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3D printed materials can be readily modified to create bespoke
structures that incorporate a range of catalysts at the point of
printing. In this present study we report on the design and 3D
printing of tetrakis (triphenylphosphine) palladium (0)
impregnated 3D printed stirrer devices that were used to catalyze
a Suzuki-Miyaura reaction between biaryl compounds in a batch-
based approach. It was shown that the 3D printed devices
themselves are stable to solvent, reusable, easy to use, air-stable,
give access to an array of biaryl compounds in excellent yields
and lead to low levels of palladium loss into the reaction. Simple
modification of the device's design by size reduction, meant that
they could also be used to reduce the time of the Suzuki-Miyaura
reaction by microwave enhanced heating. At the end of the
reaction, devices can simply be removed from the flask, washed
and reused, analogous to stirrer bead workflows. This makes the
overall process of setting up multiple reactions simpler by
obviating the need to weigh out catalysts for reactions and the
device, once used, can be simply removed from the reaction
media at the end of the reaction.

The palladium catalyzed Suzuki-Miyaura cross coupling
reaction between an aryl halide and a boronic acid is perhaps
one of the most widely used reactions in medicinal chemistry,
as it provides ready access to arrays of substituted biaryl
compounds.'™ As a result of its utility, there have been a
plethora of studies into both the optimization of palladium
catalysts and improvements in their associated ligands.””
However, despite the advantages of various catalysts and their
low loadings, the high cost and toxicity of palladium
necessitates the extensive purification of the biaryl
compounds themselves and recovery of the catalyst and
associated ligands.® To overcome these challenges, various

UCL School of Pharmacy, 29-39 Brunswick Square, London WCIN 1AX, UK.

E-mail: s.hilton@ucl.ac.uk

t Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d2re00218c

752 | React. Chem. Eng., 2023, 8, 752-757

groups have sought to embed palladium catalysts onto solid
support for easy removal and recovery of the catalyst from the
reaction. Solid supports investigated for palladium catalyzed
Suzuki-Miyaura reactions have included carbon,” silica® and
polymer-based systems,” with the latter encompassing
encapsulated metal catalysts.'®

One novel area of solid supported catalysts which has
recently gained growing attention has been the use of 3D
printing to develop catalytic devices, as these can be readily
used to produce objects with unique shapes and sizes with
facile control over geometries."' The use of 3D printing
within chemistry has recently been reviewed and recent
research shows the potential of catalytic devices that can be
prepared using either fused deposition modelling (FDM),
extrusion, selective laser sintering (SLS) or stereolithography
(SLA) based 3D printing.""* As part of our research into the
potential applications of 3D printing in synthetic
chemistry,"*™*® we first introduced the concept of 3D printed
catalytically active stirrer devices in 2017 and more recently,
showed that those containing pTsOH can be used in the acid-
catalysis of the Mannich reaction to synthesize products in
good yield and that the devices themselves, could be readily
reused.’¥'”'® In this approach, normal magnetic stirrers are
placed within a 3D printed outer housing containing a
catalyst. The outer 3D printed structure is designed to
enhance the mixing of the reaction and hence achieve a
higher throughput over the surface of the device (ESL} Fig.
S5). The concept of using 3D printed stirrer devices to
catalyze reactions has several advantages over traditional
batch chemistry work-flows. The catalyst no longer has to be
weighed before the reaction, making multiple reaction set-
ups much easier, as the “catalytic stirrer” can simply be
added to the reaction vessel as per most normal chemistry
workflows (Fig. 1).

This avoids addition of the stirrer bead, the weighing out
of catalyst and addition to the reaction. At the end of the
reaction, the device (and embedded catalyst) can simply be
removed from the reaction, making work-up and purification

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 Illustration of the concept of 3D printed catalytically active
stirrers, against traditional batch catalysis (left) and the 3D printed
variant (middle) and their clear utility when used in carousel format
(right).

of the reaction much simpler (Fig. 1)."® Herein, we now
report on the extension of this concept to incorporate a metal
complex, tetrakis(triphenylphosphine)palladium (0), and an
evaluation of their use as catalytic devices in the Suzuki-
Miyaura reaction in both batch and microwave mediated
reactions.

To demonstrate the utility of 3D printing, we wanted to
design stirring devices that could be used in a parallel
synthesis apparatus. Our approach involved modification of
our original design so that it could be used in both round
bottomed flasks and in a Radleys carousel multi-tube
reactor,’® where reactions could be conducted in multiple
test tubes, with stirring taking place at the edge of the stirrer
hot plate. As well as changing external dimensions of the
stirring device, we needed to use a rare earth magnetic flea
to ensure efficient stirring due to the weaker magnetic force
observed at the edge of the stirrer hotplate. The stirrer used
for microwave reactions was simply scaled down to an
appropriate size to fit the reaction vessel. The designs and 3D
Printed devices are shown (Fig. 2).

In order to improve the utility of our 3D printed
catalytically active stirring devices we believed it important to
assess the solvent resistance of our SLA printed materials in
order to determine the amount of catalyst that was
potentially available for reaction. The poorer the solvent
resistance of the device, the greater the release of catalyst
throughout the course of the reaction as the printed object
swells, releasing catalyst. Previous reports in the literature
have shown that SLA printed devices display poor solvent
resistance and it was regarded as one of the key limitations
of this technology and its application to organic chemistry.'*
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Fig. 2 Designed carousel (left) and microwave (middle) devices and
their final 3D printed congeners (right).
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Whilst investigating the application of SLA 3D printing in a
different research area, we serendipitously discovered that 3D
printed objects prepared from poly(ethylene glycol) diacrylate
(PEGDA) showed excellent solvent resistance (ESIT) and
therefore the devices were printed using this acrylate as the
resin  monomer. Tetrakis (triphenylphosphine)palladium(0)
was chosen as a catalyst for this study due to its relative
simplicity and widespread use in the catalysis of biaryl
couplings. While it was not postulated what the exact ligand
environment the palladium would be in after printing, it was
decided for expediency to proceed due to its ready solubility
in the PEGDA. The initial loading of Pd(PPh;), was 0.5% w/w
(mass of catalyst to PEGDA), as higher loadings resulted in
premature polymerization of the diacrylate (Fig. 3).

We attempted to explore the Suzuki-Miyaura reaction with
a range of aryl halides and aryl boronic acids using our Pd
impregnated stirring device under standard conditions,
where the reactions were heated at 65 °C for 18 hours for all
substrates (Table 1). The reaction was straightforward to work
up as the stirrer device could be easily removed from the
reaction, washed and dried. Isolated yields were excellent for
the biaryl coupling of the aryl iodide substrates however the
aryl bromides only gave moderate yields of the biaryl
products (Table 1, Entries 16-20).

We attributed the lower yields with the bromo compounds
to their reduced reactivity and to the fact that there is simply
a very low loading of accessible palladium catalyst at the
surface of the stirrer device. The stirrers possess a surface
area of 1266 mm? and a volume of 646 mm?, giving a surface
area/volume ratio of 2.0 mm™'. However, the catalyst itself is
distributed evenly throughout the device, meaning that only
the catalyst near the surface is available for reaction. As such,
we estimate that only 10% of the actual catalyst is available
for reaction for the carousel stirrer devices (ESIt). In light of
this, we envisaged that the use of microwave heating (120 °C
versus 65 °C) would improve yields when using less reactive
substrates. It was calculated that the microwave stirrer device
contains less Pd(PPh;), catalyst (9 mg) per device than the
related carousel congener (48 mg) but due to its greater
surface area/volume ratio (4.7 mm™), it contains a greater
estimated proportion of palladium in the first 100 microns
depth of its surface (20%) (ESIT). As such, we elected to
explore the reaction of a range of less reactive substrates (aryl
bromides and heteroaryl halides) in the Suzuki-Miyaura
reaction to assess our stirrer devices (Table 2).

From the reactions, it can be seen that the use of Biotage
microwave heating gave good yields of the biaryl product in

Fig. 3 3D printed carousel stirrer devices containing 0.5% w/w
Pd(PPhs)s.
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Table 1 Suzuki-Miyaura couplings using ‘carousel’ Pd impregnated stirrers
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Table 2 Suzuki-Miyaura couplings using microwave Pd impregnated stirrers

30P PA(PPho)s
PR Y ~
N on T g (0.5% wiw) N
R'_O/ o O N Na,COs (2.0 €q) R
EtOH-H,0 (2/1)
65°C,18h

Entry  Boronic acid Halide Yield (%)

1 R'=H X=1 97
R”=COCHj;

2 R'=4-Cl X=1I 85
R”=COCHj;

3 R'=4-OCH; X=1I 98
R" = COCH;

4 R'=3-OCH; X=1I 93
R"” = COCH;

5 R’'=4-CF; X=1 96
R” = COCH;

6 R'=2-OCH; X=1I 60
R”=COCH;

7 R'=4-F X=1I 99
R”=COCH;

8 R'=4-NO, X=1 94
R”=COCH;

9 R'=H X=1 99
R" = OCH,

10 R'=4-Cl X=1 94
R"=OCH;

11 R'=3-OCH; X=1I 87
R" = OCH,

12 R'=4-NO, X=I 30
R”=OCH;

13 R'=4-OCH; X=I 97
R"=NO,

14 R'=H X=1 73
R"=NO,

15 R'=4-F X=1 81
R”=NO,

16 R'=H X =Br 76
R"=COCH;

17 R'=4-F X =Br 56
R"=COCH;

18 R'=4-Cl X =Br 47
R"=COCH;

19 R=3-OCH; X=Br 69
R"=COCH;

20 R’ =4-CF; X =Br 58
R"=COCH,
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3DP Pd(PPh)s
microwave stirrer
oH (0.5% wiw)

R"
A
B. p XN L &t
R oK [ J'R" NaxCO; (20eq) NS
~ 24 EtOH-H,0 (2/1) RT/

MW 120 °C

Entry Boronic acid Aryl halide Time (min) Yield (%)

1 R'=H X=1 30 99
R"=4-COCHj3
Y =CH

2 R'=H X =Br 40 99
R"=4-COCH3
Y =CH

3 R'=4-F X=1 60 93
R"=4-COCHj3
Y=CH

4 R'=4-Cl X=1 60 97
R"=4-COCHj3
Y =CH

9 R'=4-NO> X=1 40 83
R"=4-OMe
Y =CH

6 Ré=iH. X=Br 120 33
R"=H
Y=N

7  R=H X=1 20 69
R"=H
Y=N

8 R'=4-OCHs X= 20 69
"—H
Y=N

9  R=4F  X-=I 20 73
R"=H

10 R'=3-OCHs X= 20 77
R"=H
Y=N

reduced reaction times when compared to their carousel
counterparts with their individual optimized heating times
shown. Simple addition of the reactants to a microwave vial
containing a Pd(PPh;), impregnated stirrer device and
heating it at 120 °C for 20-120 minutes gave good yields of
all products. Of note is the improved yield of the biaryl
products from the corresponding aryl bromides when
compared to that of the carousel-based reactions. In

This journal is © The Royal Society of Chemistry 2023
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addition, the use of heteroaryl halides also gave good yields
of products (33-77%) with the Pd(PPh;), impregnated
microwave stirrer devices with both aryl iodides and
bromides.

In order to improve the yields of the products from the
heteroaryl halides we elected to increase the loading of
Pd(PPh;), in the devices. When the loading was increased
from 0.5% to 0.85% w/w, the reactions of both iodo- and
bromopyridine afforded the biaryl products in higher yields
and in reduced reaction times. The coupling of two
ortho-substituted coupling partners was also successful with
higher loading and at a slight higher temperature of 130 °C.
Attempts to improve the yield of the reaction, by increasing
the amount of Pd(PPh;), above 0.85% w/w led to undesired
polymerization of PEGDA (Table 3).

The reusability of the stirrer devices was also investigated
and it was shown that they can be used for up to 5 times with
no loss of yield in the reaction between phenylboronic acid
and 4-iodoacetophenone. The carousel device from the first
reaction was washed, dried and used in the same Suzuki-
Miyaura reaction using the same substrate and reaction
molarities, giving the product in analogous yield across all
reactions, clearly highlighting the potential of these devices.

Table 3 Suzuki-Miyaura heterocycle couplings using microwave Pd
impregnated stirrers

3DP Pd(PPhs)s

R
microwave stirrer % A
o
(0.85% wiw) LN LY
Na,COj3 (2.0 eq) ”\z/

EtOH-H,0 (2/1)
MW 130 °C

OH
-
Z/T on * | g
R—% 2
\Z/ Y

Entry Boronic acid Aryl halide Time (min) Yield (%)
1 R'=H X=1 20 82
Z=CH R"=H
Y=N
2 R'=H X=Br 20 43
Z=CH R"=H
Y=N
3 R'=H X=1 60 14
Z=N R"”=4-COCHs3
Y=CH
4 R'=H X=1 20 74
Z=CH R"=2-Me
Y=CH
5 R'=H X=Br 20 39
Z=CH R"=2-Me
Y =CH
6 R'=2-OMe X=Br 20 25
Z=CH R"=2-Me
Y =CH

This journal is © The Royal Society of Chemistry 2023
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Table 4 Reusability of carousel Pd(PPhsz), impregnated stirrers in the

reaction between phenylboronic acid and 4-iodoacetophenone over 18
hours

Use 1st 2nd 3rd 4th 5th

Yield (%) 97 99 99 99 97

Noteworthy is the fact that the final printed devices
containing tetrakis(triphenylphosphine)palladium(0) showed
no discoloration even after 2 years at room temperature and
exposure to air. Indeed, their continued reactivity was clearly
demonstrated in repeat reactions where comparable yields of
product were obtained when compared to freshly printed
devices (Table 4).

This result, despite its promise, was somewhat surprising
as the devices themselves had wundergone significant
discoloration after coupling (ESIf), presumably as a result of
decomposition and formation of elemental palladium
species. In order to fully explore the reusability of the stirrer
devices, we elected to follow a poorer yielding reaction to
better understand the reaction progress during multiple uses
of the stirrer bead. The repeated reactions were monitored by
HPLC to shed some light on the mechanism of action
(Fig. 4).

Unsurprisingly the 1st reaction was the fastest to go to
completion, with the 2nd use of the stirrer device reaching
full conversion the slowest. Interestingly the 3rd use was
quicker than the 2nd (after a lag period) which suggests that
either: more catalyst is becoming available due to
degradation of the stirrer and release of catalyst; or a more
active form of palladium is present. When the stirrer was
washed with dichloromethane prior to the 4th run, an
increase in rate of reaction and no lag period was observed,
suggesting that more palladium is being uncovered by partial
degradation of the stirrer surface. Finally, a series of

OMe O

o 3DP Pd(PPhj),
OMe QH 'Carousel' stirrer
@B\OH . Q*w, ®
|

Na,COj3 (2.0 eq)
EtOH-H,0 (2/1)

65 °C

120

80

60 —e—Ist use (78%)

Conversion

—o—2nd use (84%)
—o—3rd use (91%)

4th use (88%)
—e—5th use (89%)

40

20 —e—Removed after 30 min, new (83%)
—e—Removed after 90 min, used (once) (76%)

—e—Removed after 30 min, 'washed' stirrer (62%)

0 60 120 180 240 300 360 420
Time (minutes)

Fig. 4 Reaction progress with reused stirrers.
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Table 5 Palladium leaching from stirrer devices into reaction media®

% Leaching from stirrer

1st use 2nd use
Carousel” 0.8 0.15
Microwave® 10.9 0.34

“ Determined by ICP-OES. ? EtOH-H,O (2/1), 65 °C, 12 h. ¢ EtOH-
H,0 (2/1), 120 °C, 30 min.

experiments were conducted to investigate if the catalyst
released into the reaction solution from the stirrer was
responsible for the catalytic activity or if surface catalysis was
dominant. When the stirrer (unused) was removed after 30
minutes, the reaction reached the same conversion in a
similar time. When the experiment was carried out using a
used stirrer, the difference in reaction progress was more
pronounced.

To try to understand how much palladium was being lost
to the reaction, we carried out an analysis of palladium
leaching from the reaction. Pleasingly only 0.8% of the total
amount of the palladium catalyst was lost from the carousel
device. For a second use of the device, only 0.15% of
palladium was lost from the device, clearly tracking the
slower reaction profile in the reusability tests. This indicates
that whilst some catalyst is lost from the surface of the device
following the first use, the integral structure of the device is
maintained, meaning that there is a lower amount of catalyst
available in the second use of the device and hence results in
lower leaching in the second use. Whilst the amount of
catalyst lost from the microwave device was higher at 10.9%,
this still represents less than 1 mg of catalyst released into
the reaction as the loading of catalyst is very low in the
microwave-based device. We attribute this increased loss of
palladium in the microwave stirrers to the increased
temperatures used in the reaction (Table 5).

In addition to the relatively low leaching of palladium as
detected by ICP-OES, HPLC analysis of the crude reaction
mixture also showed reduced levels of impurities in the crude
reaction mixture when compared to the use of solution based
“free” catalyst, further adding weight to the clear utility of
these devices for the catalysis of reactions (ESIt).

Conclusions

In summary, we have demonstrated that our concept of using
3D Printed stirrer devices containing catalysts can be
extended to include metal-based catalysts such as palladium
and that they can be employed in the widely used Suzuki-
Miyaura reaction. In addition, the reactions are simple to set
up as they avoid the tedious weighing out of catalyst prior to
reaction and are also easier to purify as the catalytic device
can simply be removed from the reaction medium. The
devices themselves are also air stable and can be used after
at least two years, meaning that they are of wide utility.
Further investigation as to the exact nature of the catalyst

756 | React. Chem. Eng., 2023, 8, 752-757
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and the ranges of catalysts that can be incorporated into the
stirrer devices will be reported in due course.
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