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Abstract: Sustainability concerns are reshaping the way chemists work, not only at the stage of process design, but
also when actually performing reactions. This change of paradigm is exemplified by the deployment of continuous
flow techniques, which are slowly becoming a mainstream practice. Indeed, the possibility of performing catalytic
processes (the flagship of sustainable chemistry) in flow presents distinctive advantages. Thus, several authors are
focusing their efforts in trying to get the best of these two worlds, with the consequent challenge of finding common
solutions for their respective issues. In the last years, this approach has been taken one step further with the use in
flow processing of enantioselective organocatalysts, which allow the production of enantiopure compounds free of
metal contaminants. Herein, we will cover the literature concerning the use of solid-supported organocatalysts for the
continuous flow production of enantiomerically enriched compounds.

1. Introduction

Despite the widespread use of continuous flow techniques in the chemical and petrochemical industries,™ its
deployment in the production of fine chemicals and in academic environments is relatively recent.” However,
the ice has been broken and the general reluctance that synthetic chemists felt about working with pumps,
connectors or microreactors (perceived as an incursion into the intricate kingdom of chemical engineering)
seems to be a matter of the past. As a consequence, an increasing humber of research groups are realizing
that flow chemistry is not meant to supersede flask chemistry, but to nicely complement it.?*?" The
advantages of this set of methods are quite apparent, even for chemists who have never used them: (a) the
scale-up of chemical reactions (perhaps the biggest nightmare of process chemists) becomes a trivial matter®®
with two equally simple solutions, namely, numbering up and extending the operation time of the flow process,
(b) in the case of working with hazardous compounds or reactions, the risk of personal injuries is reduced™
since the reacting volumes at a given time are much smaller, (c) it allows much more accurate control of some
reaction parameters,”” avoiding exotherms, overreaction or catalyst inhibition by the product and (d) it
facilitates the achievement of more sustainable laboratory practices® in terms of reduced solvent volume,
chemical waste and energy consumption.
Nowadays, catalysis is widely recognized as one of the flagships of sustainability in a chemical context. Thus,
it is not surprising that one of the most active research areas within the flow chemistry community is the
enantioselective catalysis of processes in a continuous manner.”? Such a problem has been tackled mainly in
two ways: by mixing a soluble catalyst in the solution being pumped® (Figure 1a) or by the use of species
immobilized onto solid support® (Figure 1b). Both strategies hold a lot of potential, but the latter has two
additional benefits: the product is not contaminated with catalyst and, if this proves robust enough, the catalyst
loading becomes a function of time. This
leads to a seemingly paradoxical situation
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Figure 1. Enantioselective flow catalysis with (a) soluble species or (b) solid-supported catalysts.

Indeed, the immobilization of enantioselective catalysts and ligands!'” has long been established as an
approach that allows the recovery and reuse of these usually expensive molecules. However, examples on
the use of such heterogenized species in continuous flow remain scarce,"*>% despite the potential it could
have in the manufacture of enantiopure compounds. In this Microreview we will strive to cover the literature
related to the use of supported organocatalysts“” in enantioselective flow processes. As usual, several
classifications were possible: interaction between catalyst and support (covalent, ionic), type of solid
support''? (polystyrene, silica, etc.) or type of catalytic microreactor (packed bed, functionalized inner wall,
monolith), among others. In this case, however, we have decided to tackle this subject from the point of view
of reactivity, organizing the examples according to the type of organocatalyst supported. In spite of this
classification, the importance of experimental set-ups cannot be overemphasized. Therefore, and considering
that many readers might not be experienced in flow chemistry techniques, simplified schemes will be included
for every example.

Organocatalysts!™ are hard to match from the point of view of the chemist interested in supporting species for
flow chemistry. The non-involvement of coordinated metals reduces the risk of leaching of the catalytically
active species. Moreover, the fact that the oxidation state of the chiral promoter does not change during the
catalytic event contributes to extend the efficiency of the supported catalysts. However, not all that glitters is
gold; organocatalytic processes tend to require high loadings™ and, even under these conditions, the
reactions can be slow. This can lead to flow processes which only operate at very low flow rates. In this
scenario, it is the chemists’ task to evaluate if carrying the reaction in batch and recycling the catalyst might
actually be more efficient in terms of productivity, yield or energy efficiency.

Even though it cannot be strictly considered a supported organocatalyst, it is worth mentioning a precedent
developed by Itsuno, one of the pioneers in the use of polymer-supported ligands for batch!™® and flow,"®!
together with Fréchet,""” Soail'® or Ellman.""® Thus, in 1996, Itsuno and co-workers reported the preparation of
the oxazaborolidine-decorated resin 1, prepared by co-polymerization of an amino alcohol derivative and
subsequent reaction with borane. This catalyst was applied to the asymmetric Diels-Alder reaction between
cyclopentadiene and methacrolein and, in a visionary approach, an asymmetric continuous flow processes
was implemented.”” The reagents percolated through the column driven by gravity and, in two consecutive
runs of 6 h, ca. 7 g of the cycloadduct 2 could be obtained in 71% ee (Scheme 1).
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Scheme 1. Continuous flow Diels-Alder reaction catalyzed by the polymer-supported oxazaborolidine 1.

2. Supported Cinchona Alkaloid Derivatives
2.1. Early examples: gravity or pressure driven

In the year 2000, Lectka et al. reported the first example of enantioselective organocatalysis with supported
species operating under continuous flow, although at the time the term organocatalysis was still in the process
of being coined. The approach could not be simpler: three columns were assembled in series, the first one
with a polymer-supported base, the next one with the immobilized catalyst and, at the end, a scavenger to
prevent the non-reacted material from contaminating the outstream.?" In this manner, starting from acyl
chlorides (3), the corresponding ketenes (4) were generated with PS-BEMP*? (5, a supported phosphazene
base) at the first column. Then, these were reacted with a sulfonylimine (6) in a process mediated by a
cinchona alkaloid derivative supported on a Wang resin (7). Finally, resin 8 was chosen as a scavenger in
order to capture the unreacted ketene and imine (Scheme 2). Thus, by simply pouring THF solutions of the
reagents down the columns, enantioenriched p-lactams could be conveniently prepared.
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Scheme 2. Preparation of enantioenriched B-lactams 9 in flow.

Rather than being just a curiosity, performing this reaction in what the authors call “sequential column
asymmetric catalysis”,”® entailed a series of unique advantages that the usual flask chemistry could not
parallel. Under these conditions, the unstable ketene was generated and immediately reacted, thus minimizing
possible side reactions. Moreover, the basic resin 5 was found to destroy the imine and epimerize the final
product, which cannot happen with this set-up. The introduction of spatial separation while minimizing the
temporal one effectively killed two birds with one stone.

In a further effort, Lectka et al. described an alternative array that allowed generation of both reactive
intermediates (4 and 6) in parallel, using two different columns (Scheme 3). The extra column was packed
with a 6:1 (w/w) mixture of NaH and Celite (10), which allowed to transform a chloroglycine derivative 11 into
the corresponding imine.?* The effluents of this column were combined with those of the PS-BEMP column
and then the catalytic reaction was performed in the way described above, demonstrating the flexibility of this
system. One of the main advantages of both systems is their robustness. After regeneration of the
stoichiometric solid-supported reagents the reaction could be run for at least 60 times with the same column
assembly, a truly impressive feat.
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Scheme 3. Second assembly for the preparation of enantioenriched p-lactams 9 in flow.

After this, the authors managed to design yet another alternative reaction set-up that turned out to be the
simplest (Scheme 4). This approach was based on a previous report from the same group,[25] where ketenes
were generated from the corresponding acyl chlorides by treatment with catalytic amounts of an amine (acting
as a dehydrohalogenating agent) and finely meshed K,COj3; as a stoichiometric base. The underlying idea was
to test whether the quinine derivative 7 could play a catalytic role in both the ketene formation and the f-
lactam generation. Thus, a single column was packed with a mixture of finely powdered K,CO; and 7.
Remarkably, the reaction took place smoothly under these conditions, albeit the results were not as good as in
the previous cases (61% yield, 7:1 dr, 91% ee).”® However, considering that upon recrystallization the
product was obtained as a single enantiomer it is debatable whether the slightly better results justify the more

complex (and expensive) multiple column array.
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Scheme 4. Third and simpler set-up for the synthesis of g-lactams 9 in flow.




A few years later, the same group published two closely related contributions based on their previous
reports®® on the a-chlorination of acyl chlorides mediated by Cinchona alkaloids. This time, 7 played a double
role by acting both as a stoichiometric dehydrohalogenating agent and as the enantioselective nucleophilic
catalyst for enolate formation from the corresponding acyl chloride. This strategy was applied in a “flush-and-
flow” system that, due to the fact that one equivalent of 7 is used in the reaction, had to be regenerated after
each cycle by washing with a tertiary amine.?” Shortly after, the authors applied this column to a multi-step
flow synthesis that allowed for the fully automated preparation of a complex peptide.?® Given the fact that the
process was not truly catalytic it will not be discussed further, but it serves as a good example of the potential
of packed bed reactors in asymmetric, multi-step continuous flow synthesis.

These pioneering works by Lectka et al. established a proof of concept, showing the potential of immobilized
organocatalysts for performing asymmetric reactions in continuous flow. However, an important drawback of
the method was the fact that it relied on gravity or pressure-driven flow, which makes results more difficult to
reproduce since the dripping rate is not easily replicated in two different runs. This probably accounts for the
fact that the rest of examples described in this review make use of pumps to force the fluid through the system
(usually against gravity), while exerting a more accurate control over the flow rate.

2.2. Cinchonidine derivative-catalyzed Michael reaction

Taking a different approach, Hodge et al. also managed to immobilize a Cinchona alkaloid onto a polystyrene-
based resin. This time, however, Cinchonidine was directly linked to a thiol-decorated polymer via thiol-ene
click reaction to afford 12.%* This resin would be used as a chiral base catalyst to promote the Michael
addition of 1-oxo-indan-2-carboxylate (13) to methyl vinyl ketone (14).

The experimental set-up to perform the reaction under flow conditions consisted in a closed glass tube
(360x14 mm) filled with resin 12 (14.0 mmol, 0.094 mmol-g™") and immersed in a 50 °C water bath. The
reagents were independently fed by the aid of two peristaltic pumps and two long needles were used to
ensure that they reached the bottom of the packed bed reactor, where they first entered in contact with 12.
Then, 13 and 14 slowly moved up the system and, at the top end, the solution with the reacted mixture was
collected and removed from the system with a third peristaltic pump (Scheme 5). Under these conditions, the
experiment was run for 72 h at a flow rate of 0.085 mL-min™". This gave rise to 2.30 mmol of product in almost
quantitative yield. However, ee’s were only moderate (51%) and the overall process entailed
superstoichiometric amounts of the catalytic resin 12 with respect to the reagents.
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Scheme 5. Michael addition in flow catalyzed by PS-Cinchonidine 12.

3. Continuous Flow Reactions with Immobilized Aminocatalysts



3.1. Proline, pyrrolidine derivatives and amino acids

Proline is one of the first molecules that comes to a chemist's mind when the word ‘organocatalysis’ is
spoken.®” Plenty of other catalysts have been developed and reached success levels as high (and even
higher) as this cyclic amino acid, but the fact that an apparently innocent molecule kept so many surprises in
terms of reactivity and selectivity is a combination difficult to match. This motivated a number of research
groups to embark in the immobilization of proline onto solid supports.!''¥ Despite the affordability of this
compound, this strategy was desirable for many reasons. For instance, it would facilitate product purification, a
non trivial task given the relatively high catalyst loadings employed. In addition, taking into consideration that
the products derived from aminocatalysis are carbonyl compounds themselves (and thus potentially capable
of condensing with the catalyst), the continuous removal of reacted species from the media should minimize
the possibility of product inhibition.

The proof of concept arrived in 2009 from the Pericas laboratory, in a report that constitutes the first example
of enamine activation with an immobilized catalyst in flow. Proline derivative 16a, anchored to a Merrifield-type
resin via copper-catalyzed azide-alkyne cycloaddition®"*2 (CUAAC), had been previously reported by the
same group to promote the enantioselective aldol reaction in batch.?®! After that, resin 16a was applied to the
organocatalytic Mannich reaction® of carbonyl compounds to glyoxylate imines® 17 in batch as shown in
Scheme 6.
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Scheme 6. Mannich reaction catalyzed by a polystyrene-supported proline.

In contrast to the case of the aldol reaction, the authors realized that the Mannich was quite fast. In
consequence, the continuous flow addition of enoclizable aldehydes to 17 was attempted in a simple set-up (a
single pump was required, since the reagents were compatible in the absence of catalyst). The system
consisted of two feeding flasks, one pump and an Omnifit column filled with 16a, as the packed-bed reactor.
The first flask was full of DMF for the nonreaction operations such as swelling the resin at the beginning and
rinsing the column at the end. The second flask contained a solution of the aldehyde and 17 in DMF, which
was fed into the column when required (Figure 2).
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Figure 2. Set-up for the continuous flow Mannich reaction and results obtained with isovaleraldehyde and propanal.



At the end of the system the outstream was collected and, due to the volatility of the aldehydes employed, a
simple aqueous work-up to remove DMF provided the pure products. Two different aldehydes
(isovaleraldehyde and propanal) were studied and in both cases the Mannich adducts 18a,b were obtained in
very good yields and ee’s. The numbers of the process confirmed the abovementioned hypotheses: indeed,
the use of flow conditions avoided product inhibition, leading to full conversions in only 6 min residence time
and allowing to decrease the overall catalyst loading four times with respect to the batch process.®

Shortly after, this group published a study that aimed to expand the scope of 16a and, at the same time,
assess the impact of the degree of cross-linking of the polymeric matrix on the flow process. This parameter,
given in percentage of divinylbenzene (DVB) added to the polymerization mixture, tends to be overlooked,
although it is known to modulate at least two factors: the ability of the resin to swell and the size of the pore.®
Indeed, resins with low cross-linking degrees (tipically 1-4%) are considered microporous, which means that
they form a gel with some solvents and they have a high swelling ability. On the downside, they are more
likely to collapse under high pressures, a situation likely to arise under flow conditions. On the other hand,
macroporous resins (those having >30% DVB) have much lower swelling properties but they display
increased resistance towards mechanical collapse. This report was focused on establishing what happened in
the neutral area between the two paradigmatic situations. Thus, two different polystyrene resins, closely
related to 16a were prepared: 16b, derived from a commercially available Merrifield resin (1% DVB) and
16¢,P” stemming from chloromethylpolystyrene with 8% DVB (Figure 3).
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Figure 3. Polystyrene-supported proline derivatives 16b,c having different degrees of cross-linking.

As expected, 16¢c was still swollen upon contact with organic solvents, but much less than 16b. The catalytic
performance of both resins under flow conditions was examined with the a-aminoxylation of five different
aldehydes with nitrosobenzene.® This time, given the existence of a background (non-catalyzed) reaction
between the aldehydes and the nitroso derivative, the reagents had to be pumped independently and mixed
immediately before the column packed with 16b,c (Scheme 7a). Thus, the experimental set-up was somewhat
more complex than in the case of the Mannich reaction.
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Scheme 7. (a) Set-up for the continuous flow a-aminoxylation reaction and (b) results obtained with five different aldehydes.



As far as the catalytic profile is concerned, the resins proved to behave very similarly, which seems to indicate
that, as long as they swell, their behavior will not differ significantly. In other words, the degree of cross-linking
was not an important parameter, at least below 10% DVB. However, the columns packed with resins 16b,c
turned out to lose activity upon prolonged use in this particular process. The drop was not sharp and it did not
affect the enantioselectivity of the process, but after 5 h a 15-20% decrease in conversion could be observed
when operating the system at a constant flow rate. Considering that this decrease in activity took place
regardless of the degree of cross-linking of the resins, an explanation involving the degradation of the
catalytically active species or the formation of a parasitic intermediate between this and one of the reactants
seemed more reasonable than the mechanical collapse of 16b,c.

In 2011, Massi and co-workers studied the anchoring of proline derivatives in an alternative support such as
silica. To this end they followed two different strategies to establish the most convenient approach in terms of
lifespan, catalytic activity and selectivity.*® On the one hand, 16d was prepared by covalent immobilization of
a proline derivative via thiol-ene click reaction. On the other hand, they prepared silica with appended sulfonic
acid groups to immobilize a pyrrolidine-derived diamine via ion pair formation: 16e (Figure 4).
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Figure 4. Silica-supported proline derivatives 16d-f and scavenger 20.

Thus, two HPLC-like columns were respectively filled with 16d and 16e and the two reactors were employed
in the aldol reaction between cyclohexanone and p-nitrobenzaldehyde. The outstream was passed through a
column with triamine-functionalized silica 20, which played the role of scavenger for unreacted p-
nitrobenzaldehyde.

With silica 16d, albeit the flow rate was relatively low (5 yL-min™, for a residence time of 32 min), the
conversion was 60% in the steady state. As for the stereoselectivities, the values obtained for 21a matched
those of the batch procedure (4:1 dr, 78% ee, Figure 5). The system proved stable for at least 24 h under
these conditions. After that, a slow decay of conversion was noticed (stereoselectivities remained constant)
until the total deactivation after 72 h. The effect of the temperature was also evaluated; as expected, at 0 °C
the enantioselectivity was improved to 82%, but at the expense of lowering the conversion to 38%. On the
other hand, when the system was warmed to 50 °C the conversion increased to 82% without erosion of
enantioselectivity. Finally, further heating to 70 °C resulted in decomposition of the mixture, thus indicating that
the range of temperatures is rather narrow. As for 16e, immobilized via ionic interactions, it displayed a much
poorer catalytic profile, and showed very limited stability. Indeed, after a flow experiment of 2 h the chiral
amine was completely leached from the solid-support.

(0.22 M) | (0.66 M)

I;E;g parameters 21a
16d (117 mg, f = 0.64 mmol-g™') o%
Flow rate: 5 uL-min-' 4:1 antilsyn
Residence time: 32 min 78% ee

Figure 5. Continuous flow aldol reaction catalyzed by silica-supported proline derivative 16d.



To further expand the scope of the functionalized silica 16d, the authors implemented the continuous flow a-
amination of aldehydes with azodicarboxylates.® Compared to the aldol reaction, this transformation allowed
working at much higher flow rates (full conversion at 75 pL-min™), but the enantioselectivities recorded for 22
(58% ee) were significantly lower than those observed in batch (Figure 6).
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Figure 6. Continuous flow a-amination of aldehydes catalyzed by silica-supported proline derivative 16d.

In their report, Massi et al. raise an important point when comparing two of the most common solid phases
used for heterogenization of chemicals: polystyrene! and silica.'”?*® While the former presents lower
mechanical stability, especially at elevated pressures, the latter shows differential retention of the chemical
species. This feature, albeit very useful for most chromatographic procedures, severely hampers the proper
choice of stoichiometry, since the conditions optimized in batch might not be suitable in flow. It is the task of
chemists to decide which of the drawbacks might be more important and which is going to be irrelevant in
each process.

Later on, these authors reported the use of 16f (Figure 4) to promote the aldol reaction.” With this tetrazole-
substituted catalyst, nearly quantitative yields could be obtained at 5 yL-min~' and 50 °C. The system proved
very robust and only after 120 h a progressive loss of catalytic activity could be detected.

In 2011, Sels and co-workers published a report where an alternative immobilization strategy was tested.
Instead of establishing a covalent link between the catalyst and the solid support, they relied on the formation
of a salt between a strong acid and a diamine. This approach, while similar to Massi’s 16e, proved much more
successful, as the authors screened several combinations of solid acids and aminocatalysts until they found
the right choice. The advantage of this method lies in the fact that the catalytically active species can be used
without much derivatization; however, preliminary studies need to be done to ensure that the solid phase does
not interfere with the reaction. Thus, Sels et al. found the catalytic pair Nafion NR50/23 to give the best results
in batch. Then, they reported the catalytic continuous flow addition of butanone to p-
trifluoromethylbenzaldehyde, which took place with good conversions and ee’s at the beginning of the process,
although the activity decayed somewhat after 6 hours™*" (Scheme 8).



OH

o o
o [ Nafion NR50/23 )J\l/l\©\
)J\/ ¥
CFs Me CF

3

24
FF
- -CgH17
303H PN
NHz CgH47
Nafion NR50 23

parameters
23 (0.36 mmol)
Flow rate: 0.017 mL-min""!

Residence time: n.d. 24

11h
initially:
syn/anti 3:1
97% ee

glass beads””

Nafion NR50/23-"

‘packed bed
reactor

reagents
(0.125 M)

heating
coat

syringe pump

Scheme 8. Use of the catalytic pair Nafion NR 50/23 in the catalytic aldol reaction in flow.

In 2012, and based on the abovementioned proline derivatives 16a-c, Pericas et al. developed 16g. The
introduction of a spacer was aimed at drawing the catalytically active species away from the polystyrene chain,
in an attempt to improve the mass transfer and accelerate the reaction. With this approach, a highly
enantioselective continuous flow aldol reaction could be implemented. The resin 16g turned out to be very
robust, as demonstrated by the fact that an experiment with p-nitrobenzaldehyde could be running for 45 h at
25 pL-min”.*? To further prove the versatility of this approach, the authors prepared four different analogues
in a sequential manner. This was done by simply feeding the system with a mixture of cyclohexanone and the
corresponding aldehyde for 8 h, then rinsing with solvent and feeding the next combination. As shown in
Scheme 9, the stereoselectivities recorded were very high, albeit the flow rates could not be higher than 25
pL-min™".
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Scheme 9. Polystyrene-supported 16g, with a longer linker, and its use in the catalytic aldol reaction.

More recently, the same group has published the preparation of 25, a pyrrolidine derivative functionalized at
Cs and C.,.**¥ The goal behind this was to switch the usual syn-selectivity obtained in the proline-catalyzed
Mannich reaction to the trans product, with a design based in the work of Barbas™ and Blanchet.*® The
versatility of the system was demonstrated with a series of flow experiments that employed four different
aldehydes and three ketones.*® In some cases, the catalytic resin 25 proved so robust that the flow process
was running for more than two days at flow rates of 0.2 mL-min™". Using only 500 mg of resin, the conversion
in this remarkably long experiment was 97%, with TONs approaching 300; overall, more than 68 mmol of anti-
18 could be produced in a single experiment. In addition, the combination of volatile reagents and solvents
allowed obtaining pure products after a simple evaporation of the outstream (Scheme 10).
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Scheme 10. Supported pyrrolidine 25 as a catalyst for the anti-selective Mannich reaction in flow.

Very recently, the same group has reported the three-component Mannich reaction with 26, a threonine
derivative anchored to polystyrene using a click strategy. In contrast to proline, primary amino acids are known
to give rise to the anti-Mannich product 27.""! The authors have shown two applications in continuous flow
(Scheme 11), as well as the generation of a small library of analogues, using 26.“® Remarkably, this time
preformation of the imine was not required so this can be considered as a three-component flow process.
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Scheme 11. Supported primary amino acid 26 as a catalyst for the anti-selective, three-component Mannich reaction.

3.2. Supported Diarylprolinol Derivatives

Diarylprolinol derivatives, developed at the same time by Jargensen* and Hayashi ™ constitute one of the
most versatile classes of aminocatalysts due to the fact that they excel in both the enamine and iminium ion
activation modes." Thus, it is not surprising that several groups have embarked in their immobilization onto a
solid support.®? However, despite these examples, applications of immobilized diarylprolinol derivatives in
continuous flow are scarce. The first one dates from 2011, when Pericas et al. reported a flow cascade
process® catalyzed by the trimethylsilyl protected diphenylprolinol derivative 28a,”"! anchored to polystyrene
employing the triazole strategy described above. The domino reaction was a Michael-Knoevenagel sequence
that took place between oxoglutarate 29 and a,p-unsaturated aldehydes,®™ giving rise to the cyclic
intermediate 30; upon reductive treatment with NaBH,, this provided the cyclohexane derivative 31 containing
four stereocenters (Scheme 12).
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29 R
N R o R OH
CO,M
R0 2lvle CO,Me
30 31

/ Ph
28a (R = TMS) &FPh
28b (R = TBS) H
Scheme 12. Michael-Knoevenagel cascade process catalyzed by 28a.

Feeding a mixture of the two reagents with benzoic acid (needed as a co-catalyst) at 0.12 mL-min” allowed
reaching conversions of 60-65% (Figure 7). However, the most remarkable fact is that these were maintained
during a 3-day flow process in which the stereoselectivity was also kept constant at excellent levels (97% ee).
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Figure 7. Set-up for the continuous flow asymmetric Michael-Knoevenagel sequence.

After this initial success with catalyst 28a, the same group reported the implementation of the organocatalytic
a-amination of aldehydes®™ in a continuous flow process.”” In this case, an unwanted side reaction was
observed between the catalyst and the aminating agent dibenzylazodicarboxylate (DBAD). In batch this was
solved by slow addition of the aldehyde, but this approach was not possible in flow. Thus, the authors were
forced to use an excess of aldehyde to ensure that the catalyst would be more prone to enamine formation
than to react with DBAD. Under these conditions, an experimental set-up with two independent pumps was
assembled to carry out the flow process as depicted in Scheme 13.
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Scheme 13. Enantioselective a-amination of aldehydes in flow.

The experiment was maintained for 8 h at a combined flow rate of 0.15 mL-min". The first 6 hours full
conversions were recorded and after that a small decrease was detected. As for the enantioselectivities, the
values were found to oscillate between 88-91% ee after initial stabilization. When the system was stopped
after 8 h the instant conversion was 87%, with 88% ee.

3.3. Polystyrene-Supported Peptides as Catalysts

Robert B. Merrifield received the Nobel prize in 1984 for his work on solid phase peptide synthesis (SPPS).®
Indeed, many of the strategies and applications shown above are based on the resins and the chemistry
developed to this end. Therefore, some authors have identified the intermediates used in SPPS (i.e. peptides
still linked to the resin) as valuable catalysts per se, without having to cleave them off the polymeric support.



The first ones to apply such a supported synthetic peptide in flow were Fulop and co-workers. Based on the
work of Wennemers et al. with peptidic immobilized organocatalysts,”® they chose the addition of aldehydes
to nitroalkenes’® as the benchmark reaction. Then, a systematic study of the different parameters that can
affect the performance of these peptidic catalysts in a flow apparatus was carried out.®™ For instance, they
tested different flow rates and they noticed an interesting trend: low flow rates were required for high
conversions, but the consequently long residence times entailed lower stereoselectivities. As they found out,
the catalyst was able to epimerize the final product, so they decided to work at 0.1 mL-min” as a compromise
that provided both good yields and stereoselectivities. In addition, they also studied the effect of pressure.
Interestingly, they observed a positive effect of high pressures (60 bar), after which they managed to
demonstrate that the reaction is under diffusion control. Under the optimized reaction conditions, catalyst 34
(H-D-Pro-Pro-Asp-NH-resin) was shown to promote the reaction with a number of aldehydes (Figure 8). The
corresponding Michael adducts 35 were generally obtained in good yields and excellent stereoselectivities.
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Flow rate: 0.1 mL-min!

Residence time: 7 min
RT, 60 bar 35
up to 98% yield
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Figure 8. Use of the polystyrene-supported peptide 34 as a catalyst for the continuous flow Michael addition of aldehydes to
nitroalkenes.

Shortly after, the same authors published a related study focused on the aldol reaction,’®® demonstrating that
the general trends identified in the previous example also applied in this case. However, catalyst screening
advised the use of a different immobilized peptide (36). Thus, pumping a solution of the aldehyde in acetone
(serving both as a pro-nucleophile and as the solvent) at 0.1 mL-min”, Fiildp et al. were able to generate
several aldol products in flow (Figure 9). As expected, aromatic aldehydes with electron-withdrawing groups
worked better, but moderate to good enantioselectivities were obtained in all cases (71-80% ee).
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36 (300 mg, = 0.27 mmol-g*") R
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Figure 9. Enantioselective aldol reaction between acetone and aromatic aldehydes catalyzed by peptide 36.

One year later, the group of Wennemers, well known for their studies with organocatalytic peptides,”® decided
to implement a continuous flow process with resin-bound peptide 37.°®! This catalyst was quite similar to 34



but, after a comparative study, it was shown that the introduction of a long and flexible linker succeeded in
separating the catalytically active unit from the polymer backbone. As a result the behavior of 37 was more
similar to its homogeneous counterpart, thus providing better reaction rates and improving the
stereoselectivities. Working at room temperature and with a flow rate of 0.23 mL-min™", the packed bed reactor
having 2.7 g of catalyst provided the desired product in excellent yields and enantioselectivities (Figure 10).
Remarkably, since all the components of the mixture were volatile except for 35 and nitrostyrene, simple
evaporation gave rise to a product with 95% chemical purity. A simple crystallization, allowed the isolation of
more than 20 g of chemically and optically pure 35. Moreover, 37 proved to be incredibly robust, since the
initial 2.7 g were used intensively. After an accumulated TON of ca. 400, the authors run a few parallel
reactivation tests and Et;N washings were identified as a very convenient way of restoring a catalytic activity
almost identical to the one observed for the freshly prepared 37.
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Figure 10. Michael reaction in flow catalyzed by peptide 37, bearing a longer linker than 34.

3.4. Solid-Supported MacMillan Imidazolidinone Catalysts

Recently, another secondary amine has joined the group of supported organocatalysts used in continuous
flow: no less than the first generation MacMillan catalyst. These imidazolidinones were first introduced in the
pioneering report that established the LUMO lowering effect of iminium ion formation as an extremely powerful
and versatile tool for enantioselective catalysis.® In an attempt to exploit their catalytic performance in flow,
the group of Benaglia and Puglisi has studied its immobilization onto a variety of supports. First, they tested
silica, preparing a ‘home-made HPLC column’ packed with 38a'®” (Figure 11) that allowed for a continuous
flow Diels-Alder reaction between cyclopentadiene and an o,p-unsaturated aldehyde. The system was stable
for long periods of time, but the slow catalytic turnover imposed very low flow rates. A similar report by the
same group has expanded this previous work by comparing different methods for the preparation of the silica-
based material, as well as different anchoring strategies to support the organocatalytic moiety®® (for instance,
38b, in Figure 11). Remarkably, the authors also demonstrated that the catalyst could be regenerated by
washing with HBF, in acetonitrile after the activity was found to decay.
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Figure 11. Immobilized MacMillan imidazolidinones 38.

Recently, this group has expanded the scope of supported MacMillan catalysts by evaluating the activity of a
set of monoliths decorated with chiral imidazolidinones. As mentioned above, monoliths®®” are one of the three
main classes of catalytic microreactors for supported species (together with packed bed and functionalized
inner wall). Their main advantages are the low swellability and the large surface area within the polymeric
matrix. With this goal in mind, Benaglia et al. prepared a MacMillan catalyst derivative following a click
strategy introduced by Pericas et al®® Then, it was co-polymerized with divinylbenzene in the presence of
dodecanol and toluene as porogenic agents, providing 38c as a monolith®®® (Figure 11). This was then tested
in the catalytic Diels-Alder reaction between cyclopentadiene and an «,p-unsaturated aldehyde.’®
Unfortunately, the reaction turned out to be rather slow, so the flow rates employed were ca. 2 yL-min™
(residence times > 12 h). These could be increased somewhat by changing the counterion of the catalytically
active species, which allowed to reach 18.8 uL-min”. However, despite the limitations imposed by these low
flow rates, the monoliths still hold good promise, since they proved stable for periods up to 300 h (Figure 12).
Moreover, they could be applied to other iminium ion mediated reactions.
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Figure 12. Polystyrene-based monolith 38c for enantioselective iminium ion activation in flow.

4. Solid-Supported Bronsted Acid Catalysts in Flow

Recent years have witnessed an increasing interest in the use of chiral Brensted acids to promote
enantioselective reactions by protonation of substrates with free electron pairs.”® For the purpose of this
review we will also include in this category species acting via H-bonding activation,”" given the fact that it is
not always easy to differentiate between these two situations.””? To date, very few reports involving the use of
solid-supported Bragnsted acids in continuous flow have been published. Despite the scarcity of examples,
these have shown great promise due to their extended lifespan when compared to aminocatalysts. This
observation is likely ascribable to their different mechanism of action. Whereas primary and secondary amines
require the formation of a covalent bond between the catalytically active species and the substrates, Brgnsted
acids rely solely on protonation. As a consequence, there are fewer pathways available for irreversible catalyst



deactivation in the form of an off-cycle reaction that leads to a dead-end. With Brgnsted acids, in the event of
such a loss of activity, simple acid-base treatment might be sufficient to regain the initial performance.

4.1. Polystyrene-Supported Bifunctional Squaramides

Squaramides are extremely good H-bond donors with very particular coordinating abilities. Thus, these exotic-
looking compounds were first studied in molecular recognition,” but lately they have attracted a lot of interest
in enantioselective catalysis."°*" Based on the groundbreaking work by Rawal,”“ the Pericas laboratory has
developed an immobilized version of the successful bifunctional squaramides. First applied in batch," the
polystyrene-based resin 39 allowed the implementation of a flow process involving the addition of
hydroxynaphthoguinone (40) to a series of nitroalkenes,”® as reported in homogeneous phase by Du and co-
workers.””! Given the high catalytic activity of 39, the authors set up a packed bed reactor filled with only 250
mg of the catalytic resin. Under these conditions, feeding a mixture of the reagents at 0.2 mL-min™", a flow
experiment spanning 22 h took place (Figure 13). Even though the conversion experimented a slow decay it
was still more than 60% at the end of the process. In turn, the enantioselectivity remained constant at 96% ee
regardless of this loss of catalytic activity, the cumulative TON reaching 214.
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Figure 13. Squaramide resin 39 in the continuous flow addition of 40 to nitroalkenes.

To further demonstrate the versatility of the system, the synthesis of a small library of analogues was carried
out in flow by (a) pumping a combination of substrates, (b) rinsing with solvent and (c) repeating the process
with a different combination of starting materials (Figure 14). This approach allows for the fast production of
libraries of enantiopure compounds with temporal separation, which can be seen as an alternative to
combinatorial methods. To this end, and especially for big libraries, it would be especially interesting to carry
out the automation™ of this method to prepare collections of compounds.



#1b 69%, 96% ee

prod. 5.4
Flow reactor: see Figure 13 Me 90%, 94% ee

prod. 5.9
Q 41d 92%, 96% ee

OH prod. 6.3

O™ e
93%, 96% ee
41 ’
o 40 a prod. 6.6

86%, 97% ee
4| ’
€ prod. 6.0

i S i a1f 88%, 96% ee
: prod. 5.9

Figure 14. Use of 39 in the preparation of a small library of compounds in flow.

More or less at the same time, the group of Sods reported the preparation of 42, a tether-free, supported
squaramide derived from a cinchona alkaloid. This catalyst was successfully applied in the continuous Michael
addition of 1,3-dicarbonyl compounds to nitrostyrene,”® which could be running for 17 h without loss of
catalytic activity (Figure 15). The two examples reported in flow gave rise to the corresponding Michael
adducts in very good yields and excellent enantioselectivities. Interestingly, these two examples were run in a
sequential manner so, as in the case shown in Figure 14, the authors mention process automation as a goal
to be pursued.
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Figure 15. Michael addition catalyzed by a tether-free supported squaramide.

4.2. Polystyrene-Supported Chiral Phosphoric Acids

Chiral phosphoric acids (PA) are probably the Brgnsted acid catalysts that have attracted more interest in the
last years.%°¢ Since the pioneering reports by Akiyama® and Terada®" in 2004, plenty of authors have
found countless applications for these extremely versatile species. Their mode of action has been recently
expanded with the so-called Asymmetric Counteranion-Directed Catalysis (ACDC), introduced by List in
2006.? Indeed, Rueping® and Blechert®! have prepared immobilized PA®® that have been used in batch,
showing that the system was amenable for multiple recycling. However, the features of those polymers did not



allow the study of the reaction under flow conditions. The use of soluble chiral PA in flow has also been
described,®® ° but the nature of the approach precluded the possibility of taking advantage of the presumed
catalyst robustness (see comparison in Figure 1).

To date, the only example of a solid-supported chiral PA used in flow has been reported by the Pericas
laboratory in 2014.%®! The preparation of 43 entailed a rather long route but the final species could be easily
purified by washing with acid, thus avoiding the adventitious formation of calcium or sodium phosphate salts.
These impurities, easily formed upon chromatographic purification of the PA, can be difficult to tell apart from
the protonated species.®” In some cases, the salts are as active as the acid, but in other situations they show
no catalytic activity.

The chiral PA 43 was applied to the Friedel-Crafts addition of indoles to N-tosylimines, based on a procedure
reported independently by You,®® Antilla® and Terada® in homogeneous phase. First, a continuous flow
experiment run at 0.2 mL-min™ was carried out for 6 h, in which the 360 mg of 43 showed no apparent
deactivation. In this time, 3.6 g of 44a could be obtained in 94% ee (Figure 16).

parameters
43 (0.36 g, f=0.25 mmol-g™")
Flow rate: 0.2 mL-min-!
Residence time: 9.3 min

NSO,R!
S
| R
Pz
(0.32 M)
R34 N
Ay
H Sequential Libra
(0.48 M) Preparation
44a-e
5 |
Long Experiment (5 examples)
442 1 h each
80-94 % yield
1= tol R2 = p-Me-
R tgé R " p-Me; 86-92% ee
6h Prod. 17.2-20.0
80% yield MMOlproq MMO g " +h!
94% ee R' = tol, Ph
Prod. 17.2 R2 = H, m-Me, p-Cl
MMOlprog"MMOl g T-h! R3=H, 5-Me

Figure 16. Chiral phosphoric acid 43 as a catalyst for the enantioselective Friedel-Crafts addition of indoles to N-sulfonylimines.

Then, a sequential experiment similar to the one described above was used to generate a small library of five
enantiopure analogues with three different points of diversity (Figure 16). Noteworthy, in the case of catalyst
deactivation, simply washing the resin with HCI in EtOAc restored the initial levels of activity. This strategy
allowed to carry out both the 6 h-run and the preparation of the library with the same 360 mg of 43.

Conclusions

The combination of heterogenized chiral organocatalysts and flow techniques holds great promise for the
sustainable production of enantioenriched compounds, with myriads of applications possible. However, and in
spite of the pioneering efforts presented herein, there is work to be done before this field is considered mature.



Probably the main limitation so far is the limited lifespan of most of the reported catalysts. Identifying the
reasons behind this deactivation is not an easy task in homogeneous conditions, let alone in solid-supported
species. However, rational design has allowed the preparation of more active and robust species and this
trend is expected to continue in the future. Perhaps the other main challenge for the players in this field is to
be able to integrate these systems in a complex set-up involving more than one step in flow, like several
authors have demonstrated for continuous processing in organic synthesis.*°? The pioneering effort of
Letcka also marked the path in this sense and those that will follow are sure to find application in industrial
processes!®® and preparation of active pharmaceutical ingredients.[g‘”
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these two fields is a perfect match in
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practices. In this review we will focus
on the use of immobilized
organocatalysts to promote
enantioselective processes in flow.
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