Pickering emulsion droplets and solid microspheres acting

synergistically for continuous-flow cascade reactions

names and address needed
.... B.P. Binks"

bDepartment of Chemistry, University of Hull, Hull. HU6 7RX. UK

*Corresponding author: hqyang@sxu.edu.cn

Submitted to:  Nature Catalysis on ?.3.23

Contains Supplementary Information

Copyright © 2024, The Author(s), under exclusive licence to Springer Nature Limited.

This version of the article has been accepted for publication, after peer review (when applicable) and is
subject to Springer Nature’s AM terms of use, but is not the Version of Record and does not reflect post-
acceptance improvements, or any corrections. The Version of Record is available online at: https://
doi.org/10.1038/s41929-024-01110-x


mailto:hqyang@sxu.edu.cn

Abstract

Efficient integration of multiple incompatible reactions in one reaction system is of paramount
significance for green synthetic chemistry. However, this goal is extremely challenging to achieve
especially under industrially preferred continuous-flow conditions. Herein, we develop a
conceptually novel method, by co-packing micron-sized Pickering emulsion droplets (PEDs) and
solid microspheres (SMs) in one column reactor. The PEDs and SMs co-packed system can not only
provide the favorite microenvironments for each incompatible catalyst but also enable them to work
synergistically through directional transfer of reaction intermediates from SMs to PEDs. The success
of the concept is based on a phenomenon found here, namely coexistence of droplets and solid
microspheres without droplet disruption even under flow and high pressure due to specific
interactions. As proof of concept, two chemo-enzymatic cascade reactions for continuous synthesis
of chiral cyanohydrins and chiral esters were examined, which both exhibited 7 to 77-fold enhanced
cascade reaction efficiency (in comparison to the batch and continuous-flow counterparts), 99%
enantioselectivity and long-term operational stability (240 h). Our method would significantly widen
the concept of conventional fixed-bed catalysis, providing an efficient platform for continuous-flow

cascade catalysis even involving incompatible homogeneous, heterogeneous and biological catalysts.



Introduction

Cascading of multiple catalytic reactions in one reaction system is of significance for green synthetic
chemistry owing to several appealing advantages such as avoidance of separation of the intermediate
and generation of beneficial thermodynamic/kinetic coupling effects'”. However, realization of
efficient cascade catalysis is very challenging because of the difficulty in exquisite integration of
multiple catalysts together ensuring spatiotemporal coupling®. More challenging is the efficient
integration of categorically different heterogeneous, homogeneous and biological catalysts in
industrially desired continuous-flow fashion since homogeneous or biological catalysts often require
a special liquid phase medium®!2, Although various methods have been explored to construct
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continuous-flow cascade catalysis, such as physical mixing of two or more catalyst types'>'*, multi-

1516 or two-stage reactions linked in series in fixed-bed reactors!'”

layering of different catalyst types
19 these systems are largely limited to conventional heterogeneous catalytic systems and are not
adaptable to those cascade systems involving homogenous and biological catalysts’.

The key to the realization of an efficient integration of homogenous or biological catalysts with
heterogeneous ones is to create their own liquid microenvironments, ensuring that the different

catalysts can work efficiently and cooperatively in continuous-flow systems®2*

. Recently, we
developed Pickering emulsion droplet-based continuous-flow reaction systems, in which micron-
sized droplets harboring homogeneous catalysts or enzymes were packed in a column reactor in the
same way as solid particle catalysts pack in fixed-bed reactors?*?¢. Due to the high stability to
coalescence of Pickering emulsion droplets, the continuous-flow systems work efficiently with

reactants continuously fed into the reactor and products collected from the reactor, while the

homogeneous catalysts or enzymes are retained in the fixed-bed reactor as a result of the



confinement of droplets. We and others have demonstrated that this droplet-based continuous-flow
system could provide a vast opportunity to continuous utilization of homogeneous and biological

catalysts?*3¢

, owing to several critical merits including a high flexibility in choosing liquids to
prepare Pickering emulsion droplets, good capability of the droplets to confine homogeneous or
biological catalysts and excellent ability in controlling reactions at a nanometer-to-micrometer
scale’'7. We hypothesize that if we are able to co-pack Pickering emulsion droplets (PEDs) and
solid microspheres (SMs) in a column reactor and further enable them to work cooperatively,
efficient cascading of homogeneous, heterogeneous and biological systems for continuous-flow
reactions would be possible.

Figure 1a schematically presents our concept of a novel continuous-flow cascade system, which
is constructed by co-packing ionic liquid (IL) droplet-based PEDs and SMs in oil in a column reactor.
This concept is based on a phenomenon found concerning the significant enhancement in the
stability of PEDs in the presence of SMs because of their mutual interactions. Due to the presence of
different micro-compartmentalized environments and the nanoscale distances between PEDs and
SMs, our system allows for integration of incompatible homogeneous catalysts, enzymes and
heterogeneous catalysts and can work synergistically for cascade reactions. We showcase use of our
concept to conduct two chemo-enzymatic cascade continuous-flow reactions for the synthesis of
chiral cyanohydrins and chiral esters, obtaining 7 to 77-fold enhancement in the cascade efficiency,

99% enantiomeric excess as well as good durability not achievable with existing methods. The

mechanism of how PEDs and SMs work synergistically is proposed.
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Fig. 1 | Illustration of PEDs and SMs co-packed in bed reactor and coexistence of PEDs and
SMs. a Schematic illustration of the concept. b Optical micrograph of an IL-in-oil Pickering
emulsion. ¢ CLSM image of PEDs with the emulsifier dyed by FITC-I. d SEM image of SMs. e
Magnified SEM of a SM showing the interior structure. f Optical micrograph of a mixture of PEDs
and SMs. g CLSM image of FITC-I-labelled SMs. h CLSM image of PEDs with IL dyed by RBITC.
i CLSM image of a mixture of RBITC-labelled PEDs and FITC-I-labelled SMs. All Pickering
emulsions are composed of 2 mL IL, 1 mL n-octane and 0.06 g silica particle emulsifier.

Results

Enhanced stability of Pickering emulsion droplets in the presence of solid microspheres. An
ionic liquid (IL) was chosen here to prepare Pickering emulsion droplets because ILs can be
molecularly designed to not only allow dissolution/dispersion of homogeneous catalysts or
biocatalysts but in some cases enrich organics from surroundings®®. Since most reactants are oil-

soluble, IL-based droplets in oil were fabricated through emulsification of a biphasic mixture of



[BMIM]PFs and n-octane in the presence of silica nanoparticles modified with
dimethyldichlorosilane (transmission electron microscopy (TEM), N2 sorption isotherms, Fourier
transform infrared (FTIR) spectroscopy, thermogravimetric analysis (TGA) and air—water contact
angle are included in Supplementary Figures 1 and 2). Figure 1b displays an optical micrograph of
the as-prepared droplets, which present spherical morphology with average diameters of 46 + 10 pm.
Location of the particles of emulsifier at the surface of droplets was confirmed by confocal laser
scanning microscopy (CLSM, Figure lc, the emulsifier particles were labeled with fluorescein
isothiocyanate I FITC-I and the methods were provided in Supplementary Methods 3). This
irreversible adsorption of solid particles at the IL-oil interface leads to their extreme stability thus
rendering them resistant to coalescence. Porous silica microspheres (SMs) synthesized according to
our previous method were chosen as particles for loading catalysts, whose sizes are close to the
droplet sizes (Supplementary method 3)*°. As the scanning electron microscopy (SEM) image shows
(Figure 1d), the SMs assume a spherical morphology with a particle diameter distribution centered at
48 + 10 pm. There are numerous uniform small spheres of ca. 900 nm and some voids inside SMs.
The specific surface area and average pore size of the SMs are as high as 590 m?> g'! and 7 nm,
respectively (Figure le and Supplementary Figure 3). Such a structure is expected to enhance
molecular transport®®. Using PEDs and SMs of micron-size dimensions to pack fixed-bed is expected
to favor reactants passing through the column reactor with low pressure drop*’, which is essential for
practical applications.

Next, we investigated the possibility of coexistence of PEDs with SMs in one system under
flow and pressured conditions. Due to the propensity of liquid spreading at solid surfaces and the
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interfacial instability of emulsion droplets™ ", it is difficult to realize the coexistence of emulsion



droplets with solid particles even under static conditions. For example, Supplementary Figure 4
presents a scenario of adding SMs to a surfactant-stabilized emulsion. Droplets were observed to
break up after mixing. Surprisingly, in the case of Pickering emulsion droplets, the droplets were
observed to retain their initial spherical morphology (Figure 1f). Even after standing for 48 h, the
droplets were still stable without any change in morphology. This phenomenon was also observed in
a fluorescence-labeling experiment (Figures 1g-1). Both PEDs and SMs remain discrete without any
droplet disruption or aggregation (Figure 1i). To evaluate the stability of the mixed system under
simulated industrial conditions, we set up a fixed-bed system by packing PEDs and SMs
homogeneously in a column reactor (v/v = 1:1), allowing an oil phase to continuously pass through
the reactor under pressure (54 mL h!, 1.3 MPa). To our delight, even after 48 h of continuous-flow,
the droplets in the co-packed system remained intact retaining their spherical morphology well
(Supplementary Figure 5). In contrast, for the neat Pickering emulsion droplet-based system (in the
absence of SMs), the droplets broke up when the applied pressure was above 0.5 MPa
(Supplementary Figure 6). These results demonstrate the mechanical robustness of the co-packed
system to withstand the flowing liquid under pressurized conditions and also indicates that the

presence of SMs is helpful in stabilizing PEDs.
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Fig. 2 | Investigation of the interactions between liquid droplets and solid microspheres. a Air-
water contact angles of SMs modified with different amounts of n-octyltrimethoxysilane and optical
micrographs of mixtures of PEDs and SMs of different hydrophobicity. b Schematic illustration
showing the state of mixing of IL droplets with hydrophilic or hydrophobic SMs. ¢ Optical
micrographs of mixtures of PEDs with different volume fractions of SMs (with respect to the total
volume of mixture, details in Supplementary Figure 10): c1, without SMs; c2, 20%; ¢3, 33%; c4, 50%;
cs, 67%. d Droplet size distribution of mixed systems ci-cs before and after heating to 120 °C for 20

h. e Schematic illustration of the “isolation” mechanism: Upper-without SMs, lower-with
hydrophobic SMs.
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Origin of the enhanced stability of PEDs in the presence of SMs. We found that the stability of



PEDs in our co-packed system is related to the surface wettability of the SMs. The surface
wettability of SMs was finely tuned through surface modification with different doses of n-
octyltrimethoxysilane (from 0.2 to 3 mmol g'). Unmodified SMs are quite hydrophilic since the air-
water contact angle is only 33°. After modification, the contact angle of SMs gradually increased
from 54 ° to 121° (Figure 2a) depending on the amount of n-octyltrimethoxysilane used (EDS
mapping and FTIR spectrum of octyl-modified SMs are provided in Supplementary Figure 7). When
the air-water contact angle was less than 70°, the droplets immediately broke up upon contact with
SMs (Figure 2a). In cases where the contact angle is in the range of 70°-100°, the droplets began to
coexist with SMs in the continuous-flow system although the uniform spherical morphology
deformed to some extent. However, when the contact angle is above 100°, a stable co-packed system
was established and the morphology of droplets was well maintained in the mixed system. These
results show that SMs possessing hydrophilic surfaces tend to disturb the interface of PEDs, whereas
more hydrophobic SMs do not (compared to the aforementioned neat Pickering emulsion system).
This phenomenon can be explained in terms of the interfacial energies £ of the mixed system (Figure
2b and Supplementary Figure 8). In the case of the IL drop partially engulfing a SM, the surface area
of the IL-oil interface S1 within PEDs, the contact area S2 between PEDs and SMs and the contact

area S; between oil and SMs can be written as follows**:

S, = 2nR?*(1 — cos ay) (1)
S, = 2nr?(1 — cos a;) (2)
Sy =2nr?(1 + cosay) (3)

where R is the droplet radius in PEDs, r is the radius of SMs and a1 and o2 are the central angles. The

total interfacial energy £ can be written as:



E = S81¥1-0 + S2ViL-sms + S3¥sms—o 4)
where yiL-o, yiL-sMs and ysmso denote the interfacial tensions at the IL-oil, IL-SMs and SMs-oil
interfaces, respectively. In order to facilitate calculation, we do not take into account the impact of
the movement of SMs on the curvature of PEDs. I don’t understand this-explain Thus, R = r and a2 =
m-o1. Substituting equations (1-3) into (4), we obtain

E = ATtR*Y |, _sus (5)

I could not obtain eq.(5) from (1)-(4)??

Obviously, the decrease in the water contact angle of SMs will also lead to a decrease in the
interfacial tension yis this is not necessarily true as contact angle is determined by the balance of 3
interfacial tensions . Therefore, lower interfacial energies are gained when the interface of PEDs is
occupied by SMs. Consequently, hydrophilic SMs tend to migrate into the IL phase and are reluctant
to reside at the IL-oil interface or in the oil phase, inducing droplet disruption. The explanation is in
good agreement with our experimental observations (Supplementary Figures 8 and 9). As the
hydrophobicity of SMs increases, they begin to migrate to the IL—oil interface and then reside at the
interfaces of the droplets and finally SMs prefer to disperse in the oil phase. this is true in the
absence of silica nanoparticles but not in their presence (as they are already in oil in the first place)

I am not clear what this paragraph is meant to be showing: there are some incorrect statements also.

The role played by SMs in the co-packed system was further confirmed by the dependence of
the stability of the co-packed system on the volume fraction of SMs. To accelerate the evaluation, the
co-packed systems were heated to 120 °C. The Pickering emulsion in the absence of SMs was
completely demulsified after 20 h (Figure 2c and Supplementary Figure 10). However, when the
volume fraction of SMs was 30%, the co-packed system became stable without noticeable droplet
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coalescence (Figure 2c). This is also true for the case where the volume fraction was raised up to 50%
and 67%. Comparison of the corresponding size distributions of droplets before and after the thermal
treatment reveals that with an increase in the volume fraction of SMs, the change in droplet size
became less pronounced after thermal treatment (Figure 2d). An “isolation” mechanism is proposed
here to explain this phenomenon. The fusion of droplets with their neighbors is the main reason for
demulsification, which is accelerated at high temperature®®. When these droplets are isolated or
surrounded by neighboring SMs, three-dimensional rigid networks were formed. This physical
obstruction enables the droplets to be spatially separated thereby reducing the possibility of them
being in contact (Figure 2¢)*’. At the same time, the three-dimensional rigid network with SMs as
rigid pillars can withstand the applied pressure coming from the mobile phase still unclear-explain
which accounts for the aforementioned observation that the co-packed system is more mechanically

robust than the neat Pickering emulsion droplet-packed system. The sufficient robustness is crucial

for the establishment of continuous-flow reaction systems.

Continuous-flow cascade reaction. (S, S)-{(salen)Ti-(u-O)}2 (Ti(Salen), molecular complex) and
Candida Antarctica lipase B ( CALB) were chosen as two representative catalysts for the cascade
synthesis of chiral O-acylated cyanohydrin, an important pesticide and drug intermediate®*. As
Figure 3a shows, Ti(Salen) is used to catalyze the first step in this cascade reaction, namely
asymmetric addition of acetyl cyanide to aldehydes yielding chiral O-acylated cyanohydrins.
Ti(Salen) has good catalytic activity but offers a relatively low enantioselectivity towards the
targeted enantiomer***°. It was reported that addition of CALB into the Ti(Salen)-containing system
could improve the enantioselectivity through hydrolyzing a unwanted enantiomer of O-acylated
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cyanohydrin back to the starting reactant*. After multiple cycles, the starting reactants could be
completely converted to the desired enantiomer. This ideal cascade design, however, was
experimentally discounted due to the incompatibility between Ti(Salen) and CALB*. This
incompatibility led to a requirement of stepwise addition of CALB and taking as long as 144 h to

obtain a satisfactory enantioselectivity.
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Fig. 3 | Chemo-enzymatic cascade synthesis of cyanohydrin. a Cascade reaction using Ti(Salen)
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and CALB as catalysts. b Conversion and e.e. with time in batch and flow systems. by Batch reaction
using Ti(Salen) and CALB as catalysts. Reaction condition: 1.4 mL [BMIM]PF¢, 2 mL PEG-300
(assists in dissolution of water in IL which is a reactant), 0.6 mL PBS (pH = 7.4, 0.05 M), 0.2 mL
CALB (8.0 mg ml™! of protein), 80 mg Ti(Salen), 30 mg 4-dimethylaminopyridine (DMAP, as co-
catalyst), 2 mL n-octane containing benzaldehyde (0.05M) and acetyl cyanide (0.2M), 25 °C, 900
rpm. b2 Flow reaction in the Ti(Salen)-CALB@PEDs packed system. Ti(Salen)-CALB@PEDs
consist of 1.4 mL [BMIM]PF¢, 2 mL PEG-300, 0.6 mL PBS (pH = 7.4, 0.05 M), 0.2 mL CALB, 80
mg Ti(Salen), 30 mg DMAP, 2 mL n-octane, 0.2 g emulsifier. bz Flow reaction in the CALB@PEDs
and Ti(Salen)/SMs co-packed system. CALB@PEDs consist of 0.7 mL [BMIM]PFs, 1 mL PEG-300,
0.3 mL PBS (pH = 7.4, 0.05 M), 0.2 mL CALB, 1 mL n-octane, 0.1 g emulsifier then mixed with 0.3
g Ti(Salen)/SMs (containing 80 mg Ti(Salen) and 30 mg DMAP). Flow reaction conditions:
Benzaldehyde (0.05 M) and acetyl cyanide (0.2 M) in n-octane as mobile phase, 25 °C, flow rate = 1
mL h!. ¢ Catalysis efficiency in the batch and flow reactions. d Specific activity of CALB in
different systems. For batch reaction, CE and specific activity were calculated according to the
conversion within the first 6 h; for the flow reactions, CE was calculated after the conversion leveled
off. e, f Different substrates for Ti(Salen)-CALB cascade flow reactions. Reaction conditions:
Dosages of CALB@PEDs and Ti(Salen)/SMs in e, g and h are the same as by but are twice as high
in f, i and j. Aldehyde (0.05 M) and acetyl cyanide (0.2 M) in n-octane as mobile phase, 25 °C. Flow
rate:e 1 t0 0.8 mLh™!, f1.0t0 0.5mLh',g1.0t0 0.5mLh',h0.8to 0.3 mL h' i0.8t0 0.3 mLh’,
j0.5t00.2mL hl.

still too many graphs in this figure

Ti(Salen) was supported on the pore walls of SMs with a aid of strong interactions between

titanium in Ti(Salen) and silanol groups on the surface of SMs?%47

, generating a solid microsphere
catalyst Ti(Salen)/SMs (400 mg g of Ti(Salen)). CALB was dissolved within the IL-based PEDs,
yielding CALB-containing droplets named as CALB@PEDs (0.73 mg mL"! of protein).
Homogenous distribution of Ti(Salen) or CALB throughout the whole body of the SMs or PEDs was
achieved, evidenced by the presence of homogeneous green fluorescent (from the intrinsic
fluorescence of Ti(Salen)) or red fluorescent signals (from RBITC labeled CALB) respectively
(Supplementary Figures 11a and b). The co-packed system with Ti(Salen)/SMs and CALB@PEDs
exhibited good ability to confine CALB or immobilize Ti(Salen) since there is no catalyst crosstalk

between SMs and PEDs after mixing and even after standing for 48 h, confirmed by fluorescent

observations (Supplementary Figures 11c and 12).
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Before examining the continuous-flow system, we carried out a set of batch and continuous-
flow reactions for comparison. For the batch reactions, a traditional biphasic reaction in the presence
of both Ti(Salen) and CALB was examined. After 10 h, the benzaldehyde conversion was only 3.7%
(Figure 3bi1), although 99% e.e. of O-acylated cyanohydrin was obtained. This batch reaction was
translated to a continuous-flow reaction, i.e. Pickering emulsion droplet-packed system, in which
Ti(Salen) and CALB were co-confined within the same droplet how was this achieved? this needs
stating clearly. An 8.5% conversion was achieved after steady-state was established (Figure 3b2).
The low cascade efficiency was caused by the intrinsic incompatibility of Ti(Salen) and CALB?%4,
Encouragingly, in our co-packed continuous-flow system, the benzaldehyde conversion at steady-
state was increased up to 81% and the e.e. for O-acylated cyanohydrin was 99% (Figure 3bs).
According to these results, we estimated the catalytic efficiency CE (defined as moles of converted
reactant per mole of Ti per h, i.e. mol mol™! h™!, Figure 3c) based on Ti and the activity of CALB
(expressed as pmol of substrate converted per min per mg enzyme, ie. U mg ', Figure 3d),
respectively. The co-packed system gave a CE of 0.69 mol mol™' h™!. This value is about 7.6 times
higher than that of Ti(Salen) and CALB co-confined in the same droplets in the flow system (b2: 0.09
mol mol™! h™!) and 76.8 times higher than that of the direct mixing of Ti(Salen) and CALB in the
conventional biphasic batch system (bi: 0.009 mol mol ! h™!'). Meanwhile, the activity of CALB in
the co-packed continuous-flow system was 0.27 U mg’!, exhibiting 7.5 and 67.8-fold enhancement
relative to system b2 and b1 respectively (Figure 3d). These results emphasize the significant benefits
of our co-packed system.

Next, we checked various aldehydes including benzaldehyde, 4-chlorobenzaldehyde,
furfuraldehyde, octanaldehyde, hexaldehyde and cis-4-heptenal (Figure 3e-j). For all of the
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investigated substrates, the substrate conversions increased to more than 75% and then leveled off
after reaching steady-state. For benzaldehyde, 4-chlorobenzaldehyde and furfuraldehyde (Figure 3e-
g), as high as 77-92% conversions were obtained and their e.e. of chiral product was always larger
than 99%. After continuous operation lasting up to 100 h, no significant decrease in their overall
conversions or e.e. was observed. For long-chain aldehydes such as octanaldehyde, hexaldehyde and
cis-4-heptenal, we prolonged the running time to 240 h; the e.e. of chiral products were still > 99%
and the conversions were always maintained between 79% and 95% (Figure 3h-j). The SMs and
PEDs were still well preserved in terms of both their size and morphology after 240 h of continuous-
flow reaction (Supplementary Figure 13). Inductively coupled plasma-mass spectrometry (ICP-MS)
showed that ca. 95% of Ti was retained in the fixed-bed reactor after 48 h of flow reaction, while the
retention of CALB was determined to be greater than 99% (Supplementary methods 4). Such a high
stability may be ascribed to the confinement effects of the IL-based PEDs and SMs towards the

metal complex and enzyme, respectively.
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Directional reaction intermediate transportation from SMs to PEDs. The superior cascade
efficiency encouraged us to investigate the working principles underlying our co-packed system. To
this end, a set of co-packed systems were constructed by varying the location of Ti(Salen) and CALB
in/on PEDs or SMs, including four cascade pairs: Ti(Salen)/PEDs + CALB@PEDs (Ti(Salen) and
CALB are both dissolved or dispersed within the different droplets), Ti(Salen)/SMs + CALB/SMs
(Ti(Salen) and CALB are both supported on different SMs), Ti(Salen)/PEDs + CALB/SMs and
Ti(Salen)/SMs + CALB@PEDs. The Ti(Salen)/PED + CALB@PED co-packed system after steady-
state offered a benzaldehyde conversion of 17.8 in 98% e.e. (Supplementary Figure 14a). The
benzaldehyde conversion was seen to increase up to 41% for the Ti(Salen)/SMs + CALB/SMs co-
packed system but the e.e. was only 21.5% (Supplementary Figure 14b). The Ti(Salen)@PED +
CALB/SM co-packed system offered a conversion of 24.2% and an e.e. of 24.3% (Supplementary
Figure 14c). Remarkably, the Ti(Salen)/SM + CALB@PED co-packed system offered an 81%
conversion and an e.e. of 99% (Figue 3b3). On the basis of the conversions and e.e., the CEs for these
four systems in terms of Ti were calculated to be 0.13, 0.19, 0.12 and 0.69 mol mol ! h™! (Figure 4a).
Meanwhile, the specific activity of CALB was estimated to be 0.05, 0.03, 0.02 and 0.27 U mg'!
(Figure 4b). Apparently, despite fixing the Ti(Salen) or CALB dosages in these systems, the catalytic
efficiency obtained in the Ti(Salen)/SM and CALB@PED co-packed system is outstanding among
these four systems.

In view of the substantial difference in the catalytic efficiency, we speculate that there exists a
directional reaction intermediate transfer from SMs to PEDs in our co-packed system. To validate
this hypothesis, the fluorescent probe reagent rhodamine B was used to track molecular transport
between SMs and PEDs. Prior to this tracking, we tested the permeability of these two individual
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microreactors, SMs and PEDs, which is a pre-requisite for molecular transfer between them. As
Supplementary Figure 15 displays, once IL-based PEDs in oil were brought into contact with an
ethanolic solution of rhodamine B, the fluorescent molecules quickly diffused into the interior of
PEDs within 10 s and the fluorescence intensity in the center was observed to gradually level off
after 20 s. This observation indicates that the IL-based PEDs are highly permeable towards exterior
molecules. Similar to IL-based PEDs, SMs also exhibited a good permeability (Supplementary
Figure 16). After confirming the good permeability of the two individual microreactors, rhodamine B
was initially loaded onto SMs with which PEDs in oil were then brought into contact. Interestingly,
the red fluorescent probe molecules passed through the oil phase between SMs and PEDs and rapidly
diffused into droplets within 10 s, mirrored by the presence of a red fluorescent pattern within the
droplets (Figure 4c). The fluorescence intensity in the center of SMs was observed to gradually
decrease as it increased within the interior of the PEDs with time (Figure 4c). After 60 s, the
fluorescence intensity for the droplet was equal to that for the SMs. In contrast, the rate of molecular
transport from PEDs to SMs was relatively slow. About 100 s was taken to reach fluorescence
intensity levelling off (twice as long for SMs to PEDs; Supplementary Figure 17a). Notably, more
than 120 s was taken for the transport of fluorescent molecules from PEDs to PEDs while almost no
transport occurred for the SMs-SMs system (Supplementary Figures 17b and c). These results
strongly suggest that the fluorescent molecules can transport between SMs and PEDs, and the
transport rate was the fastest in the case of molecular transport from SMs to PEDs. This is because
the ionic liquid has a capability to enrich organics from the surroundings with a lower affinity to
organic molecules®. Such a directional molecular transport is in part responsible for the high

catalysis efficiency of our co-packed system.



The above interesting results prompt us to investigate the impact of the ratio of SMs to PEDs
and their sizes on the cascade reaction. Two sets of co-packed systems with different volume ratios
of SMs to PEDs were examined (their sizes are equal, see Supplementary Figure 18). It was found
that the conversions, e.e. and even the specific activity of enzyme were dependent on the ratio. In the
first set of experiments, the volume fraction of Ti(Salen)/SMs was varied from 10 to 30, 50 and 60%
(with respect to total volume of the co-packed system; the local concentration of Ti(Salen) was fixed)
while keeping the amount of CALB@PEDs constant. The benzaldehyde conversion at steady-state
increased from 21.6 to 44.5, 81.2 and 83.1% (Figure 4d and Supplementary Figure 19), which is
understandable in that the amount of Ti(Salen) increases. However, the e.e. of the product increased
from 29.9 to 99, 99 and 99% and the corresponding activity of the enzyme was also changed from
0.04 to 0.26, 0.48 and 0.49 U mg ' although its amount was kept constant. The increased local
intermediate concentration arising from more Ti(Salen) available is beneficial in accelerating the
second step of the reaction. Similarly, in the second set of experiments, the volume fraction of
CALB@PEDs was varied from 20 to 33, 50 and 67% (the local concentration of enzyme was fixed)
while keeping the amount of Ti(Salen)/SMs constant. The e.e. of the product increased from 12.2 to
39.9, 99 and 99% (Figure 4e and Supplementary Figure 20) despite the fact that the enzyme activity
first increased and then decreased. Interestingly again, the benzaldehyde conversion at steady-state
also increased from 75 to 77, 81.1 and 92% although the amount of Ti(Salen) was not altered this
time. It is likely that more enzyme in the system accelerates the consumption of the intermediate,
shifting the equilibrium of the first step of the cascade reaction. These findings point out the fact that
the fraction of SMs or PEDs significantly affects the kinetics of each step of the cascade reaction
besides the overall reaction, even though one of them is not varied in the dosage. This synergism is
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realized though timely transfer of the intermediate from SMs to PEDs.

At the same time, the sizes of PEDs and SMs were found to impact the catalytic efficiency. As
Figure 4f shows, PEDs with different diameters were co-packed with SMs of correspondingly similar
sizes (15, 36, 61, 83 um in diameter; Supplementary Figure 21) while the amounts of Ti(Salen) and
CALB were both fixed. It is interesting to find that when the droplet diameter increased, both the
benzaldehyde conversion and the e.e. of the product at steady-state first increased and then decreased
(Supplementary Figure 22). The corresponding CE was calculated to be 0.6, 1.23, 1.05 and 0.54 mol
mol ! h™!, displaying a maximum for droplets of 36 um in diameter (Figure 4f). The size-dependent
effect can be attributed to the correlation between the microreactor size and the utilization efficiency
of catalysts®>?%, When the microreactors are too big, the amount of catalyst within the droplets is in
excess and a portion of them are idle leading to a low catalytic efficiency. On the contrary, if the
microreactor is too small, the amount of catalyst within the individual microreactors is insufficient
and the reaction is accordingly incomplete. The reactant or intermediate molecules need to travel to
the neighboring microreactor to locate catalysts. The additional diffusion pathway results in lowering
of the catalytic efficiency. These results illustrate that our co-packed system is customizable to some
extent through alternation of the numbers and sizes of PED and SM microreactors, thereby providing

a potential bottom-up approach to control macroscopic cascade reactions.
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Fig. 5 | Cascade catalytic synthesis of chiral esters using [BSO;HMim|HSO4 and CALB as
catalysts. a Cascade reaction. b Conversion and e.e. with time in batch and flow systems. by Batch
reaction using [BSOsHMim]HSO4 and CALB as catalysts. Reaction condition: 4 mL [BMIM]BF4,
0.025 g [BHSOsMIM]HSO4, 0.03 mL CALB (8.0 mg mL ™! of protein), 2 mL n-octane containing 1-
phenylethanol (0.05 M) and vinyl acetate (0.2 M), 45 °C, 600 rpm. b, Flow reaction in



[BSOsHMim]HSO4-CALB@PEDs packed system. The [BSOsHMim]HSO4-CALB@PEDs consists
of 4 mL [BMim]BF4, 0.025 g [BSOsHMim]HSO4, 0.03 mL CALB, 2 mL n-octane and 0.12 g silica
emulsifier. bs Flow reaction in the [BSOsHMim]HSO4@PEDs and CALB/SMs co-packed system.
The [BSOsHMim]HSO4@PEDs consists of 2 mL [BMim]BF4, 0.025 g [BSOsHMim]HSO4, 0.03 mL
CALB, 1 mL n-octane and 0.06 g silica emulsifier then mixed with 0.3 g CALB/SMs (54 mg g™ of
protein). Flow reaction conditions: Alcohol (0.05 M) and vinyl acetate (0.2 M) in n-octane as mobile
phase, 45 °C, flow rate = 1 mL h™. ¢ Specific activity of CALB in batch and flow systems. The
specific activity of CALB was calculated according to the conversion within the first 2 h for the
batch reactions and after the conversion leveled off for the flow reactions. d-g Substrate scope
extension. Reaction conditions: The dosages of [BSOsHMim]HSO4@PEDs and Ti(Salen)/SMs in d
and g are the same as b3, while they are twice in e and f. Alcohol (0.05 M) and vinyl acetate (0.2 M)
in n-octane as mobile phase, 45 °C. Flow rate: d 1 to 0.5 mL h™', ¢ 0.8 to 0.6 mL h™!, £ 0.8 to 0.4 mL
h',g0.8t00.5mL h.

Cascade reaction extension. We further applied the co-packed protocol to another chemo-
enzymatic cascade reaction consisting of two steps: CALB-promoted dynamic kinetic resolution of
racemic l-phenylethanol and acid-catalyzed racemization of 1-phenylethanol (an IL
[BSOsHMim]HSO4 was used as catalyst) does it dissolve in the main IL? not answered! in sequence
(Figure 5a)**°. The main challenge for this cascade reaction is the incompatibility between acid
catalyst and enzyme*®. For instance, in a batch reaction where [BSOsHMim]HSO4 and CALB were
directly mixed in water? not answered!, the conversion of 1-phenylethanol was only 2% after 6 h
(Figure 5bi). When this batch system was translated to the continuous-flow system where the
[BSOsHMim]HSOs and CALB were dissolved within the same Pickering emulsion droplets, still
only 14.5% conversion was obtained after reaching a steady-state (Figure 5bz). Interestingly, when
utilizing the co-packed system with [BSOsHMim]HSOs@PEDs and CALB/SMs, the conversion of
I-phenylethanol at steady-state rapidly rose up to 99% and the e.e. of the ester was as high as 99%
(Figure 5bs). The specific activity of CALB in the latter was calculated to be 0.033 U mg !, which is
6.7 times higher than that for the co-localization of [BSO3sHMim]HSO4 and CALB within the same
droplet in the continuous-flow system and 47.1 times higher than that of direct mixing of
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[BSOsHMim]HSO4 and CALB (Figure 5¢) in batch. Notably, after further prolonging the running
time to 120 h, ca. 88-99% conversion of 1-phenylethanol and 99% e.e. of the chiral ester was still
maintained (Figure 5d). In comparison to the reported systems, our co-packed system works more
efficiently in terms of enzyme (2.5 times) in addition to the simple work-up*®*’. Moreover, for other
racemic compounds such as 1-indanol, 1-(4-methoxyphenyl)ethanol and 4-methyl-2-pentanol, 75-88%
conversions and > 99% of e.e. of chiral esters were obtained over 120-200 h (Figure 5e-g). These

results further confirm the broad applicability of our co-packed system.

Conclusions

In conclusion, we have successfully developed a conceptually novel continuous-flow cascade
catalytic system based on co-packing of Pickering emulsion droplets and solid microspheres. We
find that the stability of Pickering emulsion droplets is enhanced by the presence of sold
microspheres under flow and pressured conditions. The underpinning principle is found to be the
surface interactions between solid microspheres and emulsion droplets, which is governed by the
wettability of the former. In two independent chemo-enzymatic cascade reactions involving the
catalysts Ti(Salen)+CALB and acid+CALB, the droplet and solid microsphere co-packed system
was shown to work very efficiently for continuous-flow synthesis of chiral O-acylated cyanohydrins
and chiral 1-phenylethanol acetate, highlighted by maintaining 99% e.e. over 100-240 h.
Impressively, the reaction efficiency of the co-packed continuous-flow system was improved
between 7 and 77-fold relative to the batch and flow systems. Moreover, the overall cascade
efficiency can be easily tuned by altering both the number ratio of Pickering emulsion droplets to
solid microspheres as well as the droplet size. Impressively, crucial to the high CE may be the

directional transport of reaction intermediates from SM to PED microreactors, which is unattainable
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in the existing systems. Being operationally simple and adaptable, our co-packed system provides an
unprecedented platform for cascade reactions involving homogeneous catalysts, heterogeneous

catalysts and enzymes.

Methods

preparation of Pickering emulsion is not here or in Supp. Info.

it must include why PEG-300 is added!

General procedures for the preparation of droplet and solid microsphere co-packed reaction
systems. A given volume of IL-in-oil Pickering emulsion was uniformly mixed with a given volume
of solid microspheres of comparable size. The obtained mixture was then gently filled into a glass
column reactor as the fixed phase, thus forming a droplet and solid microsphere co-packed
continuous-flow system. The inner diameter of the column was 2 cm and it was equipped with a sand
filter (pore diameter 4.5-9 um) and a valve at the bottom. If needed, the column was wrapped with a
thermo-jacket for heating. The continuous oil phase was continuously pumped into the column from
the top, and the downstream was collected from the outlet of the column. The flow rate was tuned
through a piston pump (LC-01P, Jiangshen Technology Co., China) and also determined based on

the volume of the collected liquid per unit time.

Chemo-enzymatic cascade synthesis of chiral O-acylated cyanohydrins in PED and SM co-
packed bed reactors. A mixture of 0.7 mL [BMIM]PFs, 1.0 mL PEG-300, 0.3 mL H:20, 0.01 g
NaxHPO4, 0.2 mL CALB, 4 mL of n-octane and 0.066 g silica emulsifier was stirred at 8000 rpm for
2 min, generating an IL-in-oil Pickering emulsion. This obtained Pickering emulsion was mixed with
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0.3 g Ti(Salen)/SMs. The resultant mixture was gently loaded into a glass column reactor (inner

diameter of 2 cm) with a sand filter (pore diameter 4.5—9 pum) placed at the bottom of the column. A

solution of aldehydes (0.05 M) and acetyl cyanide (0.2 M) in n-octane as mobile phase was pumped

at a given flow rate and was allowed to pass through the column reactor whose temperature was kept

at 25 °C. The outflow of the column reactor was sampled for GC analysis (equipped with a chiral

column) at regular intervals and the product was further confirmed with GC-MS.
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