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Abstract

:

Flow chemistry offers several advantages for performing chemical reactions and has become an important area of research. It may seem that sufficient knowledge has already been acquired on this topic to understand how to choose the design of microreactor/micromixer and flow rate in order to achieve the desired outcome of a reaction. However, some experimental data are difficult to explain based on commonly accepted concepts of chemical reactivity and performance of microfluidic systems. In this mini review, we attempt to identify such data and offer a rational explanation of unusual results based on the supramer approach. We demonstrate that variation in flow regime (determined by mixer design and flow rate) can either improve or worsen the reactivity and lead to completely different products, including stereoisomers. It is not necessary to mix the reagents with maximum efficiency. The real challenge is to mix reagents the right way since at a too high or too low flow rate (in the particular mixer), the molecules of reagents are incorrectly presented on the surface of supramers, leading to altered stereoselectivity, or form tight supramers, in which most of the molecules are located inside the supramer core and are inaccessible for attack, leading to low yields.
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1. Introduction


Over the past decades, chemistry in flow became a powerful tool of modern organic and inorganic chemistry, and many publications devoted to the study of chemical reactions in flow appeared. Dozens of reviews have been published on flow chemistry. Here, we mentioned only some of them [1,2,3,4,5,6,7,8,9,10,11,12,13,14,15,16,17,18,19,20], in which a reader can find further references on specific topics. The most comprehensive coverage and critical analysis of the recent flow chemistry accounts can be found in an outstanding review [11], in which an in-depth analysis of almost every aspect of performing chemical experiments in flow accompanied by invaluable advice on how one can control the reaction parameters to achieve the desired result is presented.



Flow chemistry (aka microfluidics [2]) offers several advantages for performing chemical reactions such as minimizing of accident risks and cheaper production of chemicals to name a few [7,11,13,17,18,19]:




	
Flow chemistry facilitates the optimization of reactions at a much faster rate, resulting in a reduction in costs and time. Reaction time, temperature, ratio of reagents, concentration, and reagents themselves can all be rapidly modified. One reaction can be followed by another, separated by solvent, increasing throughput. Automated flow chemistry allows for rapid variation of reaction conditions on a very small scale (≤100 μL).



	
Performing reactions in flow can be safer than in batch reactors, since only a small portion of reactive or hazardous material is transformed to product at any particular moment.



	
The use of flow chemistry has the advantage of enhanced heat and mass transfer, which can result in faster reaction rates and higher yields.



	
Flow reactors provide excellent reaction selectivity and allow for preparation of products that are not accessible under batch conditions.








Successful attempts to generalize the basic principles and fundamentals of flow chemistry [11] and to standardize the description of reactions in flow [14] have been advanced. Ten key issues in modern flow chemistry have been identified and discussed in detail [6]. Various designs of microreactors [3] and their classification [13] have been considered (for a more detailed discussion, vide infra). A state-of-the-art, future perspectives and challenges in creating reconfigurable microfluidic platforms, which would allow a user to easily tailor a microfluidic system for a specific application and “to tune a microscale experiment with the capacity to make real-time decisions”, has been reviewed [16].



There are many examples of the successful use of flow reactors for conducting reactions of various classes [1,11,13,15,18], including those useful for production of active pharmaceutical ingredients [17]. Functional group interconversion reactions have been successfully performed in continuous flow reactors [15]. Flow technology was found to be unexpectedly efficient in supramolecular chemistry [12,20]. A new paradigm for synthesis of natural products including carbohydrates has been proposed [4,5,9,10], which is based on performing traditional organic reactions under microfluidic conditions.



Among many parameters [11] the design of the microreactor/micromixer [11,21,22,23,24,25] and flow rate used are considered as the key factors that determine the outcome of a reaction performed in flow. One may think that sufficient knowledge has already been acquired [11] on this topic to understand how to select appropriate experimental conditions to achieve the desired reaction result.



However, only few researchers publish the “negative” results that could demonstrate their “inability” to forecast the result of a particular experiment; many researchers tend to modify the initial objectives of research after obtaining the positive results (“much of good science is opportunistic and revisionist”, as G. Whitesides put it [26]). For this understandable reason, reports of detailed studies of the influence of the design of the microreactor/micromixer and/or flow rate on the outcome of the real-life reactions (as opposed to the studies of “test reactions” in flow, vide infra), performed by practicing organic chemists (rather than by experts in chemical engineering), are rare. Conditions for successful practically important chemical transformations in flow are mostly reported.



This situation creates a “research gap” between reports on successes or failures of reactions, performed under specific conditions in flow, and understanding the reasons lying behind. Moreover, some experimental data are difficult to explain based on commonly accepted concepts of chemical reactivity (in general) and performance of microfluidic systems (in particular). In this mini review, we attempt to identify such data and offer a rational explanation of unusual results based on the supramer approach (vide infra) [27].




2. Mixing Performance


Typical microfluidic systems are featured by low Reynolds numbers (Re, [28]) (Re ≤ 1000 [1,8,29]) that would generally suggest a laminar flow, even in reactors in which biphasic reactions proceed [30], and guarantee that there is no turbulence and therefore no back-mixing in the reactor [8]. This notion may create the wrong impression that mass transfer of reactants in microfluidic systems is controlled by diffusion only; in fact, convection/advection can also contribute significantly to the mass transfer in these systems (vide infra).



It is clear, even from general considerations, that the reagents need to be mixed well for the effective reaction to occur [29,31,32,33,34,35,36,37]. This review is limited to discussion of passive [29,35,36] mixing that does not rely on external energy input. This mixing is realized within mixing devices (micromixers), which often serve also as microreactors (for this reason, hereinafter we denote them as “microreactors/micromixers”).



Many studies [21,29,35,36,37,38,39,40,41,42,43,44,45,46,47,48,49,50,51,52,53,54,55,56,57,58,59,60,61,62,63,64,65,66,67,68,69,70,71,72,73,74,75,76,77,78,79,80,81,82,83,84,85,86,87,88,89,90,91,92] were dedicated to modeling various types of micromixers/microreactors and determining their mixing efficiency (mixing quality) theoretically and/or experimentally using a set of test reactions [39,57,63]. This widely used “chemical” approach for accessing the mixing efficiency, unlike purely physical approaches like flow imaging, is based on the implicit supposition that the dependence of outcome of a chemical reaction, performed in flow, on mixing conditions is determined by mixing efficiency of the micromixer/microreactor used. We emphasize that most experimental studies of mixing efficiency of different micromixers/microreactors are in fact providing information on chemical reactivity in the reactions performed under flow conditions using these micromixers/microreactors. This means that the observed dependence of conversion of the starting compound and product yield on mixing conditions may reflect not only the mixing issues (as usually believed) but also the influence of other (unknown) factors that are affected by changing the mixing mode. This opens the way for alternative views on chemical reactivity as exemplified by application of the supramer approach [27] to the flow chemistry (vide infra).



The mixing performance of different types of mixers has been previously compared [21,35,36,43,53,57,69,70,72,79,93]. The main message for the practicing synthetic chemist from these studies is that the mixing quality is controlled by the flow regime in the mixing device. Importantly, the flow regimes may differ considerably for different mixers; for the same mixer flow regimes may also vary depending on the flow rate (an example is shown in Figure 1).



In most studies mainly the Reynolds number was used to describe the flow regime (but occasionally other numbers were used [94]). However, the Reynolds number alone is not necessarily always trustworthy for estimating mixing quality in micromixers/microreactors. It was demonstrated that mixing quality of a simple and widely used T-shaped micromixer sharply increases in the “engulfment flow regime”, featured by the increased vorticity (Figure 2) hence mixing quality, which occurs at the high flow rates even in the low Reynolds number range (Re ~ 200) (Figure 3) [43]. It was concluded that the Reynolds number is not suitable for identification of the flow regime, since it varies a lot for different mixer geometries under similar flow regimes [43].



Using examples of micromixers/microreactors of varying complexity (from the most studied simple T-shaped micromixers [35,43,44,46,48,49,53,58,60,69,70,72,74,76,79,80,81,82,83,84,85,88,91] to more sophisticated “split-and-recombine” microreactors [35,36,37,47,51,70,91,95,96]), it was shown that regardless of the value of the Reynolds number, mixing can be effective at least in some flow regimes. Especially effective is the so called “chaotic mixing/advection” [3,29,31,42,96]. Operation conditions of passive mixers based on chaotic advection can be distributed around the characteristic lines in the Pe–Re diagram for a wide range of Reynolds numbers (see Figure 4). Importantly, the passive micromixers work well either at low Reynolds numbers and low Peclet numbers (bottom left corner in Figure 4) or at high Reynolds numbers in the transition regime to turbulence (top right corner in Figure 4). Noteworthy, chaotic micromixers can be designed for use in a wide range of Reynolds numbers. Importantly, mixing with chaotic advection does not depend on the Péclet number [29].



Among many different micromixers designed for microflow systems, a Comet X-01 micromixer should be highlighted. This mixer has previously been used to perform and optimize various reactions [4,97,98,99,100,101,102,103,104,105,106,107,108,109,110,111,112,113,114]. Inside this mixer, the flow is split into three and merged back into one (repeated five times) (see Figure 5 and supporting information file for Ref. [113]) remotely resembling that in the previously mentioned “split-and-recombine” microreactor [35,36,37,47,51,70,91,95,96]) featured by “chaotic mixing” [3,29,31,42,96], which ensures efficient mixing regardless of the Reynolds number [3]. The unique design of the Comet X-01 micromixer made possible the discovery of unprecedented results described later in this review (vide infra).



Concluding this section, we must stress that current knowledge suggests the importance of mixing issues in chemical reactions to be related to the relative values of the mixing times as compared to the reaction times. For a detailed discussion and recommendations for choosing the design of the commercially available micromixers suitable for specific applications see [57].



The effects of mixing on the outcome of the sufficiently slow chemical reaction performed in flow can usually be neglected. If the reaction time is significantly longer than the mixing time, it can be considered that the reaction takes place under homogeneous environment (“homogeneous concentration field”). In such a situation, enhancing the mixing performance cannot increase the conversion rate [57].



At the same time, fast and ultrafast reactions (as compared to mixing of reagents) should be extremely sensitive to changes in mixing efficiency which is determined by the flow regime realized in the mixer of specific design at the indicated flow rate. In this situation “the reaction takes place in a heterogeneous concentration field with multilamellae structures which are determined by the mixing process. The length scales of these structures as well as the time scale of their generation can have a strong influence on the conversion rate. In the case of a reaction system with competitive parallel or consecutive reactions, mixing time can also affect the selectivity of this system, especially if parallel reactions proceed at a different time scale” [57].



For this reason, many studies report the influence of both parameters (mixer design and the flow rate) on the reaction outcome, and they will be discussed together in the next section. Note that until recently, most of the reports on flow chemistry dealt with conversion of the starting material and product(s) yield as measures of the reaction progress. Issues of stereoselective formation of stereoisomers were mainly neglected; the rare examples will be mentioned below.




3. Influence of Mixer Design and Flow Rate on Reaction Outcome


The flow rate plays an important role in flow reactions. There is a lot of evidence that flow rate can influence the reaction yield. There are cases when the yield increases both with a decrease [110,115] and with an increase [116,117,118,119] in the flow rate.



A change of flow rate with constant path length after mixing expectedly results in the change of reagents residence time (vide infra). A decrease in flow rate usually leads to an increase in product yield due to increase in residence time. However, in some cases due to increased residence time, the number of side processes leading to formation of undesirable products may also increase leading to a decrease in the yield of the target product. There are situations in which an increase in the flow rate (hence, the Reynolds number) leads to an increase in product yield [113]. 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. It is generally accepted that for the optimal course of the reaction, it is necessary to find a golden mean between these extremes.



The crucial role of mixing efficiency, determined by the mixer design (vide supra), for chemical reactions performed under flow conditions was demonstrated for C–N cross-coupling reactions (Scheme 1 and Scheme 2) [120]. In one case, the capillary reactor contained grains around which the reaction solutions flow. In this case, in the thin films formed between the grains, mixing occurs efficiently, and the reaction is complete within 6 min. In another case, there was a free capillary in which conditions for effective mixing were not created. As a result, the yield after the same time was relatively small (Figure 6).



More than that, a study of a similar reaction [120] showed that the yield depends on packed bed volume (Scheme 2, Figure 7). When the size of the packed bed was decreased, the yield of the reaction was decreased too. Note the maxima on the plots of the yield against the residence time. Since it was demonstrated that the product was not degrading over time the authors attributed the decrease in yield to changes in mixing performance at low flow rates (larger residence time).



An increase in the mixing efficiency often leads to an improvement of the reaction outcome. A remarkable example is the preparation of [11C]raclopride under flow conditions by the methylation reaction (Scheme 3) [121]. During the study of the impact of the micromixer/microreactor design on this process, mixers with a consistently increasing number of additional loops (Figure 8a–c) were used, which were expected to increase the mixing efficiency and improve the reaction outcome. It was shown that reaction with non-radioactive CH3I resulted in higher yields in the “abacus” micromixer than in the “no loop” micromixer (5.8% and 1.3% yields, respectively). At the stage of using radioactive 11CH3I as the methylation reagent it was also shown that the “full loop” microreactor is better than the “abacus” micromixer (relative radioactivity 25.6 and 16.0, respectively).



The outcome of two-phase reactions carried out in flow may also depend strongly on the mixing method. This was shown using a Heck reaction where two modes of oxygen delivery to the reaction solution were compared (Figure 9) [122]. The main idea of this design is that the flows of liquid and gas occur not in one capillary, but in two parallel ones (Figure 9a). This can be achieved using the setup shown in Figure 9b: two parallel capillaries are separated by the PDMS membrane. This setup allows one to adjust the flow rate for each phase independently. Dual-channel design compared to slug flow showed higher convenience and higher yields: ≥75% in dual-channel and ≤65% in mono-channel modes (1H NMR data).



The mixing efficiency of a T-shaped micromixer is known to strongly depend on the flow rate [57]. When such mixer was used for a study of efficiency of metalation of substituted bromobenzenes with butyl lithium followed by quenching with methanol (Figure 10a) the inflection points on the plots of the yields of both electron-rich and electron-poor compounds were observed at 14 mL/min flow rate suggesting that the increased mixing efficiency within the T-shaped micromixer at a high flow rate, hence higher product yield, is due to a change in the flow regime [118] (Figure 10b; compare with Figure 3).



The design of the mixer plays an important role in the processes, during which further transformation of the product as a result of side reactions is possible. This is well illustrated by the Friedel–Crafts reaction (Scheme 4) [123]. In this example, sequential alkylation of the aromatic system occurs. The monosubstituted (main) and disubstituted (side) products were obtained in different ratios when different micromixers were used for mixing reagents. In a simple T-shaped micromixer the yields of the main and the side products were 36% and 31%, respectively. When the YM-1 mixer [45] was used the yields of the main and the side products became 50% and 14%, respectively. The best result was achieved in the IMM mixer [21,35]: the yields of the main and the side products were 92% and 4%, respectively.



Such a strong influence of the mixer design (hence the mixing efficiency) was explained [123] from the point of view of the model proposed by Rys [124] (see also a discussion in [57] on competitive consecutive reactions). This model can be used to describe multistep rapid reactions whose rate is limited by the diffusion of reagents (Figure 11). At the first time interval after mixing, regions with an increased concentration of reagent molecules (B) surrounded by a solution of another reagent (A) are formed. At the points of contact, the first product (P1) is formed, which, without effective mixing, does not have time to diffuse into the outer sphere and continues to react to give P2 at the further time interval.



During a study of Lewis acid (TMSOTf) promoted microfluidic glycosylation of a 4,6-galactose diol with a 5-azido-sialyl imidate in EtCN at −78 °C (bath temperature) a noticeable influence of the mixer design on the outcome of glycosylation was detected for the first time [100]. Both employed micromixers (IMM and Comet X-01) allowed highly efficient synthesis of the target disaccharide (yields were virtually quantitative in both cases). However, stereoselectivity was higher when the IMM micromixer was used (α/β = 95:5) as compared to stereoselectivity achieved in glycosylation with the Comet X-01 micromixer (α/β = 88:12). The authors explained this difference in selectivity by higher temperature in the second case, leading to lower stereoselectivity, “probably due to poorer heat removal of Comet X-01” (the reaction is exotermic) [100].



The influence of the mixer design on the result of glycosylation was also observed in the sialylation reaction of a substituted phenol (Scheme 5) performed at room temperature under conditions of phase transfer catalysis [113,114]. Here, two different micromixers were used: a Comet X-01 micromixer (vide supra), where flow splits into three and joins together several times (see Figure 5), and a simple T-shaped micromixer. At 2 μL/min flow rate the product yields in both cases turned out to be similar: 36% and 33%, respectively. However, the difference in stereoselectivity (α/β) was more significant: 6.2:1 and 13.3:1, respectively. Note that the same reaction performed in batch is stereospecific providing a kinetically controlled α-isomer as the only product of glycosylation [113].



The effect of the flow rate on the yield and on the stereoselectivity of glycosylation was observed in this sialylation reaction (Scheme 5) [113]. In this case, with the increase of the flow rate from 2 to 250 μL/min, the yield and stereoselectivity decreased from 36% to 11% and from α/β = 6.2:1 to α/β = 1.9:1, respectively. However, after further increase of the flow rate to 1000 μL/min the yield and stereoselectivity increased to 37% and α/β = 3.8:1, respectively. Therefore, both high (1000 μL/min) and low (2 μL/min) flow rates result in similar yields and stereoselectivities, but intermediate flow rates give worse results. The influence of flow rate and mixer design on the product yield could be easily rationalized within the framework of the mixing-centered concept, discussed above, which emphasizes the importance of the adequate flow regime for efficient mixing of reagents.



However, the unexpected loss of stereoselectivity under microfluidic conditions and its dramatic dependence on mixing conditions (mixer design and flow rate), hence flow regime, does not fit the current knowledge [125,126,127,128] on the origin of stereoselectivity of glycosylation. It is unclear how flow rate or mixer design could affect the stereoselectivity of reactions that involve “isolated” molecules.



However, the found phenomenon can be rationally discussed within the framework of supramer hypothesis (supramer approach) [27], according to which the real reacting species in many cases are supramolecular aggregates (supramers) rather than single molecules of reacting substances (the “molecular species”). Recent studies revealed [129,130,131,132,133,134,135,136,137] 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 [138], is involved. The most probable reason for their existence and omnipresence is the “solvophobicity-driven mesoscale” structuring [136] promoted by even minute amounts of “solvophobic admixtures” [27,136] that are present in most commercially available compounds [133] since “no truly pure chemicals exist” [136].



Considering the presence of such heterogeneities, supramers in our terminology [27], 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. [27,139,140,141] and references cited therein). According to the supramer approach, the “presentation” (spatial orientation) of molecules on the surface of supramers of glycosyl donor (or glycosyl cation formed from it) may play an important role in determining reaction stereoselectivity (see Figure 12).



The first stage of the reaction is formation of glycosyl cation which next reacts with nucleophile (Figure 12). Apparently, this stage is the most important one, since the presentation of the glycosyl cation on the surface of the supramer would determine the face of the glycosyl cation on which the nucleophile attack will occur leading to different stereoisomers of the product (Figure 12a–c). It is also possible that the cationic center is hidden inside the supramer (Figure 12d), which would prevent the attack of the nucleophile and lead to a decrease in reactivity of the starting compound (lowering conversion) and the product yield. Similar processes of orientation of molecules on a surface apparently occur during the formation of J-aggregates [142,143,144,145,146,147] for which the dependence of the resulting types of aggregates on the mixing method was established [148,149].



According to the explanation suggested [113], the efficiency of disaggregation/rearrangement (see Figure 13) of sialyl chloride supramers [27] varies under different mixing modes (in particular, at different flow rates). This makes the SN1-like pathway within SN1–SN2-continuum of glycosylation mechanisms [150,151] possible under microfluidic conditions, leading to formation of both anomers of CPP sialoside (Scheme 5).



According to the authors [113,114], the β-anomer is formed only if sialyl chloride supramers undergo disaggregation (Figure 14), which seems to be more effective in Comet X-01 micromixer (apparently featured by “chaotic mixing” [3,29,31,42,96]) than in T-shaped micromixer. This result suggests that high efficiency of mixing is not a panacea for improving the reaction outcome.



We must emphasize that this is the first documented example [113,114] of the influence of flow regime on stereoselectivity of a chemical reaction (that does not involve epimerization of the product), which has additionally been rationally explained.



An increase in the syn/anti ratio (from 8:1 to 18:1) of the product upon increase in the flow rate has been reported for organocatalyzed 1,4-addition of aldehydes to nitroolefins. The authors explained this by epimerization of the product by the catalyst, which becomes more profound at increased residence times that inevitably accompany lower flow rates [152].



Continuous telescoped two-carbon homologation of esters to α,β-unsaturated esters was performed under microfluidic conditions, which incorporated an ester reduction, phosphonate deprotonation, and Horner–Wadsworth–Emmons olefination into a single, uninterrupted system. The authors are puzzled by the fact that the E/Z selectivity of the olefination in flow was noticeably higher than that under batch conditions using similar reagents [153].



All other previous studies of reactive mixing (see, e.g., [39,57,63]) were concerned with conversion of the starting compound and product yield as the measure of mixing quality. It is difficult to surmise from basic chemical principles [154] that flow regime could alter stereoselectivity of glycosylation, which is considered to be governed (for kinetically controlled reactions, to which glycosylation belongs) by relative rates of reagent attack on Re- and Si-faces of glycosyl cation, a real glycosylating agent in these systems [114]. One can speculate that the breakdown of symmetry (leading to inequality of these rates) could occur in the presence of an external chiral stimulus. Note that vortex-controlled generation of supramolecular chirality has been documented for batch systems [148,149,155,156,157].



The recently discovered [20] phenomenon of enhanced formation of non-covalent bonds under flow conditions, thus easing the self-assembly of new supramolecular structures, might also be related to rearrangements of supramers of reactants induced by shear stress in flow as discussed above (see Figure 14). Specifically, we hypothesize that supramers of reactants disaggregate (partially or completely) (see Figure 13 and Figure 14) under flow conditions in a dynamical fashion creating the fragmented supramers (and, ultimately, the “molecular species”) that are (1) more reactive compared to the parent supramers, present in the starting solutions, and (2) capable of forming supramolecular architectures different from those formed “passively” [20] in the flask from the parent supramers. In line with the discussion above, we propose that the ease of supramolecular assembly in flow would dramatically depend on the flow regime, hence on the mixer design and the flow rate used.



Similar reasoning might explain the well-known phenomenon of decreasing the reaction time in flow as compared to that of the same reaction performed in batch. From the supramer point of view, shear stress in flow might induce fragmentation of the parent supramers, which exist in solution before the reaction, leading to formation of more reactive species and making the reaction faster. Traditional explanation of this considerable decrease in reaction time (e.g., from 24 h in batch to 7 min in flow [152]) would involve listing beneficial features of the microfluidic technique such as improved mass transfer due to efficient mixing, fast heat transfer, and residence time control to name a few (see, e.g., [5,18,19]).



The design of the mixer and flow rate can strongly determine the reactivity of a substance. This phenomenon was demonstrated using glycosylation of isopropyl alcohol with oxazoline as the glycosyl donor (Scheme 6) carried out in a Comet X-01 micromixer (Figure 15) [110]. As expected, at high flow rates, the yields of both products were low—the reaction did not have enough time to occur. With a decrease in the flow rate, the yields expectedly increased. But at some point, at very low flow rates (flow rate ≤43 μL/h), the acid-labile oxazoline stopped reacting and the starting reagents were recovered. This apparent loss of reactivity was observed only when Comet X-01 micromixer was used. However, when a Comet X-01 micromixer was replaced with a T-shaped micromixer (at 30 μL/h flow rate), the expected reaction products, glycoside and glycal, appeared in the reaction mixture. Thus, the change in mixer design (from Comet X-01 micromixer to T-shaped micromixer) apparently altered the flow regime resulting in better mixing of reagents, if we follow the mixing-centered concept, discussed above.



However, within the framework of the supramer approach [27] (vide supra), this result apparently suggests a higher disaggregation of the supramers of reagents under these conditions (using a T-shaped micromixer), which allows the chemical reaction between them to occur. Apparently, at very low flow rates (30 μL/h) in the Comet X-01 micromixer, the molecules of this glycosyl donor are located inside the core of tight supramers (similar to those discovered recently [113,114,139,158]) or presented on the surface of supramers in such a way that the anomeric position becomes inaccessible for attack (which is manifested as an enhanced stability of oxazoline under the action of acid), similarly to the situation shown in Figure 12 for glycosyl cation derived from sialyl chloride. Based on these facts, we conclude that the flow rate in combination with change in the mixer design in this case directly affects the reactivity of molecules probably by changing the flow regime which makes disaggregation (see Figure 13 and Figure 14) of the supramers of reagents (im)possible thus altering the observed reactivity pattern.



Similar observations were made earlier for another reaction [159], where it has been proposed that the observed decrease in conversion at low flow rates is related to the change in the flow regime from “dispersed flow regime” (good mixing) to “stratified flow regime” (bad mixing) (Figure 16) supported by mixing experiments with non-reacting substances. Indeed, this phenomenon of “the dependence of mass transfer on the two-phase flow patterns” was studied in single- and two-phase flow systems [61,64]. However, as in the previous example, one can speculate that a change in the flow rate leads to a change in the flow regime, which modulates the efficiency of disaggregation of the supramers of reagents. As a result, at low flow rates, some of the molecules are located inside the core of tight supramers [113,114,139,158] and cannot react. As the flow rate increases, the efficiency of disaggregation increases, and the conversion rate increases accordingly. With a further increase in the flow rate, the conversion decreases, which may be due either to insufficient contact time of the reagents or to generation of supramers of different type formed during disaggregation of the parent supramers.



An interesting example of dramatic reactivity enhancing upon increase in flow rate (from 0.3 mL/min to 5 mL/min) was reported for in-flow metalation of an acrylate ester containing thiophene moiety with 2,2,6,6-tetramethylpiperidinylmagnesium chloride lithium chloride complex at −25 °C. While at low flow rates only low conversions could be achieved with long residence times (5 or 15 min), at high flow rates almost full conversion was achieved within 1 min leading to isolation of the desired product in 72% yield [117].




4. Influence of Residence Time on the Reaction Outcome


The flow rate changes can affect the reaction outcome also by simply changing the residence time (time of contact = time of flowing reagents together without changing the flow rate) without apparent influence of the mixing efficiency. In fact, it may be difficult to separate these effects experimentally.



There are a number of examples when an increase in residence time of reagents leads to an increase in the reaction yield as expected for batch reactions [160]. However, with too long times, selectivity decreases [161] or by-products appear [119]. Special attention should be paid to examples when it is possible to obtain various products in high yields by varying the residence time. A striking example of such an approach is the Br-Li exchange reaction followed by the reaction of the lithiated species with electrophiles performed in flow (Figure 17) [162]. There, kinetically formed 5-substitued product is selectively formed at residence time 0.06 s (yield 84%). Increasing residence time to 63 s gives thermodynamically preferred 3-substitued product in yield 68%. In both cases only traces of another isomer were observed.



The value of the residence time, which is a powerful instrument for controlling reaction outcome, should be optimized as times that are too long may result in a decrease in the product yield probably due to reactants decomposition (Figure 18) [40].




5. Conclusions


In conclusion, we demonstrated that variation in flow regime (determined by a combination of mixer design and flow rate) can either improve or worsen the reactivity and lead to completely different products, including stereoisomers. We would like to stress that it is not necessary to homogenize the reaction mixture as much as possible or to mix the reagents with maximum efficiency. The real challenge is to mix reagents the right way. To achieve this in a flow reactor one should combine the appropriate values of flow rate and the designs of microreactor.



In terms of the supramer approach [27], at too high or too low a flow rate (in the particular mixer), the molecules of reagents are incorrectly presented on the surface of supramers, leading to altered stereoselectivity, or form tight supramers (similar to those discovered recently [113,114,139,158]), in which most of the molecules are located inside the supramer core and are inaccessible for attack, leading to low conversions and yields. The flow rate at which these problems do not exist can be considered optimal.



We can discuss the efficiency of mixing in a similar way. On the one hand, efficiently mixed reagents can react faster and with greater conversion, giving higher yields. On the other hand, the most efficiently mixed system loses the effect of the asymmetry of the supramer surface (since all supramers are disaggregated), which eliminates a possibility of controlling stereoselectivity of the reaction and allows all side processes to proceed.



Chemistry is definitely a statistical science. There are myriads of molecules in the reaction mixture, each of which can react (in one or many ways) or not. For each specific molecule, the reaction proceeds conditionally instantaneously, provided that the reaction partners (who have the fundamental ability to react) have approached the right faces. If it were possible to find a tool or a method of influencing molecules, in which only the approaches we need would be encountered, then product yields and stereoselectivities of any reactions would be high. Experimental data suggest that, for reactions conducted in flow, the flow rate and the design of the microreactor can serve as such tools.
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Figure 1. Summary of the steady flow regimes and mixing quality (δ) as a function of the Reynolds number (Re) in T-shaped and arrow-shaped micromixers. Adapted with permission from [79]. 
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Figure 2. Streamlines inside a T-shaped micromixer (channel widths 300 and 600 μm) at different mass flows. View is into the mixing channel (left (red) and right (blue) are the inlet channels). Reproduced from [43] with permission from Elsevier. 
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Figure 3. Mixing quality (α) over the Reynolds number (Re) for a T-shaped micromixer. Reproduced from [43] with permission from Elsevier. 






Figure 3. Mixing quality (α) over the Reynolds number (Re) for a T-shaped micromixer. Reproduced from [43] with permission from Elsevier.



[image: Inventions 08 00128 g003]







[image: Inventions 08 00128 g004] 





Figure 4. The Pe–Re diagram. The Reynolds number (Re) describes the flow regime in the mixing channel (Re is a convenient parameter for predicting whether a flow regime will be laminar or turbulent), while the Péclet number (Pe) represents the ratio between convection/advection and diffusion (when Pe << 1, then diffusive effects dominate over convective/advective transport, whilst the opposite is generally true for Pe >> 1). Adapted with permission from [29]. © IOP Publishing. All rights reserved. 
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Figure 5. Flow reactor, based on Comet X-01 micromixer, used for glycosylation experiments. S1, S2—syringes. Internal volume of Comet X-01 micromixer—0.1 mL, that of outlet capillary—0.785 mL. Reproduced with permission from [114]. 
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Scheme 1. Palladium-catalyzed C–N cross-coupling reaction performed in flow with packed bed and open tube reactor (see Figure 6) [120]. 
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Figure 6. An example of the crucial role of mixing efficiency: the reaction (see Scheme 1) proceeds in high yield only when packed bed capillary is used for mixing reagents. Time indicated designates the residence time. Adapted with permission from [120]. Copyright © 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. 
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Scheme 2. C–N cross-coupling palladium-catalyzed reaction performed in flow with various packed bed volumes (see Figure 7) [120]. 
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Figure 7. Comparison of the packed beds differing in size: the reaction (see Scheme 2) proceeds in high yield if the large packed bed capillary is used for the reaction proceeds (see also Figure 6). Time indicated designates the residence time. Adapted with permission from [120]. Copyright © 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. 
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Scheme 3. Alkylation reaction performed in various types of flow reactors (see Figure 8) [121]. 
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Figure 8. Three micromixers used for performing alkylation reaction (see Scheme 3) featured by different mixing efficiency. (a)—simple channel micromixer without additional loops (“no loop”); (b)—abacus-like micromixer with some additional loops (“abacus”); (c)—micromixer with maximum additional loops (“full loop”). Adapted with permission from [121]. 
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Figure 9. Mixer design for performing oxidation reaction under flow conditions. (a)—illustration of various modes of contact area between gas and liquid phases; (b)—schematic illustration of the dual-channel system. Adapted with permission from [122]. 
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Figure 10. Investigation of mixing performance for the metalation step as a function of flow rate of aryl bromide (1) and n-BuLi: (a)—schematic illustration of the flow system. (b)—the yield of 3 as a function of the total flow rate. Adapted with permission from [118]. Copyright 2016 American Chemical Society. 
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Scheme 4. Friedel–Crafts reaction performed in flow using three types of micromixers: T-shaped, YM-1, and IMM [123]. 
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Figure 11. A model [124] of the course of a liquid two-step reaction (like in Scheme 4) where diffusion of reagents is main limitation of reaction rate. A, B—initial reagents, P1—monosubstituted product, P2—disubstituted product. Adapted with permission from [123]. 
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Scheme 5. Sialylation reaction under phase transfer conditions performed in flow. CPP-OH—4-(3-chloropropoxy)phenol [113,114]. 
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Figure 12. Presentation of glycosyl cation on supramer surface: (a,b)—α- and β-selective reactions, respectively, (c)—nonselective reaction, (d)—no reaction. Adapted with permission from [114]. 
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Figure 13. Reagent molecules inside solution domains (supramers) [R1] and [R2] cannot react with each other. Efficient destruction of domains is required for all molecules of reagents R1 and R2 to react—a clue for increasing reactivity of reagents and achieving high yield of product P. Supramers may react on their surfaces, in this case asymmetric environment of the surface molecules (presentation, see Figure 12) may lead to stereoselective reactions. Reproduced from [27] with permission from the Royal Society of Chemistry. 
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Figure 14. A model of supramers of sialyl chloride in the reaction mixture. In batch reactor the supramers are visualized as a whole intact “apple” (left panel). The spatial orientation of molecules of sialyl chloride in such supramers (presentation, see Figure 12) allows glycosylation from only one face within SN2-like pathway leading to formation of only α-isomer. During “efficient mixing” of reaction mixture in Comet X-01 micromixer (M) the “apple” is chopped allowing the molecules of sialyl chloride to show both faces on the edge of the apple allowing SN1-like mechanism which leads to formation of both α- and β-isomers (right panel). Reproduced with permission from [113]. Copyright © 2022 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. 






Figure 14. A model of supramers of sialyl chloride in the reaction mixture. In batch reactor the supramers are visualized as a whole intact “apple” (left panel). The spatial orientation of molecules of sialyl chloride in such supramers (presentation, see Figure 12) allows glycosylation from only one face within SN2-like pathway leading to formation of only α-isomer. During “efficient mixing” of reaction mixture in Comet X-01 micromixer (M) the “apple” is chopped allowing the molecules of sialyl chloride to show both faces on the edge of the apple allowing SN1-like mechanism which leads to formation of both α- and β-isomers (right panel). Reproduced with permission from [113]. Copyright © 2022 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.



[image: Inventions 08 00128 g014]







[image: Inventions 08 00128 sch006] 





Scheme 6. Glycosylation reaction of isopropyl alcohol by glyco-oxazoline. CSA—camphorsulfonic acid. 
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Figure 15. Formation of products in glycosylation reaction performed in flow at different flow rates (Scheme 6) using Comet X-01 micromixer. Relative amounts (ω) of products: dashed line—isopropyl glycoside, solid line—glycal (side product). f—flow rate, mL/h. No reaction was observed at low flow rates (≤43 μL/h). Adapted with permission from [110]. Copyright (2019), Springer Nature. 
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Figure 16. Observation of the change in flow regime during alkylation of benzoic acid by CH3I in DMF in the presence of DBU in the Low Flow reactor. Reproduced with permission from [159]. 
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Figure 17. A switch between kinetic and thermodynamic control by changing the residence time of the Br-Li exchange reaction followed by the reaction of the lithiated species with PriCHO as electrophile. ◆—5-substitued kinetically formed product, ■—3-substitued thermodynamically preferred product, ▲ —initial aromatic reagent. Reproduced with permission from [162]. Copyright © 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. 
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Figure 18. Dependence of the yield on the residence time of the liquid-liquid reaction at 50 °C (●) and 20 °C (■) in the microreactor. Reproduced with permission from [40]. Copyright © 2001 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. 






Figure 18. Dependence of the yield on the residence time of the liquid-liquid reaction at 50 °C (●) and 20 °C (■) in the microreactor. Reproduced with permission from [40]. Copyright © 2001 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.



[image: Inventions 08 00128 g018]













	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).








Check ACS Ref Order





Check Foot Note Order





Check CrossRef













media/file8.jpg
Solution 1

Sialyl chioride
CPP-OH
EtOAC

Inner disks inside micromixer

BugNHSO4
10% aq NayCO3

Flask:
no stirring






media/file27.png
joMe OMe OMe

Bu” NS CO,Me MeO,C _ _CO,Me
- N R /N N
‘Bu Bu Bu

MeO OMe MeO OMe MeO OMe

OMe






media/file43.png
Conversion (%)

50
45

35
30
25
20
15
10

Flow rate (mL/min)

75 a (3 2 1
1 1 1 1 1 1
o‘ ~
o "Oe..,
- o -, -
y o
- o
o)
C ] | | L] L} L]
0 50 100 150 200 250 300

Residence time (s)

350





media/file12.jpg
Yield/ %

120

100

80

60

40

20

flow
—e— Packed bed —>

flow  —————
-o-Opentube —> —>  —>

0.0

20 40 6.0 80 10.0 120
Time/min





media/file14.jpg
NH, TBAB blphsnyl
O ©/ aq KOH 2om)





media/file35.png
¥ s

R2) {;

Mixing

D\sagg‘ega“
Contact

-0 —

R1 R2

Reaction

%0 — @

[R1-R2] P





media/file20.jpg





media/file5.png
Mixing Quality a[%]

30 4

25 +

20 -

Stratified
Flow

Vortex Flow

e

/

y.

Engulfment
Flow

D -

T * 1
50 100

v

T
150

Reynolds number Re [-]

T
200





media/file19.png
H;C H3;C
OH O OH O

cl 3 "1CH,l Cl
2 H
DMSO, NaOH
OH O''CH,
Cl Cl

z_/





media/file45.png
PhLi

iPrCHO

OMe OH
N
o2 iPr
pee iPr 68%
(isomeric purity >99%)

(isomeric purity >99%)
OH OMe

yield/ %
a
o

100 1 00‘5 1 01 101.5 1 02
R/s

-

102 105 10" 10795

S
-





nav.xhtml


  inventions-08-00128


  
    		
      inventions-08-00128
    


  




  





media/file11.png
CO,Et
Cl NH; TBAB blphenyl
+
aq KOH (2.0 M)
OMe CO,Et 100 °C






media/file41.png
0.2

0.4

0.6

0.8

1.0 £ mLUn





media/file37.png
Batch Flow

Stable aggregate of molecules Chopped edge
Only one face accessible Both faces accessible

Micromixer

COMe Comet X-01

AcO OAc Cl

13% COzMe > 36%
a only zzg\&gf%«@o a/f 6.2:1

AcO






media/file46.jpg
Yield (%)
100 f

9
90 —wr w 0]

85
80
75
70
65
60
55

50 1
o 5 10 15 15 50 100 150

Time (seconds)






media/file10.jpg
COEt
Pd]

@[ C[ TBAB, Dlphenyl
“aaKOH @OM)
cot G &M

100 °C





media/file40.jpg
02 04 06 08 10





media/file16.jpg
100

Packed bed volume:
80 ——867 L.
- - 448 L
2279l
—=137 L
N
N
a
20
0
0.0 50 100 150 200

Time/min





media/file3.png
Stratified Flow

mass flow =9 g/h

Re=7

Vortex Flow

mass flow = 84 g/h

Re = 60

Engulfment Flow

mass flow = 275 g/h

Re =199






media/file22.jpg
Mono-channel microreactor

(@
Batch reactor Dual-channel microreactor
ArB(OH): POMS
alkene membrane
(b)

Pd(11)






media/file25.png
[ MeOH ]6.12 mL/min

(excess)
5 ~30 °C
Aryl bromide (1) : E
(0.3Min THF) | :
- quench
@) ; ) — -
: Li H :
nBuLi  |: s .
(1.6 M in hexane] . R+ R :
- / = .
EI.-I----..-.-I.-....l--------.--.....3.....5
100% -
90% -
S 80% -
(b) % 70% -
2
60% - e 33
50% - OMe e 3b
3b
400/0 T T T T T T T T T 1
5 7 9 11 13 18 17 19 21 23 25

flow rate (1 + nBuLi) [mL/min]





media/file0.jpg





media/file26.jpg
m;Mz MeO;C COzM=
MeO’ " Meo >





media/file34.jpg
{R1}

{R2}

N ag@‘eg

Mixing

2000

Contact

Reaction

o0 — 00 — @

R1

R2

[R1-R2] P





media/file13.png
Yield /%

120 -
100 - . . .
80 -
A flow OOO FX0
y —e— Packed bed —>50/00% 00680 —>
60 -
) flow
40 - 4+ - Open tube —> —> —>
20 -
4 L L eee= fle === === e = mn. 'S
: DR 2
0- .

0.0 2.0 40 6.0 8.0 10.0 12.0
Time/min





media/file31.png
AcO

OAc

AcO

COzMe

CPP-OH
BU4NHSO4

10% aq Nay;CO;
EtOAc

AcO

- ACO’:.

AcHN





media/file39.png
OAC OAc OAc
O Pr'oH, CSA 0 0
AcQ. S 5 ~ X% orr + A&o P
80 °C
f =( NHAC NHAC

Me





media/file18.jpg
[¢]

OH

]

OH

N
H

HsC.

J
O

TCH,l
Sk

DMSO, NaOH

cl

OH

[¢]





media/file9.png
Solution 1

Sialyl chloride
CPP-OH
EtOAc

Inner disks inside micromixer

0600

’ x5
5 ) ID=1mm
ul/min = 1m

A}
) L
\

H
2 uL/min

Solution 2
BugNHSO4
10% aqg NaCO3

Flask:

no stirring






media/file42.jpg
Conversion (%)

50
a5

35
30
25
20
15
10

Flow rate (mL/min)

75 4 @® 2 1
O-...
o
o
~o
o
o
50 100 150 200 250 300

Residence time (s)

350





media/file23.png
Mono-channel microreactor

(a)

Batch reactor Dual-channel microreactor

ArB(OH); PDMS
alkene membrane

(b)
Pd(11)





media/file36.jpg
Batch Flow

Stable aggregate of molecules Chopped edge
Only one face accessible Both faces accessible
COMe.
MeO,C.
COMe
Me0:C MeOsC-
—
MeOC COMe
Micromixer
coue Comet X-01
S\2 only Sn2 + Syl
AQ  OAc @
13% . COMe 36%
aonly amnZ7Q o /P 6.2:1

AcO






media/file15.png
[Pd] H
Cl NH2 1BAB. bipheny N
+ L
aq KOH (2.0 M)
MeO MeO

80 °C





media/file28.jpg
afirst time interval  a further time interval





media/file2.jpg
+ Stratified Flow
mass flow =9 h
Re=7

Vortex Flow
mass flow = 84 g/
Re =60

Engulfnent Flow
mass flow = 275 g
Re=199






media/file32.jpg
AcO oA

AcOr.
ACHN CozMe

AcO

cl

L

( Nu
Me0,C 8 A LOAC: |

23D 3
i “NHACY

“OAc

AcO
a-selectivity

Y Y one
AcO" NHAC

no selectivity

no reaction





media/file6.jpg
1,000,000 T

T T T T
Passive mixing at high Re

100,000

10,000
& Advectjgfi dominated

1000

100

Peclet number P

10

0.1

0.001 0.01 0.1 1 10 100 1000
Reynolds number Re





media/file24.jpg
MeOH | 6,12 mLimin
(excess)

(a)

nBul
(1.6 Miin hexane]

100%

90%
80%

(b) 0%

Yield (%)

60%
50%

40% +
5 7 9 11 13 15 17 19 21 23 25

flow rate (1 + nBuLi) [mL/min]





media/file29.png
a first time interval  a further time interval





media/file1.png
u\fme“tfevg?me

Eng

- regime
periodic @9

with 3 sing'® R

Degree of mixing

~o—T-mixer

70 -+ Arrow-mixer 10°

—o-- -mixer 20° !
60 fﬂ/‘
8o} X

) ime
dic symmetnc regV
o J [ - -

P 3‘\ ) % 1 Pe_r'\

— — e
: - . | N
[ \ - 7“’%
Tk L\‘;
i nl
. \I

Ll

200 300 400 500





media/file7.png
1,000,000 T T 1 . ]
Passive mixing at high Re .

-
c".
-
2
-

|
|

100,000

p— —

Advectigh dominated

10,000

1000

100

Peclet number Pe

10

0.1

0.001 0.01 0.1 1 10 100 1000
Reynolds number Re





media/file33.png
AcO OAc AcO OA

Cl
AcO:..
- AcOr..
AcHN Q/ ~CO2Me AcHN 07/ ~Cco2Me
AcO AcO
(b) o
Nu
AcO,  _ \__._
N~ COMe.
AcHN Q/® 72 e
L . .
& AcO™ \AcO NN
2,
AcO AcO %
a-selectivity pB-selectivity

Ao~/ Y Y oac
AcO NHAc V%

no selectivity

no reaction





media/file44.jpg
OMe. OMe.
ome oN m O,
isomerization (L1

Me Me

changing residence e (19

PrcHo
PhLi
o P
(isomeric purty >99%) (isomerc purty >99%)
o "
0
2160
% 40
Sl

o
102 1075 107 1005 100 10°5 10' 10'S 102

Rls—





media/file47.png
Yield (%)

100

95
90

80
75
70
65
60
55
50

85'—“.
(o]

0

10

15

15 50
Time (seconds)

100

150





media/file38.jpg
OAc OAc OAc
0 PrOH, CSA o,
TR O AN o MR
80°C
N={ HiAC NHAC

Me





media/file17.png
Yield /%

100 -

¢ Packed bed volume:
80 - —e— 867 pL

] -+ =448 L

A 279 uL

- -3 =137 uL
60 -
40 -

o A

&

A A
20 A
0 +— ; R R

0.0 5.0 