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Abstract

:

Phase-transfer catalysis (PTC) is widely used in glycochemistry for the preparation of aryl glycosides by the glycosylation reaction. While investigating the possibility of synthesis of 4-(3-chloropropoxy)phenyl sialoside (Neu5Ac-OCPP) from N-acetylsialyl chloride with O-acetyl groups (1), we have recently discovered a strong dependence of the PTC glycosylation outcome on the mixing mode: under batch conditions, only α-anomer of Neu5Ac-OCPP was obtained, albeit in low yield (13%), while under microfluidic conditions the yield of Neu5Ac-OCPP increased to 36%, although stereoselectivity decreased (α/β ≤ 6.2). Here, we report that the outcome of this reaction, performed under microfluidic conditions using a Comet X-01 micromixer (at 2 μL/min flow rate), non-linearly depends on the concentration of N-acetylsialyl chloride 1 (5–200 mmol/L). The target Neu5Ac-OCPP was obtained in a noticeably higher yield (up to 66%) accompanied by enhanced stereoselectivity (α/β = 17:1–32:1) in the high concentration range (C > 50 mmol/L), whereas the yield (10–36%) and especially, stereoselectivity (α/β = 0.9:1–6.2:1) were lower in the low concentration range (C ≤ 50 mmol/L). This dramatic stepwise increase in stereoselectivity above critical concentration (50 mmol/L) is apparently related to the changes in the presentation of molecules on the surface of supramers of glycosyl donor, which exist in different concentration ranges.
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1. Introduction


Functionalized aryl glycosides have been widely used for the preparation of neoglycoconjugates [1,2,3], which are required in the rapidly developing fields of glycobiology [4,5] and glycomedicine [6,7,8]. We have recently introduced alkoxy-substituted aryl glycosides as promising Janus glycosides [9,10], the second generation of which contained 4-(3-chloropropoxy)phenyl (CPP) group [11,12,13,14,15,16] in aglycone.



Phase transfer catalysis (PTC) [17,18] is widely used for stereoselective synthesis [19,20] of various aryl glycosides [21,22] by the glycosylation reaction [23,24]. The method commonly utilizes a glycosyl halide [25] as a glycosyl donor (electrophile), a phenol as a glycosyl acceptor (nucleophile), AcOEt as a nonpolar phase and 10% aqueous Na2CO3 as a polar phase. The use of Bu4NHSO4, which contains hydrophilic hydrogen sulphate anion with low nucleophilicity, as a phase transfer catalyst was shown [20,26] to be preferred over the use of halide ion-containing catalysts. Under these conditions, α-anomers of aryl sialosides have been reported to be exclusively formed from β-anomer of N-acetylsialyl chloride 1 along the SN2-like pathway [19,20,26,27,28,29,30,31,32].



While investigating the possibility of synthesis of CPP sialoside 2 from N-acetylsialyl chloride 1 by PTC glycosylation of 4-(3-chloropropoxy)phenol (CPP-OH) (Scheme 1), we recently discovered [33] a strong dependence of the outcome of PTC glycosylation of CPP-OH (and other 4-alkoxyphenols) on the mixing mode. Under batch conditions, only α-anomer of 2 (a kinetically controlled product [23,24,34,35,36]) was obtained, albeit in low yield (13%), whereas under microfluidic conditions using a Comet X-01 micromixer, which has been widely used in glycosylation reactions [33,37,38,39,40,41,42,43,44,45], the yield of 2 increased to 36%, although stereoselectivity decreased (α/β ≤ 6.2). This unexpected loss of stereoselectivity under microfluidic conditions does not fit the current knowledge [20,46,47,48] on the origin of stereoselectivity of glycosylation with sialic acid derivatives (sialylation). However, the found phenomenon can be rationally discussed within the framework of supramer hypothesis (supramer approach) [49], according to which the real reacting species in many cases are supramolecular aggregates (supramers) rather than single molecules of reacting substances. According to the explanation suggested in [33], the efficiency of disaggregation/rearrangement of N-acetylsialyl chloride 1 supramers [49] varies under different mixing modes (in particular, at different flow rates). This makes the SN1-like pathway within the SN1–SN2-continuum of glycosylation mechanisms [34,35,36] possible under microfluidic conditions, leading to the formation of both anomers of CPP sialoside 2. It was shown in our previous work [33] that the reaction under batch conditions requires 23 h to complete. The use of microfluidic conditions, which provide better mixing of reagents, allowed us to accelerate [50] the reaction and to decrease the reaction time to 3.7 h.
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Scheme 1. Glycosylation reaction with N-acetylsialyl chloride 1 under flow conditions. Reagents and conditions: 4-(3-chloropropoxy)phenol (CPP-OH, 2 equiv.), Bu4NHSO4 (1 equiv.), AcOEt, 10% aq Na2CO3, Comet X-01 micromixer (see Figure 1 for experimental setup). Flow rate 2 μL/min was used. Concentration of 1 varied in 5–200 mmol/L range. See Table 1. 
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Figure 1. Flow reactor used for glycosylation experiments. S1, S2—syringes. Internal volume of Comet X-01 micromixer–0.1 mL, that of outlet capillary—0.785 mL. Adapted from [33] by permission. 






Figure 1. Flow reactor used for glycosylation experiments. S1, S2—syringes. Internal volume of Comet X-01 micromixer–0.1 mL, that of outlet capillary—0.785 mL. Adapted from [33] by permission.



[image: Catalysts 13 00313 g001]







[image: Table] 





Table 1. Results of PTC glycosylation of CPP-OH by N-acetylsialyl chloride 1 under flow conditions at various concentrations.
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	Entry 1
	C, mmol/L
	Yield of 2, % 2
	α/β 2
	Yield of 3, % 2,3
	Conversion of 1, % 2





	1 4
	5
	15
	0.9
	5
	75



	2 4
	10
	12
	1.0
	8
	66



	3
	15
	10
	2.5
	2
	69



	4 5
	25
	21
	2.3
	4
	57



	5 6
	35
	14
	4.3
	n. d. 7
	58



	6 8
	50
	36
	6.2
	12
	100



	7
	60
	29
	17.0
	5
	66



	8
	75
	47
	31.6
	11
	100



	9
	100
	43
	20.7
	9
	79



	10
	200
	66
	17.6
	12
	100







1 Glycosylation conditions: 1 equiv. 1, 2 equiv. CPP-OH, 1 equiv. Bu4NHSO4, AcOEt, 10% aq Na2CO3, 20 °C, Comet X-01 micromixer, flow rate 2 μL/min (see Scheme 1 and Figure 1). 2 Yields are quoted in molar percentages. The yields of aryl sialoside 2 and glycal 3, conversion of 1 and the ratio of anomers 2α/2β (α/β) were determined by 1H NMR (600 MHz, CDCl3) analysis of the worked-up reaction mixtures using 1,4-dinitrobenzene (δ 8.41 ppm) as the internal standard; the integral intensities of signals of α-H-3eq (δ 2.70 ppm (2α)), β-H-3eq (δ 2.65 ppm (2β), 2.78 ppm (1)), and H-3 (δ 5.99 ppm (3)) of the Neu5Ac residue were used. See Figure 2 and Figure 3. 3 The yield of glycal 3 was calculated considering its presence in the starting N-acetylsialyl chloride 1 as an impurity (6.7% (mass.), see Section 4.1). 4 The reaction was performed at 24 °C. 5 The reaction was performed at 22 °C. 6 The reaction was performed at 19 °C. 7 No data. The amount of glycal 3 in the reaction mixture after work-up (5.7% (mass.)) was lower than that in the sample of starting N-acetylsialyl chloride 1 used for the reaction. 8 Data from a previous study [33].
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Figure 2. 1H NMR spectrum (600.13 MHz, CDCl3) of the worked-up reaction mixture (see Table 1, entry 4) illustrating determination of quantities of glycal 3 (5.99 ppm), N-acetylsialyl chloride 1 (2.78 ppm), α- and β-aryl sialosides 2 (2.70 and 2.65 ppm, respectively) relative to the standard—1,4-dinitrobenzene (8.41 ppm) by qNMR. Integral values correspond to the amounts (μmol) of the respective substances. 
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Figure 3. Part of the 1H NMR spectra (600.13 MHz, CDCl3) of the worked-up reaction mixtures showing H-3eq signals of N-acetylsialyl chloride 1 and α- and β-sialosides 2α and 2β: see entry 2 (blue line), entry 7 (green line) and entry 8 (red line) in Table 1. 
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The outcome of glycosylation (including stereoselectivity) is known to depend on the concentration of reactants (see Refs. [49,51,52,53,54,55,56]). In some cases, bimodal concentration dependence of reactivity/selectivity pattern has been observed which, according to supramer hypothesis (vide supra), can originate from changes in solution structure associated with rearrangements of supramers of reactants upon changes in concentration [49,51,52,53,54,55,56,57,58].



For this reason, we attempted to reveal how changes in concentration of N-acetylsialyl chloride 1 affect the outcome of the glycosylation reaction, shown in Scheme 1, under microfluidic conditions, and here we report the results obtained.




2. Results


Glycosylation reactions are typically performed at a 50 mmol/L concentration of glycosyl donor, which is de facto the “standard” concentration for glycosylation. It is this concentration that was used in our previous study [33], in which the influence of the mixing mode on the outcome of glycosylation was found (vide supra). In this study, we performed the glycosylation reaction, shown in Scheme 1, under microfluidic conditions using a Comet X-01 micromixer at various concentrations of N-acetylsialyl chloride 1 (5–200 mmol/L) while keeping the molar ratio of other reactants constant. Note that PTC reactions have earlier been performed under microfluidic conditions using a Comet X-01 micromixer [59] and other micromixers [60,61]. The flow rate was kept constant at 2 μL/min since the highest yield and stereoselectivity had earlier been achieved [33] at this flow rate. The worked-up reaction mixtures were analyzed by 1H qNMR using 1,4-dinitrobenzene as the internal standard to give the yield of aryl sialoside 2 and glycal 3, conversion of 1 and the ratio of anomers (α/β) of CPP sialoside 2 (see Table 1, Figure 2, Figure 3 and Figure 4).



Analysis of the results obtained (Table 1, Figure 4) immediately revealed the existence of two distinct concentration ranges, separated by a “critical” [58,62] concentration (50 mmol/L), with remarkably different outcome of glycosylation (Scheme 1), which non-linearly depends on concentration of N-acetylsialyl chloride 1.



In the low concentration range (C ≤ 50 mmol/L), stereoselectivity gradually increases with increase in concentration: the reaction is completely unselective at 5–10 mmol/L (α/β = 0.9:1–1:1, entries 1 and 2 in Table 1), moderately selective at 15–25 mmol/L (α/β = 2.3:1–2.5:1, entries 3 and 4 in Table 1) and fairly stereoselective at 35–50 mmol/L (α/β = 4.3:1–6.2:1, entries 5 and 6 in Table 1). In the high concentration range (C > 50 mmol/L), the stereoselectivity of the reaction is remarkably high (α/β ≥ 17:1) and reaches maximum at 75 mmol/L (α/β = 31.6:1, entry 8 in Table 1).



The yield of CPP sialoside 2 generally follows a similar trend, being higher in the high concentration range (C > 50 mmol/L) and reaching 66% at 200 mmol/L as compared with the yield (10–36%) in the low concentration range (C ≤ 50 mmol/L). Conversion of 1 tends to be lower in the low concentration range (C ˂ 50 mmol/L, average 65%) than in the high concentration range (C ≥ 50 mmol/L, average 89%).



Similarly to other sialylation reactions [20,46,47,48], glycal 3 was formed as a by-product in 2–12% yield in reactions performed at all concentrations studied with one exception. The amount of glycal 3 in the reaction mixture obtained at 35 mmol/L (entry 5 in Table 1) after work-up (5.7% (mass.)) was lower than that in the starting N-acetylsialyl chloride 1 (6.7% (mass.)), probably due to side processes which consumed glycal 3. According to our experience [63,64], glycosylation reactions involving N-acetylsialyl chloride 1 are sometimes accompanied by consumption of glycal 3, which is present (in variable amounts, its content ≤15%) in all preparations of N-acetylsialyl chloride 1 as an impurity (unpublished results). Note that since N-acetylsialyl chloride 1 decomposes on silica gel and does not crystallize, purification of it by chromatography on silica gel or crystallization is not feasible.




3. Discussion


3.1. Flow in Microfluidic System and the Choice of Flow Rate


The Reynolds number [65] of a typical microfluidic system is low (≤1000) [66,67,68]. A low Reynolds number suggests a laminar flow, even in reactors in which a biphasic PTC reaction proceeds [60], and “ensures that there is no turbulence and hence no back-mixing within the reactor” [67]. A complicated structure of the Comet X-01 micromixer (Figure 1), where flow is split into three and merged back into one (repeated five times), remotely resembles a “split-and-recombine” microreactor [69,70,71] featured by “chaotic mixing” [70,72], which ensures efficient mixing regardless of the Reynolds number [72]. Although numerical modeling of flow was performed not only for the simplest T-mixers [73,74,75] and Y-mixers [75], but also for a more sophisticated “showerhead micromixer” [76] and “split-and-recombine” microreactor [69,70], we could not find the corresponding information regarding the Comet X-01 micromixer.



There are situations in which an increase in the flow rate (hence, the Reynolds number) leads to a decrease in reaction time [45]. However, increasing the flow rate is not a panacea: if the flow rate is too high, then the reactants simply will not have enough time to react inside the reactor.



In a previous study [33], we varied the flow rate from 2 to 1000 μL/min and noticed a tendency for the yield to decrease (from 36% to 11%) with an increase in the flow rate from 2 to 250 μL/min. This leads us to believe that a 2 μL/min low flow rate is preferable for the reaction in question.



The residence time for all experiments performed in this work (Table 1) is the same—3.7 h, which corresponds to a 2 μL/min flow rate. After this time, the reaction is complete (100% conversion) at 50 mmol/L concentration of N-acetylsialyl chloride 1 (see entry 6 in Table 1) [33]. Reactions at other concentrations were stopped after this time, and conversions were determined by qNMR as described in Section 4.3. The differences in conversions found suggest differences in reactivity of N-acetylsialyl chloride 1 at different concentrations.




3.2. Concentration-Dependent Stereoselectivity of the Sialylation


The discovery of bimodal concentration dependence of the yield of CPP sialoside 2 and especially of stereoselectivity of glycosylation (see Section 2) is remarkable. Noteworthily, similar bimodal behavior has already been described for other glycosylation reactions in our previous publications [51,52,53,54,55,56], suggesting generality of the phenomenon (see also Section 3.4). The most striking finding is that a small change in concentration (from 50 to 60 mmol/L) results in an almost tree-fold increase in stereoselectivity from α/β = 6.2:1 (entry 6 in Table 1) to α/β = 17:1 (entry 7 in Table 1). This observation suggests that when performing glycosylation, one should be aware of a possibly strong influence of concentration on the reaction outcome and should preferably perform the reaction at a variety of concentrations seeking the concentration range where the required yield and stereoselectivity can be achieved. This screening of concentrations can be performed “randomly” by a traditional “trial-and-error” approach. For the rational selection of concentrations for glycosylation, we, however, recommend using the so-called “supramer analysis” [52,55,56,57,58] of solutions whenever possible. The supramer analysis, which is an integral part of the supramer approach being developed by us (vide supra, for detailed discussion of the approach, see a review [49]), allows one to distinguish solutions (with different concentrations) that are featured by different solution structures. Essentially, the supramer analysis is based on an analysis of the plots of numerical data related to the reaction solution (such as the specific optical rotation [51,52,53,55,56,58,62,77,78,79], scattered light intensity [52,53,56,57,58,62,79,80] or intensity of bands in IR spectra [51,53]) against concentration for the presence of discontinuities, which are taken as critical [58,62] concentrations that separate concentration ranges, where supramers with different structures and hence chemical properties of the solute exist. In other words, the rational selection of concentrations for performing glycosylation reactions takes into consideration changes in solution structure with concentration.



In the particular case of PTC glycosylation, application of supramer analysis is problematic for technical reasons associated with the biphasic nature of the reaction mixture. Nevertheless, it is worthy of note that the existence of supramers, which incorporate molecules of N-acetylsialyl chloride 1, in the reaction solution (Scheme 1) has earlier been corroborated by dynamic light scattering study of solutions of N-acetylsialyl chloride 1 both in anhydrous AcOEt and in AcOEt saturated with water [80].




3.3. Supramer Approach for the Explanation of the Phenomenon of Bimodality of Glycosylation


Recent studies revealed [81,82,83,84,85,86,87,88,89] that even macroscopically homogeneous aqueous and non-aqueous solutions of low-molecular-mass non-amphiphilic compounds can contain nano- and mesoscale heterogeneities (size from ca. 1 nm to 102–103 nm) that are kinetically stable, although very small interaction energy, which does not exceed kBT [90], is involved. The most probable reason for their existence and omnipresence is the “solvophobicity-driven mesoscale” structuring [88] promoted by even minute amounts of “solvophobic admixtures” [49,88] that are present in most “research-grade compounds of p.a. purity and even after special in-lab purification procedures” [85], since “no truly pure chemicals exist” [88].



Considering the presence of such heterogeneities, supramers in our terminology [49], which belong to the realm of soft matter, we have been developing the supramer approach (vide supra) for the description of chemical reactions (see Refs. [49,57,58,79]). According to the supramer approach, the presentation (spatial orientation) of molecules on the surface of supramers of a glycosyl donor may play an important role in determining reaction stereoselectivity.



In our previous article [33], we proposed that, under microfluidic conditions, the product with retained anomeric configuration (2β) can only be formed along the SN1-like pathway while the major product with inverted anomeric configuration (2α) is mainly formed along the SN2-like pathway (as commonly stated based on the results of PTC glycosylations under batch conditions).



Here, we go further and hypothesize that the glycosylation reaction (Scheme 1) performed both under batch and microfluidic conditions follows only the SN1-like pathway (for an alternative opinion, see [35,36]). In such a case, we need to suppose that concentration-induced changes in stereoselectivity, and especially the dramatic stepwise increase in stereoselectivity above critical concentration (50 mmol/L), found in this study, are related to the changes in the presentation of molecules on the surface of supramers of N-acetylsialyl chloride 1, which exist in different concentration ranges.



Three types of supramers featured by different presentation of molecules of N-acetylsialyl chloride 1 on the surface can be envisioned (Figure 5):




	
Type I supramers: both sides of a glycosyl cation formed from N-acetylsialyl chloride 1 along the SN1-like pathway are accessible for the attack of nucleophile leading to unselective reaction (see Figure 5a).



	
Type II supramers: only one side of a glycosyl cation formed from N-acetylsialyl chloride 1 along the SN1-like pathway is accessible for the attack of a nucleophile leading to formation of α-anomer of glycoside 2 only (see Figure 5b).



	
Type III supramers: only one side of a glycosyl cation formed from N-acetylsialyl chloride 1 along the SN1-like pathway is accessible for the attack of a nucleophile leading to formation of β-anomer of glycoside 2 only (see Figure 5c).








Thus, the following scenario can be anticipated. At the two lowest concentrations (5–10 mmol/L) belonging to the low concentration range, type I supramers (and/or equal amounts of type II and type III supramers) are apparently formed, and the glycosylation reaction is unselective (α/β = 0.9:1–1:1, entries 1 and 2 in Table 1). At somewhat higher concentrations (15–25 mmol/L) belonging to the low concentration range, although type I supramers still dominate, type II supramers begin to form, and the glycosylation reaction is moderately selective (α/β = 2.3:1–2.5:1, entries 3 and 4 in Table 1). At even higher concentrations (35–50 mmol/L) belonging to the low concentration range, although type I supramers (and/or type III supramers) are still present, type II supramers begin to dominate, and the glycosylation reaction is fairly selective (α/β = 4.3:1–6.2:1, entries 5 and 6 in Table 1). In the high concentration range (C = 60–200 mmol/L), type II supramers are mainly formed, although type I supramers (and/or type III supramers) are still present, and the glycosylation reaction is highly stereoselective (α/β = 17.0:1–31.6:1, entries 7–10 in Table 1). Note that while the presence of type III supramers cannot be excluded at all concentrations studied, their presence is required at the lowest concentration (5 mmol/L) where the glycosylation reaction is slightly β-selective (entry 1 in Table 1).



Such changes on the surface of supramers remind of metal nanoparticles, the shape of which can affect their chemical properties [91,92]. Although it is quite possible that the surface of supramers may likewise be described as having a “shape”, other studies considered mesoscale structures (related to supramers) in solutions as aggregates without well-defined shape [93,94,95]. At the current level of knowledge, there are no physical methods capable of determining the shape of supramers. Note that multiangle light scattering can determine the shape of only monodisperse scattering objects for which fitting to Lorenz−Mie model can be performed [88].



Another analogy can be drawn with crystal growth. It is widely known that crystals grow into certain shapes. It happens that a crystal grows much faster in certain directions than in others, which determines its spatial geometry: cube, needle, etc. However, at the beginning of crystal growth, when there is no observable solid phase yet, a group of molecules is organized in such a way (in a supramer of such a shape) to determine a certain spatial geometry. This supramer attaches molecules to itself much more easily at the one side, and much more difficultly at the other one. Apparently, this is a common feature since spherical crystals (growing uniformly in all directions) do not exist. Note that formation of supramers (pre-nucleation clusters) with different structure has been reported [96] in undersaturated solutions of fenoxycarb in isopropyl alcohol.



As was mentioned above, average conversion of N-acetylsialyl chloride 1 in the low concentration range (C ˂ 50 mmol/L) is noticeably lower (65%) than that (89%) in the high concentration range (C ≥ 50 mmol/L). This may indicate that with increasing concentration, supramers become looser, allowing molecules of nucleophile (CPP-OH) to reach the core of supramers and react with all molecules of N-acetylsialyl chloride 1. Note that formation of tight supramers of a glycosyl donor, featured by lowered reactivity, apparently due to poor accessibility of the molecules located in the core of supramers in dilute solutions, was detected for another reaction [56], suggesting a possibility of this scenario in our case too. The currently accepted mechanism of glycosylation reaction [34,35] does not allow rational discussion of effect of concentration (see Ref. [36] for the discussion of the importance of concentration in glycosylation reaction) on the completeness and stereoselectivity of glycosylation.




3.4. Bimodality of Glycosylation in Glycochemistry


The observed bimodal concentration dependence of yield and steroselectivity of PTC glycosylation (see Section 2 and Section 3.2) is not a unique phenomenon. We have previously reported several examples of bimodal behavior in glycosylation reactions involving diverse glycosyl donors such as sialic acid thioglycosides [51,52,53,56], arabinofuranose thioglycoside [55] and arabinofuranose glycosyl bromide [54,58]. In all cases studied, concentration ranges separated by critical concentrations were revealed by supramer analysis (see Section 3.2) using polarimetry [51,52,55,56,58,62,77,78,79], light scattering [52,56,57,58,62,79,80] or IR spectroscopy [51]. At concentrations exceeding a critical concentration, the product yield was higher and virtually did not depend on concentration [51,52,53,55,56], suggesting formation of reacting species (supramers) of glycosyl donor with similar structures, hence reactivities, but considerably different from those formed in more dilute solutions. In one case, at concentrations below the critical concentration, stereoselectivity of glycosylation experienced a dramatic rise (unlike results reported here) as compared to that in more concentrated solutions [54,58]. In other cases, stereoselectivity at a critical concentration corresponded to a maximum [52,55] or a minimum [52].



In our opinion, the generality of phenomenon of bimodality of glycosylation outcome strongly suggests the importance of considering changes in solution structure associated with rearrangements of supramers of reactants upon changes in concentration. We speculate that similar dramatic changes in the reaction solution structure, hence the reaction outcome, can occur upon changes of the reaction solvent [97,98] or the length of the hydrocarbon chain in a reactant [12].





4. Materials and Methods


4.1. General Methods


The reactions were performed with the use of commercial reagents (Aldrich, Saint Louis, MO, USA; Fluka, Seelze, Germany; Acros Organics, Geel, Belgium). N-Acetylsialyl chloride 1 [64] and 4-(3-chloropropoxy)phenol (CPP-OH) [99] were synthesized according to previously reported procedures. N-Acetylsialyl chloride 1 contained 90.5% (mass.) of the chloride 1 and 6.7% (mass.) of glycal 3 [64,100] as an impurity (1H qNMR data using 1,4-dinitrobenzene (δH 8.41 ppm) as the internal standard). Solvents were purified and dried (where appropriate) according to standard procedures [101]. Ethyl acetate was purified by distillation over P2O5 and kept over molecular sieves (MS) 4 Å under argon before use. NMR spectra were recorded on a Bruker AVANCE 600 spectrometer (600.13 MHz for 1H, Billerica, MA, USA). The 1H NMR chemical shifts are given relative to the signal of internal Me4Si (δH 0.0 ppm).




4.2. Flow Reactor


The design of the flow reactor (Figure 1) was identical to that used in a previous study [33]. In brief, the reaction in flow was performed with the use of a syringe pump (AL-1200, World Precision Instruments, Sarasota, FL, USA, www.wpiinc.com (accessed on 20 January 2023)), a Comet X-01 micromixer (PTFE, Techno Applications Co., Ltd., Tokyo, Japan) and two identical syringes S1 and S2 (5 or 10 mL each, cylinder–polypropylene, piston—polyethylene, Becton, Dickinson & Co., Franklin Lakes, NJ, USA, www.bd.com (accessed on 20 January 2023)). The internal diameter of all capillaries (PTFE) was 1.0 mm; the length of the capillaries between syringe S1 and the micromixer and between syringe S2 and the micromixer was 0.5 m each, and the length of the output capillary (which served as a microtube reactor) was 1.0 m. Internal volume of Comet X-01 micromixer–0.1 mL, that of outlet capillary—0.785 mL.




4.3. General Glycosylation Procedure


Glycosylation was performed in flow mode under PTC conditions at ambient temperature (19–24 °C, see Table 1 for specific values) using the flow reactor (see Section 4.2 and Figure 1), essentially as described in a previous study [33].



N-acetylsialyl chloride 1 (20–80 mg, 1 equiv.) and CPP-OH (2 equiv.) were dissolved in anhydrous AcOEt (0.8–8.0 mL) under argon to give the required concentration of N-acetylsialyl chloride 1 (5–200 mmol/L, see Table 1). This solution and an additional volume of argon gas (1.5 mL) were collected in the first syringe S1 (see Figure 1). The second syringe S2 was filled with a solution of Bu4NHSO4 (1 equiv.) in 10% aq Na2CO3 (volume of the solution in syringe S2 was equal to the volume of AcOEt in syringe S1) and air (1.5 mL). Both solutions were pumped through a Comet X-01 micromixer at flow rate 2 μL/min for each syringe using a syringe pump; the resulting mixture was allowed to flow through a microtube reactor (internal diameter: 1 mm, length 1.0 m) with total residence time 3.7 h, and then collected in a receiving flask without stirring (see Figure 1). After the end of the process, the collected mixture was diluted with 10% aq Na2CO3 (10 mL) and extracted by AcOEt (5 × 15 mL). The combined organic extracts were filtered through a mixture of Celite and anhydrous Na2SO4 (1:1, v/v) and dried in vacuo to give a yellow syrup, which was analyzed by 1H qNMR (600 MHz, CDCl3) using 1,4-dinitrobenzene (δH 8.41 ppm) as the internal standard (Figure 2) to give the yields of aryl sialoside 2 and glycal 3, conversion of 1 and the ratio of anomers (α/β, Figure 3 and Figure 4) of CPP sialoside 2 (see Table 1). TLC mobilities (Rf values) and 1H NMR data (Figure 2 and Figure 3) for all compounds correspond to those published (for more details see Ref. [33]).





5. Conclusions


The preparation of aryl sialosides using phase-transfer catalyzed glycosylation is a well-known highly stereoselective method [19,20]. In this study, we have shown that in fact, stereoselectivity of this reaction, performed under microfluidic conditions, non-linearly depends on concentration of glycosyl donor in addition to the previously found [33] dependence of stereoselectivity on the mixing mode and flow rate. Thus, it was found that by changing only the concentration, it is possible to switch the reaction from non-selective (α/β = 1:1, 5 mmol/L) to almost stereospecific (α/β = 32:1, 75 mmol/L). Explaining this phenomenon, we came to the conclusion that the true reacting species in the reaction solution are supramers [49] rather than the parent molecules. The use of a flow reactor allows one to easily scale up the production of CPP sialoside 2 in a relatively high yield and high stereoselectivity.
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Figure 4. Dependence of stereoselectivity (α/β) of glycosylation on concentration (C) of N-acetylsialyl chloride 1 (see Scheme 1 and Table 1). Dashed line separates two concentration ranges: at C ≤ 50 mmol/L, stereoselectivity is low (α/β ˂ 7), while at C > 50 mmol/L, stereoselectivity is high (α/β ≥ 17). 
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Figure 5. Possible presentations of N-acetylsialyl chloride 1 molecule on the surface of a supramer (dashed line): (a) Type I supramers; both sides of a glycosyl cation formed from N-acetylsialyl chloride 1 are accessible for the attack of a nucleophile leading to unselective reaction. (b) Type II supramers and (c) type III supramers; only one side of a glycosyl cation formed from N-acetylsialyl chloride 1 is accessible for a nucleophile attack leading to formation of one anomer only (α or β, respectively). 
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