washing with ethanol, ultimately
avoiding any further chromatographic purifications (Scheme 1).

The final products 1–4 are chiral because the condensation reactions are carried out over the aldehyde
group, ultimately maintaining the configuration of the asymmetric centre of (S)-perillaldehyde. This has
direct implications in the performed crystallographic studies as detailed below. The reaction mechanisms
follow the classical imine condensation to afford compound 1, 2-amino-3-{[(E)-[(S)-4-(prop-1-en-2-yl)
cyclohex-1-en-1-yl)methylene]amino}maleonitrile, obtained from the reaction of the main constituent
of the A. leucotrichus essential oil with 2,3-diaminomaleonitrile (Scheme 2). In a similar way,
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o-phenylenediamine condenses on perillaldehyde to afford the corresponding imine as an intermediate.
The latter undergoes a second amine attack, giving rise to an imidazole ring closure after spontaneous
dehydrogenation at ambient temperature, therefore generating (S)-2-[4-(prop-1-en-2-yl)cyclohex-1-en-
1-yl]-1H-benzo[d]imidazole 2 via a tandem process (Scheme 2). In common reaction cases, the imidazole
ring closure occurs at higher temperatures (heating at reflux) [24]. However, our experimental protocols
were strategically oriented to perform hemi-synthetic transformations at room temperature, which
allows a rapid precipitation/crystallization of the final chiral product upon formation. Under these
relatively low temperature conditions, compound 1 could not cyclize to imidazole, while the
benzimidazole ring closure in compound 2 was possible due to chemical stabilization of the mentioned
heterocyclic system. The last experiment was performed using 3-[(2-aminoaryl)amino]dimedone
which, according to our previous study [22], originates 3,3-dimethyl-11-[(S)-4-(prop-1-en-2-yl)cyclohex-
1-en-1-yl]-2,3,4,5,10,11-hexahydro-1H-dibenzo[b,e][1,4]diazepin-1-ones 3 and 4 via imine condensation
and diazepine ring closure that creates a new asymmetric centre over the diazepine ring (Scheme 2).Molecules 2019, 24, x FOR PEER REVIEW 3 of 10 
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2.2. Chiral HPLC and Stereochemistry

(S)-(−)-Perillaldehyde is found in essential oils in an optically active laevorotatory form due
to the presence of an asymmetric carbon [13]. This carbon was chemically resistant to our amine
nucleophilic attacks on perillaldehyde where chemical alterations were mainly brought to the
aldehyde function to produce compounds 1–4 (including imine, imidazole and 1,4-diazepines)
and maintaining the asymmetric carbon unchanged. This fact was further studied, however, by
chiral-HPLC analysis performed on imine 1, imidazole 2 and 1,4-benzodiazepine 3, where the presence
of a sole chromatographic peak indicated the existence of one enantiomer as noted in the case of
compounds 1 and 2 (Figure 1, see Supplementary Materials). Structurally, 1,4-benzodiazepines 3 and 4
are composed of the asymmetric perillaldehyde moiety attached to the new connecting asymmetric
carbon which belongs to the diazepine ring. Stereochemical and mechanistic considerations suggest
the presence of a 1:1 ratio of two diastereomers (11-R, 4′-S- and 11-S, 4′-S-isomers) (Scheme 2).
This was proved with the help of chiral-HPLC, showing the presence of two chromatographic
peaks with 1:1 integrating areas, ultimately supporting the formation of a diastereomeric mixture of
1,4-benzodiazepine 3 (see Supplementary Materials). According to chiral chromatographic profiles of
1–3, our hemi-synthetic process was efficient without any side products being formed, showing high
purity of the unique enantiomeric forms of compounds 1 and 2, along with diastereomeric mixtures of
1,4-benzodiazepines 3 and 4.
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2.3. Nuclear Magnetic Resonance Spectroscopy

The structures of 1–4 were characterized by 1D and 2D NMR spectroscopy (see Supplementary
Materials). The 1H-NMR spectrum of compounds 1–4 suggested the presence of the asymmetric
perillalkyl unit, which is mainly characterized by aliphatic protons of methylene groups appearing
as multiplets between δH 1.0 and 3.0 ppm with their positions confirmed based on DEPT-135,
HSQC and HMBC experiments (Figure 2). Vinylic protons of the perillalkyl moiety were attributed
around 4.40–5.00 ppm (for the extra-cyclic protons) and 5.00–6.70 ppm (for the intra-cyclic ones).
Using DEPT-135 and HSQC experiment, all the protonated carbons were assigned, especially
those from δC 20 to 40 ppm due to aliphatic methyl and methylene groups of perillalkyl radical
(see Supplementary Materials).

The structures of 1–4 were further confirmed based on the HMBC experiments. The main HMBC
connectivities observed over the perillalkyl unit are depicted in Figure 2. Aromatic and vinylic
quaternary carbons were localized via HMBC correlations with their neighbouring protons, especially
in the case of 1,4-benzodiazepines 3 and 4, where the proton H-11 was shown to establish four different
connectivities with the surrounding quaternary carbons, along with the carbonyl C-1 (Figure 2). A deep
examination of both 1H and 13C-NMR spectra of 1,4-benzodiazepines 3 and 4 revealed the presence
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of duplicated signals with a 1:1 ratio according to proton integration, which is clear evidence of the
presence of diastereomeric mixtures (see Supplementary Materials).
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2.4. Single-Crystal X-ray Diffraction

Single-crystal X-ray diffraction studies were further used to determine the spatial arrangement of
the new compounds 1–4 (Figures 3 and 4). Crystals of compounds 1–4 were directly obtained from
the reaction batches after filtration and washing with ethanol. This is noteworthy because use of
the natural (S)-(−)-perillaldehyde as a starting chiral reagent means that all the resulting structures
crystallized in chiral and non-centrosymmetric space groups. The absence of strongly diffracting
elements in all structures means that the absolute configurations of asymmetric carbons could not
be determined from the X-ray studies, but they were nevertheless unveiled from the chiral HPLC
studies performed.

Compounds 1 and 2 only have a single asymmetric carbon centre belonging to the parent
perillalkyl unit, exhibiting the (S)-configuration (Figure 3). While 1 crystallized in a non-centrosymmetric
monoclinic space group P21 with the asymmetric unit having only one molecule, 2 crystallized in
the non-centrosymmetric orthorhombic space group P212121, with two molecules composing the
asymmetric unit. These two molecules had the same configuration for the asymmetric carbon centre
with the inequivalence arising from simple rotations of the various molecular units composing the
molecule. The presence of donor and acceptor units capable of engaging in strong hydrogen bonds was
well evidenced in the crystal packing of both 1 and 2. In 1, the two nitrile groups and the amine moiety
were engaged in strong intermolecular N–H···N hydrogen bonds, forming a R3

3(14) graph set (dN···N
= 3.012(3)–3.028(3) Å and <(NHN) = 147–168◦), ultimately dictating the way the molecules closely pack
in the solid state. In 2, there was a single N–H···N interaction connecting the two crystallographically
independent molecular units, leading to the formation of a C2

2(8) graph set motif (dN···N = 2.853(4)
–2.854(4) Å and <(NHN) = 163◦) [25].

Compounds 3 and 4 both crystallized in the non-centrosymmetric monoclinic I2 space group,
with the asymmetric units being composed of a pair of (S,S)- and (R,S)-diastereomers (in Figure 4
only the (S,S)-diastereomers are depicted for the two compounds). According to our previous
mechanistic descriptions, the diazepine cyclisation leads to the formation of an extra asymmetric
carbon (C-11), with the one from perillaldehyde (C-4′) always maintaining its original (S)-configuration.
We further note that chiral HPLC clearly showed the presence of a mixture of two diastereomers,
which agrees with the crystallographic studies performed. The configuration of all the stereocentres
was determined to be (11-R,4′-S) and (11-S,4′-S). These results are also in agreement with the
aforementioned 2D-NMR investigations.
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Figure 4. Schematic representation of the (S,S)-diastereomers molecular units present in the crystal
structures of compounds 3 and 4 (note: the (S,R)-diastereomer molecules present in the asymmetric
units were omitted for clarity). Asymmetric carbon centres are depicted by an asterisk and the bonds
are in light yellow. Non-hydrogen atoms are represented as thermal ellipsoids drawn at the 50%
probability level and hydrogen atoms as small spheres with arbitrary radii.
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3. Materials and Methods

3.1. General Remarks

Melting points were measured with a Büchi Melting Point B-540 apparatus (BÜCHI Labortechnik
AG, Flawil, Switzerland). NMR spectra were recorded on a Bruker AVANCE 500 spectrometer
(Bruker, Wissembourg, France, 400 MHz for 1H and 100 MHz for 13C), in DMSO-d6 as solvent.
Chemical shifts (δ) were reported in ppm and coupling constants (J) in Hz and the internal standard
was TMS. Unequivocal 13C assignments were made with the aid of 2D gHSQC and gHMBC
experiments (delays for one-bond and long-range JC/H couplings were optimized for 145 and 7 Hz,
respectively). High-resolution mass spectra (ESI+-HRMS) were measured with a micrOTOF-Q 98
spectrometer (Bruker Daltonics, Hamburg, Germany). GC-MS analysis of A. leucotrichus subsp.
leucotrichus essential oil was performed on a Hewlett-Packard computerized system comprising
a 6890 gas chromatograph coupled with a 5973A mass spectrometer (Agilent Technologies, Santa
Clara, CA, United States). All chemicals and solvents were purchased from commercial sources
and were used as received. Chiral-HPLC separation of compounds 1–3 was performed on chiral
stationary phase at 25 ◦C using a CHIRALPAK® IA (Chiral Technologies Europe, Illkirch, France,
amylose-tris(3,5-dimethylphenylcarbamate) immobilized on 5 µm silica-gel, 250 mm × 4.6 mm ID).
The mobile phase used was hexane/acetone (isocratic mode, 50:50 (v/v)) at a flow rate of 1.0 mL/min.
The UV detector was set at 220 nm (Figure S21 in the Supplementary Information). An injection of
20 µL of 1.0 g/L concentrated samples of dissolved compounds 1–3 was used in the mobile phase.

3.2. Plant Material and Extraction Procedure

The aerial parts of A. leucotrichus were collected from Ghardaia (Septentrional Algerian Sahara) in
April 2017. They were identified by the botanists of the National Agronomic Institute in El-Harrach
Algeria. Air-dried fruits of A. leucotrichus were submitted to water distillation with a Clevenger-type
apparatus (Merck KGaA, Darmstadt, Germany) for 3 h. The final product yielded 2.23% of deep-blue
liquid oil. The obtained essential oil was dried over anhydrous sodium sulphate and, after filtration,
it was stored at +4 ◦C.

3.3. General Procedure for the Hemi-Synthesis of Compounds 1–4

Amine derivatives (1.2 mmol, 2,3-diaminomaleonitrile 129.6 mg; o-phenylenediamine 129.6 mg;
3-[(2-aminoaryl)amino]dimedone 276 mg; CH3-3-[(2-aminoaryl)amino]dimedone 292.8 mg) were
added to an ethanolic solution (15 mL) of A. leucotrichus essential oil (1 mmol of perillaldehyde,
calculated on the basis of 81% of mass, approximately 0.2 mL or 185 mg of the crude oil), under
constant agitation at ambient temperature, and the reaction was left for 12 h. Crystals of compounds
1–4 were gradually formed in the reaction medium. Precipitates of 1–4 were filtered off and washed
with ethanol after the required time (as monitored by TLC).

(S)-2-Amino-3-{[(E)-(4-(prop-1-en-2-yl)cyclohex-1-en-1-yl)methylene]amino}maleonitrile (1). C14H16N4.
Brown crystals; yield: 197 mg (82%); m.p. 184–186 ◦C. 1H-NMR (400 MHz, DMSO-d6): δ 1.30–1.50
(m, 1H, H-5′′), 1.73 (s, 3H, 1′′′-CH3), 1.77–1.89 (m, 1H, H-5′′), 2.07–2.27 (m, 3H, H-4′′, H-3′′, H-6′′),
2.39 (dd, J 14.9, 4.0, Hz, 1H, H-3′′), 2.56–2.70 (m, 1H, H-6′′), 4.66–4.79 (m, 2H, H-2′′′), 6.56 (d, J 4.7 Hz,
1H, H-2′′), 7.48 (s, 2H, 2-NH2), 7.85 (s, 1H, H-1′) ppm. 13C-NMR (100 MHz, DMSO-d6): δ 21.0 (1′′′-CH3),
23.7 (C-6′′), 26.8 (C-5′′), 31.8 (C-3′′), 40.7 (C-4′′), 103.8 (C-3), 109.7 (C-2′′′), 114.2 (C-4), 114.9 (C-1), 126.2
(C-2), 137.9 (C-1′′), 142.6 (C-2′′), 149.1 (C-1′′′), 158.4 (C-1′) ppm HRMS-ESI+: m/z calcd. for [C14H16N4

+ H]+: 241.1453; found: 241.1441.

(S)-2-[4-(Prop-1-en-2-yl)cyclohex-1-en-1-yl]-1H-benzo[d]imidazole (2). C16H18N2. White crystals; yield:
155 mg (65%); m.p. 220–222 ◦C. 1H-NMR (400 MHz, DMSO-d6): δ 1.47–1.65 (m, 1H, H-5′), 1.77 (s, 3H,
1′′-CH3), 1.89–1.99 (m, 1H, H-5′), 2.07–2.49 (m, 4H, H-4′, 2 × H-3′, H-6′), 2.75–2.86 (m, 1H, H-6′),
4.55–5.00 (m, 2H, H-2′′), 6.79 (d, J 4.0 Hz, 1H, H-2′), 7.07–7.20 (m, 2H, H-7, H-5), 7.42 (d, J 7.6 Hz, 1H,
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H-4), 7.56 (d, J 7.6 Hz, 1H, H-6), 12.31 (s, 1H, 1-NH) ppm. 13C-NMR (100 MHz, DMSO-d6): δ 21.1
(1′′-CH3), 25.8 (C-6′), 27.3 (C-5′), 30.9 (C-3′), 40.5 (C-4′′), 109.6 (C-2”), 111.2 (C-4), 118.8 (C-6), 121.4
(C-7), 122.3 (C-5), 128.8 (C-1′), 129.2 (C-2′), 135.0 (C-7a), 143.9 (C-3a), 149.2 (C-1”), 158.4 (C-2) ppm.
HRMS-ESI+: m/z calcd. for [C16H18N2 + H]+: 239.1548; found: 239.1537.

3,3-Dimethyl-11-[(S)-4-(prop-1-en-2-yl)cyclohex-1-en-1-yl]-2,3,4,5,10,11-hexahydro-1H-dibenzo[b,e][1,4]
diazepin-1-one (3, mixture of two diastereomers). C24H30N2O. Yellowish crystals; yield: 170 mg (47%);
m.p. 194–196 ◦C. 1H-NMR (400 MHz, DMSO-d6): δ 1.02, 1.03, 1.05 and 1.06 (4s, 6H, 3-CH3, 2× diast.),
1.56 and 1.58 (2s, 3H, 1′′-CH3, 2 × diast.), 1.06–2.25 (m, 7H, H-3′, H-4′, H-5′, H-6′, 2× diast.), 2.02–2.19
(m, 2H, H-2, 2 × diast.), 2.49–2.53 (m, 2H, H-4, 2× diast.), 4.40–4.43 and 4.50–4.53 and 4.54–4.57
and 4.58–4.62 (4m, 2H, H-2′′, 2× diast.), 4,81–4.89 (m, 1H, H-11), 5.07 and 5.09 (d, J 6.9 Hz 1H, H-2′,
2× diast.), 5.77 and 5.82 (2d, J 6.0 Hz, 1H 10-NH, 2× diast.), 6.61–6.77 (m, 3H, H-7, H-8, H-9), 6.90–6.92
and 6.92–6.93 (2m, 1H, H-6, 2× diast.), 8.530 and 8.533 (s, 1H, 5-NH) ppm. 13C-NMR (100 MHz,
DMSO-d6): δ 20.9 and 21.2 (1′′-CH3, 2× diast.) 27.9 and 28.0 and 29.0 and 29.1 (3-CH3, 2× diast.), 26.8
and 27.5 (C-6′, 2× diast.), 27.8 and 28.1 (C-5′,2× diast.), 30.3 and 30.5 (C-3′), 32.2 (C-3), 40.4 and 41.1
(C-4′, 2× diast.), 44.5 (C-4), 50.1 (C-2), 57.0 and 57.8 (C-11, 2× diast.), 109.1 and 109.2 (C-2′′, 2× diast.),
110.2 and 110.4 (C-11a, 2× diast.), 119.84 and 119.86 (C-6), 120.17, 120.22, 120.26, 120.39, 120.51 and
120.73 (C-2′, C-7, C-9, 2× diast.), 122.7 and 122.8 (C-8, 2× diast.), 131.9 and 131.8 (C-5a, 2× diast.)),
138.3 and 138.7 (C-9a, 2× diast.)), 139.1 and 139.3 (C-1′, 2× diast.), 149.2 and 149.7 (C-1′′, 2× diast.),
154.85 and 154.87 (C-4a, 2× diast.), 192.2 and 192.3 (C-1, C=O, 2× diast.) ppm. HRMS-ESI+: m/z calcd.
for [C24H30N2O + H]+: 363.2436; found: 363.2419.

3,3,8-Trimethyl-11-[(S)-4-(prop-1-en-2-yl)cyclohex-1-en-1-yl]-2,3,4,5,10,11-hexahydro-1H-dibenzo[b,e][1,4]
diazepin-1-one (4, mixture of two diastereomers). C25H32N2O. Yellowish crystals; yield: 267 mg (71%); m.p.
201–202 ◦C. 1H-NMR (400 MHz, DMSO-d6): δ 1.01, 1.02, 1.04 and 1.06 (4s, 6H, 3-CH3, 2× diast.), 1.56
and 1.59 (2s, 3H, 1′′-CH3, 2× diast.), 1.06–2.16 (m, 7H, H-3′, H-4′, H-5′, H-6′, 2× diast.), 2.11 and 2.13
(2s, 3H, 8-CH3, 2× diast.), 2.02–2.19 (m, 2H, H-2, 2× diast.), 2.49–2.51 (m, 2H, H-4, 2× diast.), 4.36–4.40
and 4.48–4.53 and 4.55–4.58 and 4.58–4.62 (4m, 2H, H-2′′, 2× diast.), 4.78–4.87 (m, 1H, H-11), 5.06 and
5.09 (d, J 6.9 Hz 1H, H-2′, 2× diast.), 5.71 and 5.74 (2d, J 6.0 Hz, 1H 10-NH, 2× diast.), 6.41–6.59 (m, 2H,
H-6, H-9), 6.81 (dd, J 2.8 and 8.4 Hz, 1H, H-7), 8.50 and 8.51 (2s, 1H, 5-NH, 2× diast.) ppm. 13C-NMR
(100 MHz, DMSO-d6): δ 20.77 and 20.79 (8-CH3, 2× diast.), 20.9 and 21.3 (1′′-CH3, 2× diast.), 27.8 and
28.0 and 29.1 and 29.2 (3-CH3, 2× diast.), 26.7 and 27.3 (C-6′, 2× diast.), 27.8 and 28.1 (C-5′,2× diast.),
30.2 and 30.5 (C-3′), 32.1 (C-3), 40.4 and 41.1 (C-4′, 2× diast.), 44.5 (C-4), 50.1 (C-2), 57.0 and 57.7 (C-11,
2× diast.), 109.1 and 109.2 (C-2′′, 2× diast.), 109.9 and 110.0 (C-11a, 2× diast.), 120.1 (C-2′), 120.22 and
120.24 (C-7, 2× diast.), 120.50 and 120.52 (C-6, 2× diast.), 120.8 and 120.9 (C-9, 2× diast.), 129.3 and
129.4 (C-8, 2× diast.), 131.5 and 131.6 (C-5a, 2× diast.)), 138.5 and 138.9 (C-9a, 2× diast.)), 139.0 and
139.1 (C-1′, 2× diast.), 149.1 and 149.7 (C-1′′, 2× diast.), 154.79 and 154.82 (C-4a, 2× diast.), 191.9 and
192.0 (C-1, C=O, 2× diast.) ppm. HRMS-ESI+: m/z calcd. for [C25H32N2O + H]+: 377.2548; found:
377.2577.

4. Conclusions

In summary, we used the natural (S)-(−)-perillaldehyde of A. leucotrichus subsp. leucotrichus
essential oil as a chiral reagent to stereospecifically prepare imine, imidazole and dibenzo[b,e][1,4]
diazepin-1-ones, which is an efficient, simple and economic hemi-synthetic protocol towards pure
chiral compounds. We proved that natural compounds, when present in high amount in essential oil
or extracts, can be used as excellent starting materials to prepare new structures in hemi-synthetic
processes without their prior isolation and purification. The reported method is advantageously
applicable to generate chiral compounds, avoiding the use of expensive chiral catalysts and isolated
natural compounds. An arsenal of analytical tools, including 2D NMR, single-crystal X-ray diffraction
and chiral HPLC were helpful to identify pure enantiomers and some diastereomeric mixtures. Further
hemi-synthetic studies are being conducted on the same and other essential oils’ major compounds
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to extend the scope and determine the limits of the reported method. Biological screening and
comparative studies are also foreseen.

Supplementary Materials: The Supplementary Materials are available online. Supplementary Information (ESI)
available: [NMR spectroscopic data for all the reported compounds 1–4; Chiral-HPLC analysis of compounds 1–3;
Specific rotation analysis for pure enantiomers of compounds 1 and 2; Single-crystal X-ray diffraction data (CIF
files and check CIF reports) and additional crystallographic details for compounds 1–4.

Author Contributions: O.T. conceptualized the work and co-wrote the manuscript; F.C. performed the extraction
and synthetic experimental work and wrote the original draft preparation; B.C. and L.B. participated in the
synthetic experimental work; M.V. performed all the chromatographic experimental work; R.F.M. and F.A.A.P.
were responsible for all X-ray diffraction work; K.M. and K.B. co-wrote the manuscript; A.M.S.S. co-conceptualized
the work and co-wrote the manuscript.

Funding: Thanks are due to University of Aveiro and FCT/MEC for the financial support to the QOPNA
research project (FCT UID/QUI/00062/2019), the project CICECO-Aveiro Institute of Materials, POCI-01-0145-
FEDER-007679 (FCT Ref. UID /CTM /50011/2019), financed by national funds and when appropriate co-financed
by FEDER under the PT2020 Partnership Agreement, and of the bilateral project PT-DZ/0005 and to the Portuguese
NMR Network. We would like also to thank the General Directorate for Scientific Research and Technological
Development—DGRSDT of Algeria and Agence Thématique de Recherche en Sciences et Technologie ATRST for
approving the co-financed bilateral project PT-DZ/0005.

Conflicts of Interest: There are no conflicts of interest to declare.

References

1. Appendino, G.; Minassi, A.; Taglialatela-Scafati, O. Recreational drug discovery: natural products as lead
structures for the synthesis of smart drugs. Nat. Prod. Rep. 2014, 31, 880–904. [CrossRef] [PubMed]

2. Bonikowski, R.; Kula, J.; Bujacz, A.; Wajs-Bonikowska, A.; Zaklos-Szyda, M.; Wysocki, S. Hydroindene-
derived chiral synthons from carotol and their cytotoxicity. Tetrahedron Asymm. 2012, 23, 1038–1045.
[CrossRef]

3. Huangyong, L.; Changshui, C.; Cao, X. Essential oils-oriented chiral esters as potential pesticides:
Asymmetric syntheses, characterization and bio-evaluation. Ind. Crops Prod. 2015, 76, 432–436.

4. Sakirigui, A.; Gbaguidi, F.; Kasséhin, U.; JacquesPoupaert; Accrombessi, G.; Kotchoni, S. Structural and
antitrypanosomal data of different carbasones of piperitone. Data Brief 2016, 9, 1039–1043. [CrossRef] [PubMed]

5. Velasco-Negueruela, A.; Pérez-Alonso, M.J.; Pérez de Paz, P.L.; Palá-Paúl, J.; Sanz, J. Analysis by gas
chromatography–mass spectrometry of the volatiles from the fruits of Ammodaucus leucotrichus subsp. leucotrichus
and subsp. nanocarpus grown in North Africa and the Canary Islands, respectively. J. Chromatogr. A 2006,
1108, 273–275. [CrossRef] [PubMed]

6. Anthelme, F.; Waziri Mato, M.; Maley, J. Elevation and local refuges ensure persistence of mountain specific
vegetation in the Nigerien Sahara. J. Arid Environ. 2008, 72, 2232–2242. [CrossRef]

7. Jouad, H.; Haloui, M.; Rhiouani, H.; El Hilaly, J.; Eddouks, M. Ethnobotanical survey of medicinal plants
used for the treatment of diabetes, cardiac and renal diseases in the North centre region of Morocco
(Fez–Boulemane). J. Ethnopharmacol. 2001, 77, 175–182. [CrossRef]

8. Merzouki, A.; Ed-derfoufi, F.; Molero Mesa, J. Contribution to the knowledge of Rifian traditional medicine.
II: Folk medicine in Ksar Lakbir district (NW Morocco). Fitoterapia 2000, 71, 278–307. [CrossRef]

9. Hammiche, V.; Maiza, K. Traditional medicine in Central Sahara: Pharmacopoeia of Tassili N’ajjer.
J. Ethnopharmacol. 2006, 105, 358–367. [CrossRef] [PubMed]

10. Dahmane, D.; Dob, T.; Krimat, S.; Nouasri, A.; Metidji, H.; Ksouri, A. Chemical composition, antioxidant and
antibacterial activities of the essential oils of medicinal plant Ammodaucus leucotrichus from Algeria. J. Essent.
Oil Res. 2017, 29, 48–55. [CrossRef]

11. Khaldi, A.; Meddah, B.; Moussaoui, A.; Sonnet, P. Anti-mycotoxin Effect and Antifungal Properties of
Essential Oil from Ammodaucus leucotrichus Coss. & Dur. on Aspergillus flavus and Aspergillus ochraceus.
J. Essent. Oil Bear. 2017, 20, 36–44.

12. Abu Zarga, M.H.; Al-Jaber, H.I.; Baba Amer, Z.Y.; Sakhrib, L.; Al-Qudah, M.A.; Al-humaidi, J.Y.G.; Abaza, I.F.;
Afifi, F.U. Chemical Composition, Antimicrobial and Antitumor Activities of Essential Oil of Ammodaucus
leucotrichus Growing in Algeria. JAPN 2013, 3, 224–231.

http://dx.doi.org/10.1039/c4np00010b
http://www.ncbi.nlm.nih.gov/pubmed/24823967
http://dx.doi.org/10.1016/j.tetasy.2012.07.005
http://dx.doi.org/10.1016/j.dib.2016.11.044
http://www.ncbi.nlm.nih.gov/pubmed/27900358
http://dx.doi.org/10.1016/j.chroma.2006.01.031
http://www.ncbi.nlm.nih.gov/pubmed/16472529
http://dx.doi.org/10.1016/j.jaridenv.2008.07.003
http://dx.doi.org/10.1016/S0378-8741(01)00289-6
http://dx.doi.org/10.1016/S0367-326X(00)00139-8
http://dx.doi.org/10.1016/j.jep.2005.11.028
http://www.ncbi.nlm.nih.gov/pubmed/16414225
http://dx.doi.org/10.1080/10412905.2016.1201015


Molecules 2019, 24, 975 10 of 10

13. Mayeku, W.P.; Omollo, N.I.; Odalo, O.J.; Hassanali, A. Chemical composition and mosquito repellency of
essential oil of Conyza newii propagated in different geographical locations of Kenya. Med. Vet. Entomol.
2014, 28, 253–256. [CrossRef] [PubMed]

14. Wang, C.Y.; Wang, S.Y.; Chen, C. Increasing Antioxidant Activity and Reducing Decay of Blueberries by
Essential Oils. J. Agric. Food Chem. 2008, 56, 3587–3592. [CrossRef] [PubMed]

15. Tian, J.; Zeng, X.; Lü, A.; Zhu, A.; Peng, X.; Wang, Y. Perillaldehyde, a potential preservative agent in foods:
Assessment of antifungal activity against microbial spoilage of cherry tomatoes. Food Sci. Technol. 2015,
60, 63–70. [CrossRef]

16. Appelt, H.R.; Oliveira, J.S.; Santos, R.C.V.; Rodrigues, O.E.D.; Santos, M.Z.; Heck, E.F.; Rosa, L.C.R. Synthesis
and Antimicrobial Activity of Carbohydrate Based Schiff Bases: Importance of Sugar Moiety. Int. J.
Carbohydr. Chem. 2013, 2013. [CrossRef]

17. Kundu, A.; Shakil, N.A.; Saxena, D.B.; Pankaj; Kumar, J.; Walia, S. Microwave assisted solvent-free synthesis
and biological activities of novel imines (Schiff bases). J. Environ. Sci. Health 2009, 44, 428–434. [CrossRef]
[PubMed]

18. Sonnekar, V.S.; Jadhav, W.N.; Dake, D.S.; Pawar, R. Synthesis and antimicrobial and antifungal activities of
novel bis-imine derivatives. Res. J. Pharm. Biol. Chem. Sci. 2013, 4, 1411–1418.

19. Missaoui, B.E.; Ouahrani, M.R.; Kouadri, Y.; Chebrouk, F.; Gherraf, N. Synthesis of Novel Heterocyclic
Compounds Containing 1,5-Benzodiazepine. Asian J. Chem. 2015, 27, 2175–2177. [CrossRef]

20. Kolos, N.N.; Yurchenko, E.N.; Orlov, V.D.; Shishkina, S.V.; Shishkin, O.V. Investigation of the products of
interaction of cyclic diketones with nitrogen-containing 1,4-binucleophiles. Chem. Heterocycl. Compd. 2004,
40, 1550–1559. [CrossRef]

21. Gupta, S.; Gupta, P.; Sachar, A.; Sharma, R.L. Facile and one pot synthetic routes for various novel, differently
fused and promising heteropolycycles. J. Heterocycl. Chem. 2010, 47, 334–349.

22. Cherfaoui, B.; Lakhdari, H.; Bennamane, N.; Ameraoui, R.; Talhi, O.; Almeida Paz, F.A.; Bachari, K.; Kirsch, G.;
Nejar-Bellara, K.; Silva, A.M.S. Dibenzo[b,e][1,4]diazepin-1-ones and their Ring-Opened Derivatives:
Revisited Synthesis, 2D NMR and Crystal Structure. Synlett 2017, 28, 2247–2252.

23. Ling, I.; Podanyi, B.; Hamori, T.; Solyom, S. Asymmetric reduction of a carbon-nitrogen double bond:
enantioselective synthesis of 4,5-dihydro-3H-2,3-benzodiazepines. J. Chem. Soc. Perkin Trans. 1 1995,
11, 1423–1427. [CrossRef]

24. Al-Azmi, A.; Elassara, A.A.; Booth, B.L. The chemistry of diaminomaleonitrile and its utility in heterocyclic
synthesis. Tetrahedron 2003, 59, 2749–2763. [CrossRef]

25. Grell, J.; Bernstein, J.; Tinhofer, G. Graph-set analysis of hydrogen-bond patterns: some mathematical
conceptsWork supported by grant No. I-0333-263.06/93 from the GIF, the German-Israeli Foundation for
Scientific Research and Development. Acta Crystallogr. Sect. B Struct. Sci. 1999, 55, 1030–1043. [CrossRef]

Sample Availability: Samples of the compounds 1–4 are available from the authors.

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1111/mve.12039
http://www.ncbi.nlm.nih.gov/pubmed/24266583
http://dx.doi.org/10.1021/jf7037696
http://www.ncbi.nlm.nih.gov/pubmed/18442248
http://dx.doi.org/10.1016/j.lwt.2014.08.014
http://dx.doi.org/10.1155/2013/320892
http://dx.doi.org/10.1080/03601230902934645
http://www.ncbi.nlm.nih.gov/pubmed/20183046
http://dx.doi.org/10.14233/ajchem.2015.18011
http://dx.doi.org/10.1007/s10593-005-0098-3
http://dx.doi.org/10.1039/P19950001423
http://dx.doi.org/10.1016/S0040-4020(03)00153-4
http://dx.doi.org/10.1107/S0108768199007120
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results and Discussion 
	Chemistry and Mechanism 
	Chiral HPLC and Stereochemistry 
	Nuclear Magnetic Resonance Spectroscopy 
	Single-Crystal X-ray Diffraction 

	Materials and Methods 
	General Remarks 
	Plant Material and Extraction Procedure 
	General Procedure for the Hemi-Synthesis of Compounds 1–4 

	Conclusions 
	References

