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INTRODUCTION

4-Hydroxyquinolin-2(1H)-ones represent one of the most important classes of heterocycles
possessing a wide spectrum of biological activities [1-4]. Quinoline derivatives have been
used as bactericidal [5], anti-inflammatory [6], antimalarial [7], antitumor [8], antioxidant
[9], antileishmanial [10] and antiplatelet activities [11] such as DNA binding capabilities and
DNA-intercalating carrier [12]. Also, a broad number of important pharmacological activities
have been associated with 3-substituted 4-hydroxyquinolin-2(1H)-ones [13, 14]. The present
work aimed to synthesize ethyl 4-(1-ethyl-4-hydroxy-2-oxo-1,2-dihydroquinolin-3-yl)-2,4-
dioxobutyrate (1) [15] as a starting material and study its chemical reactivity towards a
variety of nucleophilic reagents, in a hope to obtain a novel series 4-hydroxyquinolin-2(1H)-
ones bearing variable heterocyclic systems of expected biological activity.

EXPERIMENTAL SECTION

General. Melting points were determined on a digital Stuart SMP3 apparatus. Fourier-
transform infrared spectra were taken on FT-IR Nicolet IS10 spectrophotometer (cm), using
KBr disks. 'H NMR (300 MHz) spectra were measured on Mercury-300BB, using DMSO-d, as
a solvent and tetramethylsilane as an internal standard. Mass spectra were measured using
GC-2010 Shimadzu Gas chromatography instrument mass spectrometer (70 eV) GC-MS gp
1000 ex Shimadzu instrument (70 eV). Elemental microanalyses were performed on a
Perkin-Elmer CHN-2400 analyzer at the Chemical War Department, Ministry of Defense,
Egypt. Ethyl 4-(1-ethyl-4-hydroxy-2-oxo-1,2-dihydroquinolin-3-yl)-2,4-dioxobutyrate (3)
[15] was prepared according to the literature method.

Ethyl 1-(2-cyanoacetyl)-5-(1-ethyl-1,2-dihydro-4-hydroxy-2-oxoquinolin-3-yl)-1H-
pyrazole-3-carboxylate (3).

A mixture of diketoester 1 (0.50 g, 1.51 mmol) and cyanoacetohydrazide (0.15 g, 1.51
mmol), in absolute ethanol (20 mL), containing few drops of acetic acid, was stirred at room
temperature for 2 h. The beige precipitate so formed was filtered and crystallized from EtOH
to give compound 3 as beige crystals, yield (0.30 g, 54%), m.p. > 300 °C. FT-IR (KBr, cm"
1): 3446 (OH), 2987, 2934 (CH,ipn.)s 2263 (C=N), 1756 (C=0.,,), 1695 (C=0,y,,.), 1638
(C=Ogyinoione)s 1572 (C=N) and 1504 (C=C). 'H NMR (8, 300 MHz, DMSO-d): 1.16-1.32 (m,
6H, 2CH,CH;), 3.90 (s, 2H, CH,), 4.19 (q, 2H, NCH,CH,), 4.48 (q, 2H, OCH,CH,), 7.20 (s,
1H’ H_4Pyrazo|e)l 7.32 (t, 1H, H_6quino|one)' 7.59 (d' 1H' H_8quinolone)' 7.72 (t’ 1H’ H_7quin0|0ne)’
8.06 (d, 1H, H-5,0i0ne)s 11.90 (bs, 1H, OH exchangeable with D,0). Mass spectrum, m/z (I,
%): 394 (M*, 14), 393 (60), 363 (24), 368 (11), 327 (17), 268 (47), 230 (10), 212 (18),
197 (16), 188 (8), 172 (8), 161 (8), 146 (19), 132 (29), 119 (21), 102 (66), 91 (25), 77
(79), 64 (96) and 55 (100). Anal. Calcd. for C,;,H,,N;O. (394.38); C, 60.91; H, 4.60; N,
14.21%. Found: C, 60.80; H, 4.55; N, 14.08%.
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Ethyl 5-(1-ethyl-1,2-dihydro-4-hydroxy-2-oxoquinolin-3-yl)-1-[(pyridine-3-yl)
carbonyl]-1H-pyrazole-3-carboxylate (4).

A mixture of diketoester 1 (0.50 g, 1.51 mmol) and nicotinic acid hydrazide (0.21 g, 1.51
mmol), in absolute ethanol (20 mL), containing few drops of acetic acid, was heated under
reflux for 2 h. The brown crystals deposited after cooling were filtered and recrystallized
from ethanol to give compound 4 as pale brown crystals, yield (0.24 g, 37%), m.p. > 300
°C; FT-IR (KBr) v, 3446 (OH), 2981, 2931 (CH,;,,), 1706 (C=0.), 1683 (C=0,4,ne),
1632 (C=0,n010ne)s 1617 (C=N) and 1550 cm (C=C); 'H NMR (DMSO-d,, 300 MHz) 6 1.18-
1.30 (m, 6H, 2CH2CH;), 4.10-4.25 (m, 4H, 2CH,CH;), 7.10 (s, 1H, H-4  _ ..), 7.40-7.60
(m’ 3H’ H_6quinolone’ H_8quinolone and H_7quinolone)' 8.10 (d’ 1H' H_Squinolone)’ 8.30 (t’ 1H’ H-
5,yridine)s 8:60-8.80 (m, 2H, H-4 ... and H-6 .,..), 8.90 (s, 1H, H-2_ .;..), 10.00 (bs, 1H,
OH exchangeable with D,0); Mass spectrum, m/z (rel. int. %): 432 [M*] (6), 347 (3), 327
(6), 281 (5), 269 (4), 224 (4), 182 (9), 132 (6), 120 (5), 106 (37) and 64 (100). Anal. Calcd
for C,;H,,N,O; (432.44), C, 63.90%; H, 4.50%; N, 12.88%; Found, C, 63.88%, H, 4.66%,
N, 12.96%.

Ethyl 1-(7-chloroquinolin-4-yl)-5-(1-ethyl-1,2-dihydro-4-hydroxy-2-oxoquinolin-3-
yl)-1H-pyrazole-3-carboxylate (5).

A mixture of diketoester 1 (0.50 g, 1.51 mmol) and 7-chloro-4-hydrazinoquinoline (2) (0.29
g, 1.51 mmol), in absolute ethanol (20 mL), containing few drops of acetic acid, was heated
under reflux for 4 h. The reaction mixture was left to cool at room temperature. The solid so
formed was filtered and crystallized from DMF to give compound 5 as red-brown crystals,
yield (0.35 g, 47%), m.p. > 300 °C; FT-IR (KBr) v_, 3406 (OH), 3076 (CH_,.,), 2931
(CH,ipn ), 1707 (C=0,g), 1628 (C=0_y 0i0ne), 1608 (C=N) and 1586 cmt (C=C); 'H NMR
(DMSO-dg, 300MHz) 6 1.19-1.22 (m, 6H, 2CH,CH;), 4.10-4.30 (m, 4H, 2CH,CH,), 6.40 (s,
1H, H-4, o) 7.12 (t, 1H, H-6,, 00ne)s 7-32-7.46 (m, 2H, H-8_ .. @nd H-6, . i.0), 7.46
(s, 1H, H-8, )y 7.6 (t, 1H, H-7  ir5i0ne)s 7-60-8.00 (M, 2H, H-5_ i j0ne @Nd H-5, 0iine), 8.15
(d, 1H, H—2qum0”ne), 8.32 (d, 1H, H—3qum0“ne); Mass spectrum, m/z (rel. int. %): 489 [M*]
(67), 464 (91), 432 (77), 417 (97), 352 (80), 319 (83), 272 (65), 229 (95), 206 (97), 178
(100) and 77 (76). Anal. Calcd for C,.H,,CIN,O, (488.93), C 63.70%; H 4.40%; N 11.36%;
found, C 63.87%; H 4.33%; N 11.46%.

uinoline

Ethyl 5-(1-ethyl-1,2-dihydro-4-hydroxy-2-oxoquinolin-3-yl)[1,2,4]triazolo[4,3-a]
pyrimidine-7-carboxylate (7).

A mixture of diketoester 1 (0.50 g, 1.51 mmol) and 3-amino[1,2,4]triazole (6) (0.13 g, 1.51
mmol), in absolute ethanol (20 mL) containing few drops of acetic acid, was heated under
reflux for 4 h. The yellow crystals deposited after cooling were filtered and crystallized from
EtOH to give compound 7 as golden yellow crystals, yield (0.38 g, 67%), m.p. 200-201 °C;
FT-IR (KBr) v, 3447 (OH), 3103 (CH,,.,), 2970, 2925, 2854 (CH,;,,), 1751 (C=0.,),
1635 (C=0gyinoione)s 1609 (C=N) and 1570 cm (C=C). 'H NMR (DMSO-d,, 300 MHz) & 1.21
(t, 3H, J=6.9 Hz, N-CH,CH,), 1.38 (t, 3H, J=6.7 Hz, O-CH,CH,), 4.24 (q, 2H, J=6.9 Hz, N-
CH,CH;), 4.50 (q, 2H, J=6.7 Hz, O-CH,CH;), 7.20 (t, 1H, H-6_, 00ne), 7:51 (d, 1H, H-
8 7.60 (t, 1H, H-7 8.03 (d, 1H, J=6.7 Hz, H-5_,0i0ne)s 8:73 (s, 1H, H-
5pyrimidme), 9.40 (s, 1H, H-3,,,0¢), 17 (bs, 1H, OH exchangeable with D,0). Mass spectrum,
m/z (rel. int. %): 379 [M*] (95), 360 (61), 331 (71), 279 (67), 267 (67), 223 (84), 203
(61), 162 (69), 132 (100), 89 (47) and 77 (84). Anal. Calcd for C,;H,-N.O, (379.38), C,
60.20%; H, 4.65%; N, 18.52%; found, C 60.15%; H 4.52%; N 18.46%.

quinolone)’ quinolone)’
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Ethyl 4-(1-ethyl-1,2-dihydro-4-hydroxy-2-oxoquinolin-3-yl)pyrimido[1,2-a]
benzimidazole-2-carboxylate (9).

A mixture of diketoester 1 (0.50 g, 1.51 mmol) and 2-aminobenzimidazole (8) (0.20 g, 1.51
mmol), in absolute ethanol (20 mL), containing few drops of acetic acid, was heated under
reflux for 2 h. The orange-red crystals obtained during heating was filtered and crystallized
from DMF to give compound 9 as orange-red, yield (0.50 g, 77%), m.p. > 300 °C; FT-IR
(KBr) v, 3359 (OH), 3093 (CH,,.,), 2970, 2925 (CH,, ), 1707 (C=0.,), 1645
(C=04inoione)s 1612 (C=N) and 1588 cm® (C=C); 'H NMR (DMSO-d,, 300 MHz) 6 1.19-1.24
(m, 6H, 2CH,CH;), 4.20-4.30 (m, 4H, 2CH,CH,), 6.90 (s, 1H, H-3 i igine)s 7-02-7.04 (m, 2H,
Ar-H), 7.22-7.24 (m, 2H, Ar-H), 7.41 (t, 1H, J=7.5 Hz, H-6, 5ione), 7-64 (d, 1H, J=8.7 Hz,
H-8 inotone)s 779 (t, 1H, J=7.5 Hz, H-7 ; cione)s 8:26 (d, 1H, J=7.8 Hz, H-5_  one); Mass
spectrum, m/z (rel. int. %): 428 [M*] (83), 386 (100), 346 (65), 296 (77), 233 (90), 177
(87), 134 (90), 109 (48), 92 (76) and 70 (75). Anal. Calcd for C,,H,,N,0, (428.45), C,
67.17%; H, 4.82%; N, 13.10%; found, C, 67.28%; H, 4.71%; N, 13.08%.

1-Ethyl-3-[2-(3,4,5,6-tetrahydro-3-oxopyrazin-3-yl)acetyl]-4-hydroxyquinolin-
2(1H)-one (10).

A mixture of diketoester 1 (0.50 g, 1.51 mmol) and ethylene diamine (0.09 mL), in absolute
ethanol (20 mL) containing few drops of acetic acid, was heated under reflux for 2 h. The
solid obtained after cooling was filtered and crystallized from EtOH to give compound 10 as
brown crystals, yield (0.21 g, 41%), m.p. > 300 °C; FT-IR (KBr) v, . 3425 (OH), 3340
(NH), 3067 (CH,.,,), 2975, 2936 (CH,,. ), 1675 (C=0,,4), 1632 (C=0,.,, and
C=0¢yinotone) @nd 1559 cm® (C=N and C=C); 'H NMR (DMSO-d,, 300 MHz) & 1.16 (t, 3H,
CH,CH,), 2.70 (s, 2H, CH,), 3.21-3.30 (m, 4H, N-CH,-CH,-N), 4.35 (g, 2H, CH,CH,), 7.16 (t,
1H, J=6.0 Hz, H-6,,0ne)s 7-36 (d, 1H, J=7.2 Hz, H-8_ .e), 7.60 (t, 1H, H-7_ 0.c), 8.07
(d, 1H, J=7.8 Hz, H—5qumo,0ne), 8.70 (bs, 1H, NH exchangeable with D,0). Mass spectrum,
m/z (I, %): 327 (M*,, 1), 246 (63), 233 (24), 216 (100), 189 (45), 172 (4), 146 (14), 132
(28), 119 (13), 91 (9), 77 (66) and 64 (50). Anal. Calcd for C,,H,,N;0, (327.34), C,
62.31%; H, 5.31%; N, 12.89%; found, C, 62.38; H, 5.23; N, 12.84%.

1-Ethyl-3-[2-(1,2-dihydro-2-oxoquinoxalin-3-yl)acetyl]-4-hydroxyquinolin-2(1H)-
one (11).

A mixture of diketoester 1 (0.50 g, 1.51 mmol) and o-phenylene diamine (0.16 g, 1.51
mmol) in absolute ethanol (20 mL), containing few drops of acetic acid, was heated under
reflux for 2 h. The orange crystals obtained during heating were filtered and crystallized from
DMF to give compound 11 as pale orange crystals, yield (0.33 g, 62%), m.p. > 300 °C; FT-
IR (KBr) v,,,, 3447 (OH), 3121 (NH), 3050 (CH,,, ), 2931 (CH,;,,), 1685 (C=0,4.), 1647
(C=0yetone @aNd C=0,ir50ne)s 1601 (C=N) and 1559 cm (C=C). 'H NMR (DMSO-d,, 300 MHz)
d 1.18 (t, 3H, CH,CH;), 2.60 (s, 2H, CH,), 4.24 (q, 2H, CH,CH;), 7.01-8.10 (m, 8H, Ar-H),
12.10 (bs, 1H, NH exchangeable with D,0), 12.80 (bs, 1H, OH exchangeable with D,0);
Mass spectrum, m/z (rel. int. %): 375 [M*] (10), 347 (4), 329 (3), 261 (3), 216 (6), 189
(9), 160 (15), 132 (22), 119 (6), 103 (6) and 64 (100). Anal. Calcd for C,;H,,N;0O,
(375.39), C, 67.28%; H, 4.45%; N, 11.32%; found, C, 67.19%; H, 4.56%; N, 11.19%.
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1-Ethyl-3-[2-(2-0x0-2H-benzo[b][1,4]-oxazin-3-yl)acetyl]-4-hydroxyquinolin-
2(1H)-one (12).

A mixture of diketoester 1 (0.50 g, 1.51 mmol) and 2-aminophenol (0.16 g, 1.51 mmol), in
absolute ethanol (20 mL), containing few drops of acetic acid, was heated under reflux for 2
h. The solid obtained during heating was filtered and crystallized from DMF to give
compound 12 as orange crystals, yield (0.2 g, 37%), m.p. 260-261 °C; FT-IR (KBr) v,_..
3140 (OH), 3050 (CH,,,), 2928 (CH, ), 1752 (C=0, o) 1641 (C=0,,,,. and
C=0_yinotone)s 1604 (C=N) and 1560 cm (C=C); 'H NMR (DMSO-d,, 300 MHz) & 1.22 (t, 3H,
J=6.6 Hz, CH,CH;), 2.60 (s, 2H, CH,), 4.26 (q, 2H, J=6.6 Hz, CH,CH;), 7.15-7.26 (m, 3H,
Ar-H), 7.50 (d, 1H, J=8.1 Hz, Ar-H), 7.69 (d, 1H, J=6.9 Hz, Ar-H), 7.76 (t, 1H, J=7.8 Hz,
Ar-H), 8.12-8.20 (m, 2H, Ar-H), 12.14 (bs, 1H, OH exchangeable with D,0); Mass
spectrum, m/z (rel. int. %): 376 [M*] (17), 348 (21), 313 (21), 298 (23), 223 (18), 188
(21), 154 (22), 133 (100), 120 (64), 104 (89) and 77 (33). Anal. Calcd for C,;H,,N,O.
(376.37), C, 67.10%; H, 4.38%; N, 7.54%; found, C, 67.02%; H, 4.28%; N, 7.44%.

5-Ethyl-3[(1,2-dihydro-2-oxoquinoxalin-3-yl)methyl]-1H-pyrazolo[4,3-c] quinolin-
4(5H)-one (13).

A mixture of compound 11 (0.50 g, 1.30 mmol) and hydrazine hydrate (0.06 mL), in
absolute ethanol (20 mL), containing one drop of sulfuric acid, was heated under reflux for
10 h. The solid obtained during heating was filtered and crystallized from DMF to give
compound 13 as dark orange crystals, yield (0.30 g, 61%), m.p. > 300 °C; FT-IR (KBr) v__,
3196, 3129 (NH), 3040 (CH,,,, ), 2975 (CH,, ), 1685 (C=0,,4c), 1647 (C=0i1010ne)s 1596
(C=N) and 1559 cm (C=C); 'H NMR (DMSO-d,, 300 MHz) & 1.26 (t, 3H, J=6.9 Hz,
CH,CH;), 2.60 (s, 2H, CH,), 4.28 (q, 2H, J=6.9 Hz, CH,CH,), 7.01-8.20 (m, 8H, Ar-H),
12.09 (bs, 1H, NH exchangeable with D,0), 13.68 (bs, 1H, NH exchangeable with D,0);
Mass spectrum, m/z (rel. int. %): 370 [M*-1] (0.4), 347 (6), 319 (2), 291 (2), 216 (24),
189 (9), 188 (14), 160 (42), 132 (100), 120 (30), 104 (15) and 64 (16). Anal. Calcd for
C,,H,;N.0, (371.40), C, 67.80%; H, 4.69%; N, 18.98%; found, C, 67.91%; H, 4.61%; N,
18.86%.

1-Ethyl-3-[2-chloro-2-(1,2-dihydro-2-oxoquinoxalin-3-yl)acetyl]-4-
hydroxyquinolin-2(1H)-one (14).

To a suspension of compound 11 (0.50 g, 1.30 mmol) in 1,4-dioxane (30 mL), sulfuryl
chloride (3 mL) was added, then the reaction mixture was stirred at room temperature for 1
h and poured onto crushed ice (ca. 100 g). The formed precipitate was collected by filtration
and crystallized from EtOH to give compound 14 as pale yellow crystals, yield (0.38 g,
91%). m.p. 240-241 °C; FT-IR (KBr) v_, 3446 (OH), 3223 (NH), 3040 (CH,_,.,), 2961,
2925 (CH,,n), 1670 (C=0, 4. @and C=0,,,..), 1636 (C=0_; 010ne) @nd 1559 cm™ (C=N and
C=C); 'H NMR (DMSO-d,, 300 MHz) 6 1.26 (t, 3H, J=6.9 Hz, CH,CH,), 4.31 (q, 2H, J=6.9
Hz, CH,CH;), 7.03 (s, H, CHCI), 7.20-7.25 (m, 2H, Ar-H), 7.31-7.37 (m, 2H, Ar-H), 7.48 (d,
1H, 1J=8.7 Hz, Ar-H), 7.63 (t, 1H, J=6.9 Hz, Ar-H), 7.79 (d, 1H, J=6.9 Hz, Ar-H), 8.23 (d,
1H, J=6.9 Hz, Ar-H), 13.69 (bs, 1H, NH exchangeable with D,0). Mass spectrum, m/z (I,
%): 410 (M*, 4), 375 (3), 347 (6), 305 (49), 290 (20), 277 (42), 248 (17), 213 (3), 189
(6), 172 (5), 160 (6), 144 (10), 132 (42), 118 (21), 91 (24), 77 (75) and 64 (100). Anal.
Calcd for C,,H,,CIN;O, (409.83), C, 61.50%; H, 4.00%; N, 10.44%; found, C, 61.55%; H,
3.94%; N, 10.25%.
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1-Ethyl-3-[2-dibromo-2-(1,2-dihydro-2-oxoquinoxalin-3-yl)acetyl]-4-
hydroxyquinolin-2(1H)-one (15).

A solution of bromine (0.07 mL) in acetic acid (10 mL) was added dropwise to a solution of
compound 11 (0.50 g, 1.30 mmol) in acetic acid (10 mL). The reaction mixture was stirring
at room temperature for 30 min. The orange crystals obtained during stirring were filtered
and recrystallized from ethanol to give 15 as orange-red crystals, yield (0.30 g, 49%), mp
> 300 - C; FT-IR (KBr, cm™'): 3445 (OH), 3201 (NH), 3090 (CH,, ), 2923, 2853 (CH_ o0 )
1700 (C=0Oyqpne)s 1652 (C=0,140)s 1640 (C=0g 00ne)s 1615 (C=N) and 1575 (C=C); H
NMR (DMSO-d,, 300 MHz) & 1.29 (t, 3H, J=6.9 Hz, CH,CH;), 4.31 (g, 2H, J=6.9 Hz,
CH,CH,), 7.05 (s, H, CHBr), 7.29-7.99 (m, 7H, Ar-H), 8.29 (t, 1H, J=8.7 Hz, Ar-H), 12.9
(bs, 1H, NH exchangeable with D,0); Mass spectrum, m/z (rel. int. %): 454 (M*:] (5), 413
(4), 411 (4), 360 (4), 358 (5), 288 (4), 286 (4), 227 (3), 225 (4), 216 (4), 187 (10), 155
(4), 153 (4), 136 (4), 134 (4), 121 (5), 104 (7), 80 (100) and 77 (8). Anal. Calcd for
C,,H,BrN,O, (454.28), C, 55.78%; H, 3.67%; N, 9.34%; found, C, 55.52%; H, 3.55%; N,
9.25%.

1-Ethyl-3-[2-nitro-2-(1,2-dihydro-2-oxoquinoxalin-3-yl)acetyl]-4-hydroxyquinolin-
2(1H)-one (16).

To solution of compound 11 (1.00 g, 2.60 mmol) in glacial acetic acid (10 mL), a mixture of
concentrated nitric acid (2 mL) and concentrated sulfuric acid (2 mL) was carefully added
portion wise with continuous stirring at room temperature for 30 min then poured onto
crushed ice (ca. 50 gm). The solid obtained was filtered, washed with water, air-dried and
crystallized from EtOH to give compound 16 as yellow crystals, yield (0.50 g, 45%), m.p.
270 °C. FT-IR (KBr, cm™): 3435 (OH), 3223 (NH), 2923, 2854 (CH, i) 1751 (C=0,gipne);
1676 (C=0,4e)s 1639 (C=0,roi0ne) @nd 1579 (C=N and C=C). 'H NMR (DMSO-d,, 9,
300MHz): 1.22 (t, 3H, CH,CH,), 4.48 (g, 2H, CH,CH,), 7.07 (s, 1H, CHNO,), 7.42-8.22 (m,
8H, Ar-H), 13.2 (bs, 1H, NH exchangeable with D,0). Mass spectrum, m/z (I. %): 420 (M*;,
1), 305 (1), 267 (1), 215 (2), 188 (2), 155 (3), 149 (4), 139 (5), 132 (3), 125 (11), 121
(11), 85 (36), 77 (6), 64 (30) and 57 (100). Anal. Calcd. for C,;H,.N,O, (420.38), C,

21716
60.00%; H, 3.84%; N, 13.33%,; found, C, 60.50%; H, 4.09%; N, 13.58%.

1-Ethyl-3-[2-(2,3,4,5-tetrahydro-3-thioxo-4-amino-5-o0xo0-1,2,4-triazin-6-
yl)acetyl]-4-hydroxyquinolin-2(1H)-one (17).

A mixture of diketoester 1 (0.50 g, 1.51 mmol) and thiocarbohydrazide (0.106 g, 1.51
mmol), in absolute ethanol (20 mL), containing few drops of acetic acid, was heated under
reflux for 2 h. The orange crystals obtained during heating was filtered and crystallized from
DMF to give compound 17 as pale orange crytals, yield (0.56 g, 57%), m.p. > 300 °C; FT-IR
(KBr) v 3464 (OH), 3333 (NH), 3238 (NH,), 2981 (CH,;,,), 1669 (C=0,..), 1646
(C=Oyetone)s 1621 (C=0;1010ne)s 1595 (C=N) and 1563 cm (C=C); 'H NMR (DMSO-d,, 300
MHz) & 1.20 (t, 3H, J=6.9 Hz, CH,CH,), 4.25 (q, 2H, J=6.9 Hz, CH,CH,), 4.48 (s, 2H, CH,),
6.54 (bs, 2H, NH, exchangeable with D,0), 7.34 (t, 1H, J=7.2 Hz, H-6_;,,ne), 7-61 (d, 1H,
J=8.7 Hz, H-8 , 0ione)r 7.80 (t, 1H, J=7.5 Hz, H-7_, one), 8.14 (d, 1H, J=8.1 Hz, H-
5quinolone), 12.70 (bs, 1H, NH exchangeable with D,0), 14.00 (bs, 1H, OH exchangeable with
D,0); mass spectrum, m/z (rel. int. %): 373 [M*] (17), 357 (11), 327 (1), 267 (2), 255
(6), 229 (7), 216 (100), 189 (8), 161 (3), 132 (14), 119 (6), 103 (5) and 64 (10). Anal.
Calcd for C,(H,.N.O,S (373.39), C, 51.50%; H, 4.19%; N, 18.68%; S, 8.65%; found, C,
51.47%; H, 4.05%; N, 18.76%; S, 8.59%.

max
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N-{6-[2-(1-ethyl-4-hydroxy-2-oxo0-1,2-dihydroquinolin-3-yl)-2-oxoethyl]-5-0x0-3-
thioxo-2,5-dihydro-1,2,4-triazin-4(3H)-yl}acetamide (18).

A solution of compound 17 (0.5 g, 1.20 mmol) in acetic acid (10 mL) was heated under
reflux for 4 h. The solid obtained during heating was filtered and crystallized from DMF to
give compound 18 as orange crystals, yield (0.25 g, 45 %), m.p. > 300 °C; FT-IR (KBr) v
3433 (OH), 3201 (NH), 3238 (NH,), 2924 and 2856 (CH,;,, ), 1739 (C=0, amige)s 1675
(C=Oyizine)r 1626 (C=0ir510ne @aNd C=0,¢0e), 1595 (C=N) and 1500 cmt (C=C); 'H NMR
(DMSO-d,, 300 MHz) & 1.30 (t, 3H, CH,CH,), 3.09 (s, 3H, CH;), 4.59 (q, 2H, CH,CH,), 4.29
(s, 2H, CH2), 7.53 (t, 1H, H-6,, 0i0ne), 7-81-7.86 (M, 2H, H-8_ i ione @Nd H-7_i0i0ne)s 8-22
(d, 1H, H-5quinolone), 8.97 (bs, 1H, NH exchangeable with D,0), 12.7 (bs, 1H, NH
exchangeable with D,0). Mass spectrum, m/z (I, %): 415 (M*, 2), 389 (4), 376 (26), 332
(3), 305 (26), 277 (53), 215 (2), 189 (3), 169 (4), 132 (5), 119 (4), 101 (7) 91 (5), 77 (9)
and 64 (100). Anal. Calcd for C,gH,,N.O.S (415.42), C, 52.12%; H, 4.22%; N, 16.78%; S,
7.68%; found, C, 52.04%; H, 4.12%; N, 16.86%; S, 7.72%.

max

Ethyl 3-cyano-6-(1-ethyl-1,2-dihydro-4-hydroxy-2-oxoquinolin-3-yl)-2-oxo0-2H-
pyran-4-carboxylate (19).

A mixture of diketoester 3 (0.50 g, 1.51 mmol) and malononitrile (0.26 g, 1.51 mmol) in
ethanol (20 mL) containing few drops of TEA or acetic acid was heated under reflux for 30
min. The solid that formed during heating was filtered and crystallized from DMF to give
compound 19 as pale brown crystal, yield (0.30 g, 41 %), m.p. 233-234 °C; FT-IR (KBr)
Vimax 3445 (OH), 3265 (NH), 2985, 2922, 2843 (CH,;, ), 2228 (C=N), 1726 (C=0,,), 1634
(C=Ogyinoione)s 1595 (C=N) and 1571 cm (C=C). 'H NMR (DMSO-d,, 300 MHz) & 1.24 (t,
3H, J=6.9 Hz, N-CH,CH,), 1.49 (t, 3H, J=6.9 Hz, O-CH,CH,), 4.32 (q, 2H, J=6.9 Hz, N-
CH,CH,), 4.49 (q, 2H, J=6.9 Hz, O-CH,CH,), 7.29 (t, 1H, J=7.2 Hz, H-6), 7.56 (d, 1H, J=8.4
Hz, H-8), 7.73 (t, 1H, J=8.4 Hz, H-7), 8.08 (d, 1H, J=8.1 Hz, H-5), 8.20 (s, 1H, H-5_ ),
9.29 (bs, 1H, NH exchangeable with D,0), 14 (bs, 1H, OH exchangeable with D,0).Mass
spectrum, m/z (rel. int. %): 379 [M*] (14), 365 (15), 351 (29.54), 323 (12.8), 278 (6.9),
160 (22), 146 (66.86), 132 (100), 120 (27.5), 104 (9.3) and 77 (5.35). Anal. Calcd for
C,,H,;N;0. (379.38), C, 63.20%; H, 4.61%; N, 11.00%; found, C, 63.32%; H, 4.52%; N,

20117
11.08%.

RESULTS AND DISCUSSION

Earlier Ismail and Mohamed have reported the synthesis of ethyl 4-(1-ethyl-4-hydroxy-2-
oxo-1,2-dihydroquinolin-3-yl)-2,4-dioxobutyrate (1), in good yield [15]. The chemical
behavior of this diketoester 1 was studied towards a variety of 1,2- binucleophiles, such as
cyanoacetohydrazide, nicotinohydrazide and 7-chloroquinolin-4-ylhydrazine (2). Thus,
treatment of diketoester 1 with these hydrazine derivatives, in absolute ethanol containing
few drops of acetic acid, gave the corresponding pyrazole derivatives 3-5, in 37-54% yields
(Scheme 1). Formation of pyrazole derivatives 3-5 may occur initially via condensation of
NH, group at (C=0__,,) group to give hydrazone intermediates which in turn underwent an
intramolecular cyclocondensation at (C=Ov_ket0) group. The FT-IR spectra of pyrazoles 3-5
displayed characteristic absorption bands attributed to C=0 at 1756, 1706, and 1707
cm~1, respectively.

ester
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The FT-IR spectrum of compound 3 showed characteristic absorption bands attributed to the
C=N and C=0,,,,,,. at 2263 and 1695 cm!, respectively. The 'H NMR spectra of compounds
3-5 showed characteristic signals singlet attributed to H-4, . at & 7.20, 7.10 and 6.40
ppm, respectively. Furthermore, the mass spectra of compounds 3, 4 and 5 showed their
molecular ion peaks at m/z 394, 432 and 489 and assigned their formula weights,
respectively.

Next, the diketoester 1 was allowed to react with some 1,3-N,N-binucleophiles.
Condensation of diketoester 1 with 3-amino[1,2,4]triazole (6), in boiling ethanol containing
few drops of acetic acid, led to [1,2,4]triazolo[4,3-a]pyrimidine derivative 7 bearing the
quinoline moiety (Scheme 2). The FT-IR spectrum of compound 7 showed characteristic
absorption vibrations at 3447 (O-H), 1751 (C=0_,.) and 1635 cm™! (C=Ogyinoiine) Its 1H
NMR spectrum showed two characteristic singlets at & 8.73 (H-5, i4ine) @nd 9.40 ppm (H-
3iriazole) FUrther, the mass spectrum of compound 7 showed the molecular ion peak at m/z
379, which is coincident with its formula weight (379.39) and supports the identity of the
structure.

CHCH CONHNH

54%

oH O O .~ CONHNH,
== COOE O/

EtOH M
H O 3T -
1
NHNH,, \
= =
- OH  j—mn
Iz H .
2 a =z COOE
AT%
/J” )
5
Scheme 1.
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Scheme 2.

In the same manner, condensation of diketoester 1 with 2-aminobenzimidazole (8), in
absolute ethanol containing few drops of acetic acid, produced pyrimido[1,2-a]
benzimidazole derivative 9 linked to the quinolinone moiety (Scheme 2). The FT-IR
spectrum indicated characteristic absorption vibrations at 3359 (O-H), 1707 (C=0_.) and
1645 cm™ (C=0io0ne)- The 'H NMR spectrum of compound 9 showed characteristic
singlet at  6.90 (H—5pyrimidme). Further, its mass spectrum showed the molecular ion peak at
m/z 370 and confirms the suggested structure.

Then, the chemical reactivity of diketoester 1 was studied towards a variety of 1,4-
binucleophiles. Therefore, treatment of diketoester 1 with ethylene diamine, 1,2-phenylene
diamine and 2-aminophenol, in boiling ethanol containing few drops of acetic acid,
furnished the corresponding pyrazine, quinoxaline and benzoxazine derivatives 10-12,
respectively (Scheme 3).

The 'H NMR spectra of compounds 10, 11 and 12 showed a singlet distinguishable for the
active methylene protons at & 2.70 (in compound 10) and 2.60 ppm (in compound 11 and
12). In addition, the FT-IR spectra of compounds 10 and 11 demonstrated stretching
vibrations attributed to (C=0,.,,.) at 1675 and 1685 cm'!, respectively, while the FT-IR
spectrum of compound 12 displayed characteristic absorption band assigned to (C=0_

oyrone) group at 1752 cmi,
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Condensation of compound 11 with hydrazine hydrate in boiling ethanol containing few drops
of sulfuric acid produced pyrazolo[4,3-c]quinolinone 13 linked with a quinoxaline moiety in
one molecular frame through an active methylene group (Scheme 4). The 'H NMR spectrum
of compound 13 showed a singlet distinguishable for the active methylene protons 2.60 and
showed exchangeable signals at 6 12.09 and 13.68 assigned to two NH protons.

NHNH,H,0
- S— i
FtOH/H,S0,

61% '
B )

Scheme 4.

Next, the chemical reactivity of compound 11 was studied towards some electrophilic
reagents. Chlorination, bromination and nitration of compound 11 afforded the chlorinated,
brominated and nitrated products 14-16, respectively (Scheme 5). The 'H NMR spectra of
compounds 14, 15 and 16 showed characteristic singlets attributed to the CH,,, ... protons
at 7.03, 7.05 and 7.07 ppm, respectively.
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Scheme 5.

Treatment of diketoester 1 with thiocarbohydrazide, in absolute ethanol, containing few
drops of acetic acid, furnished 1,2,4-triazine derivative 17 (Scheme 6). The FT-IR spectrum
of compound 17 presented characteristic absorption bands at 3333, 3238 (NH, NH,) and
1669 cm™ (C=0,,,_,i..)- The 'H-NMR spectrum of compound 17 showed a singlet assigned to
CH, protons at & 4.48, in addition to D,0 exchangeable signals at & 6.54 and 12.70
assigned to NH, and NH protons, respectively.

Acetylation of compound 17 by using glacial acetic acid under reflux led to the acetylated
product 18 (Scheme 6). A new absorption band appeared at 1739 cm in the FT-IR
spectrum of compound 18, which might be assigned to (C=0,_,..4)- The *H NMR spectrum
of compound 18 showed exchangeable signals at & 8.97 and 12.70 due to 2NH,
respectively.

H
; oH O \’T = o
. - \f
H, T,“\_\_, a RN
] H H NH, g AOH - ;—I CH,
: fa]
E+OHA cOH 1508 g
S70G ) 18
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Moreover, the present work aimed to study the chemical reactivity of diketoester 1 towards
malononitrile as carbon nucleophilic reagents. Thus, condensation of diketoester 1 with
malononitrile, in boiling ethanol containing some drops of acetic acid, led to 3-cyano-6-(1-
ethyl-1,2-dihydro-4-hydroxy-2-oxoquinolin-3-yl)-2-oxo- 2H-pyran-4-carboxylate (19)
(Scheme 7). The FT-IR spectrum of compound 19 exhibited characteristic absorption bands
at 2228 and 1726 cm! assigned to the (C=N) and (C=0_,,.), respectively. Its *H NMR
spectrum indicated the presence of characteristic singlet at 8 8.20 ppm due to H-5

pyrane*®

- CN
OH O 0 CN
~ COOE t N COOEt
FtOH/AcOH
I 0 41%
A
Scheme 7.
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4-(1-ETiL-1,2-DIHIDRO-4-HIDROKSi-2-OKSOKINOLIN-3-iL)2,4-
DIOKSOBUTANOATIN BAZI NUKLEOFILIK REAKTIFLERE KARSI KIMYASAL
REAKTIVITESI

Kinolin-2-on ile baglanmis yeni bir seri heterosiklik sistemler, etil 4-(1-etil-1,2-dihidro-4-
hidroksi-2-oksokinolin-3-il)-2,4-dioksobutanoat (1) bilesiginin bir seri azotlu ve/veya
karbonlu ntkleofillerle tepkimesinden etkili bir sekilde sentezlenmistir. Kinolin grubu iceren
pirazoller, pirimidinler, pirazinler, oksazinler ve triazinler gibi bir seri heterosiklik sistemler
elde edilmistir. Yeni sentezlenmis UrlUnlerin yapilar analitik ve spektral veriler temelinde
dogrulanmistir.

Anahtar Kelimeler: Kinolin-2-on, diketoester, aktif metilen, nlkleofil reaksiyon,
heterohalkalasma.

Gonderilme tarihi: 12 Aralik 2015. Diizeltme tarihi: 11 Ocak 2016. Kabul tarihi: 7
Subat 2016.
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INTRODUCTION

It now becomes well established that the molecular reactivity descriptors such as chemical
hardness, electronegativity, electrophilicity, and nucleophilicity have greatly taken
advantage of the development of Density Functional Theory [1-3]. The DFT has proven to
be an important tool in modern quantum chemistry because of its ability to provide the
quantitative definitions for chemical concepts like chemical potential (u) [4] chemical
hardness (n) [5-8], and electronegativity (x) [9,10]. The first and second derivatives of
electronic energy (E) with respect to the number of electron (N) under the constant
external potential, u(r), are described as chemical potential and chemical hardness,
respectively. Softness (o) [11] is the inverse of chemical hardness. Qualitative expressions
related to these chemical concepts are given as follows:

u=—y=(BE/foN),,, (1)
—A? 2 2
n=(0"E/oN"),,, (2)
o=1/n (3)

Parr and Pearson, with the help of finite differences method, put forwarded the
approximate and operational definition of electronegativity and chemical hardness
of chemical species as [12, 13]:

o _f—l—A (4)
X=—H=—
n=I1-4 (5)

where I is the first vertical ionization energy and A is the electron affinity values of the
chemical species.

Ingold [14] introduced the terms of nucleophile and electrophile in the glossary of
chemistry. The electrophilicity and nucleophilicity are two very useful theoretical constructs
of conceptual chemistry originating from the fruition of the long effort of understanding the
mechanism of organic reaction [15]. Electrophilicity is a property of atoms and molecules
which signifies the energy lowering process on soaking electrons from donors. Hence, the
electrophilicity measures the energy stabilization when the system acquires an additional
electronic charge from the environment/donor [15]. The quantitative definition of
electrophilicity was put forward by Parr and co-workers [16] following the work of Maynard
et al. [17] as a quantitative intrinsic numerical value and suggested the term electrophilicity
index, w, a new global reactivity descriptor of atoms and molecules, as presented below:
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2 2 2
ot X _UrAy )
2n 2n 8(I-A4)
Nucleophilicity and electrophilicity are physically multiplicative inverse of each other
(N=1/w) [18].

Based on the valence electron theory of Lewis, Ingold [14] proposed an electrophilicity scale
to describe electron-deficient (electrophile) and electron-rich (nucleophile) species as
follows:

k, =CoN (7)

where C is the proportionality constant. k  is the hydrogen bond stretching force constant.
Further, it is important to note that nucleophilicity (N) is proportional to (1/electrophilicity)
as noted above.

One of the remarkable developments regarding electronegativity concept has been
provided by Sanderson by introducing a new electronic structure principle famous as
“Electronegativity equalization principle [19-21].” According to this principle “when two or
more different atoms combine to form a molecule, their electronegativities change to a
common intermediate value and become equalized.” In recent times, we presented a new
equation to calculate the electronegativities of molecules and functional groups from
ionization energies and electron affinities of pre-bonded atoms considering Sanderson’s
electronegativity equalization principle and Iczkowski-Margrave’s electronegativity study
[22]. The equation [23] derived by us is presented below:

A = : \r- (8)

where, x, and g, are electronegativity and charge of molecule or functional group,
respectively. N is number of atoms in the molecule and I, and A, are the ionization energy
and electron affinity of i-th atom.

Chemical hardness is a measure of the resistance of a chemical species towards the
deformation of electric charge cloud under small perturbation and this quantity is an
indicator of chemical reactivity [24, 25]. The concept introduced by Pearson has important
applications in chemistry.
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Hard and Soft Acid-Base (HSAB) [26, 27] Principle and Maximum Hardness Principle (MHP)
[28] based on chemical hardness concept make the structure-reactivity relationship more
understandable. Recently we presented a new equation shown below [29] to calculate the
chemical hardnesses of molecules and functional groups:

=1 4; )
M = % (9)

In this equation, n, and g, are chemical hardness and charge of molecule, respectively. N is
the total number of atoms in the molecule. a, and b, parameters in Eq. 9 are defined as:
a=(I+A)/2 and b,=(I-A)/2. These parameters for some selected atoms are presented in
Table 1.

The aim of this article is to calculate the nucleophilicity and electrophilicity data of
molecules with the help of new theoretical model mentioned above.

RESULTS AND DISCUSSION

In the present study, we calculated the nucleophilicity and electrophilicity of some selected
molecules considering Eq. 10 for charged molecules and Eq. 11 for neutral molecules. Then,
we compared the results obtained by us with other theoretical methodologies and
experimental data. Table 2 reports the electrophilicity and nucleophilicity values calculated
via various methods for some selected molecules. Considering the calculated values, we can
say that the obtained results using Eq.10 and Eqg. 11 are exceptionally compatible with the
results of geometric mean equation of Chattaraj. Chattaraj has proposed the geometric
mean equation for calculations regarding the electrophilicity values of molecules assuming
that electrophilicity gets equalized like chemical hardness and electronegativity during
molecule formation process. The electrophilicity equalization principle of Chattaraj, Giri and
Duley [30] has been criticized by Szentpaly [31]. Considering large molecules such as
fullerene, Szentpaly suggested that there is not an acceptable evidence regarding
equalization of electrophilicity. After the publication of Szentpaly, Chattaraj [32] tried to
justify and to urge the electrophilicity equalization principle. Indeed, this situation is
suggestive that the equalization of electrophilicity becomes difficult depending on number of
atoms of the molecule. We believe that electrophilicity equalization principle of Chattaraj is
useful for the calculating of electrophilicities of small molecules and this electronic structure
principle cannot be ignored entirely. The agreement between the results of geometric mean
of Chattaraj and the results of present study in Table 2 will provide as a support to
Electrophilicity equalization principle because the electrophilicity and nucleophilicity values
obtained by us is very close to Chattaraj’s results.
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Table 1. Experimental Parameters for Some Atoms (eV)

“Atom T A a b
H 13.598 0.754 7.176 6.422
Li 5.392 0.618 3.005 2.387
Be 9.323 0.295 4.809 4.514
B 8.298 0.280 4.289 4.009
C 11.260 1.262 6.261 4.999
N 14.534 0.070 7.302 7.232
(o)
F

13.618 1.461 7.539 6.078

17.423 3.401 10.412 7.011
Na 5.139 0.548 2.843 2.295
Mg 7.646 0.541 4.093 3.552
Al 5.986 0.433 3.209 2.776
Si 8.152 1.390 4.771 3.381
P 10.487 0.747 5.617 4.870
S 10.360 2.077 6.218 4.141
Cl 12.968 3.613 8.290 4.677
K 4.341 0.501 2.421 1.920
Ca 6.113 0.024 3.068 3.044
Sc 6.561 0.188 3.374 3.186
Cr 6.767 0.666 3.716 3.050
Mn  7.434 -0.498 3.468 3.960
Fe 7.902 0.151 4.026 3.875
Ni 7.640 1.156 4.398 3.242
Cu 7.726 1.235 4.480 3.245
Zn 9.390 -0.490 4.450 4.940
As 9.789 0.814 5.301 4.487
Se 9.752 2.020 5.886 3.866
Cs 3.894 0.471 2.180 1.710
Br 11.814 3.363 7.588 4.225
I 10.451 3.059 6.755 3.696

Although geometric mean equation and Equation 13 presented by Islam and Ghosh does not
contain any statement that gives the relation with the charge of nucleophilicity and
electrophilicity, electrophilicity and nucleophilicity values of charged molecules can be
determined with the help of Equation 10. In Table 3, the calculated chemical hardness,
electronegativity, electrophilicity and nucleophilicity values for the some functional groups
are provided. Electrophilicity is a measure of interest that exhibits to electrons of chemical
species and it is anticipated that electrophilicity increases as positive charge increases. On
the other hand, it is predicted that the nucleophilicity that is a measure of tendency of
electron giving of chemical species decreases as the charge increases. In our past
publications, we showed that the chemical hardness and electronegativity of any functional
group increases as linear as its charge increases. However, it is understood from Figure 1
that denotes the change with the charge of nucleophilicities and electrophilicities of some
functional groups, there is a parabolic correlation between charge with electrophilicity and
nucleophilicity.

The electrophilicity of any functional groups increases as parabolic with the increasing of its
charge. On the contrary, the nucleophilicity of any functional group decreases as parabolic
with the decreasing of its charge.
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Table 2. Comparison of nucleophilicity and electrophilicity values that was calculated
via various methods.

Electrophilicities (eV)

Nucleophilicities (eV)

Molecule Parr Chattaraj Present Parr

Chattaraj Present

work work

I, 2.60 3.088 3.104 0.385 0.323 0.322
BrI 2.629 3.245 3.240 0.381 0.308 0.308
S, 1.98 2.334 2.336 0.505 0.428 0.428
Br, 2.68 3.409 3.406 0.373 0.293 0.294
Cl, 3.31 3.677 3.681 0.302 0.271 0.272
P, 1.56 1.619 1.619 0.641 0.617 0.617
SO 1.78 2.336 2.315 0.562 0.428 0.432
CH 1.83 1.984 1.974 0.546 0.504 0.506
o, 1.88 2.338 2.338 0.532 0.427 0.427
OH 2.481 2.165 2.172 0.403 0.462 0.460
NH 1.786 1.909 1.921 0.559 0.524 0.521
F, 3.493 3.864 3.864 0.286 0.258 0.258
Cs, 1.64 2.203 2.195 0.609 0.454 0.456
cos 1.58 2.204 1.984 0.632 0.454 0.504
SO, 2.01 2.337 2.278 0.497 0.428 0.439
0, 2.419 2.338 2.338 0.413 0.428 0.428
NH, 1.71 1.940 1.948 0.585 0.515 0.514
N,O 1.70 1.977 2.003 0.588 0.505 0.499
POCI; 2.048 2.851 2.910 0.488 0.350 0.344
SO, 2.168 2.337 2.289 0.461 0.428 0.437
C,H, 1.62 1.984 1.961 0.617 0.504 0.509
CH, 1.26 1.994 1.972 0.793 0.502 0.507
HNO, 1.72 2.156 2.163 0.581 0.464 0.463
C,H,0, 2.147 2.035 2.015 0.466 0.491 0.496
LiF 2.41 2.014 3.12 0.414 0.496 0.321
LiCl 2.08 1.905 2.75 0.480 0.525 0.364
LiBr 1.77 1.878 2.51 0.564 0.532 0.398
NaF 2.26 2.014 3.12 0.442 0.496 0.321
NacCl 2.78 1.905 2.75 0.359 0.525 0.360
NaBr 1.95 1.850 2.51 0.513 0.541 0.398
KF 2.06 1.850 3.19 0.485 0.541 0.314
KCI 2.28 1.769 2.82 0.438 0.565 0.355
KBr 2.00 1.714 2.58 0.500 0.584 0.386
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Table 3. The nucleophilicity and electrophilicity (eV) values calculated for charged

molecules.
Molecule Charge Chemical Electronegativity Electrophilicity Nucleophilicity
Hardness

-1 10.33 3.91 0.740 1.352

CH, 0 12.07 6.90 1.973 0.507
+1 13.80 9.91 3.558 0.281

-1 T0.97 277 0.349 Z2.865

NH, 0 13.38 7.21 1.942 0.515
+1 15.78 11.66 4.307 0.232

-1 10.45 3.19 0.486 2.057

NO, 0 12.94 7.47 2.156 0.464
+1 15.42 11.75 4.476 0.224

-1 10.56 4.32 0.857 1.167/

NO, 0 12.75 7.49 2.200 0.455
+1 14.62 10.65 3.879 0.258

-1 8.84 1.12 0.071 14.08

OH 0 12.50 7.37 2.173 0.460
+1 16.20 13.62 5.725 0.175

-1 3.69 0.78 0.035 28.57

CN 0 12.06 6.69 1.856 0.538
+1 15.43 12.61 5.153 0.194

-1 .54 304 U.541 T.343

SCN 0 10.73 6.49 1.963 0.509
+1 12.91 9.94 3.827 0.262

-1 9.94 4.16 0.870 1.149

COOH 0 11.71 7.08 2.140 0.467
+1 13.48 10.00 3.709 0.269

-1 9.97 4.87 1.189 0.841

SO,H 0 11.40 7.12 2.223 0.449
+1 12.84 9.36 3.411 0.293

-1 8.57 4.79 1.339 0.746

so,cl 0 10.39 7.33 2.586 0.387
+1 12.23 9.89 3.999 0.250

Although geometric mean equation and Equation 13 presented by Islam and Ghosh
does not contain any statement that gives the relation with the charge of

nucleophilicity and electrophilicity,

electrophilicity and nucleophilicity values of

charged molecules can be determined with the help of Equation 10. In Table 3, the
calculated chemical hardness, electronegativity, electrophilicity and nucleophilicity
values for the some functional groups are provided. Electrophilicity is a measure of
interest that exhibits to electrons of chemical species and it is anticipated that

electrophilicity increases as positive charge increases.
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On the other hand, it is predicted that the nucleophilicity that is a measure of tendency of
electron giving of chemical species decreases as the charge increases. In our past
publications, we showed that the chemical hardness and electronegativity of any functional
group increases as linear as its charge increases. However, it is understood from Figure 1
that denotes the change with the charge of nucleophilicities and electrophilicities of some
functional groups, there is a parabolic correlation between charge with electrophilicity and
nucleophilicity. The electrophilicity of any functional groups increases as parabolic with the
increasing of its charge. On the contrary, the nucleophilicity of any functional group
decreases as parabolic with the decreasing of its charge.

—s—— CH,
] 25 4 oo NHy
' ————- COOH
" — et S0
20

Electrophilicity
Nucleophilicity

-5 -1,0 05 0,0 05 1.0 15

-15 1.0 05 0,0 05 10 15 Charge of functional group
Charge of functional group
Figure 1. The change with the charge of electrophilicity and nucleophilicity for some
selected functional groups.

Consequently, it can be said that nucleophilicity and electrophilicity values of both neutral
molecules or functional groups and charged molecules or functional groups can be calculated
considering the ionization energy and electron affinity values of constituent atoms. In
addition to this, the results of present method are compatible with geometric mean method
of Chattaraj. We proposed that Chattaraj’'s equalization principle and geometric mean
equation related to electrophilicity concept are convenient for the studies regarding small
molecules. Lastly, it is required to mention from the limitation of proposed methodology. It
should be noted that the proposed new useful method is more reliable for small molecules
such as in Table 2. In the calculation regarding big molecules, the method proposed can give
incorrect results.

Theoretical Model

As mentioned above, the electrophilic power of a chemical species is associated with
electronegativity and chemical hardness of that species. It is important to note that chemical
hardness and electronegativity values for all molecules considered in this study have been
calculated via Egq. 9 and Eq. 8, respectively. To determine the electrophilicity values of
molecules and functional groups, Parr’s formula (Equation 6) has been considered.
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To calculate the electrophilicity of any molecule, with the help of Parr’s electrophilicity index
and equations derived by us, we proposed the following equation:

12
Y (I +4, y( o2

Sl 2 N -

. |2 I -4 T Z} I —4,

i=1
o, =2 =L & (10)

My Y14 v
212y —— |+ —
2754 )t ) 2T

i=1

It should be noted that the charge effect on electrophilicity and nucleophilicity can be
analyzed through Eq. 10. As for neutral species g,,=0, the Equation 10 can be simplified for
the calculation of electrophilicities of neutral molecules as the following:

1YL U+ A)?
M FEL G A .

The Equation 11 above looks similar to Equation 6. But Eq. 6 provides the calculation of
molecular electrophilicities from ionization energy and electron affinities of molecules. On
the other hand, the Eq. 11 provides the computation of molecular electrophilicity using the
ionization energy and electron affinities of constituent atoms forming the molecule. So the
scope of application of Equation 11 is wider than equation 6. In addition, the inverse of Eq.
11 can be used to calculate the nucleophilicities of neutral molecules because electrophilicity
and nucleophilicity are physically multiplicative inverse of each other.

In the literature, for calculation of electrophilicities of molecules, a few methods different
from Parr’s electrophilicity index are available. One of them was proposed by Chattaraj and
co-workers. According to Chattaraj, the electrophilicity of a molecule may be expressed as
geometric mean of electrophilicities of constituent atoms in the molecule and can be
calculated via following equation [30]:

N\
ou{Io] (12)
i=1

In the Equation 12, w, (i= 1, 2, 3... N) refers to isolated atom electrophilicity value and N is
number of atoms in the molecule.

Another method for determination of electrophilicities of molecules was proposed by N.
Islam and D. C. Ghosh [15]. According to their study, electrophilicity index (wM) in electron
volts unit of molecules can be calculated via following equation:

K.7,2(n+ 1)
Wy =——"""

2 T (12)
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In this equation, n stands for number of atoms connected to central atom in molecule, ri is
atomic radius in angstrom (&) unit and standardized value of K is 0.382516 for diatomic
molecules and is 0.712 for polyatomic molecules. In this stage, we want to state that all
methods mentioned in the study can be used for the calculation for both electrophilicities
and nucleophilicities of molecules.

CONCLUSION

In the present study, a new method based on molecular hardness and molecular
electronegativity to calculate the nucleophilicities and electrophilicities of molecules is
presented. The results obtained in the study support the electrophilicity equalization
principle. Thus the new theoretical model presented in this work for the calculation of
molecular reactivity indices like electrophilicity and nucleophilicity is logical and reliable.
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MOLEKULER ELEKTROFILLiK VE NUKLEOFILLiGiN TAHMIN EDiLMESI iCiN
FAYDALI BiR YONTEM

Oz: Bu calismada, tarafimizdan son vyillarda tiiretilen grup elektronegativite ve molekiiler
sertlik esitliklerine dayali molektler elektrofillik ve molekiler nikleofillik dederlerinin
hesaplanmasi icin yeni bir teorik model sunulmustur. Bunun disinda, mevcut modelin
gecerlilik testi 33 molekdl ile yapilmig, bazi iyi bilinen teorik yontemler ve onlarin deneysel
kisimlari kullanilarak bulunan elektrofillik ve nukleofillik verileri bizim c¢alismamizda
Uretilenlerle karsilastiriimistir. Karsilastirmali calisma teori ve deney arasinda mikemmel bir
uyum gostermektedir. Bu sebeple, bu calismada gdsterilen yeni teorik model, elektrofillik ve
ntkleofillik gibi molekller reaktivite indislerinin hesaplanmasi igin mantiksal ve gulvenilir
sonuglar vermektedir.

Anahtar kelimeler: Elektronegatiflik, Sertlik, Elektrofillik, NUkleofillik, DFT.

Gonderilme tarihi: 29 Subat 2016, Diizenleme tarihi: 29 Mart 2016, Kabul tarihi: 12
Nisan 2016.
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Abstract: In this study, microwave-assisted and conventional syntheses of Ru(III)
and Cu(Il) complexes with 2,4-pyridinedicarboxylic acid (L1), 3,5-
pyridinedicarboxylic acid (L2), and 3,5-pyrazoledicarboxylic acid (L3) have been
studied. A comparative study of microwave and conventional methods was
performed to determine their differences in terms of reaction time, the amount of
solvent, and reaction yield. The reaction time was reduced significantly from
several hours to a few minutes, and high yields were obtained by microwave
method while using considerably less amount of solvent. The synthesized
complexes were characterized by FT-IR, UV-Vis, AAS, 'H-NMR, elemental analyses,
and magnetic susceptibility. These studies showed that copper and ruthenium
complexes have square planar and octahedral geometries, respectively. The metal
complexes of Cu(II) and Ru(III) were easily synthesized upon exposure to
microwave irradiation.
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INTRODUCTION

Organic-inorganic hybrid materials attract considerable attention in recent years because of
their interesting molecular topologies and crystal packing motifs along with potential
applications in many areas, including gas storage, separation, catalysis, magnetism, optics,
as well as electrical conductivity [1]. The functionality of such hybrid materials can be
multiplied by the incorporation of organic and inorganic counterparts into one structural unit
[2,3]. A microwave-assisted inorganic synthesis method is an important technique in green
synthetic chemistry [4]. The technique offers several advantages over conventional
synthesis, especially the synthesis of ruthenium complexes, which typically require many
hours of refluxing in high-boiling solvents to affect a reaction. Similar reactions, when
performed in a microwave reactor, can occur in a matter of minutes [5-7]. The main
advantage of this reactor is the almost instantaneous ‘in-core’ heating of materials in a
homogenous and selective manner [8]. Particularly, the reaction time and energy input are
supposed to be mostly reduced in the reactions that are run for a long time at high
temperatures under conventional conditions [9]. In this work, we present the syntheses of
Cu(Il) and Ru(IIl) having different stabilities as first and second row transition metal
complexes with L1, L2 and L3 ligands (Scheme 1) because they have various side-bonding in
their structures due to carboxylic moieties [10]. Both conventional and microwave methods
were carried out and the obtained results were compared with each other. The complexes
were characterized by analytical and spectroscopic methods.

0 0 0 0 oH
[ I |
o~ S SoH  no” X “oH J \
\ \ .
/ N /" N\\.N C/
N H \ll
o

Scheme 1. The ligands used in this study (L1, L2, L3).
MATERIALS AND METHODS

Materials

CuCl,.2H,0, RuCl;.xH,0, 2,4-pyridinedicarboxylic acid, 3,5-pyridinedicarboxylic acid, and
3,5-pyrazinedicarboxylic acid were purchased from Sigma Aldrich and used without further
purification. All other chemicals and solvents were commercially available (Merck, Fluka).

Physical measurements

FT-IR spectra were recorded on a Perkin-Elmer Spectrum RX I FT-IR spectrometer as KBr
pellets in the 4000-400 cm™! range. The UV-Vis spectra was determined in DMSO solvent
with a concentration of 1.0x1073 M for the free ligands and their complexes using a Perkin
Elmer Lambda 25 Spectrophotometer with 1 cm quartz cell, in the range 200-800 nm. AAS
analyses were recorded on a Perkin Elmer Analyst 400 spectrometer. The DC magnetic
susceptibilities of powdered samples were measured by a Sherwood Scientific magnetic
susceptibility meter.
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Synthesis of [Cu(L1),] by the Conventional Method (CM)

Copper(II) chloride dihydrate (0.335 g, 2.50 mmol) in MeOH (10 mL) was slowly added to a
solution of L1 acid (0.417 g, 2.50 mmol) in MeOH (40 mL) at room temperature. The mixture
was left for 144 h. The light green solid product which precipitated was filtered off and
washed with acetonitrile (Yield: 48%). M.P.:315-316°C. [Cu(L1),]: 'H-NMR (300 MHz,
DMSO, 25°C): & (ppm) = 13.10 (s, 1H, OH), 8.26 (d, 1H, CH), 8.70 (s, H, CH), 7.58 (d, H,
CH). UV-Vis (DMSO, A__(nm)): L1: 279, L1-Cu: 446. AAS. Calculated (1:2): 15.90%;
Found: 15.18%.

Synthesis of [Cu(L1),] by the Microwave Method (MM)

The ligand (0.022 g, 0.13 mmol) and the metal salt (0.017 g, 0.130 mmol) were mixed
thoroughly in a porcelain capsule. Methanol (5 mL) was added to this mixture and stirred.
The mixture was irradiated for 3 minutes in the microwave oven at 850 W power. The
product was washed with methanol to dissolve any unreacted material, if any, and filtered.
The product was repeatedly washed with methanol and finally dried on air (Yield: 89%).
M.P.:315-316°C. [Cu(L1),]: 'H-NMR (300 MHz, DMSO, 25°C): & (ppm) = 13.10 (s, 1H, OH),
8.26 (d, 1H, CH), 8.70 (s, H, CH), 7.58 (d, H, CH). UV-Vis (DMSO, A__ (nm)): L1: 279, L1-
Cu: 446. AAS. Calculated (1:2): 15.90%; Found: 15.18%.

max

Synthesis of [Cu(L2)Cl,] by the Conventional Method

Copper(II)chloride dihydrate (0.202 g, 1.50 mmol) in MeOH (8 mL) was slowly added at
room temperature to a solution of L2 (0.251 g, 1.50 mmol) in MeOH (90 mL). The mixture
was left at room temperature for 144 h. The turquoise solid product was precipitated in and
washed with acetonitrile (Yield: 41%). M.P.:259-260°C. [Cu(L2)CL,]: !H-NMR (300 MHz,
DMSO, 25°C): & (ppm) = 12.14 (s, 1H, OH), 3.09 (m, 2H, CH,), 2.33 (m, 1H, CH), 2.09 (m,
2H, CH,). UV-Vis (DMSO, A, (nm)): L2: 254, L2-Cu: 654. AAS. Calculated (1:1): 21.05%;
Found: 21.00%.

max

Synthesis of [Cu(L2)CI,] by the Microwave Method

The synthesis was similar to that described for [Cu(L1),]. It used the L2 ligand (0.022 g,
0.13 mmol) and a turquoise solid was obtained (Yield: 82%). M.P.:259-260°C. [Cu(L2)CL]:
!H-NMR (300 MHz, DMSO, 25°C): & (ppm) = 12.14 (s, 1H, OH), 3.09 (m, 2H, CH,), 2.33 (m,
1H, CH), 2.09 (m, 2H, CH,). UV-Vis (DMSO, A__/(nm)): L2: 254, L2-Cu: 654. AAS.
Calculated (1:1): 21.05%; Found: 21.00%.

Synthesis of [Cu(L3),] by the Conventional Method

Copper(II) chloride dihydrate (0.135 g, 1.0 mmol) in MeOH (10 mL) was slowly added, at
room temperature, to a solution of L3 (0.175 g, 1.0 mmol) in MeOH (15 mL). The mixture
was left at room temperature for 144 h. The green solid precipitate was filtered off and
washed with acetonitrile (Yield: 60%). M.P.:>300°C. [Cu(L3),]: H-NMR (300 MHz, DMSO,
25°C): 0 (ppm) = 13.70 (s, 1H, NH), 12.20 (s, 1H, OH), 6.30 (s, 1H, CH) ppm. UV-Vis
(DMSO, A__ (nm)): L3: 257, L3-Cu: 648. AAS. Calculated (1:2): 15.40%; Found: 17.30%.

max
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Synthesis of [Cu(L3),] by the Microwave Method

The synthesis was similar to that described for [Cu(L1),]. It used the L3 (0.023 g, 0.13
mmol) ligand and a green-colored solid were obtained (Yield: 86%). M.P.:>300°C.
[Cu(L3),]: *H-NMR (300 MHz, DMSO, 25°C): & (ppm) = 13.70 (s, 1H, NH), 12.20 (s, 1H,
OH), 6.30 (s, 1H, CH). UV-Vis (DMSO, A__ (nm)): L3: 257, L3-Cu: 648. AAS. Calculated
(1:2): 15.40%; Found: 17.30%.

max

Synthesis of [Ru(L1),(H,0)CI] by the Conventional Method

RuCl;.xH,0 (0.016 g, 0.08 mmol) in MeOH (12 mL) was slowly added at room temperature
to a solution of L1 (0.013 g, 0.08 mmol) and NaOH (0.016 g, 0.04 mmol) in H,0 (10 mL).
The mixture was left at room temperature for one month [11]. The green solid product
which precipitated was filtered off and isolated from the methanolic solution (Yield: 62%).
M.P.:310°C. [Ru(L1),(H,0)CI]: *H-NMR (300 MHz, DMSO, 25°C): & (ppm) = 12.74 (s, 1H,
OH), 9.24 (s, 1H, CH), 8.59 (s, 1H, CH). UV-Vis (DMSO, A__ (nm)): L1: 279, L1-Ru: 447,
AAS. Calculated (1:2): 20.74%; Found: 21.05%.

max

Synthesis of [Ru(L1),(H,0)CI] by the Microwave Method

RuCl;.xH,0 (0.016 g, 0.08 mmol), L1 (0.013 g, 0.08 mmol) and ethylene glycol (2 mL) was
mixed in a porcelain capsule, and they were dissolved in an ultrasonic mixer. The mixture
was irradiated for 20 seconds in the microwave oven with a power of 850W. The capsule was
cooled under tap water. Acetone (1.5 mL) was added into the solution and the mixture was
stirred in 10 minutes. The solution was evaporated and the green product was recrystallized
from ethanol (Yield: 76%). M.P.:310°C. [Ru(L1),(H,0)CI]: *H-NMR (300 MHz, DMSO, 25°C):
d (ppm) = 12.74 (s, 1H, OH), 9.24 (s, 1H, CH), 8.59 (s, 1H, CH). UV-Vis (DMSO, A__ (nm)):
L1: 279, L1-Ru: 447, AAS. Calculated (1:2): 20.74%; Found: 21.05%.

Synthesis of [Ru(L2),(H,0)CI] by the Conventional Method

RuCl;.xH,0 (0.021 g, 0.10 mmol) in MeOH (15 mL) was slowly added, at room temperature,
to a solution of L2 (0.017 g, 0.10 mmol) and NaOH (0.082 g, 2 mmol) in H,0 (10 mL). The
mixture was left at room temperature for one month. The green solid product was filtered
off and isolated from the methanolic solution (Yield: 65%). M.P.:>300°C. [Ru(L2),(H,0)CI]:
'H-NMR (300 MHz, DMSO, 25°C): & (ppm) = 12.74 (s, 1H, OH), 9.48 (d, 1H, CH), 8.93 (s,
1H, CH), 8.12 (d, 1, CH). UV-Vis (DMSO, A__ (nm)): L2: 254, L2-Ru: 385, AAS. Calculated
(1:2): 20.74%; Found: 19.82%.

max

Synthesis of [Ru(L2),(H,0)CI] by the Microwave Method

RuCl;.xH,0 (0.021 g, 0.10 mmol), L2 (0.017 g, 0.10 mmol) and MeOH (15 mL) were added
in a porcelain capsule, and they were dissolved in the ultrasonic mixer. The mixture was
irradiated for 5 minutes in the microwave oven with a power of 850 W. The capsule was
cooled under tap water. The solution was evaporated and the green product was washed
with petroleum ether and recrystallized from acetone (Yield: 78%). M.P.:>300°C.
[Ru(L2),(H,0)CI]: *H-NMR (300 MHz, DMSO, 25°C): & (ppm) = 12.74 (s, 1H, OH), 9.48 (d,
1H, CH), 8.93 (s, 1H, CH), 8.12 (d, 1, CH). UV-Vis (DMSO, A__ (nm)): L2: 254, L2-Ru: 385,
AAS. Calculated (1:2): 20.74%; Found: 19.82%.

max
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RESULTS AND DISCUSSION

The results of the elemental analyses and magnetic susceptibility values of the obtained
compounds are given in Table 1. The complexes are air-stable, have higher melting points,
and are insoluble in H,O and most of the organic solvents except for DMSO and DMF. The
elemental analysis and atomic absorption data of the complexes indicated a 1:2 metal:
ligand ratio for all the complexes except for [Cu(L2)Cl], (1:1). As shown in Table 1,
elemental analyses and AAS results for both microwave and conventional methods are in
agreement with theoretical data. Our proposed structural formulas are given in Schemes 2
and 3.

Fourier Transform Infrared Spectra

The main FT-IR data of the free ligands and their complexes are summarized in Table 2. All
complexes containing H,O or -OH groups exhibited characteristic absorption bands in the
range 3390-3462 cm. The FT-IR spectra of the ligands L1, L2, and L3 displayed absorption
bands at 3092-3111 cm™, 1704-1721 cm™, and 1604-1702 cm are assigned to u(O-H),
u(C=0), and u(C=N), respectively [12]. The spectra of the ligands exhibited broad medium
intensity bands in the range 3092-3111 cm™ which were assigned to the intramolecular H-
bonding vibration (O-H...C). In the spectra of the complexes, these bands disappeared (Figs.
1 and 2), indicating the deprotonation of these groups on coordination with the metal
atoms. In the ligands, the bands at 1704-1721 cm and 1257-1277 cm™! can be assigned to
the u(C=0) and u(C-N) bond vibrations. In the metal complexes, these bands displaced
variations in the frequencies because of coordination of oxygen and nitrogen to the metals.

In all the complexes, the bands at 682-693 cm™!, 728-766 cmt, 408-475 cm™ and 472-519
cm! can be attributed to the u(Ru-O) and u(Ru-N), u(Cu-N) and u(Cu-O) bonds
respectively [13, 14]. In addition, the appearance of bands in the region of 395-486 cm-!
were due to u(M-Cl) vibrations [15].

Magnetic Susceptibility Measurements

The magnetic susceptibility values of the ruthenium(III) and copper(II) complexes with L1,
L2, and L3 ligands were measured at 298 K. Ruthenium(III) complexes were measured as
antiferromagnetic while all other copper(Il) complexes were paramagnetic for bearing
unpaired electrons. The Ru(IIl) complexes displayed antiferromagnetic property, which
involves o interactions between the half-filled, e, orbitals of Ru3* ions [16,17]. The effective
magnetic moments (u) derived from the Curie-law fit were 1.78, 1.83 and 1.96 B.M,,
respectively. These results agree well with the theoretical effective magnetic moment for
Cu(II), 1.73 B.M. and they are comparable with the similar type of complexes in the
literature [18,19].
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Table 1. Analytical data and physical properties of Ru(III) and Cu(II) complexes.

Analytical Data Found %

Compounds (Calculated %)
Conventional M C H N H (BM)
Method
[Cu(L1),] 15.18 37.17 2.93 5.91 1.78
(15.90) (35.97) (2.39) (5.99)
[Cu(L2)CL,] 21.00 26.38 3.05 4.16 1.83
(21.05) (27.50) (2.96) (4.65)
[Cu(L3),] 17.30 27.79 3.21 12.14 1.96
(15.40) (26.84) (2.79) (12.53)
[Ru(L1),(H,0)CI] 21.05 24.11 2.99 4.23 N/A
(20.74) (25.19) (2.10)  (4.20)
[Ru(L2),(H,0)CI] 19.82 24.81 3.22 3.84 N/A

(20.74) (25.19) (2.10)  (4.20)

Microwave Method

[Cu(L1),] 15.18  37.17 2.93 5.91 1.78
(15.90) (35.97) (2.39)  (5.99)

[Cu(L2)Cl,] 21.00  26.38 3.05 4.16 1.83
(21.05) (27.50) (2.96)  (4.65)

[Cu(L3),] 17.30  27.79 3.21 12.14 1.96
(15.40) (26.84) (2.79) (12.53)

[Ru(L1),(H,0)CI] 21.05  24.11 2.99 4.23 N/A
(20.74) (25.19)  (2.10)  (4.20)

[Ru(L2),(H,0)CI] 19.82  24.81 3.22 3.84 N/A

(20.74) (25.19) (2.10)  (4.20)

UV-Visible Spectra

All the Ru(IIT) and Cu(II) complexes showed the characteristic d___. (L) MLCT bands in the
region of 370-700 nm, in addition to the ligand n-n* (L) bands at 279 nm for L1, at 254
nm for L2 and at 257 nm for L3. The UV-Vis absorption spectra of Ru(III) complexes with
L1, L2, and Cu(II) complexes with L1, L2 and L3 ligands were given in Figs. 3 and 4. All
complexes showed the expected absorption bands at the main peaks appearing at A__ =
446, 648 and 654 nm for Cu(II) [20,21], 379, 447 nm and 382, 385 nm for Ru(III),
respectively [22]. These bands may be attributed for the metal to ligand charge transfer

(MLCT) transitions.
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Table 2. FT-IR spectral data of the ligands and their metal complexes (cm1).

Compounds u(OH) u(C=0) u(C=N) u(C-N) u(M-N) u(M-0) u(M-CIl)

L1 3105 1704 1611 1257 N/A N/A N/A
L2 3092 1721 1604 1267 N/A N/A N/A
L3 3111 1714 1702 1277 N/A N/A N/A
Microwave
method
[Cu(L1),] 3396 1725 1635 1257 422 472 N/A
[Cu(L2)CL,] 3390 1720 1640 1281 475 546 395
[Cu(L3),] 3462 1722 1648 1290 408 519 N/A
[Ru(L1),(H,0)CI] 3441 1729 1636 1248 766 690 473
[Ru(L2),(H,0)CI] 3429 1730 1652 1288 736 690 470
Conventional
Method
[Cu(L2)Cl,] 3390 1725 1635 1257 422 472 N/A
[Cu(L1),] 3396 1720 1640 1281 475 546 395
[Cu(L3),] 3462 1722 1648 1290 408 519 N/A
[Ru(L1),(H,0)CI] 3441 1729 1636 1248 766 690 473
[Ru(L2),(H,0)CI] 3429 1730 1652 1288 736 690 470

Table 3. Comparison between conventional method (CM) and microwave method (MM).

Compounds Yield (%) Solvent (mlL) Time

CM MM CM MM CM MM
(days) (min)
6 3

[Cu(L1),] 48 89 50 5
[Cu(L2)Cl,] 41 82 100 5 6 3
[Cu(L3),] 60 86 25 5 6 3

[Ru(L1),(H,0)Cl] 62 76 25 2 30 1/3
[Ru(L2),(H,0)Cl] 65 78 30 15 30 5
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Figure 3. UV-Vis Spectra of compounds L1, L2, L3 and their Cu(II) complexes using
microwave (top) and conventional methods (bottom).
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Figure 4. UV-Vis Spectra of compounds L1, L2, and their Ru(III) complexes using microwave (top)
and conventional methods (bottom).
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1H-NMR and 13C-NMR

1H-NMR spectra were consistent with the proposed structures. The 'H-NMR spectral data of
the ligands and their corresponding Cu(II) and Ru(III) complexes were recorded in DMSO by
employing TMS as an internal standard. The 'H-NMR spectra of the ligands (L1, L2, and L3)
exhibited aromatic signals at & 8.13-9.30, & 8.59-9.08 and & 6.3 ppm, respectively. The
protons of -OH groups of the ligands gave signals at & 12.14-13.2 ppm. In the spectra of
their metal complexes, these intension signals were reduced. The 'H-NMR spectrum is
shown in Fig. S1 (Supporting Information). These results showed that the chelation of the
ligand moiety is via one of the carboxyl groups. In the spectra of the L3 ligand and its Cu(II)
complex, the -NH proton signals appeared at & 13.70 ppm, indicating the bonding of the
other nitrogen atom [9]. !3C-NMR spectral data for the complexes could not be obtained
since they have paramagnetic character. Comparison of the microwave and conventional
methods were given in Table 3. For the microwave assisted synthesis, 0-5 minutes were
required for the reactions to complete. While using the conventional method, the reaction
time was six days for the Cu(II) complexes and 30 days for Ru(III) complexes. The product
yields were less in the conventional method as compared to that of the obtained complexes
by the microwave synthesis. For the microwave synthesis, between 2-15 mL of solvent was
consumed in the reactions, while this amount was 25-30 mL in the conventional method.
Although [Cu(L1),] was synthesized in 48% yield by the conventional method, the reaction
occurred in a few minutes by 89% yield by microwave method.

CONCLUSION

Herein, ruthenium(III) and copper(lI) complexes were obtained by both microwave and
conventional methods and were characterized by UV-Visible, FT-IR, 'H-NMR, AAS, elemental
analysis, and magnetic susceptibility techniques. Single crystals of the synthesized
compounds could not be isolated from any solution; thus no definite structure may be
described. Assuming the analytical data and spectral studies, the ligands coordinated to the
copper(Il) and ruthenium(III) metals in a bidentate manner as square planar and octahedral
geometry, respectively. We compared these methods in terms of the reaction time, amount
of solvent, and reaction yield. The salient features of microwave method include the simple
reaction set-up, mild reaction conditions, and short reaction times. Because of these
advantages, the method is more efficient and environmentally friendly for the synthesis of
the related metal complexes.
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DIKARBOKSILIK ASIT GRUPLARI ICEREN Cu(II)/Ru(III)
KOMPLEKSLERININ KONVANSiYONEI: VE MIKRODALGA DESTEKLI
SENTEZ VE KARAKTERIZASYONLARI

Oz: Bu calismada, 2,4-piridindikarboksilik asit (L1), 3,5- piridindikarboksilik asit (L2) ve
3,5-pirazoldikarboksilik asit (L3) ligandlar kullanilarak konvansiyonel ve mikrodalga
yontemleri ile Ru(III) ve Cu(II) metal kompleksleri sentezlenmistir. Mikrodalga ve
konvansiyonel yontemlerinin kiyaslanmasi icin yapilan bu calismada yontemlerin birbirlerine
gore farkhliklari, tepkime slresi, ¢ozlici miktari ve verim acisindan dederlendirilmistir.
Tepkime siresi uzun saatlerden birkag dakikaya kadar Onemli derecede azaltilmistir.
Mikrodalga ydntemi ile gok daha az ¢dzlcl kullaniimasi sonucunda yutksek verimlerde
kompleksler elde edilmistir. Sentezlenen komplekslerin yapilari FT-IR, UV-Vis, AAS, 1H-NMR,
elementel analiz ve manyetik duyarliik teknikleri ile karakterize edilmistir. Analiz sonuglari
bakir ve rutenyum komplekslerinin sirasiyla kare diizlem ve dlzgin sekizylzli geometrilere
sahip oldugunu gostermistir. Cu(II) ve Ru(III) metal kompleksleri mikrodalga isinina maruz
birakilarak kolay bir sekilde sentezlenmistir.

Anahtar Kelimeler: Mikrodalga sentez, Inorganik-organik hibrit, Rutenyum(III) ve
Bakir(II) kompleksleri.

Gonderilme tarihi: 22 Subat 2016, Kabul tarihi: 04 Mayis 2016.
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INTRODUCTION

The separation of copper in an industrial environment mainly uses the technique of liquid-
liquid extraction with complexing agents. This method is used in many chemical processes
for the production of inorganic salts such as chlorides of copper or cobalt. There are a wide
variety of complexing agents and separation conditions to effect the liquid-liquid extraction
of copper. These extractants are mostly organic phosphoric acids which have the ability to
complex with nickel, copper or cobalt. The separation is performed using two phases; an
organic that has a high affinity for complexing agent and an aqueous phase. The organic
phase is the most commonly used jet fuel. It is necessary to adjust with high accuracy the
parameters such as pH, the concentration of complexing agents, and the addition of salts to
optimize the separation.

Carboxylic acids are organic molecules. The carboxylate of the higher fatty acids with the
metal ions have many applications in different industrial areas such as driers in paints, the
components of lubricating greases, stabilizers of plastics, catalysts, additives to fuels, as
well as corrosion preventive materials (promoters of rubber-steel cord adhesion) [4], etc.
Therefore, metal carboxylates have promising applications depending upon the metal used
to make the complex.

EXPERIMENTAL SECTION

Reagents

Decanoic acid (98%, Fluka) was used as purchased. Chloroform was pre-equilibrated with
an aqueous solution which did not contain copper(ll). The ionic strength of the aqueous
medium was assumed to be unity ([Na,SO,]= 0.33 M). The initial concentration of copper
was 100 ppm.

Materials and measurements

Conductivity measurements were performed at 25+1°C on a DDSJ-308A conductivity meter
with an electrode. The cell constant was determined by use of KCl standard aqueous
solution. The molar conductivity (AM) of the complexes was measured using a 2.0-1073
mol.dm~3 solution in dimethyl formamide (DMF). X-ray diffraction was carried out on a
Bruker SMART 1000 CCD area diffractometer. An electron microscopy (SEM) coupled energy
dispersive spectrometer-based (EDX) microanalysis was performed in chemical composition.
Electronic spectra of complexes in chloroform (CHCI;) were obtained using a SHIMADZU UV
VISIBLE1240 spectrophotometer in the range of 1200-300 nm. Infrared spectra of the
ligands and their metal complexes were measured using KBr discs with a Fourier transform
infrared spectrometer (SHIMADZU FTIR 8400) covering the range 4000-400 cml.
Thermogravimetry (TG 70/217) Thristor-Power supply linse thermal analyzer was used to
record simultaneous DTG and DTA curves in a static air atmosphere, at a heating rate 10°C
min-! in the temperature range 0-500°C using a platinum crucible.

Extraction and analytical procedures

An aqueous copper solution (30 mL, 1.57x103 M) was placed in a thermostated vessel at
25 £ 0,05 °C. The solution contained an equal volume of chloroform solutions containing
1x1073- 4x102 M of decanoic acid.
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The time was sufficient since the equilibrium was reached rapidly. After equilibrium, both
phases were allowed to stand for more than 20 min for a complete phase separation. The
pH of the solution was adjusted to between 4 and 8 by adding a few drops of 0.2 M NaOH.
The metal ion concentrations were determined in aqueous phase photometrically at 810 nm
using a Philips UV-VIS SP6-36. The metal ion concentrations in the organic phase were
calculated from the difference between the metal ion concentrations in the aqueous phase
before and after extraction.

RESULTS AND DISCUSSION

Extraction equilibrium of copper(II) with decanoic acid

Decanoic acid is known to exist as a dimer in the solvent of low polarity such as chloroform,
hexane, toluene, and benzene [3]. The extraction of the metal, by a dimerized decanoic
acid, (HL),, in chloroform can be represented by the general equation:

_ jn+p) Kexz :
JM** + === (HL)org — (MLyp(HL))org + jnH* (1)

Where the subscript org corresponds to organic phases, and j is the degree of
polymerization of the complex;

M : Metal

(HL), extractant in dimeric form in the solvent of low polarity;

n: cationic charge;

org : organic phase

Ko : Cconstant of extraction

p : number of monomeric acid contained in the complex.

The extraction constant can be written as the following expression:

_ [(Man(HL))Wg][H+]fn
MY [(HD) gy ] TP

(2)

The distribution coefficient D of the metal between the organic and aqueous phases may be
expressed as follows:

D

_ C.org _ Z jIML, HLp]org

- Ci,aq [Cu**]ay (3)

a

= Z Z (jKex(i'ah)[Mn+]aq U_l)a.’-f_l[(HL)z]org b [H+]_n’f)

i

(4)
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Where M, and M,, are the total concentrations of the metal in the organic and aqueous
phases, respectively, and the side reaction coefficient allowing for metal complex in the
aqueous phase. If only (MLn(HL)p)j is responsible for the extraction system, equation (5) is

derived from equation (4).

n+p . '
2 log[(HL)2]org —njlog[H*] — logay + logj (5)

logD = (j —1)log[M"*]., +
+logK,,

Extraction of copper(II) with decanoic acid

The stoichiometry of the extracted species was determined by analyzing the experimental
data. The conventional slope analysis method was used. The experimental results are
arranged according to equation (5).

Figure 1 shows the results obtained for the extraction of copper(Il) with solutions of
various decanoic acid concentrations. The degree of extraction of copper(II) increases with
increasing pH and decanoic acid concentration. The plots of logD versus pH for various
concentration of decanoic acid are straight lines with slopes equal to two (n=2), This
suggests full neutralization of copper(1I) valence leading to release of two protons as given
by equation (6). The data in Figure 1 also reveal no dependence of copper distribution
upon the aqueous copper concentration, thereby confirming the monomeric nature of the
extracted complex (j=1, a.,=1).

1E - [Hll_j=-:'.-:'-H.’ ' ' '
- m [HL]= 0.02ZM

1e m  [HL]=0.08M ]

% 0.4 —_
pH
Figure 1. Extraction of copper (II) with decanoic acid.
2+0p
2+ — + (6)
Cu™ + E (HL)ZMQ <= CuLZ(HL)Porg + 2H
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Under the present experimental conditions, the concentration of metal in organic
phase is negligible when compared to the concentration of extractant, therefore,
concentration of the dimer was calculated as [(HL),] = [HL] / 2. According to
equation (4), the number of capric acid molecules involved in the monomeric species
can be determined from the slope of the plots of (log D) against Iog[(HL)z]Org at
constant pH. The plots of log D versus log [(HL)Z]org at constant pH values were also
linear with a slope of (2+p) / 2 = 2, i.e., p = 2, as shown in Figure 2. This suggests
that two molecules of dimeric decanoic acid take part on the extraction of one ion of
copper. This means that only the complex Cul,(HL), is extracted into chloroform [18].

The same type of extracted species was reported for the extraction of copper(II) with
cyclopentylacetic acid [4] and a-bromostearic acid [5] in benzene. The complex
formed has a structure of an adduct, in which particular places in the coordination
sphere of copper ion is occupied in total by four molecules of the extractant.

_— I T T T
- B pH=57
05 ¥ pH=573
. pH= 5.4 |
e i
LR ‘
[
m
= J
- s |
-1 &
T T T T T T T T T T
2.4 -z -13 - -1.2
Log HL

Figure 2. Effect of pH on the extraction of copper(II) with decanoic acid in
chloroform.

The logarithmic value of K_ of copper(II) can, therefore, be calculated for each
experimental point (logK_ =-7.2).
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Preparation of the complex

The organic solution of copper(II) carboxylate was prepared by solvent extraction from an
aqueous CuS0O,.5H,0 solution. During the extraction operation, the aqueous solution pH
was adjusted at around pH 7 by the addition of dilute by a hydroxide solution. The initial
concentration of copper(Il) was 0.02 M. The initial concentration of free decanoic acid in
the organic phase was 0.1 M. The single-metal carboxyl at solutions were washed with
distilled water to remove residual anions and then passed through glass fiber paper and
phase separating paper to remove physically entrained water. The precipitates were
characterized by X-ray diffraction (XRD) analyses.

Microanalysis of complex copper(II) decanoate ( EDX)

Electron microscopy (SEM) coupled with energy dispersive spectrometer microanalysis
(EDX) is used in the chemical composition was also performed. Figure 3 is the composition
of the different complex.

clledax32'genesis'genspc.spc 07-Feb-2011 13:51:13
Chlorite (Hrm.%= 38.86, 20.96, 34.83, 1.14, 3.84, 0.28) LSecs : 10
277
221 —

=

Cu

166 —
110 —

D
55 — Cu
0 — — | T T T T T T

3.75 8.00 12.25 16.50 20.75 25.00 29.25 33.50 3T7.75
Energy - keV

Figure 3. EDX pattern of copper (II) decanoate complex.

The contents of C, O, Cu(II) were determined by elemental analysis as shown in Table 1 [6].
Table 1. The analytical data of complex copper decanoate at 25 °C.

Element Wt % At %

L=C,,H,,0
CK 4.70 20.46
oK 0.46 1.49
CuK 94.84 78.04
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X-Ray Diffraction

The measurement of lattice parameters of the powders was carried out using a Bruker D8
model type diffractometer with copper anticathode A, = 1,54 A. The recording condition
and 0.04 ° / 5 s to 20 taken between 10° and 90° is shown in Figure 4. The crystallographic
data for the complex and oxide of copper are listed in Table 2.

| oxide of copper |

irtensity
1

complex of copper decanoate

ntensity X%

Figure 4. XRD patterns of complex copper(Il) decanoate (top) and oxide of copper
(bottom).
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Table 2. Data of structure copper decanoate complex.

Copper(11) decanoate Cu,0
complex
Crystal system monoclinic Cubic
Space group P2,/N PN3M
a (R) 11.24 4.2494
b (A) 4.68 4.2494
c (R) 10.24 4.2494
a (°) 90 90
B (°) 92 90
y (°) 90 90
V (A3 °) 538 76.732
(h, k, ) 2<h<4 ,0<K<2, 1<h<4 0<h<2 ,0<K<2, 1<h<3

Molar conductivity measurements

Molar conductance value of the complex copper decanoate is found to be in the range 20.1-
21.7 S. cm2.mol in a dimethyl formamide (DMF) solution which proposes a non-electrolytic
nature [7].

UV- Visible Spectra

The electronic absorption spectra of complexes were recorded in the range from 1200 to
400 nm at room temperature. The electronic absorption spectra are often very useful in the
evaluation of results from other structural survey methods. Electronic spectral
measurements were used to assign the stereochemistry of the metal ion in the complex
based on the positions and the number of d-d transition peaks. Complexes’ electronic
absorption spectra were recorded in the range of 1100-400 nm, at room temperature. The
electronic spectrum of the solid state of copper(Il) has complex characteristics of Cu2* ion
octahedral environment of the strip is in the ranges from 690 to 680 [8, 9]. These
transitions are characteristics of octahedral geometry of the metal atoms [10,11].

Infrared spectra

Fourier Transform Infrared spectra of the ligand and complex were recorded on Perkin Elmer
Spectrometer Model -UMCAM FT.IR- 8400s using KBr pellets. The studied wavelength range
from 4000 - 400 cm™t, corresponds to the mid-infrared region. The infrared spectrum of the
ligand shows a band at 3411 cm™ can be attributed to the OH group. This band is absent in
copper complex's spectrum and there is a strong C = O band at 1710 cm-!, the bands were
allocated to the asymmetric and symmetric vibrations of OCH; groups occurring at 2920
and 2849 cm!, respectively (Figure. 5). In the FTIR spectra of copper decanoate, the band
at 1711 cm™! disappears, which indicates that C=0 group is not present in the analyzed
complex [14].
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Absorptions in the range of 1688-1678 and 1394-1352 cm™! correspond to asymmetric and
symmetric v(COO") frequency bound to metal carboxylate. The great difference in
frequency Av(COO-) (Av > 200 cm™) is indicative of monodentate coordination via both
carboxylate groups [11, 12]. The copper complex shows strong bands in the region of
3420 and 3450 cm™ range assignable to v(O-H) stretching vibrations of coordinated water
molecules [7, 14]. The small bands of copper(II) to 478 cm! result from vibration v(M-0)
expansion.

Analyses by thermogravimetric and differential A.T.G - A.T.D) precursor

In order to estimate beforehand calcination temperature for obtaining a well-crystallized
oxide, the complex precursor was analyzed by thermogravimetric (T.G.A.) and differential
temperature analysis (D.T.A.) respectively. On a Linseis 1600 type apparatus, a stream of
air and in a temperature range of from ambient temperature to a temperature of 500 °C,
using a heating rate of 10 °C / min was analyzed for our sample. The result for the
composed precursor developed in ethanol as the solvent is represented in Figure 5. The
thermal data of the complex are listed in Table 3. The composition of the intermediates
and final products are those which best fit with the mass loss observed in the TG studies.
Thermogravimetric results are in good agreement with the corresponding DTA data. The
curves TG / DTA suggest the presence of [Cul,(HL),.2H,0] complex. The weight loss
observed between 20 and 200 °C, corresponding with an endothermic peak at 100 °C is
due to dehydration with a loss of two molecules of water (3.3%). The thermal
decomposition is produced in two stages between 200-500 °C and may be observed that
three exotherms and endotherm to two (300, 340 and 420 °C), respectively. The final
residue, found to be Cu,0, had an observed mass of 89.9% [11, 19].

.......................................................................

____________________________________________________________________

1315.87
i

344763
'

--------------------------------------------------------------------------------

-----------------------------------------------------------------------------------------------

-----------------------------------------------------------------------------------------------------------------------

________________________________________________________________________________________________________________________

| 2920.76
1 .

\
1583.85
]

i | | i | | | | | |
T I 1 T 7T | T 1 T 71 | T 1 T I L T T 1 71 | T 17T | L | T T 7T | 1 17T | T T T 7T | LI B B | T 1 17T
3200 2800 2400 2000 1800 150 1408 1200 1008 200 &30 4

o
=
it
-

Figure 5. The infrared spectrum of copper decanoate complex.

Page 125



Rehali and Barkat, JOTCSA, 3(2), 117-130. Research article

Table 3. Thermal decomposition data of copper(Il) complex with decanoic acid.

Complexes T/°C Mass loss / % DTA / °C intermediate color of the
product solid
[Cu(L2)(HL),].2H,0  20-200 3.3 100 Cu(L,)HL, blue
200- 89.9 exo / 420, 340, Cu,0 black
500 300

Particle size analysis

The particle size distribution depends on the diameter of the grains. They were chosen in
order to show the influence of the complex on the particle size, made by laser
granulometric method, showing the existence of two populations of medium sized complex
copper decanoate, shown in Figure 6, representing a distribution of grain size in a range of
sizes between 0.02 and 2000 pym (the first population of volume distribution of 2.83% and
grain size 316.979 pum and second population is the volume of distribution of 3 to 84% and
of size grains is 502.377178 ym. The main characteristics that can be extracted from
analysis of the particle size complex are summarized in Table 4.

Table 4. Analysis of complex copper decanoate size distributions.

Average complex d (0.1 pm) d (0.5 pm) d (0.9 pm)
volume (um)
[Cu(HL),L,]1.2H,0 6.465 77.891 168.468
230.134

Conclusion

Thus on the basis of above mentioned studies, it is proposed that the ligand is decanoic
acid. The geometry of copper decanoate complex is proposed to be octahedral on nature as
given of structure present (see Scheme 1).
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Scheme 1. Structure of the copper decanoate complex.
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BAKIR(II) DEKANOAT KOMPLEKSININ EKSTRAKSIYONU VE
SPEKTROTERMAL CALISMALARI

Oz: Bakir(II) iyonunun 0,33 M Na,SO, sulu gézeltilerinden dekanoik asit (HL) ile kloroform
icinde ve 25 °C'de ekstraksiyonu calisiimistir. Dekanoik asit tek basina kullanildigi zaman
ekstrakte olan tir Cul,.2(HL).2H,0'dur. Bakir kompleksi sentezlenmis ve elementel analiz,
kizilétesi spektrumlari, elektronik spektrumlar, X-isini sagilmasi (XRD), laser parcacik boyutu
analizi ve molar iletkenlik dlgimleri ile karakterize edilmistir.

Anahtar kelimeler: Dekanoik asit, metal karboksilat, ekstraksiyon sivisi, yapisal calisma.
Gonderilme 09 AJustos 2015. Diizenleme: 06 Kasim 2015. Kabul: 17 Nisan 2016.
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Abstract: Valonia oak (Quercus ithaburensis sp. macrolepis), a fruit of Valonia, which is
naturally and widely grown in the western Anatolian region in Turkey, is rich in tannin.
They include hydrolyzable tannins used in many areas called Valex. Iron(III) complex
with Valex was synthesized and characterized using various techniques. Stoichiometry of
the complex was determined to be M,L at pH 4.4 with the stability constant (K) of 1.5 x
108 L?mol2. The antioxidant, antimicrobial, and antifungal activity of the Fe(III)-Valex
complex was studied. The anti-oxidant activity of Fe(IlI)-Valex complex was determined
based on the 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical scavenging activity and
butylated hydroxyanisole (BHA) and butylated hydroxytoluene (BHT). The antimicrobial
activity of the complex was also determined by the disc diffusion test for five different
bacterial cultures and one fungus. The Fe(Ill)-Valex complex was found to have
antioxidant activity but did not show any antimicrobial and antifungal activity against the
tested microorganisms.
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INTRODUCTION

In our diets, tannins are other mixtures of biodegradable polyphenolic compounds. Tannins
are a large part of the plant kingdom, containing the natural products. Tannins are complex
mixtures of polyphenolic compounds and extracted from plants like chestnut, valonia oak,
etc. They constitute a much diversified group of plant secondary metabolites in terms of
structural, physicochemical, and biological properties. Tannins have also been described as
oligomeric compounds with multiple structure units with free phenolic groups. Generally,
tannins are classified into two broad groups; the hydrolyzable and condensed tannins [1].
Tannins are cyclic structures and have hydroxyl groups (-OH); this allows complex formation
with metals such as thorium (IV) [2], uranium [3], hexavalent chromium [4], cadmium,
mercury [5], copper [6-8], gold [9, 10], silver, palladium [11], lead [12, 13], vanadium(III)
[14] and iron [15-18]. Also many biological activities, antioxidant and antimicrobial
activities have been reported for plant tannins [19, 20], and current articles about tannins
are still being published. Antioxidant properties of tannins are due to their free radical
scavenging activity [21-23], but their ability to chelate transition metal ions also plays an
important role. DPPH radical scavenging activity is a rapid, simple, and inexpensive method
for determining antioxidant activity in an indirect manner. Antimicrobial activity of plant
phenolics had been studied and the controlling invasion and growth of plant pathogens,
their activity against human pathogens has been investigated to characterize and develop
new healthy food ingredients, medical compounds and pharmaceuticals [19, 24].

Valonia oak fruit of Valonia (Quercus ithaburensis sp. macrolepis), being naturally and
widely grown in the western Anatolian region of Turkey, is rich in tannin. They include
hydrolyzable tannins used in many areas (in leather trade, pharmacy, painting and
electrostatic spray painting etc.) known as Valex.

In this work, the Fe(Ill)-Valex complex was synthesized and its structure has been
characterized by magnetic susceptibility, FT-IR, TGA, XRD, ESR and XPS analysis methods.
The stoichiometry and stability constant (K) of the complex were determined. Its
antioxidant antimicrobial and antifungal properties were examined with Valex.

EXPERIMENTAL

Materials

Valex was obtained from the Balaban Company from Salihli/Manisa-Turkey. The content of
Valex was determined by the Filder method and it was found to contain the following:
tannins, 68-70%; non-tannins, 25%; undissolved materials, 1.10-1.15%; moisture: 4.05-
5.50% [25]. Both iron(III) chloride hexahydrate (Merck 103943) and Valex were prepared
in acetic acid (Merck 100063) / sodium acetate trihydrate (Merck 106265) buffer solution
for the Fe(III)-Valex complex. All the other chemicals used in this study were of analytical
grade. Working solutions were freshly prepared from the stock solutions.
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Synthesis of Fe(III)-Valex Complex (Stoichiometry and Stability Constant)

The calculated concentrations of Valex and Fe(III) solutions were mixed to form the complex.
Valex powder (2.4 mg) corresponding to tannin powder (1,7 mg or 1x10°® mol of tannin) and
Fe(III) (103 M) solutions were prepared with acetate buffer (0.2 M acetic acid / 0.2 M sodium
acetate) of pH 3.6, 4.4, 5.0 and 5.6. The pH range from 3.6 to 5.6 was selected, because at
a lower pH, iron is in the Fe(II) form and at higher pH the precipitation of Fe(OH), occurs. A
mixture of equal amounts of these solutions has enabled the formation of the complex. The
mixture was stirred mechanically at room temperature for one day. The formed precipitate
was separated from the supernatant phase. The precipitate was washed with distilled water,
dried under vacuum, and recrystallized from acetone before characterization. The melting
point of Fe(III)-Valex complex was determined as 261 °C by using a melting point apparatus.
After selecting the optimum pH value (pH=4.4) for the complexation, Valex and Fe(III)-Valex
absorption spectra were recorded between 200-800 nm to determine the A_, . The
stoichiometry of the Fe(III)-Valex complex was determined by Slope Ratio method. Two series
of experiments were prepared for the application of this method. In the first experiment, the
Valex concentration was kept constant (2 x 10-3 mol dm=3) while the Fe(III) concentration was
increased over (0.6-3.0) x 10* mol dm=3 range in a regular way. In the second experiment,
the Fe(III) concentration was kept constant (2 x 103 mol dm-3) while the Valex concentration
was increased over (0.6-3.0) x 10* mol dm=3 range in a regular way. The absorbances of the
solutions were plotted against the concentration of the metal or ligand component. The
obtained lines have different slope values. The first and second experiment slope values were
equal to molar absorptivity constants of metal (g,) and ligand (g ), respectively. The ratio of
the Fe(III) to Valex (Metal/Ligand) was calculated from the ratio of the molar absorptivity
constants (g,/g)).

The stability constant of the complex was calculated according to the Equation 1 [18]:

2M + L --> M,L, K, = [M,L]/ [M]? [L] (1)

The characterization of complex was performed after the determination of the stoichiometry
and stability constants of Fe(III)-Valex Complex.

Characterization Techniques

All spectrophotometric measurements were performed with a Shimadzu 1601 UV-Vis
spectrophotometer. The pH was measured with a Denver 215 model pH meter and a Heidolph
MR standard magnetic stirrer was used during the experiments.

FT-IR analyses of Valex and Fe(III)-Valex complex were performed with Perkin-Elmer
Spectrum BX-II Model FT-IR spectrophotometer. FT-IR spectra of the samples as KBr pellets
were recorded in the range of 4000 and 400 cm™?, at a resolution of 4 cm™! and an average of
50 scans.
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Thermogravimetric analyses (TGA) of the samples were carried out with a Perkin Elmer
Diamond TG/DTA Analyzer. The analyses were made in platinum pans under a dynamic
nitrogen atmosphere in temperature range of 50-1000 °C at a heating rate of 10 °C min!.

The X-ray diffraction patterns (XRD) of the samples were recorded with oriented mounts, in
a Philips X'Pert Pro X-Ray diffractometer using Cu Ka radiation at 45 kV and 40 mA in the 26
range of 2-60°.

The Electron Spin Resonance (ESR) spectra was measured using a Bruker ELEXSYS E580
model spectrometer for the Fe(Ill)-Valex complex under the conditions of microwave
frequency, 9.86 GHz; field amplitude, 100 mT; modulation frequency of 100 kHz, microwave
power 5 mW, and the time constant, 0.01 s.

Magnetic Susceptibility measurement was carried out with Balance Sherwood Scientific. The
complex magnetic susceptibility measurements were carried out at 293K and it was
calculated by the following Eq. (2). In Equation 2, p is the magnetic moment, X, is the
molecular weight of complex and T is the temperature (K).

b= 2.84 (X, T)¥? (2)

X-ray photoelectron spectroscopy (XPS) analysis methods were performed by using non-
monochromated Thermo Scientific K-ALPHA radiation and they were acquired with analyzer
pass energy of 150 eV.

The melting point of Fe(IlI)-Valex complex was measured by using a digital melting point
apparatus BI 9100 Barnstead/Electrothermal.

In vitro antioxidant activity of the Valex and Fe(III)-Valex complex

The antioxidant property of the Fe(IIl)-Valex complex was compared with Valex. The free
radical scavenging activities of Valex and Fe(IlI)-Valex complex were determined by using
DPPH (Aldrich D9132) method [26]. BHA (Sigma B1253) and BHT (Sigma B1378) were
used as controls. All samples were reacted directly and quenched with DPPH radicals to
different degrees with increased activities in a concentration-dependent manner. In the
DPPH assay, 50 pL samples (5-50 pg/mL) were mixed with 50 pL of 500 pyM DPPH in
ethanol (Sigma-Aldrich 32221) and kept in the dark for 40 minutes. The absorbances of the
mixtures were measured at 492 nm. The DPPH radical scavenging activity was determined
based on percentage inhibition of absorbance, which was calculated using the following Eq.
(3):

DPPH radical scavenging activity (%) = [(A,-A;) / A,) x 100] (3)

In Equation 3, A, is the absorbance of the control reaction and A, is the absorbance in the
presence of the samples.
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Antimicrobial and Antifungal Activities of the Valex and Fe(III)-Valex
complex

Antimicrobial activity of samples was assayed by the disc diffusion susceptibility test
according to the recommendation of the NCCLS methods [27]. Mueller Hinton Agar was used
in the antimicrobial susceptibility testing by the Disc diffusion test. Escherichia coli [ATCC
259221, Staphylococcus aureus [ATCC 25923], Streptococcus pyogenes [ATCC 19615],
Pseudomonas aeruginosa [ATCC 27853], Bacillus subtilis [ATCC 11774] were used as the
bacteria and Candida albicans [ATCC 10231] was used as a fungus. Standard discs of
amoxicillin / clavulanic acid (30 pg/disc), ofloxacin (5 ug/disc), netilmycin (30 pg/disc),
erythromycin (15 pg/disc) and amphotericin B (30 pg/disc) were individually used as positive
controls.

RESULTS AND DISCUSSION

Characterization of Fe(III)-Valex Complex UV analysis (Stoichiometry and
Stability Constant)

The experiments were carried out in the range of acetate buffers of pH 3.6, 4.4, 5.0, and
5.6. The UV-Vis spectra were presented in Figure 1. As can be seen from Figure 1, the
pH=4.4 was selected as the optimum pH for the complexation. All other experiments were
performed with this buffer. UV-Vis spectra of 10 mol dm-3 Valex and 103 mol dm=3 Fe(III)-
10" mol dm-3 Valex dark violet complex at pH=4.4 were shown in Figure 2. The peak at 221
nm and a shoulder at 252 nm were observed in the absorption spectra of Valex. These peaks
assigned for n-n* transitions which was due to aromatic units and C=0 groups in UV region
(200-400 nm) [28]. In the absorption spectra of Fe(IlI)-Valex complex, two absorbance
peaks were observed at 221 and 575 nm. The shoulder of Valex at 252 nm shifted to 273 nm
due to the formation of Fe(IIl)-Valex complex. New absorbance peak observed at 575 nm
was assigned to the complex peak in the visible range [29]. This may be assigned to the
ligand-to-metal charge transfers energy (LMCT) between Fe(III) and Valex [30].

1,000 , :

pH=4.4

U,UUD 1 1 1 1

400,0 600,0 800,0
Wavelength [hm.)

Figure 1: UV-Vis. spectra of Fe(III)-Valex at different pH of acetate buffer.
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Figure 2: UV-Visible spectra of Fe(IlI)-Valex at optimum pH=4.4.

For the stoichiometry of Fe(Ill)-Valex complex, the slope ratio method was used at pH=4.4
and molar absorptivity constants of Fe(III) (g,=2110) and Valex (g, =1170) were obtained
from the two series of experiments at A__ = 575 nm. The ratio of the molar absorptivity
constants of the Fe(III) and Valex was calculated as €M/eL=1.8 (=2). The results obtained
using slope ratio method indicates that the stoichiometry of Fe(III)-Valex complex is 2:1
ratio. An interaction between Valex and Fe(IIl) is important to understand the metal-ligand
behavior. The M/L ratio or pH could be changed significantly the coordinated species in the
solution [31-33].

Stability constant (K) of Fe(III)-Valex complex was calculated as 1.5 x 108 L? mol? at pH=4.4
(A ,2x= 575 nm). This high stability constant reflected that Valex had very high affinity to the

Fe(III), so they form a highly stable complex.

FTIR analysis

The FTIR spectra of Valex and Fe(IlI)-Valex were shown in Figure 3. In all spectra, the wide
bands in the region of 3600-3000 cm~! were due to the -OH stretchings. The characteristic
phenolic -OH groups were intensively presented within the nature of Valex. A weak band was
observed at the 2929 cm~! due to aliphatic C-H stretching vibrations of Valex [34]. The band
at 1736 cm~! in the spectrum of Valex was related to carboxyl-carbonyl groups. The
absorption band at 1607 cm~! was due to aromatic -C=C- bonds and the band at 1448 cm~!
was due to C-C deformation vibrations in the phenolic groups. The bands at 1332 cm~! and
1043 cm~! in the spectrum of Valex were attributed to phenol groups. The aromatic C-H
deformation bands were observed at 1186 cm~!. The deformation vibrations of the C-H bonds
in the benzene rings also gave weak absorption bands between the ranges of 900-550 cm~1.
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Figure 3: FTIR spectra of Valex and Fe(III)-Valex.

When the spectrum of Valex was compared with the spectrum of the Fe(III)-Valex complex,
similar but some distinctive features were observed by the formation of the complex.
Several bands were not only shifted slightly, but also reduced in intensity because of
complex formation between metal ions and phenolic groups of Valex [35]. The broad band
at 3272 cm~! in Valex spectrum was shifted to 3389 cm™ and the shape of this wide band
was changed in the Fe(III)-Valex complex spectrum. The weak band at 2929 cm~! was
shifted to higher frequencies. The relative intensities of the bands of Fe(III)-Valex complex
between 1750 and 1000 cm~! region were shifted and remarkable changes were observed
in the shapes of these bands. The intensities of the bands at 1736 cm™ and 1607 cm™!
which were related to carboxylic acid group (-C=0) and -C=C- vibrations were reduced and
the band at 1736 cm™ was shifted to 1733 cm™. The -OH bending band at 1448 cm™!
became imperceptible in the Fe(IlI)-Valex complex spectrum. This can be a consequence of
the formation of the Fe(III)-Valex complex involving the chelation with the hydroxyl groups.
The bands at 1332, 1186, 1043 cm~! were respectively shifted to 1360, 1181 and 1047
cm~! and the intensities of these bands were reduced as compared within the Fe(III)-Valex
complex spectrum. The Fe-O stretching vibrations were located in the region of 700-400
cm [36, 37]. In the spectrum of Fe(III)-Valex, a very broad band at 609 cm and the
band at 765 cm! may be attributed for Fe-O stretching vibrations. However, significant
changes in the band intensities were observed in the range of 1750 and 1000 cm™! region
on Fe(III)-Valex complex spectrum by the complexation of Fe(III) with the Valex.
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TGA analysis

The TGA thermograms of Valex and Fe(III)-Valex complex were presented in Table 1. The
TGA profiles of Valex and Fe(Ill)-Valex complex showed three steps, and four steps were
shown for thermal decomposition, respectively. The first step of mass losses could be
attributed to evaporation of adsorbed water and the other steps were due to thermal
decompositions of the samples. Evaporation of adsorbed water was carried out
approximately at 83°C with 5% and 4% for Valex and Fe(III)-Valex complex, respectively.
The second step of Valex and Fe(III)-Valex complex occurred at approximately 270°C with a
mass loss of 31% for Valex and 35% for Fe(Ill)-Valex complex. This corresponded to
decarboxylation or may be attributed to partial decomposition of Valex and Fe(III)-Valex
complex [38]. In the decomposition temperature range of 400-800°C, Valex and Fe(III)-
Valex complex decomposed with 23% and 12% mass losses, respectively. This was probably
corresponding to the further loss of hydroxyl groups of both sample or oxidation of high
carbon residue (CO,, H,O0 and CO) [38, 39]. The fourth step of decomposition of the
complex was carried out at an extremely high temperature (897 °C) with 34% mass loss. At
897 °C, the remaining group residues could be metal or metal oxides. On the other hand,
this situation may be caused by the complexation of Fe(III)-Valex that inhibits the thermal
stability of the Valex against degradation and it was provided the fourth step of
decomposition. As a result, total mass losses of Valex and Fe(III)-Valex complex were
obtained to be 59% and 85%, respectively.

Table 1: Thermogravimetric (TG and DTG) data of Valex and Fe(III)-Valex.

Sample 1ststep % mass 2nd step % mass 3rd step % mass 4thstep % mass

DTG loss DTG loss DTG loss DTG loss
maxima maxima maxima maxima
(°C) (°c) (°C) (°C)
Valex 82 5 278 31 799 23 N/A N/A
Fe(III)- 83 4 262 32 435 12 897 34

Valex

XRD analysis

The X-ray diffraction patterns of Valex and Fe(IlI)-Valex complex were shown in Figure 4. A
very broad and unresolved peak in the 28 region of 20-30° was observed in the diffraction
patterns. This may be due to their amorphous structures [40, 41]. In the XRD patterns, 26
value of Valex shift to 23.7° to 26.2° at the Fe(IlI)-Valex complex.

The actual structure of the complex is not shown in this article due to the fact that single
crystal form of the complex was not obtained.

ESR Analysis

Chemical environment of unpaired electrons that localize to the molecule affects the
spectroscopic splitting factor (the g factor) showing the magnetic features. According to
study of Abdallah and Chasteen [42], the ESR spectrum of Fe(III) ions are given ESR
spectrum at about g=4.3. As shown in Figure 5, we also reported similar ESR spectrum
and observed for the high spin Fe(III)-Valex complex.
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Figure 4: XRD patterns of Valex and Fe(IlI)-Valex.
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Figure 5: ESR spectra of Fe(IlI)-Valex at room temperature.
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Magnetic Susceptibility Analysis

Magnetic susceptibility values of the Fe(III)-Valex complex were measured at 293 K and
evaluated in terms of the number of unpaired electrons and hybrid species. The
experimental magnetic susceptibility value was calculated as p= 6.52 BM (Bohr Magneton).
This result was consistent with the presence of Fe3* and it indicated that the Fe(III)-Valex
complex corresponds to five electrons and has paramagnetic properties.

X-Ray Photoelectron Spectroscopy (XPS) Analysis

XPS spectra of Fe(IlI)-Valex complex was shown in Figure 6. From the spectrum, the
binding energies of 710 and 724 eV was obtained for 2p;), and 2py ), of Fe3* ion,
respectively. This confirmed the existence of Fe3* ions. The similar results were also
obtained for Fe3* ions in the works of Mekki et al. and Panigrahy et al. [43, 44].
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Figure 6: XPS spectra of Fe(III)-Valex.

Antioxidant Activity

At 50 ug/mL, DPPH radical scavenging activities of Valex, the Fe(III)-Valex complex, BHA,
and BHT were compared with each other. As shown in Figure 7, Valex showed the stronger
scavenging activity at 50 pg/mL with 84.22% on DPPH radicals. In addition, Fe(III)-Valex
complex and BHA showed the slightly lower radical scavenging activities than Valex as
70.18%, 69.94%, respectively. The lowest activity was observed with BHT (46.92%) at 50
HMg/mL. Statistically significant (p<0.05) correlation was found among the studied molecules
and the controls. On the other hand, the antimicrobial and antifungal activities of Fe(III)-
Valex complex were investigated but it has neither antimicrobial nor antifungal activity as a
result of disk diffusion experiments.
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Figure 7: Antioxidant activity (%) of BHA, BHT, Valex and Fe(III)-Valex. Each value
means £ SD of three different experiments.

CONCLUSIONS

This study presents the chelation of Fe(III) with valonia extract which is named Valex and
its antioxidant activities. The OH groups of Valex were capable of forming a dark violet-
colored complex and displaying high reactivity with Fe(III). When Fe(III) and Valex
solutions were mixed in pH 4.4, the Fe(III)-Valex complex was formed with an absorbance
maximum of 575 nm (pH=4.4). The stoichiometry of Fe(III)-Valex complex was determined
as 2:1 by the slope ratio method and stability constant was calculated as 1.5 x 108 L2mol2,
In FT-IR spectrum of Valex, the intensities of band series between 1700 and 1000 cm™!
region were changed in the spectrum of complex due to the complex formation between
Fe(III) and the phenolic groups of Valex. Thermal decomposition of Valex and Fe(III)-Valex
complex were investigated under nitrogen atmosphere and total mass losses of Valex and
Fe(III)-Valex complex were obtained as 59%, 85%, respectively. XRD patterns of Valex and
Fe(III)-Valex complex showed that they are amorphous, that is, there was only 2.5°
difference in 26 values between Valex and its Fe(III) complex. In the ESR spectra, the g
factor was determined as 4.3 which indicated that this complex was the Fe3* complex.
According to the magnetic susceptibility analysis, the magnetic susceptibility of complex
was found to be p=6.52 BM. XPS spectra of the Fe(IlI)-Valex complex proved the existence
of Fe3+. The antioxidant activity of Fe(III)-Valex complex was determined and DPPH radical
scavenging activity was found to be concentration dependent. The scavenging effect of
samples and controls on the DPPH radical decreased in the order of Valex > Fe(III)-Valex
complex = BHA > BHT, which were 84.22%, 70.18% and 69.94%, 46.92% at the
concentration of 50 pg/mL, respectively.
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On the other hand, regarding the disk diffusion experiments, the Fe(III)-Valex complex has
neither antimicrobial nor antifungal activity. In conclusion, it can be stated that Valex has a
high antioxidant activity (84.22%). This study clearly indicates that Valex has protective
effects because of its high anti-oxidant radical scavenging properties.
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Fe(III)-VALEX KOMPLEKSININ SENTEZI, KARAKTERIZASYONU VE
ANTIOKSIDAN AKTIVITESI

Oz: Palamut mesesi (Quercus ithaburensis sp. macrolepis), palamut agacinin meyvesi olup
Turkiye'nin Bati Anadolu bdlgesinde genis 6lglide yetisir ve tanen acisindan zengindir. Bu
meyvelerde pek c¢ok alanda kullanilan ve Valex adi verilen hidrolizlenebilir tanenler
bulunmaktadir. Valex'in demir(III) kompleksi sentezlenmis ve cesitli teknikler kullanilarak
karakterize edilmistir. Kompleksin stokiyometrisinin pH 4,4'de M,L oldugu ve kararllik sabiti
(K)'nin 1,5 x 108 L2mol? oldugu bulunmustur. Fe(III)-Valex kompleksinin antioksidan,
antimikrobiyal ve antifungal aktivitesi calisilmistir. Fe(III)-Valex kompleksinin antioksidan
aktivitesi 2,2-difenil-1-pikrilhidrazil (DPPH) radikal supirme aktivitesi ile ve butillenmis
hidroksianisol (BHA) ile butillenmis hidroksitoluen (BHT) karsisindaki aktivitesi ile
bulunmustur. Kompleksin antimikrobiyal aktivitesi bes farklh bakteriyel kiltlir ve bir mantar
kaltird kullanilarak disk diffizyon testi ile belirlenmistir. Fe(III)-Valex kompleksinin
antioksidan aktiviteye sahip oldugu, ancak denenen mikroorganizmalara karsi herhangi bir
antimikrobiyal ve antifungal aktivite géstermedigi bulunmustur.

Anahtar kelimeler: Valex, tanen, demir kompleksi, antioksidan aktivitesi.
Gonderilme: 16 Mart 2016. Diizeltme: 4 Nisan 2016. Kabul: 25 Mayis 2016.
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INTRODUCTION

Leukaemia is normally referred to as the cancer of the blood cells and these cancers do not
form solid tumours, instead they form large numbers of abnormal white blood cells which
builds up in the blood and bone marrow, crowding out normal blood cells. The low level of
normal blood cells thereby makes it harder for the body to get oxygen to its tissues and
fight infections. Cancer is a major disease; this can be seen from the WHO statistical report
which shows that, at the present time, around one in five of all deaths are because of this
disease. Presently the best way for treating metastasised cancer, is chemotherapy but their
toxic nature often offers significant limitations.

Quantitative structure-activity relationship (QSAR) and quantitative structure-toxicity
relationship (QSTR) make it conceivable to anticipate the activity/toxicity of a given
compound as a function of its molecular descriptors. Despite the fact that there is
impressive enthusiasm for the use of QSARs to predict toxicity, there seems to be some
accompanying limitations. QSTR can be used to predict the toxicity of unknown chemicals in
many ways. In industries, these models can be applied to screen new compounds and help
with the procedure for designing less toxic but potent drugs.

MATERIALS AND METHODS

Experimental Dataset

In the present study, we used a dataset of 112 compounds whose anticancer activity
against human acute lymphoblastic leukaemia (HL-60) leukaemia tumour cell line has been
previously reported. The dataset along with their NSC number were taken from the drug
discovery and development arm of the National Cancer Institute (NCI). Eligible compounds
were determined by reviewing and curating the raw data collected from the literature (NCI
database). The data encompasses aminopterin and camptothecin derivatives, and colchicine
analogues. The anticancer toxicity results are expressed as pLC50, which is the lethal
concentration for 50% of maximal inhibition of cell proliferation.

Geometric optimisation and molecular descriptors calculation

The 2D structures of the compounds were drawn using Chemdraw software and the spatial
conformations of the compounds were determined using the Spartan 14 V1.1.4
wavefunction software package, the molecular structures were first minimised by Molecular
Mechanics Force Field (MMFF) calculation to remove strain energy before subjecting it to
DFT (density functional theory) method for complete geometric optimisation of the
structures. Afterwards, we calculated 1875 descriptors (1444 1D, 2D descriptors and 431
3D descriptors) molecular descriptors using the paDEL program such as, atom-type
electrotopological state descriptors, McGowan volume, RDF descriptors, etc.
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Data Normalisation

The calculated molecular descriptors were normalised via a method preserving the range
(maximum and minimum) and introducing the dispersion of the descriptors (standard
deviation / variance) before they are converted into a N(0,1) distribution, making the
comparison between descriptors (probabilities calculation) much easier.

Variable Selection

In this study, genetic algorithm technique was employed as a selection tool to select the
most relevant descriptors with respect to an objective function. Genetic algorithm method
as a selection tool was written in Matlab 6.5 program and used here. The genetic algorithm
(GA) starts with the creation of a population of randomly generated parameter sets. The
parameters set used for the GA includes mutation 0.1, crossover 0.9, population 10000,
number of generations 1000, R? floor limit 50%, and objective function R2/N_par.
Equations were developed between the observed toxicity and the descriptors. The best
equation was taken based on statistical parameters such as squared regression coefficient
(R?) and leave-one-out cross-validated regression coefficient (Q?_,,).

Data Division

In order to obtain validated QSAR models the dataset was divided into training and test
sets. Ideally, this division should be performed such that points representing both training
(80% of compounds) and test sets (20% percent of compounds) are distributed within the
whole descriptor space occupied by the entire dataset, and each point of the test set is
close to at least one point of the training set. This partitioning ensures that a similar
principle can be employed for the toxicity prediction of the test set. Kennard-Stone
Algorithm will be applied for dividing Dataset into a Training and Test set.

Model development

MLR is a method used for modelling linear relationship between a dependent variable Y
(pLC50) and independent variable X (molecular descriptors). MLR is based on least
squares: the model is fit such that sum-of-squares of differences of observed and a
predicted value is minimized. MLR estimates values of regression coefficients (R?) by
applying least squares curve fitting method.

Evaluation of the QSAR Models

The Developed QSAR models are evaluated using the following statistical measures: n
(Number of compounds in regression); K (Number of descriptors); R? (the squared
correlation coefficient); F test (Fischer’'s Value) for statistical significance; Q2 (cross-
validated correlation coefficient); pred R2 (R? for external test set). The regression
coefficient R? is a relative measure of fit by the regression equation. It represents the part
of the variation in the observed data is explained by the regression. However, a QSAR
model is considered to be predictive, if the following conditions are satisfied: R?>0.6,
g?>0.6 and pred R?>0.5. The low standard error of pred R2se, Q?se and R?se shows
absolute quality of the fitness of the model.

Page 149



Arthur DE et al., JOTCSA, 3(2), 147-158. Research article

Validation of the QSAR model

The predictive capability of the QSAR equation was determined using the leave-one-out
cross-validation method. The cross-validation regression coefficient (Q2_,) was calculated by
the following equation:

q: — 1_FRE55}} =1— i=1(}raxp_}rpiar:ij‘ (1)
cv TOTAL E-‘_'!_l[v > — 7)2
=1\ ex A

Where Yoredr Yexpr and ¥ are the predicted, experimental, and mean values of experimental
activity, respectively. Also, the accuracy of the prediction of the QSAR equation was validated
by F e R?* and R? .. A large F indicates that the model fit is not a chance occurrence. It
has been shown that a high value of statistical characteristics is not necessary for the proof
of a highly predictive model. Hence, to evaluate the predictive ability of our QSAR model, we
used the method described by Roy et al. The coefficient of determination in the test set,

R?,.., Was calculated using the following equation:
5 E{Ypredtggt - YTEEHI} (2)
Test — 1-

E{Yp rediast YTralning}

predtest and Y, are the predicted value based on the QSAR equation (model
response) and experimental activity values, respectively, of the external test set
compounds. \N(Trammg is the mean activity value of the training set compounds. Further
evaluation of the predictive ability of the QSAR model for the external test set compounds
was done by determining the value of r_2 by the following equation:

where Y

7 2 | 2 2 (3)
M =Tee | 1 - ,JTrss-r — Vegse,

where is the square correlation coefficient between experimental and predicted values and
is the squared correlation coefficient between experimental and predicted values without
intercept for the external test set compounds.

See Table 1 in Supplementary Files.
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Evaluation of the applicability domain of the model

Evaluation of the applicability domain of the QSAR model is considered an important step to
establish that the model is reliable to make predictions within the chemical space for which
it was developed. There are several methods for defining the applicability domain of a QSAR
model, but we used the most commonly used leverage approach in this study. Leverage of a
given chemical compound h, is defined as: h, = x,(X"™X)! x.T, where x; is the descriptor row-
vector of the query compound i, and x is the n x k descriptor matrix of the training set
compounds used to develop the model. As a prediction tool, the warning leverage (h*)
which is the limit of normal values for X outliers, its defined as: h* = 3(p + 1) / n, wheren
is the number of training compounds, and k is the number of descriptors in the model. The
test compounds with leverages are considered to be reliably predicted by the model. The
Williams plot, a plot of standardized residuals vs. leverage values, is used to interpret the
applicability domain of the model.

RESULTS AND DISCUSSION

A QSAR analysis was performed to explore the structure-activity relationship of different
112 compounds with different organic moiety acting as anticancer. In a QSAR study,
generally, the quality of a model is expressed by its fitting and prediction ability (see Table 2
in Supplementary Files).

QSAR on HL-60 cell line dataset
HL-60 cell line

pLCcy = 4.097(Secondary butyl)+ 0.861(nAcid) + 1.268(nS) + 2.298(AATSC5i)
+ 3.315(SHBint6) + 4.039(SaaaC) — 1.584(minHBint7)
— 2476(minHBint8) — 1.112 (minaaN) + 2.386 (minddssS)
+ 2.938(WPSA— 1) — 1.684(RDF1405s) — 1.070

Nerain = 90, R3zin = 0873, R2gus = 0.852,F, o = 46.92,QFop = 0.826, Outliers >

frain
22

30=1,N. s

N is the number of compounds, R? is the squared correlation coefficient, QZLOO, is the
squared cross-validation coefficients for leave one out, F is the Fisher F statistic, and RMSE
is the root mean square error. The built model was used to predict the test set data, and
the prediction results are given in Table 1 (See Supplementary Files). The predicted values
for pLC,, for the compounds in the training and test sets for HL-60 leukaemia cell line were
plotted against the experimental pLC50 values in Figure 1, while the plot of the residual for
the predicted values of pLC50 for both the training and test sets against the experimental
pLC50 values of HL-60 cell line is shown in Figure 2. As can be seen the model did not show
any proportional and systematic error, because the propagation of the residuals on both
sides of zero is random.
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Figure 1. The predicted toxicity values (pLC50) against the experimental values for
the training and test sets of the compounds on HL60 leukaemia cell line.

L & ining 5e
TastSa
4 o
- ¥
Z *
+* ***
]
- L *
— a .ﬁﬁ |
= - w
: N :*.g*'ﬁ *
A * ***
=1 4 L *
*
* *, %y -
- *ow e
g *
—'1 T T T T T T T T T 1
0 P 3 4 5 [ T 8 3

Experimental (pLC, ) HL-60

Figure 2. The Residuals against the Predicted pLC50 values for the training and
test sets of HL-60 leukaemia cell line.
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QSAR model validation

The real usefulness of QSAR models is not just their ability to reproduce known data,
verified by their fitting power (R?), but mainly is their potential for predictive application. For
this reason, the internal consistency of the training set was confirmed by using leave-one-
out (LOO) cross-validation method to ensure the robustness of the model. The high
calculated Q? ,, value for HL-60 given as 0.826 suggests a good internal validation, other
statistical information is presented in Table 2 (See Supplementary Files).
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Figure 3. The Williams plot, the plot of the standardised residuals versus the Toxicity
(pLC50) leverage value for HL-60 dataset.

The leverage values can be calculated for every compound and plotted vs. standardised
residuals, and it allows a graphical detection of both the outliers and the influential
chemicals in a model. Figure 3, which shows the Williams plot of HL-60 dataset, the
applicability domain is established inside a squared area within £3 bound for residuals and
a leverage threshold h* (h* = 3p° / n), where p° is the number of model parameters and n
is the number of compounds). It identifies that all the compounds of the training set and
test set for HL-60 dataset are inside of this square area, with an exception of one
compounds with ID number (60), which was found to be an outlier related to experimental
errors of the data set, nine other compounds were not within the applicability domain or
the model, though this was found to be as a result of strong differences in their structures
with the rest of the dataset. From Figure 3, it could be seen that only one outlier compound
with standard residuals >3d of the data set. Furthermore, most of the chemicals had a
leverage lower than the warning h* value of 0.433. The descriptors in the models were
subjected to variance inflation factor test (VIF), the test confirms that there is no
intercollinerity of descriptors within the model (Table 3; see Supplementary Files), thus
each descriptor relays unique information that cannot be correlated with that of other
descriptors in the model.
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In order to assess the robustness of the model, the Y-randomisation test was applied in
this study. Y-randomisation test confirms whether the model is obtained by chance
correlation, and is a true structure-activity relationship to validate the adequacy of the
training set molecules.

If the activity prediction of the random model is comparable to that of the original
equation, the set of observations is not sufficient to support the model. The new QSAR
models (after several repetitions) would be expected to have low R? and Q? |, values for
HL-60 cytotoxicity (Table 4). If the opposite happens, then an acceptable QSAR model
cannot be obtained for the specific modelling method and data. The results of Table 3
indicate that an acceptable model is obtained by GA-MLR method, and the model
developed is statistically significant and robust.

To examine the relative importance, and the contribution of each descriptor in the model,
for each descriptor the value of the mean effect (MF) was calculated. This calculation was
performed with the equation below:

i=n g
MF. B; 2i=1 dy

— 3m m (4)
: E: E}' E; d.:'_;I'

MF; represents the mean effect for the considered descriptor j, Bj is the coefficient of the
descriptor j, d,.j stands for the value of the target descriptors for each molecule, and m is
the descriptor’s number in the model. The MF value indicates the relative importance of a
descriptor, compared with the other descriptors in the model. Its sign shows the direction
of variation in the toxicity values as a result of the increase (or reduction) of the
descriptor values. The mean effect values are presented in Table 3 for HL-60, The
descriptors AATSC5i, SHBint6 and WPSA-1 molecular descriptors were found to contribute
negatively to the toxicity of the anticancer compounds used in developing the model, and
their mean effects were reported as 0.473, 0.403 and 0.254 respectively (See
Supplementary Files for the table).

Elucidation of Descriptors in HL-60 models

By interpreting the descriptors contained in the QSAR model it is possible to gain some
insights into factors, which are related to the anti-leukaemic activity. For this reason, an
acceptable interpretation of the selected descriptors is given below. The brief
presentations of the descriptors in the model are shown in Table 3 (See Supplementary
Files for the table). In order to quantitatively determine the relative importance of each
descriptor in the model, the value of the mean effect (MF) was calculated for each
descriptor. The MF value gives an account of the contribution of each descriptor to the
model independent of the rest. Its sign indicates the difference in the direction of the
activities as a result increase or decrease of the descriptor values. The mean effect values
are presented in Table 3 (See Supplementary Files for the table).

Page 154



Arthur DE et al., JOTCSA, 3(2), 147-158. Research article

n-Secondary butyl is a 2D descriptor representing the total number of secondary butyl
group found in the data set, while n-acid is the total number of acidic groups, which is
defined as a two dimensional acid group count descriptor. Their mean effects were recorded
to as 0.013 accordingly, though the value is small and even insignificant when compared to
some other descriptors in the model. n-S known as number of sulphur atoms was also found
to contribute a little more than the previous descriptors and having an overall mean effect
of 0.035 on the model. A positive mean effect for these descriptor illustrates that the
toxicity increases with decreasing the values of the descriptors, which means that a large
number of sulphur atoms, secondary butyl and acid groups will benefit the activity and
reduce its toxicity. AATSC5i (Average centered Broto-Moreau autocorrelation - lag
5/weighted by first ionisation potential) belongs to the 2D autocorrelation descriptors. The
2D autocorrelation descriptors have been successfully employed by Fernandez et al. (2005).
The physico-chemical property for AATSCS5i is the ionisation potential of the molecule. Hence
increasing the ionisation potential of a molecule increases its AATSC5i value. Mean effect of
AATSCi has the positive sign, which indicates that an increase in the ionisation potential of a
molecule leads to a decrease in its toxicity.

SHBIint6 is defined as the Sum of E-State descriptors of strength for potential hydrogen
bonds of path length 6, it a 2D atom type electrotopological state descriptor developed by
Hall. The mean effect was reported in Table 3 as 0.403 and increasing its value leads to a
decrease in the toxicity (pLC50; see Supplementary Files for the table).

MinHBint7 and minHBInt8 are Minimum E-State descriptors of strength for potential
Hydrogen Bonds of path length 7 and path length 8. These are atom-type electrotopological
state molecular descriptors with mean effect of 0.133 and - 0.182, respectively. The mean
effect of minHBInt8 is higher than that of minHBInt7 and its negative sign indicates that an
increase in the hydrogen bonds potential for path length 8 will increase the cytotoxicity
(pLC50). WPSA-1 (PPSA-1 * total molecular surface area / 1000) is a 3D CPSA Descriptor
which utilises the total molecular surface area of the molecule to predict the direction of the
activity when compared to the descriptor. The value of the mean effect is given as 0.254,
this descriptor displays a positive sign, which indicates that toxicity is inversely related to
this descriptor. This shows that by decreasing the value of this descriptor will increase
toxicities of the compounds.

The final descriptor of the GA-MLR model was the (RDF140s) Radial distribution function -
140 / weighted by relative I-state, which is one of the 3D RDF Descriptors. The descriptor is
related to the I-state weight of the molecules, and its toxicity is inversely related to the
descriptor since the mean effect is reported in Table 3 as 0.200.

CONCLUSION

In the present study, a genetic algorithm was used to construct a quantitative relationship
between the leukemia HL-60 cell lines cytotoxicity (pLC50) of 112 anti-leukemic compounds
and their calculated descriptors. The GA-MLR method resulted in a training set with good
statistical significance and acceptable external predictions. Also the AATSC5i, SHBint6 and
WPSA-1 molecular descriptors were found to have the highest contribution in the model,
their mean effects were reported as 0.473, 0.403 and 0.254, respectively.
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Additionally, the proposed model identified and provided some insight into what structural
features are related to the toxicity of compounds, as well as how these effects could be
used to alter the toxicity of the compounds.
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HL-60 Hiicre Dizisi Uzerinde_Anti-Lﬁsemi Bilesiklerinin Sitotoksik
Davranisinin In Siliko Modellenmesi

David Ebuka Arthur, Adamu Uzairu, Paul Mamza, Stephen Eyije Abechi, Gideon Shallangwa

0z: Bu calisma coklu lineer regresyon teknigini bazi kuvvetli anti-lésemik bilesiklerin
modellenmesinde kullanarak paDEL molekiler tarif edici yazilm hesap makinesi ile bazi
l6semik hlcre siralarina (HL-60) karsi antikanser veri setlerinin kimyasal yapisi ve
zehirlilikleri arasindaki en iyi iliskiyi tanimlamay! amaclamaktadir. Q2 ve R2pred (test seti) gibi
istatistik parametreler modelin kuvvetini dogrulamak icin hesaplanmistir, Williams edrisi de
bunlarin uygulanma alanlarini dederlendirmek igin kullaniimistir. Modellerdeki molekiler
tanimlayicilarin ortalama etkisi, bunlarin zehirliliklerinden sorumlu olan molekdllerin birincil
ozelliklerine 1sik tutmak igin hesaplanmistir.

Anahtar kelimeler: HL-60 hicre sirasi, |6semi, QSTR, uygulama alani, y-rasgelelestirme.
Gonderilme: 1 Nisan 2016, Diizeltme: 30 Nisan 2016, Kabul: 25 Mayis 2016.
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Abstract: Refluxing w-formyl-2-hydroxyacetophenones 1 in ethanol containing
triethylamine as a basic catalyst produced the dimerized product identified as 2-(2-
hydroxyaryl)-4H,5H-pyrano[2,3-b]chromen-5-ones 2. Meanwhile, heating w-formyl-2-
hydroxyacetophenones 1 in 2 M aqueous sodium hydroxide solution afforded another
type of dimeric product identified as 3-[2-(2-hydroxy-5-substituted benzoyl)vinyl]-6-
substituted-4H-chromen-4-ones 3. The proposed mechanisms were discussed. The mode
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INTRODUCTION

A large number of nitrogen heterocyclic rings of a broad spectrum of pharmaceutical
activity were synthesized using 1,3-dicarbonyl compounds as precursors [1-6]. Typically,
these nitrogen heterocyclic systems are synthesized through condensation of 1,3-dicarbonyl
compounds with bifunctional nucleophiles under mild reaction conditions [7-9]. The
research on the synthesis and reactions of B-keto-aldehydes is rare [10]. w-Formyl-2-
hydroxyacetophenones 1 represent one of the simplest B-keto-aldehyde and only few
publications described its chemical reactivity under basic reaction conditions [10, 11]. In
1966, Kostka [12] reported that heating w-formyl-2-hydroxyacetophenone (1a) with
triethylamine (Et;N) to 60 °C led to an unidentified product with a high melting point. In the
present work, we aimed to try to explain and identify this unidentified product, via the
elemental microanalysis and different spectroscopic techniques.

EXPERIMENTAL

General

Melting points of the synthesized compounds were measured on a digital Stuart SMP3
apparatus. Fourier Transform Infrared spectra were measured on Perkin-Elmer 293
spectrometer (cm™), using KBr disks. Mass spectrometry were obtained using GC-2010
Shimadzu Gas chromatograph-mass spectrometer (70 eV). *H NMR (300 MHz) and !3C NMR
(75 MHz) spectra were measured on Mercury-300BB, using DMSO-d6 as a solvent and TMS
(8) as the internal standard. Elemental microanalyses were performed on a Perkin—-Elmer
CHN-2400 analyzer. w-Formyl-2-hydroxyacetophenones 1 were prepared according to the
published method [13].

Dimerization of w-formyl-2-hydroxyacetophenones 1a-c using Et;N

General procedure: w-Formyl-2-hydroxyacetophenones 1a-c (5 mmol) in absolute ethanol
(10 mL) containing few drops of triethylamine (Et;N) was heated under reflux for 15 min.
The white crystals obtained during heating were filtered and recrystallized to give
compounds 2a-c.

2-(2-Hydroxyphenyl)-4H,5H-pyrano[2,3-b]chromen-6-one (2a)

Crystallized from DMF/EtOH as white crystals, mp > 300 °C (lit. mp > 300 °C) [14], yield
(41%). FTIR (KBr, cm™): 3423 (br, OH), 3071 (CH_ ), 2911 (CH,ipn.)s 1632 (C=0, _,,1one)s
1600 (C=C). 'H-NMR (DMSO-d,, 6): 3.90 (d, 2H, J = 7.2 Hz, CH2), 4.79 (t, 1H, J = 7.2 Hz,
H-3), 6.95 (t, 1H, J = 8.1 Hz, Ar-H) 7.47-7.63 (m, 2H, Ar-H), 7.61 (t, 1H, Ar-H), 7.78 (t,
1H, Ar-H), 7.97-8.17 (m, 2H, Ar-H), 8.41 (d, 1H, H-6), 11.60 (brs, 1H, OH exchangeable
with D,0). MS (m/z, %): 293 (M+1, 6 %), 292 (M+, 20), 275 (8), 258 (19), 205 (14), 156
(12), 129 (17), 91 (24), 77 (100), 65 (32). Anal. Calcd for C gH,,0, (292.29): C, 73.97; H,
4.14. Found: C, 73.72; H, 4.05.
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2-(2-Hydroxy-5-methylphenyl)-7-methyl-4H,5H-pyrano[ 2,3-b]Jchromen-5-one

(2b)

Crystallized from DMF as white crystals, mp > 300 °C, yield (40%), FTIR (KBr, cm): 3419
(br, OH), 3052 (CH,,), 2940, 2884 (CH,;,,), 1637 (C=0,, ,..), 1602 (C=C). 'H-NMR
(DMSO-d,, 8): 2.31 (s, 3H, CH;), 2.40 (s, 3H, CH;), 3.80 (d, 2H, CH,), 4.20 (t, 1H, H-3),
7.53-7.85 (m, 5H, Ar-H), 7.95 (s, 1H, H-6), 11.56 (brs, 1H, OH exchangeable with D,0O).
MS (m/z, %): 321 (M+1, 30 %), 320 (M+, 100), 292 (85), 276 (27), 260 (34), 134 (70),
108 (25), 92 (65), 77 (19), 65 (55). Anal. Calcd for C,,H,,0, (320.34): C, 74.99; H, 5.03.
Found: C, 74.60; H, 5.00.

7-Bromo-2-(5-bromo-2-hydroxyphenyl)-4H,5H-pyrano[2,3-b]Jchromen-5-one (2c)

Crystallized from DMF as white crystals, mp > 300 °C, yield (39%), FTIR (KBr, cmt): 3420
(br, OH), 3039 (CH, ), 2916 (CH,,,. ), 1635 (C=0, , .0), 1599 (C=C). 'H-NMR (DMSO-d,,
0): 3.86 (d, 2H, CH,), 4.30 (t, 1H, H-3), 7.51-7.78 (m, 5H, Ar-H), 7.91 (s, 1H, H-6), 11.96
(brs, 1H, OH exchangeable with D,0). MS (m/z, %): 452 (M+4, 35 %), 450 (M+2, 72 %),
448 (M+, 34 %), 424 (49 %), 422 (100 %), 420 (47 %), 412 (12 %), 410 (25), 408 (11),
201 (14), 199 (14), 185 (35), 183 (34), 173 (50), 171 (49), 158 (11), 156 (11), 77 (31),
65 (19). Anal. Calcd for C,,H,,Br,0, (450.08): C, 48.03; H, 2.24. Found: C, 47.90; H, 2.20.

Dimerization of w-formyl-2-hydroxyacetophenones 1b,c using 2 M aqueous NaOH
solution

General procedure: w-Formyl-2-hydroxyacetophenones 1b,c (5 mmol) in 2 M aqueous
sodium hydroxide solution (10 mL) was stirred at 60 °C for 2h. After cooling, the reaction
mixture was neutralized with conc. HCI. The solid so formed was filtered and recrystallized
to give compounds 3a,b.

3-[2-(2-Hydroxy-5-methylbenzoyl)vinyl]-6-methyl-4H-chromen-4-one (3a)
Crystallized from AcOH as yellow crystals, mp, 196 °C, yield (42%). FTIR (KBr, cm™1): 3390
(br, OH), 3071 (CH, yaric)s 2930, 2892 (CH,, . ), 1645 (C=0,_ ..), 1630 (C=0,,.c), 1604
(C=C). 'H-NMR (DMSO-dq, 0): 2.30 (s, 3H, CH,), 2.44 (s, 3H, CH;), 6.91 (d, 1H, J = 8.1 Hz,
H-3"), 7.32 (d, 1H, J = 8.1 Hz, H-4"), 7.43 (d, 1H, J = 8.4 Hz, H-8), 7.56 (d, 1H, J = 8.4
Hz, H-7), 7.60 (d, 1H, J = 15.3, a-H_..), 7-80 (s, 1H, H-6"), 7.92 (s, 1H, H-8), 8.12 (d,
1H, J = 15.3, B-H,enic) 8-50 (s, 1H, H-2), 12.40 (br, 1H, OH exchangeable with D,0). 13C-
NMR (DMSO-d,, 8): 20.2, 22.6, 116.3, 117.2, 119.5, 122.0, 123.4, 129.1, 130.7, 131.5,
134.8, 135.1, 136.3, 143.3, 148.2, 151.2, 157.5, 176.0, 188.4. MS (m/z, %): 320 (M+,
18), 292 (61), 276 (53), 214 (30), 185 (45), 160 (14), 135 (100), 108 (33), 92 (65), 77
(40), 65 (23). Anal. Calcd for C, H,.0, (320.34): C, 74.99; H, 5.03. Found: C, 74.70; H,
4.80.
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3-[2-(2-Hydroxy-5-bromobenzoyl)vinyl]-6-bromo-4H-chromen-4-one (3b)
Crystallized from DMF/MeOH as dark yellow crystals, mp, 290-291 °C, yield (45%), FTIR
(KBr, cm™): 3402 (br, OH), 3040 (CH,  .«i.), 2932, 2879 (CHgipn.)s 1649 (C=0,_, o), 1633
(C=0O,qtores)s 1601 (C=C). H-NMR (DMSO-d,, 8): 7.02 (d, 1H, J = 6.7 Hz, H-3"), 7.40 (d,
1H,] = 6.7 Hz, H-4"), 7.62 (d, 1H, J = 8.1 Hz, H-8), 7.70 (d, 1H, J = 8.1 Hz, H-7), 7.79 (d,
1H, ] = 14.4, a-H ), 7.87 (s, 1H, H-6"), 7.99 (s, 1H, H-8), 8.18 (d, 1H, J = 14.4, B-H
olefinic)r 8:56 (s, 1H, H-2), 12.55 (br, 1H, OH exchangeable with D,0). Anal. Calcd for
C,gH,0Br,0, (450.08): C, 48.03; H, 2.24. Found: C, 47.75; H, 2.12.

RESULTS AND DISCUSSION

The present work aimed to study the chemical reactivity of a variety of substituted w-
formyl-2-hydroxyacetophenone upon refluxing in absolute ethanol containing few drops of
triethylamine (Et;N) as a basic catalyst. Previously Kostka [12] found that, heating w-
formyl-2-hydroxyacetophenone (1a) with triethylamine (Et;N) to 60 °C led to an
unidentified product having a high melting point, but he was not able to identify the isolated
product. Herein, we repeat this reaction under the same conditions and we succeeded to
identify the isolated product using the different spectroscopic techniques.

The basic condition of the previous reaction may involve dimerization process and the
reaction may proceed via deprotonation of the active methylene group, by Et;N, followed by
condensation with the formyl group of another molecule leading to intermediate A (self-
condensation) which tautomerized to the enolic form (intermediate B) followed by
cycloaddition of the hydroxyl group onto the carbonyl function (intermediate C) with
concomitant intramolecular dehydration producing intermediate D. The latter intermediate
underwent proton transfer to afford the final dimeric product, 2-(2-hydroxyphenyl)-4H,5H-
pyrano[2,3-b]Jchromen-5-one (2a) (Scheme 1). The mass spectrum of compound 2a
showed the molecular ion peak at m/z 292 which is consistent with its molecular formula
and supports the proposed structure. Its 'H NMR spectrum revealed distinctive doublet and
triplet signals at & 3.90 and 4.79 attributable to CH, and H-3 protons, respectively, while the
phenolic OH proton appeared at 6 11.60 as a broad D,0-exchangeable signal. Also, the 13C
NMR spectrum exhibited three characteristic signals at 6 28.9, 94.0 and 175.8 assignable to
CH,, C-3 and C=0, respectively.

In the same manner, boiling w-formyl-2-hydroxy-5-methylacetophenone (1b) and w-formyl-
5-bromo-2-hydroxyacetophenone (1c) in ethanol containing few drops of Et;N yielded
pyrano[2,3-b]Jchromene derivatives 2b and 2c, respectively, via the suggested mechanism
depicted in Scheme 1. The 'H NMR spectra of compounds 2b and 2c showed distinctive
doublet and triplet signals attributed to CH, and H-3 protons, respectively. In addition, their
mass spectrum revealed their molecular ion peaks which agree well with the proposed
structures.
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EtOH/TEA

-H+H*

a; R=H
b; R=CH,
c; R=Br

Scheme 1. The suggested mechanism for the dimerization of w-formyl-2-
hydroxyacetophenones 1a-c, in the presence of TEA.
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On the other hand, treatment of compounds 1b,c with 2 M aqueous NaOH solution under

stirring at 60 °C gave another type of dimeric products; 3-[2-(2-hydroxy-5-

methylbenzoyl)vinyl]-6-methyl-4H-chromen-4-one (3a) and 3-[2-(5-bromo-2-

hydroxybenzoyl)vinyl]-6-bromo-4H-chromen-4-one (3b), respectively (Scheme 2). The 'H

NMR spectra of compounds 3a,b showed characteristic two doublets (at & 7.60 and 8.12 for

compound 3a and & 7.79 and 8.18 for compound 3b) with high coupling constant indicating

the presence of two hydrogen atoms in E-configuration around the olefinic bond. In

addition, the spectra also revealed characteristic downfield singlet attributed to H-2
at 8 8.50 and 8.56 for compounds 3a,b, respectively.

chromone

Formation of chromone derivatives 3a,b may occur via self-condensation of w-formyl-2-
hydroxyacetophenones 1b,c leading to intermediate A which underwent cyclization reaction
producing intermediate E followed by dehydration to yield the final products (Scheme 2).

a; R=CH, E
b; R=Br

Scheme 2. The suggested mechanism for the dimerization of w-formyl-2-
hydroxyacetophenones 1b,c in the presence of 2 M NaOH.

The proposed mechanisms depicted in Schemes 1 and 2 indicate that, the mode of
dimerization of w-formyl-2-hydroxyacetophenones 1 depend on the type of catalyst
used and the reaction conditions.
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CONCLUSION

In conclusion, the present work studied the effect of triethylamine and sodium
hydroxide on the active substrate w-formyl-2-hydroxyacetophenones 1. The
dimerization process of w-formyl-2-hydroxyacetophenones 1 depends on the basic
catalyst used and the reaction conditions. Et;N mediated self-dimerization of w-formyl-
2-hydroxyacetophenones 1 producing 2-(2-aryl)-4H,5H-pyrano[2,3-b]Jchromen-5-ones
2, while NaOH mediated self-dimerization of w-formyl-2-hydroxyacetophenones 1
affording 3-[2-(2-hydroxy-5-substituted benzoyl)vinyl]-6-substituted-4H-chromen-4-
ones 3.
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w-FORMiL-Z-HZ'[DROKSi!-\SETOFENON_LARIN BAZ KATALIZLI
DIMERLESMESI

Magdy Ahmed Ibrahim and Salah Sayed Ibrahim

0z: w-formil-2-hidroksiasetofenon bilesikleri (1) bazik katalizér olarak trietilamin
icerecek sekilde etanolde refliks edildiginde 2-(2-hidroksiaril)-4H-5H-pirano[2,3-
blkromen-5-on bilesiklerini (2) vermektedir. Bu arada, w-formil-2-hidroksiasetofenon
bilesiklerini (1) 2 M sulu sodyum hidroksit c¢ozeltisinde isitmakla 3-[2-(2-hidroksi-5-
substitie benzoil)vinil]6-sibstitie-4H-kromen-4-on bilesikleri (3) ele gecmektedir.
Onerilen mekanizmalar tartisiimistir. w-formil-2-hidroksiasetofenon (1) bilesiklerinin
dimerlesme bicimi kullanilan katalizére ve tepkime kosullarina baglidir. Sentezlenmis
bilesiklerin yapilari analitik ve spektral verilere dayanarak sonuca baglanmistir.

Anahtar kelimeler: w-Formil-2-hidroksiasetofenonlar, dimerilesme, kromon, spektral
veriler, a, B-doymamis ketonlar.

Gonderme: 5 Mayis 2016. Diizeltme: 10 Haziran 2016. Kabul: 16 Haziran 2016.
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Abstract: Cross-linked cyclomatrix polyphosphazene microspheres have been
successfully synthesized via self-assembly polycondensation reaction between
hexachlorocyclotriphosphazene (HCCP) and 4,4'-diaminodiphenylmethane (DADPM) in
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ultrasonic bath have been the advantages for this reaction. HCCP and DADPM ratios have
been attempted to obtain the best morphology by SEM-EDX. The size of microspheres
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INTRODUCTION

Recently, research for synthesizing micro or nano-sized particles have paid notable
attention with the development of science and technology [1-2]. Among these particles,
phosphazene-based polymers have attracted great interest due to their chemical stability,
excellent thermal/flame-retardant properties [3-7] and also their applications in biomedical
delivery systems [8] and tissue engineering [9]. Apart from the most known linear
poly(dichloro)phosphazene containing polymers, cyclomatrix type polyphosphazenes
comprise of highly crosslinked framework and can be synthesized by the reaction of
hexachlorocyclotriphosphazene (HCCP), which is one of the important inorganic rings and a
building block for development of new polymers because of high tunability of its backbone
and structural diversity [10-12] with various difunctional alcohols, phenols and diamines
[11,13-15].

Fully crosslinked nano/microspheres are generally synthesized via precipitation
polymerization approach which has some advantages like avoiding the use of any surfactant
or stabilizer [16]. Besides, particle size and morphologies of microspheres can controlled
by changing some experimental conditions such ratio of HCCP or reagents, temperature,
reaction time and ultrasonic power [17]. In this article, we have synthesized novel
inorganic-organic hybrid polyphosphazene microspheres by the reaction of HCCP
(hexachlorocyclotriphosphazene) and DADPM (4,4'-diaminodiphenylmethane) in acetonitrile
using an ultasonic bath. Otherwise, the effect on formation of microspheres were
investigated by storing in darkness and light. Then, characterizations of the microspheres
were elucidated by FTIR, SEM-EDX, TGA, ZETA, UV, Fluorescence and XRD.

MATERIALS AND METHODS

HCCP (Aldrich) was recrystallized from dry hexane followed by double sublimation before
use. The melting point of the purified HCCP was 113-114°C. 4,4'-diaminodiphenylmethane
(DADPM), triethylamine (TEA), acetonitrile and tetrahydrofuran (THF) were purchased from
Sigma-Aldrich Company and were used as received. Also, distilled water was used in all
experiments.

Characterization of DADPM-MS Microspheres

Scanning electron microscopy (SEM-EDX) measurements were performed on an ZEISS Ultra
Plus (ZEISS ULTRA 55, APOLLO XP3) electron microscope. The samples were coated with
gold before SEM analyses. Fourier Transform Infrared spectroscopy (FT-IR, Perkin Elmer
Spectrum 100 spectrometer) and Thermogravimetric analysis (SETARAM LABSYS, N,
atmosphere and a heating rate of 20 °C/min) were used to explain the structure and
thermal features of the microspheres. Ultraviolet-visible (UV-Vis) absorbance spectra were
measured on a Shimadzu UV-3150 spectrometer. The fluorescent spectra measurements
were performed on a Varian Cary Eclipse Fluorescence spectrophotometer. Particle size
measurements were performed with a Malvern ZEN 3600 instrument. X-ray diffraction
(XRD) patterns were recorded by using a Bruker AXS, S8 TIGER Advance instrument
equipped with Cu Ka radiation performed at 40 kV and 40 mA.
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Synthesis of the DADPM-MS Microspheres

The microspheres were synthesized using precipitation polymerization technique (Tables 1
and 2) [16,18-20]. HCCP and TEA were used as a crosslinker and an acid acceptor,
respectively. In a typical synthetic procedure, 3.5 mL of TEA was added to a solution of
HCCP and DADPM in acetonitrile (50 mL), in a flask (100 mL). The reaction mixture was
stirred at 40°C in an ultrasonic bath (100 W, 53 kHz) for 5 hours. Then, it was stored in
darkness for 72 h (Scheme 1). The precipitated polyphosphazene microspheres were
isolated by centrifugation (5000 rpm, 30 min), then washed first with THF and afterwards
with distilled water three times. Finally, the product was dried under vacuum at 40 °C. The
same procedure was used for other molar ratios of HCCP and DADPM.

Table 1. Compositions of microspheres at constant HCCP concentration.

olar ratio g g m
(HCCP:DADPM)
TT U.175 U.1 35
1:2 0.175 0.2 3.5
1:3 0.175 0.3 3.5
1:4 0.175 0.4 3.5

Table 2. Compositions of microspheres at constant DADPM concentration.

Molar ratio HCCP (g) DADPM (g) TEA (mL)
(HCCP:DADPM)
1:1 0.175 0.1 3.5
1:2 0.35 0.1 7.0
1:3 0.52 0.1 10.5
1:4 0.70 0.1 14.0

HCCP + DADPM DADPM-MS
(5hours)

Scheme 1. Preparation of DADPM-MS polyphosphazene microspheres.
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RESULTS

The formation of DADPM-MS microspheres was achieved via self-assembly polycondensation
reaction of HCCP and DADPM. The optimization of DADPM-MS was made by changing
concentrations of HCCP and DADPM in order to obtain the best morphology. Besides, some
experiments were performed to determine light and darkness effects on formation of
microspheres. Finally, characterization of microspheres was investigated by FTIR, SEM-EDX,
TGA, ZETA, UV, Fluorescence and XRD.

Preparation of the DADPM-MS microspheres

Synthetic route and formation mechanism of the DADPM-MS polyphosphazene microspheres
are shown in Schemes 2 and 3. HCCP and DADPM were reacted with excessive amount of
TEA as an acid acceptor, using acetonitrile as solvent, under ultrasonic conditions via
precipitation polymerization without using any stabilizing agent or surfactant [11,17,21].
During the polycondensation, hydrochloric acid (HCI) formed from the nucleophilic
substitution reaction between P-Cl bonds and terminal amino groups and was absorbed by
TEA to afford TEA.HCI. The generation of TEA.HCI spontaneously accelerated the nucleophilic
replacement. HCCP shows function as a cross linker molecule to obtain fully cross-linked
polyphosphazene microspheres [24].

In previous studies, formation mechanism of cross-linked polyphosphazene microspheres
had been explained as follows [18,22]. At the first stage of the precipitation polymerization,
oligomers are formed by reaction between monomer and crosslinker. Then, oligomers
aggregate together to form primary nucleus particles. Afterwards, primary stable
microspheres are generated through the aggregation of the primary nucleus particles with
each other by hydrogen bonds. As soon as the stable particles are generated, the particles
grow in size by absorbing oligomeric species instead of primary particles. Hence,
microspheres which were acquired at the end of the polymerization, do not have pores
inside (see Scheme 3).

Cl Cl
\P/
Tl/ SN 5 TEA
Cl Cl ————— = H:N
\P\ j//ll‘/ Acetonitrile
/ol HoN NH,
Cl Cl
HCCP DADPM
DADPM-MS

Scheme 2. Synthesis of DADPM-MS polyphosphazene microspheres.
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Scheme 3. Schematic illustration of the formation mechanism of the DADPM-MS
microspheres.

On the purpose of obtaining the best morphology of microspheres, experiments were
performed using different concentrations of HCCP and DADPM. It was observed that in the
trials, when DADPM concentration was increased, morphologically better microspheres were
obtained (Figure 1). Because DADPM has two functional groups whereas HCCP has six
functional groups. So, when DADPM concentration was increased, crosslinking between
DADPM and HCCP was better. Besides, it was thought that sizes of obtained primary
nucleus particles were approximate. So, the growth of primary nucleus particles are same
rate and obtained microspheres were smooth. The Dn value ranged from 4.510 to 4.737
Mm and the particle size of the microspheres did not change remarkably with increasing
molar ratios of DADPM. The particle-size distribution of as-synthesized microspheres have
narrow size distribution as shown in Figure 2. However, it was determined that when HCCP
concentration was increased, the crosslinker in polymerization reaction, the formation of
microspheres was not smooth and sphericity was broken down (Figure 3). DADPM ratio was
the determining factor to form oligomers. When DADPM were run out of in
polycondensation reaction, oligomers and primary nucleus particles will not be obtained.
Because of oligomers were not form sufficiently, particles could not grow and were not
smooth. Besides, multiplet particles were observed increased with molar ratios crosslinker
HCCP. Because primary particles can come into collision with each other [16]. SEM images
revealed that the best molar ratio was 1:4/HCCP:DADPM (Figures 1 and 3). Thus, all
characterization studies were performed using microspheres with obtained from 1:4 molar
ratio of HCCP:DADPM.
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Figure 1. SEM images of (a) 1:1, (b) 1:2, (c) 1:3 and (d) 1:4 (molar ratios)

HCCP:DADPM microspheres.
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Figure 2. Particle size distributions of microspheres by precipitation polymerization.

(a) 1:1, (b)1:2, (c)1:3, (d)1:4 HCCP:DADPM molar ratios.
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Figure 3. SEM images of (a) 1:1, (b) 2:1, (c) 3:1 and (d) 4:1 (mol. ratios) HCCP:.DADPM
microspheres.

Besides, it was thought that during the 5-hour reaction, only the oligomers obtained by
polycondensation reaction of HCCP and 4,4’-DADPM and primary nucleus particles did not
precipitate by aggregation of oligomers in 5 hours. Therefore, the reaction medium was
stored in darkness and precipitation began to form in the flask. After storing for 18 hours in
the dark, the precipitated product was analyzed by SEM and it was observed that formation
of the microspheres were started but was not totally completed yet. On the other hand, after
72 hours in the dark, when the precipitated product was analyzed by SEM, it was seen that
the formation of microspheres were completed and were morphologically good spheres
(Figure 4). Also, when compared the EDX results of microspheres which were stored in the
darkness for both 18 and 72 hours, it was determined that in EDX spectrum of microspheres
which were stored 72 hours in the darkness, P (13.46%) and N (13.69%) ratios were similar
and chloride ratio (3.99%) was lower (Figure 5a). However, the EDX spectrum of
microspheres, which were stored 18 hours in the darkness, indicated the following values: P
(08.56%), N (14.39%) and Cl (04.29%) (Figure 5b). When the reaction medium was stored
in light for 72 hours, instead of darkness, it was seen that sphericity did not totally complete
and formed a different morphology except sphericity (Figure 6a). Moreover, the yield of
microspheres which were obtained in light was lower (59%) than that in the darkness
(76%).
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Figure 4. SEM images of DADPM-MS (1:1) which were stored in darkness (a) 18 hours (b)

72 hours.
PKa
= =
Lz o
e e
z z
§z Element |Wi% |At% gz Element |Wt% | At%
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Figure 5. EDX spectra of DADPM-MS (1:1) which were stored in darkness for (a) 18 hours

(b) 72 hours.

Figure 6. SEM images of DADPM-MS (1:1) which were stored in light (a) and darkness (b)
72 hours.
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FTIR spectral analysis

The chemical structure of the microspheres (1:4 HCCP:DADPM) was characterized by FT-IR.
As shown in Figure 7, N-H stretching and bending bands indicating the existence of primary
amine groups on the microspheres were observed at 3336-3182 (1, 2) and 1613 cm™ (6),
respectively. The absorption at 3027 cm™! (3) was assigned to the aromatic C-H stretching
vibration of aromatic rings. Aliphatic C-H stretching vibrations can be seen at 2905 and 2841
cm (4, 5). Aromatic C-C stretching bands correspond to 1509, 1452 and 1378 cm (7, 8§,
9). C-N stretching band was observed at 1288 cm™ (10). Furthermore, the characteristic
P=N and P-N absorption bands of HCCP were observed at 1253, 1166 and 934 cm™ (11, 12,
13), respectively. The weak P-Cl bands at 568 and 504 cm! (14, 15) showed that
microspheres still contain chloride atoms in small quantities [16, 19]. Obviously, the FTIR
spectrum of DADPM-MS contain characteristic bands which are expected from the polymeric
structure synthesized from HCCP and DADPM molecules. Thus, the polycondensation reaction
between HCCP and DADPM has been successfully achieved.

(a) HCCP

Mwwf___'
g b) DADPM-MS
§ 2 34° 6 891 13
Z1 (c) DADPM
4000 3500 3000 2500 2000 1500 1000

Wavenumber (cm!)

Figure 7. FT-IR spectra of HCCP, DADPM-MS, and DADPM.

Thermal properties

The thermal properties of the DADPM-MS obtained from the precipitation polymerization
were also characterized with thermogravimetric analyses (Figure 8). A mass loss of 5%
below 100 °C was observed due to the desorption of adsorbed water. Remarkably, under
nitrogen atmosphere, it was indicated that the material was thermally stable up to a
temperature of 415 °C and a sharp mass loss was observed from 415 to 784 °C that is
likely to be associated with carbonization of the organic groups and the depolymerization of
the P-N framework in the fully crosslinked structures [23,27].
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Figure 8. TGA curve of DADPM-MS (1:4).

Optical and crystallographic properties

Microspheres (DADPM-MS) were dispersed in methanol under ultrasonic conditions and the
UV and fluorescence properties were investigated. DADPM and DADPM-MS displayed
absorption peaks at 290 and 245 nm in methanol, respectively (Figure 9). It was
understood that DADPM-MS does not absolutely have an absorption of light in the visible
range. The fluorescence emission spectra of DADPM and DADPM-MS of which were
dispersed in methanol are shown in Figure 10. DADPM revealed a fluorescent emission peak
at 349 nm when excited with 280 nm light. Similarly, DADPM-MS displayed a fluorescence
emission peak at 347 nm when excited with 240 nm light because of n-conjugation in the
polymeric structure.

DADPM
290nm

DADPM-MS
245nm

0,9
0,38
0,7 -
06 -
0,5
0,4

Absorbance

0,2 -
0,1 -

T

220 240 260 280 300 320 340

T

Wavelength, (nm)

Figure 9. UV absorption spectra of DADPM-MS (a) and DADPM (b) in methanol.
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Figure 10. Fluorescent emission spectra of DADPM-MS (left) and DADPM (right) in
methanol.

The XRD patterns of the powder DADPM-MS microspheres indicated a broad diffraction
peak corresponding typical amorphous structure (see Figure 11) [17, 25, 26].
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T T

0 10 20 30 40 50 60
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Figure 11. XRD spectrum of DADPM-MS.
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CONCLUSION

In conclusion, inorganic-organic hybrid cross-linked polyphosphazene microspheres,
DADPM-MS, were synthesized by polycondensation reaction between HCCP and DADPM.
Variable HCCP and DADPM mol ratios were studied and morphologically the best ratio was
determined as (1:4) HCCP:DADPM. The size range of obtained microspheres were 4.510 to
4.737 pm. The storage time in darkness was determined 72 hours to complete the
formation of microspheres by SEM-EDX. It was seen that storing in darkness is more
effective than light to obtain morphologically good spheres by SEM. FTIR spectra
demonstrated that the formation of the microspheres were achieved succesfully when
compared with the FTIR spectra of HCCP and DADPM molecules. On the other hand, the TGA
measurement showed that the obtained microspheres have perfect thermal stability and the
thermal degradation temperature was determined as 415 °C. DADPM-MS indicated UV and
fluorescent property because of n-conjugation of aromatic rings in the polymeric structure.
Also, it was understood, from the XRD spectrum, that microspheres have characteristic
amorphous structure.
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YENI ANORGANIK VE ORGANIK HIBRID POLI[SIKLOTRIFOSFAZEN-co-(4,4'-
DIAMINODIFENILMETAN)] MIKROKURELERININ TEK ORTAM ICERISINDE
KENDiLiGINDEN DUZENLENMELI POLIKONDENZASYON YAKLASIMI iLE SENTEZi
VE KARAKTERIZASYONU

Oz: Capraz bagh siklomatriks polifosfazen mikrokiireler, hekzaklorosiklotrifosfazen
(HCCP) ile 4,4’-diaminodifenilmetanin (DADPM) asetonitril ortaminda kendiliginden
dizenlenmeli polikondenzasyon tepkimesi sonucu, basari ile sentezlenmistir. Herhangi bir
stabilize edici ajan veya surfaktant gerektirmemesi ve sadece ultrasonik banyo kullanimi
bu reaksiyonun avantajlaridir. SEM-EDX ile en iyi morfolojiyi elde etmek icin, HCCP ve
DADPM oranlari dedisimi denenmistir. Mikroktrelerin boyutlari 4,46 ile 4,74 uym arasinda
dedismektedir. Anorganik-organik hibrid mikroktreler FTIR, TGA, UV, Fluoresans ve XRD
ile karakterize edilmistir.

Anahtar kelimeler: Siklomatriks mikrokUreler, polifosfazen, kendiliginden dizenlenme,
coktliirme polimerizasyonu.

Sunulma: 11 Mayis 2016. Diizenleme: 31 Mayis 2016. Kabul: 21 Haziran 2016.
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INTRODUCTION

The gas separation by membranes is an active and rapidly growing research area. In
membrane-based gas separation processes, components are separated from their mixtures
by differential permeation through membranes. Some technologies (e.g. distillation and
absorption processes) prescribe a phase change in the mixture. The change of this phase
adds a significant energetic disadvantage. On the other hand, gas separation by the
membrane does not necessitate a phase change (1). The gas separation membrane market
has grown significantly and continued progression is expected to escalate in the coming
years as technology improves and applications are multiplied (2). Membrane technology for
gas separation has been carried out in a variety of applications, such as, oxygen, nitrogen
enrichment, hydrogen recovery, and natural gas dehydration (3). However, the
development of polymeric membrane separation technology has been necessitated by a so-
called performance upper bound in the trade-off curve between the gas permeability and
selectivity (4). Permeability and selectivity trade-off for gas pairs were well illustrated in the
so-called Robeson Plots (5). There is tremendous research effort to surpass Robeson trade-
off limit curve by adding creative additives into appropriate polymeric material (6). Addition
of synthetic nanoparticles compatible with polymers, known as mixed matrix membranes
(MMMs), was the one of the approaches to advance membrane separation processes (7,8).
MMMs combine the potential advantages of both inorganic particles and organic polymer
membranes, such as, superior permeability and selectivity of the inorganic particles with
good processability and mechanical properties of the polymer membranes (9). MMMs which
were prepared from different inorganic and organic materials produced superior separation
performance due to the incorporation of synthetic molecular sieves and Metal Organic
Frameworks (MOFs) are a relatively new class of microporous materials, and consist of
transition metals and transition metal oxides connected by organic linkages to create one-,
two- and three-dimensional microporous structures (10). The recent development in the
synthesis of MOFs led to the promising applications as drug delivery carriers, storage
media, adsorbents for separations, and catalysts (11-13). They have large surface area,
affinity towards certain gases and controlled porosity (14). The main advantage of MOFs
over well-known nanoporous materials was the ability to arrange their chemical and
physical properties during synthesis process by changing the combination of metals and
organic linkers (15). Zeolitic imidazolate frameworks (ZIFs) have received world-wide
attention to enhance MMMs' compatibility and permeability (16). Several ZIFs have been
synthesized in the literature and considered as potential candidates for gas separations due
to the diversity in their pore sizes, higher thermal and chemical stability compared to
zeolites and other MOFs (17). Yaghi and co-workers have developed various zeolitic
topologies, such as rhombic dodecahedron (RHO) and sodalite (SOD) topologies (18).
Particularly, several ZIFs have been successfully prepared to be incorporated into mixed
matrix membranes. ZIF-8 type metal organic framework was the most widely used one and
reported due to the enhanced membrane performances (19). Selfert and co-workers
showed that ZIF-11 has exceptional thermal and chemical properties and ZIF-11 has bigger
H2 adsorption energies than that on ZIF-8 (20). Keskin et al. reported that ZIF-11 was
settled above the upper bound because of higher CO, selectivity (>100) and permeability
(104-105 Barrer). Molecular simulation results showed that this high CO, selectivity
resulted from the large differences in diffusion rates of CO, and CH, gases in the ZIFs’ pores
(17).
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ZIF-11 has been obtained through solvothermal synthesis by using diethylformamide (DEF)
as solvent (21). RHO type zeolite structure ZIF-11 has larger cavities of 14.6 A connected
with the pore apertures of 3.0 A. These preferable properties make it suitable for H,
separation (Figure 1) (22). Difficulties in removing DEF from the pores of ZIF-11, Wang et al.
studied a new synthetic method at room temperature by using methanol as solvent and
toluene as the structure template (23).

Figure 1. Crystalline structure of ZIF 11 (RHO) particle (23).

Commercial polyetherimide (PEI-Ultem1000) has several important advantages as an
organic membrane material. As one of them, PEI has high diffusivity selectivity provided by
their rigid backbones and fused ring structures. These properties render them attractive in
polymeric membrane developed for gas separations. PEI's glass transition temperature was
216 °C and high T, temperature allowed the usage of higher pressures and temperatures in
applications without plastic deformation. The studies on gas permeation of the PEI dense
films revealed that PEI exhibited high selectivity for many important gas pairs especially He
and H, separation from other gases (24).

In this work, ZIF-11 particles were synthesized and used as filler, and PEI (Ultem 1000) as
the continuous phase were utilized to prepare MOF-based mixed matrix membranes for
Cco,/CH,, H,/CH,, H,/CO, separation. The separation performance of these MMMS as a
function of ZIF-11 loading in the PEI matrix was systematically investigated. The thermal,
morphological, and gas separation properties of the synthesized membranes have been
investigated using XRD, FTIR, SEM, TGA, DSC, and single gas permeation setup.
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MATERIALS AND METHODS

Materials

Polyetherimide (Ultem® 1000) was purchased from Sigma Aldrich, Germany. Typical
chemical structure of PEI and some properties were shown in Figure 2 and Table 1. Zinc
acetate dihydrate (C,H,O, Zn.ZHZO, >98%, Sigma-Aldrich, USA) was used as a source of
zinc. Benzimidazole (C,H(N,, BIm, > 98%, Sigma-Aldrich, Germany) was the primary ligand
used. Ammonium hydroxide (NH;, min. 25% aqueous solution) was purchased from
Lachema, Czech Republic and all chemicals were used without further purification. N-
Methyl-2-pyrrolidone (NMP, >99.5%), methanol (for analysis) and toluene (>99.9%) were
purchased from Merck. Single gases used in the permeation experiments were carbon
dioxide (CO,), methane (CH,) and hydrogen (H,) of gas chromatographic grades (purities
>99.8 %) from Linde Gas Company (Linde Gaz, Turkey). The properties of gases are given

OO L]

HaC CHz

Figure 2. The chemical structure of PEI (Ultem 1000).

Table 1. Physical properties of unmodified PEI (Ultem 1000).

Properties Symbol  Value
Molecular weight (kg/kmol) M, 55,000
Glass Transition Temperature Tg 216
(°C)
Density (kg/m?3) d 1270
Melting Point (°C) T, 219
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Table 2. Properties of H,, CH, and CO,.

Gases Critical temperature Critical Volume Kinetic diameters
(K) (cm3/mol) (nm)
H, 33.20 64.9 0.289
CH, 190.6 98.6 0.380
CoO 304.2 91.9 0.330

EXPERIMENTAL PROCEDURE

Preparation of ZIF-11 particles

The recipe for the synthesis of ZIF-11 powder was a modified version of the method
developed by the Wang and Yaghi group (23,25). In the synthesis of ZIF-11 submicron
particles, 4.8 g of BIm (4 mmol) was dissolved in 16.61 g of methanol, followed by the
addition of 20.88 g of toluene (226.6 mmol). 0.14 g of NH; (aq) (4.014 mmol) was added
into the solution at room temperature. 4.4 g of zinc acetate dihydrate (20 mmol) was added
and stirred for 2 h at room temperature to complete the crystallization step. The final
solution had a Zn: BIm : NH, : C,H.,OH : toluene molar composition of 1 : 2 : 2 : 300 : 100.
After 2 hours, the as-synthesized submicron particles were collected by centrifugation and
then washed with anhydrous methanol. After 2nd centrifugation, the particles were re-
suspended in methanol prior to use. By doing this, the particle agglomeration occurring in
the drying process can be avoided, as suggested in a report (26). The yield of ZIF-11 was
about 90% on the basis of the amount of zinc element.

Membrane preparation

Fabrication of PEI Solution: Prior to use, PEI powder were dried overnight at 120 °C under
vacuum and the desired polymer solution (15 wt.%) was prepared by dissolving a certain
amount of PEI in NMP by stirring it for 24 h at room temperature until a clear uniform
viscous solution was obtained.

Membrane Formation: Dense MMMs were prepared using the solution casting method.
ZIF-11 particles were slurried into NMP solvent and sonicated 2 hours to obtain a
homogenous dispersion. Ultrasonication Water Bath, VWR, was operated at 120 W and 40
Hz. After sonication, ZIF-11 particles stirred 1 day to fully disperse the fine powder. ZIF-11
crystals were first “primed” by adding a small amount, approximately 10 wt.% of the total
PEI solution to the ZIF-11 mixture, after which the mixture was further stirred 2 hours and
sonicated for another 30 min. Next, another 10 wt.% of PEI polymer was added into the
solution. The suspension was stirred for 30 min and then bath sonicated for 30 min. After
five additional iterations of stirring and sonication, the mixture was stirred overnight. Then,
a final 30-min sonication period was completed before casting to remove any trapped air
bubbles. After degassing the polymer solution, uniform films were cast on a glass plate by a
film applicator. Mixed-matrix membranes were formed using 0-10-20-30 wt.% suspensions
of ZIF-11 loadings in the polymer solution. The particle loadings of ZIF-11 particles in the
MMMs were calculated based on the following equations (Eqg. 1).
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Weight of particle

Particle loading wt.% =
articie foading Wt-"0 = tyeight of particle = weight of polymer )

% 100 (Eq. 1)

Thermal annealing procedures: Membranes were cast on a glass plate using 400 um film
applicator. Thermal annealing of PEI MMMs membranes was conducted with a vacuum oven
equipped with a temperature controller. Membranes were placed in the oven and heated to
the required temperatures. After casting, the membranes were dried in the vacuum oven at
70 °C at 0.3 atm vacuum for at least 4 days to remove the solvent. Then, the dense films
were formed and peeled off from the plate and placed into the vacuum oven to be further
vacuum dried at 100 °C for 24 h and 120 °C for 24 h to remove any residual solvents. The
membrane thickness was determined using RVS Micrometer. The resultant membranes had
a thickness of 50£10 pym. The PEI and PEI-ZIF-11 mixed matrix membranes with a loading
of 0-10-15-20-30 wt.% ZIF-11 was transparent with good flexibility as shown in Figure 3.

PEI PEI-ZIF-11-15%

Figure 3. Image of PEI and PEI-ZIF-11-15% membranes.

Apparatus

The crystallographic structure of samples was analyzed using a Rigaku D/max-2200 Ultima X-
ray diffractometer with CuKa radiation at a scan rate of 26 = 0.01°/s from 2° to 40°. The
accelerating voltage and applied current were 40 kV and 30 mA, respectively. Powder
diffraction files (PDFs) from the International Centre of Diffraction Data (ICDD) in the Rigaku
software (Rigaku, Japan) were used for qualitative phase analysis.

The number average mean size and size distributions of ZIF-11 particles were analyzed by a
particle size analyzer (BI-90 Plus, Brookhaven Instruments Co.). The ZIF-11 particles were
dispersed in methanol by means of an ultrasonic bath at room temperature and then quickly
analyzed. In the dispersion process, no surfactants were used hence only submicrometer
particles were suspended long enough to let particle size distribution be gathered.

The morphologies of ZIF-11 particles and PEI-ZIF-11 MMMs were analyzed by scanning
electron microscopy. The SEM analyses were performed with a field-emission SEM (FEI-
QUANTA FEG 450) attached with a METEK Energy Dispersive X-ray analyzer of silicon drift
detector type.
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FTIR spectra of the membranes was acquired on a Bruker Alpha-P ATR between 400 and
4000 cm™. The thermal stability of the ZIF-11 particles and PEI-ZIF-11 mixed matrix
membranes were analyzed by thermogravimetric analysis (Perkin Elmer Pyris1 TGA) under
flowing air from 25 °C to 1000 °C at a constant heating rate of 10 °C/min.

The glass transition temperatures (Tg) of the synthesized products were investigated by a
Linseis DSC PT10 differential scanning calorimeter (DSC). A pre-conditioning procedure of
heating up to 400 °C with 5 °C/min and natural cooling down to 30 °C was applied to all
samples. Then in the second run, preconditioned samples (~10 mg) were heated up to 400
°C with a heating rate of 20 °C/min under N, atmosphere and the glass transition
temperatures of the films were recorded.

The pure gas permeabilities were determined by constant volume and variable pressure
method. Three gases (purity of 99.999%) having various kinetic diameters were used
during this study; H, (2.89 R), CO, (3.30 A) and CH, (3.80 R). All gases were used without
further purification. 316 stainless steel gas permeation cell was custom designed and
constructed for this study. The cell consisted of two parts, a permeate half and a feed half.
The pressure built up was followed by means of vacuum pressure gauge, Leybold CTR 100
Ceravac 10 Torr. The values of change in the permeate pressure were collected on a local
PC. The steady state slope of the downstream pressure vs. time was used to calculate
permeability using the solution-diffusion model. Each test was started after the cell was
pumped overnight. This enabled the evacuation of adsorbed water, gases and solvent. Each
membrane was tested three times for each gas to determine reproducibility and the
averages of three trials were reported along with one standard deviation. In each
experiment, 2 cm? of membranes were cut and the ends were covered by aluminum tape to
limit the gas permeation outside the reserved open area. Both sides of the cell were
evacuated until a constant value of vacuum, approximately 103 atm was achieved. The
retentate and permeate side pressures were equalized before switching to high pressure on
the former side. Then, the feed pressure at retentate side was 4 bar and the testing
temperature was 35 °C for all trials. The gas permeabilities were determined from the rate
of downstream-pressure increase (dp/dt) obtained when permeation reached steady state
according to the following equation (Eq. 2):

_ 27315x10%L  [dp) (Eq. 2)
- 7604T((p,x76)/14.7) | dt

where P is the permeability of the membrane to a gas and its unit is in Barrer (1
Barrer=1x10-19 cm3 (STP)-cm/cm?2s cmHg), V is the volume of the downstream chamber
(cm3) and L is the film thickness (cm). T is the experimental temperature (K), A assigns to
the effective area of the membrane (cm?) and the pressure of the feed gas in the
upstream chamber is given by p, (psia).

The ideal separation factor of a membrane for gas A to gas B was evaluated as follows (Eq.
3):

p
@py = P—4 (Eq. 3)
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RESULTS AND DISCUSSION

Characterizations of ZIF-11 particles

Metal organic framework ZIF-11 was characterized via different methods. Figure 4a shows
X-ray diffraction (XRD) pattern of ZIF-11 crystals by comparing with reported data (inset in
Figure 4a) (27). The ZIF-11 crystals exhibited characteristic peaks (4.40°, 6.21°, 7.60°)
well matched to the simulated ZIF-11 XRD pattern. ZIF-11 crystals with ideal inner
structures had been successfully synthesized and Figure 4b showed the particle size
analysis of ZIF-11 crystals. It was clear that size of the prepared ZIF-11 particles was
mostly between 265 and 330 nm (an average of 280 nm) and ZIF-11 crystals had a narrow
distribution of particle size based on DLS measurements. Figure 4c showed the typical FT-
IR spectrum of ZIF-11 crystals (23). The ZIF-11 crystals showed characteristic absorption
bands at 3088, 3057, 3032 cm! (=C-H stretching of aromatics), and 1611, 1465 cm!
(C-C stretching in the aromatic ring). The bands occurring around 530-400 cm™! were
characteristic of ZnO molecules and were observed clearly in the ZIF-11 spectra (23). The
band at 421 cm! corresponded to Zn-N stretching. Thereby, the above results confirmed
the successful reaction of Zn?* and benzimidazole in ZIF-11 crystals (28).

The thermal stability of the as-prepared ZIF-11 particles was investigated using TGA as
shown in Figure 4d. The TGA curve of ZIF-11 yielded the first weight-loss of 2.8 wt.%
between 130 and 200 °C corresponding to the loss of toluene (b.p.~110 °C) withheld in
the particle cages. ZIF-11 particles were thermally stable up to 465 °C and then
decomposed to form zinc oxide with a sharp weight loss at approximately 70% within the
range of 465-830 °C. The residue at the end of the analysis (24.86 wt.%) was due to the
oxidation of bound Zn metal to ZnO. Figure 4e showed the SEM image of ZIF-11 particles
with a rhombic dodecahedron structure, which was consistent with the predicted one in the
reported literatures (27,29). The average crystal size of ZIF-11 was about 280 nm with a
size range of 0.2-1.5 ym (Figure 2e) as determined from SEM pictures. As seen in the SEM
pictures in Figure 4e, it was observed that few large crystals as well as humerous smaller
particles (~250-350 nm) exist together. In the DLS measurements, the number of average
values were measured and it was highly likely that the larger ones than the reported
particles were probably settled before the measurements were counted and recorded.
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Figure 4. X-Ray diffraction pattern (a), the particle size distribution, (b), FT-IR spectrum (c),
TG curve (d), and SEM image (e) of ZIF-11 crystals.
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Characterizations of PEI-ZIF-11 mixed matrix membranes

Structural and thermal properties

Figure 5 showed the XRD patterns of pure PEI and PEI-ZIF-11 MMMs between 2° and 40° in
order to determine their crystalline structures. The XRD pattern of pure PEI showed a broad
amorphous peak of all the polyimides (30). From the XRD patterns of the MMMs (Figure 5)
we can clearly observe a combination of the crystalline peaks of ZIF-11 and waved curve of
pure PEI membrane. Thus, it was concluded that after the incorporation of MOF into PEI,
ZIF-11 maintained its original structure integrity in the PEI-ZIF-11 MMMs. Pure ZIF-11
showed several sharp peaks (Figure 4a) while the main peak with highest intensity was
around 26 = 4.40°. Matching extremely well with pure ZIF-11 and PEI patterns (31).
Furthermore, the intensity of characteristic peaks of ZIF-11 increased with accumulative
ZIF-11 loading in MMMs. This finding showed that ZIF-11 crystalline structure remained
unaffected after being embedded into the PEI matrix.

PEI-ZIF-11-20%

EI-ZIF-11-20%

PEI-ZIF-11-15%

Intensity (a.u.)

EI-ZIF-11-10%

20 (degree)

Figure 5. XRD patterns of PEI MMMs with different ZIF-11 loadings.

The FTIR spectra of pure PEI and PEI-ZIF-11 MMMs were shown in Figure 6. The FTIR spectra
for the pure PEI membrane exhibited that characteristic absorption bands at 1779 cmt, 1718
cmt (asymmetric and symmetric C=0 stretching vibration), 1240 cm! (Ar-O-Ar aromatic
etheric stretching) and also vibrations at 1232, 777 cm™! are characteristic adsorption peaks
of polyetherimide structure (3,32). The ATR-FTIR spectra of PEI-ZIF-11 MMMs exhibited the
features that was present in both ZIF-11 particles and a PEI film. Partial overlapping of the
bands of the ZIF-11 crystals and PEI was also observed due to analogous chemical bonds
(the presence of benzene rings in PEI and ZIF-11). The band occurring at 419 cm~! was
characteristic of Zn-N stretching and becoming more visible at 10, 15, 20, 30 wt.% loadings
was a supplementary proof for the existence of ZIF-11 particles in the polymer matrix.
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Figure 6. FTIR spectra of PEI-ZIF-11 (0-10-15-20-30 %) mixed matrix membranes.

SEM analysis was performed to investigate the structural morphology of the PEI-ZIF-11
mixed matrix membranes and the adhesion between ZIF-11 and PEI. Figure 7 showed the
cross-section of pure PEI membrane (Figure 7a) and cross-sections of PEI-ZIF-11 MMMs
containing 20 wt.% of ZIF-11 particles (Figure 7b-c-d), respectively. The pure PEI
membrane showed a dense morphology without any visible deformation. Mixed matrix
membrane morphology of dispersed phase strongly influenced the gas transport properties.
Cross-sectional SEM images of the PEI-ZIF-11 MMMs were acquired to probe the dispersion
of particles in the polymer matrix. The SEM images of MMMs showed good dispersion of the
ZIF-11 particles throughout the polymer matrix. Any defect or agglomerates of ZIF-11
particles were not observed in the cross-sectional surfaces of the PEI-ZIF-11 MMM. On the
other hand, the concentric cavities in the MMMs (Figure 7b, ¢ and d) indicated a strong
interfacial interaction between the PEI polymer and the ZIF-11 particles (14). The ZIF-11
crystals were completely enfolded by a polymer film as seen in Figure 7. Comparing MMMs
with pure PEI membrane, a flat and homogenous structure was transformed into a crater-
like structure in homogeneous pattern upon addition of ZIF-11 in the matrix (29).
Formation of the crater-like morphology was due to de-bonding of added particles to
polymeric matrix during freeze fracturing.
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Figure 7. Cross-sectional SEM images of (a) PEI, (b-c-d) PEI-ZIF-11-20 wt.%.

TGA analysis was also carried out to determine the thermal degradation of all MMMs as a
function of temperature and to study the effect of ZIF-11 on thermal stability of the
membranes. The TGA curves for PEI-ZIF-11 MMMs were shown in Figure 8. The PEI
membrane exhibited a two-step degradation pattern whereas the PEI-ZIF-11 MMMs
exhibited a three-step degradation pattern. In the curve of the PEI membrane, first weight
loss occurred between 150 and 300 °C, corresponding to the weight loss of the NMP solvent

on the PEI matrix. The major weight loss observed at 567.25 °C was attributed to the
complete decomposition of the polymer.
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For PEI-ZIF-11 MMMs, three peaks associated with three weight loss stages were illustrated
in Figure 8. The first weight loss rate for neat PEI, PEI-ZIF-11 (10 wt.%), PEI-ZIF-11 (15
wt.%), PEI-ZIF-11 (20 wt.%) and PEI-ZIF-11 (30 wt.%) up to 300 °C is 3.28, 6.12, 6.15,
7.32 and 7.27%, respectively (Table 3). Similar to the PEI membrane, the peaks between
152 and 307 °C correspond to some residual solvent in ZIF-11 and the polymer matrix. The
weight loss corresponding to the second peak was attributed to the decomposition of
organic groups into the MMMs matrix. The final weight loss is associated with the structural
decomposition of the ZIF-11 groups to give residual ZnO and carbonaceous species. The
thermal degradation of the ZIF-11 alone started around 465 °C (Figure 4d). The addition of
the ZIF-11 into the polymer matrix slightly decreased the stability of the pure PEI
membranes, possibly due to the fact that the ZIF-11 might have catalyzed the polymer
degradation. The thermal stability of these composites was still preserved mostly up to 460
°C. This high thermal stability was acceptable for PEI-based materials in many applications.
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100
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Figure 8. TGA analysis of PEI-ZIF-11 mixed matrix membranes in air atmosphere.
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Table 3. TGA and DSC results of PEI-ZIF-11 MMMs.

Membrane Weight loss (%) Residue (%) T, (°C)
200 - 300°C 900°C
PEI 5.28 1.60 210.5
PEI-ZIF-11-10% 6.12 3.66 217.0
PEI-ZIF-11-15% 6.53 5.83 218.5
PEI-ZIF-11-20% 7.32 7.04 219.0
PEI-ZIF-11-30% 7.27 7.99 217.5

The influence of the addition of ZIF-11 particles on the glass transition temperature (Tg) of
PEI-ZIF-11 MMMs, was illustrated in Table 3. There were some changes in the Ty of the
MMMs relative to the pure polymer. The DSC result of neat PEI film indicated its T, value as
210.5 °C. Tg values of MMMs showed that by increasing ZIF-11 loading in the MMMs, their Tg
values increased and shifted from 210.5 °C to 219.0 °C once ZIF-11 loading reached 20
wt.%. By adding more ZIF-11, free volume of the polymer chain reduced due to the
progressively increasing association of polymer chains to the ZIF-11 surface and/or their
entrance into the ZIF-11 pores. These interactions between polymer chains and
incorporated ZIF-11 restricted the movement of the polymer chains and this restriction in
movement resulted in higher T, values of MMMs (33). Clearly, this increased Ty values were
an indication of interactions between ZIF-11 and PEI at a molecular level.

Gas Separation properties

Gas separation properties of pure PEI membrane and PEI-ZIF-11 MMMs with various ZIF-11
loadings were tested to investigate the influences of ZIF-11 on the MMMs. Permeability
measurements for H,, CO, and CH, at various ZIF-11 loadings (0-10-15-20-30 wt.%) into
PEI membrane films were carried out and listed in Table 4. Also, CO,/CH,, H,/CO, and
H,/CH, ideal selectivities were calculated from the single gas permeability results. The
permeance measurements were performed at 35 °C and to assess reproducibility, at each
percentage of loading experiments was repeated at least three times. The error of the
measurements was calculated as the standard deviation percentage [(standard deviation /
average) x 100].

Figure 9 showed the gas separation performance of PEI and PEI-ZIF-11 MMMs incorporating
ZIF-11 particles. The gas separation performance of the pure PEI membrane achieved in
this study was found to be consistent with the values reported in the literature (34). In the
pure PEI membrane, the gas permeation fluxes for H,, CO,, and CH, pure gases were found
to be 6.30, 1.36, and 0.187 Barrer, respectively. The CO,/CH,, H,/CO,, and H,/CH, ideal gas
pair selectivities were found to be 7.27, 4.63, and 33.69, respectively.
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The incorporation of ZIF-11 particles evidently increased the gas permeation of H,, CO,, and
CH, pure gases and CO,/CH,, and H,/CH, ideal gas selectivity of the membranes. It can be
seen from Table 4 that the PEI-ZIF-11 MMMs exhibited higher selectivity and permeability
than the pure PEI membranes. For example, incorporation of 20 wt.% of ZIF-11 to PEI
resulted in ~330% increase in H, permeability, while permeabilities of CH, and CO, were
increased by ~71% and 80%, respectively. The reason for the permeability enhancement on
MMMs was thought to be due to that ZIF-11 particles provided well-aligned channels within
polymer to facilitate the permeation. On the other hand, as stated in the previous sections,
the average pore size of ZIF-11 was approximately 3.0 A which permitted the transport of
gas molecules with smaller kinetic diameter (such as, H2, 2.89 A) and partially block the
large molecules (such as CH,, 3.8 R). ZIF-11 had naturally the most promising pore
dimensions with window cut-offs ranging between 3.08 and 3.10 A, which were ideal for
hydrogen sieving applications. However, sharp size selectivity for gases with a bigger
diameter than the pore size of ZIF-11 was not observed owing to the flexibility of the ZIF-11
framework (19). Thus, flexibility significantly affected the diffusion of large gas molecules in
the narrow pored materials. CO, and CH, were also able to get adsorbed in ZIF-11 because
of aperture flexibility of ZIF-11. On the other hand, the increase in permeability may be due
to both intermitted chain packing in polymer matrix by the dispersed phase in polymer-
phase and also the presence of the porous ZIF-11 (35).

From Figure 9, at the 30 wt.% ZIF-11 loading, the permeability of all gases was also
decreased significantly relative to the 20 wt.% loading, However, the permeability was still
higher than the pristine PEI membrane. The decrease in permeability at the higher loading
values can be interpreted due to high ratio of ZIF-11 which played as barrier across the gas
diffusion path on polymer. A reduction in permeability with the introduction of inorganic
particles to polymer membranes has also been observed by other researchers. Ordonez et
al. reported that the higher percentage of ZIF particles in the MMM reduced the amount of
polymer available area for gas transport. Also, higher ZIF loading was increased the diffusion
path length for the gases as they were constrained to take a more tortuous path around the
ZIF particles, and likely increased the density of the remaining polymer chains thereby
reducing free volume in the membrane (36). Moore et al. also explained this phenomenon
well as Case I or Case V (37). These membranes exhibited some increases in selectivity
while similar decreases in permeability observed, compared to the neat polymer.

Moreover, the above observations may also be attributed to the interaction between ZIF-11
particles and the PEI polymer, which was due to the affinity of the organic linkers in ZIF-11
to the PEI chains and also the coordination of some unsaturated metal ions in MOFs to
carbonyl groups in the PEI chains.

In conclusion, the results were interpreted as no voids or large channels were present in the
polymer and ZIF-11 interface, because such voids and channels would have resulted in a
continuing increase in the permeabilities of H,, CO, and CH, as the ZIF-11 loading increased
to higher values. The results for MMMs also validated by the SEM images that showed no
significant voids at the polymer/filler interface. This change in the trend also put forward as
an indirect evidence that the mixed matrix membranes were defect free and the interaction
between the ZIF-11 particles and the polymer played a role in gas permeation mechanism.
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The experimental results were shown in Robeson's trade-off plot in Figure 10 and Figure 11.
Adding ZIF-11 particles to the polymer matrix resulted in the performances closer to the
Robeson upper bound due to enhancement of H, permeability and selectivity. The pure gas
permeation results of the pristine PEI membrane were just placed below the upper bound,
whereas the gas permeation results of MMMs gathered near the upper bound, particularly
for PEI-ZIF11-30% and PEI-ZIF11-20% MMMs. These results indicated that ZIF-11 had the
vast potential of separating H,/CH, and CO,/CH, mixture due to high H, selectivity of ZIF-11

particles.

Table 4. Gas permeability values (Barrer) of the pure PEI and PEI-ZIF-11 MMMs at 35°C

and 4 bar.
Membrane Permeability (Barrer)
P(H,) P(CH,) P(CO,)
PEI 6.30 £ 0.070 0.187 = 1.36 £ 0.080
0.050

PEI-ZIF-11- 7.38 £ 0.290 0.19 + 0.008 1.54 £ 0.120
10%

PEI-ZIF-11- 20.73 £0.600 0.25 + 0.002 4.63 £ 0.300
15%

PEI-ZIF-11- 27.10 £1.200 0.32 + 0.007 6.95 £ 0.770
20%

PEI-ZIF-11- 8.70 + 0.330 0.048 = 2.73 £ 0.107
30% 0.017

Ideal Selectivity

A (co2/cHa
7.27

8.10

18.52

21.18

56.87

a

H2/C02
4.63

4.79

4.47

3.89

3.18

a H2/CH4

33.69

38.84

82.92

84.68

181.25
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Figure 9. Enhancement of gas transport properties for H,, CH,, and, CO, as a function of
ZIF-11 loading in PEI-ZIF-11 MMMs,
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Figure 10. Comparison of pure and mixed H,/CH, separation performance of PEI-ZIF-
11 MMMs with the upper bound.
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Figure 11. Comparison of pure and mixed CO,/CH, separation performance of PEI-ZIF-11
MMMs with the upper bound.

The influence of MOF particles in MMMs for H,, CO,, and CH, gases separations was studied
by preparing dense and asymmetric PEI membrane filled with various ZIF-11 loading. A
zeolitic imidazolate framework, ZIF-11, was successfully synthesized, characterized, and
evaluated as a potential adsorbent for H,/CH, and CO,/CH, separation. The priming protocol
to prepare the MMMs resulted in a good distribution of fillers in the polymer matrix even
under high loading. The XRD pattern of the MMMs showed that ZIF-11 maintained its
crystallinity through and after the heating processes in the membrane preparation
procedure. FTIR and TGA analysis showed interaction of ZIF-11 samples with PEI polymer.
Both the selectivity and permeability for H,/CH, and CO,/CH, were increased by inclusion of
ZIF-11 particles (up to 20 wt.% loading). At high loading of the ZIF-11 particles, the
selectivity was further increased but the permeability was reduced. The increase in
selectivity interpreted as the absence of voids at the PEI-ZIF-11 interface. This was
confirmed by the SEM image of the membrane cross-section. The incorporation of ZIF-11
particles in the PEI matrix, can lead to an overall improvement in performance of
permeability and selectivity. In the literature, Lunxi et al. studied ZIF-11/PBI composite
membranes and tested gas separation performances of membranes for H, and CO, gases at
room temperature. They obtained H,/CO, ideal selectivity of 5.6 for 16.1 wt. % ZIF-11/PBI
composite membrane (38). Coronas et al. synthesized nano-sized ZIF-11/Matrimid MMMs
and investigated selectivity and permeability of H,/CO, in MMMs. They showed that 25 wt.%
ZIF-11 MMM showed improvement in H,/CO,, with a H,/CO, separation selectivity of 4.4 at
35 °C (22). On the other hand, Lunxi and Coronas did not test the gas separation
performance of membranes for CH, gas. Finally, the selectivity of H,/CH, was achieved
equal to 181.25. The results confirmed that PEI was a suitable candidate for hydrogen
separation membranes.
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Tiirkce 0z ve anahtar kelimeler

POLIETERIMID (PEI)/ZEOLITIK IMIDAZOLAT (ZIF-11) KARISIMI
MATRIS MEMBRANLARIN YAPISAL KARAKTERIZASYONU VE GAZ
GECIRME OZELLIKLERI

Bu c¢alismada, polieterimid (PEI-Ultem1000)/ZIF-11 karnistk matris membranlarinin
hazirlanmasi ve farkli oranlarda ZIF-11 partikllleri (adirlik¢ca % 0, 10, 15, 20, ve 30)
yuklenmesinin etkisi incelenmistir. Ortalama partikil boyutu ~280 nm olarak sentezlenen
ZIF-11 partikdlleri PEI membranina katkisi ile karisik matris membranlar (KMM)
hazirlanmigtir. ZIF-11 ylklemesinin gaz ayirma performansina etkisi H,, CO, ve CH, gazlari
icin 35 °C ve 4 bar basingta incelenmistir. ZIF-11 ylUklemesindeki artis ile KMM'lerin gaz
gecirgenlik Ozellikleri artmistir. %20 ZIF-11 ytklemesinde H, ve CO, gazlarinin gegirgenlik
katkisiz polimere gére dort kat artmistir. CH, gegirgenliginde ise bir miktar artis gézlenmistir.
Adirlikca %20’nin Gzerinde ZIF-11 yiklemesinde, bitln gazlar igin gegirgenlik dederleri
duserken CO,/CH, ve H,/CH, segicilikleri ZIF-11 yiklemesine bagh olarak artmistir.

Anahtar Kelimeler: Karisik matris membranlar, zeolit imidazolat kafesler, polieterimid, gaz

ayirma.
Gonderme: 28 Mayis 2016, Diizeltme: 24 Haziran 2016, Kabul: 28 Haziran 2016.
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Abstract: Leaves of Citrus meyerii harvested fresh and dried for four consecutive days
were separately hydro-distilled and vyielded 0.11 - 0.24 %(w/w) of essential oils.
Characterisation of the oils using Gas chromatography - mass spectrometry (GC-MS)
revealed the predominance of hydrocarbon monoterpenoids 51.1 - 68.3%. Oxygenated
monoterpenoids, hydrocarbon sesquiterpenoids, and oxygenated sesquiterpenoids
constituted (17.4 - 24.9%), (12.2 - 19.8%) and (0.0 - 2.5%) of the oils respectively.
Principal constituents of the oils were; 3-carene (10.1 - 30.7%), a-pinene (1.0% -
18.7%), d-limonene (5.2 - 6.4%), cis-p-ocimene (5.8 - 14.2%), citronellal (5.4 - 6.8%),
and B-elemene (3.0 - 5.8%). The oils were of 3-carene and a-pinene chemotypes. Oils
that were of 3-carene chemotype were those from fresh and the leaves dried for one and
four days while the oils from leaves dried for two and three days were of a-pinene
chemotype. Insecticidal activities of the oils were determined using contact toxicity test
on Callosobruchus maculatus. Regardless of whether the leaves were fresh or dried, the
oils were active against the insect. Interestingly, there was no significant difference in the
activities of the oils against the insect.
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INTRODUCTION

Citrus meyerii is a hybrid of Citrus sinensis and Citrus limonium gotten via budding of the
parent plants. Just like the parent plants, the plant is odorous, hence, bearing essential oils.
Several chemotypes of oil from the parent plants have been reported in various part of the
world. For instance, limonene, a-fenchene, a-terpinolene, 3-carene, and B-pinene
chemotypes of leaf essential oil of Citrus sinensis grown in Turkey, Pakistan, and Nigeria
have been identified [1-3]. Similarly, limonene and a-pinene chemotypes of the leaf
essential oil of Citrus limonium grown in Crete, Syria, and Iran have been discovered [4-6].
Occurrence of various chemotypes of the oils signified that the formations of its
constituents were catalysed by different terpene synthase [7]. The activities of the
synthases depend on biotic and abiotic factors which may affect phytochemical profiles and
biological activity of the oils.

Usman et al., 2016 investigated the effect of drying on the phytochemical profile and
insecticidal activity of leaf essential oil of C. sinensis grown in Nigeria. In their investigation,
a-fenchene, 3-carene, a-terpinolene and B-pinene chemotypes of the oil were detected.
Despite the fact that the oils were of different chemotypes, they were active against
Callosobruchus maculatus without any significant difference.

Phellandrene chemotype of leaf essential oils of C. sinensis from two different harvests
(7:00 am and 4:00 pm) were characterised by Omoniwa et al., 2014. The oils significantly
ameliorated the impaired hepatic and renal functions. This implies that the time of harvest
of leaves did not affect the oil’s chemotype and its biochemical activity despite the fact that
the quantity of most abundant compound differs appreciably [8]. Vekaria et al., 2002
reported that seasonal variation did not affect the chemotype of leaf essential oil of Citrus
limonium as they were of limonene chemotype. However, the quantities of the predominant
compounds varied significantly [4].

Earlier works on the leaf essential oil of C. meyerii revealed the existence of oil of thymol
and limonene chemotypes of the plants grown in Florida and Cameroon [9, 10]. The
antioxidant assay of the oil from Cameroonian grown C. meyerii showed that, the oil
demonstrated higher antioxidant property than the synthetic antioxidant
(Butylhydroxyltoluene (BHT)). The oil also has higher inflammatory activity than the
reference drug nordihydroguaieretic acid (NDGA). Higher biochemical activity of the oil may
be due to synergistic actions of the constituents of the oil.

To the best of our knowledge, there are no reports on the effect of dryness of C. meyerii
leaves on the chemical composition and insecticidal activity of its essential oil. It is on the
basis of this that this work aims at monitoring the effect of drying on the chemical
composition and insecticidal property of essential oil from the leaf of the plant.
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MATERIALS AND METHODS

Sample Collection

Leaves of Citrus meyerii were harvested from Park and garden, University of Ilorin, Ilorin,
Kwara state. The leaves were air-dried at ambient temperature for four consecutive days
and subsequently pulverised.

Oil Isolation

500 g of each of the pulverised leaves of C. meyerii was hydro-distilled for 3 hours in a
Clevenger-type apparatus, according to the British Pharmacopoeia specification [11]. The
resulting oil from each sample was collected, preserved in a sealed sample tube, and stored
under refrigeration until analysis.

GC-MS Analysis

An Agilent 19091S gas chromatograph coupled with a quadruple focusing mass
spectrometer 433HP-5 mass detector was used. Helium was used as the carrier gas at a
flow rate of 1.5 mL/min; all analyses were performed at constant flow. The GC was fitted
with a 30 m x 0.25 mm fused silica capillary column coated with phenyl methyl siloxane at a
split ratio of 1:50. The film thickness was 0.25 ym. Oven temperature was initially kept at
100 °C for 5 min then 150 °C at a rate of 4 °C for 8 min and to 250 °C at a rate of 20 °C
/min. Mass detector conditions were as follows: Transfer line temperature at 300 °C,
ionisation mode electron impact at 70 eV. The percentage composition of the oils was
computed in each case from GC peak areas. The identification of the components was done
based on comparison of retention indices (determined relative to the retention times of
series of n-alkanes) and mass spectra with those of authentic samples and with data from
literature [12-14].

Insecticidal Activity

Insect Culture

Cowpea beetles (Callosobruchus maculatus) were obtained from heavily infested cowpea.
They were reared on clean beans and maintained under ambient environmental condition
(28 £ 2 °C). The rearing jars were covered with muslin fabric to allow aeration and prevent
escape of the insects. The jars were placed inside a wire-netted shelf in the laboratory.
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Mortality Determination

10 g of clean, uninfected sweet cowpea grains were separately put into sixteen plastic
containers (4 cm diameter) including the one meant for control. 0.1 mL of essential oil from
fresh and the leaves dried for four consecutive days were separately added to the beans in
the containers except the one meant for the control in triplicate. Apart from the control, the
samples were agitated thoroughly for uniform distribution of the oil. Ten active adult
Callosobruchus maculatus insects were introduced into each container. The control consisted
of ten active adult Callosobruchus maculatus insects kept in a plastic container containing 10
g of clean, uninfected beans without any portion of the oil in it. The percentage mortality was
reported at 6 hours interval for 42 hours.

Data Analysis

The adult toxicity experiments were carried out in a Completely Randomised Design by which
the percentage mortality data from the experiment was subjected to one way Analysis of
Variance (ANOVA) and where there was a significant difference, the mean separation was
done using Duncan Multiple Range Test at 1% level of significance (0.01 probabilities). This
statistical analysis was performed using SPSS software, version 21.

RESULTS AND DISCUSSION

Fresh and dried leaves of Citrus meyerii afforded oils in the range of 0.11-0.24% (w/w). The
yield increased with increase in day of drying (Fig 1). The highest yield was obtained in the
leaves dried for four days (0.37%) while fresh leaves afforded the lowest yield (0.11%). The
increase in oil yield could be attributed to the decrease in moisture content as the day of
drying increases. The oil yields from the fresh and dried leaves were lower than the yield
from Cameroonian grown C. meyerii [10]. This could be attributed to the variation in agro-
climatic conditions of the two countries.

% YIELDS
0,3
0,25
0,2
0,15
% YIELDS
0,1
0,05
0 T T T T
FRESH DD1 DD2 DD3 DD4

Figure 1. Yield of Citrus meyerii oils.
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KEY TO FIGURE 1

FRESH: Fresh leaves

DD1: Leaves dried for one day
DD2: Leaves dried for two days
DD3: Leaves dried for three days
DD4: Leaves dried for four days

Table 1 (see Supplementary File) shows the identities, kovats indices and percentage
composition of the constituents of essential oils obtained from fresh and dried leaves of
Citrus meyerii. In the Table, 25-35 compounds that represented 92.0 - 99.9% of the oils
were identified. Hydrocarbon monoterpenoids constituted 51.1 - 68.3% of the oils while the
percentage composition of oxygenated monoterpenoids ranged from 17.4 - 24.9%.
Meanwhile, 9.4 - 19.8% of the oils were hydrocarbon sesquiterpenoids. 0.5 - 2.5% of the ail,
were oxygenated sesquiterpenoids which were not detected in the oil obtained from fresh
and leaves dried for three days.

The principal constituents of the oils were; a-pinene (1.0 - 18.9%), 3-carene (10.1 -
30.7%), D-limonene (5.2 - 6.4%), Cis-B-ocimene (5.8 - 14.9%), 2-carene (0 - 4.4%),
terpinolene (0 - 5.4%), Citronellal (0 - 6.8%), geraniol (0.9 - 5.4%), neral (0.3 - 9.1%),
terpinen-4-ol (3.1 - 4.5%), B-elemene (3.0 - 5.5%), y-elemene (0.0 - 4.8%), cis-B-
farnesene (0.6 — 4.4%) and eremophilene (0 - 4.0%). a-Thujene (0 - 1.4%), B-pinene (2.2
- 3.6%), a-phellandrene (1.0 - 1.5%), o-cymene (0.2 - 1.8%), y-terpinene (0 - 2.7%),
1,3,8-p-menthatriene (0.0 - 1.8%), citronellol (0.0 - 3.7%), geranial (0.0 - 3.5%),
humulene 1.0 - 1.6%), B-caryophyllene (2.3 - 3.6%), and phytol acetate (0.5 - 1.4%) were
also detected in appreciable quantities. However, some of the compounds that existed in
significant quantities in the oils occurred as minor constituents in oil of leaves dried for one
and four days. For instance, isopulegol (0.4% and 0.3%) was detected as minor constituent
of the oils. a-Terpinene (0.3%), decanal (0.4%), B-copaene (0.4%), aromadendrene (0.2%),
spathulenol (0.2%) and caryophyllene oxide (0.3%) were also identified as minor
constituents in the oil of leaves dried for one day. Furthermore, geranial (0.4%), methyl
geranate (0.3%), B-copaene (0.4%) and y-muurolene (0.3%) were found in minor quantities
in the oil of leaves dried for four days. Their existence as minor constituents signifies that
their formations were prematurely terminated by synthase that mediates the transformations
of their respective precursors to the compounds.

Comparison of the oils revealed that the composition patterns of the oils differ significantly.
Qualitatively, geranyl butyrate, y-elemene, guaia-9,11-diene that existed in the oil from fresh
leaves were not found in the oils from the dried leaves. a-Terpinene, isoterpinolene, decanal,
a-copaene, aromadendrene, spathulenol and caryophyllene oxide were identified in the oil
from the leaves dried for one day but were not detected in other oils. However, d-cadinene
and eremophilene existed in the oil of leaves dried for three days and did not exist in other
oils. y-muurolene, geranyl acetate, and geranyl linalool were detected in the oils from leaves
dried for four days but were not detected in other oils.
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Limonene and ortho-cymene were identified in the oil of fresh leaves but not detected in the
oils from dried leaves. Furthermore, B-pinene, citronellyl acetate, and methyl geranate were
found in the oil of leaves dried for two days but not found in other oils. Similarly, Cis-f3-
ocimene and phytol were identified in the oils except the oil from leaves dried for three days.
a-Thujene and eremophilene were detected in the oils but were not found in the oil of the
leaves dried for five days. Absence of some compounds in the oils of the leaves may be due
to the fact that the physiological conditions of the plant did not favour their biosynthesis.

Quantitatively, a-pinene, a-phellandrene, 3-carene, o-cymene, d-limonene, cis-B-ocimene,
trans-B-ocimene, a-terpineol, neral, geraniol, B-elemene, humulene, B-caryophyllene and
cis-B-farnesene were detected in the oils but at varying quantities. a-Terpineol, geraniol,
humulene and B-caryophyllene were detected in appreciable quantities in the oil of fresh
leaves than other oils. Neral predominates the oil of the leaves dried for one day than other
oils. a-Pinene and d-limonene were of greater abundance in the oil of the leaves dried for
two days than other oils. Furthermore, terpinen-4-ol and cis-B-ocimene occurred in higher
amounts in the oil of the leaves dried for three days than other oils. Similarly, B-elemene,
trans-B-ocimene, and 3-carene occur in appreciable quantities in the oil of the leaves dried
for four days than other oils. The variations in the quantities of the constituents of the oil are
attributable to difference in activity of synthases that mediate the formation of the
compounds from their respective precursors [15].

Oils of the fresh leaf of Nigerian and Cameroonian grown C. meyerii were of 3-carene and d-
limonene chemotypes respectively. Interestingly, 3-carene was not detected in the oil of
Cameroonian grown C. meyerii which implies that the physiological conditions of the plant
did not favour its biosynthesis. The conditions depend on the agro-climatic conditions which
determine the activity of the enzyme that aid the formation of the terpenoids. Meanwhile,
the biosynthesis of terpenoids is usually catalysed by the most active enzyme that forms the
most abundant mono- and sesqui-terpenoids. [7, 15].

The predominance of a-pinene in the oils obtained from the leaves dried for two and three
days implied that its synthase mediates the transformation of its precursor to all
monoterpenoids. However, the most abundant monoterpenoids in the oils obtained from
fresh and the leaves dried for one and four days was 3-carene, its synthase catalysed the
formation of all monoterpenoids in the oils. Differences in monoterpenoid synthases that
aided the formation of the compounds implied that the period of drying affects the activity of
the synthase which depend on the physiological condition of the leaves. Despite the fact that
B-elemene was the most abundant sesquiterpenoid in the oils from the fresh and dried
leaves and its quantity varied significantly, its synthase catalysed the formation of all
sesquiterpenoids in the oils. Quantitative difference in B-elemene content is attributable to
variation in physiological condition of the leaves that determine the activities of the enzyme.
This variation connotes that the period of drying of the leaves affect the activity of the
enzyme. The enzymes catalysed the transformation of mono- and sesquiterpenoid precursor
to the respective terpenoids via cationic mechanisms (Schemes 1 and 2).
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Reaction mechanisms

In Reaction Scheme 1, 3-carene and a-pinene synthases aided the transformation of neryl
(1) and geranyl pyrophosphate (2) to their respective cationic intermediates (neryl (3),
linalyl (4) and geranyl (5) cations). Hydration of geranyl cation with subsequent
hydrogenation at C2 and C3 gives citronellol (6) which further undergoes oxidation to give
citronellal (7). Neryl cation (3) undergoes hydration to give nerol (8) which subsequently
oxidises to neral (9). Nucleophillic attack of carbonyl carbon of the compound (9), by C6-C7
double bond form isopulegyl cation. Deprotonation of the ion at C7 follow by protonation of
alkoxide intermediate with hydrogenation at C2-C3 produce isopulegol (10). Linalyl cation
(4) deprotonate at C1 to form trans-B-ocimene (11). The ion (3) undergoes electrophilic
attack on C6-C7 double bond to give a-terpinyl cation (12). C8 deprotonation of the ion
(12) gives limonene (13). 6,7-hydride shift of the ion (12) gives terpinyl-4-yl cation (14).
Subsequent deprotonation of the latter (14) at C1 and C7 gives a-terpinene (15) and a-
terpinolene (16) accordingly. Deprotonation of ion (12) at C5 followed by electrophilic
attack on C7 forms car-3-ene (17). Folding of the ion (12) towards C2-C3 double bond
followed by electrophilic attack of the ion via C2 gives pinyl cation (18). Deprotonation of
the ion at C4 and C10 give a-pinene (19) and B-pinene (20) respectively.

The abundance of B-elemene in the oils implied that its synthase mediated the biosynthesis
of all the sesquiterpenoids (Reaction Scheme 2). In the scheme, B-elemene synthase
catalysed the ionisation of farnesyl pyrophosphate (21) to nerolidyl (22) and farnesyl (23)
cations. Loss of proton at C15 by the ion (22) forms B-farnesene (24). Electrophilic attack
of the ion on C10-C11 double bond give humulyl cation (25) which further under goes de-
protonation at C9 to form humulene (26). Electrophyllic attack of the ion (25) on C2-C3
double bond form caryophyllyl cation (27). Deprotonation of the ion (24) at C15 form B-
caryophyllene (28). Epoxidation of the compound (28) at C5-C7 double bond produces
caryophyllene epoxide (29). Electrophyllic attack of ion (23) on C10-C11 double bond gives
germacrenyl cation (30). Ion (30) undergoes 2, 7-ring closure to form [-selinyl cation
(31). Subsequent hydride shift from C11-C10, C10-C1 and deprotonation at C6 followed by
electrophilic attack of the ion (31) on C6 forms a-copaene (32). Hydride shift from C11-
C10, C10-C1 followed by deprotonation of the ion (30) at C6 gives d-cadinene (33). This
ion (30) undergoes 2, 11- hydride shift and 2,7-cyclisation to give eudesmanyl cation (34)
which undergoes 4,5-cleavage and deprotonation at C15 to form B-elemene (35).
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Reaction Scheme 1. Biosynthesis of monoterpenoids catalysed by 3-carene and a-pinene
synthases.
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Insecticidal Activity

Contact toxicity data of the oils of fresh and dried leaves of C. meyerii against adult
Callosobruchus maculatus are shown in Table 2 (see Supplementary File). The table revealed
that at the end of 42 hours of exposure, oils from the fresh leaves and leaves dried for a day
caused 85% mortality of C. maculatus. Meanwhile, the oils from the leaves dried for two,
three, and four days caused 95% mortality of C. maculatus. However, irrespective of the days
of drying, the oils were highly active, that is, caused very high percentage adult mortality with
no significant difference between them at 0.01 probabilities. Rajendra et al., 2007 linked the
toxicity of essential oils to stored insect pests with the individual and synergistic actions of the
compounds present in the oils [16]. Such compounds include; a-pinene, p-pinene,
phellandrene, limonene, y-terpinene, citronellal, and geraniol. The presence of these
compounds in substantial amounts in the oil may be responsible for their activity against C.
maculatus. However, the contact toxicity activity of the oil compared favourably with activities
of the leaf oils of other Citrus species.

CONCLUSION

Oil yields from the leaves varied significantly. It increases with increase in period of drying.
This can be attributed to the loss of moisture by drying from the leaves samples which
subsequently increase the yields. Phytochemical profile of the oil was also affected by drying
as it affects the chemical composition of the leaf oil of Citrus sinensis [3]. This could justify
the presence of both plants in citrus family. However, the drying did not affect their insecticidal
activity against C. maculatus. Since the oils have significant activities against the insect.
Hence, they can be use as alternative to synthetic insecticide for C. maculatus. Meanwhile, it
is preferable to extract the oils from dried samples as they afforded more oils than fresh leaf
sample.
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Tiirkce Oz ve Anahtar Kelimeler

Nijerya Bolgesinde Yetisen Citrus meyerii'nin Taze ve Kurutulmus Yapraklarindan
Elde Edilen Esansiyel Yagin Fitokimyasal Profili ve Insektisit Aktivitesi

Usman Lamidi Ajao, Olanipekun Bolatito Eunice, Ogundele Victor Ayorinde ve Musa
AbdulRasak Kannike

Oz: Citrus meyerii yapraklar taze olarak ve dért ardisik giin kurutularak ayri ayri
hidrodistilasyona ugratilmis ve agirlikca %0,11-0,24 esansiyel yag vermistir. Yaglarin Gaz
kromatografisi - kitle spektrometrisi (GC-MS) ile karakterizasyonu %51,1 - 68,3
oraninda baskin  bir hidrokarbon  monoterpenoidlerini  géstermistir.  Oksijenli
monoterpenoidler, hidrokarbon seskiterpenoidler ve oksijenli seskiterpenoidler yadlarin
siras! ile (%17,4 - 24,9), (%12,2 - 19,8) ve (%0,0 - 2,5) kismini olusturmustur. Yaglarin
baskin bilesenleri 3-karen (%10,1 - 30,7), a-pinen (%1,0 - 18,7), d-limonen (%5,2 -
6,4), cis-B-osimen (%5,8 - 14,2), sitronellal (%5,4 - 6,8) ve B-elemen (%3,0 - 5,8)
olarak tespit edilmistir. Yaglar 3-karen ve a-pinen kemotiplerinden olusmaktadir. 3-Karen
kemotipi olan yadlar taze ve bir ve dort gliin kurutulan yapraklardaki esansiyel yagdan
olusmaktadir, buna karsilik iki ve (¢ gin kurutulan yapraklardaki yaglar a-pinen kemotipi
agirlikhdir. Yaglarin insektisit aktiviteleri Callosobruchus maculatus Ulzerindeki temas
toksisite testleri ile belirlenmistir. Yapraklarin taze veya kurutulmus olmasindan bagimsiz
olarak, yaglar béceklere karsi aktivite géstermistir. Ilging bir sekilde, yaglarin bdcege
karsi aktivitesinde belirgin bir farklilik tespit edilmemistir.

Anahtar kelimeler: Citrus meyerii, Kemotip, kar-3-ene sentaz, B-elemen sentaz,
insektisit aktivitesi.

Sunulma: 30 Mayis 2016. Gozden gegirme: 30 Haziran 2016. Kabul: 11 Temmuz
2016.
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