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The traditional reaction screening method means testing reagents such as bases, ligands, and catalysts
using trial-and-error approaches, which is tedious, and fewer reagents can be evaluated. However, by
developing a method that can be used to dispense solid chemical reagents at a nanomole scale for high-
throughput reaction screening (HTS), a combination of multiple reagents can be screened rapidly until
optimal reagents can be identified. As a proof of principle, a solid dispensing method developed using silica
(SiO,) as an inert carrier of reagents was utilised to screen four bases and twelve ligands for the copper-
catalysed oxidative esterification of benzaldehyde and the oxidation reaction of styrene. Using high-
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throughput screening together with the developed solid dispensing method, about 96 reactions of
copper-catalysed oxidative esterification of benzaldehyde with ethyl bromide and benzyl bromide were
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1. Introduction

Several interrelated variables, such as stoichiometry, reaction
time, temperature, solvent, and concentration, must be
investigated before even the simplest reactions can be
performed. Each of the variables can impact the outcome of a
chemical reaction differently. For instance, an oxidation
reaction must consider the choice and amount of oxidant,
catalyst, and other reaction components. A chemist can only
screen a limited number of reaction conditions when
performing reactions for a certain period, especially via
sequential  conventional (traditional) approaches. In
sequential conventional approaches, one variable is screened
while other variables are fixed (kept constant), which ignores
critical interactions between variables of interest."

In addition, conventional methods are considered time-
consuming, costly, and tedious due to the lack of automation
for designing screening sets and reactions on a miniature
scale and the limitation of advanced intermediates available
to  synthesise targeted materials.  High-throughput
experimentation (HTE) is increasingly used across the
academic and pharmaceutical industries to solve these
challenges.”

High-throughput experimentation uses advanced tools
and techniques to execute and analyse multiple (large
number) reactions simultaneously using less effort per
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screened, and one reaction of oxidation of styrene until an optimal combination of reagents was found.

experiment than the sequential conventional methods.> HTE
aims to develop optimal conditions for specific chemical
reactions when employed rapidly. Using HTE, (i) existing
chemical reactions can be rapidly improved, (ii) there could
be discoveries of new chemicals and methods that can
remain unexplored due to the use of limited sequential
traditional methods and lack of development, and (iii) new
reaction parameters can be developed.®”

The available advanced technology and the benefits of
using HTE influenced the growth and application of HTE in
diverse fields, including biology, medicinal chemistry,
catalysis, and drug discovery.°® Robotic-enabled high-
throughput reaction screening can be used in catalysis using
different methods, including combinatorial approaches.
Multiple reaction conditions can be screened to optimise
reactions to obtain desired compounds. However, the success
of an HTE efficiency depends on a high-throughput reaction
setup and analysis.’ It is important to use a miniaturised
reaction scale to ensure that only minimal precious starting
materials are used when executing arrays of reaction
conditions."

Reaction miniaturisation requires a suitable technology to
dispense reagents effectively and efficiently for high-
throughput reaction screening (HTRS). Commercially
available technologies for dispensing solids are expensive,
and in some cases, it is challenging to use different materials
because the dispensing head cannot be cleaned. Therefore,
there is still a challenge to effectively dispense a nanomole
quantity of reagents for HTRS with accuracy and
efficiency.’®'" Furthermore, batch-scale chemistry relies on
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the manual weighing method using an analytical balance.
However, such a method is unreliable in nanomole-scale
chemistry. Stock solutions of reagents can be prepared in the
reaction solvent, but reagents must be soluble in the reaction
solvent to have an unbiased reaction screening.">"?

Considering this challenge, we were motivated to work
towards solving the causes of problems associated with
dispensing nanomole quantities of reagents by developing a
solid dispensing technology. This approach ensures that the
developed dispensing method can dispense various chemical
reagents. Recently, we developed a solid dispensing method
whereby a nanomole scale of chemical reagents (guest
particles) was coated on SiO, (host article/inert carrier) for
reaction screening in the context of HTE."*

The SiO,-based solid dispensing method requires a
solvent for the coating process, where chemical reagents
adsorb to the surface of SiO, via van der Waals interaction.*®
Fine particles of SiO, reduce the van der Waals interaction
between the chemical reagents, resulting in improved
flowability. Once the coating particles reduce the bonding
force between the coated reagents and inert carrier, the
number of chemical reagents coated on the inert carrier does
not significantly affect the flowability. Hence, the flowability
of the materials is improved significantly even with a
separate coating on the surface of the inert carrier.">"”

Using 3D-printed volumetric transfer scoops, SiO, with
coated chemical reagents can be dispensed into reactions
without using an analytical balance. Hence, the materials will
be easy to handle at the nanomole scale. We propose that
this solid dispensing method could be a lower-cost
alternative to preparing stock solutions of reagents for HTE
to determine the optimised reaction systems. In this work,
we report the extension of the SiO,-based solid dispensing
method's efficiency and accuracy by dispensing solid
chemical reagents for the oxidation reaction of styrene and
oxidative esterification of benzaldehyde.

2. Materials and methods
2.1. Materials

All reagents were purchased from Merck/Sigma-Aldrich and
used as received, without further purification. The reagents
used include styrene (<99%), benzaldehyde (=99%), ethyl
bromide (C,HsBr, 99%), benzyl bromide (C¢H,Br, 98%),
tert-butyl hydroperoxide (TBHP, 70% in H,0), and copper(n)
sulphate pentahydrate (CuSO,-5H,0, >98%). Bases used are
sodium hydrogen carbonate (NaHCO;, 99.5%), potassium
carbonate (K,COs, 99%), cesium carbonate (Cs,CO3z, 97%),
and sodium carbonate (Na,COs, 99.5%). The solvents include
acetone ((CH3),CO) (99.9%), acetonitrile (MeCN, >99.8%),
and dichloromethane (DCM, =>99.8%). Decane (C;oHjyy,
>99%) and dodecane [CH3(CH,);oCH3] (=99%) were used as
internal standards. The inert carrier is silica (SiO,, pore size
60 A, 230-400 mesh particle size, 40-63 um particle size).
Various pyridine-based ligands with different electronic and
steric properties were investigated, see Table 1.
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Table 1 Pyridine ligands used for the oxidation reaction of benzaldehyde

Labels Pyridine ligands

P1 2,2'-Bipyridyl, >99%

P2 1,10-Phenanthroline, >99%

P3 3-Aminopyridine, 99%

P4 2-Chloro-5-nitropyridine, 99%

P5 4-Dimethyl-aminopyridine, 99%
P6 2-Hydroxyl-3-nitropyridine, 98%
P7 2-[N,N-Bis(trifluoromethyl-sulfonyl)amino|pyridine, 96%
P8 2-Phenyl-pyridine, 98%

P9 2-Chloro-6-methoxy-pyridine, 98%
P10 2,6-Diacetyl-pyridine, 99%

P11 4,4"-Bipyridyl, 98%

P12 Pyridine, >99%

2.2. General method for model reactions

2.2.1. Oxidation of styrene. Before the reaction, styrene (1
mmol, 1.0415 g) and palladium on carbon (Pd/C) (5 mol%)
were each coated onto approximately 5 g of SiO, to form a
homogeneous mixture.

The reaction was performed by dispensing 0.5 g of styrene
coated on SiO,, 193 pL tert-butyl hydroperoxide (TBHP, 70%
in H,0) (2 mmol), and 195 pL decane (1 mmol) to 10 mL of
acetonitrile (MeCN) in a carousel tube. Then 0.5 g of Pd/C on
SiO, was dispensed into the reaction as a catalyst. Solid
reagents were dispensed into the reaction using volumetric
transfer scoops, and the stock solutions were dispensed
using a 100-1000 pL pipette. The reaction mixture was heated
under reflux at 80 °C for 6 hours in a Radleys Carousel 12
plus reaction station coupled with a magnetic stirrer.
Sampling was done at 0 (initial) and 6 (final) hours to
compare the conversion of styrene to products. Gas
chromatography-flame ionisation detection (GC-FID) was
used to monitor the progress of the reaction, and gas
chromatography-mass spectrometry (GC-MS) was used to
identify products.

2.2.2. Oxidative esterification of benzaldehyde. The
copper-catalysed oxidation reactions of benzaldehyde were
carried out in the 96-aluminium block. The 96-aluminium
block consists of rows A-H and columns 1-12 (see Fig. 1).
Four (4) bases and twelve (12) pyridine-based ligands were
investigated in a high-throughput manner. Bases (0.2 mmol)
were labelled C1-C4; see Table S4 in the SI. Benzaldehyde
(nucleophile, 0.2 mmol, labelled 1), ethyl bromide (0.24
mmol, labelled 2a), and benzyl bromide (0.24 mmol, labelled
2b) were used as substrates, see Table S2 in SI. Copper(n)
sulphate pentahydrate (CuSO,-5H,0, 10 mol%) was used as a
catalyst, tert-butyl hydroperoxide (TBHP in 70% H,O) (2
equiv.) as an oxidant, and dodecane (1 equiv.) as an internal
standard.

Twelve (12) pyridine ligands (labelled P1-P12) were
separately coated on SiO, (inert carrier). During the coating
process, 10 mol% of each Iligand was added to
approximately 10 g of SiO, dissolved in acetone [(CHj3),CO],
which was subsequently evaporated overnight. A homogeneous
final mixture was ground into a fine powder using a mortar and

This journal is © The Royal Society of Chemistry 2026
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Fig. 1 Layout of the 96-aluminium block in a high-throughput evaluation of the oxidative esterification of benzaldehyde. The 96-aluminium block
consists of twelve columns labelled 1-12 and eight rows labelled A-H. Twelve ligands (P1-P12) were dispensed in each column (1-12). Four bases
(C1-C4) were dispensed in each row (A-H); see orange and green colours. The right-hand side shows where the reactions between substrates 1
and 2a occur (orange colour, top) and where the reactions between substrates 1 and 2b (green colour, bottom) were carried out. A combination
of row and column labels indicates the individual reaction/reactor's name, e.g., C5, where C refers to the row, and 5 refers to the column.

pestle. The 12 ligands were given labels P1-P12, see Table S5 in
SI.

5 mol% of CuSO,5H,0 was added to 10 g of SiO,
in acetone. The mixture was evaporated overnight, and
the resulting powder was ground to a fine powder in a
mortar and pestle. A 0.2 g transfer scoop was used to
dispense solid reagents into the 96-well block (Table S6
in SI).

In a typical procedure, twelve ligands on SiO, (P1-P12)
were dispensed into all 96 reactions (reactors/vials A1-H12),
as shown in Fig. 1. After that, bases were dispensed in
reaction vials in the following order:

e Sodium hydrogen carbonate, NaHCO; (C1): 0.0168 g into
reaction vials A1-A12 and E1-E12 (rows A and E).

e Potassium carbonate, K,CO; (C2): 0.0276 g into reaction
vials B1-B12 and F1-F12 (rows B and F).

e Cesium carbonate, Cs,CO; (C3): 0.0652 g into reaction
vials C1-C12 and G1-G12 (rows C and G).

¢ Sodium carbonate, Na,CO; (C4): 0.0202 g into reaction
vials D1-D12 and H1-H12 (rows D and H).

The Opentrons 2 (OT-2, liquid handling robot) was used
to dispense the following stock solution:

¢ Benzaldehyde (1): A 100 pL into all 96 reaction vials A1-
H12 (rows A1-H12).

¢ Ethyl bromide (2a): 100 uL was dispensed into reaction
vials A1-D12 (rows A-D).

¢ Benzyl bromide (2b): 100 uL was dispensed into reaction
vials E1-H12 (rows E-H).

e Dodecane: 100 pL into all 96 reaction vials A1-H12 (rows
A1-H12).

e Tert-Butyl hydroperoxide (TBHP): 100 pL into all 96
reaction vials A1-H12 (rows A1-H12).

This journal is © The Royal Society of Chemistry 2026

e Acetonitrile (MeCN): 400 pL into all 96 reaction vials A1-
H12 (rows A1-H12), topping all reaction mixtures to 800 uL.

In addition, CuSO,-5H,0 on SiO, was added to all 96
reaction mixtures using a 0.2 g transfer scoop. Table S2 in
the SI indicates a list of solid reagents and stock solutions
used in reactions. The 96-aluminium block was closed with
two rubber gaskets, a perfluoroalkoxy (PFA) sheet, and a
cover, sealing all reactions. Reaction were performed at
approximately 80 °C for 3 hours. Sampling was done at 0
(initial) and 3 (final) hours. The progress of reactions was
monitored by analysing reaction samples with GC-FID and
GC-MS to monitor the progress of reactions and confirm
products. Reaction with the highest conversion of a
substrate to products was considered to have the optimum
conditions.

Calibrated volumetric scoops were used to transfer solid
reagents coated on SiO, into reaction vials. Each scoop was
level-filled with reagents coated onto SiO, to deliver a
consistent volume into the reaction vials. The volumetric
scoops were intended to deliver reproducible nanonole
quantities suitable for miniaturised HTS. During dispensing/
transfer, each scoop was gently tapped to remove air gaps
and minimise variability, and excessive reagent mass was
removed by scraping along the top edge of the scoop.

3. Results and discussion

In our previous work (https://doi.org/10.1016/].
rechem.2025.102598), we demonstrated that reagents can be
coated homogeneously on SiO,, indicating that this solid
dispensing method (based on SiO,) can make weighing
nanomole quantities of reagents accurate and effective. The
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method is further applied to oxidation reactions below to test
its applicability in different catalytic systems.

3.1. Oxidation reaction of styrene

The accuracy and efficiency of the SiO,-based solid
dispensing method were evaluated using the oxidation
reaction of styrene. The oxidation of styrene was carried out
using styrene coated on SiO,, palladium on carbon (Pd/C)
coated on SiO,, and tert-butyl hydroperoxide (TBHP), as
illustrated in Fig. 2.

The oxidation reaction of styrene (performed using styrene
on Si0,, Pd/C on SiO,, and TBHP as an oxidant) resulted in
the formation of four (4) products: styrene oxide,
phenylacetaldehyde, benzaldehyde, and benzoic acid. Fig. 2
indicates that after styrene oxide was formed, it was further
oxidised to phenylacetaldehyde and benzaldehyde as the
reaction proceeded. After that, benzaldehyde was also
oxidised to benzoic acid after the reaction was carried out for
6 hours in one entry. The GC-MS confirmed all the products,
refer to Fig. S3 to S11. The conversion of styrene to products
was calculated at a specific time interval. Thus, the maximum
conversion of styrene obtained was 72.54% at 80 °C after 6
hours. See the styrene conversion and the catalyst's selectivity
toward the products in Table 2.

The data in Table 2 shows that the selectivity of
benzaldehyde (major product) was highest (66.03%) among
the products, indicating that a large amount of styrene oxide
formed during the reaction was further oxidised to the
benzaldehyde product. At the same reaction conditions, the
selectivity of styrene oxide and phenylacetaldehyde was
22.29% and 7.73%, respectively. Lastly, benzoic acid had a
selectivity of 1.65% selectivity, indicating that only a trace

Pd/C (5 mol %) on SiO,
80 °C, 6 hrs

TBHP (2 mmol)
MeCN (10 mL)

1 mmol on SiO,

Fig. 2 Reaction scheme of the oxidation reaction of styrene.
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amount of benzaldehyde was oxidised to form benzoic acid
(see Eqn. S1 in SI). The literature suggests that the vinyl C-H
styrene bonds are very reactive and readily oxidise to
products at high temperatures.'® Hence, the results obtained
are consistent with the literature.

Catalytic oxidation of styrene was evaluated because of its
importance in the chemical and petrochemical industries.
This catalytic reaction mainly produces styrene oxide (and
benzaldehyde), an important intermediate for synthesising
drugs, plasticisers, pharmaceuticals, perfumes, and
agrochemicals. Achieving high selectivity of one product is
crucial, especially in heterogeneous catalysis. The
conventional method of oxidation of styrene uses organic
peracids as an oxidant. However, peracids have poor
selectivity, are expensive, and produce undesirable
products.’®° The oxidation reaction of the styrene using
TBHP as an oxidant is an alternative method.”" The Pd/C
catalysts and TBHP (oxidant) used in this reaction were more
selective toward benzaldehyde (66.03%) than styrene oxide
(22.59%). Therefore, this shows that the solid dispensing
method effectively dispenses styrene and Pd/C into the
reaction.

3.1.1. The role of the solid dispensing method. The solid
dispensing method plays an important role in the oxidation
reaction of styrene. The method addressed the challenge of
dispensing solid reagents at a nanomole scale into the
reaction. In this case, styrene and Pd/C were effectively
dispensed into the reaction using SiO, as an inert carrier.
During dispensing, the reagents (styrene and Pd/C) were
desorbed (released) from the inert carrier (SiO,) upon contact
with the reaction solvent, and the reaction took place while
SiO, was not reacting. The 20 mg transfer scoop accurately
dispensed 20 mg of reagents coated on SiO,, allowing the

e

This journal is © The Royal Society of Chemistry 2026
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Table 2 The conversion of styrene to products and selectivity of the Pd/C on SiO, catalyst toward products

Entry Substrate Catalyst Products Overall yield% Selectivity%

1 Styrene on SiO, Pd/C on SiO, Styrene oxide 72.54 22.59
Phenylacetaldehyde 9.73
Benzaldehyde 66.03
Benzoic acid 1.65

dispensing method to be used for miniaturised reactions without
needing an analytical balance or expensive robotic system.

3.2. Oxidative esterification of benzaldehyde

The solid dispensing method was further evaluated on
oxidation reactions of benzaldehyde. The coupling of
benzaldehyde (1) with ethyl halide (2a) and benzyl bromide
(2b) was investigated (see Fig. 3).

The reagents were split into several reactions for screening
and analysed using GC-FID and GC-MS. Only CuSO,-5H,0
and ligands were coated on SiO,, whereas TBHP, bases, and
substrate were used without being coated on SiO,. About 96
reaction conditions were screened, and the best one was
identified as optimum.

The oxidation reactions of benzaldehyde with ethyl
bromide resulted in ethyl benzoate and benzoic acid
formation, as shown in SI: GC-MS spectrum in Fig. S12 to
S15. On the other hand, the oxidation reactions of
benzaldehyde with benzyl bromide formed benzyl benzoate
(refer to the GC-MS spectrum in Fig. S16 to S18). The reaction
with the highest product formation at the shortest interval
was identified as the best. The amount of substrate in the
samples before and after the reaction was used to determine
the conversion of substrates to products (refer to Table 3).
Substrate conversions were calculated based on Eqn. S1 in SI
Each reaction is labelled in the 96-aluminium block to

CuS0,.5H,0 (10 mol %) on SiO,
TBHP (0.2 mmol)

2 g

. 80 °C, 3 hrs

distinguish it from others, e.g., reaction A8 (C1P8) is based in
row A and column 8, and B1L8 indicates a combination of a
base (C1) and ligand (P8) used in a particular reaction (refer
to Fig. 1).

3.2.1. Oxidative esterification of benzaldehyde (1) with
ethyl bromide (2a). The conversions for the oxidation
reactions of benzaldehyde with ethyl bromide to form ethyl
benzoate and benzoic acid are depicted in Table 3 for
reactions A1-D12 (vial in rows A-D). Reaction A8 (C4P8) had
the highest conversion of 65% of products. Comparatively,
conversions of 60%, 58%, and 54% were obtained for
reactions D4 (C4P4), B1 (C2P1), and C11 (C3P11), respectively.
Reactions A8 (C1P6), B6 (C2P6), and A2 (C1P2) had low
conversions of 2%, 3%, and 9%, respectively. Thus,
combining Na,HCO; (C1) and 2-phenyl-pyridine (P8) provides
the least favourable reaction conditions. On the other hand,
the combination of Na,CO; (C4) and 2-hydroxyl-3-
nitropyridine (P6) provides optimal reaction conditions.

3.2.2. Oxidative esterification of benzaldehyde (1) with
benzyl bromide (2b). The conversions for the oxidation
reactions of benzaldehyde with benzyl bromide to form
benzyl benzoate are shown in Table 3 for reactions E1-H12
(vials in rows E-D). Reaction H6 (C4P6) had the best
(optimal) conversion of 94% for forming benzyl benzoate.
Also, conversions of 92%, 91%, and 90% were obtained for
reactions F1 (C2P1)/F11 (C2P11), H8 (C4P8), and G4 (C3P4)/
F12 (C2P12). Additionally, reactions E4 (C1P4) and E10

H

Base (0.2 mmol)
Ligands (10 mol %) on SiO,
MeCN (800 uL)

1 (0.2 mmol) 2a (0.24 mmol)

CuS04.5H,0 (10 mol %) on SiO,
TBHP (0.2 mmol)

80 °C, 3 hrs

0) 0)
0]
@kﬁ 5

Base (0.2 mmol)
Ligands (10 mol %) on SiO,
MeCN (800 uL)

1 (0.2 mmol) 2b (0.24 mmol)

G

Fig. 3 Reaction scheme for the oxidative esterification of benzaldehyde (1) with ethyl bromide (2a) and benzyl bromide (2b).

This journal is © The Royal Society of Chemistry 2026
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Table 3 Conversions of substrates to products in reaction vials in the 96-aluminium block. Green colour represents the substrate’s highest conversion,

yellow moderate, orange low, and red the lowest conversion

2 2 3 4 5 6

P1 P2 P3 P4 P5 P6
A Cl 43% 33%
B C2 58% 31%
C C3 i 30% 35%
D C4  49% 39% 43% 60%
E C1 31%
F C2 42%
G C3  50% 61% 41%
H C4 61%

.-

(C1P10)/G12 (C3P12) had low conversions of 11% and 14%,

respectively. Thus, Na,CO; (C4) and 2-hydroxyl-3-
nitropyridine (P6) are the optimal reagents, whereas Na,-
HCO; (C1) and 2-chloro-5-nitropyridine (P4) are the least
favourable reagents for this reaction.

The selectivity of ethyl benzoate and benzoic acid is
indicated in Tables 4 and 5, respectively. Reactions B7-B12,
C6, and D4-D12 had 100% selectivity of ethyl benzoate,
whereas only reactions B1 and B2 had 0% (see Table 4). In

7 8 9 10 11 12
P7 P8 P9 P10 P11 PI2
33%

contrast, reactions A1-A12 had a higher selectivity of benzoic
acid than other reactions in Table 5, and only reactions A1l
and A2 had 100% selectivity of benzoic acid. Therefore, the
CuS0,4-5H,0 catalyst and TBHP oxidant were more selective
toward ethyl benzoate than benzoic acid. Eqn. S2 in SI was
used to calculate selectivity of the products.

The results indicate that using aryl halide (2b) in the
reactions gave higher conversions than when an alkyl halide
(2a) was used, which is supported by low substrate

Table 4 Selectivity of ethyl benzoate for reactions A1-D12 (rows A-D) in the 96-aluminium block. Green represents the substrate's highest selectivity,

yellow moderate, orange low, and red the lowest selectivity

1 2 3 4 5 6

P1 P2 P3 P4 P5 P6

A

B : 59.94% 59.39% 65.61% 69.67%
C 90.84% 84.17% 90.39% 93.21%

D

React. Chem. Eng.

7 8 9 10 11 12

P7 P8 P9 P10 P11 P12

90.99% 93

88.54% 89.54% 92.35% 82.06% +

2b

This journal is © The Royal Society of Chemistry 2026
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Table 5 Selectivity of benzoic acid for reactions E1-H12 (rows E-H) in the 96-aluminium block. Green represents the substrate's highest selectivity,

yellow moderate, orange low, and red the lowest selectivity

1 2 3 4 5 6

P1 P2 P3 P4 P5 P6
E 8%  79.87% 80.14% 77.63%
F C2 46.72% 047 40.06% 40.61% 34.39% 30.33%
G C3 916% 1583% 9.61% 6.12% 6.79%
H C4 54.02% 54.47% 49.13% 49.94% 44.73%

conversions to products obtained when substrate 2a was used
and high conversions when substrate 2b was used. Even
though several bases and ligands were used, the results
indicate that any of these bases and ligands can be used for
the oxidation reaction of benzaldehyde.

The copper-catalysed oxidation reaction of benzaldehyde
was chosen as a model reaction because it is considered an
eco-friendly approach; it offers flexible use of aldehydes as
acyl precursors compared to acyl groups and provides better
atom economy. Advancements in synthetic esterification
methods are important because esters are present in many
natural products, agrochemicals, pharmaceuticals, polymers,
and cosmetics. Numerous alternative methods, such as
N-heterocyclic carbene-catalysed direct oxidation reaction of
aldehydes and noble-metal-catalysed cross dehydrogenative
coupling, require using an expensive catalyst, sophisticated
ligands, a significant excess of coupling partners, and pre-
activation of acyl surrogate. Therefore, the solid dispensing
method was utilised to carry out copper-catalysed oxidation
reaction of benzaldehyde to synthesise aryl and alkyl esters to
address the mentioned challenges.****

Although oxidation reactions of styrene and benzyldehyde
can take place slowly under ambient conditions, such
autoxidation reactions are typically kinetic-limited,
uncontrolled, and reagent-dependent, particularly at short
reaction times and in miniaturised HTS. The use of oxidants
such as TBHP offers control over the oxidation step, ensures
consistent conversions and reproducible oxidation rates,
prevents side reactions, and enables reliable assessment of
catalytic performance under standardised conditions in the
HTE workflow.>*°

3.2.3. The role of the solid dispensing method. The solid
dispensing method was wused to address challenges
associated with dispensing reagents for the miniaturised
oxidation reactions of aldehyde to ester. The ligands on SiO,
and CuSO,-5H,0 on SiO, were effectively and accurately
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2a

dispensed into reactions to enable miniaturised reactions
to be performed in a high-throughput approach (HTA). The
ligands and Cu-based catalyst were readily desorbed/
released from SiO, upon contact with the reaction solvent.
Using 20 mg transfer scoops made weighing small amounts
of reagents more accurate, efficient, and rapid since there
was no need to use an analytical balance. As a result, this
work demonstrates that the SiO,-based method can be
applied to different catalytic systems: the Cu-catalysed
system in this work and the Pd-catalysed system in our
previous work.

In this work, all reagents were coated onto SiO, under
controlled, repeatable conditions, and the method's
reproducibility was confirmed through multiple experiments
that yielded consistent reaction outcomes. These results
support the conclusion that dispensing reagents onto SiO, is
qualitative and that variability in dispensing or coating
density is minimal. Therefore, this study focuses on
demonstrating the application and generalisation of the solid
phase SiO,-based method across different catalytic systems.

Although several liquid-handling platforms, such as
positive-displacement systems (e.g., Mosquito) and acoustic
droplet ejection (ADE) technology, are commonly used in
HTE, solid dispensing platforms offer methodological and
practical advantages.">*” Liquid dispensing platforms
inherently require reagents to be soluble and stable in the
solvent of choice, which can bias towards readility-soluble
compounds while excluding poorly soluble, unstable, or
hydrophobic reagents from the screening.>***° 1t is
important to note that a solvent is not entirely eliminated in
a solid dispensing platform, particularly as solvents are used
during the initial preparation step to coat reagents onto SiO,,
however, the solvent is subsequently evaporates prior to
dispensing. In contrast to liquid handling, solid dispensing
allows the introduction of solvent-independent reagents into
reactions, enabling a less biased and broader assessment of
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chemical space, particularly in early-age condition screening
and heterogeneous catalysis.>"%>%2°

Moreover, reagents coated or immobilised on inert
carriers, such as SiO,, generally have improved stability,
which enhances reproducibility across extended screening
workflows compared to the liquid handling platforms,*®
where stock solutions are susceptible to concentration drift,

precipitation, and degradation over time, and often
necessitate  frequent preparation."**®?° In  addition,
volumetric accuracy in liquid dispensing can Dbe

compromised by factors such as viscosity, wettability, and
solvent carryover, whereas these issues are inherently
minimised in solid dispensing.”?”***> Practically, solid
dispensing offers increased accessibility, reduced reliance on
proprietary consumables and specialised instrumentation,
frequent calibration, and lower operational costs, rendering
it particularly attractive for limited resources or academic
laboratories. Furthermore, previous studies have shown that
solid dispensing is a flexible and scalable alternative to liquid
dispensing HTE approaches, as it is compatible with both
manual and automated workflows and can achieve
reproducible sub-milgram dispensing.>*%*%2°

The literature reports that reagents coated on inert
carriers, such as polystyrene or glass beads, can be
reproducibly dispensed wusing robotic powder or solid
dispensing systems or volumetric dispensing devices, across
multiple  reaction wells with minimal operator
intervention.>'®*° This is attributed to the physical stability
of the coated reagents on an inert carrier and the robustness
of the transfer procedure, which enables automation with
accuracy, reproducibility, and consistency while increasing
throughput. Thus, the SiO,-based method can be rapidly and
reproducibly integrated into automated HTS of diverse
reaction conditions.

The accuracy, precision, and reproducibility of the solid
phase SiO,-based dispensing method have been established
in prior work. In a previous study, more than 192 reaction
conditions were screened in a high-throughput format, and
optimal combinations of phosphine ligands and base
conditions were identified for Suzuki-Miyaura and Mizoroki-
Heck reactions, using both traditional manual weighing and
SiO,-based methods. Consistent results were obtained from
both methods, validating the qualitative accuracy of the SiO,-
based method. Furthermore, phosphine ligands and
palladium salt were successfully and homogeneously coated
onto SiO,, and volumetric transfer scoops were used to
consistently deliver reproducible small-scale quantities of
solid reagents into a 96-well block without the use of an
analytical balance.™

The performance of the solid dispensing was evaluated
across a chemically diverse set of compounds in both prior
and current work, highlighting that the dispensing approach
is not strongly compound-dependent within reaction
screening. A broad range of reagents with a variety of
physicochemical properties, including base composition,
ligands of different electronic and steric properties, and
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metal salts, were successfully coated onto SiO, and dispensed
reproducibly for miniaturised high-throughput reactions.
Homogeneous coating and consistent reaction outcomes
were observed across all applications of the solid dispensing
method, despite differences in coordination ability,
molecular weight, and polarity, demonstrating the method's
robustness to compound properties when suitable coating
solvents and preparation conditions are used. Accordingly,
the solid-phase SiO,-based dispensing method is broadly
applicable and generally sufficient for early-stage reaction
screening across different catalytic systems, as highlighted by
both prior and current results.™

Conclusions

This study demonstrates the application of a low-cost SiO,-
based method for dispensing solid reagents at a nanomole
scale to address the challenges of accurate, efficient
dispensing. This method enables high-throughput reaction
screening, allowing the use of minimal solid reagents for
miniaturised reactions. This method allows the use of
automation, the Opentrons (OT-2) liquid-handling robot, and
manual transfer scoops. The SiO,-based solid-dispensing
method was used to evaluate the oxidation of styrene, with
Pd/C and TBHP as the optimal catalyst and oxidant,
respectively.

In addition, the solid dispensing method was utilised to
evaluate the oxidative esterification of benzaldehyde with
ethyl bromide and benzyl bromide in a high-throughput
manner using a 96-aluminium block. The 96-aluminium
block enabled screening of four bases and twelve ligands,
and optimal reagents were identified. The optimal reagents
are Na,CO; (C4) and 2-hydroxyl-3-nitropyridine (P6).
Therefore, this method allows multiple reactions to be
rapidly screened and optimised.
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