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In this present study, we describe the novel design, preparation
and evaluation of catalyst-impregnated stirrer beads for chemical
synthesis. Using a low-cost SLA 3D printer and freeware design
software, a high surface area holder for a magnetic stirrer bead
was developed and 3D printed containing p-toluenesulfonic acid.
The devices were used to efficiently catalyze Mannich reactions
in excellent yields and it was demonstrated that the devices can
be re-used up to 5-times with excellent reproducibility.

Although conceptualized almost 30 years ago, three-
dimensional (3D) printing has received growing attention due
to its innovative use across scientific disciplines." Expiration
of printer patents and reductions in the prices of 3D printers
have helped boost its applications in non-engineering
research. As such, rapid developments in 3D printing include
bioprinting for tissue growth,” the creating of microfluidic,’
and medical devices® as well as pharmaceutics® and bespoke
laboratory equipment have taken place.® All discoveries have
been underpinned by the inherent nature of 3D printing
which focuses on its ability to facilitate the iterative rapid
prototyping of designs at low cost. Synthetic chemistry has
benefited from 3D printing with the introduction of
customized reactors for organic and inorganic synthesis. The
ability to fabricate a reactor in a matter of hours, and easily
modify if necessary, offers synthetic chemists greater control
over optimization as well as the possibility for catalysis.”
Further benefits of 3D printing have come from increases in
sensing technology and sensors in particular, where in-line
analysis of reactions can readily be incorporated into
designed flow paths.® Due to the clear advantages and
potential of 3D printing, recent research in the group has
focused on the development of large bespoke molecular
model kits for chemistry,” low-cost devices for tissue slicing
and crystallography,'® the printing of models to aid in the
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visualization of infection in dental models'* and low-cost
bespoke polypropylene reactors for continuous flow chemistry
as well as a novel low-cost continuous flow system designed
to fit stirrer hotplates and a continuous flow electrochemistry
system."?

As a result of our developments in 3D printing and its
clear advantages, we decided to explore the potential of 3D
printing to improve the catalysis of batch reactions in
synthetic chemistry. We were particularly intrigued by the
concept of developing a 3D printed device containing an
impregnated catalyst, which could be simply removed from
the reaction once complete. This could then be easily washed
and reused for further reactions. This is clearly analogous to
that of the immobilization of homogeneous and
heterogeneous catalysts, which have provided clear benefits
for chemical synthesis, due to the ease with which they can
be removed from a flask postreaction. This in turn,
simplifies =~ subsequent isolation and  purification
procedures.”® The synthetic utility of organocatalysts,
particularly with respect to stereochemistry, has been
reported extensively and their translation to solid support
has already been described as well as reports of 3D printed
variants."

Despite their obvious potential, supported reagents have
only been selectively used in synthetic chemistry as they still

Fig. 1 Concept design of a catalytically active stirrer device. Left)
Pictographic of a traditional batch reaction. Right) Initial design of a
stirrer surrounding device.
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Scheme 1 Mannich reaction between benzaldehyde 1, aniline 2 and
acetone 3.
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Fig. 2 Resin formulation used to develop TsOH impregnated catalytic
devices.

Fig. 3 Initial cylindrical device used to catalyze the Mannich reaction
as proof of concept.

Table 1 Initial reaction using pTsOH impregnated stirrer

Entry Solvent Ketone” Yield [%)]
1 Water Acetone 81

2 Ethanol Cyclohexanone 51

% Reactions were carried out in ethanol at room temperature using
1.0 equivalents of aniline, 1.0 equivalents of benzaldehyde and 20
equivalents of ketone.

need to be weighed prior to their addition and use in
chemical reactions, thus reducing their practical utility. We
therefore sought to develop a new approach where the device
containing the catalyst would be integral to the reaction itself

(Fig. 1).
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Fig. 4 A) Stl file of the 3D printed stirrer device showing the central
compartment for the magnetic follower. B) Image showing the
difference between a normal magnetic follower and the 3D printed
device in a round bottom flask. C) Image showing the 3D printed
stirrer device. D) Image showing the turbulent mixing of the 3D printed
stirrer device.

As such, we decided to explore batch reactions and how
these could be catalyzed. One commonality across all batch
reactions, is that they are mixed internally, either via an
internal magnetic stirrer/follower or via externally powered
reactor paddles. As such, we wanted to explore whether the
stirrer/follower itself could be made to be catalytically active
via the incorporation of a catalytically active surround. This
would then enable facile catalysis of the reaction and provide
ready reusability of the device. The device would therefore
already form part of a normal synthetic reaction workflow
with the clear and obvious advantage of removing the step of
the weighing out and addition of a catalyst.

We envisaged that the device surrounding the stirrer/
follower could be designed using computer aided design
(CAD) software and printed using a 3D printer. Catalysts

Fig. 5 Printing of multiple copies on the same build plate.

This journal is © The Royal Society of Chemistry 2020
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Scheme 2 Mannich reaction between benzaldehyde 1, aniline 2 and
cyclohexanone 5 catalysed by a pTsOH impregnated 3D printed
device.

could be impregnated into the printed device in much the
same way as colors are incorporated into colored plastics.
Impregnating the input material of a 3D printer with a
catalyst would allow us to not only generate complex objects
but also provide facile control over the amount of catalyst in
the device and its subsequent reaction. This would allow for
incorporation of a range of catalysts which could be applied
to a wide array of synthetic chemistry. We elected to apply
this concept via stereolithography (SLA) printing, which
offered greater accuracy and reproducibility than the more
prevalent filament deposition modelling (FDM) printers and
more importantly, it would also be simpler to combine a
catalyst with a suitable photopolymerizable resin.

We now report on the results of our initial studies to
develop catalytic devices for synthetic batch chemistry
following our initial disclosure.'” We decided to first develop
a device with para-toluene sulfonic acid (pTsOH) as catalyst
for our initial investigations into this area of research as it
has found widespread use in synthetic chemistry and would
provide ready proof of principle of catalysis. In order to
explore the initial efficacy of our pTsOH impregnated devices,
it was decided to explore their utility in the Mannich reaction
of benzaldehyde 1, aniline 2 and acetone 3 to give the
addition product 4. The Mannich reaction has been widely
reported in the literature with a plethora of catalysts, which
facilitate efficient as well as diastereo- and stereoselective
syntheses of the a-amino ketones.'® Solid supported pTsOH
has previously been used in the Mannich reaction as well as
impregnated into 3D printed cuvettes to catalyse the
Mannich reaction and would therefore provide ready proof of
principle of our device (Scheme 1).”

Given the proprietary nature of photopolymerizable resins
typically used with commercial SLA printers, we developed
our own resin formulation for use with the Formlabs Form
1+ 3D printer. A resin was required that would harden at the
same rate as the commercial acrylate resin that would also
well provide reasonable chemical resistance. Adapting a
known formulation,'® bisphenol A ethoxylate diacrylate 5
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Scheme 3 Mannich reaction between a range of ketones 14, anilines
15 and aldehydes 16.

(50%) was selected as the bifunctional oligomer and
isobornyl acrylate 6 (33%) as monomer to aid solvation of the
organocatalyst. Trimethylolpropane triacrylate 7 (15%) was
used as crosslinker and diphenyl(2,4,6-trimethylbenzoyl)-
phosphine oxide 8 as photoinitiator (2%) and pTSOH 9 as
catalyst (5%) (Fig. 2).

With a suitable resin formulation thus prepared, the
efficacy was explored using a stirrer housed within solidified
resin impregnated with 5% pTsOH. In a simple experiment,
an ordinary magnetic stirrer/follower was placed inside a
disposable syringe (5 mL), 0.8 mL of resin added and the
mixture polymerized by exposure to ambient light. The solid
cylindrical device obtained after removal of the syringe was
then used to stir the Mannich reaction between benzaldehyde
1, aniline 2 and acetone 3 in water at room temperature, the
results of which are shown (Fig. 3 and Table 1).

Pleasingly on completion of the reaction, the Mannich
addition product was obtained in an excellent 81% yield,
clearly demonstrating the potential of this approach. The
reaction was also repeated in ethanol as solvent and
cyclohexanone as the ketone as there was some degradation
of the stirrer device in the water/acetone solvent mixture,
which was attributed to the anticipated destructive swelling
of acetone with 3D printed resins.”® The addition product
from the reaction between cyclohexanone, aniline and
benzaldehyde was again obtained in a good albeit slightly
reduced yield (51%, Table 1, entry 2), which again clearly
demonstrated the potential of the stirrer device to catalyse
the Mannich reaction.

As the proof of concept had proven successful, attention
turned towards the 3D printing of the stirrer device to
catalyze the Mannich reaction. Cognizant of the fact that
polymer supported reactions have a large surface area to
promote reaction, we set about investigating alternative
designs to our initial concept to increase the surface area/
throughput over the device. Inspired by a commercially
available overhead stirrer,’® we designed a small stirrer bead/
follower holder with a high surface area that would also
create turbulence when rotating, resulting in a high flow of
reaction mixture over the surface of the stirrer. The web-

Table 2 Reactions carried out using pTsOH 3D printed stirrer and 3D printed blank controls

Entry Stirrer Added pTsOH” Yield [%]
1 Blank 3D printed stirrer — 18
2 Blank 3D printed stirrer 10 mol% 88
3 5% pTsOH impregnated 3D printed stirrer — 91

“ Reactions were carried out in ethanol at room temperature for 5 hours.

This journal is © The Royal Society of Chemistry 2020
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Table 3 Results of the Mannich reaction between a range of ketones 14, anilines 15 and aldehydes 16

Entry Ketone R'---R> Amine [R?] Aldehyde [R"] Product Time [h] Yield [%] dr syn/anti
1 ~(CH,)s- Ph Ph 6 5 91 33:67
2 ~(CH,)s- ph 4-NO,CeH, 18 5 89 36:64
3 ~(CH,);- Ph 4-MeOCgH, 19 5 71 31:69
4 ~(CH,)s- Ph 4-FCeH, 20 5 85 32:68
5 ~(CH,)s. ph 4-CIC4H, 21 5 70 40:60
6 —(CH,)s- 4-FCcH, Ph 22 5 84 29:71
7 ~(CH,)s- 4-CF,CeH, Ph 23 5 60 53:47
8 ~(CH,)s- 4-CF50CeH, Ph 24 5 87 53:47
9 ~(CH,)s- 4-CICH, Ph 25 5 72 38:62
10 ~(CH,)s- 4-CF50CeH, 4-NO,CeH, 26 5 91 52:48
11 CH, Ph Ph Ph 27 24 52 N/A
12 CH, CH, ph ph 4 3 65 N/A

All reactions were carried out at room temperature in ethanol using a 1.5:1:1 ratio of ketone : amine : aldehyde.

based CAD freeware program Tinkercad was used to create
an .stl (surface tessellation language) file for the device,
which contains a central holder for a magnetic follower. It
was designed with vertical columns and horizontal gaps to
increase fluid turbidity in the reaction once it is rotating,
which results in a high throughput over the device surface.
The stirrer device was printed in the pTsOH resin using the
Formlabs Form1+ SLA printer and a small magnetic follower
secured inside and the design is shown (Fig. 4).

Once designed, the stirrer device was printed using the
pre-prepared 5% containing pTsOH resin using a Formlabs
Form1+ SLA printer with the stirrers printed directly on the
build plate using no supports and a small magnetic follower
was secured inside post printing (Fig. 5). Multiple copies of
the stirrer were printed on the same build plate at 100-
micron accuracy to provide sufficient quantities for
subsequent reactions.

Following printing of the pTsOH containing large surface
area 3D printed device, they were washed with IPA to remove

Fig. 6 Scanning electron microscope image of the surface of the 3D
printed pTsOH impregnated device showing the solid surface striation
lines of 3D printing.

856 | React. Chem. Eng., 2020, 5, 853-858

excess resin and air dried prior to curing for a further 24
hours in ambient light. Their efficacy in catalyzing the
Mannich reaction between cyclohexanone, aniline and
benzaldehyde was explored by the reactions being carried out
with 1.5 equivalents of cyclohexanone and 1 equivalent of
both aniline 2 and benzaldehyde 1 and control reactions were
carried out in conjunction with the initial experiment as
shown (Scheme 2 and Table 2).

When the 3D printed stirrer was used in the Mannich
reaction with cyclohexanone 5, the reaction was complete
in 5 hours and gave the product in an excellent 91% yield
as a 33:67 diastereomeric ratio (syn/anti). The background
reaction using a stirrer also gave the product in a reduced
yield of 18%. Use of free added pTsOH also gave good
yield of the product in 5 hours albeit in a slightly lower
yield. With the promising results thus obtained, we next
carried out a range of reactions to try to understand the
scope of the pTsOH impregnated stirrer to catalyse the
Mannich reaction between a range of ketones, aldehydes
and anilines and the results are shown (Scheme 3,
Table 3).

As can be seen in Table 3, all of the reactions carried out
with the 5% pTsOH impregnated stirrer devices gave good to
excellent yields of the Mannich addition products. Following
the reaction, the stirrer device was simply removed from the
reaction and washed with a little ethanol allowing facile
removal of the device from the reaction clearly demonstrating
the potential of this approach. In the case of the reaction
with acetone (Table 3, entry 12) the reaction was complete
after 3 hours and gave good yield of the addition product
(65%). In the case of acetophenone (entry 11, Table 3), the
Mannich reaction proved slower and was therefore left for 24
hours until all the starting material had been consumed
giving the addition product in 52% yield. Electron donating
and electron withdrawing groups were well tolerated on the
aniline and the aldehyde, giving good yields for all reactions.

Following successful demonstration of the 3D printed
catalytic stirrer device to generate Mannich adducts in good
yield, attention turned towards investigations as to whether
they could be used for sequential reactions. We were

This journal is © The Royal Society of Chemistry 2020
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Table 4 Repeated use of a 3D printed stirrer bead in the Mannich
reaction

100 91
86 81 82 84
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M Yield

intrigued as to the nature of the printed stirrer containing
pTsOH and whether pTsOH was being released from the
printed object during the reaction or whether the reaction
occurred on the acidic surface. As can be seen from the SEM
image, the printed device is characterized by a contiguous
surface and the printing striation layers can clearly be seen
(Fig. 6). We estimated that there is approximately 0.065 g of
catalyst per device, with up to 8% of this total mass of
catalyst available for reaction (ESI{).””

We reasoned that were pTsOH simply released from the
device in the reaction, then subsequent reactions with the
same device would lead to rapid reductions in yield as the
printed surface lost pTsOH. Whereas, if the reaction occurs
on the surface, then there should be little or no reduction in
yield. As such, a stirrer bead containing pTsOH was printed
and wused for five subsequent reactions between
cyclohexanone 5, aniline 2 and benzaldehyde 1 and the
results are shown in the following table (Table 4).

Following the reactions shown above, it can be seen that
there is a small reduction in yield between the first and
second use of the 3D printed stirrer device but that it can be
then used for a further 3 times with little loss of yield and as
such, can be successfully used for a series of reactions.
Whilst it appears there is a small amount of surface loss of
pTsOH as evidenced from the reduction in yield from entry
one to two, subsequent reactions show a stabilization in yield
indicating that the reaction occurs on the surface of the
reactor bead and is not simply a case of pTsOH leaching into
the reaction. As such, it demonstrates the potential of these
3D printed devices to be used for multiple reactions.

Conclusions

In summary, we have developed a novel 3D printed stirrer
bead holder with an impregnated organocatalyst that can be
used in organic synthesis. The successful application of this
stirrer to the synthetically useful Mannich reaction illustrates
the utility of our approach. This, together with the reusability
of the stirrer and operational simplicity, offers synthetic
chemists the practical benefits of solid supported synthesis
combined with the adaptability of 3D printing and fits within

This journal is © The Royal Society of Chemistry 2020
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the traditional synthetic chemistry workflow. Further reaction
exploration, catalyst scope and mechanistic insights will be
reported in due course.
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