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Abstract:



The regioselective C-2-O-acrylation and metacrylation of methyl 4,6-O-benzylidene-α-D-glucopyranoside and methyl 4,6-O-benzylidene-α-D-galactopyranoside through their corresponding organotin intermediates have been studied. Regioselectivity was achived through the formation of a tin chelate of the 2,3-diols. Thus, methyl 4,6-O-benzylidene-α-D-glucopyranoside and methyl 4,6-O-benzylidene-α-D-galactopyranoside were reacted with dibutylstannylene to give the corresponding dibutylstannylene acetal intermediates that were then reacted in a regioselective manner with acryloyl chloride or metacryloyl chloride in the presence of triethylamine (TEA) or pyridine to give the vinylic type monomeric compounds. The monomeric products containing glucose and galactose units from each reaction were separated by column chromatography using a gradient of n-hexane and ethyl acetate as eluant. The structure of the obtained compounds were confirmed using 1H-, 13C- and 2D NMR spectroscopy.
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Introduction


Carbohydrates are naturally occuring bioorganic compounds which are found in biological systems [1]. Carbohydrates are the most abundant class of compounds in the biological world, making up more than 50% of the dry weight of earth’s biomass. Carbohydrates are important constituents of all living organisms, and have a variety of different functions. Some are important structural components of cells, and some act as recognition sites on cell surfaces. Others serve as a major source of metabolic energy [2]. The traditional view of carbohydrates as Nature’s energy source (starch and glycogen) and structural materials (cellulose, collagen and proteoglycans) has expanded. Carbohydrates are known to have a wide variety of biological functions [3]. For instance, the sulfated polysaccharide, heparin, plays an essential role in blood coagulation [4]. Cell surface clustering carbohydrates are involved in numerous biological functions, including cellular recognition, adhesion, cell growth regulation, cancer cell metastasis, and inflammation [5]. They also serve as attachment sites for infectious bacteria, viruses, toxins and hormones that result in pathogenesis [6]. One of the important application of monomers containing carbohydrates is their utilization in glycopolymers [7,8] The glycopolymers have been synthesized through the polymerization of carbohydrates-containing vinyl monomers or vinyl type monomers. The obtined polymers have the variety applications in: medical, agricultural, consumer goods packaging and etc.



Synthetic glycopolymers that are biocompatible and biodegradable are increasingly used in tissue engineering and controlled drug release devices [9]. These specific carbohydrate-based interactions could be applied as drug or gene delivery carriers. On the other hand, modification of only one of several identical functional groups in a molecule is a fundamental challenge to organic chemists. An important and synthetically relevant example of this problem is the regioselective acylation and acrylation of hydroxyl groups in carbohydrates: even discrimination between primary and secondary hydroxyls usually involves multistep procedures, while there is no general basis for the positionally specific acrylation of the more aboundant secondary OH groups [10,11].



In the recent years synthetic vinylic monomers containing carbohydrates as branched derivatives of monosccarides have received considerable interest and syntheses of such monomers have been devoloped [12]. Here we report a route for the regioselective acrylatioin and acylation of common carbohydrates to access the synthetic intermediates which are found in many naturally occurring compounds that contain O-acyl and other acryl groups. However, for the synthetic organic chemists, who are working with carbohydrates, a major consideration in designing any reaction is the protection of functional groups [13,14]. The process of protection and deporetection requires choosing a protecting group or groups that can be added in high yield and removed in high yield without affecting the remainder of the molecule. Also the protecting groups must be stable during the other reactions in the synthetic sequence [15]. These requirements are difficult to satisfy and on the other hand the primery hydroxyls in carbohydrates are more reactive than secondary hydroxyls toward electrophiles. Dialkylstannylene acetals serve as convenient intermediates for acheiving highly regioselective substitution of diols and polyols [16,17]. Reactions of dibutylstannylene acetals of methyl 4,6-O-benzylidene-α-D-glucopyranoside and methyl 4,6-O-benzylidene-α-D-galactopyranoside with acryloyl chloride and metacryloyl chloride in the presence of TEA or pyridine were usually complete in 1h at room temperature and gave the monomers methyl 2-O, 3-O and 2,3-O-4,6-O-benzylidene-diacryloyl-α-D-glucopyranoside and or galactopyranoside, respectively, with high regioselectivity and in excellent yield [18,19]. Methyl 4,6-O-benzylidene-2,3-O-dibutylstannylene-α-D-gluco- and galacto-pyranoside are known to produce 2-O-acryloyl and metacryloyl products with high regioselectivity on reaction with one equivalent of acryloyl chloride or metacryloyl chloride [20]. Here we show that the methyl 4,6-O-benzylidene-2-O-acryloyl-α-D-gluco- and galactopyranoside and methyl 4,6-O-benzylidene-2-O-metacryloyl-α-D-gluco- and galactopyranosides are the major products in the reaction of acryloyl chloride and metacryloyl chloride with stannylene acetal intermediates derived from the examined carbohydrate molecules [21].




Results and Discussion


The regioselective acrylation and acylation of common sugar molecules in order to obtain synthetic intermediates and also to prepare the naturally occurring compounds which contain O-acyl or acryl groups are of considearble interest. A major consideration in designing any reaction with the carbohydrates as the polyol compounds is the protection of functional hydroxyl groups. The process of protection and deporetection need choosing a protecting group or groups that can be added in high yield and removed in high yield without affecting the remainder of the examined molecule. Also the protecting groups must be enough stable during the other reactions in the synthetic sequence. Dialkylstannylene acetals serve as convenient intermediates for this aim in achieving highly regioselective substitutions in diols and polyols.





[image: Molecules 10 00772 g002 550]





Scheme 1. Synthesis of dibutylstannylene acetal intermediates from methyl 4,6-O-benzylidene-α-D-glucopyranoside and methyl 4,6-O-benzylidene-α-D-galactopyranoside 
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Dialkylstannylene acetals are easily formed from diols and serve as intermediates in reactions that have shown considerable promise towards achieving this goal. In fact, by using tin intermediates in this series of reactions we can carry out some selective reactions on hydroxyl groups in diols that do not differ from each other in reactivity. As shown in Scheme 1 these reactions are complete in 12 h upon refluxing in toluene or benzene. For instance, reaction of the dibutylstannylene acetal of methyl 4,6-O-benzylidene-α-D-glucopyranoside (1') with acryloyl chloride in the presence of nucleophiles such as TEA or pyridine is complete in 30 minute at room temperature. After workup a dark brown syrup was obtained and purified using column chromatography, a method which affords the monomeric compounds 1a, 1b and 1c in yields 49%, 22% and 23%, respectively (Scheme 2). The resolution factors (Rf) for these compounds using n-hexane-ethyl acetate (v/v 1:1) are 0.55, 0.25 and 0.77, respectively.
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Scheme 2. Synthesis of acrylic monomers through dibutylstannylene acetal intermediates derived from methyl 4,6-O-benzylidene-α-D-glucopyranoside 
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The structures of all isolated compounds were confirmed by 1H-NMR and 13C-NMR spectroscopy. The comparison of the 1H-NMR spectra of 1' and the monomer 1a shows that the signals of H-2 at 3.61 ppm has been shifted to lower field (4.23 ppm) and shielded by about 0.62 ppm under the effect of the acylated substituent at C-2. Also a comparison of the 13C-NMR spectra of 1' and the monomer 1a shows that C-2 appears at 73 and 77 ppm, respectively. Figure 1 displays the 1H-NMR of compound 1a. The presence of signals in 5.82, 6.15 and 6.43 confirm the presence of the vinylic part of the acryloyl group attached to the C-2 position in this compound.


Figure 1. 400 MHz 1H-NMR of methyl 4,6-O-benzylidene-2-O-acryloyl-α-D-gluco-pyranoside (1a) in CDCl3
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The 1H-NMR of methyl 4,6-O-benzylidene-3-O-acryloyl-α-D-glucopyranoside (1b) shows deshielding of about 1.85 ppm for H-3 in comparison to the spectrum of compound 1, which is unambiguous evidence for the acylation of C-3 in the starting material. The structure of methyl 4,6-O-benzylidene-2, 3-O-diacryloyl-α-D-glucopyranoside (1c) was also established from its NMR spectra, in which the signals of both H-2 and H-3 were deshielded with respect to their positions in the spectrum of the starting material, appearing at 3.73 and 3.66 ppm, respectively.



In the same way reaction of the dibutylstannylene acetals of methyl 4,6-O-benzylidene-α-D-glucopyranoside with metacryloyl chloride in the presence of TEA or pyridine were complete in less than 30 min at room temperature. After general workup and column chromatography, the compounds methyl 4,6-O-benzylidene-2-O-metacryloyl-α-D-glucopyranoside (1d), methyl 4,6-O-benzylidene-3-O-metacryloyl-α-D-glucopyranoside (1e) and methyl 4,6-O-benzylidene-2,3-O-dimetacryloyl-α-D-glucopyranoside (1f) were isolated in yields of 45%, 21% and 24%. The structures of the above obtained compounds established from their NMR spectra.
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Scheme 3. Synthesis of metacrylic monomers through dibutylstannylene acetal intermediates derived from methyl 4,6-O-benzylidene-α-D-glucopyranoside 
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The analogous reaction of the dibutylstannylene acetal derived from methyl 4,6-O-benzylidene-α-D-galactopyranoside with metacryloyl chloride, in the presence of TEA or pyridine was accomplished in less than 1 h at room temperature (see Scheme 4).
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Scheme 4. Synthesis of metacrylic monomers through dibutylstannylene acetal intermediates derived from methyl 4,6-O-benzylidene-α-D-galacto-pyranoside 
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Use of column chromatography for the purification of the crude syrup compound gave the compounds methyl 4,6-O-benzylidene-2-O-metacryloyl-α-D-galactopyranoside (2a), methyl 4,6-O-benzylidene-3-O-meta-cryloyl-α-D-galacto-pyranoside (2b) and methyl 4,6-O-benzylidene-2,3-O-dimetacryloyl-α-D-galactopyranoside (2c) in yields of 58%, 21% and 24%, respectively. As noted from these experimental results, the dibutylstannylene acetals reacted faster with the electrophilic reagents in the presence of added nucleophiles or bases, such as TEA and under these conditions, give C-2-O-acrylated and metacrylated compounds. The structure of the isolated products was easily established from their 1H-NMR spectra. The signals of all carbohydrate protons were assigned by combinations of first-order analyses. The location of the acryl substituted groups were determined from the identity of the H-2 and H-3 that were most deshielded by the presence of the acyl groups in comparison to their positions in the starting material.




Conclusions


The activated intermediate dibutylstannylene acetals derived from methyl 4,6-O-benzylidene-α-D-glucopyranoside (1') and methyl 4,6-O-benzylidene-α-D-galactopyranoside (2') were used as the starting materials for the regioselective synthesis of carbohydrate-based vinylic monomeric compounds in good yields. The regioselectivty obtained is the same as previously observed for reaction of acyl containing reagents with diols. Formation of the ester group in C-2-O was the major product, which might be related to the structure and population of the dimeric species of 2,3-O-dibuthylstannylene acetal derivatives (1 and 2) in the reaction solutions.




Experimental


General


D-glucose (dried at 70 °C before using), D-galactose (dried at 70 °C before using), dibutyltin oxide, acryloyl chloride and metacryloyl chloride were purchased from Merck. Methyl α-D-gluco-pyranoside and methyl α-D-galactopyranoside were prepared using Fisher’s method for the synthesis of glycosides. Methyl 4,6-O-benzylidene-α-D-glucopyranoside and methyl 4,6-O-benzylidene-α-D-galactopyranoside were synthesized with common protecting methods used in carbohydrate chemistry. For the determining the structure of all resulting compounds 1H-NMR and 13C-NMR spectra were recorded for CDCl3 solutions on a Bruker-NMR 400 MHz spectrometer.




General method for preparation of dibutystannylene acetals 1 and 2:


The specified protected monosaccharide 1,2-diols (1 mmol) and dibutyltin oxide (1.1 mmol) were refluxed for 15 h in toluene (20 mL) with azeotropic removal of part of the solvent. The reaction mixture was concentrated to a volume of ca. 12 mL to give activated compounds 1 and 2. The residue obtained in each reaction was directly reacted with acryloyl chloride or metacryloyl chloride without further purification for the synthesis of monomers containing carbohydrate units [22].




General workup procedure for the reactions described below.


Water (2-3 mL) was added to the toluene reaction mixture and it was stirred for 1 h at room temperature, then diluted with chloroform (15 mL) and the organic layer was washed successively with a dilute solution of hydrochloric acid (0.05 M, 5 mL), water (15 mL) and finally with a standard solution of sodium bicarbonate (15 mL), dried over magnesium sulfate or calcium sulfate and concentrated.




Preparation of methyl 4,6-O-benzylidene-2-O-acryloyl-α-D-glucopyranoside (1a), methyl 4,6-O-benzylidene-3-O-acryloyl-α-D-glucopyranoside (1b) and methyl 4,6-O-benzylidene-2,3-O-diacryloyl-α-D-glucopyranoside (1c)


Methyl 4,6-O-benzylidene-α-D-glucopyranoside (1', 3 mmol, 0.85 g) was reacted with dibutyltin oxide (3.3 mmol, 0.84 g) in toluene (60 mL) to give the dibutylstannylene acetal 1. The mixture was cooled to 0 °C then gradually warmed to 25 °C and TEA or pyridine (3 mmol) was added. After 1 h acryloyl chloride (3 mmol) was added slowly to the stirred solution. Within one hour the reaction was complete and the color of the solution changed to dark. Following workup according to the general procedure described above the residue was purified using column chromatography (eluent: 1:1 v/v n-hexane/ethyl acetate) to give the following products:



Methyl 4,6-O-benzylidene-2-O-acryloyl-α-D-glucopyranoside (1a). Rf = 0.48; 1H-NMR: δ 1.96 (s, 1H, OH), 3.32 (s, 3H, -CH3), 3.50 (t, 1H, J3, 2 = 9.3Hz, J3, 4 = 9.3Hz, H-3), 3.7 (t, 1H, J6b, 6a = 10.26Hz J6b, 5 = 10.2Hz, H-6b), 3.77 (dd, 1H, J5, 4 = 4.7Hz, J5, 6b, 6a = 4.5Hz, H-5), 4.15 (t, 1H, J6a, 6b = 9.4Hz, J6a, 5 = 5.5Hz H-6a), 4.23 (dd, 1H, J2, 3 = 5.7Hz, J2,4 = 4.6Hz, H-2) 4.8 (dd, 1H, J4,5 = J4,3 = 3.76Hz, H-4), 4.91 (d, 1H, J2,1 = 3.7Hz, H-1), 5.48 (s, 1H, H benzylidene), 5.82 (dd, 1H, JHa, Hb = 1.3Hz, JHa,Hc = 1.3Hz, Ha vinylic ), 6.15 (dd, 1H, JHc, Hb = JHc,Ha = 10.4 Hc vinylic), 6.43(dd, 1H, 1H, JHb,Ha = JHb,Hc =1.3 Hz Hb vinylic) 7.33-745 (m, 5H aromatic); 13C-NMR: δ 55.26 (1C, C-6), 60 (1C, -CH3), 68.8 (1C, C-3), 70.9 (1C, C-5), 77 (1C, C-2), 81 (1C, C-4), 97 (1C, C-1), 102 (1C, benzylidene), 126-136 (6C, aromatic, vinylic Ca), 165.8 (1C, vinylic Cb), 192.5 (1C, vinylic C=O).



Methyl 4,6-O-benzylidene-3-O-acryloyl-α-D-glucopyranoside (1b). Rf = 0.25; 1H-NMR: δ 2.2 (s, 1 H, OH), 3.40 (s, 3H, -CH3), 3.56 (t, 1H, J2,3 =J2,1 = 9.6 Hz H-2), 3.64 (dd, 1H, J4,5 = 3.6, J4,3 = 3.7 Hz, H-4), 3.67 (t, 1H, J6b,5 = 2Hz J6b,6a = 5.1Hz, H-6b), 3.80 (dd, 1H, J5,6b = 4.7Hz, H-5), 4.24 (dd, 1H, J6a,6b = 4.7Hz, J6a.5 = 4.7Hz, H-6a), 4.74 (d, 1H, J1,2 = 3.8Hz, H-1), 5.33 (t, 1H, J3,2 = 4.5Hz, J3,4 = 5.7Hz H-3), 5.42 (s, 1H, H benzylidene), 5.7 (dd, 1H, JHa, Hb = JHa, Hc =10.4 Hz, Ha vinylic), 6.1 (dd, 1H, JHc, Hb = JHc,Ha = 10.4Hz, Hc vinylic), 6.40 (dd, 1H, JHb,Ha = 1.36Hz , JHb,Hc = 1.42Hz, Hb vinylic), 7.2-7.4 (m, 5H, aromatic); 13C-NMR: δ 54.5 (1C, C-6), 61.5 (1C,-CH3), 67.7 (1C, C-2), 70.8 (1C, C-5), 77.6 (1C, C-3), 98 (1C, C-4), 99 (1C, C-1), 100 (1C, benzylidene), 125-135 (5C, aromatic), 133 (1C, vinylic Cb), 165 (1C, vinylic Ca), 192 (1C, acryloyl C=O).



Methyl 4,6-O-benzylidene-2,3-O-diacryloyl-α-D-glucopyranoside (1c). Rf = 0.77; 1H-NMR: δ 3.35 (s, 3H, -CH3), 3.66 (t, 1H, J3, 2 = 7.3Hz, J3, 4 = 9.6Hz, H-3), 3.73 (t, 1H, J2, 3 = J2, 1 = 10.3Hz H-2), 3.90 (m, 1H, H-6b), 4.26 (dd, 1H, J6a, 6b = 4.8Hz, J6a, 5 = 2.7Hz, H-6a), 4.94 (d, 1H, J1, 2 = 3.9H-1), 4.93 (dd, 1H, J4, 5 = 1.9Hz, J4, 3 = 7.4Hz, H-4), 5.45 (s, 1H, H benzylidene), 5.7 (t, 1H, J4, 5 = J4, 3 = 9.6Hz, H4), 5.80 (dd, 2H, JHa, Hb = JHa, Hc = 1.3Hz, vinylic 2 Ha), 6.02 (m, 2H, vinylic 2 Hc), 6.3 (td, 2H, JHb, Ha =JHb, Hc=1.2Hz, vinylic 2 Hb), 7.19-7.38 (m, 5H, aromatic); 13C-NMR: δ 54.3 (1C, C-6), 60 (1C, -CH3), 68.6 (1C, C-4), 70.9 (1C, C-5), 77.9 (1C, C-2), 76.3 (1C, C-3), 95 (1C, C-1), 100 (1C, benzylidene), 125-135 (5C, aromatic), 133 (2C, C=O), 163-165 (6C, vinylic Ca), 191.4 (6C, vinylic Cb).




Preparation of methyl 4,6-O-benzylidene-2-O-metacryloyl-α-D-glucopyranoside (1d), methyl 4,6-O-benzylidene-3-O-metacryloyl-α-D-glucopyranoside (1e) and methyl 4,6-O-benzylidene-2,3-O-dimetacryloyl-α-D-glucopyranoside (1f).


Methyl 4,6-O-benzylidene-α-D-glucopyranoside (1', 3 mmol, 0.85 g) was reacted with dibutyltin oxide (3.3 mmol, 0.84 g) in toluene (60 mL) to give the dibutylstannylene acetal 1. The mixture was cooled to 0 °C then gradually warmed to 25 °C and TEA or pyridine (3 mmol) was added. After 1 h metacryloyl chloride (0.24 mL, 3 mmol) was added slowly to the stirred solution. The color of the solution changed to dark. The reaction was complete in 45 minutes, and was worked up as described in the general procedure, followed by purification of residue using column chromatography (eluent: 1:3 (v/v) n-hexane-ethyl acetate) to give the following compounds:



Methyl 4,6-O-benzylidene-2-O-metacryloyl-α-D-glucopyranoside (1d). Rf = 0.60; 1H-NMR: δ 1.27 (s, 3H, metacryloyl -CH3 ), 1.42 (s, 1H, OH), 3.38-3.78 (9H, pyranoside ether protons), 4.97 (s, 1H, H benzylidene), 5.51 (s, 1H, anomeric), 5.51-6.16 (2H, metacrylic protons), 7.32-7.41 (m, 5H, aromatic); 13C-NMR: δ 30 (1C, metacryloyl methyl), 54.4 (1C, -CH3), 61.4-81 (5 C, C2, C3, C4, C5 and C6), 99.71 (1C, C- anomeric), 102 (1C, C-benzylidene), 125-170 (7C, aromatic and double bond C=C).



Methyl 4,6-O-benzylidene-3-O-metacryloyl-α-D-glucopyranoside (1e). Rf = 0.22); 1H-NMR: δ 1.26 (s, 3H, metacryloyl -CH3), 1.97 (s, 1H, OH), 3.36-4.29 (9H, pyranoside ether protons), 4.98 (s, 1H, H benzylidene), 5.50 (s, 1H, anomeric), 5.55-6.21 (2H, metacrylic protons), 7.30-7.8 (m, 5H, aromatic); 13C-NMR: δ 17.25 (1C, metacryloyl methyl), 54.4 (1C, -CH3), 61.5-80.36 (5C, C2, C3, C4, C5 and C6), 96.71 (1C, C- anomeric), 101 (1C, C- benzylidene), 125-171 (7C, aromatic and double bond C=C).



Methyl 4,6-O-benzylidene-2,3-O-dimetacryloyl-α-D-glucopyranoside (1f). Rf = 0.80; 1H-NMR: δ 1.27 (s, 3H, metacryloyl -CH3), 3.37-4.29 (9H, pyranoside ether protons), 4.92 (s, 1H, H benzylidene), 5.55 (s, 1H, anomeric), 5.60-6.25 (4H, metacrylic protons), 7.30-7.5 (m, 5H, aromatic).




Preparation of methyl 4,6-O-benzylidene-2-O-metacryloyl-α-D-galactopyranoside (2a)


Methyl 4,6-O-benzylidene-α-D-galactopyranoside (2', 3 mmol, 0.84 g) was reacted with dibutyltin oxide (3.3 mmol, 0.85 g) in toluene (60 mL) to give the dibutylstannylene acetal 2. The mixture was cooled to 0 °C, then gradually warmed to 25 °C, and triethylamine or pyridine (3 mmol) was added. After 1 h, metacryloyl chloride (3 mmol, 0.24 mL) was added slowly to the stirred solution. The color of the solution changed to dark green. The reaction was complete in 45 minute. The workup of reaction was done as described above. Purification of the residue using column chromatography was carried out using 1:2 (v/v) n-hexane-ethyl acetate as eluent. 2a was obtained as a pure compound, Rf = 0.58; 1H-NMR: δ 1.54 (s, 3H, metacryloyl -CH3), 1.96 (s, 1H, OH), 3.32-4.18 (9H, pyranoside ether protons), 4.84 (s, 1H, H benzylidene), 5.42 (s, 1H, anomeric), 5.49-6.14 (2H, metacrylic protons), 7.30-7.45 (m, 5H, aromatic).
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