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In this paper, the new cobaloxime (1), organocobaloxime (2) and multinuclear cobaloximes (3-10)
were synthesized and characterized. These compounds were used as homogeneous catalysts for cyc-
lic carbonate synthesis from carbon dioxide (CO,) and epoxides.

The new cobaloxime (1), organocobaloxime (2), and their intramolecular hydrogen (O-H::-O)
bridges replaced by Cu(lI)-containing multinuclear cobaloximes (3—10) were synthesized and char-
acterized by elemental analysis, 'H and '>C NMR spectra, FT-IR spectra, UV—vis spectra, LC-MS
spectra, molar conductivity measurements, melting point measurements, and magnetic susceptibility
measurements. Their electrochemical properties were investigated using cyclic voltammetric
techniques in DMSO solution. The cobaloxime or organocobaloxime (1, 2) were used as precursors,
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replacing intramolecular O—H:--O bridges, forming multinuclear complexes (3-10). Then, these
compounds were used as homogeneous catalysts for cyclic carbonate synthesis from carbon dioxide
(CO,) and epoxides. In the catalytic experiments, dimethyl amino pyridine (DMAP) was used as co-
catalyst, since DMAP was a more active base with higher yield compared to other Lewis bases. It is
not necessary to use solvent according to catalytic test results, important in green chemistry.

Keywords: Cobaloxime; Organocobaloxime; Electrochemistry; Spectroscopy; Carbon dioxide

1. Introduction

Cobaloximes or organocobaloximes have the general formula RCo(L,)B, where R is an
organic group c-bonded to cobalt, B is an axial base trans to the organic group, and L is a
monoanionic dioxime ligand. The ligands glyoxime (gH), dimethylglyoxime (dmgH),
1,2-cyclohexanedione dioxime (chgH), diphenylglyoxime (dpgH), and other symmetric and
unsymmetric dioximes are given as examples [1]. Cobaloximes and organocobaloximes
with one or both of the intramolecular (O—H---O) bridges replaced by organoboryl groups
are well known, but the intramolecular (O—H::-O) bridges replaced by Cu(Il) or other metal
ions are not well known. Cobaloximes or organocobaloximes are known for H, production,
easy to synthesize, oxygen-tolerant, amenable for coupling to natural and artificial photo-
synthetic systems, and rely only on earth-abundant materials [2, 3]. The pseudomacrocyclic
cobaloxime compounds were originally developed and investigated as vitamin-B;, analogs
[4] and have been extensively studied as a model system for vitamin By, [5]. However, we
have recently reported a different application area that molecular oxime complexes (such as
[Ni(dioxime),]) are efficient and cheap homogeneous catalysts for cyclic carbonate synthe-
sis from carbon dioxide (CO,) and different epoxides [6]. In this study, we decided to syn-
thesize new cobaloxime, organocobaloxime, and multinuclear complexes where the
intramolecular hydrogen (O—H-:-O) bridges in the complex structure are replaced by Cu(Il)
ions. These target molecules have been used as catalysts for the coupling reactions of car-
bon dioxide (CO,) with epoxides. While there are many literature reports on symmetric or
unsymmetric dioxime ligands containing Co(III), they have not been used as catalysts for
chemical fixation of carbon dioxide.

Carbon dioxide (CO,) is considered to be the major cause of climate change because of
its greenhouse properties and continuous accumulation in the atmosphere [7]. Scientific and
industrial initiatives toward the chemical conversion of CO, have thus increased substan-
tially [7-9]. For chemical conversion of carbon dioxide, many different binary/bifunctional
catalyst systems have been reported by combining a Lewis acid and a nucleophile which
is required for ring opening of the epoxide [10]. Chemical conversion of carbon dioxide is
attractive in carbon chemistry because carbon dioxide as a renewable C; building block is
an abundant, inexpensive, and nontoxic carbon source [11-14]. A promising methodology
for chemical fixation of CO, is the cycloaddition of CO, to epoxides to form cyclic organic
carbonates. Cyclic carbonates, such as ethylene carbonate (EC) and propylene carbonate
(PC), are valuable organic synthetic intermediates, monomers, aprotic polar solvents, and
pharmaceutical or fine chemical intermediates, and are applied broadly [14-16].

Herein, we described the new cobaloxime (1), organocobaloxime (2), and their intramo-
lecular hydrogen (O—H:---O) bridges replaced by Cu(Il) complexes giving 3—10 that were
characterized by elemental analysis, 'H and '*C NMR spectra, FT-IR spectra, UV-vis
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spectra, LC-MS spectra, molar conductivity measurements, melting point measurements,
and magnetic susceptibility measurements. Moreover, their electrochemical properties were
investigated using cyclic voltammetric (CV) techniques in DMSO solution. All the com-
pounds were used as catalysts in the direct synthesis of cyclic carbonates from carbon diox-
ide and epoxides. The optimal catalytic conditions were investigated by changing the
epoxides, solvents, temperature, pressure, and time, consecutively.

2. Experimental

2.1. Materials and methods

All reagents and solvents were of reagent grade and obtained from commercial suppliers.
Elemental analyses were performed by using LECO CHNS model 932 elemental analyzer.
"H and "*C NMR spectra were recorded on the Bruker-Avance 300 MHz spectrometer and
chemical shifts are expressed in ppm relative to DMSO-dg at 25 °C. Infrared spectra were
recorded in KBr on a Perkin Elmer Spectrum RXI FT-IR spectrometer (4000—400 cm ).
Magnetic susceptibilities were determined on a Sherwood Scientific Magnetic Susceptibility
Balance (Model MK1) at room temperature (25 °C) using Hg[Co(SCN),4] as a calibrant;
diamagnetic corrections were calculated from Pascal’s constants [6, 17]. UV—vis spectra
were obtained on a Perkin-Elmer model Lambda 25 spectrophotometer from 200 to
1100 nm, and in C,HsOH and CH,Cl, as solvents. Melting points were measured in open
capillary tubes with an Electrothermal 9100 melting point apparatus and are uncorrected.
Molar conductivities (Ay) were recorded on an Inolab Terminal 740 WTW Series. Mass
spectra results were recorded on an Agilent LC/MSD LC-MS/MS spectrometer. CV mea-
surements were carried out with an instrument (Princeton Applied Research Model 2263
potentiostat controlled by an external PC, using the computer program, Power CV) utilizing
a three-electrode configuration at 25 °C. A platinum wire served as the counter electrode.
An Ag/AgCl electrode was employed as the reference electrode. The working electrode was
a platinum plate with an area of 0.2 cm”. The working electrode was polished with Al,O5
prior to each experiment. Throughout the experiment, oxygen-free argon was bubbled
through the solution for 10 min. Electrochemical grade tetrabutylammoniumperchlorate
(TBAP) (0.2 M dm™*) was employed as the supporting electrode. The origin 7.5 graphing
program was used to evaluate Power CV data, to draw voltammograms, and to analyze
them. Catalytic tests were performed in a PARR 4560 50 mL stainless steel pressure reactor.
Gas chromatography was performed on an Agilent 7820A GC system with hydrogen as the
carrier gas. Unsymmetric dioxime (LH,) [6] and 1,10-phenanthroline-5,6-dione (dione) [18]
were prepared according to literature procedures.

2.2. Synthesis of [CICo™ (LH),(4-t-BuPy)] (1)

In a typical reaction, cobalt(Il) chloride hexahydrate (CoCl,-6H,0) (1.86 g, 7.8 mM) was
added to a stirred solution of the unsymmetric dioxime ligand (LH,) (3.0 g, 15.6 mM) in
96% ethanol (100 mL). The mixture was vigorously stirred for 25 min with occasional
swirling, during which the solution turned green and the mixture was again heated for 2 h
under reflux. Later, the mixture was allowed to cool to room temperature and 4-tert-butyl-
pyridine (1.06 g, 7.8 mM) was added to the mixture. Then water (10 mL) was added and a
very gentle stream of air was passed through the solution for about 3 h to get the desired
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product. The crude product obtained was recrystallized from CH,Cl,/C,HsOH (1 :2). The
product was collected, washed well with water, and air-dried. Color: dark brown, yield (%):
86, m.p: 180 °C, Anal. Calcd for [C,9H;35N504CICo] (F-W: 612.0 g/M): C, 56.91; H, 5.76;
N, 11.44. Found: C, 56.93; H, 5.74; N, 11.42. Ay, = 16 Q7' em® M7, e = Dia, LC-MS
(Scan ES): m/z (%) 612.3 (6) [M]", 576.2 (15), 257.0 (22), 215.2 (18), and 214.2 (100),
FT-IR (KBr pellets, va/cm '): 3047 and 3026 v(Ar—CH), 2964-2871 v(Aliph—CH), 1718
v(O-H:+-0), 1618 v(C=N), 1544-1508 v(C=C), 1273 v(N-0), 509 and 486 v(Co-N). 'H
NMR (DMSO-dg, TMS, 300 MHz, 6 ppm): 18.80 and 18.55 (s, 2H, O-H:--O), 11.87 (s,
2H, HC=N), 8.64-8.09 and 7.57-7.24 (m, 12H, Ar—CH), 2.63-2.52 (q, 4H, CH3—CH,),
1.16 (t, 15H, J = 8.1 Hz, CH;~CH, and #-BuPy-CH;), *C NMR (DMSO-ds, TMS,
75 MHz, & ppm): 151.26 and 149.94 (C=NOH), 147.68, 146.16, 145.02, 141.28, 132.07,
130.35, and 128.47 (Ar—CH), 35.31 (¢-BuPy-C-CHj3), 30.53 (+-BuPy-C—CHj;), 28.65 (CH3—
CH,), and 16.03 (CH3—CH,). UV—vis (Apax, nm, * = shoulder peak): 235, 260, 335, and
414* (C,HsOH); 233, 251, 326, and 416* (CH,Cl,).

2.3. Synthesis of [PhCH,Co™ (LH),(4-t-BuPy)] (2)

A solution of NaOH (0.50 g, 12.5 mM) in water (5 mL) was added to a suspension of
[CICo"™(LH),(4--BuPy)] (1) (1.50 g, 2.45 mM) in about 100 mL of absolute ethanol, the
mixture was kept under a blanket of nitrogen (N,) for 30 min and was cooled to 0 °C with
stirring. The mixture turned blue after addition of NaOH solution. After 5 min, the color of
solution immediately turned orange on addition of benzyl bromide (2.13 g, 12.42 mM), fol-
lowed by a solution of sodium borohydride (NaBH,) (0.90 g, 23.68 mM) in water (10 mL).
The reaction mixture was stirred at —2 °C for 3 h, then the nitrogen blanket was removed
and the mixture was exposed to air and 10 mL of acetone and 10 mL of water were added.
The mixture was stirred for 20 min, then the volume of the reaction mixture was reduced to
10 mL by evaporation and poured into 30 mL water. The resulting brown precipitate was
filtered, washed with hexane and diethyl ether, and air-dried. The product was recrystallized
from CH,Cl,/C,HsOH (1 : 2) solution and finally dried in vacuum. Color: gold yellow, yield
(%): 76, m.p: 176 °C, Anal. Calcd for [C36H4,N504Co] (F-W: 667.7 g/M): C, 64.76; H,
6.34; N, 10.49. Found: C, 64.78; H, 6.32; N, 10.48%. Ay = 17 Q' cm® M ™!, e = Dia,
LC-MS (Scan ES"): m/z (%) 667.4 (6) [M]", 320.2 (35), 226.2 (100), and 179.1 (20). FT-
IR (KBr pellets, Uma/cm™'): v(O-H--0), 3086 and 3030 v(Ar—-CH), 2964-2871 v(Aliph—
CH), 1724 v(O-H:--0), 1609 v(C=N), 15501512 v(C=C), 1272 v(N-0O), 508 and 500
v(Co-N). 'H NMR (DMSO-ds, TMS, 300 MHz, & ppm): 18.36 and 18.16 (s, 2H, O—
H---0), 8. 90 (s, 2H, HC=N), 8.11 (s, 4H, Ar—CH), 7.62-7.21 (m, 13H, Ar—CH), 5.46
(s, 2H, Ph—CH>), 2.52 (s, 4H, CH3—-CH>), 1.19 (t, 9H, J = 9.2 Hz, +-BuPy-CHj;) and 1.05
(s, 6H, CH;~CH,), >C NMR (DMSO-ds, TMS, 75 MHz, & ppm): 152.45 and 148.96
(C=NOH), 148.03, 146.23, 145.08, 140.86, 137.01, 132.15, 130.28, 129.64, 128.46 and
128.39 (Ar—CH), 78.43 (CH,-Ph), 36.29 (-BuPy-C-CHj), 29.91 (t-BuPy-C-CHj3), 28.99
(CH3—CH,), and 16.04 (CH3—CH,). UV—vis (Anax, Nm, * = shoulder peak): 266 and 381*
(C,HsOH); 236, 265, and 381* (CH,Cl,).

2.4. Synthesis of the [{Cu(N-N)}>CICo™ (L) ,(4-t-BuPy)](CIO ), complexes (3-6)

In a two-neck, 100-mL round-bottom flask and equipped with a blanket of nitrogen (N,)
was placed 70 mL of 95% ethanol. [CICo™(LH),(4---BuPy)] (1) (0.50 g, 0.82 mM) and
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Et; N (3 mL) were added slowly with stirring to this solution, consecutively. The solution
was brought to reflux over 1 h. To this solution were successively added separate solutions
of Cu(Cl0Oy4),6H,0 (0.62 g, 1.64 mM) in 95% ethanol (15 mL) and 2,2'-bipyridine (bpy)
(0.26 g, 1.64 mM), 1,10-phenanthroline monohydrate (phen) (0.32 g, 1.64 mM), 1,10-phe-
nanthroline-5,6-dione (dione) (0.34 g, 1.64 mM), and 4,4'-ditertbutyl-2,2"-bipyridine (dtbpy)
(0.44 g, 1.64 mM) in 95% ethanol (10 mL) as bidentate ligands, followed by boiling under
reflux for 6 h to synthesize three new multinuclear complexes having the general formulas
[{Cu(N-N)},CICo"™(L),(4--BuPy)](ClO4), (3-6). The dark brown color of the
mononuclear [ClCoIII(LH)2(4-t-BuPy)] (1) changed to pale brown or green upon formation
of the multinuclear [{Cu(N-N)},CICo"(L),(4--BuPy)](ClO4), (3-6) complexes. Then the
mixtures were left for 48 h to precipitate. The solvent was evaporated slowly at room
temperature and the products were recrystallized from CH,Cl,/EtOH (1:2) to give pale
brown or green crystals that were filtered, then washed with water and Et,O, and dried in
air.

2.4.1. For [{Cu(bpy)},CICo™ (L),(4-t-BuPy)|(Cl04), (3). Color: green; yield (%): 73,
m.p: 138 °C, Anal. Calcd for [C4oH49N9O;,CI3Cu,Co] (F-W: 1248.4 g/M): C, 47.14; H,
3.96; N, 10.10. Found: C, 47.13; H, 3.97; N, 10.13%. Ay = 154 Q! cm? M Pegr = 1.59
[B.M]. (for per Cu(Il) ion), LC-MS (Scan ES™): m/z (%) 1248.4 (10) [M]", 827.0 (17),
681.2 (100), 567.1 (95) and 400.9 (15). FT-IR (KBr pellets, Vpa/cm "): 3113-3032 v(Ar—
CH), 2964-2872 v(Aliph—CH), 1604 v(C=N oxime), 1573 v(C=N bpy), 1508-1473
v(C=C), 1251 v(N-0), 1090 and 624 v(ClO,4), 517 v(Co-N), 473 v(Cu-N), and 459
V(Cu—0). UV—vis (Anax, N, * = shoulder peak): 252, 298, 313 and 631* (C,HsOH); 252,
304, 315* and 624* (CH,Cl,).

2.4.2. For [{Cu(phen)},CICo"(L),(4-t-BuPy)](ClO,), (4). Color: green; yield (%): 74,
m.p: 229 °C, Anal. Calcd for [Cs3H49N9O,CI3Cu,Co] (F-W: 1296.4 g/M): C, 49.10; H,
3.81; N, 9.72. Found: C, 49.12; H, 3.80; N, 9.70%. Ay = 148 Q7' cm® M, pegr = 1.58
[B.M]. (for per Cu(ll) ion), LC-MS (Scan ES"): m/z (%) 1296.5 (15) [M]", 1117.1 (35),
961.0 (100), 901.9 (50), 767.0 (55), and 403.1 (65), FT-IR (KBr pellets, Uma/cm '): 3065
and 3026 v(Ar—CH), 2963-2871 v(Aliph—CH), 1603 v(C=N oxime), 1585 v(C=N phen),
1519-1458 v(C=C), 1270 v(N-0), 1090 and 623 v(Cl0,), 506 v(Co-N), 476 v(Cu-N) and
454 v(Cu-0). UV—vis (Ayax, nm, * = shoulder peak): 224, 271, 293* and 389* (C,HsOH);
233, 272, 297, 396 and 642* (CH,CL,).

2.4.3. For [{Cu(dione)},CICo""(L),(4-t-BuPy)|(ClO,), (5). Color: green; yield (%): 72,
m.p: 206 °C, Anal. Calcd for [Cs3H45NgO14CI3Cu,Co] (F-W: 1356.4 g/M): C, 46.93; H,
3.34; N, 9.29. Found: C, 46.91; H, 3.35; N, 9.31%. Ay = 153 Q7' cm® M, pegr = 1.61
[BM]. (for per Cu(Il) ion), LC-MS (Scan ES™): m/ (%) 1357.2 (15) [M+H]", 764.6.0
(55), 681.3 (100), 470.3 (20) and 239.2 (30), FT-IR (KBr pellets, Uma/cm'): 3080 v(Ar—
CH), 2969-2802 v(Aliph—~CH), 1722 v(C=0), 1602 v(C=N oxime), 1591 v(C=N dione),
15121434 v(C=C), 1272 v(N-0), 1090 and 625 v(ClO4), 504 v(Co-N), 463 v(Cu-N) and
456 v(Cu—0). UV—vis (Anax, nm, * = shoulder peak): 233, 255, 282 and 347* (C,HsOH);
223, 262 and 316* (CH,Cl,).



Downloaded by [Institute Of Atmospheric Physics] at 15:19 09 December 2014

2666 A. Kilic et al.

2.4.4. For [{Cu(dtbpy)},ClCo""(L),(4-t-BuPy)](ClOy), (6). Color: brown; yield (%): 70,
m.p: 212 °C, Anal. Caled for [CesHgiNoO12ClsCurCo] (F-W: 1472.7 g/M): C, 53.01; H,
5.54; N, 8.56. Found: C, 52.98; H, 5.52; N, 8.57%. Ay = 157 Q' em® M, pegr = 1.62
[BM]. (for per Cu(ll) ion), LC-MS (Scan ES™): m/z (%) 1472.3 (20) [M]", 769.3 (40),
681.2 (100), 605.1 (35) and 432.9 (40), FT-IR (KBr pellets, vpa/cm '): 3062 and 3021
v(Ar—CH), 29642872 v(Aliph—CH), 1604 v(C=N oxime), 1549 v(C=N drbpy), 1511-1464
v(C=C), 1252 v(N-0), 1090 and 623 v(ClO4), 506 v(Co-N), 484 v(Cu-N), and 456
V(Cu—0). UV-vis (Anax, nm, * = shoulder peak): 256, 296, 310 and 626* (C,HsOH); 234,
259,297, 310 and 619* (CH,Cl,).

2.5. Synthesis of the [{Cu(N-N)},PhCH,Co™" (L) ,(4-t-BuPy)](CIO,), complexes (7-10)

In a two-neck, 100-mL round-bottom flask and equipped with a blanket of nitrogen (N;)
was placed 60 mL of 95% ethanol. To this solution was added [PhCH,Co" (LH),(4-t-
BuPy)] (2) (0.60 g, 0.90 mM) slowly with stirring, followed by Et; N (5 mL). The solution
was brought to reflux for 2 h. To this mixture, a separate solution of Cu(ClO,4), 6H,0O
(0.68 g, 1.80 mM) for all the three complexes [{Cu(N-N)},PhCH,Co"(L),(4-t-BuPy)]
(Cl0y4), (7-10) in 95% ethanol (10 mL) and 2,2"-bipyridine (bpy) (0.29 g, 1.80 mM), 1,10-
phenanthroline monohydrate (phen) (0.35 g, 1.80 mM)), 1,10-phenanthroline-5,6-dione
(dione) (0.37 g, 1.80 mM), and 4,4'-ditertbutyl-2,2'-bipyridine (dtbpy) (0.48 g, 1.50 mM) in
95% ethanol (15 mL) was successively added separately, and then the mixture was refluxed
for 8 h. The gold yellow color of mononuclear [PhCH,Co"(LH),(4--BuPy)] (2) changed
to brown or green upon formation of the trinuclear [{Cu(N-N)},PhCH,Co"!(L),(4-#-BuPy)]
(Cl0y4), (7-10) complexes. Then the mixtures were left for 48 h to precipitate. The solvent
was evaporated slowly at room temperature and the products were recrystallized from
CH,CL/EtOH (1:2) to give brown or green crystals that were filtered, then washed with
water and Et,O, and dried in air.

2.5.1. For [{Cu(bpy)},PhCH,Co0"(L),(4-t-BuPy)](ClO,), (7). Color: green; yield (%):
68, m.p: 184 °C, Anal. Calcd for [C54Hs5¢NgO1,Cl,Cu,Co] (F-W: 1304.0 g/M): C, 51.58; H,
4.33; N, 9.67. Found: C, 51.56; H, 4.35; N, 9.68%. Ay = 158 Q7' cm? M7, pr = 1.61
[B.M]. (for per Cu(Il) ion), LC-MS (Scan ES*): m/z (%) 1304.2 (12) [M]", 656.1 (25), 561.1
(85), 410.2 (20) and 320.2 (100). FT-IR (KBr pellets, Uma/cm'): 3117-3030 v(Ar-CH),
2964-2871 v(Aliph—CH), 1606 v(C=N oxime), 1574 v(C=N bpy), 1555-1473 v(C=C), 1249
V(N-0), 1090 and 624 v(ClO,4), 508 v(Co-N), 479 v(Cu—N), and 458 v(Cu-0). UV-vis
(Amax, nm, * = shoulder peak): 250, 298. 313* and 381* (C,HsOH); 249, 301, 313 and 384*
(CH,CL,).

2.5.2. For [{Cu(phen)},PhCH,Co""(L),(4-t-BuPy)](ClO,), (8). Color: brown; yield (%):
70, m.p: 229 °C, Anal. Calcd for [C4oHs¢NoO1,Cl,Cu,Co] (F-W: 1352.1 g/M): C, 53.30; H,
4.18; N, 9.32. Found: C, 58.33; H, 4.16; N, 9.31%. Ay = 146 Q' cm® M ™!, pegr = 1.62
[B.M]. (for per Cu(Il) ion), LC-MS (Scan ES m/z (%) 1352.3 (30) [M]", 1138.4 (100), 982.8
(90), 316.9 (45) and 256.6 (48). FT-IR (KBr pellets, Uma/cm ') 3062 and 3030 v(Ar-CH),
2963-2865 v(Aliph—CH), 1603 v(C=N oxime), 1586 v(C=N phen), 1520-1454 v(C=C),
1271 v(N-0), 1090 and 624 v(ClOy), 508 v(Co-N), 487 v(Cu-N), and 458 v(Cu-O).
UV—vis (Anax, M, * = shoulder peak): 224, 271 and 386* (C,HsOH); 233, 271, 301 and
386* (CH,CL).
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2.5.3. For [{Cu(dione)},PhCH,Co""(L),(4-t-BuPy)](ClO4), (9). Color: brown; vyield
(%): 73, m.p: 246 °C, Anal. Caled for [CsoHs5oNgO;cCl,Cu,Co] (F-W: 1412 g/M): C,
51.04; H, 3.71; N, 8.93. Found: C, 51.05; H, 3.70; N, 8.94%. Ay = 156 Q' em® M,
e = 1.55 [B.M]. (for per Cu(Il) ion), LC-MS (Scan ES™): m/z (%) 1412.2 (35) [M]",
1383.3 (50), 1016.2 (53), 959.9 (100) and 927.0 (60), FT-IR (KBr pellets, vya/cm '): 3083
and 3030 v(Ar-CH), 2964-2872 v(Aliph—CH), 1722 and 1710 v(C=0), 1606 v(C=N
oxime), 1575 v(C=N dione), 1513-1428 v(C=C), 1269 v(N-0), 1090 and 624 v(C10,), 500
V(Co—N), 488 v(Cu—N) and 467 v(Cu—0). UV-vis (A, nm, * = shoulder peak): 232, 264
and 383* (C,HsOH); 234, 263 and 389* (CH,Cl,).

2.5.4. For [{Cu(dtbpy)},PhCH,Co""(L),(4-t-BuPy)](ClO,), (10). Color: brown; yield
(%): 68, m.p: 136 °C, Anal. Calcd for [C;,HggNgO;,Cl,Cu,Co] (F-W: 1528.5 g/M): C,
56.58; H, 5.80; N, 8.25. Found: C, 56.56; H, 5.79; N, 8.27%. Ay = 158 Q7' em® M7},
Legr = 1.64 [B.M]. (for per Cu(Il) ion), LC-MS (Scan ES"): m/z (%) 1529.4 (15) [M+H]",
785.3 (100), 679.2 (25), 362.2 (25) and 226.2 (100), FT-IR (KBr pellets, Vya/cm ') 3061
and 3022 v(Ar—CH), 2965-2872 v(Aliph—CH), 1605 v(C=N oxime), 1549 v(C=N dtbpy),
15121462 v(C=C), 1252 v(N-0), 1090 and 624 v(ClO,), 508 v(Co-N), 488 v(Cu-N) and
458 v(Cu—0). UV—vis (Apax, nm, * = shoulder peak): 248, 263, 297, 311 and 367*
(C,HsOH); 234, 262, 298 and 376* (CH,ClL,).

2.6. General procedure of coupling reaction of epoxides and CO,

All coupling reactions were performed in a 50-mL stainless steel autoclave equipped with a
mechanical stirrer. The autoclave reactor was successively charged with cobaloxime or or-
ganocobaloxime complexes (4.5 x 107> M), epoxide (4.5 x 107> M), and dimethyl amino
pyridine (DMAP) (9 x 107> M). The reaction vessel was placed under a constant pressure
of carbon dioxide for 2 min to allow the system to equilibrate and CO, was charged into
the autoclave at the desired pressure, then was heated and stirred at the desired reaction
temperature. The pressure was kept constant during the reaction. When the pressure of CO,
fell to 1-3 atm, the reactor was cooled quickly to 5-10 °C in an ice bath after the desired
reaction time. The pressure was released and the excess gasses were vented. The crude
product in CDCl; was analyzed by '"H NMR spectroscopy and FT-IR to determine if any
polycarbonate, epoxides, DMAP, or other byproducts were present. The peak at 1795 cm™!
was attributed to the carbonyl group in cyclic carbonate. However, no peak at ~1749 cm™!
was detected, attributed to the carbonyl group in polycarbonate [14]. The yields of epoxides
to corresponding cyclic carbonates were determined by GC (Agilent 7820A) and ethylene
glycol dibutyl ether was used as the internal standard.

3. Results and discussion

3.1. Synthesis of compounds

Cobaloxime (1), organocobaloxime (2), and their multinuclear cobaloxime complexes
obtained by replacing the intramolecular hydrogen (O-H:--O) bridges with Cu(Il)
complexes of bidentate ligands, 2,2'-bipyridine (bpy), 1,10-phenanthroline (phen),
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1,10-phenanthroline-5,6-dione (dione), and 4,4'-ditertbutyl-2,2’-bipyridine (dtbpy) (3—10)
(scheme 1) were investigated for direct synthesis of cyclic carbonates from carbon
dioxide and epoxides. The cobaloxime [CICo"™(LH),(4---BuPy)] (1) was synthesized
using well-known synthetic procedures by direct template condensation of three mole-
cules of the corresponding asymmetric dioxime ligands with neutral base on a Co(Il) cat-
ion as a matrix (scheme 1). 1 was obtained in high yields (86%) using ethanol as
solvent. After 1 in ethanol was treated with excess NaOH and NaBH, dissolved in water,
nitrogen was bubbled through the resulting solution for 30 min and the mixture was

Rew

1) CoCl.6H,0, EtOH T=N
2) 4-t-BuPy, O, Cen
_C=
H |
OH
(LH)
H
/\@\ ?/ \(I) /\O\ O/H\O
H
=N §" N=c” | I H
<|3— \cl /N—C|> 1) NaBH,, EtOH, N, C=N\T/N=C/
0 —_—
Co
c=N" 1 Sn=¢ 2) PhCH,-Br, NaOH ZIN

[CICo"(L,H),(4-t-BuPy)] (1)

7/
Py =4-t-BuPy = N \

4 € =
NNI3'Z z (@
0°H9Y"0I10)ND (1

[PhCH,Co"(L,H),(4-t-BuPy)] (2)

4
Py = 4-t-BuPy = NC>—€ R= CH,

N

= -

(ClOy), N4
| e | (CI0,);

Scheme 1. The structure of the proposed cobaloxime and organocobaloxime complexes (1-10).
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cooled to 2 °C with stirring. Then, an excess of benzyl bromide was added by syringe
and the solution turned to gold yellow. The chloride in 1 was replaced by the benzyl to
form organocobaloxime [PhCL,Co"™(LH),(4---BuPy)] (2) with yields of over 76%
(scheme 1). The intramolecular hydrogen (O-H::-O) bridges were replaced by Cu(ll)
complexes to form multinuclear 3—10 by stirring a 1:2 ratio of 1 or 2 and the corre-
sponding Cu(ClO4),-6H,0 and linked ligands in ethanol solution. The multinuclear com-
plexes were isolated in yields of 68-74% (scheme 1). We have attempted to prepare
single crystals of all compounds (1-10) in different solvents and techniques, but we
could not prepare suitable single crystals. However, the spectroscopic results, 'H and '*C
NMR for diamagnetic 1 and 2, FT-IR, UV—-vis, elemental analysis, melting point mea-
surements, LC-MS spectroscopy, molar conductivity measurements, magnetic susceptibil-
ity techniques, and cyclic voltammetry (CV) showed a high probability that these
compounds are the proposed structures. CAUTION (!): Although no problems were
encountered in the present study, perchlorate salts are potentially explosive and should
be handled only in small quantities.

3.2. Structure and characterization

Infrared spectra of 1 and 2 and trinuclear 3—10 are compared with those of the free unsym-
metric dioxime to determine the coordination sites that may be involved in chelation. There
are some guide peaks in the infrared spectra of the different cobaloximes, which help
achieve this goal. The FT-IR results of the unsymmetric dioxime are given in our earlier
paper [6]. Thus, in this study, in order to study the binding properties of the mononuclear
cobaloxime (1), organocobaloxime (2), and trinuclear cobaloxime and organocobaloxime
complexes (3—10), FT-IR spectra of 1 and 2 are compared to 3—10. FT-IR spectra of 1 and
2 showed a weak deformation band at 1718 and 1724 cm ™!, indicative of intramolecular
hydrogen-bonded bending vibrations (O—H:--O) associated with Ny-type donor quadriden-
tate Co(Ill) dioxime complexes. In FT-IR spectra of 3-10, the intramolecular hydrogen
bond was not observed because the H-bond of cobaloxime (1) and organocobaloxime (2)
was replaced by Cu,(bpy),, Cus(phen),, Cuy(dione), or Cuy(dtbpy),, respectively [19]. The
strong peaks at 1618 and 1609 cm™' for 1 and 2 can be attributed to v(C=N) [20]. For
3-10, this peak is at 1606-1602 cm™'. A shift to lower frequency for the vibration corre-
sponding to C=N favors formation of coordination bonds between Co(Ill) and azomethine.
In the FT-IR spectra of 5 and 9, a new strong band is observed at 1722 cm™' for 5 and at
1722 and 1710 cm™" for 9, assigned to v(C=0). In 3-10, perchlorate show strong antisym-
metric stretching bands at 1090 cm™' and sharp antisymmetric stretching bands at
625-623 cm !, an indication of uncoordinated perchlorate anions [21, 22]. These values are
in agreement with those for cobaloxime (1), organocobaloxime (2), and the trinuclear cob-
aloxime and organocobaloxime (3—10) complexes. FT-IR vibrations are given in the experi-
mental section for all compounds.

The UV-visible spectral results for 1-10 were measured in C,HsOH and CH,Cl, solu-
tions from 200 to 1100 nm. Cobaloxime compounds show three characteristic absorptions,
attributed to # — 7* or n — #* transitions of the dioxime or bidentate ligands. The more
intense bands at 224-335 nm in C,HsOH and 223-326 nm in CH,Cl, are assumed to be
predominantly intraligand, but their energies depend on the nature of the complexed metal.
The difference in energy of the UV absorptions when comparing 1 and 2 with 3-10
indicates a metal orbital contribution to the transition, while the bidentate ligands
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(bpy, phen, dione, and dtbpy) exert only a minimal influence [23]. The moderately intense
absorptions at 367—414 (in C,HsOH) and 376416 (in CI,CH,) nm are almost identical and
are attributable to dioxime-to-Co(III) or bidentate ligand to Cu(Il) CT transitions. The other
characteristic absorptions were d—d transitions in the visible region, but we did not observe
these bands for all compounds, most probably due to their very low intensities. Complexes
3, 4, and 6 at high concentrations displayed Laporte forbidden d-d transitions at
619-642 nm from Cu(Il).

"H and '*C NMR data for 1 and 2 in DMSO-d, are reported in the experimental section.
Since 3-10 are paramagnetic, their NMR spectra could not be obtained. One major differ-
ence in 1 and 2 was the presence of a benzyl group instead of a chloride as axial ligand in
2. The change of 1-2 was confirmed by changes observed in the aromatic region of the 'H
NMR spectra and by the appearance of a characteristic singlet at 5.46 ppm attributed to the
Ph—CH, of the benzyl group as axial ligand. Chemical shifts were observed as singlet
(11.86 ppm, 2H or 11.69 and 11.47 ppm, 2H) for the cis/trans-isomer and the deuterium
exchangeable protons of the C=N-OH groups of dioxime in "H NMR spectra of the unsym-
metric dioxime ligand described previously [6]. The signal disappeared in the '"H NMR
spectrum of 1 and 2, while new signals appeared and were identified as singlet signals at
18.80 and 18.55 ppm in the former and as singlet at 18.36 and 18.16 ppm in the latter, indi-
cating that the C=N-OH was transformed to intramolecular deuterium exchangeable
H-bridge (O-H---O). The presence of a singlet at 11.87 ppm for 1 was attributed to azome-
thine protons (CH=N). The CH=N NMR of 2 was observed at 8.90 ppm, shifted downfield
upon coordination to the metal. This observation also confirmed participation of the iminic
nitrogens in coordination. The chemical shift values of the aromatic protons and other pro-
tons for 1 and 2 are identical. In the '*C NMR spectrum, carbon resonances of the dioxime
(C=N-OH) are observed at 151.26 and 149.94 ppm for 1 and at 152.45 and 148.96 ppm
for 2. The carbons of aromatic groups were observed at 147.68, 146.16, 145.02, 141.28,
132.07, 130.35, and 128.47 ppm for 1 and 148.03, 146.23, 145.08, 140.86, 137.01, 132.15,
130.28, 129.64, 128.46, and 128.39 and Ph—CH, carbon at 78.43 ppm for 2. These values
are in agreement with those for 1 and 2. The other NMR chemical data are given in the
experimental section for 1 and 2.

The LC-MS spectra of 1-10 were taken as evidence for the formation of the proposed
structures (figures 1-3). The peak positions and the isotopic distributions have been well
assigned, and the results are listed in the experimental section. The LC-MS spectra of all
compounds show the molecular ion peak at m/z = 612.3 amu [M'] confirming the proposed
formula for 1 (see figure 1), at m/z = 667.7 amu [M '] confirming the proposed formula for
2 (see figure 2), at m/z = 1248.4 amu [M'] confirming the proposed formula for 3, at
m/z = 1296.5 amu [M'] confirming the proposed formula for 4, at m/z = 1357.2 amu [(M +
H)"] confirming the proposed formula for 5 (see figure 3), at m/z = 1472.3 amu [M'] con-
firming the proposed formula for 6, at m/z = 1304.2 amu [M'] confirming the proposed for-
mula for 7, at m/z = 1352.3 amu [M'] confirming the proposed formula for 8, at
m/z = 1412.2 amu [M'] confirming the proposed formula for 9, and at m/z = 1529.4 amu
[(M+H)"] confirming the proposed formula for 10. The molecular ion peak is in good
agreement with the suggested molecular formula verified by elemental analyses [24].

All the compounds are practically insoluble in water, but are sufficiently soluble in DMF
and other organic solvents such as CH,Cl,, C,HsOH, and DMSO. For consistency, solution
studies were carried out in DMF solution [25]. The molar conductivity values of 107> M
solution in DMF are 16-17 Q' ecm* M™' for 1 and 2, indicating a non-electrolyte.
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Figure 3. The LC-MS spectra of 5.

Complexes 3—10 had molar conductance values of 158-146 Q' cm® M ™!, suggesting 1:2
electrolytes [26], consistent with the presence of 2 ClO4 counterions.

Magnetic susceptibility measurements provide further data to characterize the structure of
the cobaloxime, organocobaloxime, and other complexes. Magnetic moments measurements
of all mono and trinuclear complexes were carried out at 25 °C after necessary diamagnetic
corrections using Pascal’s table. 1 and 2 are diamagnetic, indicating low-spin (S = 0)
square-planar d®-systems and confirming that the cobalt center is +3. The trinuclear cob-
aloxime complexes (3—10) are paramagnetic at 1.64—1.55 B.M., comparable to the expected
spin-only value (1.73 uB) for one unpaired electron and confirming the formal +2 oxidation
state of copper. Complexes 3—10 possess antiferromagnetic properties at room temperature
by strong intramolecular antiferromagnetic spin exchange interaction as reported previously
for the intramolecular metal complexes with dioximate bridges [27].

3.3. Electrochemical properties

The electrochemical behaviors of 1-10 were studied by CV techniques in DMSO contain-
ing 0.2 M TBAP where an Ag/AgCl electrode was used as a reference electrode. The
related data obtained in this work are tabulated in table 1. Two examples of the cyclic vol-
tammograms of 2 and 4 are given in figures 4 and 5. As seen from figure 4, 2 has two
cathodic peaks in the Ag/AgCl electrode system without corresponding anodic peaks which
indicates irreversible redox processes. The cathodic peak potentials of the reduction pro-
cesses were observed at E,. = —1.363 and —1.775 V. These reduction processes are based
on the oxime ligand (L/L®7) and central metal atom (Co>*/Co®"). The ligand-based reduc-
tion process of 2 was negatively shifted compared to that of the nickel oxime complex pre-
viously studied [6] as a result of replacing Ni*" with Co®" in the complex structure.
Although 2 displayed a Co®*/Co*" reduction process, 1 had no metal-based redox process.
The multinuclear cobaloxime (4) exhibited three reduction and one oxidation processes
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Table 1. Voltammetric data for 1 and 2, and their multinuclear cobaloxime complexes containing
Cu?" ions (3-10) in DMSO-TBAP.

L/L2 Co*"/Co? Cu*'/Cu* cu?'/cu
Metal complexes Eye (V) Eye (V) Eye (V) Ey (V)
1 —1.312 - - -
2 —1.363 -1.775 - -
3 —1.415 - 0.056 -
4 —1.474 —1.545 0.005 0.800
5 —1.501 - 0.617 0.014
6 —1.522 - 0.131 -
7 -1.387 - 0.033 -
8 -1.512 - 0.016 -
9 -1.371 - - -
10 —1.387 - - -

30
[PhCH,Co(LH),(4-t-BuPy)] (2)
15
04
<
S
-15 - /
-30 '/\’<— LL?
/\i -— Co"/Co™
-45 —

T M T

2.0 L5 -0 05 00 05 1.0
Potential/V vs. Ag/AgCl

Figure 4. The cyclic voltammogram of 2 on GC electrode in DMSO/0.2 M TBAP at 0.1 V s~ scan rate.

which were attributed to the oxime ligand (L/L*7) and metal ions (Co’>"/Co**, Cu®*/Cu”
and Cu®"/Cu®" processes) (figure 5 and table 1). All redox processes have irreversible
reduction—oxidation processes because of the high value for the anodic-to-cathodic peak
separation and the smaller anodic-to-cathodic peak current ratio. This result was similar
to that observed for the multinuclear nickel oxime previously studied [6] except for the
Co>*/Co*" reduction process. Observable shifts in the redox potentials and lack of some
reduction or oxidation processes for 3—10 are due to changes in the nature of ligands
coordinated by copper.

3.4. Catalytic properties

Cycloaddition of carbon dioxide with epoxide in the presence of 0.1% cobaloxime com-
plexes (1-10) was conducted as a model reaction (scheme 1) and the results are compiled
in table 2. The catalytic experiments were carried out under optimized conditions, which
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Figure 5. The cyclic voltammogram of 4 on GC electrode in DMSO/0.2 M TBAP at 0.1 V s~ scan rate.

were determined in previous studies [28-30]. The cobaloxime complexes (1-10), when
4-dimethylamino pyridine (DMAP) was used as co-catalysts, showed catalytic activity and
selectivity for the conversion of CO, into cyclic carbonates using epoxide derivatives as

substrate and solvent.

3.4.1. CO, coupling reaction with ECH in the presence of various catalysts. The
cobaloxime (1) and DMAP showed high catalytic activity with 75.9% yield and 98.6%

Table 2. Synthesis of epichlorohydrin carbonate from epichlorohydrin and CO, via synthesized cobaloxime

complexes as catalysts.

-1.0
Potential/V vs. Ag/AgCl

T

-0.5

T
0.0

T

0.5

o)
o >\
o)
0.1 % Cat., 0.2 % DMAP
- g O\)\/
2h, 100 °C, 1,6 MPa
Cl
Cat. Yield® (%) Selectivity® (%) TON® TOF® (h™")
1 75.9 98.6 759 380
2 69.3 98.5 693 347
3 149 95.2 149 75
4 32 82.8 320 160
5 27.6 96.7 276 138
6 20.6 96.7 206 103
7 482 97.6 482 241
8 43 83.4 430 215
9 3.1 72.7 310 155
10 5.1 90.1 510 255

?Yield and selectivity of epichlorohydrin to corresponding epichlorohydrin carbonate were determined by GC.

"Moles of cyclic carbonate produced per mole of catalyst.

°The rate is expressed in terms of the turnover frequency {TOF [mol of product (mol of catalyst h)"'] = turnovers/h}.
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selectivity for the coupling of CO, and epichlorohydrin (figure 6). Cobaloxime 1 showed
best catalytic performance (figure 6) with epichlorohydrin as substrate. The two precursor
complexes (1 and 2) showed better activity than their analogs (3—10). The lower catalytic
efficiencies of eight metalic complexes (3—10) may be due to the low solubility of them in
the epoxide (epichlorohydrin).

3.4.2. CO, coupling reaction with other epoxides in the presence of 1 as cata-
lyst. Using 1 as the most active catalyst (figure 6), we have carried out some catalytic reac-
tions changing the temperature, time, solvent, pressure, and epoxide to find the best
reaction conditions. In addition to epichlorohydrin (ECH), 1,2-epoxybutane (EB), propylene
oxide (PO), styrene oxide (SO), and cyclohexene oxide (CHO) were tested as substrates. 1
was not effective for the epoxides (EB, PO, SO, and CHO) (figure 7). Whereas, using the
ECH as epoxide, good activity and selectivity were achieved at the same catalytic
conditions. This result may be because the styrene oxide (SO) and 1,2-epoxybutane (EB)
are bulkier epoxides compared to epichlorohydrin (ECH), and at the same time, the low
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o -
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Figure 6. The comparison of catalysts for the formation of epichlorohydrin to corresponding cyclic carbonate
(4-(chloromethyl)-1,3-dioxolan-2-one) at the same catalytic conditions.
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Figure 7. The conversion of epoxides to corresponding cyclic carbonates at the same catalytic conditions with 1
as catalyst.
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reactivity of the P-carbon atom of styrene oxide (SO) and 1,2-epoxybutane (EB) could be
responsible. However, the Co centers may be involved in binding to the olefin unit of sty-
rene oxide (SO), but for 1,2-epoxybutane (EB) this cannot be the case. In addition to the
above statements, many parameters such as biphasic reaction media, polarity differences
between catalyst, substrates, and CO, could play a role. The results of optimization condi-
tions such as reaction temperature, epoxide, time, and CO, pressure were very similar with
both homogeneous and heterogeneous systems that were previously reported [30-32].

3.4.3. Influence of solvents on the ECHC (4-(chloromethyl)-1,3-dioxolan-2-one) synthe-
sis. In addition to MeOH, toluene, dichloromethane, EtOH, CHCl;, isopropyl alcohol,
DMF, and DMSO were tested as solvents. It is clear that the solvent is not necessary
according to the catalytic test results (figure 8). This is important in green chemistry.

3.4.4. Influence of reaction temperature on the ECHC (4-(chloromethyl)-1,3-dioxolan-
2-one) synthesis. It was found that the yield of ECHC (epichlorohydrin carbonate) was
strongly affected by reaction temperature. ECH reached 96.6% yield and 98.7% selectivity
within 2 h, with CO, pressure 1.6 MPa at 125 °C (figure 9). As shown in figure 9, the yield
and selectivity of ECHC increased with the reaction temperature to 125 °C, whereas a
further increase in temperature caused a decrease in the selectivity and catalytic activity,
possibly due to more side products formed at higher temperature (such as 3-chloropropane-
1,2-diol). Apparently, 125 °C could be the optimal temperature for the reaction (figure 9).

3.4.5. Effect of reaction pressure on the ECHC (4-(chloromethyl)-1,3-dioxolan-2-one)
synthesis. Figure 10 shows the effect of CO, pressure on the yield of ECHC using 1 as
catalyst. The selectivity is independent of the CO, pressure range from 0.5 to 4 MPa and
ECHC yield shows no significant change with variation of CO, pressure. However, increas-
ing CO, pressure above 1.6 MPa decreased the yield and turnover frequency (TOF) (figure
10). A similar effect was reported previously by us [31]. As easily seen, the best ECHC
yield could be achieved at 1.6 MPa.
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Figure 8. Conversion and selectivity of epichlorohydrin from changing solvent with 1 as catalyst.
*DMF (dimethylformamide) and DMSO (dimethylsulfoxide) were used as a solvent which has the same retention
time with diol (as a byproduct). So, the selectivity could not be calculated.
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Downloaded by [Institute Of Atmospheric Physics] at 15:19 09 December 2014

2678 A. Kilic et al.

3.4.6. Reaction time dependence on ECHC (4-(chloromethyl)-1,3-dioxolan-2-one)
yield. The influence of reaction time on the ECHC synthesis using 1 is given in figure 11.
The reactions were performed in the presence of 4.5 x 107> M of 1 at 100 °C under
1.6 MPa pressure. The results indicate that the ECH reached 90.2% yield within 4 h, with
CO, pressure 1.6 MPa at 100 °C (figure 11).

4. Conclusion

The new cobaloxime (1), organocobaloxime (2), and their intramolecular hydrogen
(O-H:--O) bridges replaced by Cu(Il) complexes giving multinuclear cobaloximes (3—10)
were synthesized and characterized by elemental analysis, 'H and '*C NMR spectra, FT-IR
spectra, UV—vis spectra, LC-MS spectra, molar conductivity measurements, melting point
measurements, and magnetic susceptibility measurements. Their electrochemical properties
were investigated using CV techniques in DMSO solution. All redox processes have irre-
versible reduction—oxidation processes because of the high value for the anodic-to-cathodic
peak separation and the smaller anodic-to-cathodic peak current ratio. There are many liter-
ature reports that the cobaloxime, dicobaloxime, and the intramolecular hydrogen
(O-H:--O) bridges replaced by Cu(Il) ions or other metal ions containing complexes have
been used as catalysts in coupling reactions of carbon dioxide (CO,) and different epoxides.
Solvent is not necessary to be used according to the catalytic test results. This is an impor-
tant phenomenon in green chemistry. Amazingly, the most active catalyst 1 was not effec-
tive in the epoxides (EB, PO, SO, and CHO). Using epichlorohydrin as epoxide, good
activity and selectivity were achieved under the same catalytic conditions. This result may
be because the styrene oxide (SO) and 1,2-epoxybutane (EB) are bulkier epoxides com-
pared to epichlorohydrin (ECH), and at the same time, the low reactivity of B-carbon atom
of styrene oxide (SO) and 1,2-epoxybutane (EB) could be responsible. However, the Co
centers may be involved in binding to the olefin of styrene oxide (SO), but for 1,2-epoxybu-
tane (EB), this cannot be the case. Parameters such as biphasic reaction media, polarity
differences between catalyst, substrates, and CO, could play a role.
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