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Abstract: Background: In the recent years the 2-imino-1,3-thiazine and 2-iminothiazolidine ring systems can be
found as moieties in biologically relevant compounds, including BACE! inhibitors, or cannabinoid receptor ago-
nists, while monoterpene-based 2-imino-1,3-thiazines, prepared from chiral 1,3-amino alcohols exhibiting pro-
nounced antiproliferative activity.

Methods: The antiproliferative activities of the prepared compounds were determined in vitro against a panel of
human adherent cancer cell lines including HeLa, MCF7 and A431 by MTT assay.

ARTICLE HISTORY Results: Starting from pinane-, apopinane- and carane-based B-amino acid derivatives, 1,3-amino alcohols were

prepared via two-step syntheses. The reactions of the product 1,3-amino alcohols and aryl isothiocyanates yielded
v-hydroxythioureas, which were transformed to monoterpene-fused 2-imino-1,3-oxazines via base-catalysed ring
closure. The antiproliferative activities of these 2-imino-1,3-oxazines were examined and the structure—activity
relationships were studied from the aspects of the type and stereochemistry of the monoterpene ring and the sub-
stituent effects on the 1,3-oxazine ring system. The N-unsubstituted monoterpene-based derivatives exhibited
considerable antiproliferative activity against a panel of human adherent cancer cell lines (HeLa, MCF7 and
A431).

Conclusions: A mild and efficient method has been developed for the synthesis of 2-imino-1,3-oxazines by the
ring closure of thiourea adducts of 1,3-amino alcohols. The resulting 1,3-oxazines exert marked antiproliferative
action on a panel of human cancer cell lines.
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1. INTRODUCTION

In the past decade, alicyclic 1,3-aminoalcohols have proved to
be versatile building blocks and applied as useful starting materials
in stereoselective syntheses of compounds of pharmacological in-
terest, serving as chiral ligands and auxiliaries in enantioselective
transformations [1-4].

Several natural, chiral terpenes, including (+)-pulegone [5-7],
a- and B-pinene [8-11] and fenchone-camphor [12-14], have been
found to be excellent sources for the production of various amino
alcohols, which have been successfully applied in enantioselective
syntheses [1, 4]. The transformation of enantiomerically pure o.-
pinene to B-amino acid derivatives such as 1,3-aminoalcohols was
recently reported [3, 10, 15, 16], and these synthons have proved to
be useful chiral auxiliaries in the enantioselective synthesis of sec-
ondary alcohols or pharmacons, e.g. esomeprasol [17-21].

Besides their value in enantioselective catalysis, 1,3-
aminoalcohols are good starting materials for the synthesis of vari-
ous heterocyclic ring systems, such as 1,3-oxazines, 1,3-thiazines or
1,4-oxazepams [2, 22, 23]. The 2-imino-1,3-thiazine and 2-
iminothiazolidine ring systems can be found as moieties in biologi-
cally relevant compounds, including BACE1 inhibitors [24] and
cannabinoid receptor agonists [25-27].

In recent years, novel pathways have been developed for the
synthesis of monoterpene-based chiral B-lactams and B-amino acid
derivatives derived from (-)- and (+)-a-pinene, (-)-3-carene, (-)-and
(+)-apopinene and peryllic acid [3, 10, 15, 16, 28-31]. These
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amino acid derivatives have been shown to be excellent building
blocks for the syntheses of compounds with MDR antagonist activ-
ity [29], while some of the amino carboxamide derivatives dis-
played marked KDR and Aurora B kinase inhibitor activities [32].

Monoterpene-based 1,3-amino alcohols prepared from the ap-
propriate B-amino acid derivatives are excellent building blocks for
the synthesis of 2-imino-1,3-thiazines via CDI-promoted ring clo-
sure. The resulting monoterpene-fused 1,3-heterocycles exhibited
pronounced antiproliferative activity against a panel of human ad-
herent cancer cell lines [33].

Since the analogues bearing the 2-imino-1,3-oxazine ring sys-
tem also display noteworthy pharmacological activities [22], e.g. as
BACE]! inhibitors [34], cannabinoid receptor agonists [35] or an-
timicrobial agents [36], the aim of the present work was to synthe-
size new chiral pinane-, apopinane- and carane-fused 2-imino-1,3-
oxazines, analogues of pharmacologically active 2-imino-1,3-
thiazines, to study their antiproliferative activity on multiple cancer
cell lines.

2. MATERIALS AND METHODS
2.1. General Synthetic Procedures

"H-NMR spectra were recorded in CDCl;, CD;0D or D,0 in a
5-mm tube with a Bruker Avance DRX 400 spectrometer at 400.13
MHz ('H) and 100.61 MHz (**C) [6=0 (TMS)]. Chemical shifts are
expressed in ppm () relative to TMS as internal reference. J values
are given in Hz. Microanalyses were performed on a Perkin-Elmer
2400 elemental analyser. Optical rotations were measured with a
Perkin-Elmer 341 polarimeter. Melting points were determined on a
Kofler apparatus and are uncorrected. Chromatographic separations
were carried out on Merck Kieselgel 60 (230-400 mesh ASTM).
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Reactions were monitored with Merck Kieselgel 60 F,s4-precoated
tle plates (0.25 mm thickness). IR spectra were recorded with an
FT-IR spectrometer.

The enantiomeric purities of the prepared compounds were
based on the enantiomeric purities of their starting materials, de-
termined by means of GC measurements with direct separation of
the enantiomers according to literature procedures [15, 16, 28].
During the transformations, 'H-NMR spectra indicated the forma-
tion of a single diastereoisomer in each case.

Compounds 3-8 and thioureas 15a, 15¢c-e, 16a, 23 and 27-29
were prepared according to literature methods [15, 16, 28, 33, 37,
38]; all spectroscopic data and physical properties were similar to
those reported previously.

2.2. General Procedure for the Preparation of Aminoalcohols

To a slurry of LiAlH, (0.93 g, 24.5 mmol) in dry THF (150 ml),
2.00 g (9.5 mmol) of the appropiate amino ester 3-5 was added
dropwise at 0 °C. After stirring at room temperature for 1.5 h and
monitoring the reduction by means of TLC, the mixture was de-
composed with a mixture of THF (10 ml) and H,O (2.0 ml) under
ice cooling. The inorganic material was filtered off and washed
with THF (3x75 ml). After drying (Na,SO,) and evaporation, a
pale-yellow oil was obtained. The hydrochloride salt of the result-
ing aminoalcohol was purified by recrystallization from an
Et,O/EtOH mixture.

(IR,2R,3S,5R)-(2-Amino-6,6-dimethylbicyclo[3.1.1 [hept-3-
yl)methanol hydrochloride (9). It was synthesized from 3 by the
general method. The isolated compound was a white solid (1.37
2,70%). Mp 179-183 °C; [oq,f" =-16.4 (¢ 0.5, MeOH); IR = 3123,
2917, 1529, 1457, 1051 cm™ . "H-NMR (CDCly) 8 (ppm): 0.95 (3H,
s), 1.15 (1H, d, J = 11.1 Hz), 1.28 3H, s), 1.44 (1H, dt, J = 4.0,
14.1 Hz), 1.97-2.03 (1H, m), 2.09-2.18 (2H, m), 2.27-2.34 (1H, m),
2.59-2.70 (1H, m), 3.73 (2H, ddd, J = 5.0, 11.58, 40.2 Hz), 3.98
(1H, d, J = 9.6 Hz). *C-NMR (CDCl;) & (ppm): 19.9 (Me), 25.2
(CH,), 25.8 (Me), 29.0 (CH»), 30.3 (CH), 38.6 (C,), 40.0 (CH), 45.0
(CH), 529 (CH), 65.0 (CH,). Anal. Calcd. for C;oH,,CINO
(205.72): C, 58.38; H, 9.80; N, 6.81. Found: C, 58.61; H, 10.11; N,
6.49.

(18,28,3R,5S)-(2-Amino-6,6-dimethylbicyclo[3.1.1 [hept-3-
vl)methanol hydrochloride (12). It was synthesized from 5 using the
general method. All chemical and physical properties of 12 were
similar to those of 9. The isolated compound was a white solid
(141 g, 72%). Mp 179-183 °C; [a]p™® = +13.4 (¢ 0.5, MeOH).
Anal. Calcd. for C;oHCINO (205.72): C, 58.38; H, 9.80; N, 6.81.
Found: C, 58.59; H, 10.17; N, 6.43.

(1R,2R,3R,5R)-(2-Amino-6,6-dimethylbicyclo[3.1.1 [hept-3-
yl)methanol hydrochloride (13). It was synthesized by the general
method from 6. The isolated compound was a white solid (1.52 g,
78%). Mp 199-202 °C; La]Dz‘) =-7.9 (¢ 0.52, MeOH); IR = 3298,
2905, 1512, 1040 cm™. '"H-NMR (CDCl3) § (ppm): 0.86 (3H, s),
1.32 (3H, s), 1.50-1.59 (1H, m), 1.62 (1H, d, J = 10.6 Hz), 2.03-
2.20 (4H, m), 2.28-2.36 (1H, m), 3.63 (1H, d, /= 8.1 Hz), 3.73 (2H,
ddd, J=2.5, 5.5, 11.1 Hz). ®C-NMR (CDCl5) & (ppm): 19.1 (Me),
23.1 (CH,), 26.2 (Me), 26.3 (CH,), 35.1 (CH), 89.7 (CH), 40.0 (C,),
44.2 (CH), 54.6 (CH), 64.5 (CH,). Anal. Calcd. for C;gH,,CINO
(205.72): C, 58.38; H, 9.80; N, 6.81. Found: C, 58.67; H, 10.08; N,
6.51.

(18,28,38,5S)-(2-Amino-6,6-dimethylbicyclo/3.1.1 [hept-3-
vl)methanol hydrochloride (14). Its synthesis from 7 was performed
using the general procedure. All chemical and physical properties
of 14 were similar to those of 13. The isolated compound was a
white solid (1.52 g, 78%). Mp 199-202 °C; [o]p*® = +8.1 (¢ 0.5,
MeOH). Anal. Calcd. for C;yHpoCINO (205.72): C, 58.38; H, 9.80;
N, 6.81; Found: C, 58.49; H, 9.71; N, 6.93.

(1R,2R,3S,5R)-(2-Benzylamino-6,6-dimethylbicyclo[3.1.1 [hep-
tan-3-yl)-methanol hydrochloride (10). It was synthesized by the

general method from 4. The isolated compound was a white solid
(1.71 g, 61%). Mp 252-253 °C; [a]p® = -8.5 (¢ 0.5, MeOH); IR =
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3177, 2927, 2741, 1597, 1457, 1048 cm™. "H-NMR (D,0) & (ppm)
0.94 (3H, s), 1.23 (1H, d,J = 11.1 Hz), 1.36 (3H, s), 1.44 (1H, dt, J
=40, 14.1 Hz), 2.02-2.23 (2H, m), 2.37-2.55 (3H, m), 2.64-2.75
(1H, m), 3.74-3.94 3H, m), 4.23 (1H, d, J = 13.1), 4.44 (1H, d, J =
13.1 Hz). *C-NMR (CDCl3) & (ppm): 19.8 (Me), 25.3 (CH,), 25.9
(Me), 28.8 (CH,), 30.7 (CH), 38.5 (C,), 39.7 (CH), 41.9 (CH), 49.9
(CH,), 59.8 (CH), 65.6 (CH,), 129.8 (4xCH,), 130.1 (CH,,), 131.5
(Cy). Anal. Caled. for Cj7HyCINO (295.85): C, 69.02; H, 8.86; N,
4.73. Found: 68.85; H, 8.67; N, 4.97.

(IR,2R,3S,5R)-(6,6-Dimethyl-2-methylaminobicyclo[3.1.1 ]-
heptan-3-yl)-methanol hydrochloride (11). To a slurry of LiAlH,
(2.82 g, 74.32 mmol) in dry THF (150 ml), a THF solution of N-
Boc amino acid 8 (4.78 g, 16.9 mmol, 10 ml) was added dropwise
at room temperature. After stirring at room temperature for 6 h (the
reduction was monitored by means of TLC), the mixture was de-
composed with a mixture of THF (30 ml) and H,O (6.0 ml) under
ice cooling. The inorganic material was filtered off and washed
with THF (3x50 ml). After drying (Na,SO,4) and evaporation of the
solvent, a pale-yellow oil was obtained. The hydrochloride salt of
the resulting aminoalcohol was purified by recrystallization from an
Et,O/EtOH mixture. The isolated compound was a white solid (1.44
g, 39%). Mp 192-193 °C; [a]p>’ = -15.7 (¢ 0.5, MeOH); IR = 3308,
3123, 2916, 2475, 1595, 1458, 1049 cm™ . 'H-NMR (D,0) & (ppm):
0.99 (3H, s), 1.18 (1H, d, J=10.6 Hz), 1.35 (3H, s), 1.48-1.55 (1H,
m), 2.03-2.10 (1H, m), 2.15-2.24 (1H, m), 2.33-2.47 (2H, m), 2.74
(3H, s), 2.72-280 (1H, m), 3.73-3.91 (3H, m). *C-NMR (CDCL) &
(ppm): 20.0 (Me), 25.1 (CHy), 26.1 (Me), 29.2 (CH,), 31.1 (CH),
32.1 (CH), 38.4 (C), 39.9 (CH), 41.1 (CH), 62.0 (Me), 65.1 (CHy).
Anal. Calcd. for C;;H;,CINO (219.14): C, 60.12; H, 10.09; N, 7.20.
Found: C, 60.33; H, 10.27; N, 6.95.

2.3. General Procedure for the Synthesis of Thioureas 15-17, 21,
23 and 25

These compounds were synthesized by dissolving amino alco-
hols 9-14 (1.62 mmol) and the appropriate isothiocyanates (1.71
mmol) in toluene (100 mL) and stirring the mixtures at room tem-
perature for 6 h. In the case of N-benzylamino alcohol 10, heating
at 50 °C for 6 h was applied. The resulting reaction mixtures were
then evaporated to dryness, filtered and washed with n-hexane. The
purities of the products were determined by NMR to be >97%.

(1R,2R,3R,5R)-1-(3-Chlorophenyl)-3-(3-hydroxymethyl-6,6-
dimethylbicyclo[3.1.1]hept-2-yl)thiourea (15b). It was synthesized
by the general method from 9 and 3-chlorophenyl isothiocyanate.
The isolated compound was a white solid (0.51 g, 92%). Mp 155-
156 °C; [a]p?® = +13.0 (¢ 0.25, MeOH); IR = 3352, 2914, 1536,
1475, 1306, 691 cm™. "H-NMR (CDCL;) & (ppm): 1.00 (3H, s), 1.04
(1H, d, J = 10.0 Hz), 1.23 (3H, s), 1.66-1.78 (1H, m), 1.89-2.19
(5H, m), 2.53-2.64 (1H, m), 3.52-2.59 (1H, m), 3.64-3.71 (1H, m),
5.17 (1H, br s), 7.12 (1H, d, J = 7.5 Hz), 7.20 (1H, d, J = 7.7 Hz),
7.28 (1H,d,J=3.3 Hz),7.31 (1H,t,J=7.9 Hz),7.39 (IH, brd, J =
7.6 Hz), 8.04 (1H, br s). *C-NMR (CDCls) & (ppm): 21.2 (Me),
26.6 (CH,), 26.7 (Me), 30.0 (CH,), 32.4 (CH), 39.4 (C,), 40.8 (CH),
46.3 (CH), 57.3 (CH), 64.9 (CH,), 123.2 (CH,), 125.2 (CH,),
127.1 (CH,y), 131.2 (CH,y), 135.7 (C,), 137.8 (Cy), 179.9 (C=S).
Anal. Caled for C;7H,;CIN,OS (338.90): C, 60.25; H, 6.84; N,
8.27; S, 9.46%; Found: C, 60.39; H, 8.10; N, 8.32; S, 9.53%.

(IR, 2R,3R,5R)-1-Ethyl-3-(3-hydroxymethyl-6,6-dimethylbicyclo
[3.1.1]hept-2-yl)thiourea (15%). It was synthesized by the general
method from 9 and ethyl isothiocyanate. The isolated compound
was a white solid (0.37 g, 89%). Mp 158-160 °C; [a]p*’ = +6.0 (¢
0.25, MeOH); IR = 3236, 2916, 1568, 1587, 1518, 1265 cm™. 'H-
NMR (CDCl;) 6 (ppm): 1.02 (3H, s), 1.19 (1H, d, J= 9.3 Hz), 1.23
(3H, t, J = 7.3 Hz), 1.25 (3H, s), 1.75 (1H, ddd, J = 2.9, 6.0, 13.3
Hz), 1.93-1.99 (1H, m), 2.04-2.22 (3H, m), 2.55-2.65 (1H, m),
3.24-3.40 (2H, m), 3.63 (1H, dd, J = 4.6, 10.8 Hz), 3.74 (1H, dd, J
=2.8,10.9 Hz), 5.05 (1H, br s), 5.89 (1H, br s), 6.83 (1H, d,J=7.9
Hz). “C-NMR (CDCly) & (ppm): 14.4 (Me), 21.2 (Me), 26.8 (Me),
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26.9 (CH,), 30.2 (CH,), 32.8 (CH), 38.6 (CH,), 39.4 (C,), 40.8
(CH), 46.7 (CH), 56.5 (CH), 65.4 (CH,), 181.1 (C=S). Anal. Calcd
for C3H24N,0S (256.41): C, 60.89; H, 9.43; N, 10.93; S, 12.51%;
Found: C, 60.97; H, 9.32; N, 11.11; S, 12.61%.

(1R, 2R,3R,5R)-1-Benzyl-1-(3-chlorophenyl)-3-(3-hydroxy-
methyl-6,6-dimethylbicyclo[3.1.1 [hept-2-yl)thiourea (16b). It was
synthesized by the general method from 10 and 3-chlorophenyl
isothiocyanate. The isolated compound was a white solid (0.59 g,
85%). Mp 143-145 °C; [a]p”® = +12.0 (¢ 0.25, MeOH); IR = 2934,
1687, 1580, 1223, 763, 723 cm™. "H-NMR (CDCl3) § (ppm): 1.10
(3H, s), 1.25 (3H, s), 1.51 (1H, d, J=10.3 Hz), 1.76-1.83 (1H, m),
1.90-2.05 (3H, m), 2.09-2.16 (1H, m), 2.20-2.32 (1H, m), 3.53-3.61
(1H, m), 3.65-3.69 (1H, m), 3.72 (1H, dd, J = 2.0, 10.6 Hz), 3.86
(1H, dd, J= 3.0, 10.6 Hz), 4.74-4.91 (2H, m), 7.16 (1H, d, J= 7.6
Hz), 7.20-7.38 (9H, m). *C-NMR (CDCl;) & (ppm): 19.9 (Me),
25.3 (Me), 27.3 (CH,), 27.5 (CH,), 35.6 (CH), 40.0 (C,), 42.8 (CH),
45.8 (CH), 49.0 (CH,), 59.6 (CH), 62.1 (CH,), 123.3 (CH,,), 123.5
(CHgy), 125.3 (CHy), 125.4 (CHy,), 127.0 (CHy), 127.6 (CHy),
131.4 (CHy), 135.6 (Cy), 135.7 (Cy), 137.9 (Cy), 180.7 (C=S). Anal.
Caled for CpsH,9CIN,OS (429.02): C, 67.19; H, 6.81; N, 6.53; S,
7.47%; Found: C, 67.39; H, 6.60; N, 6.65; S, 7.54%.

(IR,2R,3R,5R)-1-(3-Hydroxymethyl-6,6-dimethylbicyclo[3.1.1 ]-
hept-2-yl)-1-methyl-3-phenylthiourea (17a). It was synthesized by
the general method from 11 and phenyl isothiocyanate. The isolated
compound was a white solid (0.49 g, 94%). Mp 151-153 °C; [a]p™
=490.0 (¢ 0.25, MeOH); IR = 3272, 2912, 1514, 1341, 691 cm’".
"H-NMR (CDCl;) & (ppm): 0.96 (3H, s), 1.29 (3H, s), 1.52 (1H, d, J
=10.2 Hz), 1.72 (1H, dt, /= 3.4, 13.9 Hz), 1.91-1.97 (1H, m), 2.03-
2.17 (3H, m), 2.36-2.44 (1H, m), 2.79-2.92 (1H, m), 3.14 (3H, s),
3.46-3.58 (1H, m), 3.63-3.73 (1H, m), 5.45 (1H, br s), 7.14 (1H, br
s), 7.15-7.37 (5H, m). >C-NMR (CDCl;) & (ppm): 21.1 (Me), 26.8
(Me), 27.8 (CH,), 29.7 (CH,), 34.4 (CH), 39.9 (CH), 40.8 (C,), 45.7
(CH), 11.2 (Me), 67.3 (CHp), 126.0 (CH,,), 126.1 (CH,), 129.1
(CH,), 140.4 (Cgy), 183.2 (C=S). Anal. Caled for C;gH,sN,OS
(318.48): C, 67.88; H, 8.23; N, 8.80; S, 10.07%; Found: C, 67.97,
H, 8.09; N, 8.92; S, 10.31%.

(18,28,3R,5S)-1-(3-Hydroxymethyl-6,6-dimethylbicyclo[3.1.1]
hept-2-yl)-3-phenylthiourea (21). It was synthesized by the general
method from 12 and phenyl isothiocyanate. All chemical and
physical properties of 21 were similar to those of 15a reported in
the literature [33]. The isolated compound was a white solid (0.47
g, 95%). Mp 151-154 °C; [a]p*’= -50.0 (c 0.25, MeOH). Anal.
Caled for Cy7H,4N,0OS (304.45): C, 67.07; H, 7.95; N, 9.20; S,
10.53%; Found: C, 67.39; H, 8.13; N, 9.01; S, 10.42%.

(18,28,3S,5S)-1-(3-Hydroxymethyl-6,6-dimethylbicyclo[3.1.1]
hept-2-yl)-3-phenylthiourea (25). It was synthesized by the general
method from 14 and phenyl isothiocyanate. All chemical and
physical properties of 25 were similar to those of 23 reported in the
literature [33]. The isolated compound was a white solid (0.46 g,
94%). Mp 151-155 °C; [a]p*" = +18.0 (¢ 0.25, MeOH). Anal. Calcd
for C,7H24N,0S (304.45): C, 67.07; H, 7.95: N, 9.20; S, 10.53%;
Found: C, 67.31; H, 7.80; N, 9.30; S, 10.41%.

2.4. General Procedure for the Preparation of 2-Imino-1,3-
Oxazines

To the solution of the corresponding thiourea (1.7 mmol of 15-
17, 21, 23 and 25) in dry MeOH (20 ml) Mel (0.58 ml, 9.3 mmol)
was added in one portion. The reaction mixture was stirred at room
temperature for 3 h and then evaporated to dryness. The resulting
semisolid material was dissolved in a 2.5 N methanolic solution of
KOH (20 ml). The mixture, after stirring for an additional 4 h at
room temperature, was evaporated to dryness. The remaining crude
product was dissolved in H,O (30 ml) and extracted with CHCl;
(3x30 ml). The combined organic layer was dried (Na,SO,4) and
evaporated, resulting in white crystalline products, which were
purified by recrystallization from an n-hexane/EtOAc mixture. As
an exception, 18f was purified as the hydrochloride salt by recrys-
tallisation from an EtOH/Et,O mixture.

Szakonyi et al.

(IR,2R,7S,9R)-(10,10-Dimethyl-5-oxa-3-azatricyclo[7.1.1.0°"]-
undec-4-ylidene)phenylamine (18a). It was synthesized by the gen-
eral method from 15a. The isolated compound was a white solid
(0.36 g, 78%). Mp 164-166 °C; [a]p™ = +32.7 (¢ 0.5, MeOH); IR =
2915, 1667, 1587, 1223, 763 cm™. "H-NMR (CDCl;) & (ppm): 0.91
(3H, s), 1.24 (3H, s), 1.34 (1H, d, J=10.7 Hz), 1.37-1.41 (m, 1H),
1.92-2.17 (4H, m), 2.45-2.65 (IH, m), 3.86-4.12 (3H, m), 6.95-7.25
(5H, m). "C-NMR (CDCL) & (ppm): 20.8 (Me), 25.9 (CH,), 26.9
(Me), 28.6 (CH,), 28.7 (CH), 39.4 (C,), 40.9 (CH), 47.2 (CH), 52.2
(CH), 71.5 (CH,), 122.6 (CH,,), 123.5 (CH,,), 129.1 (CH,), 131.6
(Cy), 151.6 (C=N). Anal. Calcd. for C;,H,,N,0 (270.37): C, 75.52;
H, 8.20; N, 10.36. Found: C, 75.87; H, 8.25; N, 10.11.

(18,28,7R,95)-(10,10-Dimethyl-5-oxa-3-azatricyclo[7. 1.1.0%7]-
undec-4-ylidene)phenylamine (22). 22 was synthesized by the gen-
eral method from 21. All chemical and physical properties of 22
were similar to those of 21. The isolated compound was a white
solid (0.36 g, 78%). Mp 164-166 °C; [a]p™ = -9 (¢ 0.25, MeOH).
Anal. Calcd. for C7H,,N,0 (270.37): C, 75.52; H, 8.20; N, 10.36.
Found: C, 75.80; H, 8.29; N, 10.09.

(IR,2R,7R,9R)~(10,10-Dimethyl-5-oxa-3-azatricyclo[7.1.1.0°7]-
undec-4-ylidene)phenylamine (24). It was synthesized by the gen-
eral method from 23. The isolated compound was a white solid
(0.29 g, 64%). Mp 118-121 °C; [a]p? = +77 (¢ 0.25, MeOH); IR =
2904, 1666, 1590, 1205, 695 cm™. "H-NMR (CDCl3) & (ppm): 0.84
(3H,s), 1.31 (3H, s), 1.46 (1H, t,J=12.0 Hz), 1.76 (1H, d, J=10.6
Hz), 1.80-1.87 (1H, m), 1.97-2.31 (4H, m), 3.51 (1H, d, J = 9.7
Hz), 4.18 (1H, dd, /= 12.4,9.2 Hz), 4.36 (1H, dd, J= 8.7, 5.1 Hz),
6.86-7.31 (5H, m). >C-NMR (CDCl3) & (ppm): 20.1 (Me), 24.0
(CH,), 24.6 (CH,), 28.1 (Me), 33.4 (CH), 41.8 (CH), 42.2 (C,), 46.6
(CH), 55.0 (CH), 73.4 (CHy), 119.4 (CH,), 122.2 (CH,), 129.4
(CHy), 136.5 (Cy), 150.7 (C=N). Anal. Calcd. for C;;H,;,N,O
(270.37): C, 75.52; H, 8.20; N, 10.36; Found: C, 75.68; H, 8.41; N,
10.56.

(18,28,78,98)-(10,10-Dimethyl-5-oxa-3-azatricyclo[7.1.1.0”7]
undec-4-ylidene)phenylamine (26). It was synthesized by the gen-
eral method from 25. All chemical and physical properties of 26
were similar to those of 24. The isolated compound was a white
solid (0.30 g, 65%). Mp 118-121 °C; [a]p*’ = -76 (¢ 0.25, MeOH);
IR = 2904, 1666, 1590, 1205, 695 cm™ . Anal. Caled. for C;7H,N,0
(270.37): C, 75.52; H, 8.20; N, 10.36; Found: C, 75.60; H, 8.35; N,
10.49.

(IR,2R,7S,9R)-(10,10-Dimethyl-5-oxa-3-azatricyclo[7.1.1.0°7]-
undec-4-ylidene)-(3-chlorophenyl)amine (18b). It was synthesized
by a general method from 15b. The isolated compound was a white
solid (0.26 g, 51%). Mp 157-160 °C; ‘[aJD” =+4 (¢ 0.25, MecOH);
IR = 2904, 1670, 1584, 1219, 781 cm™ . "H-NMR (CDCl;) & (ppm):
0.89 (3H, s), 1.18 (3H, s), 1.32 (1H, d, J = 10.7 Hz), 1.33-1.45 (m,
1H), 1.72-1.81 (1H, m), 1.90-1.99 (1H, m), 2.01-2.18 (2H, m),
2.49-2.65 (1H, m), 3.74-4.12 (3H, m), 6.87 (1H, d, J = 7.3 Hz),
6.93 (1H, d, J = 7.3 Hz), 7.03 (1H, s), 7.14 (1H, t, J = 7.5 Hz). “C-
NMR (CDCls) & (ppm): 20.4 (Me), 25.6 (Me), 26.6 (CH,), 28.3
(CH), 28.4 (CH,), 39.1 (C,), 40.6 (CH), 46.8 (CH), 51.8 (CH), 71.4
(CHy), 122.0 (CH,,), 122.3 (CH,), 123.9 (CH,,), 127.8 (C,), 129.7
(CH,y), 141.4 (C,), 153.7 (C=N). Anal. Caled. for Cj;H,,CIN,0O
(304.81): C, 66.99; H, 6.94; N, 9.19; Found: C, 67.27; H, 6.78; N,
9.35.

(IR,2R,7S,9R)-(10,10-Dimethyl-5-oxa-3-azatricyclo[7.1.1.0>7]
undec-4-ylidene)-(4-methylphenyl)amine (18¢). It was synthesized
by the general method from 15¢. The isolated compound was a
white solid (0.32 g, 67%). Mp 188-189 °C; [a]p™ = +8 (¢ 0.25,
MeOH); IR = 2902, 1684, 1509, 1223 cm™. 'H-NMR (CDCly) &
(ppm): 0.90 (3H, s), 1.22 (3H, s), 1.34 (1H, d, J = 10.7 Hz), 1.35-
1.48 (1H, m), 1.85-2.19 (4H, m), 2.28 (3H, s), 2.49-2.73 (1H, m),
3.68-4.10 (3H, m), 6.80-7.10 (4H, m). "C-NMR (CDCl3) & (ppm):
20.5 (Me), 20.2 (Me), 25.7 (CH,), 26.7 (Me), 28.4 (CH,), 28.5
(CH), 39.1 (C,), 40.7 (CH), 46.9 (CH), 51.9 (CH), 71.3 (CH,),
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123.0 (2xCH,), 129.5 (2xCH,), 131.5 (C,), 143.4 (Cy), 153.6
(C=N). Anal. Calcd. for C;gH,4N,0 (284.40): C, 76.02; H, 8.51; N,
9.85; Found: C, 75.81; H, 8.27; N, 9.56.

(IR,2R,7S,9R)-(10,10-Dimethyl-5-oxa-3-azatricyclo[7.1.1.0>7]
undec-4-ylidene)-(4-fluorophenyl)amine (18d). It was synthesized
by the general method from 15d. The isolated compound was a
white solid (0.28 g, 56%). Mp 224-225 °C; [a]p® = +17 (¢ 0.25,
MeOH); IR = 2930, 1666, 1505, 1208, 849 cm™. "H-NMR (CDCl;)
8 (ppm): 0.92 (3H, s), 1.25 (3H, 5), 1.35 (1H, d, J= 10.7 Hz), 1.37-
1.47 (m, 1H), 1.87-2.24 (4H, m), 2.53-2.71 (1H, m), 3.80-4.18 (3H,
m), 6.87-7.07 (4H, m). *C-NMR (CDCls)  (ppm): 20.5 (Me), 25.7
(CH,), 26.7 (Me), 28.3 (CH,), 28.5 (CH), 39.2 (C,), 40.7 (CH), 47.0
(CH), 52.0 (CH), 71.4 (CH,), 115.4 (d, J =22.5 Hz, 2xCH,,), 124.3
(2xCH,,), 142.2 (C,), 153.6 (C,), 157.3 (C=N). Anal. Calcd. for
C7H,FN,0 (288.36): C, 70.81; H, 7.34; N, 9.71; Found: C, 71.13;
H, 7.02; N, 9.56.

(IR,2R,7S,9R)-(10,10-Dimethyl-5-oxa-3-azatricyclo[7.1.1.0>7]
undec-4-ylidene)-(3-methoxyphenyl)amine(18e). It was synthesized
by the general method from 15e. The isolated compound was a
white solid (0.23 g, 44%). Mp 139-140 °C; [a]p>’ = -7 (¢ 0.25,
MeOH); IR = 3202, 2904, 1665, 1596, 1263, 1091, 773 cm™". 'H-
NMR (CDCls) & (ppm): 0.91 (3H, s), 1.23 (3H, s), 1.34 (1H, d, J =
10.7 Hz), 1.34-1.47 (m, 1H), 1.76-2.20 (4H, m), 2.51-2.74 (1H, m),
3.77 (3H, s), 3.81-4.20 (3H, m), 6.45-6.73 (3H, m), 7.09-7.22 (1H,
m). *C-NMR (CDCls) & (ppm): 20.5 (Me), 25.7 (CH,), 26.7 (Me),
28.4 (CH,), 28.5 (Me), 39.1 (C,), 40.7 (CH), 47.0 (CH), 51.9 (CH),
55.5 (CH), 71.3 (CH,), 108.0 (CH,,), 109.0 (CH,,), 115.8 (CH,y),
129.4 (CH,,), 135.2 (C,), 141.4 (C,), 154.2 (C=N). Anal. Calcd. for
C1sH2N,0, (300.40): C, 71.97; H, 8.05; N, 9.33; Found: C, 71.81;
H, 8.39; N, 9.31.

(IR, 2R,7S,9R)-Ethyl-(10,10-dimethyl-5-oxa-3-azatricyclo[7.1.
1.02'7]undec—4—ylidene)amine hydrochloride (18f). It was synthe-
sized by the general method from 15f. The prepared crude product
was purified as the hydrochloride salt with recrystallization from an
Et,O/EtOH mixture. The isolated compound was a white solid (0.24
g, 54%). Mp 180-183 °C; [a]p>" = +6 (¢ 0.25, MeOH); IR = 2911,
1690, 1589 cm™. 'H-NMR (two rotamers, CDCl3) & (ppm): 1.00
(3H, brs), 1.24 3H, t, J= 7.1 Hz), 1.34 (3H, br s), 2.03-2.36 (5H,
m), 2.83-2.99 (1H, m), 3.25-3.45 (2H, m), 3.99-4.60 (3H, m). *C-
NMR (two rotamers, CDCl3) 6 (ppm): 13.4 (Me), 14.6 (Me), 19.7
(Me), 24.6 (CH,), 26.1 (CH), 26.3 (CH), 27.5 (CH,), 27.9 (CH,),
36.5 (CHy), 39.1 (Cy), 40.2 (CH), 45.6 (CH), 51.7 (CH), 52.2 (CH),
722 (CH,), 72.7 (CHp), 154.1 (C=N). Anal. Calcd. for
C3HpCIN,O (258.79): C, 60.33; H, 8.96; N, 10.82; Found: C,
60.57; H,8.71; N, 10.97.

(1R,2R,7S,9R)-(3-Benzyl-10,10-dimethyl-5-oxa-3-azatricyclo[7.
1.1.0°7 Jundec-4-ylidene)phenylamine (19a). 19a was synthesized
by the general method from 16a. The isolated compound was a
white solid (0.22 g, 36%). Mp 105-108 °C; [o]p™ = -35 (¢ 0.25,
MeOH); IR = 2940, 2918, 2860, 1630, 1579, 1264, 1098, 993, 693.
"H-NMR (CDCls) & (ppm): 0.84 (3H, s), 1.25 (3H, s), 1.32 (1H, d, J
= 11.1 Hz), 1.72-1.78 (1H, m), 1.91-1.96 (1H, m), 2.12-2.23 (2H,
m), 2.32-2.37 (1H, m), 2.63-2.73 (1H, m), 3.69-3.73 (1H, m), 3.83
(1H, dd, J= 3.0, 10.6 Hz), 4.08 (1H, d, J = 15.1 Hz), 4.15 (1H, dd,
J=4.5,10.6 Hz), 5.13 (1H, d, J = 15.1 Hz), 6.90-6.98 (3H, m),
7.19-7.38 (7H, m). >*C-NMR (CDCl3) & (ppm): 21.0 (Me), 27.0
(CH,), 27.6 (Me), 30.0 (CH), 32.0 (CH,), 39.8 (C,), 40.8 (CH), 44.7
(CH), 50.3 (CHp), 57.1 (CH), 70.1 (CHy), 122.3 (CH,), 124.1
(CHyy), 127.7 (CHyy), 128.6 (CHy,), 129.0 (CH,,), 139.1 (Cy), 149.0
(Cy), 154.3 (C=N). Anal. Calcd. for C,4H»N,0O (360.22): C, 79.96;
H, 7.83; N, 7.77. Found: C, 79.83; H, 8.01; N, 7.52.

(1R,2R,7S,9R)-(3-Benzyl-10,10-dimethyl-5-oxa-3-azatricyclo[7.
1.1.0°7 Jundec-4-ylidene)-3-chlorophenylamine (19b). It was syn-
thesized by the general method from 16b. The isolated compound
was a white solid (0.26 g, 39%). Mp 95-97 °C; [u]p> = -64 ( 0.25,
MeOH); IR = 2988, 2925, 2364, 1635, 1585, 1239, 773. 'H-NMR

Current Organic Synthesis, 2017, Vol. 14, No. 4 615

(CDCl3) & (ppm): 0.85 (3H, s), 1.22-1.29 (4H, m), 1.76 (1H, ddd, J
= 2.5, 5.0, 13.6 Hz), 1.92-1.98 (1H, m), 2.13-2.23 (2H, m), 2.34
(1H, q, J= 5.5, 8.6 Hz), 2.65-2.75 (1H, m,), 3.72 (1H, dd, J = 2.0,
10.6 Hz), 3.86 (1H, dd, /= 3.0, 10.6 Hz), 4.08 (1H, d, J = 15.1 Hz),
4.15 (1H, dd, J=4.5,10.6 Hz), 5.10 (1H, d, J=15.1 Hz), 6.80 (1H,
d, J = 8.1 Hz), 6.87-6.96 (2H, m), 7.12 (1H, t, J = 8.1 Hz), 7.23-
7.37 (SH, m). BCc-NMR (CDCl3) 6 (ppm): 21.0 (Me), 27.0 (CH,),
27.6 (Me), 29.8 (CH), 32.0 (CHy,), 39.8 (C,), 40.8 (CH), 44.7 (CH),
50.4 (CH,), 57.2 (CH), 70.2 (CH,), 122.2 (CH,,), 122.5 (CH,),
124.2 (CH,), 127.8 (CH,), 128.5 (CH,), 129.1 (CH,), 129.9
(CH,y), 134.4 (CCI), 138.8 (Cy), 150.4 (Cy), 154.7 (C=N). Anal.
Calcd. for Cy4H,7CIN,O (394.18): C, 72.99; H, 6.89; N, 7.09;
Found: C, 73.21; H, 6.55; N, 7.17.

(1R,2R,7S,9R)-(3-Methyl-10,10-dimethyl-5-oxa-3-azatricyclo
[7.1.1.0°” Jundec-4-ylidene)phenylamine (20a). 20 was synthesized
by the general method from 17a. The isolated compound was a
white solid (0.26 g, 54%). Mp 89-91 °C; [o]p>’ = -168 (¢ 0.25,
McOH); IR = 3062, 2948, 2870, 1924, 1636, 1584, 1056, 750, 693.
'H-NMR (CDCls) & (ppm): 0.96 (3H, s), 1.21 (1H, d, J = 10.6 Hz),
1.28 (3H, s), 1.65-1.73 (1H, m), 1.93-1.97 (1H, m), 2.11-2.21 (2H,
m), 2.35 (1H, q, J = 5.5, 9.1 Hz), 2.67-2.76 (1H, m), 2.88 (3H, s),
3.70 (1H, ddd, J = 1.5, 3.5, 10.6 Hz), 3.81 (1H, dd, J = 4.0, 10.6
Hz), 4.08 ng, dd, J=4.5, 10.6 Hz), 6.90-6.96 (3H, m), 7.19-7.25
(2H, m). "C-NMR (CDCL3) & (ppm): 21.1 (Me), 26.6 (CH,), 27.7
(Me), 29.8 (CH), 31.7 (CH,), 36.0 (CH), 39.6 (C,), 40.9 (CH), 44.7
(CH), 60.1 (Me), 70.0 (CHy), 122.2 (CH,,), 124.1 (CH,), 129.0
(CHy), 1492 (Cy), 154.7 (C=N). Anal. Calcd. for C;sHN,O
(284.19): C, 76.02; H, 8.51; N, 9.85. Found: C, 75.67; H, 8.40; N,
10.03.

2.5. Determination of Antiproliferative Activities

The antiproliferative activities of the prepared compounds were
determined in vitro against a panel of human adherent cancer cell
lines including HeLa (cervix adenocarcinoma), MCF7 (breast ade-
nocarcinoma) and A431 (squamous carcinoma). All cell lines were
purchased from the European Collection of Cell Cultures (ECCAC,
Salisbury, UK). The cells were maintained in minimal essential
medium (Lonza Ltd, Basel, Switzerland) supplemented with 10%
foetal bovine serum, 1% non-essential amino acids and an antibi-
otic-antimycotic mixture. Near-confluent cancer cells were seeded
onto a 96-well microplate (5000 cells/well) and, after overnight
standing, new medium (200 pL) containing the tested compound at
10 and 30 pM was added. After incubation for 72 h at 37 °C in
humidified air containing 5% CO,, the viability of the cells was
determined by the addition of 5 mg/mL 3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyl-tetrazolium bromide (MTT) solution. During a 4-h
contact period, the MTT was converted by intact mitochondrial
reductase and the precipitated formazan crystals were dissolved in
100 uL DMSO. Finally, the reduced MTT was assayed at 545 nm,
using a microplate reader; wells with untreated cells were utilized
as controls [40]. When compounds elicited substantial growth inhi-
bition at 30 uM (at least 40%), the assays were repeated with a set
of dilutions, sigmoidal dose-response curves were fitted to the de-
termined results and the ICs, values were calculated by means of
GraphPad Prism 4.0 (GraphPad Software, San Diego, CA, USA).
All in vitro experiments were carried out on two microplates with at
least five parallel wells. Stock solutions of the tested substances (10
mM) were prepared in DMSO. The highest DMSO content of the
medium (0.3%) did not have any substantial effect on cell prolifera-
tion. Cisplatin (Ebewe Pharma GmbH, Unterach, Austria) was used
as reference agent.

3. RESULTS AND DISCUSSION

3.1. Synthesis of Alicyclic and Monoterpene-Based 1,3-
Aminoalcohols

The synthetic routes applied for the preparation of 1,3-
aminoalcohols 9-14 are presented in Scheme 1. The corresponding
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yield: 36-67%.

B-lactams were prepared by the stereoselective cycloaddition of
chlorosulfonyl isocyanate to (15,55)- and (1R,5R)-apopinene (1, 2),
followed by ring opening using literature methods, which resulted
in the formation of cis-fused B-amino esters 3 and 5. Under alkaline
conditions, the cis-amino esters underwent fast and complete iso-
merization at the carboxylic function, furnishing #rans-amino esters
6 and 7 in excellent yields [28]. Reduction of 3 and 5-7 with
LiAIH,4 led to primary aminoalcohols 9 and 12-14 (Scheme 1). N-
Benzyl derivative 10 and N-methyl derivative 11, respectively,
were prepared by LiAlH, reduction of N-benzylamino ester 4 and
N-Boc amino acid 8 [29, 37].

3.2. Synthesis of 2-Imino-1,3-Oxazine Derivatives

The intermediate thiourea adducts 15-17 were prepared in good
to excellent yields [33] by the reaction of the appropriate aryl
isothiocyanates or ethyl isothiocyanate and 1,3-aminoalcohols 9-11.
Methyl iodide treatment of thioureas 15-17 gave thioether interme-
diates. These were then transformeds without isolations to 2-imino-

1,3-oxazine derivatives 18-20 by KOH-promoted methyl mercaptan
elimination under mild conditions [38, 39] (Scheme 2).

To study the influence of the chiral ring system on pharmacol-
ogical activity, all enantiomers and diastereoisomers of 2-
phenylimino-1,3-oxazines (18a, 22, 24 and 26), were prepared suc-
cessfully according to the general pathway (Scheme 3).

To collect more information on structure-activity relationships,
two further monoterpene-based 2-phenylimino-1,3-oxazines (27
and 28) and a cyclohexane analogue (29) were prepared according
to the literature (27: [15], 28: [16], 29: [38], Fig. 1).

3.3. Antiproliferative Activities

The prepared 2-imino-1,3-oxazines were subjected to in vitro
pharmacological studies in order to characterize their antiprolifera-
tive actions on a panel of human adherent cancer cell lines. The
results of the viability assays are presented in Table 1. The substitu-
ents of the 2-imino function have a crucial impact on the activity
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Scheme 3. Synthesis of enantio- and diastereomeric oxazines: (i) 1.05 equiv. RNCS, toluene, rt, yield: 95%; (ii) Mel/MeOH, rt, 3 h, (iii) 2.5 N KOH/MeOH,

rt, 4 h, yield: 64-78%.
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Fig. (1). Analogue monoterpene- and cyclohexane-fused 2-phenylimino-1,3-oxazines 27-29.

Table 1. Antiproliferative effects of 2-imino-1,3-oxazines 18-29 on human cancer cell lines.
Growth Inhibition, % + SEM*
[Calculated ICs, Value (uM)]"
HeLa A431 MCF7
18a 10 uM 45.15+1.48 48.18 £2.76 45.83+£2.07
70.10+0.95 81.34 +0.66 7435+ 1.17
30 uM
[12.26] [10.47] [11.35]
18b 10 uM 67.37+2.42 82.97+0.53 51.83 +2.96
96.45+0.29 95.57+0.45 93.76 +1.33
30 uM
[8.75] [5.48] [9.73]
18¢c 10 uM 5236+ 1.69 58.30+1.38 40.68 £2.77
79.23 £1.50 95.14+0.73 95.40 +1.80
30 uM
[9.38] [8.88] [10.89]
18d 10 uM 3275+ 1.48 2220+1.17 21.29+£2.56
30 uM 5594 +2.44 54.92+1.95 50.46 +2.58
18e 10 uM 46.72+0.97 33.98+2.13 20.63 +£2.86
79.92 +1.69 92.61 +0.16 66.65 +1.84
30 uM
[11.26]
18f 10 uM - - -
30 uM 26.02+2.87 - -
19a 10 uM 20.70 £ 1.59 - -
30 uM 4391+£2.13 37.67+2.93 -
19b 10 uM - 30.34+1.75 -
30 uM - 35.96 +2.26 -
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Table 1. contd...
Growth Inhibition, % + SEM*
[Calculated ICs, Value (uM)]”
HeLa A431 MCF7
20a 10 uM - - -
30 uM 39.34+2.85 3523 +231 -
22 10 uM 55.81+2.05 56.77 +1.20 64.96 +2.39
78.40 + 1.54 87.16 +£0.53 78.85+2.24
30 uM
[7.44] [8.09] [5.03]
24 10 uM 43.30+1.29 38.08 +1.41 56.23+1.78
69.59 +0.69 87.11 +0.46 7543 +2.79
30 uM
[16.04] [7.79]
50.60 +2.33 32.73+2.23 54.55+231
26 10 uM
68.90+2.11 8524 +1.12 79.23 +1.27
30 uM
[10.73] [8.49]
45.10+£0.89 32.87+2.99 42,58 £2.92
27 10 uM
69.74 +1.89 92.65+0.68 94.09 +0.98
30 uM
[13.42] [11.15]
28 10 uM - - 39.10+2.34
30 uM 81.27 +1.50 90.30+1.14 85.95+0.83
29 10 uM - - -
30 uM 3431+2.94 - -
Cisplatin 10 uM 42.61+£2.33 88.54 +0.50 53.03+2.29
99.93 £0.26 90.18 +1.78 86.90 +1.24
30 uM
[12.43] [2.84] [9.63]

“ Substances eliciting less than 20% inhibition of cell proliferation were regarded as ineffective and the results are not presented.

® The concentration at which 50% inhibition of cell proliferation is exhibited.

of the molecules: aromatic substituents are favored (18a-e), and
substitution of the aryl group has a limited and inconsequential
impact on the efficacy, although the m-chlorophenyl (18b) group
seems to be the most efficient. Without an aromatic function, the
activity is negligible (18f). N-Benzyl (19a,b) or N-methyl (20a)
substitution of the oxazine ring at position 3 resulted in a pro-
nounced decrease in activity. Since no substantial differences were
observed between the effects of 18a and 22-26, the configuration of
C-3 (cis or trans ring fusion for both enantiomers, Schemes 2 and
3) also appears to be irrelevant. Compounds with analogous
monoterpene ring systems (27 and 28) have similar antiproliferative
actions. Replacing the monoterpene ring system with cyclohexane
(29) led to ineffective congeners, demonstrating that the bicyclic
monoterpene ring as a pharmacophore part of the present molecules
is essential for the design and synthesis of novel antiproliferative
agents.

CONCLUSION

In conclusion, we have developed a mild and efficient method
for the synthesis of 2-imino-1,3-oxazines by the ring closure of
thiourea adducts of 1,3-aminoalcohols in the presence of Mel fol-
lowed by KOH treatment. The resulting 1,3-oxazines exert marked
antiproliferative action on a panel of human cancer cell lines. The
in vitro pharmacological studies have clearly shown that the lipo-
philic monoterpene ring system and the 2-arylimino function are
essential, while N-substitution on the 1,3-oxazine ring decreases the
activity. The stereochemistry of the 1,3-oxazines has no influence
on the antiproliferative effect.

LIST OF ABBREVIATIONS

BACEl = beta-secretase 1

MDR = multiple drug resistance
KDR = kinase insert domain receptor
THF = tetrahydrofurane

TLC = thin layer chromatography
CDI = 1,1’-carbonyldiimidzole
MCEF7 = breast adenocarcinoma

A431 = squamous carcinoma

HeLa = cervix adenocarcinoma

MTT = 3-(4,5-dimethylthiazol-2-y1)-2,5-diphenyl-

tetrazolium bromide

CONFLICT OF INTEREST

The author declares that this article content has no conflict of
interest.

ACKNOWLEDGEMENTS

The founding sponsors had no role in the design of the study; in
the collection, analyses, or interpretation of data; in the writing of
the manuscript, and in the decision to publish the results. Sources of



Stereoselective Synthesis and Antiproliferative Activity

funding for the study: Z.S. - OTKA K112442, 1.Z. - OTKA
K109293 and F.F.- OTKA K115731 and GINOP-2.3.2 -15-2016-
00012.

We are grateful for financial support from the Hungarian Re-
search Foundation (OTKA K112442, K115731 and K109293) and
GINOP-2.3.2 -15-2016-00012.

REFERENCES

[1] Lait, S.M.; Rankic, D.A.; Keay, B.A. 1,3-Amino alcohols and their deriva-
tives in asymmetric organic synthesis. Chem. Rev., 2007, 107, 767-796.

[2] Lazar, L.; Fiilop, F. 1,3-Oxazines and their benzo derivatives. In: Compre-

hensive Heterocyclic Chemistry. III; Katritzky, A.R.; Ramsden, C.A;
Scriven, E.F.V.; Taylor, R.J.K.; Eds.: Elsevier: Oxford, UK, 2008; pp. 373-
459.

[3] Szakonyi, Z.; Fulop, F. Monoterpene-based chiral f-amino acid derivatives
prepared from natural sources: Syntheses and applications. Amino Acids,
2011, 41,597-608.

[4] El Alami, M.S.I.; El Amrani, M.A.; Agbossou-Niedercorn F.; Suisse, 1.;
Mortreux, A. Chiral ligands derived from monoterpenes: application in the
synthesis of optically pure secondary alcohols via asymmetric catalysis.
Chem. Eur. J., 2015, 21, 1398-1413.

[5] Andrés, C.; Gonzales, I.; Nieto, J.; Roson, C.D. Lewis acid mediated di-
astereoselective keto-ene cyclization on chiral perhydro-1,3-benzoxazines:
Synthesis of enantiopure cis-3,4-disubstituted 3-hydroxypyrrolidines. Tetra-
hedron, 2009, 65, 9728-9736.

[6] Andrés, C.; Infante, R.; Nieto, J. Perhydro-1,3-benzoxazines derived from
(—)-8-aminomenthol as ligands for the catalytic enantioselective addition of
diethylzinc to aldehydes. Tetrahedron: Asymmetry, 2010, 21,2230-2237.

[7] Jaworska, M.; Blocka, E.; Kozakiewicz, A.; Welniak, M. o-Pinene-type
chiral schiff bases as tridentate ligands in asymmetric addition reactions. Tet-
rahedron: Asymmetry, 2011, 22, 648-657.

[8] Evans, P.A.; Brandt, T.A. Enantioselective allylic substitution using a novel
(phosphino-1,3-oxazine)palladium catalyst. Tetrahedron Lett., 1996, 37,
9143-9146.

[9] Evans, P.A.; Brandt, T.A. Enantioselective palladium-catalyzed allylic
alkylation using E- and Z-vinylogous sulfonates. Org. Lett., 1999, 1(10),
1563-1565.

[10] Szakonyi, Z.; Balazs, A.; Martinek, T.A.; Fiilop, F. Enantioselective addition
of diethylzinc to aldehydes catalyzed by y-amino alcohols derived from (+)-
and (—)-o-pinene. Tetrahedron: Asymmetry, 2006, 17, 199-204.

[11] Frensch, G.; Labes, R.; Wosch, C.L.; Munaretto, Laieli dos Santos, Salome,
Kahlil Schwanka, Guerrero, Palimecio G. Jr.; Marques, Francisco A. New
chiral ligands derived from (+) and (-)-a-pinene for the enantioselective addi-
tion of diethylzinc to aldehydes. Tetrahedron Lett., 2016, 57, 420-422.

[12] Li, X;; Lou, R;; Yeung, C.-H.; Chan, A.S.C.; Wong, W.K. Asymmetric
hydrogenation of dehydroamino acid derivatives catalyzed by a new amino-
phosphine phosphinite ligand derived from ketopinic acid. Tetrahedron:
Asymmetry, 2000, 11,2077-2082.

[13] De las Casas Engel, T.; Maroto, B.L.; Garcia Martinez, A.; de la Moya
Cerero, S. N/N/O versus N/O/O and N/O amino isoborneols in the enantiose-
lective ethylation of benzaldehyde. Tetrahedron: Asymmetry, 2008, 19, 269-
272.

[14] Sanches-Carnerero, E.M.; de las Casas Engel, T.; Maroto, B.L.; de la Moya
Cerero, S. Polyoxygenated ketopinic-acid-derived y-amino alcohols in the
enantioselective diethylzinc addition to benzaldehyde. Tetrahedron: Asym-
metry, 2009, 20, 2655-2657.

[15] Szakonyi, Z.; Martinek, T.A.; Hetényi, A.; Fiilop, F. Synthesis and transfor-
mations of enantiomeric 1,2-disubstituted monoterpene derivatives. Tetrahe-
dron: Asymmetry, 2000, 11,4571-4579.

[16] Gyonfalvi, S.; Szakonyi, Z.; Fiilop, F. Synthesis and transformation of novel
cyclic f-amino acid derivatives from (+)-3-carene. Tetrahedron: Asymmetry,
2003, 74,3965-3972.

[17] Koneva, E.A.; Khomenko, T.M.; Kurbakova, S.Y.; Komarova, N.I.; Kor-
chagina, D.V.; Volcho, K.P.; Salakhutdinov, N.F.; Tolstikov, A.G.; Tolsti-
kov, G.A. Synthesis of optically active omeprazole by catalysis with vanadyl
complexes with chiral Schiff bases. Russ. Chem. Bull. Int. Ed., 2008, 57,
1680-1685.

[18] Koneva, E.A.; Volcho, K.P.; Korchagina, D.V.; Komarova, N.I.; Kochnev,
A.L; Salakhutdinov, N.F.; Tolstikov, A.G. New chiral Schiff bases derived
from (+)- and (—)-a-pinenes in the metal complex catalyzed asymmetric oxi-
dation of sulfides. Russ. Chem. Bull., 2008, 57, 108-117.

[19] Koneva, E.A.; Volcho, K.P.; Korchagina, D.V.; Salakhutdinov, N.F.; Tolsti-
kov, G.A. Synthesis of new chiral schiff bases from (+)-3-carene and their
use in asymmetric oxidation of sulfides catalyzed by metal complexes. Russ.
J. Org. Chem., 2009, 815-824.

[20] Koneva, E.A.; Korchagina, D.V.; Gatilov, Y.V.; Genaev, A.M.; Krysin, A.P.;
Volcho, K.P.; Tolstikov, A.G.; Salakhutdinov, N.F. New chiral ligands based
on (+)-a-pinene. Russ. J. Org. Chem., 2010, 46, 1109-1115.

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[31]

[32]

[33]

[34]

[35]

[36]

[39]

[40]

Current Organic Synthesis, 2017, Vol. 14, No. 4 619

Koneva, E.A.; Suslov, E.V.; Korchagina, D.V.; Genaev, A.M.; Volcho, K.P;
Salakhutdinov, N.F. Catalytic asymmetric addition of diethylzinc to benzal-
dehyde using o-pinene-derived ligands. Open Catal. J., 2011, 4, 107-112.
Fulop, F.; Bernath, G.; Pihlaja, K. Synthesis, stereochemistry and transfor-
mations of cyclopentane-, cyclohexane-, cycloheptane-, and cyclooctane-
fused 1,3-oxazines, 1,3-thiazines, and pyrimidines. Adv. Heterocycl. Chem.,
1998, 69, 349-477.

Sohar, P.; Stajer, G.; Szabo, A.; Fiilop, F.; Szunyog, J.; Bernath, G. Stereo-
chemical studies. Part 89. Saturated heterocycles. Part 84. Preparation and
nuclear magnetic resonance study of norbornane-norbornene-fused 2-
phenylimino-1,3-oxazines and -thiazines. J. Chem. Soc., Perkin Trans. 2,
1987, 599-605.

Woltering, T.J.; Wostl, W.; Hilpert, H.; Rogers-Evans, M.; Pinarda, E.;
Maywega, A.; Gobel, M.; Banner D.W.; Benz, J.; Travagli, M.; Pollastrini,
M.; Marconi, G.; Gabellieri, E.; Guba, W.; Mauser, H.; Andreini, H.; Jacob-
sen, H.; Power, E.; Narquiziana, R. BACE1 inhibitors: A head group scan on
a series of amides. Bioorg. Med. Chem. Lett., 2013, 23, 4239-4243.

Kai, H.; Morioka, Y.; Murashi, T.; Morita, K.; Shinonome, S.; Nakazato, H.;
Kawamoto, K.; Hanasaki, K.; Takahashi, F.; Mihara, S.; Arai, T.; Abe, K.;
Okabe, H.; Baba, T.; Yoshikawa, T.; Takenaka, H. 2-Arylimino-5,6-dihydro-
4H-1,3-thiazines as a new class of cannabinoid receptor agonists. Part 1:
Discovery of CB2 receptor selective compounds. Bioorg. Med. Chem. Lett.,
2007, 17,4030-4034.

Kai, H.; Morioka, Y.; Tomida, M.; Takahashi, T.; Hattori, M.; Hanasaki, K.;
Koike, K.; Chiba, H.; Shinohara, S.; Kanemasa, T.; Takahashi, K.; Yamagu-
chi, Y.; Baba, T.; Yoshikawa, T.; Takenaka, H. 2-Arylimino-5,6-dihydro-
4H-1,3-thiazines as a new class of cannabinoid receptor agonists. Part 2:
Orally bioavailable compounds. Bioorg. Med. Chem. Lett., 2007, 17, 3925-
3929.

Kai, H.; Morioka, Y.; Koriyama, Y.; Okamoto, K.; Hasegawa, Y.; Hattori,
M.; Koike, K.; Chiba, H.; Shinohara, S.; Iwamoto, Y. ef al. 2-Arylimino-5,6-
dihydro-4H-1,3-thiazines as a new class of cannabinoid receptor agonists.
Part 3: Synthesis and activity of isosteric analogs. Bioorg. Med. Chem. Lett.,
2008, 18, 6444-6447.

Szakonyi, Z.; Martinek, T.A.; Sillanpai, R.; Fiilop, F. Regio- and stereose-
lective synthesis of constrained enantiomeric B-amino acid derivatives. Tet-
rahedron: Asymmetry, 2008, 19,2296-2303.

Fulop, F.; Szakonyi, Z. Chiral cyclic B-amino acids and their derivates,
pharmaceutical compositions containing them and the use of such com-
pounds. U.S. Patent WO2008059299 Al, 22 May 2008.

Szakonyi, Z.; Baldzs, A.; Martinek, T.A.; Fiilop, F. Stercoselective synthesis
of pinane-based B- and y-amino acids via conjugate addition of lithium am-
ides and nitromethane. Tetrahedron: Asymmetry, 2010, 21, 2498-2504.
Szakonyi, Z.; Sillanpad, R.; Fiilop, F. Stereoselective synthesis of perillalde-
hyde-based chiral B-amino acid derivatives through conjugate addition of
lithium amides. Beilstein J. Org. Chem., 2014, 10, 2738-2742.

Curtin, M.L.; Heyman, H.R.; Frey, R.R.; Marcotte, P.A.; Glaser, K.B.;
Jankowski, J.R.; Magoc, T.J.; Albert, D.H.; Olson, A.M.; Reuter, D.R,;
Bouska, J.J.; Montgomery, D.A.; Palma, J.P.; Donawho, C.K.; Stewart, K.D.;
Tse, C.; Michaelides, M.R. Pyrazole diaminopyrimidines as dual inhibitors
of KDR and Aurora B kinases. Bioorg. Med. Chem. Lett., 2012, 22, 4750-
4755.

Szakonyi, Z.; Zupkd, L.; Sillanpids, R; Fiilop F. Stereoselective synthesis and
cytoselective toxicity of monoterpene-fused 2-imino-1,3-thiazines. Mole-
cules, 2014, 19, 15918-15937.

Guba, W.; Haap, W.; Kuglstatter, A.; Obst S.U.; Peters, J-U.; Woltering, T.
Preparation of 1,3-oxazine-2-amine derivatives as BACE1 inhibitors for the
treatment of Alzheimer's disease. WO 2015132141 A1 20150911, 2015.

Kai, H.; Okamoto, K. Preparation of 2-substituted imino-1,3-oxazine com-
pounds as cannabinoid receptor agonists. U.S. Patent WO 2006080284 Al
20060803, 2006.

Ganesamoorthy, T.; Velayutham, R. Solid SiO,-H;POy is an efficient catalyst
for cyclization of enones under solvent-free condition:synthesis and antimi-
crobial activities of some oxazine derivatives. J. Chil. Chem. Soc., 2014, 59,
2574-2581.

Filop, F.; Szakonyi, Z.; Pallai, P.V. 1,3-heterocycles condensed with
monoterpene skeleton, their use and pharmaceutical compositions compris-
ing such compounds. WO 2010070365 A1, 24 June 2010.

Fuldp, F; Csirinyi, G.; Bernath, G. Saturated heterocycles, 135. Cyclic amino
alcohols and related compounds, 29. Synthesis of condensed-skeleton cis-
and trans-2-phenylimino- and 2-methylimino-tetrahydro-1,3-thiazines and
1,3-oxazines. Acta Chim. Hung., 1988, 125, 193-199.

Bernath, G.; Szakonyi, Z.; Fuloép, F.; Sohar P. Synthesis of tert-
butylcyclopentane-fused 1,3-oxazines and 1,3-thiazines. Heterocycles, 1994,
37,1687-1694.

Mosmann, T. Rapid colorimetric assay for cellular growth and survival:
Application to proliferation and cytotoxicity assays. J. Immunol. Methods,
1983, 6, 55-63.



