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Abstract

:

Carbohydrate-based crown ethers represent a special group of chiral phase transfer catalysts. Several derivatives of these macrocycles have been synthesized in our research group. Among these compounds, monoaza-15-crown-5 lariat ethers proved to be effective phase transfer and enantioselective catalysts in certain reactions. Those chiral azacrown ethers incorporating various carbohydrate moieties in the macrocyclic structure are reviewed, which generated asymmetric induction in reactions, such as Michael addition, epoxidation of enones, Darzens condensation and Michael-initiated ring-closure (MIRC) reaction. Effects on the catalytic activity of the structural changes are the focus.
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1. Introduction


The modern and most economical method of preparing enantiopure compounds is asymmetric synthesis carried out in the presence of chiral catalysts or auxiliaries. An enormous number of catalysts have been prepared worldwide to replace the most commonly applied techniques, i.e., resolution of racemic mixtures. Chiral crown ethers represent a special type of chiral catalysts, which can generate asymmetric induction as phase transfer catalysts. The first chiral crown ethers were synthesized by Cram and co-workers using BINOL as the source of chirality, which proved to be effective as enantioselective catalysts in phase transfer reactions [1].



Phase transfer catalysis has been recognized as one of the most useful synthetic tools in organic chemistry offering several advantages, such as operational simplicity, mild reaction conditions, inexpensiveness and less harmful reagents and solvents. This research field has been serving as an attractive area of green chemistry as well. Asymmetric phase transfer catalysis, particularly over the past two decades or more, has become a topic of great scientific interest, and as a result of the efforts, many highly efficient enantioselective catalysts have been developed [2,3].



It seemed advantageous to use carbohydrates for the synthesis of crown ethers. Sugars are a suitable source of chirality, are commercially available in enantiomerically pure form and are well-endowed with functionality.



Although several chiral crown ethers have been prepared from carbohydrates earlier, only a few of them showed (at least) moderate asymmetric induction as catalysts in asymmetric reactions [4,5,6,7,8]. Our research group, as a pioneer in this field, started developing new carbohydrate-based crown ethers and tested these compounds as catalysts in enantioselective reactions. A variety of chiral crown ethers containing one or two sugar units in annulation with the macrocyclic ring from various monosaccharides and sugar alcohols were synthesized in our laboratory. These compounds generated significant asymmetric induction when used as chiral phase transfer catalysts in different reactions.



Some carbohydrate-based azacrown ethers have also been prepared by other European research groups. Diaza macrocycles derived from mannose (1a–d), glucose (2a–d) and galactose (3a–d), were synthesized by Polish researchers in 1984 [9]. Application as catalysts or investigation of crown compounds 1–3 have not been reported to date.
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Jarosz and Lewandowski developed the synthesis of macrocyclic compounds from sucrose (a disaccharide). Among others, azacrown ethers 4a–b and 5 containing sucrose as the chiral base were synthesized [10]. Investigating the complexing properties, enhanced ability was determined towards NH4+ ions, especially in the case of 4b and 5.
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Another disaccharide was used to build up chiral crown derivatives by Porwanski et al. Diaza macrocycles bearing two cellobiose units 6a–f were investigated in complexation of busulfan, lysine, arginine [11], acetylsalicylic acid, 4-acetamidophenol [12] and tosylamide [13]. Quantum chemical calculations were also applied to the complex of 6b with aspirin [14].



Rhatjens and Thiem published several azamacrocycles containing the nitrogen atoms as tosylamide units. First, starting from glucose, crown ethers, e.g., 7 and 8a–b, with larger rings in annulation of two monosaccharide moieties were prepared [15]. While in compounds 7 and 8, the macroring is formed in the 4 and 6 position of the sugar, in case of crown ethers 9–11, the ring was built up in the 2,3 vicinal positions [16]. Besides azacrowns 9, 10 and 11, several analogues have been reported. The same authors also used mannofuranoside as a starting compound to synthesize crown ethers bearing N-tosyl moieties, such as 12a–c [17]. To date, as far as we know, no studies have been reported for compounds 7–12 regarding the complex forming or the catalytic activity.
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2. Synthesis and Application of Azacrown Ethers


2.1. Preparation of Macrocycles


In our research group, the first carbohydrate-based crown ethers were synthesized in 1981. Starting from methyl 4,6-O-benzylidene-α-d-glucopyranoside, a few 18-crown-6-type macrocycles (13a–e) containing two glucose units were prepared. The complex forming ability of crown ethers 13a–e was investigated towards cations; however, catalytic activity was not examined [18]. Later, other derivatives were also synthesized to investigate complex forming ability [19].
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Using monoaza-15-crown-5 and anhydroallopyranoside 14 as starting materials, a monoaza macrocycle containing an altropyranoside moiety (15) was created, in which the sugar unit was connected to the macro ring with a single bond (Scheme 1) [20]. During the synthesis, a similar, but glucose-containing, crown compound (16) was also isolated. Crown ethers 15 and 16 have not been used as phase transfer catalysts.



A 2-amino-2-deoxy-altrose derivative, which was prepared from allopyranoside 14, also served as the source of chirality in monoaza-15-crown-5 17 and monoaza-18-crown-6 18 (Scheme 2) [21]. The macro ring was formed during the multi-step synthesis, in contrast to the synthesis of crowns 15 and 16, where the pre-formed crown structure was coupled with the sugar.



The first carbohydrate-based monoaza-15-crown-5 lariat ethers (20a–g) were synthesized in 1995, alongside with diazacrown compounds 21 and 22 (Scheme 3 and Scheme 4) [22]. The complexing ability of these macrocycles was examined towards various picrate salts. The structure of compounds 20 became the base of further research, i.e., monoaza-15-crown-5 annulated to a carbohydrate unit and bearing a side arm on the nitrogen. It is known that armed crown ethers (or lariat ethers) have a unique guest specificity via the macro ring and side arm cooperativity. The three-step synthesis, which can be seen on Scheme 3, was used to build up the monoaza-15-crown-5 ethers bearing a substituent on the nitrogen from different carbohydrate units.



Catalyst 20h, which has been applied the most in asymmetric syntheses so far, was reported 4 years later [23]. Substituents containing phosphorus were also introduced to the nitrogen of the macro ring. Methyl α-d-glucoside-based crown ethers bearing different phosphonoalkyl (20k, n = 1–5) [24] and phosphinoxidoalkyl side arms (20l, n = 1–5) were synthesized to determine the optimal distance between the N and P atoms [25]. As can be seen from the results of the asymmetric reactions, the side arm strongly influences the catalytic activity and the selectivity of the crown ethers. Substituents bearing different functional groups were introduced to the azacrown ring in macrocycles 20m–o to investigate the impact of the structural changes on the outcome of the asymmetric syntheses [26]. Substituted phenylethyl side chains proved to be effective in case of other carbohydrate-based catalysts, thus, crown compounds 20p and 20q were also prepared [27].



It has been hypothesized, that one of the influencing units in addition to the side arm may be the substituent on the anomeric center. To investigate this idea, a series of monoaza crown ethers derived from phenyl β-d-glucopyranoside (23a–k) were synthesized [28,29,30].
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To determine whether the protecting group in the 4 and 6 positions of the glucose unit affects the activity of the crown catalyst, compounds 24a–d were prepared, in which the benzylidene moiety was replaced by 4,6-di-O-alkyl chains (Scheme 5) [31].



The 4,6-dibutyl-substituted 24e–h derivatives with other side chains have also been prepared. For this, the benzylidene protecting group of the methyl glucopyranoside 19 was removed and the free OH groups were butylated before the three-step cyclization (Scheme 6) [32].



As a different source of chirality, d-galactose was also used to prepare monoaza crown compounds 26a–g [22,24,27,33,34]. Galactose is the C-4 epimer of glucose, both of which can form pyranose ring. While in the benzylidene-protected glucopyranoside, the six-membered rings are in anti (trans) annulation (planar), in benzylidene galactopyranoside the rings are syn- (cis) annulated (L-shape). This structural difference can also affect the selectivity in the reactions.
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Sugar alcohol, d-mannitol can be transformed into a derivative, which contains two vicinal hydroxy groups, thus, it was suitable for the three-step ring-closure procedure. The mannitol moiety provides a different and less rigid structure to the catalysts. To investigate the effect of the deviation in flexibility, lariat ethers 27a–h were synthesized by the previously described method using different primary amines, and tosyl amide for 27i in the ring-closure step. Reaction of 27i with sodium amalgam resulted in the formation of 27j [35].



Mannose, which is the C-2 epimer of glucose was chosen for synthesis of sugar-based crown ethers. Whereas it has been proved previously that the sugar-based macrocycles with hydrocarbon-type side arms are generally ineffective in model reactions, mannose-based crown ethers with heteroatom-containing side arms 28a–d were prepared only. Compound 28d was reduced with Na(Hg) into 28e [36,37].
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In glucose, hydroxy groups in C-2 and C-3 positions are equatorial. In mannose, OH-function of C-2 is axial. Mannose-based catalysts 28a–e were synthesized to determine whether this has a significant impact on the selectivity. Altrose is another hexopyranoside, in which hydroxy functions in C-2 and C-3 are axial. Using altrose as a staring material, lariat ether 29 was synthesized, in which—compared to the glucose-based macrocycles 20 —a different anti (trans) annulation can be found between the macro ring and the pyranoside unit [38].



It was found that the protecting group of the sugar unit in crown ethers 24 also has an impact on the enantioselectivity, thus, other crown compounds derived from glucose were synthesized. Instead of the benzylidene group, naphthylidene (30a–b) and isopropylidene moieties (31a–b) were introduced to the macrocycles [39]. Hydrogenation of catalysts 20h and 20j resulted in lariat ethers 32a–b bearing free OH-groups in the 4 and 6 positions (Scheme 7).
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An aldopentose, l-arabinose served as the source of chirality in crown compounds 33a–c. When arabinose is reacted with acetone or benzaldehyde, a six-membered pyranoside ring can be formed, while two vicinal hydroxy functions remain unprotected. After the three-step procedure of ring formation, the crown ring was connected to the carbohydrate unit in syn-annulation in macrocycles 33a–c [40].
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An unnatural carbohydrate, 2-deoxy-ribo-hexopyranoside was prepared from glucose, and then fused to the monoaza-15-crown-5 ring resulting in catalysts 34a–d [41]. In this case, the annulation of the sugar unit and the macro ring was also syn, but in this case, C-3 and C-4 are the connecting atoms.



Monosaccharides can form not only pyranose but furanose rings too. A few crown compounds containing a glucofuranoside moiety (35a–d, 36a–b) were synthesized starting from glucose. In one type (35a–d), the furanoside unit is attached to the macrocycle by a single bond. while in the other, the five-membered furanoside is fused to the crown ring (36a–b). From d-xylose, catalysts 37a–b were prepared having an analogous structure to glucofuranoside-based crown ethers 36a–b. When the complexing ability was examined, surprisingly, the ion selectivity of crowns 35a–d towards silver was measured to be up to 30 times higher than that for sodium [42].
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In addition to mannitol, another sugar alcohol, l-threitol was also used as a source of chirality in crown ethers [43]. Threitol-based catalysts 38a–f were prepared in three steps from 1,4-di-O-alkylated threitol derivatives, which could be easily synthesized starting from diethyl tartrate.



It was assumed that the ketal groups in the mannitol moiety can have an impact on the enantioselectivity. Therefore, the number of mannitol-based catalysts was increased by using different protecting groups during the syntheses, resulting in compounds 39a–b and 40a–b [44].
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As mentioned before, one of the influencing moieties may be the substituent on the anomeric center. Therefore, additional glucose-based lariat ethers were synthesized to gain further information on the structure-activity relationship [27,45]. Catalysts 20h and 42a, 41a and 42b, and as well as 41b and 42c are epimer pairs, the only difference in the absolute configuration is on C-1.
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The effect of the anomeric position on the enantioselectivity was also studied in the case of galactose-based lariat ethers. Crown compound 43 was synthesized from isopropyl α-d-galactoside, while alkyl and aryl 4,6-O-benzylidene-β-galactopyranosides were the key intermediates in the synthesis of macrocycles 44a–f [27,46].



Xylal- (45a–b, 46) and arabinal-based (47a–b, 48) lariat ethers were synthesized to examine the effect of fewer stereogenic centers in the sugar unit [47]. Crown catalysts 45a, 46, and as well as 47a and 48 are enantiomeric pairs. Unsaturated monosaccharides bearing free vicinal OH-groups, namely d- and l-xylal, and d- and l-arabinal can be prepared from the appropriate carbohydrates in four steps.
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2.2. Enantioselective Syntheses


2.2.1. Michael Addition of 2-Nitropropane


The catalytic properties of the carbohydrate-based crown ethers were not investigated in the Hungarian research group until 1996, only measurements for complex forming ability were performed. Using a few derivatives of the two-glucose unit-containing 18-crown-6 (1), selective transportation of chiral ammonium salts was examined, but the experiments resulted in racemic mixtures [48].



The first asymmetric reaction, in which carbohydrate-based (lariat) azacrown compounds were investigated, was the Michael addition of 2-nitropropane (50) to chalcone (49, Ar1 = Ar2 = C6H5) (Scheme 8) [49,50]. In the presence of catalysts 20a–g, the S enantiomer of Michael adduct 51 was formed in excess. Lariat ether 20g having a (CH2)2OH side arm induced 34–65% ee (enantiomeric excess), depending on the conditions (Table 1, entry 1). Increasing the distance between the nitrogen and the oxygen led to higher enantiomeric excess. Application of crown ether 20h bearing a (CH2)3OH group resulted in an ee value of 85% (Table 1, entry 2) [24]. Replacement of the OH with a methoxy group in the hydroxyethyl chain also had a positive effect on the selectivity, 87% ee was measured in the presence of compound 20i (Table 1, entry 4). When methyl α-d-glucoside-based crown ethers 20k (n = 1–5) were tested, it turned out that the phosphonoalkyl chain has an optimal length. Using catalyst 20k (n = 4) with (CH2)4 spacer led to 82% enantioselectivity (Table 1, entry 5) [24]. The same phenomenon was observed in the case of 20l (n = 4) with the spacer (CH2)4, which generated 95% ee (Table 1, entry 6) [25,51]. Despite the similarity, macrocycles 20l bearing phosphinoxidoalkyl groups preferred the formation of the R enantiomer of 51, while using phosphonoalkyl-substituted 20k, the S isomer was in excess.



In the Michael addition, substituted chalcone derivatives were also used as the acceptor. Applying catalysts 20i and 20k (n = 4) it was observed that substituents on the aromatic rings, regardless of the position, led to reduced enantiomeric excess [52]. In the presence of 20h and 20j, the addition of 2-nitropropane (50) to chalcone analogues (49) gave similar results, i.e., the substitution of the aromatic ring or replacement of the phenyl group to other aromatic moieties lowered the enantioselectivity [53].



When the efficiency of crown ethers derived from phenyl β-d-glucopryanoside 23a–g was examined in this Michael addition, it was proven again that the enantioselectivity highly depends on the structure of the side arm (as well). Among the hydrocarbon substituents of the nitrogen, the phenylethyl group was the most effective; catalyst 23d generated 82% ee (Table 1, entry 7). In the case of 23e and 23f, in which the side arm is a hydroxyethyl or a methoxyethyl group respectively, lower ee values were measured (45% and 60%, respectively) (Table 1, entries 8 and 9) [28]. At lower temperature, the enantiomeric excess and the yield decreased drastically [29].



When macrocycles 24a–d bearing alkyl substituents in the 4 and 6 positions were applied as phase transfer catalysts, poor enantioselectivity was observed, except for compound 24d, which generated an ee of 90% (Table 1, entry 10) [31]. The presence of a side arm in macrocycles 24e–h negatively affected the asymmetric induction, the best enantioselectivity was achieved using crown ether 24h of the above-mentioned ones (55% ee) (Table 1, entry 11) [32].



Compared to the glucose-based analogous macrocycles, the galactose-containing catalysts generated lower enantiomeric excess, e.g., product 51 had an optical purity of 52% when lariat ether 26e was used (Table 1, entry 12) [23].



Applying mannitol-based crown ethers (27), the less rigid structure proved to be insufficient to reach high enantioselectivity in this Michael addition. Substitution of the azacrown structure on the nitrogen affected the asymmetric induction negatively. While product 51 was formed in an ee of 67% using catalyst 27j, lariat ether 27e showed only 40% enantioselectivity (Table 1, entries 13 and 14) [35].



Among the methyl α-d-mannoside-based lariat ethers, 28b was the most efficient in the Michael addition of 2-nitropropane (50) (92% ee) (Table 1, entry 15) [38]. Crown ether 20h derived from glucose and mannose-based 28b was compared in detail in the Michael addition of 2-nitropropane to enones [54]. In the reaction of chalcone (49, Ar1 = Ar2 = C6H5), macrocycles 20h and 28b preferred the formation of opposite enantiomers. Application of chalcone analogues resulted in lower ee values in each cases, except for compound 51 with Ar1 = naphthalen-1-yl and Ar2 = C6H5 groups (87% and 84% ee, respectively) (Table 1, entries 3 and 16).




2.2.2. Michael Addition of a Phosphonoglycine Derivative


In a collaboration with an organophosphorus research group, a new asymmetric Michael addition has been published. Synthesis of chiral phosphonoglycine derivatives 54 (ee up to 86%) has been developed using phenyl β-glucopyranoside-based crown ethers 23g–i as phase transfer catalysts (Scheme 9) [55]. The best results were obtained in the presence of lariat ether 23i with acrylonitrile (53, R1 = R2 = H, EWG = CN) and crotonitrile (53, R1 = CH3, R2 = H, EWG = CN) as acceptors (75% and 86% ee, respectively) (Table 2, entries 1 and 2), however, the asymmetric induction was highly dependent on the structure of 53. Later, the number of applied crown compounds has been expanded by synthesizing phenyl β-glucopyranoside-based catalysts with different side arms (e.g., 23j–k), as well as further Michael acceptors having been investigated [30]. Enantioselectivity was the highest in case of nitrile compounds (53, EWG = CN). In the presence of lariat ether 23k, the Michael addition of crotonitrile (53, R1 = CH3, R2 = H, EWG = CN) led to a diastereomeric ratio (d.r.) 16:1 and an ee of 95% (Table 2, entry 3). Quantum mechanical calculations have revealed that the side arm has a very important role regarding the asymmetric induction, which is related to the distance of the sodium ion and the crown ring, influenced by the substituent of the nitrogen.




2.2.3. Michael Addition of Cyanofluoromethyl Phosphonate


In collaboration with a research group from the field of organophosphorous chemistry, catalysts 23h–i and 23k were applied in the Michael addition of compound 55, containing a phosphonic ester moiety, to electron deficient olefins (Scheme 10) [56]. When a nitroolefin (56, EWG = NO2) was reacted with the phosphonate 55, enantioselectivity increased above 80% ee in the case of lariat ethers 23i and 23k (Table 3, entries 1and 2). In addition to the structural motifs of the carbohydrate-based catalyst, i.e., annulation of the ring and substitution of the nitrogen, the substrate also influenced the asymmetric induction.




2.2.4. Michael Addition of Diethyl Acetamidomalonate


In 2011, another asymmetric Michael addition was reported. Diethyl acetamidomalonate (59) was reacted with β-nitrostyrene (58, Ar = C6H5) (Scheme 11) using crown ether 20h as the phase transfer catalyst. Product 60 (Ar = C6H5) was formed in excellent enantiomeric purity (99% ee) (Table 4, entry 1). Similar results were obtained using 4-chloro- (58, Ar = 4-Cl-C6H4) and 4-nitro-β-nitrostyrene (58, Ar = 4-O2N-C6H4) (99% and 97%, respectively) (Table 4, entries 2 and 3) [57]. Later, the effect of the substituent on the aromatic ring was examined using catalyst 20h. It was found that, except the above-mentioned two examples, in the reactions of substituted nitrostyrenes lower optical purity was observed in the products. When the phenyl group was replaced by another aromatic ring, the asymmetric induction was also weaker [58]. Effect of some glucose-based lariat ethers 20 with different substituents on the nitrogen atom was also systematically investigated. The results proved that the side arm on the nitrogen highly affects the catalytic activity. While macrocycle 20h bearing a hydroxypropyl side chain resulted in 99% optical purity, its methoxypropyl analogue, 20j gave the product in 38% ee (Table 4, entry 4). Elongation of the side arm in the crown ether (20n) led to the formation of a racemic mixture (Table 4, entry 6). Replacement of the OH function to a N(CH3)2 group (catalyst 20m, 78% ee generated) (Table 4, entry 5) affected the asymmetric induction unfavorably [26]. Later, the effect of the anomeric substituent of the carbohydrate on the catalytic activity was investigated, glucose-based crown compounds 20h, 41a–b (α-series) and 44a–c (β-series) were used as phase transfer catalysts in the Michael addition of β-nitrostyrene (58, Ar = C6H5). Altering the alkyl group in the axial position of C-1 (41a–b) or switching to equatorial substitution (44a–c), the asymmetric induction decreased significantly (e.g., in the case of 41a to 78% ee, while using 42b led to 68% ee; Table 4, entries 14 and 15).



Arabinose-based compounds 33a–c generated moderate enantiomeric excess in the Michael addition of acetamidomalonate 59. Using catalyst 33c, the R enantiomer was formed in an ee of 61% (Table 4, entry 9) [40].



Monoaza-15-crown-5 ethers 34a–d, containing a 2-deoxy-ribo-hexopyranoside moiety, showed poor enantioselectivity in this Michael addition, except for 34c bearing a hydroxypropyl side arm and a methoxyphenyl substituent, which generated higher asymmetric induction (80% ee) (Table 4, entry 10) [41]. Comparison of the results of crown ether 20h derived from glucose and lariat ether 34c synthesized from 2-deoxy-ribo-hexopyranoside suggests that the interaction of the aromatic ring during the reaction is necessary to gain enantioselectivity.



Galactose-based lariat ether 26d, which is the C-4 epimer of crown ether 20h, proved to be highly effective in this Michael addition (92% ee) (Table 4, entry 7). As it was experienced earlier, using a catalyst bearing a methoxypropyl group, lower enantiomeric excess was measured (26f, 70%) (Table 4, entry 8) [34].



Among the threitol-based crown compounds, the above-mentioned phenomenon was observed again. The highest enantioselectivity was observed in the case of 1,4-di-O-benzyl-substituted 38c (95% ee) (Table 4, entry 11), while using its methoxypropyl pair 38c, the asymmetric induction has decreased to 51% (Table 4, entry 12) [43].



Lariat ethers 27, 39 and 40 synthesized from mannitol showed only moderate efficiency (14–65% ee). As it was assumed, ketal groups in the mannitol moiety had an impact on the enantioselectivity; macrocycle 40a bearing cyclohexylidene groups generated the highest ee value (65%) (Table 4, entry 13) [44].



Xylal- and arabinal-based crown compounds 45–48 were poorly effective in this reaction (5–34% ee), regardless of the side arm or the carbohydrate unit [47].




2.2.5. Michael Addition of Diethyl Acetoxymalonate


Michael addition of chalcones (49) and diethyl acetoxymalonate (61) was also studied in the presence of carbohydrate-based macrocycles (Scheme 12). Using catalyst 20h derived from glucose, excellent enantioselectivity was measured (96% ee) (Table 5, entry 1) [59,60]. Investigating the substituent effect on the outcome of the reaction revealed that the selectivity of catalyst 20h depends on the substrate. The highest asymmetric induction was observed in the case of 4-nitro-, 4-chloro- and 4-methoxychalcone (89%, 88% and 97% ee, respectively) (Table 5, entries 2–4). Interestingly, when, instead of a phenyl group, a heteroaromatic group (furan-2-yl or thiophen-2-yl) was introduced next to the carbonyl group of the chalcone, the Michael addition resulted in enantiomerically pure products (Table 5, entries 5 and 6) [60].



In the reaction of acetoxymalonate 61, lariat ethers 26d and 26f containing galactose unit showed high enantioselectivity in many cases. The addition reaction of chalcone (49, Ar1 = Ar2 =C6H5) resulted in 99% ee in the presence of 26d bearing a hydroxypropyl side arm, and 98% ee using 26f having a methoxypropyl substituent (Table 5, entries 7 and 8). Among the substituted products, the 4-nitro and 4-methoxy derivatives were prepared with the highest ee values (in the case of 26d: 94% and 99%, in the case of 26f: 99% and 88%) (Table 5, entries 9–12) [34].



Threitol-based crown compounds generated at least moderate enantioselectivity when different chalcones were used. In the case of chalcone (49, Ar1 = Ar2 =C6H5), lariat ether 38a containing the di-O-methyl threitol moiety was the most effective (96% ee) (Table 5, entry 13), while catalysts 38c and 38e yielded the substituted products 62 with the highest ee values (38c: 99% ee for 62 Ar1 = C6H5, Ar2 = 4-Cl-C6H4; 38e: 99% ee for 62 Ar1 = C6H5, Ar2 = 4-H3CO-C6H4) (Table 5, entries 14 and 15) [43].




2.2.6. MIRC Reaction of Chalcones


When an electron deficient olefin is reacted with a compound that possesses both a leaving group and an acidic hydrogen on the same carbon atom, is a so-called Michael-initiated ring closure (MIRC) reaction. Applying chalcones (49) as Michael acceptors, chiral cyclopropane compounds 64 were synthesized with good enantioselectivity (up to 99% ee) using diethyl bromomalonate (63) (Scheme 13). Only the anti (trans) isomer of 64 could be isolated in all experiments.



In the reaction of chalcone (49, Ar1 = Ar2 =C6H5), lariat ether 20h derived from glucose showed good enantioselectivity (88% ee) (Table 6, entry 1). When chalcone analogues were used under the same conditions, the substituents affected the catalytic activity of 20h. Except for two compounds (49, Ar1 = 4-O2N-C6H4, Ar2 = C6H5, 99% ee and 49, Ar1 = C6H5, Ar2 = thiophen-2-yl, 94% ee) enatiomeric excess decreased (Table 6, entries 2 and 3) [59,61].



Applying methyl α-d-galactoside-based crown ethers, both 26d and 26f generated product 64 (Ar1 = Ar2 =C6H5) in excellent optical purity (98% and 99%, respectively) (Table 6, entries 4 and 5) [34].



Lariat ethers 38a, 38c and 38e with a hydroxypropyl side arm and threitol moiety proved to be also outstanding catalysts in this cyclopropanation. Presence of methyl (38a) or benzyl (38c) groups in the sugar unit led to high enantioselectivity (98% and 99%, respectively) (Table 6, entries 6 and 7), while using macrocycle 38e containing a 1,4-di-O-butyl threitol sub-unit, a somewhat lower enantioselectivity was observed (86% ee) (Table 6, entry 8) [43].




2.2.7. MIRC Reaction of Arylidenemalononitriles


To simplify the outcome of the MIRC reaction (i.e., the number of possible isomers), benzylidenemalononitrile (65, Ar = C6H5) was used to form new cyclopropane derivatives 66 (Scheme 14). Depending on the substituents of the aromatic ring, crown 20h generated enantiomeric excess up to 99% [59,61]. Interestingly, the asymmetric induction generated by catalyst 20h was low (32% ee) when an unsubstituted Michael acceptor (65, Ar = C6H5) was used (Table 7, entry 1). The best ee values (92% and 99%) were obtained in the reaction of 4-methyl- and 3,4-methylenedioxy-substituted benzylidenemalononitrile (65, Ar = 4-H3C-C6H4 and 3,4-methylenedioxy-C6H3, respectively) (Table 7, entries 2 and 3).



Galactose-based macrocycles proved to be highly efficient in this cyclopropanation. In the presence of crown compound 26f, the product 66 (Ar = C6H5) was formed in an ee of 78% (Table 7, entry 4), while using substituted 65 derivatives, the examined ones were mostly obtained with higher enantioselectivity (e.g., in case of 66 Ar = 4-H3C-C6H4, 98% ee) (Table 7, entry 5) [34]. Among the β-series of catalysts prepared from galactose, application of 44a resulted in the highest asymmetric induction (86% ee) (Table 7, entry 12) [46].



Lariat ethers synthesized from sugar alcohols (mannitol or threitol) showed diverse activity. Mannitol-containing crown ethers 27e, 39a, 40a and 40b gave cyclopropane 66 (Ar = 4-H3C-C6H4) with excellent enantioselectivity (99%, 96%, 98% and 99% ee, respectively) (Table 7, entries 6 and 9–11) [44]. Using threitol-based 38a as the catalyst, an ee value of 99% was achieved in the case of 3-methyl- and 4-methyl-substituted Michael acceptor 66 (Table 7, entries 7 and 8) [43]. In threitol-based compounds 38a–f, the groups attached to the chiral carbon atoms are rather simple, yet the outcome of the reaction is highly influenced by these substituents.




2.2.8. MIRC Reaction of Arylidene-1,3-Diphenylpropane-1,3-Diones


Reactions of arylidene-1,3-diphenylpropane-1,3-diones (67) and diethyl bromomalonate (63) resulted in cyclopropane derivatives 68 with only one stereogenic center as well (Scheme 15). Replacement of the nitrile groups to benzoyl functions in the previous reaction, resulted in lower ee values. Glucose-based crown ether 20h generated 60% ee (Table 8, entry 1). Substitution on the arylidene unit had a negative impact on the enantioselectivity of crown 20h [59,61].



Macrocycle 26d, the galactose analogue of 20h, showed the same efficiency (60% ee) (Table 8, entry 1), while 26f having a methoxypropyl group instead of hydroxypropyl, generated higher enantioselectivity (76% ee) (Table 8, entry 3 [34]).



Crown ether 28b derived from mannose and threitol-based catalyst 38e, both containing hydroxypropyl side arm, had similar activity to 20h (54% and 57% ee, respectively) (Table 8, entries 4 and 5) [43,61].




2.2.9. MIRC Reaction of Arylidene Indane-1,3-Diones


Cyclopropanation of arylidene indane-1,3-diones (69) (Scheme 16) resulted in chiral compounds 70 with good enantiomeric excess in the presence of carbohydrate-based crown ethers. When glucopyranoside-based lariat ether 20h was used in the reaction of benzylidene indane-1,3-dione (69, Ar = C6H5), only moderate enantiomeric excess was measured (56%) (Table 9, entry 1). Altering the substrate to other arylidene derivatives, higher ee values were obtained in general. Presence of a nitro group in each position increased the generated asymmetric induction (70–93% ee) (Table 9, entries 2–4) [61].



Crown ether 27e synthesized from diisopropylidene mannitol showed the same efficiency (56% ee) (Table 9, entry 5) as 20h derived from glucose [44].



The highest enantioselectivity was generated by β-galactoside-based catalysts 44a, 44b and 44c (91%, 96% and 95% ee, respectively) (Table 9, entries 6–8). As can be seen, the substituent of the anomeric center did not have a significant effect on the selectivity in this MIRC reaction [46].




2.2.10. MIRC Reaction of Arylidene Cyanosulfones


Asymmetric cyclopropanation of cyanosulfones 71 was carried out in the presence of glucose- and galactose-based catalysts (Scheme 17) [27]. Only one of the diastereomers was formed in all cases. Comparing the carbohydrate unit, the catalysts containing a galactoside moiety were slightly more efficient. Among the glucose-containing crown ethers 20q bearing 2-(3,4-dimethoxyphenyl)ethyl substituent on the nitrogen proved to be the most effective (73% ee) (Table 10, entry 1).



Again, the structure of the substrate has a high impact on the enantioselectivity, cyclopropane derivative 72 (Ar = naphthalen-2-yl) was formed with highest ee value (85%) (Table 10, entry 5). Substituents on the phenyl ring of 71 in the meta or para position had a positive effect on the asymmetric induction (e.g., 3-chlorophenyl 72: 84% ee; 3-methylphenyl 72: 81% ee; 4-nitrophenyl 72: 82% ee) (Table 10, entries 2–4), while ortho-substituted 72 derivatives were obtained as almost racemic mixtures.



While catalyst 26h derived from methyl α-d-galactoside gave the best result in the reaction of 71 (Ar = C6H5) (80% ee) (Table 10, entry 7), its β-phenyl-galactopyranoside-based analogue 44g generated a slightly lower ee value (72%) (Table 10, entry 8). In addition to the 2-(3,4-dimethoxyphenyl)ethyl substituent, 26g with a 2-(2-methoxyphenyl)ethyl side chain was also effective (76% ee) (Table 10, entry 6).




2.2.11. Michael Addition of Methyl Vinyl Ketone


Itoh and Shirakami investigated the Michael addition of a glycine derivative (73) to methyl vinyl ketone (74) in the presence of glucose-based crown ethers (Scheme 18) [62]. Crown ether 24d inspired the mentioned researchers to investigate the structure-activity relationship of monoaza-15-crown-5 compounds. Macrocycles 76 and 77 being analogous to 24d were synthesized from methyl 4,6-O-benzylidene-glucopyranoside (19) in 5–7 steps. In crown compound 76, the macro ring is attached to the 3,4 positions of the sugar unit, while in catalyst 77, the crown and the pyranoside ring is annulated in the 4,6 positions. Comparison the effect of 24d, 76 and 77 in the reaction of glycine derivative 73 and methyl vinyl ketone (74) gave interesting results. Application of 24d as the phase transfer catalyst resulted in the formation of the S enantiomer of 75 (72% ee), while in the presence of 76, R antipode was formed in excess (60% ee). Surprisingly, crown compound 77 was ineffective, a racemic mixture was obtained.
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2.2.12. Darzens Condensations


Asymmetric Darzens reaction of 2-chloroacetophenone (78, Ar1 = C6H5) and benzaldehyde (79, Ar2 = C6H5) was first investigated in the presence of glucose-based azacrown ethers 20a–g in 1997 (Scheme 19). Catalyst 20g bearing a hydroxyethyl chain showed moderate enantioselectivity (42%) (Table 11, entry 1), which could be increased by lowering the temperature of the reaction to −22 °C. The synthesis was diastereoselective, only the formation of the anti (trans) product 80 was observed [50]. Replacement of the hydroxyethyl moiety in compound 20g to a hydroxypropyl group led to increased enantiomeric excess (20h, 62% ee) (Table 11, entry 2) [24]. The presence of the free hydroxyl group in the side chain proved to be crucial, when crown ethers bearing a propyl chain with different functional groups at the end were tested. Methylation (20j), elongation (20n), and changing to dimethylamino (20m) or phenylthiocarbamido (20o) groups led to a significant decrease in enantioselectivity [26].



Altering the protective group in the 4,6 position of the carbohydrate influenced the catalytic activity of glucose-based crown ethers negatively (e.g., catalyst 30a bearing a naphthylidene moiety gave product 80 (Ar1 = Ar2 = C6H5) in an ee of 48% under the same conditions) (Table 11, entry 13) [39].



The substituent in the anomeric position of glucose had only a small impact on the enantioselectivity. When the alkoxy group was in the axial position (α-series), slightly higher ee values were measured than in the case of β-substituted derivatives. The best result was obtained in the reaction 2-chloroacetophenone (78, Ar1 = C6H5) and benzaldehyde (79, Ar2 = C6H5) by using crown ether 41a (73% ee) (Table 11, entry 15) [45].



Heteroaromatic chloroketones were synthesized and then investigated in Darzens condensation with aromatic aldehydes in the presence of crown ether 20h [57,63]. The temperature of the reactions was lowered to −5 °C to reach higher enantiomeric excess. When 2-chloroacetylfuran (78, Ar1 = furan-2-yl) and benzaldehyde was reacted (79, Ar2 = C6H5), moderate asymmetric induction was observed (54% ee) (Table 11, entry 3) (Scheme 19). Using substituted benzaldehydes, in general, the ee values were higher (e.g., 80 with Ar1 = furan-2-yl, Ar2 = 2-Cl-C6H4: 70% ee) (Table 11, entry 4). An inverse trend was observed for 2-chloracetylthiophene (78, Ar1 = thiophen-2-yl). In this case, a substituent on the aldehyde lowered the enantioselectivity, with one exception (80 with Ar1 = thiophen-2-yl, Ar2 = C6H5: 70% ee; 80 with Ar1 = thiophen-2-yl, Ar2 = 3,4- methylenedioxy-C6H3: 86% ee) (Table 11, entries 5 and 6). Moving the chloroacetyl group to the 3 position of the thiophene ring (78, Ar1 = thiophen-3-yl) led to lower optical purity (52% ee) (Table 11, entry 7). When pyrrol or 1-methylpyrrol analogues were reacted with benzaldehyde, the selectivity of 20h was weak (80 with Ar1 = pyrrol-2-yl, Ar2 = C6H5: 36% ee; 80 with Ar1 = 1-methylpyrrol-2-yl, Ar2 = 3,4- methylenedioxy-C6H3: 16% ee) (Table 11, entries 8 and 9).



The highest enantioselectivity was reached when 4′-phenyl-2-chloroacetophenon was reacted with benzaldehyde using glucose-based lariat ether 20h (product 80 with Ar1 = 4-phenyl-C6H4, Ar2 = C6H5: 96% ee) (Table 11, entry 10) (Scheme 19). With other aromatic aldehydes, lower ee values were measured [64].



Investigation of the efficiency of lariat ethers 23a–h, which contain a β-phenyl glucoside unit, demonstrated again that the side chain has a significant impact on the asymmetric induction. While catalysts 23a–d with a hydrocarbon substituent on the nitrogen atom were ineffective (4–12% ee), using 23g with a hydroxypropyl group, 74% ee was measured (Table 11, entry 11) [28,29].



Experiments with galactose-containing macrocycles had similar results. Catalyst 26d with a hydroxypropyl side arm and a α-methyl group was inferior (26% ee) (Table 11, entry 12) to crown compound 44d, which have the same side arm, but a β-phenyl group in C-1 (73% ee) (Table 11, entry 16) [46].



In the case of mannitol-based crown compounds, it was found again that in addition to the side arm, the protecting group also influenced the generated enantioselectivity. With the exception of compound 40a with cyclohexylidene moiety (62% ee) (Table 11, entry 14), low ee values were measured in the Darzens reaction [44].



When the effect of xylal- and arabinal-based crown ethers 45–48 were compared, catalysts 47a, 47b and 48 derived from l- and d-arabinal were ineffective. Application of crown ethers 45a and 46a, which are mirror images of each other, resulted in good enantiomeric excess (77% and 72%, respectively) (Table 11, entries 17 and 18) [47].



In addition to 2-chloroacetyl derivatives, cyclic chloroketones were also applied in Darzens condensations in the presence of lariat ether 20h containing glucose (Scheme 20). In the reaction of 2-chloroindanone (81, n = 0) with benzaldehyde (79, Ar2 = C6H5), 65% ee was obtained (Table 12, entry 1). In the case of substituted aromatic aldehydes, no clear tendency was observed. The best selectivity was 85% ee (79, Ar2 = 2-Cl-C6H4) (Table 12, entry 2). When 2-chlorotetralone (81, n = 1) was tested, the highest ee value was 74% in the product 82 (Ar = C6H5) (Table 12, entry 3). Any changes on the aromatic part of the aldehyde decreased the measured optical purity [64].




2.2.13. Epoxidations


Asymmetric epoxidation of chalcone (49, Ar1 = Ar2 =C6H5) was first investigated using glucose- and mannose-based catalysts (Scheme 21) [36]. While screening the side arms, it was found that a free hydroxyl group is required to gain good enantioselectivity. The reaction was diastereoselective, only the anti (trans) isomer could be isolated. Catalyst 20g with a hydroxyethyl group generated 81% ee (Table 13, entry 1), while lariat ether 20h bearing a hydroxypropyl moiety showed even higher efficiency (92% ee) (Table 13, entry 2). Similar results were experienced in the case of mannose-based crown ethers, compounds 28a and 28b proved to be the most efficient (72% and 80% ee, respectively) (Table 13, entries 9 and 10). It is interesting, that catalysts derived from mannose preferred the formation of the 2S,3R enantiomer, while 2R,3S antipode was in excess in the case of glucose-based catalysts. It is worth to mention that glucose and mannose differs only in the configuration of C-2, therefore in the case of glucose, anti-annulation can be observed between the monosaccharide and the crown ring, while in the case of mannose, there is a syn-annulation. This difference can be the reason why different enantiomers are formed during the epoxidation reaction.



Comparison of the effect of catalysts containing a methyl glucoside (20h), a methyl mannoside (28b) and a methyl altroside (29) moiety in the epoxidation reaction was carried out not only with chemical experiments but using molecular modeling as well [38]. Crown compound 29 was ineffective regarding the asymmetric induction (Table 13, entry 11). This is, in fact, very interesting; because of the anti-annulation of the carbohydrate unit and the macro ring, catalyst 29 was expected to be effective, but as the results of the in silico experiments revealed, that the annulation is only one of the factors that affect the enantioselectivity.



Comparing the effect of the protecting group in glucose-based crown ethers, macrocycle 20h with a benzylidene group was the most effective (92% ee) (Table 13, entry 2), in the case of a naphthylidene unit (30a) the enantioselectivity was almost the same (89% ee) (Table 13, entry 12), but when an isopropylidene moiety (31a) was in the 4,6 position, the measured ee value decreased to 67% (Table 13, entry 13) [39].



The anomeric position also had an impact on the asymmetric induction. Selectivity of the α-alkyl analogues of 20h was retained (41a: 94% ee; 41b: 93% ee) (Table 13, entries 14 and 15), while catalysts of the β-series were less selective (e.g., 42a: 84% ee) (Table 13, entry 16) [45]. Crown ether 23g containing a phenoxy group in equatorial position also generated lower enantioselectivity (76% ee) (Table 13, entry 7) than macrocycle 20h [33].



Alteration on the anomeric center led to different ee values in the case of galactose-based crown ethers. The enantioselectivity was higher when the substituent of C-1 was equatorial. While catalyst 26d derived from methyl α-d-galactoside, which is analogous to glucose-based 20h, generated an ee of 53% (Table 13, entry 8), using its β-analogue 44a led to a slightly higher enantiomeric excess (59%) (Table 13, entry 17). In case of catalyst 44d bearing a β-phenyl group, the epoxidation of chalcone (49, Ar1 = C6H5, Ar2 = C6H5), resulted in 64% ee (Table 13, entry 18) [46].



The structure of the substrate influenced the outcome of the epoxidation as well. Crown ether 20h showed high enantioselectivity, when 4′-chloro- (49, Ar1 = 4-Cl-C6H4, Ar2 = C6H5), 3′-nitro- (49, Ar1 = 3-O2N-C6H4, Ar2 = C6H5) or 2,4-dichlorochalcone (49, Ar1 = C6H5, Ar2 =2,4-di-Cl-C6H4) was used (97%, 99% and 99% ee, respectively) (Table 13, entries 3–5) [65]. In case of unsaturated ketones containing a 1-methylpyrrol subunit, lariat ether 20h generated good enantiomeric excess (e.g., 79% ee in case of 61, Ar1 = 1-methylpyrrol-2-yl, Ar2 = C6H5) (Table 13, entry 6) [63].



From crown ethers 45–48 containing unsaturated carbohydrate units, only the xylal-based 45a and 46 resulted in an optically active product 80. While catalyst 45a derived from d-xylal generated the 2S,3R enantiomer of 80 (Ar1 = C6H5, Ar2 = C6H5) with 77% ee, application of crown ether 46 synthesized from l-xylal led to the formation of the 2R,3S antipode in an ee value of 72% ee (Table 13, entries 19 and 21). Using chalcone analogues, various enantiomeric excess was observed in the presence of lariat ether 45a. The best selectivity was obtained in the case of compound 80 (Ar1 = C6H5, Ar2 = naphthalen-2-yl) (96% ee) (Table 13, entry 20) [47].






3. Conclusions


A variety of chiral crown ethers containing one or two sugar units in annulation with the macrocyclic ring have been synthesized from monosaccharides (such as d-glucose, d-mannose, d-galactose, d-altrose, l-arabinose, etc.) and sugar alcohols (l-threitol, d-mannitol). These chiral macrocycles were tested as phase transfer catalysts in asymmetric reactions (in liquid-liquid and solid-liquid phase systems). A few representatives of the monosaccharide-based crown ethers induced a considerable asymmetric induction in certain reactions. It turned out, that there is no universally applicable catalyst for each reaction, viz. in each asymmetric reaction, different catalysts showed the best results. It was found that the type of the carbohydrate, the substituents on the sugar unit and on the nitrogen atom of the crown ring (side arms) have significant influence on both the chemical yield and the enantioselectivity.



Based on the experiments, monoaza-15-crown-5 lariat ethers incorporating a d-glucose, or a d-galactose moiety proved to be the most efficient catalysts. Sugar-based catalysts with a (CH2)3OH substituent on the nitrogen atom resulted in the best enantioselectivity in the liquid–liquid phase reactions. In solid–liquid reactions, (CH2)3OCH3 and 2-(3,4-dimethoxyphenyl)ethyl groups also enhanced the asymmetric induction.



Development of novel catalysts is of practical importance, as the lariat ethers can be utilized in phase transfer catalytic reactions, a part of which is to be explored.



The chiral compounds synthesized using carbohydrate-based catalysts are important intermediates in the chemical industry.
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Scheme 1. Preparation of crown ethers 15 and 16. 
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Scheme 2. Synthesis of crown ethers 17 and 18. 
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Scheme 3. Synthesis of glucose-based lariat ethers 20. 
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Scheme 4. Preparation of diaza-18-crown 6 compounds 21 and 22 derived from glucose. 
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Scheme 5. Synthesis of 4,6-di-O-alkyl glucoside-based catalysts 24a–d. 
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Scheme 6. Synthesis of crown ethers 24e–h with 4,6-di-O-butyl glucoside groups. 
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Scheme 7. Removal of the benzylidene group of catalysts 20h and 20j to obtain compounds 32a and 32b. 
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Scheme 8. Michael addition of 2-nitropropane (50) to chalcones (49). 
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Scheme 9. Michael addition of phosphonoglycine derivative 52 to electron deficient olefins (53). 
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Scheme 10. Michael addition of diethyl cyanofluoromethyl phosphonate (55) to electron deficient olefins 56. 
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Scheme 11. Michael addition of diethyl acetamidomalonate (59) to nitrostyrenes (58). 
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Scheme 12. Michael addition of chalcones (49) and diethyl acetoxymalonate (61). 
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Scheme 13. Michael-initiated ring closure (MIRC) reaction of chalcones (61) and diethyl bromomalonate (64). 
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Scheme 14. Michael-initiated ring closure reaction of arylidenemalononitriles (65) and diethyl bromomalonate (63). 
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Scheme 15. Michael-initiated ring closure reaction of arylidene-1,3-diphenylpropane-1,3-diones (67) and diethyl bromomalonate (63). 
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Scheme 16. Michael-initiated ring closure reaction of arylidene indane-1,3-diones (69) and diethyl bromomalonate (63). 
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Scheme 17. Michael-initiated ring closure reaction of arylidene cyanosulfones 71 and diethyl bromomalonate (63). 






Scheme 17. Michael-initiated ring closure reaction of arylidene cyanosulfones 71 and diethyl bromomalonate (63).



[image: Chemistry 03 00039 sch017]







[image: Chemistry 03 00039 sch018 550] 





Scheme 18. Michael addition of glycine derivative 74 to methyl vinyl ketone 75. 
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Scheme 19. Darzens condensation of aromatic 2-chloroketones (78) and benzaldehydes (79). 
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Scheme 20. Darzens condensation of 2-chloroindanone (81, n = 0), and of 2-chlorotetralone (81, n = 1). 
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Scheme 21. Liquid-liquid two phase epoxidation of chalcones (49). 
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Table 1. Effect of crown ethers in the Michael addition of 2-nitropropane (50) to chalcones (49).






Table 1. Effect of crown ethers in the Michael addition of 2-nitropropane (50) to chalcones (49).





	Entry
	Ar1
	Ar2
	Catalyst
	Yield, %
	ee, %





	1
	C6H5
	C6H5
	20g
	91
	65



	2
	C6H5
	C6H5
	20h
	53
	85



	3
	Naphthalen-1-yl
	C6H5
	20h
	35
	87



	4
	C6H5
	C6H5
	20i
	45
	87



	5
	C6H5
	C6H5
	20k (n = 4)
	39
	82



	6
	C6H5
	C6H5
	20l (n = 4)
	43
	95



	7
	C6H5
	C6H5
	23d
	78
	82



	8
	C6H5
	C6H5
	23e
	71
	45



	9
	C6H5
	C6H5
	23f
	65
	60



	10
	C6H5
	C6H5
	24d
	82
	90



	11
	C6H5
	C6H5
	24h
	53
	55



	12
	C6H5
	C6H5
	26e
	34
	52



	13
	C6H5
	C6H5
	27e
	39
	40



	14
	C6H5
	C6H5
	27j
	38
	67



	15
	C6H5
	C6H5
	28b
	37
	92 (S)



	16
	Naphthalen-1-yl
	C6H5
	28b
	39
	84
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Table 2. Effect of crown ethers in the Michael addition of phosphonoglycine derivative 52 to electron deficient olefins (53).






Table 2. Effect of crown ethers in the Michael addition of phosphonoglycine derivative 52 to electron deficient olefins (53).





	Entry
	R1
	R2
	EWG
	Catalyst
	Yield, %
	d.r.
	ee, %





	1
	CH3
	H
	CN
	23i
	76
	6:1
	86



	2
	H
	H
	CN
	23i
	84
	-
	75



	3
	CH3
	H
	CN
	23k
	76
	16:1
	95
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Table 3. Effect of crown ethers in the Michael addition of diethyl cyanofluoromethyl phosphonate (55) to electron deficient olefins 56.






Table 3. Effect of crown ethers in the Michael addition of diethyl cyanofluoromethyl phosphonate (55) to electron deficient olefins 56.





	Entry
	R
	EWG
	Catalyst
	Yield, %
	d.r.
	ee, %





	1
	C6H5
	NO2
	23i
	82
	7:1
	82



	2
	C6H5
	NO2
	23k
	85
	6:1
	88
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Table 4. Effect of crown ethers in the Michael addition of diethyl acetamidomalonate (59) to nitrostyrenes (58).






Table 4. Effect of crown ethers in the Michael addition of diethyl acetamidomalonate (59) to nitrostyrenes (58).





	Entry
	Ar
	Catalyst
	Yield, %
	ee, %





	1
	C6H5
	20h
	60
	99



	2
	4-Cl-C6H4
	20h
	45
	99



	3
	4-O2N-C6H4
	20h
	78
	97



	4
	C6H5
	20j
	58
	38



	5
	C6H5
	20m
	30
	78



	6
	C6H5
	20n
	38
	0



	7
	C6H5
	26d
	90
	92



	8
	C6H5
	26f
	30
	70



	9
	C6H5
	33c
	50
	61 (R)



	10
	C6H5
	34c
	59
	80



	11
	C6H5
	38c
	65
	95



	12
	C6H5
	38d
	22
	51



	13
	C6H5
	40a
	57
	65



	14
	C6H5
	41a
	67
	78



	15
	C6H5
	42b
	71
	68
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Table 5. Effect of crown ethers in the Michael addition of chalcones (49) and diethyl acetoxymalonate (61).






Table 5. Effect of crown ethers in the Michael addition of chalcones (49) and diethyl acetoxymalonate (61).





	Entry
	Ar1
	Ar2
	Catalyst
	Yield, %
	ee, %





	1
	C6H5
	C6H5
	20h
	72
	96



	2
	C6H5
	4-O2N-C6H4
	20h
	73
	89



	3
	C6H5
	4-Cl-C6H4
	20h
	76
	88



	4
	C6H5
	4-H3CO-C6H4
	20h
	73
	97



	5
	Furan-2-yl
	C6H5
	20h
	75
	99



	6
	Tiophen-2-yl
	C6H5
	20h
	76
	99



	7
	C6H5
	C6H5
	26d
	58
	99



	8
	C6H5
	C6H5
	26f
	67
	98



	9
	C6H5
	4-O2N-C6H4
	26d
	55
	94



	10
	C6H5
	4-O2N-C6H4
	26f
	85
	99



	11
	C6H5
	4-H3CO-C6H4
	26d
	69
	99



	12
	C6H5
	4-H3CO-C6H4
	26f
	42
	88



	13
	C6H5
	C6H5
	38a
	68
	96



	14
	C6H5
	4-Cl-C6H4
	38c
	76
	99



	15
	C6H5
	4-H3CO-C6H4
	38e
	33
	99
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Table 6. Effect of crown ethers in the MIRC reaction of chalcones (49) and diethyl bromomalonate (63).






Table 6. Effect of crown ethers in the MIRC reaction of chalcones (49) and diethyl bromomalonate (63).





	Entry
	Ar1
	Ar2
	Catalyst
	Yield, %
	ee, %





	1
	C6H5
	C6H5
	20h
	28
	88



	2
	4-O2N-C6H4
	C6H5
	20h
	77
	99



	3
	C6H5
	Thiophen-2-yl
	20h
	57
	94



	4
	C6H5
	C6H5
	26d
	32
	98



	5
	C6H5
	C6H5
	26f
	35
	99



	6
	C6H5
	C6H5
	38a
	31
	98



	7
	C6H5
	C6H5
	38c
	28
	99



	8
	C6H5
	C6H5
	38e
	33
	86
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Table 7. Effect of crown ethers in the MIRC reaction of arylidenemalononitriles (65) and diethyl bromomalonate (63).






Table 7. Effect of crown ethers in the MIRC reaction of arylidenemalononitriles (65) and diethyl bromomalonate (63).





	Entry
	Ar
	Catalyst
	Yield, %
	ee, %





	1
	C6H5
	20h
	82
	32



	2
	4-H3C-C6H4
	20h
	74
	92



	3
	3,4-OCH2O-C6H3
	20h
	59
	99



	4
	C6H5
	26f
	84
	78



	5
	4-H3C-C6H4
	26f
	86
	98



	6
	4-H3C-C6H4
	27e
	81
	99



	7
	3-H3C-C6H4
	38a
	74
	99



	8
	4-H3C-C6H4
	38a
	76
	99



	9
	4-H3C-C6H4
	39a
	70
	96



	10
	4-H3C-C6H4
	40a
	80
	98



	11
	4-H3C-C6H4
	40b
	87
	99



	12
	C6H5
	44a
	83
	86
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Table 8. Effect of crown ethers in the MIRC reaction of arylidene-1,3-diphenylpropane-1,3-diones (67) and diethyl bromomalonate (63).






Table 8. Effect of crown ethers in the MIRC reaction of arylidene-1,3-diphenylpropane-1,3-diones (67) and diethyl bromomalonate (63).





	Entry
	Ar
	Catalyst
	Yield, %
	ee, %





	1
	C6H5
	20h
	52
	60



	2
	C6H5
	26d
	46
	60



	3
	C6H5
	26f
	67
	76



	4
	C6H5
	28b
	35
	54



	5
	C6H5
	38e
	38
	57
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Table 9. Effect of crown ethers in the MIRC reaction of arylidene indane-1,3-diones (69) and diethyl bromomalonate (63).






Table 9. Effect of crown ethers in the MIRC reaction of arylidene indane-1,3-diones (69) and diethyl bromomalonate (63).





	Entry
	Ar
	Catalyst
	Yield, %
	ee, %





	1
	C6H5
	20h
	33
	54



	2
	2-H3C-C6H4
	20h
	59
	79



	3
	3-O2N-C6H4
	20h
	43
	70



	4
	4-O2N-C6H4
	20h
	83
	93



	5
	C6H5
	27e
	72
	56



	6
	C6H5
	44a
	77
	91



	7
	C6H5
	44b
	76
	96



	8
	C6H5
	44c
	71
	95
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Table 10. Effect of crown ethers in the MIRC reaction of arylidene cyanosulfones 71 and diethyl bromomalonate (63).






Table 10. Effect of crown ethers in the MIRC reaction of arylidene cyanosulfones 71 and diethyl bromomalonate (63).





	Entry
	Ar
	Catalyst
	Yield, %
	ee, %





	1
	C6H5
	20q
	94
	73



	2
	3-Cl-C6H4
	20q
	91
	84



	3
	3-H3C-C6H4
	20q
	90
	81



	4
	4-O2N-C6H4
	20q
	87
	82



	5
	Naphthalen-2-yl
	20q
	92
	85



	6
	C6H5
	26g
	95
	76



	7
	C6H5
	26h
	93
	80



	8
	C6H5
	44g
	90
	72
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Table 11. Effect of crown ethers in the Darzens condensation of aromatic 2-chloroketones (78) and benzaldehydes (79).






Table 11. Effect of crown ethers in the Darzens condensation of aromatic 2-chloroketones (78) and benzaldehydes (79).





	Entry
	Ar1
	Ar2
	Catalyst
	Temp., °C
	Yield, %
	ee, %





	1
	C6H5
	C6H5
	20g
	22
	93
	42



	2
	C6H5
	C6H5
	20h
	22
	74
	62



	3
	Furan-2-yl
	C6H5
	20h
	−5
	55
	54



	4
	Furan-2-yl
	2-Cl-C6H4
	20h
	−5
	77
	70



	5
	Thiophen-2-yl
	C6H5
	20h
	−5
	63
	71



	6
	Thiophen-2-yl
	3,4-OCH2O-C6H3
	20h
	−5
	57
	86



	7
	Thiophen-3-yl
	C6H5
	20h
	−5
	53
	52



	8
	Pyrrol-2-yl
	C6H5
	20h
	−5
	33
	36



	9
	1-Methyl-pyrrol-2-yl
	C6H5
	20h
	−5
	72
	16



	10
	4-Phenyl-C6H4
	C6H5
	20h
	20
	54
	96



	11
	C6H5
	C6H5
	23g
	22
	68
	74



	12
	C6H5
	C6H5
	26d
	22
	81
	28



	13
	C6H5
	C6H5
	30a
	22
	75
	48



	14
	C6H5
	C6H5
	40a
	22
	57
	62



	15
	C6H5
	C6H5
	41a
	22
	94
	73



	16
	C6H5
	C6H5
	44d
	22
	81
	64



	17
	C6H5
	C6H5
	45a
	0
	65
	77



	18
	C6H5
	C6H5
	46
	0
	61
	72
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Table 12. Effect of crown ethers in the Darzens condensation of 2-chloroindanone (81, n = 0), and of 2-chlorotetralone (81, n = 1).






Table 12. Effect of crown ethers in the Darzens condensation of 2-chloroindanone (81, n = 0), and of 2-chlorotetralone (81, n = 1).





	Entry
	n
	Ar
	Catalyst
	Temp., °C
	Yield, %
	ee, %





	1
	0
	C6H5
	20h
	0
	59
	65



	2
	0
	2-Cl-C6H4
	20h
	0
	52
	85



	3
	1
	C6H5
	20h
	−10
	84
	74










[image: Table] 





Table 13. Effect of crown ethers in the epoxidation of chalcones (49).






Table 13. Effect of crown ethers in the epoxidation of chalcones (49).





	Entry
	Ar1
	Ar2
	Catalyst
	Temp., °C
	Yield, %
	ee, %





	1
	C6H5
	C6H5
	20g
	5
	65
	81



	2
	C6H5
	C6H5
	20h
	5
	82
	92



	3
	4-Cl-C6H4
	C6H5
	20h
	0
	71
	97



	4
	3-O2N-C6H4
	C6H5
	20h
	0
	55
	99



	5
	C6H5
	2,4-di-Cl-C6H3
	20h
	0
	50
	99



	6
	1-Methylpyrrol-2-yl
	C6H5
	20h
	−5
	80
	79



	7
	C6H5
	C6H5
	23g
	20
	51
	76



	8
	C6H5
	C6H5
	26d
	20
	35
	53



	9
	C6H5
	C6H5
	28a
	5
	70
	72 (2S,3R)



	10
	C6H5
	C6H5
	28b
	5
	72
	80 (2S,3R)



	11
	C6H5
	C6H5
	29
	5
	51
	5



	12
	C6H5
	C6H5
	30a
	0
	46
	89



	13
	C6H5
	C6H5
	31a
	0
	59
	67



	14
	C6H5
	C6H5
	41a
	20
	96
	94



	15
	C6H5
	C6H5
	41b
	20
	93
	93



	16
	C6H5
	C6H5
	42a
	20
	87
	84



	17
	C6H5
	C6H5
	44a
	20
	71
	59



	18
	C6H5
	C6H5
	44d
	20
	81
	64



	19
	C6H5
	C6H5
	45a
	0
	65
	77 (2S,3R)



	20
	C6H5
	Naphthalen-2-yl
	45a
	0
	72
	96 (2S,3R)



	21
	C6H5
	C6H5
	46
	0
	61
	72
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