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Chemical Synthesis Optimiser

Related Applications

The present case claims the benefit of, and priority to, GB 2315721.7 filed 13 October 2023
(13.10.2023), the contents of which are hereby incorporated by reference in their entirety.

Field of the Invention

The present invention relates to a method of optimising an instruction set for a chemical
synthesis and a chemical synthesiser for use in a method of optimising an instruction set for a
chemical synthesis.

Background

Smart laboratory automation holds promise to accelerate chemical research, eliminate
tedious tasks, improve safety and reliability.’>* Recently there has been significant progress
towards more automated synthesis platforms: systems that can perform a large variety of
synthetic processes, giving access to a diverse set of target compounds.”® 13,

One of the present inventors has shown how a method of synthesis for a target product can
be translated into digital model of that method: see WO 2019/137954. This digital model
comprises a digital description of the chemical and/or physical steps within the method of
synthesis. The present inventor has also shown how literature methods in natural language
may be converted into a machine-readable instruction set: see WO 2021/219999. This
instruction set may then be used to generate a hardware index, which is the required
reactionware for the performance of a synthetic procedure.

Reaction optimisation has more recently become a part of the chemical automation
development.'”-2' but the vast majority of platforms are limited to narrow chemical tasks with
few exceptions of systems for flow chemistry.??2* These systems are bound to specific
hardware modules and software, thus making the optimal protocols not transferable across
chemical automation robots. The optimisation is limited to normal reaction steps, and focuses
on the reaction product to direct optimisation efforts. This restricts the optimisation ability of
the systems to a few static parameters.

Moreover reaction optimisation traditionally focuses on the use of random or semi-random
selections to identify parameters for optimisation. For example, WO 2013/175240 describes
a method for generating a product having one or more characteristics which meet or exceed a
specification. The combination of inputs into the system are determined by a semi-random
selection of parameters, where a parameter may be retained if it is associated with a reaction
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producing having good characteristics. However, the optimisation by such a system is
relatively slow and relies on the system randomly chancing on a promising set of parameters.

Using such machine-readable instruction sets and physical reactionware developed from
digital models that are responsive to the machine-readable instructions, it is possible to
develop and utilise standardised models for chemical synthesis that can be executed by an
automated synthesiser.

While these platforms perform experiments in an automated fashion, they are limited to
predetermined, sequential processes, adapted from literature and trivial laboratory
operations. There are still challenges where a reactions instructions are dependent on
secondary factors like maintaining a certain temperature, starting or stopping a reaction step
based on a colour change, scaling up or down reactions, and accounting for the surrounding
environmental conditions (so called “dynamic” steps). These dynamic steps often require a
varying input, in order to keep the dynamic parameter at the required value. For example, the
addition of an exothermic-reaction causing reagent might need to be closely monitored to
keep the temperature of the reaction at the required value. However, the exact addition rate
needed will need to change depending on the scale of the reaction, outside temperature,
solvent volume and other factors.

An operator often knows how to perform these ‘dynamic’ steps from prior experience, and so
such steps are relatively straightforward for an operator to perform through regular monitoring
of the reaction. However automation of such dynamic reaction steps has proved challenging.
The dynamic steps are particularly difficult to reproduce across different synthesisers, and the
optimal performance of the dynamic step may vary. As a result, the repeatability of reactions
and quality of the reaction product produced can be variable, depending on different batches
of reagents, and different external conditions. The quality of the product produced is
particularly variable when such dynamic reaction steps are present in the synthesis. This
makes optimisation of such parameters by an automated chemical synthesiser challenging.

Consequently, there is a need for a chemical synthesis platform for use in conducting
chemical syntheses under reproducible conditions, which is able to adapt to changes in
external conditions, and carry out dynamic reaction steps, with good repeatability. There is
also a need for a chemical reaction optimisation platform which can intelligently select and
perform a large range of reaction steps, including complex dynamic reaction steps, and
optimise a variety of reaction parameters to provide a more comprehensive approach to
chemical synthesis optimisation. Such platforms are needed to more fully leverage the
potential of robotic systems in the chemical domain.

Summary of the Invention

The present inventors have now devised a method and chemical synthesiser for the
optimization of chemical synthesis protocols which looks to address the above-mentioned
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problems. Reaction data is used for process state monitoring and, with predefined rules,
allows for dynamic procedure execution, self-correction and real-time decision making during
a chemical synthesis. Product data is used to quantifying reaction outcomes, and is coupled
with the reaction data and dynamic execution to create a closed-loop method and chemical
synthesiser for reaction optimization.

Generally, the invention relates to a method of optimising a chemical synthesis. The method
may be performed by a chemical synthesiser operating autonomously.

In a general aspect, the present invention provides a method of optimising a chemical
synthesis, the optimisation comprising the steps of:

(i) performing a chemical synthesis in a reaction vessel of a chemical synthesiser
operating according to an instruction set to produce a reaction product,

(ii) recording reaction data using an analytical unit of the synthesiser during the
chemical synthesis and/or recording product data on the reaction product,

(i) analysing the reaction data and/or product data using a control unit of the chemical
synthesiser to determine a characteristic of the synthesis; and

(iv) adjusting one or more reaction parameters of the instruction set, to provide an
adjusted instruction set, based on a prediction that the adjustment will improve the
characteristic of the synthesis.

In a first aspect of the invention there is provided a method of optimising an instruction set for
a chemical synthesis, the method comprising performing a series of optimisation test
syntheses, where each optimisation test synthesis includes the steps of:

(i) performing the chemical synthesis in a reaction vessel of a chemical synthesiser
operating according to an instruction set to produce a reaction product,

(i) recording reaction data using an analytical unit of the synthesiser during the
chemical synthesis and/or recording product data on the reaction product,

(iii) analysing the reaction data and/or product data using a control unit of the chemical
synthesiser to determine a characteristic of the synthesis; and

(iv) adjusting one or more reaction parameters of the instruction set, to provide an
adjusted instruction set,

wherein the optimisation test synthesis is repeated one or more times, and in each
repeat of the test synthesis, the chemical synthesis is performed according to the adjusted
instruction set, which is adjusted from the previous test syntheses, and

the adjustment to the one or more reaction parameters is made following a prediction
that the adjustment will improve the characteristic of the synthesis, wherein the prediction is
based on the reaction parameters associated with reaction data and/or product data from one
or more previous optimisation test syntheses and, where present, one or more previous
exploration test syntheses, and

wherein the method is performed autonomously

In some embodiments, the method comprises:
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performing a series of exploration test syntheses, where each exploration test synthesis
includes the steps of:

(i) performing the chemical synthesis in a reaction vessel of a chemical synthesiser
operating according to an instruction set to produce a reaction product,

(ii) recording reaction data using an analytical unit of the synthesiser during the
chemical synthesis and/or recording product data on the reaction product,

(iii) analysing the reaction data and/or product data using a control unit of the chemical
synthesiser to determine a characteristic of the synthesis; and

(iv) adjusting one or more reaction parameters of the instruction set, to provide an
adjusted instruction set,

wherein the exploration test synthesis is repeated one or more times, and in each
repeat of the test synthesis, the chemical synthesis is performed according to the adjusted
instruction set, which is adjusted from the previous test syntheses, and

the adjustment to the one or more reaction parameters is made to explore a reaction
space wherein the adjustment is based on the reaction parameters associated with reaction
data and/or product data from one or more previous test syntheses.

In the method the adjustment to the one or more reaction parameters is made following a
prediction that the adjustment will improve the characteristic of the synthesis. This prediction
step allows for the intelligent and rapid optimisation of the instruction set based on data from
previous test syntheses.

In some embodiments, for the optimisation test synthesis, the comparison of the reaction
parameters to reaction data and product data from previous test syntheses identifies reaction
parameters associated with a change in reaction data and/or product data, and preferentially
adjusts reaction parameters associated with the change. Preferably, the comparison of the
reaction parameters to reaction data and product data from previous test syntheses identifies
reaction parameters associated with the highest rate of change in reaction data and/or
product data, and preferentially adjusts reaction parameters associated with the highest rate
of change.

The present invention provides for a method for optimising a chemical synthesis, including a
broader range of chemical procedures and reaction steps, and which uses data on the
reaction product and also recorded during the reaction itself to drive the optimisation of the
chemical synthesis. Using an array of analytical sensors to monitor the reaction mixture, the
reaction environment (e.g., headspace) as well as the surrounding conditions, provides a
more detailed picture of the reaction. Leveraging the combination of product data and
reaction data allows for more effective reaction optimisation, beyond that of previous manual
optimisation efforts and previous automated optimisation attempts. This method is shown to
improve reaction product yield, purity of the product (reduction of impurity), increase starting
material conversion and is also thought to be helpful in reducing reagent or solvent usage.



10

15

20

25

30

35

40

WO 2025/078643 PCT/EP2024/078759

The use of reaction data also allows for the identification of important points in the chemical
reaction. For example, a change in reaction data and/or a high rate of change in the reaction
data indicates an important facet of the chemical synthesis. Identifying these facets, from the
reaction data, allows the optimisation to focus on reaction parameters which are important for
this point in the synthesis. Accordingly, use of the reaction data allows for more efficient
optimisation of chemical synthesis, as regions of interest can be identified and focused on for
the optimisation efforts.

Moreover, reaction data taken during the chemical synthesis allows for the use of dynamic
reaction parameters, or dynamic reaction steps.

In some embodiments, one or more of the reaction parameters is a dynamic reaction
parameter, wherein the dynamic reaction parameter is adjusted during the test synthesis such
that reaction data satisfies a different reaction parameter. Preferably, for the optimisation test
synthesis, the comparison of the reaction parameters to reaction data and product data from
previous test syntheses identifies dynamic reaction parameters associated with a change in
reaction data and/or product data, and preferentially adjusts dynamic reaction parameters
associated with the change. Preferably, the comparison of the reaction parameters to
reaction data and product data from previous test syntheses identifies dynamic reaction
parameters associated with the highest rate of change in reaction data and/or product data,
and preferentially adjusts dynamic reaction parameters associated with the highest rate of
change.

The dynamic reaction parameters provide for enhanced reaction control, and an increased
diversity of the chemical synthesis protocols which can be performed using the chemical
synthesiser. The dynamic parameters facilitate self-correcting reaction execution using
feedback from reaction sensors. For example, reaction time, temperature, or rate of reagent
addition can be used as dynamic reaction parameters, as these are adjusted to fulfil a
different reaction parameter, such as colour, pressure, or temperature, respectively.

It is also thought that optimisation of dynamic reaction parameters provides a promising
opportunity for effective reaction optimisation, as these parameters are typically difficult to
optimise in manual synthesis and traditional automated optimisation apparatus. Thus, in
some embodiments the method of the invention may identify a dynamic reaction parameter
associated with a change in reaction data and/or product data, and preferentially adjusts
dynamic reaction parameters associated with the change.

Furthermore, the dynamic reaction parameters allows for optimisation of synthesis at different
scales and across different chemical synthesisers. For example, if a reaction is provided at a
small scale, different chemical and physical inputs may be needed for larger scale reactions.
For example, for an exothermic reaction the rate of addition of a reactant may be needed to
be modified to avoid thermal runaway. This rate of addition cannot be scaled linearly, as the
rate of heat loss is not linear with the scale. Moreover, the rate of heat loss may change
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depending on the chemical synthesiser used (e.g., because of reaction vessel thermal
capacity, shape, external temperature etc.). Therefore, the rate of addition will not be the
same across different chemical synthesisers. The present inventors have developed a
dynamic reaction control that allows for the dynamic adjustment of reaction conditions, and
the optimisation of these dynamic reaction parameters at different scales and across different
chemical synthesiser apparatus.

In a second aspect of the invention there is provided a chemical synthesiser for use in the
method of optimising an instruction set for a chemical synthesis of claims 1 to 19, the
synthesiser comprising a reaction vessel, an analytical unit and a control unit, wherein:

the reaction vessel is for the performance of the chemical synthesis according to an
instruction set,

the analytical unit is for recording reaction data from the reaction vessel during the
chemical synthesis and/or for recording product data on the reaction product, and for
reporting the reaction data and/or product data to the control unit;

the control unit is for analysing the reaction data and/or product data received from the
analytical unit to determine a characteristic of the synthesis, and for adjusting one or more
reaction parameters of the instruction set, to provide an adjusted instruction set, wherein the
adjustment to the one or more reaction parameters is made following a prediction that the
adjustment will improve the characteristic of the synthesis, wherein the prediction is based on
the reaction parameters associated with reaction data and/or product data from one or more
previous optimisation test syntheses.

In some embodiments, the chemical synthesiser is for performing the method autonomously.

The chemical synthesiser may be a robotic chemical synthesiser for autonomous
performance of the chemical synthesis, and for autonomous control of the analytical device.

The control unit may be suitably programmed with an algorithm to analyse reaction data,
product data and reaction parameters from previous test synthesis, and to adjust the reaction
parameters for the next test synthesis.

The invention also provides a database, wherein the database is a collection of instruction
sets, produced by a method of the invention. The database may be provided with an
optimised instruction set. The database may include an instruction set which can be used to
obtain a reaction product using an automated chemical synthesiser.

These and other aspects and the embodiments of the invention are described in further detail
herein.

Summary of the Figures

The present invention is described with reference to the figures listed below.
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Figure 1 shows an overview of the dynamic chemical operations execution. The procedure,
illustrated using xDL syntax, may be executed sequentially one step after another or
dynamically, e.g., as highlighted with AddDynamic where a Wait step is inserted if the
temperature rises above given threshold. With integrated analysis and a corresponding xDL
step (Analyze), the procedure could run iterative with dynamic update of its parameters, thus
allowing for closed-loop reaction conditions optimization. The Setup step represents the
definition of the hardware configuration of the system and the chemical procedure defined
digitally in the xDL code. In the Execution step these components are used to operate the
physical robotic system to achieve the defines chemical operations, including the collection of
analytical data about the execution. In the Optimization step the data is analysed and
algorithms are used to predict parameters for the next round of experiments.

Figure 2 shows the suite of sensors and analytical instruments which may be integrated in
the Chemputer stack, including a colour sensor, pH probe, environmental sensor (pressure,
humidity and temperature), conductivity sensor, RTD probe, liquid sensor, camera (for video
capture and active failure detection), raman spectrometer, HPLC-DAD and Benchtop NMR.
The sensors are connected to a SensorHub, which provides a unified interface for the range
of sensors.

Figure 3 shows an overview of the framework for chemical discovery and optimization,
ChemputationOptimizer, its system architecture and operation. The initial xDL procedure
(proc_v0.xdl) is obtained either via text translation from literature or upon algorithmic reaction
discovery. Together with the hardware graph (graph.json) and a configuration file (config.json)
are loaded, from which the optimizer framework extracts the parameters to be optimized. If
enough resources are available, the optimizer performs the scheduling routine to allocate
hardware resources to the corresponding procedure steps for parallel execution, minimizing
the total duration. A locking mechanism which ensures error-free execution during runtime
and eliminates the risk of unexpected cross-contamination. Upon successful execution, the
outcome of the reaction is analyzed quantitatively and the results are fed to the optimization
algorithm to suggest the next parameter set and update the initial procedure. The updated
procedure, together with the results table is saved, using the database. The architecture and
implementation details are given in the Experimental section of the present case.

Figure 4 (a) shows passively monitored formazine synthesis, a turbidity reference material,
(b) shows dynamically executed thioether oxidation and (c¢) shows iodine-mediated nitrile
formation with corresponding exemplary data captured within the process. (a) Example data
was captured via passive monitoring during the formazine synthesis: The liquid detector
tracked reagent addition, the colour sensor (RGBC) could detect the increase in turbidity as
the colloidal suspension formed, and the environmental (BME) and internal reaction
temperature (RTD) sensors could capture data relevant for reproducibility. (b) Internal
reaction temperature was captured in real-time and used to control the addition of the
oxidating agent in the highly exothermic thioether oxidation reaction. The original procedure
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demanded to keep the internal reaction temperature below 75°C. After the addition, passive
monitoring further revealed an uncontrolled exotherm upon heating the reaction mixture to the
temperature (85°C) specified in the literature procedure. (¢) A colour sensor captured data
during the addition of iodine and its subsequent consumption as the reaction proceeds. The
gradient was calculated post hoc, clearly showing the iodine addition and consumption as
peaks.

Figure 5shows results of a closed-loop reaction optimization. (a) Four-component Ugi
reaction scheme (top); plot of the parameter space reduced to two dimensions using t-
distributed stochastic neighbour embedding algorithm, where colour specifies the target
parameter and the shape corresponds to the strategy used for the specific objective (bottom
left); example of the °F NMR spectrum of the reaction mixture (bottom right). (b) Van Leusen
Oxazole synthesis scheme (top); optimization results plot, *: purity is the relative area of the
product peak divided by the sum of all peak areas, desirability is calculated as the weighted
average between the two objectives ; example of the HPLC chromatogram (bottom right). (c)
Manganese-catalysed epoxidation scheme (top); example plot of the reaction monitoring
using Raman spectroscopy (bottom left); example Raman spectrum (bottom right). (d)
Trifluoromethylation reaction scheme; plot of the parameter space reduced to two dimensions
using t-distributed stochastic neighbour embedding algorithm, where colour specifies the
target parameter and the shape corresponds to the strategy used for the specific objective
(bottom left); examples of the °F NMR spectra where highlighted peak corresponds to the
CF3 group in the specified product (bottom right).

Figure 6 shows the further optimization examples. General reaction schemes for the a)
tosMIC and d) phloroglucinol reactions with denoted parameters being optimized during the
optimization cycle; corresponding parallel coordinate plots b) and d) where each vertical axis
represent one of above mentioned parameters altered during each reaction with the last axis
denoting the amount of product detected. Starting from the left parameters are connected
with a line which represents a single reaction run. The reactions have been divided into three
arbitrary groups, coloured in red, green and blue, for ease of interpretation and visualization,
with respect to the normalized integration obtained for each reaction (amount of product). The
coloured bold line within each group denotes a reaction of highest normalized integration; the
orange dashed line denotes initial reaction parameters applied for the first reaction. Change
of the integration observed during the optimization process for the e) tosMIC and f)
phloroglucinol reaction with the second campaign denoted by a dashed line.

Figure 7 shows a plan photograph of an example SensorHub board.
Figure 8 shows a photograph of an example RGBC colour sensor attached to a three necked
round bottom flask. The left neck of the flask includes a reaction temperature sensor. The

right neck of the flask includes a

Figure 9 shows a photograph of a liquid sensor.
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Figure 10 shows a graph illustrating an example of the endpoint detection method using an
RGB sensor. The top graph shows values obtained from the “clear” channel of the RGB
sensor (filtered using median filter), with brown points showing values averaged over 300
seconds interval and green points indicating the detected endpoint time. The bottom graph
shows the gradient values calculated from the sampled values, with aquamarine horizontal
lines indicating the +1% value of the absolute sensor reading and “no change” orange points
falling within this interval.

Figure 11 shows a schematic of the hardware setup for the Example optimization of the Four
component Ugi reaction described in the examples.

Figure 12 shows a schematic of the hardware setup for the Example optimization of the Van
Leusen Oxazole synthesis reaction described in the examples.

Figure 13 shows a schematic of the hardware setup used for the Raman-monitored catalytic
oxidation reaction of the Sodium 4-vinylbenzenesulfonate (Styrene Sulfonate Oxidation
Optimization) described in the examples.

Figure 14 shows a schematic of the hardware setup used for the optimization of the tosMIC
and phloroglucinol reaction described in the examples.

Figure 15 shows a schematic of the hardware setup for the explorative optimization of the
trifluoromethylation reaction described in the examples.

Figure 16 shows an example of an HPLC chromatogram for the tosMIC reaction, obtained
after performing optimization for the identified region as described in the examples.

Figure 17 shows a '"*F NMR spectrum obtained after performing optimization of the example
trifluoromethylation reaction, for the identified spectrum region. The product shown has not
been isolated as pure material and its structure has not been fully confirmed.

Figure 18 shows a '"°F NMR spectrum obtained after performing optimization of the example
trifluoromethylation reaction, for the identified spectrum region. The product shown has not
been isolated as pure material and its structure has not been fully confirmed.

Figure 19 shows a '"*F NMR spectrum obtained after performing optimization of the example
trifluoromethylation reaction, for the identified spectrum region. The product shown has not
been isolated as pure material and its structure has not been fully confirmed.

Figure 20 shows an example of the individual regions scoring calculated using Equation 1.
Top: °F NMR spectrum with each identified region is highlighted with colour with top
annotations indicating peak’s size (in number of data points) and score (see Equation 1).
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Bottom: bar chart with areas for individual peaks (aligned on the x axis) with their harmonic
mean indicated as orange horizontal line.

Figure 21 shows an example of the information score difference for two °F NMR spectra,
calculated using equation 2.

Figure 22 shows an illustration of the novelty coefficient calculation. The spectrum of
interested is plotted navy grey, set of individual regions for all previously measured spectrum
is plotted as green circles (labelled as “Cumulative regions map”) and novel regions are
highlighted with orange crosses.

Detailed Description of the Invention

Generally, the invention relates to a method of optimising an instruction set for a chemical
synthesis. The method may be performed on a chemical synthesiser. The method is
preferably performed autonomously.

Optimisation refers to a change or a series of changes which results in an improvement. That
is, a change which results in the achievement of a desired result.

In the context of a chemical synthesis, an optimisation is a change to the synthesis method
which may improve a quality of the synthesis itself or a quality of the reaction product.
Qualities of the synthesis and qualities of the reaction product may be known as
characteristics of the synthesis. A user may determine which characteristics of the synthesis
are to be improved.

For the reaction product, optimisation of a chemical synthesis may result in an increase in
reaction product yield, reaction product purity, reaction product to starting material ratio, or
reaction product to impurity ratio. For the reaction itself, optimisation may result in a
reduction in solvent mass consumption, reagent mass consumption. It could also reduce the
use of environmentally harmful reagents or solvents, or expensive reagents or solvents.

A chemical synthesis may be defined by an instruction set. The instruction set may be a
versionable executable code which is capable of execution by a chemical synthesiser, having
all the abstract explicit operations in a chemical programming language. The instruction set is
an apparatus agnostic description of chemical operations, and the system interprets the
instruction set to execute a synthesis on a chemical synthesiser.

Accordingly, in optimising a chemical synthesis the method of the present invention is a
method of optimising an instruction set for a chemical synthesis.

In a general aspect, the present invention provides a method of optimising a chemical
synthesis, the optimisation comprising the steps of:
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(i) performing a chemical synthesis in a reaction vessel of a chemical synthesiser
operating according to an instruction set to produce a reaction product,

(i) recording reaction data using an analytical unit of the synthesiser during the
chemical synthesis and/or recording product data on the reaction product,

(iii) analysing the reaction data and/or product data using a control unit of the chemical
synthesiser to determine a characteristic of the synthesis; and

(iv) adjusting one or more reaction parameters of the instruction set, to provide an
adjusted instruction set, based on a prediction that the adjustment will improve the
characteristic of the synthesis.

The work in the present case also exemplifies the optimisation of a chemical synthesis where
the instruction set for the synthesis is automatically generated from literature procedures
using an intelligent software system based on the open-source universal chemical
programming language standard and format, xDL. This open standard has been designed to
allow any chemical transformation to be precisely expressed and run on any compatible
robotic platform. Thus, described herein is a method and chemical synthesiser which can
generate all the components necessary to execute and optimise an automated synthesis
directly from a literature procedure using a universal chemical description language.

The chemical synthesiser includes modules connected sequentially containing all the
necessary hardware for the chemical operations to obtain the targeted product.

Some synthesis methods and synthesis apparatus have been described previously.

EP 4,129,462 describes a method for predicting reaction rate by performing a reaction under
varying conditions, and using the results from these reactions to update a predicted reaction
rate. Paragraph [0054] of EP 4,129,462 describes a ‘reaction condition search step' which
involves searching for reaction conditions that improve the predictability of the reaction rate,
such that the rate constant converges during the search. The document does not describe an
optimisation where there are multiple reaction parameters to be optimised and does not
discuss optimisation of dynamic reaction parameters. The document is also silent on the use
of reaction data to inform the optimisation.

US 2020/0225251 describes an apparatus for reaction screening and optimisation, with the
apparatus having a number of reaction vessels to carry out reactions in parallel. Paragraphs
[0061]-[0062] describe the use of feedback on the final product to adjust and optimise
reaction conditions. The document does not describe the use of reaction data in the
optimisation. There is also no disclosure of the optimisation of multiple reaction parameters
or dynamic reaction parameters.

US 2022/0331772 describes a material synthesis apparatus, which may carry out a synthesis
method calculated using a previously trained synthesis model. The previously trained
synthesis model may be updated by receiving results of a synthesis as feedback from the
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material synthesis apparatus (see paragraph [0043]). The examples describe a first
synthesis, followed by a second synthesis — where results of the first synthesis are used to
help determine commands for the second synthesis. Although US 2022/0331772 describes
feedback based on the results of a synthesis, it does not describe how reaction data may be
used to optimise a synthesis, or how dynamic reaction parameters may be optimised using
the reaction data.

WO 2020/007962 describes a method of developing a predictive model for a set of reactions
sharing a common element, such as a reagent or mechanism. The predictive model is
constructed from a set of completed reactions, and the model is used to enable the
exploration of chemical space. The method described in WO 2020/007962 does not optimise
an instruction set for a particular chemical synthesis. The method is not iterative, as the
predictive model is based on a set of completed reactions. The document does not describe
a method where each repeat of the test synthesis is performed according to a newly adjusted
instruction set, where the adjusted instruction set is made from a prediction based on reaction
data and/or product data from the previous test syntheses.

Method of Optimising a Chemical Synthesis

In a first aspect of the invention there is provided a method of optimising an instruction set for
a chemical synthesis, the method comprising performing a series of optimisation test
syntheses, where each optimisation test synthesis includes the steps of:

(i) performing the chemical synthesis in a reaction vessel of a chemical synthesiser
operating according to an instruction set to produce a reaction product,

(i) recording reaction data using an analytical unit of the synthesiser during the
chemical synthesis and/or recording product data on the reaction product,

(iii) analysing the reaction data and/or product data using a control unit of the chemical
synthesiser to determine a characteristic of the synthesis; and

(iv) adjusting one or more reaction parameters of the instruction set, to provide an
adjusted instruction set,

wherein the optimisation test synthesis is repeated one or more times, and in each
repeat of the test synthesis, the chemical synthesis is performed according to the adjusted
instruction set, which is adjusted from the previous test syntheses, and

the adjustment to the one or more reaction parameters is made following a prediction
that the adjustment will improve the characteristic of the synthesis, wherein the prediction is
based on the reaction parameters associated with reaction data and/or product data from one
or more previous optimisation test syntheses and, where present, one or more previous
exploration test syntheses, and

wherein the method is performed autonomously.

The methods of the invention are for optimising an instruction set of a chemical synthesis.
That is, the instruction set is optimised to improve one or more characteristics of the
synthesis.
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The chemical synthesis is performed in a chemical synthesiser, such as an autonomous
chemical synthesiser (e.g., a chemical robot). The chemical synthesis is typically performed
on a chemical synthesiser, as described herein. The chemical synthesis may be mapped into
a reactionware of a chemical synthesiser.

The chemical synthesis may be a single step synthesis. Alternatively, the chemical synthesis
may be a multistep synthesis. The multistep synthesis may comprise two or more steps,
such as a step of preparing an intermediate compound from one or more reagents, and the
subsequent transformation of that intermediate compound into a reaction product. The
multistep synthesis may comprise parallel steps, such as a step of preparing two intermediate
compounds in parallel, and a step of reacting the intermediate compounds. The chemical
synthesis may comprise two or more chemical reactions, such as three or more chemical
reactions. The chemical synthesis may comprise a series of chemical reactions, as well as
well as parallel chemical reactions, that are later brought to convergence for the production of
a target product.

A downstream chemical reaction may be performed in a reaction vessel different to that of an
upstream chemical reaction. Here, the chemical synthesis will require the transfer of material
between reaction vessels as the synthesis progresses. The transfer may be achieved by any
suitable material transfer method, such as fluidic transfer, and may be undertaken by a
chemical synthesiser and may be autonomously controlled.

The chemical synthesis is not particularly limited and may encompass methods for the
production of small organic compounds, metal complexes, supramolecular structures and
polymers, amongst others. The chemical synthesis may also encompass biological reactions,
or reactions where biomolecules participate as reagents or catalysts. Such biomolecules may
include polypeptides, such as proteins, including enzymes and antibodies, polynucleotides,
polysaccharides, metabolites and cofactors, amongst many others.

The worked examples in the present case exemplify the optimisation of reaction parameters
for multicomponent®', heterocycle synthesis®?, and catalytic reactions®. The worked
examples provided in the present case exemplify the optimisation of a ugi reaction (reaction
of benzaldehyde, benzylamine, 2-fluorobenzoic acid and isocyanide), a Van Leusen oxazole
reaction (reaction of 4-formylbenzonitrile and TosMIC), a styrene sulfonate oxidation (Mn-
catalysed epoxidation of styrene sulfonate with hydrogen peroxide), a tosMIC reaction
(reaction of tosMIC and benzylidenemalononitrile), a phloroglucinol reaction (reaction of
phloroglucinol, benzylidenemalononitrile and 1,8-bis(dimethylamino)naphthalene) and a
trifluoromethylation reaction (reaction of cyclohexanone, 4-fluoroacetophenone, butyrolactone
and Ruppert-Prakash reagent).

The chemical synthesis may also include one or more steps of preparing a reaction mixture
for a chemical reaction, as well as one or more methods for the work-up of a reaction mixture
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following a chemical reaction, and one or more methods for purifying a product of a chemical
reaction. The optimisation may focus on the chemical reaction itself, as well as the steps of
preparing the reaction mixture, work-up and purification. For each chemical reaction in a
chemical synthesis, the chemical reaction may include one or more work-up, purification or
preparation steps.

The chemical synthesis may include a preparation step, the preparation step comprising
preparing a chemical synthesiser for performance of a reaction, including the steps of
generating an instruction set, generating a virtual reaction platform for execution of the
instruction set, and generating the physical hardware (such as a physical reactionware) for
the reaction according to the instruction set from the virtual platform.

The method comprises performing a series of test syntheses. A test synthesis is one repeat
of the chemical synthesis according to an instruction set. Typically, the instruction set is
adjusted after a synthesis such that each subsequent test synthesis is performed with a
different instruction set. In this way, the present invention provides a method of iteratively
optimising an instruction set for a chemical synthesis.

The test synthesis is repeated one or more times, and in each repeat of the test synthesis the
chemical synthesis is performed according to an adjusted instruction set which is an
adjustment of the instructions set from the previous chemical synthesis. The test synthesis is
preferably repeated two or more times, five or more times, ten or more times, twenty or more
times, with each synthesis preferably performed according to a different instruction set.

Preferably, the test synthesis is repeated until the instruction set is optimised.

In some embodiments, the method comprises performing a series of exploration test
synthesis. This may be known as the exploration phase. Preferably the exploration phases
comprises three or more, five or more, seven or more, nine or more, exploration test
synthesis.

The exploration test syntheses explore a reaction space. A reaction space is a space defined
by a range of possible values for each of the reaction parameters used in an instruction set.
The range of possible values for each reaction parameters may be pre-determined (e.g., input
by a user). In addition or alternatively the range of possible values may be determined by the
chemical synthesiser.

In some embodiments, the exploration phase comprises performing a series of exploration
test syntheses, where each exploration test synthesis includes the steps of:

(i) performing the chemical synthesis in a reaction vessel of a chemical synthesiser
operating according to an instruction set to produce a reaction product,

(i) recording reaction data using an analytical unit of the synthesiser during the
chemical synthesis and/or recording product data on the reaction product,
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(i) analysing the reaction data and/or product data using a control unit of the chemical
synthesiser to determine a characteristic of the synthesis; and

(iv) adjusting one or more reaction parameters of the instruction set, to provide an
adjusted instruction set,

wherein the exploration test synthesis is repeated one or more times, and in each
repeat of the test synthesis, the chemical synthesis is performed according to the adjusted
instruction set, which is adjusted from the previous test syntheses, and

the adjustment to the one or more reaction parameters is made to explore a reaction
space wherein the adjustment is based on the reaction parameters associated with reaction
data and/or product data from one or more previous test syntheses.

Typically for the exploration test synthesis, the adjustment to the one or more reaction
parameters is determined to explore a reaction space defined by the instruction set, wherein
the determination is based on the comparison of the reaction parameters to reaction data and
product data from previous test syntheses.

The reaction space is the full extent of the reaction parameters appearing in the instruction
set. Although each instruction set is a definite set of reaction parameters, the chemical
synthesiser will receiver or determine a range over which each reaction parameter may be
varied. Thus, the exploration stage looks to test chemical syntheses across the full scope of
the reaction parameters.

The adjustment to the one or more reaction parameters which is made to explore a reaction
space is made by an exploration algorithm, such as a random search algorithm.

The method comprises one or more optimisation test syntheses. This may be known as the
optimisation phase. Preferably the exploration phases comprises three or more, five or more,
seven or more, nine or more, exploration test synthesis.

Typically, the method comprises one or more exploration test syntheses followed by one or
more optimisation test syntheses. Preferably, the exploration phases comprises three or
more, five or more, seven or more, nine or more, exploration test synthesis followed by one or
more optimisation test syntheses.

Typically, the method comprises one or more exploration test syntheses followed by one or
more optimisation test syntheses, such as three or more, five or more, seven or more, nine or
more, optimisation test syntheses.

The exploration test synthesis and the optimisation test synthesis may be sequential or
separated by other test syntheses.

For the optimisation test synthesis, the adjustment to the one or more reaction parameters is
made following a prediction that the adjustment will improve a characteristic of the synthesis,
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wherein based on the reaction parameters associated with reaction data and/or product data
from one or more previous test syntheses. The previous test synthesis may be previous
optimisation test syntheses and, where present, one or more previous exploration test
syntheses.

In some embodiments, the prediction that the adjustment will improve a characteristic of the
synthesis is based on reaction data, and optionally product data, from the one or more
previous test syntheses. The previous test synthesis may be one or more previous
optimisation test syntheses and, where present, one or more previous exploration test
syntheses. The use of reaction data to optimise the instructions set enables optimisation of
dynamic reaction parameters.

In preferred embodiments, the prediction that the adjustment will improve the characteristic of
the synthesis is based on reaction data and product data from the one or more exploration
test syntheses, and optionally any previous optimisation test syntheses.

In some embodiments, the prediction that the adjustment will improve the characteristic of the
synthesis is based on an optimisation algorithm, such as a genetic or SMBO optimisation
algorithm.

In preferred embodiments the comparison of the reaction parameters to reaction data and
product data from previous test syntheses identifies reaction parameters associated with a
change in reaction data and/or product data, and preferentially adjusts reaction parameters
associated with the change.

In some such embodiments, the comparison of the reaction parameters to reaction data and
product data from previous test syntheses identifies reaction parameters associated with the
highest rate of change in reaction data and/or product data, and preferentially adjusts reaction
parameters associated with the highest rate of change.

The method may further comprise a random test synthesis, using random reaction
parameters. The random test synthesis is used to provide reaction data and product data
which can be used during subsequent tests to adjust the reaction parameters.

The method may also comprise test synthesis wherein the adjustment is configured to
provide a prediction between an exploration synthesis test and an optimisation synthesis test.
The step may therefore be configured with an algorithm operating between an that used for
an exploration test and an optimisation test.

Performing the Chemical Synthesis

The method comprising performing a series of test syntheses. Each test synthesis comprises
the step of performing the chemical synthesis according to an instruction set in a chemical
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synthesiser to produce a reaction product. The instruction set comprises one or more, and
typically a plurality of, reaction parameters.

An instruction set is an executable description of a method for obtaining the reaction product
by chemical synthesis using a chemical synthesiser, such as an automated chemical
synthesiser. The chemical synthesis may be defined by the instruction set. Thus, the instruct
set provides apparatus agnostic description of chemical operations needed to perform a
chemical synthesis. The reaction parameters of the instruction set define the reagents,
conditions, and processing information that makes up the chemical synthesis. The instruction
set is a typically a machine readable instruction set, coded using xDL.

In some embodiments, the method further comprises obtaining an initial instruction set for the
chemical synthesis, the instruction set comprising reaction parameters. The chemical
synthesis may comprise one or more consecutive chemical reaction steps. Each chemical
reaction step may have an instruction set, or the whole chemical synthesis may have an
instruction set. The initial instruction set may be a literature method, converted into a
machine-readable instruction set (as described in WO 2021/219999).

The instruction set is an instruction set for the chemical synthesis that can be adjusted to
provide an adjusted instruction set. Over a series of test syntheses, the instructions set is
optimised to provide an optimised instruction set. The optimised instruction set is typically the
instruction set where the desired characteristic of the synthesis (e.g., vield, purity, conversion)
is improved.

The method may result in an optimised instruction set. The optimised instructions set may be
determined when further adjustment to the reaction parameters does not provide an
improvement to the characteristic of the synthesis. The instruction sets, such as the
optimised instructions set, may be saved in a database.

Reaction Parameters

The instruction set comprises reaction parameters. The reaction parameters together provide
the information needed to perform a chemical synthesis.

Some reaction parameters may be fixed reaction parameters, in other words, reaction
parameters which are not adjustable and so are not changeable between versions. Some
reaction parameters may be variable reaction parameters, in other words, reaction
parameters which are adjustable and so are changeable between versions, in order to
optimise the chemical synthesis.

The instruction set typically comprises fixed reaction parameters and variable reaction
parameters, preferably wherein the variable reaction parameters are variable between an
upper and lower limit.
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The upper limit and lower limit is typically the range within which the reaction parameter can
be adjusted to during the adjustment step. The upper limit and lower limit may be
predetermined and input by an operator, or from the literature synthesis. Alternatively, the
variable range may be automatically determined based on the initial instruction set. For
example, the upper limit and lower limit may be taken as +/- 30% of the reaction parameter
provided in the initial instruction set. The upper limit and lower limit may also be limited by
the boiling and freezing points of the fluid chemical inputs supplied to the reaction space, and
the fluid product output.

In some embodiments, each of the reaction parameters in the instruction set is a variable
reaction parameter. Preferably, all of the reaction parameters in the instructions set are
variable reaction parameters.

Reaction parameters may also be referred to reaction conditions (such as chemical or
physical conditions) or reaction inputs (such as chemical or physical inputs).

The reaction parameter may be a point value or range of values.

The reaction parameter may include physical parameters, such as heating, cooling, light, and
mixing.

Physical parameters are intended to refer to a parameter that is not a material such as a
reagent, catalyst, solvent, or a component. A physical parameter may refer to, for example, a
temperature, such as the temperature of a particular chemical input, or the temperature of the
reaction mixture, or the temperature of the reaction headspace, or the temperature of the
surroundings. A modulation in temperature may refer to a physical parameter than can raise
and/or lower temperature. A series of temperature parameters may be provided thatis a
gradient of temperature increase and/or decreases. The range of temperature parameters
may be limited by the boiling and freezing points of the fluid chemical inputs supplied to the
reaction space, and the fluid product output. It is noted, however, that the reaction space
may be suitably pressurised thereby to effectively alter the boiling and freezing points of the
fluid chemical parameters. In this way a greater range of temperature parameters may used.

Temperature parameter may be used tfo initiate reagents or favour certain reaction pathways.
Temperature parameter may also be used to investigate the stabilities of the reagents and
products.

The physical parameter may be light. A series of light parameters may be provided that differ
in one or more of intensity, wavelength, exposure time and spectrum. Light parameters may
be used to initiate reagents or may be used to favour or alter certain reaction pathways. Light
inputs may include UV-vis inputs. The physical parameter may be microwave radiation.
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The physical parameter may be ultrasound. Such may be useful for the generation of
reagents or products. Ultrasound may also aid the dissolution of material.

The physical parameter may be pressure. Pressure changes may be used to alter, for
example, solvent boiling points.

The physical parameter to the system may be a process related parameter for the reaction
mixture. The physical parameter may be a stirring rate of the reaction mixture. Thus, the
parameter may be a time limited feature for reaction or admixture. After a set time, the
reaction mixture may be analysed and the product quantified. Thus, reaction time may be a
parameter. Similarly, other process features such as concentration and ratio of chemical
parameters, such as the reagent and catalyst chemical inputs, may be a physical parameter.

The reaction parameter may include chemical parameters, such as the addition or removal of
reagents, solvents and catalysts, or the rate of addition or removal of reagents, solvents and
catalysts. Typically, the reference to a chemical parameter is a broad reference to the
addition or removal of material, which may be a reagent, catalyst, solvent, or a component,
that may allow the preparation of a reaction product.

The chemical parameter may specify if a chemical material is provided as a solid, or in a fluid
for transfer to the reaction vessel.

Where the material is a fluid, it may be supplied in this form to the reaction space.
Alternatively, the material may be diluted, dissolved or suspended in a fluid for delivery to the
reaction space. Thus the material may be in solution or suspension. The fluid that dissolves
or suspends the material is not particularly limited, and may be water or an organic solvent,
for example. The fluid may be independently deliverable to the reaction space. The fluid is
also used to provide separation between individual combinations of chemical inputs that are
supplied to the reaction space thereby preventing contamination between different
combinations.

The identity of the material will be dependent upon the reaction and formulation steps that are
to be employed, and may be limited — though not necessarily — by the intended chemical
synthesis.

A chemical material may be a reagent. A range of reagents may be provided that differ in
their structure and functionality.

A chemical material may be a catalyst. A range of catalysts may be provided that differ in
their activity, selectivity, or morphology.

A chemical material may be an acid or a base. A range of different acids and bases may be
provided, where the acidity differs. Organic and inorganic acids and bases may be selected.
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Weak and strong acids and bases may be provided. A buffer may be used to maintain the
reaction mixture at a pH range.

A chemical material may be a solvent. Organic solvents and water may be used. A range of
non-polar, protic and aprotic solvents may be provided. In one embodiment, water is provided
as a chemical input.

A chemical material may be a salt. A range of different salt forms of a particular component
may be used. A range of organic and inorganic salts may be provided.

A chemical material may also be a gas. In some embodiments, a chemical material may be
an inert gas, such as nitrogen or argon, to supply to the reaction space. In other
embodiments, the chemical input is a reaction gas, such as hydrogen, oxygen or carbon
dioxide.

The reaction parameter may specify that the chemical material is only provided for part of the
chemical synthesis. For example, the reaction parameter may specify that the chemical
material is only added for the work up of a reaction product, or only for quenching a reaction.
Such parameters may specify that the material is provided to the reaction space at some time
period after the other materials have been combined, or after a reaction data provides a
certain output, thereby to quench a reaction or to permit the work up and possible isolation of
reaction product.

The concentration of a material within a solution or in a suspension may be selected
appropriately by the chemical synthesiser. The effective concentration of the material in the
reaction space will depend on the concentration of that material within its individual chemical
flow and the volume of other chemical materials with which it is combined in the reaction
space. These volumes are dictated by the flow rates of each of the materials, which may be
varied as appropriate, to alter the effective concentration of a material in the reaction space.
Such techniques will be familiar to those with an understanding of flow chemistry techniques.

Where appropriate, a chemical material may be stored under an inert atmosphere, may be
stored under anhydrous conditions or may be stored at reduced temperature, as required.

In one embodiment, there is provided 2 or more, 4 or more, 6 or more, or 10 or more
chemical materials. For example, the flow chemistry system may comprise a number of
controllable syringes equal to the number of specified chemical materials.

From time to time it may be necessary to replenish a chemical material. The method of the
invention need not be halted to allow such replenishment, and the chemical material may be
replenished at such a time as it is not required during the chemical synthesis. The control
system may be suitably programmed to predict the time at which a chemical material will
become depleted. An operator may be warned accordingly. The control system may also be
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suitably programmed to factor in to the decision making and control process the unavailability
of an input owing to replenishment. The control system can continue to produce products
using inputs other than the input that is being replenished.

The number of chemical reaction parameters may be one, though in this embodiment the
number of physical reaction parameters, which may bring about a change in the chemical
material, will typically be larger than the number of chemical reaction parameters.

In one embodiment, the instruction set may comprise two or more, three or more, four or
more, five or more, six or more, ten or more, twenty or more chemical reaction parameters.

In one embodiment, the instruction set may comprise two or more, three or more, four or
more, five or more, six or more, ten or more, twenty or more physical reaction parameters.

In preferred embodiments, the reaction parameter may be a reagent volume, reagent mass,
reagent addition rate, solvent volume, solvent addition rate, temperature, rate of change of
temperature, stirring rate, reaction time, or a combination thereof.

In some embodiments, each of the reaction parameters in the instruction set are able to be
adjusted, to provide an adjusted instruction set. Preferably, each of the reaction parameters
in the instruction set are adjusted, to provide an adjusted instruction set.

In some embodiments, each of the reaction parameters in the instruction set are able to be
optimised. Preferably, each of the reaction parameters in the instruction set are optimised.

Dynamic reaction parameters

The reaction parameter may be monitored by analysis of reaction data which is recorded
during the chemical synthesis. Where the reaction parameter is monitored using reaction
data, and action taken for conformity with a different reaction parameter, this is known as a
dynamic reaction parameter. A dynamic reaction parameter is a reaction parameter which is
adjusted during the chemical synthesis in response to reaction data obtained during the
chemical synthesis. The dynamic reaction parameter is adjusted ‘live’ during the chemical
synthesis, using feedback from the reaction data.

For example, if the reaction parameter is reaction mixture temperature, the temperature may
be recorded as a reaction data to determine if the reaction parameter is fulfilled. Moreover,
the adjusting the heating/cooling of the reaction mixture may be used to ensure the reaction
parameter is conformed with.

In another example, if the reaction parameter is reaction mixture pH, the pH may be recorded
as a reaction data to determine if the reaction parameter is fulfilled. Adjusting the addition of
acid or base of the reaction mixture may be used to ensure the reaction parameter is obeyed.



10

15

20

25

30

35

40

-22.-
WO 2025/078643 PCT/EP2024/078759

The chemical synthesiser may determine if the reaction parameter is met by adjusting how
the reaction is carried out. For example, if the reaction parameter is solvent volume, the
chemical synthesiser may adjust the amount of solvent added during the reaction to meet the
reaction parameter condition.

Such steps may be intended to bring the course of a synthesis into line a different reaction
parameter synthesis, for example such that the reaction profile is brought into accordance
with the reference profile for the subsequent parts of the chemical synthesis.

Preferably, one or more of the reaction parameters is a dynamic reaction parameter, wherein
the dynamic reaction parameter is adjusted during the test synthesis such that reaction data
satisfies a different reaction parameter.

In some embodiments, the dynamic reaction parameter is dynamic reagent addition rate,
dynamic reaction time or dynamic reaction temperature. In some such embodiments, the
reaction data which satisfies a different reaction parameter is temperature, pressure, colour or
pH, preferably temperature or colour.

The dynamic reaction parameter can typically be directly changed by the chemical
synthesiser. For example, the amount of reagent added, rate of reaction addition, time or
heating/cooling. The dynamic reaction parameter is also used to affect a different reaction
parameter. The different parameter is a reaction parameter which may be adjusted as a
result of a change in a direct reaction parameter. For example, colour, pH, temperature.

Some reaction parameters can be both direct and indirect. If the reaction parameter is direct
or indirect may depend on the nature of the reaction. For example, temperature can be
directly controlled by increasing or decreasing the temperature of a hot plate. However,
temperature can also be controlled by the rate or reagent addition to an exothermic/
endothermic reaction.

A dynamic reaction parameter is maintained if the reaction data indicates that the reaction
parameter is fulfilled, or the dynamic reaction parameter is adjusted if the reaction data
indicates that the reaction parameter is not fulfilled, and the adjustment is such that after the
adjustment the reaction data fulfils the reaction parameter.

In some embodiments, the dynamic reaction parameter is dynamic reagent addition rate. The
dynamic reagent addition rate refers to a reagent addition rate that may be adjusted during
the chemical synthesis in response to reaction data, such as reaction mixture temperature or
reaction mixture pressure. The reaction data is subject to a different reaction parameter. For
example, the reaction temperature may be subject to a temperature reaction parameter,
which requires that the temperature is within a value or range. The dynamic reagent addition
rate is adjusted such that the temperature satisfies the temperature reaction parameter.
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In some embodiments, the dynamic reaction parameter is dynamic time. The dynamic time
may refer to reaction time, that is adjusted during the chemical synthesis in response to
reaction data, such as reaction mixture colour or reaction mixture pH. For example, the
reaction mixture colour may indicate if the reaction is ongoing or has completed. The colour
therefore may be subject to a different reaction parameter (e.g., that the reaction colour is
red). The dynamic time may be adjusted when the reaction colour changes to satisfy the
reaction parameter (e.g., the reaction mixture turns red). Thus, the reaction time is
determined by the colour change.

In some embodiments, the dynamic reaction parameter is dynamic temperature.

The dynamic reaction parameter is typically implemented autonomously, using feedback from
the reaction data. Typically the reaction data is measured by the analytical unit and reported
to the control unit, and the control unit adjusts the dynamic parameter to satisfy the different
reaction parameter.

In additional embodiments the method comprises adjusting two or more reaction parameters
of the instruction set, such as three or more, four or more, five or more, six or more, ten or
more, twenty or more reaction parameters.

In some embodiments the method comprises adjusting each reaction parameter of the
instruction set.

Recording Reaction Data and Product Data

Each test synthesis comprising a step of recording reaction data during the chemical
synthesis and recording product data on the reaction product.

Reaction Data

The reaction data is recorded during the chemical synthesis. The reaction data refers to data
obtainable from the reaction mixture, reaction environment or surroundings. This refers {o
each test synthesis performed. The reaction data is recorded through all or some steps of the
chemical synthesis.

The chemical synthesiser of the invention is provided with an recording reaction data during
the chemical synthesis. The analytical unit then reports the reaction data to the control unit.

Reaction mixture may refer to the reaction mixture itself or the reaction environment.
Reaction environment may refer to the reaction mixture as held in a reaction vessel, and may
include the headspace over the reaction mixture, where such is present. The reaction data
may include data on the surroundings during the reaction. Surroundings refers to outside of
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the reaction vessel, for example the environment surrounding the chemical synthesiser (e.g.,
a fume hood).

The reaction data is data generated throughout the chemical synthesis. Thus, reaction data
may be generated for each chemical reaction in the chemical synthesis. Additionally, the
reaction data may be generated during the reaction itself, but may also be generated during
the initial setting of the reaction mixture, and also the work-up of a reaction, including filtering
or purification.

The reaction data is typically used in the step of adjusting one or more reaction parameters,
as described herein. The use of reaction data in predicting how adjustments to the reaction
parameter will improve the characteristic of the synthesis provides for more efficient and more
effective optimisation of the chemical synthesis.

The reaction data may also be used in dynamic reaction steps, as descried above.

The reaction data may be recorded at a set frequency, a variable frequency or continuously.
The reaction data is preferably recorded at a high frequency, such as at time intervals of 1
second or less, 0.1 seconds or less, 0.01 seconds or less.

In some embodiments, one more than one, such as two or three, different reaction data are
recorded simultaneously.

Reaction data may include physical or chemical properties. The reaction data may include
reaction mixture colour, reaction mixture temperature, reaction mixture pressure, reaction
mixture pH, reaction mixture filter rate, surrounding humidity, surrounding pressure,
surrounding temperature, or a combination thereof, preferably reaction mixture colour,
reaction mixture temperature or a combination thereof.

In some embodiments, the recording of reaction data changes depending on the reaction
parameters. For example, where the reaction parameter includes the addition of a coloured
reagent, the reaction data may include reaction mixture colour. However, where the reaction
parameter includes the addition of only colourless reagents, the reaction data may not include
reaction mixture colour.

In some embodiments, the recording of reaction data changes throughout the chemical
synthesis. For example, where the chemical synthesis includes a heating step, the reaction
data may include reaction mixture temperature. However, if the final work-up is carried out at
ambient temperature, the reaction data may not include reaction temperature.

In some embodiments, the change to the recording of reaction data comprises a change to
the type of reaction data recorded and/or a change to the frequency that reaction data is
recorded. For example, where the chemical synthesis includes a reaction parameter for the
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addition of a reagent causing an exothermic reaction, the reaction data may include reaction
mixture temperature recorded at a high frequency. However, after the addition of the reagent
is complete, the frequency that reaction data is recorded may be reduced.

By changing the type or frequency of the reaction data recording, the amount of reaction data
recorded can be reduced. This may reduce noise in the reaction data, enabling the
adjustment step to be carried out more accurately. In addition, or alternatively, the reaction
data may be filtered to remove reaction data, which is not relevant for the chemical synthesis,
in the same way as described above.

Product Data

The product data is typically analytical data on the reaction product. The product data is
preferably based on the final reaction product. The product data is typically recorded at the
end of the chemical synthesis, such as at the end of each test synthesis.

The chemical synthesiser of the invention is provided with an analytical unit for analysing the
products and recording the product data. The analytical unit then reports the product data to
the control unit.

The product data may be spectroscopic data, such as UV-Vis, Infra-red, Raman, NMR, or
mass spectrometry data; chromatography data, such as gas or high-performance liquid
chromatography data, or a combination thereof. The product data may be measured using
any suitable measurement method, such as described in the examples section.

Any suitable form of NMR spectroscopy may be used, such as '°F NMR, 'H NMR, *C NMR,
%P NMR. Preferably the NMR is "°F NMR.

Preferably, the product data uses an efficient in-situ and on-line analytical techniques, such
as UV-Vis, Raman, IR or benchtop NMR.

Preferably, the product data is obtained using a passive or non-destructive technique. Thus,
the sample may be tested without requiring any physical or chemical degradation of the
reaction product. In this way a sample may be tested by many different methods, if needed.

Product data may be recorded continuously, for example, where the property is a physical or
chemical property that can be measured in this way. Analytical data may also be recorded at
high frequency, under circumstances where it is not practicable to recorded continuously, or
where it is not useful to do so.

In some embodiments, the product data recorded is changed depending on the reaction
parameters.
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Analysing Data

Each test synthesis comprising a step of analysing the reaction data and/or product data to
determine a characteristic of the synthesis. Preferably the product data is analysed to
determine a characteristic of the synthesis. In some embodiments, reaction data, and
optionally product data, are analysed to determine a characteristic of the synthesis.

The chemical synthesiser of the invention is provided with control unit for analysing the
reaction data and/or the product received from the analytical unit to determine a characteristic
of the synthesis.

In some embodiments, the characteristic of the synthesis is product yield, residual starting
material amount, product purity, impurity amount, side-product amount, preferably product
yield or residual starting material amount, more preferably product yield.

Preferably, the characteristic of the synthesis is reaction product yield, reaction product purity,
reaction product to starting material ratio, reaction product to impurity ratio, or a combination
thereof.

The characteristic of the synthesis may be determined from one or more product data. In
some embodiments, the characteristic of the synthesis is yield, and the yield is determined by
NMR, Raman or HPLC product data. In some embodiments, the characteristic of the
synthesis is residual starting material amount, and the residual starting material amount is
determined by NMR, Raman or HPLC product data.

In some embodiments, the characteristic of the synthesis may be a novelty score for an
individual region calculated as the size of the region (as number of data points) multiplied by
the inverse logarithm of the difference between area of the current region and harmonic mean
of all identified regions (Equation 1).

1
X
log,,(Jarea; — areal)

Rs; = Size;

€Y)

If one of the region’s area is equal to overall harmonic mean, that this region’s score is equals
{o its size. Harmonic mean is used to favour smaller peaks and reduce the weight of large
spikes and potential false positives (i.e., noise identified as material peaks).

In some embodiments, the characteristic of the synthesis may be a novelty coefficient of the
reaction product. The novelty coefficient is calculated with respect to all previously measured
spectra (e.g., NMR spectra, HPLC spectra), for which identified regions are stored as arrays
with their x axis coordinates. All identified regions for the spectrum of interest are checked
versus previously identified regions (spectrum-wise) and the spectrum with regions not found
previously will have a higher coefficient (Equation 3).
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Where the characteristic of the synthesis is yield, and the yield is determined by NMR,
Raman or HPLC product data, the improvement in the characteristic of the synthesis is
maximising the product peak in the NMR, Raman or HPLC, optionally wherein the
improvement in the characteristic of the synthesis is maximising the product peak relative to a
reference peak.

Where the characteristic of the synthesis is residual starting material amount, and the residual
starting material amount is determined by NMR, Raman or HPLC product data and the
improvement in the characteristic of the synthesis is to minimise the starting material peak in
the NMR, Raman or HPLC, optionally wherein the improvement in the reaction product is to
minimise the starting material peak relative to a reference peak.

Adjusting Instruction Set

In the method of the invention, the one or more of the test syntheses is an optimisation test
synthesis, and wherein the adjustment to the one or more reaction parameters is determined
by a prediction that the adjustment will improve the characteristic of the synthesis, wherein
the prediction is based on the comparison of the reaction parameters to reaction data and
product data from previous test syntheses.

The chemical synthesiser of the invention is provided with control unit for adjusting the one or
more reaction parameters, and determining the adjustment based on a prediction that the
adjustment will improve the characteristic of the synthesis, wherein the prediction is based on
the comparison of the reaction parameters to reaction data and product data from previous
test syntheses.

The adjustment is typically an increase or decrease to one of the variable reaction
parameters. For example, an increase or decrease to the reaction mixture temperature, an
increase or decrease to the reaction time, or an increase or decrease to the reagent addition
rate.

The adjustment is made based on a prediction that the adjustment will improve the
characteristic of the synthesis. The prediction is based on the comparison of the reaction
parameters to reaction data and product data from previous test syntheses.

In some embodiments, the prediction uses reaction data and product data recorded from
previous exploration iterations of the instructions set.
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In some embodiments, the prediction uses the reaction data and product data in optimising
the instruction set, uses reaction data and/or product data recorded during the chemical
synthesis carried out in previous optimisation iterations of the instructions set. Preferably the
prediction uses reaction data and product data recorded during the chemical synthesis
carried out in previous exploration and optimisation iterations of the instructions set.

In some embodiments, the comparison of the reaction parameters to reaction data and
product data from previous test syntheses identifies reaction parameters associated with a
change in reaction data and/or product data, and preferentially adjusts reaction parameters
associated with the change.

In some embodiments, the comparison of the reaction parameters to reaction data and
product data from previous test syntheses identifies reaction parameters associated with the
highest rate of change in reaction data and/or product data, and preferentially adjusts reaction
parameters associated with the highest rate of change.

In some embodiments, the comparison of the reaction parameters to reaction data and
product data from previous test syntheses identifies dynamic reaction parameters associated
with a change in reaction data and/or product data, and preferentially adjusts dynamic
reaction parameters associated with the change.

In some embodiments, the comparison of the reaction parameters to reaction data and
product data from previous test syntheses identifies dynamic reaction parameters associated
with the highest rate of change in reaction data and/or product data, and preferentially adjusts
dynamic reaction parameters associated with the highest rate of change.

Preferably, analysing the reaction data and product data to suggest an adjustment to one or
more reaction parameters is carried out by an optimisation algorithm. In some embodiments,
the optimisation algorithm is a random search, genetic or SMBO algorithm.

The optimisation stage uses an algorithm with hyperparameters set to favour optimisation
over exploration. The exploration stage uses an algorithm with hyperparameters set to favour
exploration over optimisation.

The optimisation algorithm is typically a machine learning algorithm. Any suitable machine
learning algorithm may be used, which is capable of optimizing the desired characteristic of
the synthesis by adjusting reaction parameters. The optimisation algorithm may use manual
search, grid search, random search, genetic model or bayesian model-based optimization
(e.g., SMBO). Preferably, the optimisation algorithm is a random search, genetic model or
SMBO algorithm.
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Where the algorithm is a random search algorithm, the values of the reaction parameters are
determined from a random number array (sampled from a uniform distribution) within the
parameters constraints.

Where the algorithm is a genetic model algorithm, it may uses truncation selection, single
point crossover, and random reset mutation while preserving the best solution (elitism). In
case of premature convergence, the population is typically reinitialized. The genetic algorithm
may include hyperparameters selected from population size (e.g., number of individuals in the
population) and probability of change (e.g., probability of mutating a gene).

Where the algorithm is SMBO, the algorithm may be implemented using the scikit-
optimize python library, as described in the examples.

A different algorithm may be used for different test synthesis. For example, a different
algorithm may be used for an exploration phase to an optimisation (or exploitation) phase.

In a specific embodiment, an exploration phase may use a random search algorithm, and an
optimisation phase may use a SMBO algorithm.

In a specific embodiment, five random experiments may be used to initialize the parameter
search space, ten experiments may be used to explore this space (i.e. minimize the
uncertainty), five experiments with balanced exploration-exploitation approach and six
experiments to optimise the reaction space.

Chemical Synthesiser

In a second aspect of the invention there is provided a chemical synthesiser for use in the
method of optimising an instruction set for a chemical synthesis of the first aspect, the
synthesiser comprising a reaction vessel, an analytical unit and a control unit, wherein:

the reaction vessel is for the performance of the chemical synthesis according to an
instruction set,

the analytical unit is for recording reaction data from the reaction vessel during the
chemical synthesis and/or for recording product data on the reaction product, and for
reporting the reaction data and/or product data to the control unit;

the control unit is for analysing the reaction data and/or product data received from the
analytical unit to determine a characteristic of the synthesis, and for adjusting one or more
reaction parameters of the instruction set, to provide an adjusted instruction set, wherein the
adjustment to the one or more reaction parameters is made following a prediction that the
adjustment will improve the characteristic of the synthesis, wherein the prediction is based on
the reaction parameters associated with reaction data and/or product data from one or more
previous optimisation test syntheses, and

wherein the chemical synthesiser is for performing the method autonomously.
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The present invention also provides for the chemical synthesiser, or parts of the chemical
synthesiser, to operate autonomously. Thus, the chemical synthesiser may include an
autonomous chemical synthesiser, suitably programmed to carry out the chemical synthesis
according to the instruction set. The chemical synthesiser may include an autonomous
analytical unit, suitably programmed to record reaction data and product data and report the
data to a control unit. The chemical synthesiser may include an autonomous control unit,
suitably programmed to analyse the reaction data and product data to determine a
characteristic of the synthesis, and suggest an adjustment to one or more reaction
parameters which is predicted to improve the characteristic of the synthesis, and providing an
iterative instruction set to the chemical synthesiser comprising one or more adjusted reaction
parameters.

Reaction Vessel

The chemical synthesiser comprises a reaction vessel for the performance of the chemical
synthesis according to an instruction set.

The chemical synthesiser is optionally also provided with one or more modules for work-up
and purification, and further comprising reagents, optionally together with solvents and
catalysts, for use in the chemical synthesis.

The chemical synthesiser may comprise a reactionware cartridge, for the performance of the
chemical synthesis according to the instruction set. The reactionware may include multiple
reaction vessels which are fluidically connected. The reactionware cartridge may be a
reusable 3D printed ‘module-monolith’ reactionware cartridge. The reactionware cartridge is
optionally also provided with one or more modules for work-up and purification, and further
comprising reagents, optionally together with solvents and catalysts, for use in the chemical
synthesis. The reactionware cartridge may be automatically generated from literature
procedures using an intelligent software system based on the open-source universal chemical
programming language standard and format, xDL.

The chemical synthesiser can be equipped with the components suitable for performing a
chemical synthesis, preferably an automated chemical synthesis.

For example, the chemical synthesis may comprise a reagent and solvent handling system,
such as a fluid handling system, a reaction vessel, a reagent/solvent supply system and
waste system.

The chemical synthesiser typically comprises a fluid handling system. The fluid handling
system may have any suitable form, and typically includes a network of pipes, valves, and
pumps (e.g., syringe pumps) fluidically connected to the reaction vessel. The fluid handling
system preferably includes a flow sensor, such as an optical flow sensor to measure the rate
of flow of fluid into the reaction vessel.
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The chemical synthesiser typically comprises a reaction vessel. The reaction vessel typically
includes a reactor (e.g., a glass flask, flow cell, etc.), an agitator (e.g., sonicator or stirrer), a
heater (e.g., a hot plate) and a cooler (e.g., a chiller).

Chemical synthesiser may also include a purification module, such as a column
chromatography module, a filtration module, a washing module. The modules are suitable for
performing their respective task.

The chemical synthesiser is preferably a robotic chemical synthesiser for autonomous
performance of the chemical synthesis, and for autonomous control of the analytical device.

The function of the chemical synthesiser is as described in the performing chemical synthesis
section, described above.

Analytical Unit

The chemical synthesiser comprises an analytical unit is for recording reaction data from the
reaction vessel during the chemical synthesis and for recording product data on the reaction
product, and for reporting the reaction data and product data to the control unit.

The analytical unit comprises analytical devices. The analytical device include sensors for
measuring reaction data and product data.

Typically, the analytical unit comprises a reaction analysis unit for recording reaction data
during the chemical synthesis and a product analysis unit for recording product data on the
reaction product.

The analytical unit typically comprises a hub (referred to as a ‘sensor hub’) for centrally
connecting the sensors (e.g., the sensors of the reaction analysis unit and the product
analysis unit).

In some embodiments, the reaction analysis unit comprises a colour sensor, a temperature
sensor, a pressure sensor, a pH sensor, a flow rate sensor, a humidity sensor or a
combination thereof.

The temperature sensor, a pressure sensor, a humidity sensor may be a reaction mixture
sensors (sensors configured to measure the reaction mixture) or surrounding sensors (sensor
configured to measure the surroundings). For example, the reaction analysis unit comprises
a reaction mixture colour sensor, a reaction mixture temperature sensor, a reaction mixture
pressure sensor, a reaction mixture pH sensor, a reaction mixture flow rate sensor, a reaction
mixture humidity sensor or a combination thereof. For example, the reaction analysis unit
comprises a surrounding temperature sensor, a surrounding humidity sensor, a surrounding
pressure sensor, or a combination thereof.
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Preferably, the reaction analysis unit comprises a reaction mixture colour sensor, a reaction
mixture temperature sensor or a combination thereof.

In some embodiments, the product analysis unit comprises an infra-red spectrometer, a
Raman spectrometer, an NMR spectrometer, a mass spectrometer, a gas chromatography
instrument, a high-performance liquid chromatography instrument, or a combination thereof.

The function of the analytical unit is as described in the recording reaction data and product
data steps, described above.

Control Unit

The chemical synthesiser comprises a control unit for analysing the reaction data and/or
product data received from the analytical unit to determine a characteristic of the synthesis,
and for adjusting one or more reaction parameters of the instruction set, to provide an
adjusted instruction set, wherein the adjustment to the one or more reaction parameters is
made following a prediction that the adjustment will improve the characteristic of the
synthesis, wherein the prediction is based on the reaction parameters associated with
reaction data and/or product data from one or more previous optimisation test syntheses,
and, where present, one or more previous exploration test syntheses.

In some embodiments the control unit is for adjusting two or more reaction parameters of the
instruction set, such as three or more, four or more, five or more, six or more, ten or more,
twenty or more reaction parameters.

In some embodiments the control unit is for adjusting each reaction parameter of the
instruction set.

The instruction sets are typically stored in the control unit.

In some embodiments the control unit is for analysing the reaction data and product data
received from the analytical unit to determine a characteristic of the synthesis, wherein the
characteristic of the synthesis is product yield, residual starting material amount, product
purity, impurity amount, side-product amount, preferably product yield or residual starting
material amount, more preferably product yield.

Preferably, the control unit receives reaction data during the chemical synthesis, and the
control unit dynamically adjusts one or more dynamic reaction parameters during the
chemical synthesis in response to the reaction data. Preferably, the control unit adjusts the
dynamic reaction parameter such that the reaction data fulfils a different reaction parameter.

The function of the control unit is as described in the analysing data and adjusting instruction
set steps, described above.
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Other Preferences

Each and every compatible combination of the embodiments described above is explicitly
disclosed herein, as if each and every combination was individually and explicitly recited.

Various further aspects and embodiments of the present invention will be apparent to those
skilled in the art in view of the present disclosure.

“and/or” where used herein is to be taken as specific disclosure of each of the two specified
features or components with or without the other. For example “A and/or B” is to be taken as
specific disclosure of each of (i) A, (ii) B and (iii) A and B, just as if each is set out individually
herein.

Unless context dictates otherwise, the descriptions and definitions of the features set out
above are not limited to any particular aspect or embodiment of the invention and apply
equally to all aspects and embodiments which are described.

Certain aspects and embodiments of the invention will now be illustrated by way of example
and with reference to the figures described above.

Comments on Examples

The Optimiser framework is built on top of the existing abstraction of chemputation, which is
encoded using the xDL programming language?®, thus enabling iterative optimization on any
hardware platform capable of performing the relevant chemical unit operations (e.g., reagent
addition, stirring with temperature control, etc.).

We demonstrate the system’s usability for reaction optimization by improving the product
yield and purity for the 4-component Ugi reaction; Van Leusen oxazole synthesis;
manganese-catalysed styrene epoxidation and explorative trifluoromethylation using the
Ruppert-Prakash reagent. By using a unified format for storing and sharing procedures,
process data and results we ensure that every protocol can be reproduced and verified. The
key requirement for any autonomous chemical robot is the ability to dynamically execute a
given list of instructions with real-time adaptation to changing process parameters. To realize
this on the Chemputer platform, the following components were integrated in the overall
framework: a) hardware and software support for a range of low-cost sensors, b) dynamic
XDL as a basis for various feedback control chemical operations, c) software package for
analytical instrument control and signal processing, d) xDL-based package for iterative
reaction optimization with support for parallel procedure execution. These improvements
enabled the first demonstration of an automated tandem of discovery-optimization framework
that uses xDL code as an input and returns optimized XDL as an output, paving the way for
fast collaborative exploration of chemical spaces and reaction conditions.
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We have included a set of low-cost sensors into the existing infrastructure of the Chemputer
platform: colour, temperature, conductivity, and pH sensors for monitoring of chemical
processes, and a liquid sensor for tracking material transfer and detecting failures of the liquid
handling system. An environmental sensor was added to record the ambient conditions —
temperature, pressure and humidity — and identify potential reproducibility issues. All sensors
are connected to a custom-designed board, the SensorHub: an Arduino module, featuring a
variety of communication protocols and connected to the Chemputer IP network. Additionally,
graphical interface is provided through a web-based dashboard application, which allows the
user to control any sensor individually, or change the rate of the background measurements
for demanding processes. In addition to the low-cost sensors, a vision-based condition
monitoring system was developed to add flexibility and improving the autonomy of Chemputer
operations.

To manage the control of the analytical instruments and provide a unified interface for
obtaining spectral data, we have developed a stand-alone Python package —
AnalyticalLabware. Covering a range of several analytical instruments, our library includes
control over UV-Vis, near IR (NIR), Raman and NMR spectrometers as well as HPLC-DAD
system from various manufacturers, see Figure 2. In addition, the library also has basic
methods for spectra pre-processing, such as peak picking or baseline correction, and domain
specific techniques, e.g., zero-filling and apodization for NMR spectra. The package is fully
integrated into our Chemputer workflow: from hardware graph, in which the instruments are
presented as hardware objects with corresponding connection parameters, to dedicated high-
level xDL steps, specifying sampling routine and additional parameters to perform the data
acquisition.

At the fundamental level xDL provides a universal ontology for the encoding and execution of
chemical synthesis recognizing that all chemical synthesis is based around four abstract
properties: the reaction; workup; isolation; purification. This means that well known chemical
reactions can be expressed as a process-driven language that focuses on the practical
actions needed to allow the reaction to happen. To extend this to dynamic reaction control, a
base class for dynamic processes, AbstractDynamicStep, is exposing three abstract
methods to control the execution flow, where each method returns a list of steps to be
executed, based on the current state of the step. Here, we present a set of dynamic xDL
steps to allow self-correcting procedure execution for a range of potential use cases (addition,
transfer, execution, monitoring, optimization).

The ChemputationOptimizer software is designed to take further advantage of the xDL
dynamic step by leveraging a set of optimization algorithms to dynamically update the
procedure parameters based on an end-point measurement obtained from a given analytical
instrument (Figure 3). The xDL procedure, either translated from a literature or obtained
followed combinatorial or active learning reaction discovery, is used as a starting point for the
optimization cycle. The user only needs to provide a corresponding hardware graph and a
configuration file. After robotically executing the procedure, the reaction output (typically, a
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spectrum of the quenched reaction mixture) is analyzed and passed to an optimization
algorithm to suggest the next set of input conditions. The user can choose from a wide variety
of state-of-the-art optimization algorithms, including those implemented in the Summit? and
Olympus? frameworks. A server-client interaction allows multiple clients to work together
towards a joint optimization problem. With the new set of reaction parameters, the procedure
is updated and executed, and this cycle is repeated until the maximum number of iterations,
or the desired target is reached. All experimental procedures together with the corresponding
set of parameters and reaction results (both raw spectral data and the processed output) are
saved in a database and can be verified later.

With these new hardware and software developments in place, we validated that low-cost
sensors can capture relevant process data of the synthesis execution, ensuring safety and
stability of operation. Our experience showed that the most encountered critical failure within
the Chemputer is related to various types of syringe breakage. For such potential hardware
failures, we employed the vision-based condition monitoring system that uses multi-scale
template matching, detects anomalies using a holistic approach of structural similarity, and
alerts the operator.

We deployed our data-rich reaction development engine to passively monitor the turbidity
during the formazine synthesis, an organic colloid used as a turbidity reference material
(Figure 4a). The system did not only capture ambient conditions, e.g., the room’s
temperature, but reagent priming, and addition left distinct signals in the liquid detector trace
and the RGBC sensor detected the increase of turbidity as the reaction progressed. The
liquid sensor was further used to monitor the consistency of reagent delivery and proved
valuable in challenging steps such as filtration, where transferring volumes are not
predefined. Here, a simple binary output (i.e., 0 for an empty tubing and 1 for filled) was
sufficient to increase the reliability of the process, while quantitative volume data might be
obtained via indirect analysis. Overall, combined data could serve as a process fingerprint
and may be used for subsequent validation of any reproduced procedure.

We have demonstrated the self-correcting execution of two functional group interconversion
reactions (thioether oxidation® and nitrile formation®), using the feedback from the
temperature and colour sensors, respectively. The examples were chosen to highlight the
benefits of incorporating the selected low-cost sensors in automated synthesis platforms.
The first example shows the slow addition of hydrogen peroxide monitored by an internal
temperature probe to prevent the thermal runaway. By utilizing the dynamic step, it was
possible to carry out the reaction automatically on a 25-gram scale without exceeding the
maximum temperature specified in the literature procedure during the oxidant addition step
(Figure 4b). Next, the passive temperature monitoring revealed an uncontrolled exotherm
during the subsequent heating step. Such insights can be easily discerned through our
dashboard, enabling safe process development and scale-up. Our second example
demonstrates the use of a simple colour sensor to monitor a nitrile synthesis from an
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aldehyde using ammonia and iodine, and dynamically adjust the reaction time as the
discolouration indicates complete reagent consumption (Figure 4c).

The reaction time of the chosen process varies depending on the aldehyde substrate, which
has to be determined using a supervised trial run if in-line feedback is not available. Typically,
exact reaction times are unknown and require a more general solution, such as the one
outlined in our XDL step for dynamic execution which performs the respective child step(s)
until termination criteria are met. In our experiments, absolute thresholds for sensor readings
proved unreliable as termination criteria due to changes in the ambient light, however we
found that rate of colour change could be used to detect the end of the process.

Beyond enhanced process control and condition monitoring, we were able to optimize
reaction conditions for multicomponent®', heterocycle synthesis®?, and catalytic reactions®
using feedback from **F NMR, HPLC-DAD, and Raman spectroscopy. The goal was to
illustrate a broad change of chemistry that features commonly encountered reaction types in
preparative synthesis to showcase the benefits of digitalisation for the traditional organic
chemistry community. The algorithms were chosen to highlight the capabilities of our agnostic
toolkit (integrated optimization routines using random search, design of experiments,
Bayesian optimization and genetic algorithms as well as interface to the Summit and Olympus
frameworks) and a user may choose the most appropriate algorithm for their chemical
system. In our experience, a wide variety of algorithms were suitable for reaction optimization
and even random search provides a strong baseline. As a proof-of-concept for reaction
optimization, we have selected the Ugi four-component reaction (Figure 5a). Even though the
reaction procedure is well established, it is sometimes not trivial to obtain good results, given
that multiple parameters need to be optimized simultaneously. The target parameter for this
reaction was selected as the ratio between the area under the curve for the product and
reference substance on the *F NMR spectrum. In 30 experiments it was possible to achieve
a 38% relative improvement for the yield of the product, compared to the starting literature
conditions.

The optimization was performed using a Sequential Model-Based Optimization algorithm
(SMBO) and consisted of four stages: five random experiments to initialize the parameter
search space, 14 experiments to explore this space (i.e. minimize the uncertainty), five
experiments with balanced exploration-exploitation approach and six experiments to exploit
the space (i.e. maximize the outcome, product yield). A Gaussian Process regression model
served as the surrogate model. Figure 5a shows a typical "°F NMR spectrum of the reaction
mixture (bottom right) and explored reaction parameters space over the optimization process
(bottom left). Showcasing the flexibility of our approach, a Van Leusen oxazole synthesis was
optimized using two parallel reactors with independent heating and stirring (Figure 5b). The
throughput of the platform can be increased by adding further reactor modules, however there
is a trade-off with the number and the quality of updates obtained from the optimization
algorithm. We used the SNOBFIT®* algorithm to maximize the area of the product peak in the
HPLC chromatogram relative to an internal standard while minimizing impurities and excess
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reagents achieving a 10% relative improvement in the weighted objective in 26 iterations.
Finally, we optimized starting material conversion relative to an internal standard in a
manganese-catalysed epoxidation (5¢) using online Raman spectroscopy in conjunction with
the Phoenics®® algorithm. Thanks to the fast acquisition time of the Raman instrument, time-
series data could be obtained as well, which could be used for further analysis of the reaction
kinetics. Not only classic process variables like temperature and time were considered but
also often overlooked factors such as addition speed proved crucial in this transformation as
they impact the formation of the active catalytic species. 40 iterations were needed to find a
robust optimum that leads to full conversion.

We also demonstrated how this closed-loop approach can be extended to facilitate compound
discovery and optimization. Our suggested pipeline includes three stages: first, the
exploration of the product space achieved by a series of experiments from random search to
algorithmic maximization of the heuristic novelty score. Next, the obtained spectra are
analyzed to isolate regions of interest and identify potential products. Finally, for each
identified product a series of experiments is executed to find reaction conditions, that will
maximize the product outcome. As an example of such exploration-optimization strategy, we
have selected the trifluoromethylation reaction® within a small substrate space of four
different (Figure 5d). Starting from a complex mixture of substrates our system was able to
identify three products of this reaction, which were characterized by corresponding peaks on
the '°F NMR. These peaks were then used to guide the individual optimization experiments,
where the target was set to maximize the area under the curve for the main product, while
minimizing the areas for the other recognized peaks.

Using combinatorial search in limited chemical space we were able to discover a reaction
between toluenesulphonylmethyl isocyanide and benzylidenemalononitrile, referred later as
the tosMIC reaction (Figure 6a). The xDL procedure generated upon the discovery was
subjected for the optimization using HPLC analysis feedback, set to maximize the product
peak. Using the SMBO strategy we were able to increase the yield by 22% in just 32
iterations (Figure 6e). Furthermore, we decided to perform another reaction in a similar
manner, this time, between three components: phloroglucinol, benzylidenemalononitrile and
1,8-bis(dimethylamino)naphthalene (Figure 6c¢). The optimization protocol consisted of two
distinct campaigns, the first one comprising 37 reactions and the second campaign,
comprising additional 13 reactions in the expanded search space. The reason for such
strategy originated from careful analysis of the data obtained for the first campaign: 6 out of
the 37 reactions performed at 25°C with maximally allowed 1,8-
bis(dimethylamino)naphthalene concentration resulted in yields greater than the yield at initial
reaction conditions (27%), suggesting that a more "adventurous" approach may lead to
interesting results®”. The second campaign was initiated with results from the previous
campaign serving as an input and the temperature and constraints allowing for temperatures
as low as 0°C while allowing the 1,8-bis(dimethylamino)naphthalene concentration to reach
8 mol. During the first campaign the optimization protocol yielded parameters which resulted
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in a 49% yield, an absolute increase of 22% from the 27% obtained for the initial reaction
conditions.

However, with the more opened constraints present, the explored space has been expanded
into unintuitive areas that would not have been a first choice, or a choice at all, for the
experimental chemist: in this example the algorithm moved into temperatures not suited for
the solvent used (DMSO freezing point is below 19°C). This shift has led to a further increase
in the reaction yield by 50% with respect to the initial reaction conditions, reaching 77%

Low-cost sensors as well as process analytical technology instruments were integrated into
the growing Chemputer software stack leading to enhanced process control and insight. This
represents a fundamental shift from previous iterations of the Chemputer platform that were
open-loop control systems for chemical synthesis to a closed-loop platform with feedback-
enabled synthesis, optimization, and discovery capabilities. In practice, this means that new
dynamic operations such as temperature-controlled reagent additions or optical endpoint
detection that were previously not available can now be used in automated synthesis,
increasing safety and reliability of our system. Furthermore, we showed how xDL procedures
derived from the literature can be improved and versioned using optimization and databasing.
Executing the optimized, versioned XDL codes on the platform leads to reproducible optimal
results. Data thus obtained can be used to understand the influence of process variables on
given chemical transformations which in turn may help to populate reaction blueprints with
tailored conditions for library synthesis or accelerated molecular discovery projects. In this
context, the newly developed xDL-based parallel execution and intelligent resource allocation
have the potential to greatly enhance the throughput of the Chemputer, while maintaining
maximum flexibility in varying experimental conditions and avoiding constraints typically
encountered in HTE setups. We also demonstrated how this approach can be extended for
the exploration of unknown reaction spaces, combining digital discovery and optimization in a
single framework. Overall, the reported system provides a universal approach for optimizing
digital recipes and can accommodate any further module developments following the xDL
standard. As the number of robotically generated datasets grows, we envisage that real-time
telemetry data will provide an important means for data verification. Ultimately, we believe
that the toolkit described herein will reduce barriers to automated process development and
optimization as well as more complex, autonomous molecular discovery workflows.

Experimental
The following examples are provided to further illustrate the present invention and are not
intended to limit the scope of the invention.

Materials and Measurement Methods

Solvents and reagents were used as received from commercial suppliers unless otherwise
stated.
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All NMR measurements were recorded on Bruker Avance |iIl HD 600 spectrometer operating
at 600 and 151 MHz for 'H and '3C, respectively, or Bruker Avance Il 400 spectrometer
operating at 400 and 100 MHz for 'H and '*C respectively. Spectra were collected at 298 K,
chemical shifts are reported in ppm and were calibrated for the (residual) NMR solvent signal
(apparent multiplicities are given as s: singlet, d: doublet, t: triplet, g: quartet, m: multiplet, with
coupling constants reported in Hz). The spectra were processed with MestReNova 14.0.0.
High resolution mass spectra were obtained on a Bruker maXis LC/MS.

For reaction optimization Magritek Spinsolve 80 Carbon (80 MHz operating frequency for 'H)
benchtop NMR, Agilent 1260 Infinity Il LC system (with IDEX MX Il sample loop valve) and
Ocean Insight QE Pro Raman spectrometer were used.

Software Architecture

The Chemputer Optimizer was controlled by adapting the previously published Chemical
Description Language (xDL) (see htip://xdl-standard.com/ and Mehr).

Chemputer Optimizer software package has been developed to execute closed-loop
synthesis optimization using the Chemputer as automation platform. The core routine utilizes
the special methods of the DynamicStep of the xDL framework to run the procedure
iteratively, updating the user-defined parameters using the feedback from analytical
instruments. Additional dynamic steps have been developed to execute chemical operations
with process monitoring using various utility sensors: DynamicAdd - for dynamic reagent
addition, DynaicTransfer - for crucial liquid transferring operations and DoUntil - for active
reaction monitoring. The AnalyticalLabware library introduces methods to control several
analytical instruments in a unified manner, including HPLC, benchtop NMR and Raman
spectrometer. In addition, this library provides operations for basic processing and analysis of
the acquired data. All modules are written in Python 3.9, with full source code and
documentation available online as supplementary files and on GitHub. The code is
compatible with existing ChemPU software stack and can be extended for use in any xDL
compatible automation platform.

The ChemputerOptimizer software package is based on the existing XDL framework, taking
the advantage of its routines for procedure preparation (i.e., inserting implied steps and
attributes) and execution. The core class, OptimizeDynamicStep, is a controlling the
dynamic iterative execution of the given procedure and updating its parameters with the new
suggestion from the optimization algorithm. Several classes are developed to support the
closed-loop experiment execution, mainly: AlgorithmAPI — general class to provide interface
for existing algorithms for optimization, manages reaction parameters and results, and
translates them in an appropriate format; SpectraAnalyzer — class to analyze data from
analytical instruments (spectra) and calculate the target reaction descriptor (e.g., yield);
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OptimizerClient — client part of the server-client based interaction with Summit and
Olympus optimization frameworks.

In addition to common steps to describe synthetic operations, ChemputerOptimizer features
several special XDL steps for running closed-loop optimization.

OptimizeStep

The OptimizeStep step indicates optimization parameters in the XDL procedure. These
parameters are then processed during the procedure compilation with the hardware graph.
They can be set by the user or are naturally extracted from the procedure, using a predefined
set of common optimization steps, e.g., reagent addition or reaction temperature. The
OptimizeStep should wrap the step which parameters are subject to the optimization (child
step).

An Example of the OptimizeStep wrapper is shown below, where the optimize_properties
attribute indicates the parameter of the child step subjected to the optimization, with its
max_value and min_value limits.

<OptimizeStep

id="1"
optimize_properties="
{'volume’:
{'max_value': 0.3, 'min_value': 9.0}}">
<Add

vessel="reactor”
reagent="cyclohexenone”
volume="0.2 mL"
aspiration_speed="3.8"

port="g"

stir="True"

priming_volume="6.2 ml" />
Analyze

The Analyze or FinalAnalysis step performs the reaction analysis when executed. The
step contains all necessary parameters to run the analysis via Raman, HPLC or NMR
instruments, including reaction sampling, sample treatment (e.g., dilution) and instrument
control. During the compilation the step’s attributes are additionally checked for consistency
(e.g., “dilution volume” if dilution is required) and necessary callback functions (i.e., to update
the optimization state upon iteration completion) are assigned. The Analyze or
FinalAnalysis should be inserted in the procedure after the reaction is complete.

An example of the Analyze step to perform the NMR analysis of the reaction mixture upon
reaction completion is shown below. The step contains attributes to indicate the vessel where
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the analysis should be performed, desired method for the analysis and sample volume (if
sample is required). Additional attributes are added for the corresponding analytical method
(e.g., shimming for the NMR) and the method_props attribute represents the parameters
(e.g., nuclei for the NMR) to run the analysis.

When the reaction time is used as a parameter for optimization, quenching steps are typically
added to avoid inconsistency between the actual reaction time and the recorded reaction
time. Reactions were typically quenched either by rapid dilution or addition of reagents during
work-up steps during the analysis. These are part of the high-level Analyze XDL steps. For
Raman, no quenching is needed as the measurement is instant. Therefore, time
inconsistencies are minimal systematic errors. In this way, executing the optimized,
versioned XDL codes on the platform leads to reproducible optimal results.

<Analyze
vessel="reactor”
method="NMR"

sample_volume="2,5"
method props="1{
"protocol’: "1D FLUORINE HDEC',
"protocol _options’: {
‘centerFrequency’: -85,
"PulselengthScale': 1,
‘decouplePower’: @,
‘AcquisitionTime’: 1.64,
'RepetitionTime’: 15,
"Pulsefngle’: 90,
‘Number': 64
}
3
force_shimming="True"
cleaning solvent="THF"/>

Background Reaction Monitoring

The StartMonitoring asynchronous step starts the execution of the analysis with the
chosen method in a background thread. Every recorded spectrum is saved in the
SpectraAnalyzer class and is subjected for the analysis to categorize the found peaks into:

* Product — peaks that appeared during the reaction and remained at the end of the it.

+ Starting material — peaks that were present at the start of the reaction and their

integration area decreased during its course.

« Intermediate material — peaks that appeared during the reaction but were absent in
the end of it.
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* Noise/artifacts — peaks that were persistent during the reaction.

Constrained Step

In some cases, additional constraints beyond upper and lower bounds are imposed on the
optimization variables. For example, all factors in mixture experiments must sum up to 100%.
The ConstrainedStep wraps a child step and adjusts the value of a given parameter as a
function of the values of selected OptimizeStep steps and the desired target value.

An example of the ConstrainedStep step is given below, that adjusts the volume of a
constrained Add step based on two OptimizeStep steps. In this example, the toluene volume
would be adjusted to 30 mL. In the given example, the volume of the Add step is calculated

as in:
V(target) = V(id1) + V(id2) + V(Add)
<OptimizeStep
id:“lﬂ

optimize_properties="
{'volume': {"max_value': 20.0, 'min_value': 10.0}}">
<Add
vessel="reactor”
reagent="cyclohexenone”
volume="16 mL" />
«/OptimizeStep>
<ConstrainedStep
ids="[1, 21"
parameter="volume”
target="56"
<Add
reagent="toluene”
vessel="reactor”
volume="29959 mL"
<Add/>»
<ConstrainedStep/»
<OptimizeStep
id="2"
optimize_properties="
{'volume': {'max _value': 20.0, 'min_value': 5.0}}">»
<Add
vessel="reactor”
reagent="pyrrolidine”
volume="16 mL" /»
</OptimizeStep>
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Sensor Control and Execution

The low-level sensors control is implemented via Arduino CommandTools framework, which
provides a unified interface for communication with various devices via Arduino boards'®. The
corresponding python library — Commanduino — provides python interface for communication
and control of any device interfaced with Arduino CommandTools'. The sensors package is
integrated into Chemputer stack via ChemputerAPI and Chempiler libraries, which provides
high-level individual sensor access and overall control of the background recording thread
and data i/o respectively.

To provide access to sensors control and execution for the end user through XDL framework
the following steps were developed:

e SetSensor — the starting point to control the background sensor monitoring thread. A
callback function could be assigned during compilation, that will be executed with

timestamp argument when the sensor will be set.

e ReadSensor — the step to take a single reading from the sensor and pass it to the
callback function (if assigned during the compilation). The reading is acquired from the
background monitoring thread, or, if the latter was not started, by direct

communication with sensor.

¢ GetSensorReadings — the step to take several last readings, filter them (if required)
and pass to the callback function (if assigned during the compilation). The readings
are requested either by the timestamp or by the number of readings. The following

filtering functions are available: median filter and FFT filter.

Software Workflow

The overall process to run the iterative reaction optimization on a XDL compatible hardware
platform (e.g., ChemPU) is as follows:

1. Prepare the chemical procedure as XDL file.

2. Wrap steps that are subject for the optimization with OptimizeStep step (as described

above) to mark the corresponding attribute.
3. Prepare the graph containing mapping to the hardware.

4. Prepare the configuration file, containing all necessary parameters to run the optimization
(e.g., number of iterations) and load the algorithm (e.g., its name and related parameters),
and specifying parameters to perform reaction analysis and calculate the product

descriptor (e.g., product peak at the final spectrum).
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5. [Optional]. Prepare table with previous data (e.g., experiments run manually) as csv file,

containing header with labels, that correspond to the parameters for the optimization.
6. Execute the optimization procedure on the physical platform.

Example code to run the optimization on the ChemPU using ChemputerOptimizer and
Chempiler packages.is shown below:

from pathlib import Path
from AnalyticalLabware import devices
from chemputeroptimizer import ChemputerOptimizer

# ChemPU specific

from chempiler import Chempiler # Control package

from AnalyticallLabware.devices import chemputer_devices # Analytical instr
uments

import ChemputerAPI # Low level API

# Path to the corresponding experiment folder

# Should contain the following files:

# procedure.xdl - XDL procedure

# graph.json - hardware graph

# optimization_conf.json - configuration file for the optimization
# (optionally) previous_results.csv - table with previous results
path = Path('folder”)

# Instantiate main optimizer object

co = ChemputerOptimizer(
procedure=path.joinpath( ' procedure,.xdl’),
graph_file=path.joinpath( ' graph.json’)

# Run necessary preparations

co.prepare_for_optimization(

opt_params=path.joinpath(
‘optimization_conf.json’).as_posix()

)

# Upload previous results if given
co.load previous_results(
results=path.joinpath( 'previous_results.csv’)

)

# Create chempiler object to control the hardware
¢ = Chempiler(
experiment_code="test’,
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graph_file=path.joinpath{ graph.json’}.as_posix(),
output_dir="test’,

simulation=True, # False if running on physical hardware
device_modules=[ChemputerAPI, chemputer_devices]

)

# Run the optimization
co.optimize{c)

Optimization configuration

The configuration file contains all necessary information to run the optimization and calculate
the reaction outcome in a json format.! The description of each parameter is given below.

« max_iterations — maximum number of experiments to perform within optimization
run.

+ target —indicates the calculation for the reaction outcome. Detailed description is
given in the section 0. The value for each target attribute dictates when the
optimization is terminated.?

 algorithm - indicates the algorithm to be used and its respective attributes. Details of
the available algorithms and their parameters are given in the section 0.

+ reference - indicates the peak position of the reference compound (i.e., internal
reference for the analysis). s used to reference the spectrum and calculate the
reaction outcome.

 constraints - lists regions on the reaction spectrum to consider when calculating
the final reaction outcome. In the current implementation, the intermediate result (e.g.,
area under the curve for the target peak) is divided by the sum of integration areas for
all listed regions.

e batch_size — number of batches to perform the optimization in parallel.

An example of the configuration file for optimization is shown here:

"max_iterations™: 5,
"target”: {
“spectrum_integration-area_-80.809..-82.049": Infinity

bs
"algorithm™: {
"name": "random",
"random_state": 42
¥
"reference”: -113.15,

"constraints”: [
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"_73.214..-73.751",

"_73.889..-74.653",

"_75.178..-76.334"
]}

"batch_size”: 1

Optimiser Compilation

In addition to the compilation process of the XDL procedure into the ChemPU instructions®)
ChemputerOptimizer features several operations for internal preparations. Core operations
include: identifying or assigning steps for the optimization and analysis, parsing configuration
and assigning callback methods to calculate reaction outcome, scheduling the procedure for
parallel execution, breakdown of the XDL steps into corresponding low-level substeps and
mapping those to the hardware graph.

OptimizeStep Assignment

If no OptimizeStep is found in the procedure and the optimization is not running in the
interactive mode, all steps that may be subject for the optimization will be automatically
wrapped with OptimizeStep and the corresponding parameter will be set within the range of
+20% from the initial value.

XDL steps and their corresponding parameters that may be subjected for the optimization are
shown below:

"Add": {
"volume™,
“time",

s

"AddSolid™: {
"mass™,

s

"HeatChill™: {
“time”,
“temp”,

s

"HeatChillToTemp™: {
"temp",

}.?

"stirt {
"time®,

bs

"Wait”: {
“time™,

}
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1
4

Analyze step Assignment

If no Analyze step is found in the procedure and the optimization is not running in the
interactive mode, an Analyze step with method="interactive” will be inserted in the
procedure after the step that presumably indicate the reaction completion. Such steps are:
Stir, Wait, HeatChill, HeatChillToTemp. To avoid any confusion and incorrect reaction
analysis, it is recommended to insert the Analyze step manually in the procedure. If no
Analyze step is found and the optimization is not running in interactive mode — an exception
will be raised.

Callback Assignment

Depending on the given Analyze step’s method, the callback function will be assigned to
correctly calculate and update the result of the reaction. Examples of such functions are listed
below, based on the optimization target:

« final parameter — a generic target for running optimization in interactive mode, no

calculations will be performed on the user input.

+ spectrum_peak-area_XXX — reaction outcome will be calculated as area under the
curve for the given peak (where XXX is the x axis coordinate) on the spectrum; if no
peak at this position was found, the output will be 0. If reference is given in the
optimization configuration, the resulting area will be divided by the area for the

reference peak.

e spectrum_integration-area_LLL..RRR —reaction outcome will be calculated as
area under the curve within the given x axis limits (where LLL is the left and RRR is
the right borders respectively). This method is insensitive to the peaks found. If
reference is given in the optimization configuration, the resulting area will be divided

by the area for the reference peak.

« novelty — reaction outcome will be calculated according to the novelty equation (see

below)

Schedufing

If the procedure is executed in a single batch mode, no scheduling is performed. For batched
optimization, scheduling the simultaneous execution of several XDL threads in a single run
involves establishing an execution plan —i.e., a rough plan of when each step required by the
procedure will be executed — ensuring no resource use overlap between XDL threads. We
chose to establish an execution plan rather than, for example, just use resources immediately
as they become available to preserve as much as possible any necessary structure and
minimize wait times within a given procedure. To establish a schedule, first all XDL scripts
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and the hardware graph are parsed, and all mappings between each of the steps within a
given XDL script and the hardware graph are obtained. In other words, for a HeatChill step
and a graph containing multiple reactor vessels, a separate XDL object is created where the
HeatChill step is attributed to each of these reactor vessels. As a result, we obtain — for
each XDL script — a set of possible XDL script-to-hardware maps. Next, each script-to-
hardware map is used to establish a set of resource allocations (corresponding to a list of
times that each graph node is in use by a given XDL thread). With all these resource
allocations in hand, this constitutes an optimization problem, where the objective is to find the
XDL script-to-hardware map for each XDL script that minimizes the overall execution time,
where no resource is allocated to 2 XDL threads simultaneously at any time. In our case, we
implemented several optimization algorithms (genetic algorithm, random search), but found
that all combinations could be exhaustively searched given the size of our hardware graph.

Scheduling algorithm pseudocode is shown below. In this example all the schedules are
generated and the one with the minimum execution time is selected.

G: hardware graph.
{XDLi}: set of XDL scripts to be executed.

Mapper: Get all XDL - hardware maps.

Allocate: Get graph resource allocation for a given XDL — hardware map.

Product: Generate all combinations of XDL - hardware maps, taking one possible map
per XDL file.
Schedule: Returns the minimum time execution schedule for a given set of XDL resource
allocations.

Evaluate: Calculates the execution time of a schedule.

S: Schedule of XDL execution.

t: Execution time.

{{Mi[XDLi}}} < Mapper(XDL, @)
HR[M]}} « Allocate({{ Mi[XDLi]}}, G)

for combination in Product({{ R[Mi]}}) do:
S, t « Schedule(combination)

if £ < fmin then:

tmin <

Smine S

return Smin

Typically, the expected acceleration when using 2 reactors is less than 2x due to multiple
processes relying on the same hardware resources. For example, the 2-fold parallel system
had an estimated 1.6X acceleration and a 4-fold parallel system exhibited a 2.7x acceleration
in simulations. It is important to note that these factors can vary based on the experiments
selected by the algorithm (e.g. different combinations of short and long reactions times
allowing for different degrees of concurrent execution). In practice, the acceleration depends
on the accuracy of the expected durations for the different XDL steps that are used by the
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scheduling routine. In our hands, this led to factors of < 1.6X, however this is expected to
improve as we collect more data on actual durations.

Hardware mapping and implied steps addition

In addition to the XDL compilation process, further preparations are needed for the Analyze
step. Some of the implied steps will be added according to the analytical method used, e.g.,
shimming for the NMR, however others are general depending on the analytical steps
parameters:

 Sampling. If sampling has to be performed additional steps to transfer the aliquot to

the analytical instrument are added to the list of Analyze step substeps: transfer an
aliquot with an excess volume from the reaction vessel to the injection syringe pump
(i.e., the closest pump to the analytical instrument); transfer the aliquot from the
injection pump to the analytical instrument; transfer the excess volume from the

injection syringe back to the reaction vessel.

« Dilution. If reaction sample has to be diluted prior to the analysis the following steps
are added to the list of Analyze step substeps: the liquid path from the reaction vessel
to the dilution vessel is primed with the reaction sample; an aliquot is transferred from
the reaction vessel to the dilution vessel; the dilution solvent is then added to the

dilution vessel, dilution vessel is stirred for a pre-set time (10 minutes).

¢ Cleaning. If analytical instrument is required to be cleaned after the analysis, the
necessary steps to transfer the cleaning solvent to the instrument and flushing the

liquid path with gas are appended to the end of the Analyze step substeps.

¢ Shimming (only for the NMR analysis). Shimming is triggered when shimming results
are not found on the PC or last shimming was performed more than 24 hours before
or force_shimming attribute was set. If shimming is required, the solvent for
shimming is chosen according to predefined rules, transferred to the instrument and

used as a reference for shimming routine.

Spectra Analysis

All spectra acquired during the optimization procedure are managed by the
SpectraAnalyzer class, which features several methods to calculate reaction outcome
(examples are listed in the callback assignment section) and analyze several spectra on a
time scale. The analysis of the NMR spectra is based on the SpinsolveNMRSpectrum class
from AnalyticallLabware module and nmrglue library methods for the analysis. The
analysis of the HPLC spectra is based on the AgilentHPLCChromatogram class from
Analyticallabware module. The analysis of the Raman spectra is based on the
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RamanSpectrum class from Analyticallabware module. Calculations for the novelty
analysis are described below.

Novelty Analysis

The novelty analysis is a reaction descriptor used to drive the optimization towards
unexplored product space. It is based on the information gain from the reaction spectrum and
the spectrum’s novelty with respect to previously measured spectra of the same reaction. The
analysis begins with search for regions of interest (i.e., containing meaningful information —
peaks)*, calculation of their individual scores, total information score for the current spectrum
and additional coefficient for the current spectrum novelty.

Individual Regions Score

Score for individual region is calculated as the size of the region (as number of data points)
multiplied by the inverse logarithm of the difference between area of the current region and
harmonic mean of all identified regions (Equation 1).

1
X
log,o(larea; — areal)

Rs; = Size; D

If one of the region’s area is equal to overall harmonic mean, that this region’s score is equals
to its size. Harmonic mean is used to favour smaller peaks and reduce the weight of large
spikes and potential false positives (i.e., noise identified as material peaks). An example of
the individual regions scoring is shown in Figure 20.

In Figure 20, the "°F NMR spectrum (top) is shown with each identified region highlighted with
colour with top annotations indicating peak’s size (in number of data points) and score
(calculated from Equation 1). The bottom shows a bar chart with areas for individual peaks
(aligned on the x axis) with their harmonic mean indicated as orange horizontal line.

Information Score

Total information on a single spectrum is calculated by multiplying the sum of individual
regions by the total number of identified regions (see Equation 2).

r

> Rs) xr @
i=1
The score is insensitive to the spectrum phasing (e.g., for NMR spectrum) and will favour
spectra with large amount of equally sized regions. An example is shown in Figure 21, which
shows the information score for two different '°F NMR spectra.
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Novelty Coefficient

The novelty coefficient is calculated with respect to all previously measured spectra, for which
identified regions are stored as arrays with their x axis coordinates. All identified regions for
the spectrum of interest are checked versus previously identified regions (spectrum-wise) and
the spectrum with regions not found previously will have a higher coefficient (Equation 3).

k+i

N¢; = IF: \Pl where P = UF 3
IR IPI

F; — set of identified regions for i* spectrum

The novelty coefficient is insensitive to the regions height and is reduced with the number of
obtained data. An example of the novelty coefficient is illustrated in Figure 22, which shows
an illustration of the novelty coefficient calculation. The spectrum of interested is plotted navy
grey, set of individual regions for all previously measured spectrum is plotted as green circles
(labelled as “Cumulative regions map”) and novel regions are highlighted with orange
crosses.

Algorithm Interface

The AlgorithmAPI class is designed to provide a unified interface to the algorithmic classes
and dynamic XDL execution. The class contains methods to parse the reaction parameters
into parameter-agnostic data arrays suitable for the numeric optimization algorithms, initialize
algorithm classes, query data for the next setup and save the intermediate results.

Available Algorithms

Random search
Random search algorithm relies on the random submodule of the NumPy library.® The
suggestion of this algorithm is a random number array (sampled from a uniform distribution)
within the parameters constraints. The following parameters are available to construct the
algorithm’s class:

e random_state — a seed to initialize low-level random number generator, used to

preserve reproducibility across multiple optimization runs.

Genetic algorithm

A basic genetic algorithm was written and adopted for the sequential optimization of chemical
reactions. It uses truncation selection, single point crossover, and random reset mutation
while preserving the best solution (elitism). In case of premature convergence, the population
is reinitialized. The key hyperparameters to tune are:

e pop_size — Number of individuals in the population.

e mutation_rate — Probability (O to 1) of mutating a gene.
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Sequential model-based optimization (SMBO)

The algorithm implementation is based on the scikit-optimize python library and provides
a simple and efficient library to minimize expensive and noisy black-box function.® The
parameters for the underlying algorithm are listed in the official documentation.”

Design of Experiments

Several experimental designs are available via a wrapper for pyDOE28. Available designs
include full and fractional factorial designs, Response-surface designs, and randomized
designs. The wrapper calls the appropriate pyDOE2 functions to generate the design matrix
and maps the levels onto the appropriate parameter values based on the search space
bounds.

Dummy methods

The following “dummy” methods are given fo the user to run the given reaction iteratively
using the respective setup on each iteration:

e fromcsv —the next setup is read from the given csv file.

e reproduce — the next setup is equal to the initial setup from the procedure. Used to

check the experimental outcome for reproducibility.

Optimizer Client

The OptimizerClient represents the class for communication with the SummitServer (see
below). The communication is based on the TCP-IP sockets and managed via selectors
and socket modules of the python standard library.® The communication messages are
encoded json-like dictionaries containing information about the current procedure, steps and
parameters subjected to the optimization and optimization configuration. The class is
initialized if the requested algorithm is the one available in the Summit framework and
managed via AlgorithmAPI.

Summit Server

The SummitServer is the python module that provide access to the Summit framework via
TCP-IP communication. The module can be set on a remote server and supports connection
for multiple clients with python selectors library. The format of the communication
messages is JSON with all reaction parameters encoded as “<step name>_<step ID>-
<parameter name>", all parameters for the algorithm and a “hash” field, that allows matching
same optimization procedure running on various clients.

OlympusWrapper

OlympusWrapper is a class that serves as an optimization handler within the
ChemputerOptimizer server framework, providing access to the state-of-the-art algorithms
implemented in the Olympus'® benchmarking framework. It parses the JSON requests from
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the client and constructs the appropriate parameter space, observation and planner objects
from Olympus. Queried points are returned in JSON format for immediate execution on the
ChemPU platform. To use specific algorithms, the user must install the Olympus package and
all required dependencies by the algorithm.

Data Management

At the end of every iteration, the following data is saved:
- Executed procedure (as .xdl file) — contains the procedure executed at the current

iteration with corresponding parameters; could be for the future reproduction.

- Parameters used (as .json file) — stand-alone file stating all the parameters optimized
for the current procedure, their values at the current iteration, and the description and
the value for the target for the current iteration.

- Results list (as .csv file) — stand-alone file, stating all reaction parameters and results
used so far for the current procedure. This file is used to set up the algorithm to
continue the optimization.

- Parallel schedule (as .json file) — stand-alone file, stating the schedule of the
procedure steps if the optimization is running in parallel using several reaction
modules.

- Spectrum (as .pickle file) — the spectrum obtained during the FinalAnalysis or Analysis

step executed at the current batch/iteration (if applicable).

The data is managed using the NoSQL document database. The entry files are generated
using the stand-alone script from the files listed above.
Database Schema

An example XDL Database entry schema is shown in below. This is the basic schema of
XDL top-level database entry defining the entry ID and capturing all relevant meta data.

Experiment Table

Experiments(
ID varchar(255) UNIQUE NOT NULL PRIMARY KEY,
Username varchar(255) NOT NULL,
ExperimentCode varchar(255),
Public boolean,
Description text,
SMILE text,
INCHI text,
Validated boolean NOT NULL,
Success boolean,
Keywords text,
ExperimentSeries varchar(255),
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Iteration integer,

ExactRepeat Boolean,
ExactRepeatOfExperiment varchar(255),
EstimatedDuration real,
ExperimentDuration real,
ReactionClass varchar(255) NOT NULL,

Scale real,

Datetime timestamp,
Location varchar(255)

The base table ‘Experiments’ gathers the key information and meta data of the experiment.
The meaning of the individual entries in the base table is defined in Table 1.

Table 1: key information and meta data of the experiment

Entry Comment
ID Unique identifier
Username Owner of the entry

Experiment code

Laboratory code (reference to lab notebook) of the experiment

Public

Defines whether the entry is public or private

Description A short description of what is important about this reaction

SMILE SMILE of the reaction

INCHI INCHI of the target product

Success Defines whether the outcome of the reaction was successful or not
Keywords Keywords that are characteristic for the reaction (e.g. ‘metathesis’)

Experiment series

An identifier for all runs that have been performed for this reaction

Iteration

The iteration of this experiment in the experiment series (e.g. the
third attempt on a reaction with modified conditions would be
iteration 3)

Exact repeat

Number of the exact repeat of an experiment

Exact repeat of
experiment

ID of the experiment entry that has been repeated exactly

Estimated duration

The estimated run time of the experiment

Reaction class

The reaction class the experiment belongs to. The available reaction
classes are listed in Table 2.

Scale The amount of the limiting reagent in mol or mmol
Datetime Starting date of the experiment
Location Address of the lab in which the experiment was performed

PCT/EP2024/078759
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Table 2: List of used reaction classes
Reaction class

C-C bond formation (TM catalysed)
C-C bond formation (TM non-catalysed)
Heteroatom alkylation and arylation

m
-
-
<

Functional group manipulation

Protecting group manipulation

Ring and heterocycle formation
Reductions and oxidation
Multicomponent reactions
Other

O O] N| O O »| W N[ —

The ‘XDLEntry’ table gathers the information associated with the experimental procedure and
execution, as illustrated below. The XDLEntry schema captures all entries that are directly or

5 indirectly relevant for the actual procedure and links it to the experiment ID defined in the top-
level schema.

XDLEntry (
ExperimentID varchar(255) REFERENCES Experiments (ID),
10 XDLVersion real NOT NULL,
XDL text NOT NULL,
XDLEXE text NOT NULL,
Graph text NOT NULL,
Simulationlog text,
15 ExecutionlLog text,
ExecutionScript text,
LiteratureProcedure text

20  The meaning of the entries in this table are defined in Table 3.

Table 3: Explanation of the entries of the XDLEntry table

Entry Comment

Experiment ID ID of the database entry as defined in the base table (Scheme S1)
XDL version Version of the XDL code the experiment has been run with

XDL The XDL file for the experiment

XDLEXE The XDLEXE file for the experiment

Graph The graph file for the experiment

Simulation log The folder containing the simulation logs of the experiment
Execution log The folder containing the execution logs of the experiment
Execution script The Python script used to compile, simulate, and execute the XDL
Literature procedure | The prose procedure text for the experiment (if available)
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All entries that are not present in the files generated at the end of iteration execution are filled
manually.

Analytical Hardware

All experiments were executed on the ChemPU platform, equipped with 1/16" PTFE tubing. A
HPLC instrument (Agilent 1260 Infinity Il) was installed with an additional sample loop
switching valve (Rheodyne MX Series 11™) connected to the liquid handling system. The
instrument was triggered after sample loading, with additional control over the experiment
achieved using macro commands implemented in the AnalyticalLabware module. A benchtop
NMR (Magritec Spinsolve 80 Carbon) was equipped with a flow cell and connected to the
liquid handling system via threaded fitting and 1/16" PTFE tubing. A Raman spectrometer
(Oceanlinsight QE Pro) is coupled with a 754 nm laser (Oceanlinsight LASER-785-LAB-ADJ-
SMA) and used with a contactless probe (Oceaninsight RIP-RPB-785-SMA-SMA) installed at
the round bottom flask.

All analytical experiment were executed via dedicated xDL steps, specifying all necessary
protocol options, dilution or quenching steps. Therefore, time inconsistencies between
recorded reaction time and actual reaction time are minimal systematic errors. All process
sensors were connected to the Chemputer network using the SensorHub - a PCB featuring
number of communication protocols and an Ethernet module for control over an IP network.

The AnalyticallLabware python module contains classes and method to control various
analytical instruments and process obtained spectra in a unified way. A generic class for data
processing (AbstractSpectrum) provides abstract method for loading the spectral data —
redefined in the ancestor classes accordingly — and methods for loading and saving data as a
binary key-value storage (where keys are relevant spectral data, e.g., x and y axes data,
timestamp, peaks, etc.) for subsequent use within AnalyticallLabware framework. Common
methods for processing and analysis include baseline correction'' peak picking, integration
and spectrum smoothing, with support methods for frimming and displaying the spectrum.

Further information about the analytical sensors is provided below.

Magritek Spinsolve NMR

The devices submodule contains classes to control the Spinsolve NMR and process
obtained 1D NMR spectra: SpinsolveNMR and SpinsolveNMRSpectrum respectively. The
spectrometer control is achieved via client-based communication with the Spinsolve software.
SpinsolveNMR class provides interface to retrieve available protocols and their options,
execute those and store the data within SpinsolveNMRSpectrum class.

The SpinsolveNMRSpectrum inherits from AbstractSpectrum and additionally uses
methods from nmrglue library? for NMR spectra processing: Fast Fourier transformation
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(FFT), baseline correction, zero-filling and apodization. In addition, the class features the
methods for region analysis.

Agilent 1260 Infinity Il LC

The devices submodule contains classes to control the Agilent 1260 LC and process
obtained data: HPLCController and AgilentHPLCChromatogram respectively.

Communication with the instrument is established via a Chemstation macro hplctalk.mac
that monitors and executes commands written to a command file and returns replies by
writing them to a reply file. After downloading the macro from AnalyticallLabware, itis
placed in the Chemstation macro directory. This macro must be loaded and activated in the
Chemstation software using the following commands:

> Macro hplctalk.mac
> hplctalk run

On the python side, the following methods are available: turning on and off the pump and
lamp, switching the chromatographic method, preparation and start of a run, checking the
instrument status and switching to standby mode. These methods are implemented to write
specific commands to the command file and parse the responses received.

The AgilentChromatogram class is inherited from AbstractSpectrum and has additional
methods for loading the raw data from the propriety Chemstation file format.

Ocean Insight QE Pro Raman spectrometer

The devices submodule contains classes to control the Ocean Insight QE Pro Raman
spectrometer and process obtained data: OceanOpticsRaman and RamanSpectrum
respectively. The spectrometer class has methods implemented to obtain a (blank) spectrum
and control over integration time and number of scans performed.

The RamanSpectrum class is inherited from AbstractSpectrum and has two additional
methods useful for processing of the Raman spectra: subtracting the reference and iterative
peak picking algorithm with sliding threshold, which shows better performance in noisy
spectra.

Sensor Hardware

The enhanced ChemPU features a sensor package to monitor the status of the platform
during a run as well as to use real-time data to make decisions for dynamic procedure
execution on the fly.
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SensorHub

For integration of process sensors into existing ChemPU stack, we have designed an Arduino
shield with built-in Ethernet module for control over an IP network. The board features

12 MOSFET outputs, ethernet-to-serial converter and 8 individually controllable 1°C channels
on top of the functionality given by the Arduino board'®. Overall, it allows installation of up to
8 analogue sensors, 8 sensors with [°C communication (achieved using an I2C multiplexer,
thus allowing installation of devices with same addresses), several sensors with SPI
communication (achieved via “software SPI” Arduino feature) and up to 12 PWM devices.

Individual sensors were selected from commercial manufacturers providing details installation
manual and a corresponding software library for seamless integration. Sections below provide
detailed descriptions of each individual sensors used in the ChemPU process monitoring
framework.

Colour (RGBC) Sensor

The TCS34725 Colour Light-to-Digital Converter with IR Filter'* was selected as the colour
sensor for process monitoring. The main component of the converter is 3 x 4 photodiode
array, composed of the red-filtered, green-filtered, blue-filtered, and unfiltered (clear)
photodiodes, additionally coated with an IR-blocking filter. The four integrating analogue-to-
digital converters (ADCs) simultaneously convert the amplified photodiodes currents to a
16-bit digital value, which is sent over the I1°C communication bus. We have chosen a
DFRobot board (manufacturers part No. SEN0212) as an evaluation board for the sensor,
featuring a unified PH2.0-4P interface for connection to the SensorHub via a crimped cable
and a white LED as a light source. The sensor is attached to a round bottom flask as is
shown in Figure 7.

Environmental Conditions Sensor

A BME280 digital humidity, pressure, and temperature sensor'® was selected for the
environmental conditions monitoring. We have chosen DFRobot board (manufacturer part

No. SEN0236) as an evaluation board for the sensor, featuring a unified PH2.0-4P connection
interface for I1°C communication. The sensor board is placed inside the fume hood as is
shown in Figure 8.

Liquid Sensor

The OPB350 Tube Liquid Sensor'® was selected to monitor the liquid handling system of the
ChemPU. The sensor consists of an IR LED, phototransistor and tube housing, and is
designed to recognize the presence of the fluid inside the tube. A custom PCB was designed
to simplify the operation and the connection of the sensor to the SensorHub (achieved using
analogue input interface). The wired assembly sensor (manufacturer part No. OPB350W125Z
for 1/8” tubing and OPB350W062Z for 1/16” tubing) are connected to the board using
screwless wire terminal and installed on the tubing connecting syringe pump with the closest
switch valve. The liquid sensor is shown in Figure 9.
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Reaction Temperature Sensor (RTD)

A MAX31865 RTD-to-Digital Converter'” was selected to simplify the interfacing the
SensorHub with resistance temperature detector (RTD, or temperature probe). The unit has a
built-in 15-bit ADC, input protection, a digital controller, and an SPl-compatible interface. We
have selected Adafruit PT100 RTD Temperature Sensor Amplifier (manufacturer part No.
3328) as an evaluation board for the MAX31865 converter and 4-wire PTFE-encapsulated
PT100 temperature probe (BOLA, part No. P1750-15) installed via swivelling screw fitting
(BOLA, part No. D692-24 for GL18 glass thread) on the round bottom flask. An installation
example is shown in Figure 8.

IP Camera

For video recording and computer vision applications, we have selected the UniFi Video
Camera G3 Dome (UCV-G3-DOME) which features a wide-angle lens and 1080p high
resolution video performance. Following the general ChemPU hardware design principle, the
device is compatible with the PoE standard and has an assigned IP address. For a
miniaturized ChemPU rig a single camera is sufficient while for a standard ChemPU rig one
camera is used to monitor the liquid handling backbone while a second camera monitors the
various modules. Passive video monitoring as well as CV-based anomaly detection (details
given herein) are available via the start_recording method of the Chempiler class.

Dynamic Process Steps

The ChemputationOptimizer software is designed to take further advantage of the xDL
dynamic step by leveraging a set of optimization algorithms to dynamically update the
procedure parameters based on an end-point measurement obtained from a given analytical
instrument or sensor.

There are three subclasses of dynamic step: DynamicAdd — for dynamic reagent addition
followed by the feedback from the process sensors; DynamicTransfer — for dynamic liquid
transfer through pump-valve backbone system with passive feedback from tube liquid sensor;
Dountill- for dynamic reaction execution (i.e., stirring or heating) with active feedback from
the process sensors. The dynamic step execution is achieved through the use of on_start,
on_continue and on_finish method, which each return a list of steps to be executed based
on the current state of the step.

Dynamic Addition

The DynamicAdd step is designed to control the reagent addition by the feedback of the
process sensor installed on the target vessel. Examples of process sensors include
temperature (for exothermic or endothermic reactions), RGB (for reaction involving colour
change during the reagent addition) or any other sensor which can be controlled using the
XDL framework. The following substeps are executed during DynamicAdd execution:
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 on_start method returns initial set of substeps: priming pump for addition, starting
stirring (if required) and starting the background monitoring thread for the target
Sensor.

e on_continue method returns the following steps based on the current state of the
execution: 1) filling the syringe (if the volume transferred is less than target volume),
2) adding the aliquot to the target vessel (if the sensor reading is within the safe
margin from the threshold) or waiting for settling time (if the sensor reading is outside
the safe margin limits), 3) obtaining new reading from the sensor.

e on_finish method returns the steps in analogy to the Add XDL step: flushing the
tubing, stopping the stirring (if required) and stopping the background monitoring
thread for the target sensor.

The DynamicStep step shares common arguments with XDL Add step (e.g., reagent and
volume) with addition of several arguments respective to the sensor used and execution
control.

An example of the step is shown below, for dynamic addition of hydrogen peroxide solution to
the reactor vessel with temperature (RTD probe) sensor feedback. The following arguments
are introduced for sensor and execution control: reading_threshold — sensor reading
threshold (degrees Celsius in this example); aliquot_volume — an aliquot for a single
addition before the next reading will be acquired; wait_after_addition — delay between
addition and sensor reading; settle_delay — delay between several acquisitions if the
reading is close to the threshold.

<AddDynamic
vessel="reactor”
reagent="36 % hydrogen peroxide solution”
volume="19.8 mL"
sensor="nrtd"
reading="temperature”
reading threshold="4¢.¢"
aliquot volume="5.0 mL"
wait after addition="16"
settle delay="20"

1>

Dynamic Transfer

The DynamicTransfer step is designed to monitor the liquid transferring process using tube
liquid sensor. In the current implementation this step is for passive monitoring and no
decisions are made during its dynamic execution. However preliminary results have shown
that it is possible to incorporate the data from the sensor into the workflow and correct the
liquid transferring process, when potential errors are encountered, e.g.: blocked tube due to
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solid precipitation, insufficient reagent, blocked filter frit during filtration process, etc. The
following substeps are executed during DynamicTransfer execution:

e on_start method returns substeps in analogy to Transfer XDL step: stop stirring.

e on_continue method returns the following steps based on the current state of the
execution: 1) start background monitoring thread for the liquid sensor and increase the
reading frequency to 10 Hz, 2) move calculated volume (based on the target volume,
transferred volume and maximum syringe volume) to the aspiration syringe pump, i.e.,
closest to the starting vessel for this liquid transferring step, 3) calculate the amount of
liquid transferred and report the calculation, 4) dispense the calculated volume to the
target vessel and set the sensor reading frequency to 0.5 Hz, 5) calculate the new
volume to transfer.

e on_finish method returns the steps in analogy to the Transfer XDL step: flushing
the tubing, rinsing (if required) and stopping the background monitoring thread for the
liquid sensor.

The DynamicTransfer step shares attributes with Transfer XDL step, and all parameters for
the sensor control are constant values.

An example of the DynamicTransfer step is shown below, for a dynamic transfer of 13ml
from reactor to waste, rinsing with 1 ml of water upon completion.

«DynamicTransfer
from vessel="reactor’
to vessel="waste H'
volume="13 mL"
rinsing solvent="water”
rinsing volume="1 mL"
/>

Dynamic Execution

The DouUntil step is designed to allow for dynamic reaction execution (i.e., steps where
reaction takes place, stirring or heating) with the feedback from the process sensor. An
example for such process sensor is an RGB sensor for the reaction with colour extensive
colour change. The step is used as wrapper around the corresponding reaction step and the
following substeps are executed during DoUntil execution:

e on_start method returns all substeps from the child step until the Wait step is
encountered and additionally a step to start the sensor in the background thread.

e on_continue method acquires and analyses readings from the sensor, and returns
Wait step if reaction is not finished or no steps if reaction is complete.
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o on_finish method returns the remaining substeps from the child step.

An example of the DoUntil step is shown below (represented as Stir step) guided by the
feedback from the RGB sensor. The following attributes are used to indicate the sensor
parameters: threshold — threshold value indicating that the process is over, reading — the
name of the reading to monitor (in this example it indicates the clear channel of the colour
Sensor).

<DoUntil sensor="rgbc"” threshold="-3608" reading="clear">
«Stir
vessel="reactor”
time="3@ mins" />

Endpoint detection methods

Current implementation of the DoUntil step utilizes two possible methods to detect the
process endpoint (i.e., the reaction completion):

1. Comparison of the current sensor reading (optionally averaged within indicated
time frame) with pre-set threshold value. The threshold value may also be set during the
procedure execution, using the specialized XDL step TakeBackgroundReading. In a
typical use case, such step should be added before the addition of the last reagent or
reactant.

2. Comparison of the current sensor reading with previously obtained to detect no
change within the indicated time frame. The algorithm is as follows: 1) apply a median
filter to the raw sensor readings (within interval M); 2) calculate the average value for
the interval = N; 3) calculate the gradient for the several last averages (i.e., N-1, N-2,
...); 4) detect the end point, where the K last points of the gradient lay within J% of the
current absolute reading. Parameters M, N, K and J can be set as the Dountil step
properties.

An example of option 2 using the colour RGB sensor is shown in Figure 11, where the values
are averaged over 300 seconds, the gradient for the several last averages are used to detect
the end point where the number of points fall within £1% of the absolute reading.

Example Dynamic Execution Reactions

It was found that sensors could be used for dynamic execution of synthetic procedures. This
ability was exemplified in two use cases: i) maintaining the internal temperature below a given
threshold during an exothermic thioether oxidation ii) waiting for a colour change, thus
dynamically adjusting the reaction time, in an iodine-consuming nitrile formation reaction.
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Thioether Oxidation

The oxidation of dibenzyl sulphide to dibenzyl sulfone was selected to highlight the benefits of
incorporating a temperature (RTD) probe into the ChemPU stack in the context to dynamic

addition steps.
SARCE-—EN
S\
AcOH \?@

The literature procedure was translated to XDL, however the key step of this process is the
temperature-controlled addition of hydrogen peroxide. The literature procedure states that this
step should be performed with the interna temperature | not exceeding 75 °C. To emulate this
behaviour in the ChemPU the AddDynamic step with the following parameters was used:

<AddDynamic
vessel="reactor"
reagent="30 % hydrogen peroxide solution”
volume="35.6 mL"
sensor="rtd"
reading="temperature"
reading_threshold="75.0"
safety_margin="10.0"
aliquot_volume="2.0 mL"
wait after addition="16.0"
settle delay="10.0"
trend="ascending”

/>

Preliminary experiments on a 2.5 g scale showed that the process was strongly exothermic
but did not generate enough heat to cross the specified threshold in our setup, however a 10-
fold scale up would require dynamic temperature control to prevent the thermal runaway.

The reactor was manually charged with 25 g of dibenzyl sulphide. The subsequent actions
were performed in a fully automated fashion: The starting material was dissolved in glacial
acetic acid (100 mL) at 30 °C. After cooling to room temperature, a total of 35 mL of 30%
aqueous hydrogen peroxide solution was added in 2 mL portions while maintaining the
internal reaction temperature below 75 °C. After the addition, the reaction mixture was stirred
at 85°C for 3 hours and subsequently cooled back to room temperature, allowing the product
{o precipitate.

The exothermic addition was controlled using the dynamic XDL step. As soon as the
temperature reached the threshold, the addition paused until a safe temperature for continued
addition was reached. The passive monitoring further highlighted an uncontrolled exotherm
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upon heating the reaction mixture to 85 °C as required by the literature procedure. This
example shows the crucial importance of sensor feedback for safe and scalable processes.
The crystallized product in the reactor flask was manually filtered, washed with cold water and
dried under vacuum (27.26 g, 94.9%).

"H NMR (400 MHz, CDCl;): 5 7.81 —6.83 (m, 10H), 4.05 (s, 4H).
3C NMR (101 MHz, CDCI3): 131.0, 129.1, 129.1, 127.6, 58.1
Nitrile Formation

An iodine-consuming nitrile formation reaction was chosen to illustrate the utility of the colour
(RGB) sensor in the context of dynamic procedure execution.

? l2 CN
+ NHy ———
H,O / THF NG
NC (10:1)

The general literature procedure was translated to XDL. Instead of specifying a reaction time,
the authors noted that the reaction was stirred until the colour disappeared. This was
emulated using the following step sequence featuring the dynamic DoUntil step:

<TakeBackgroundReading
sensor="rgh"
reading="clear" /»
<Add
vessel="reactor”
reagent="1M iodine thf solution”
volume="1.1 mL"
stir="True"
priming_volume= "1.8 mL"
aspiration_speed="1"
/>
<DolUntil sensor="rgb" threshold="8" margin="10¢" reading="clear”>
«Stir
vessel="reactor”
stir_speed="300"
time="60 mins" />
</DoUntil>

The reactor was manually charged with 4-Formylbenzonitrile (131 mg, 1.0 mmol, 1.0 eq.,).
The subsequent actions were performed in a fully automated fashion: Aqueous ammonia
solution (~25%, 10 mL) was added. A background measurement for the RGB sensor was
taken. 1 M lodine in THF solution (1.1 mL, 1.1 mmol, 1.1 eq.) was added. The reaction was
stirred until the RGB sensor reading reached the background level within the margin specified
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in the procedure, indicating the full consumption of iodine reagent and end point of the
reaction. The reaction mixture was quenched using 5% aqueous sodium thiosulfate solution
and subsequently extracted using 2 x 15 mL of diethyl ether using the reactor and separator
modules. The combined organic phases were collected in an empty holding flask.

Caution: The reaction of ammonia and iodine forms nitrogen triiodide, an extremely sensitive
contact explosive. As such, the process described above should be performed with a minimal
excess of iodine and quenched with excess thiosulfate.

The combined organic phases obtained in this process concentrated manually, yielding pure
product (90.2 mg, 70.4%).

H NMR (400 MHz, ds-DMSO): 5 8.04 (s, 4H).
13C NMR (101 MHz, d-DMSO): 5 133.44, 117.80, 115.92

Example Optimisation Reactions

Four-Component Ugi Reaction Optimization

OH
MeOH
N
O e s e
time N
F temp. Ph)}( “Bu

0

Ph F

ZT O

The four-component Ugi reaction was selected as a complex synthesis with a large number of
input parameters. The original procedure?® was translated into XDL file and amended for
running iterative optimization. All reagents were used neat unless otherwise stated. The
liquid handling system of the ChemPU was equipped with 1/16” PTFE tubing and
corresponding selection valves (IDEX V-240) for precise reagent delivery. 2-Fluorobenzoic
acid was selected to allow reaction analysis using '*F NMR. The hardware setup is shown in
Figure 11.

The reaction was analyzed using '°F NMR and the optimization was set to maximize the peak
of the Ugi product with respect to the 1,4-difluorobenzene as internal standard.

Synthesis Description

Three-neck 25-mL round bottom flask (reactor) equipped with reflux condenser, glass
stopper, tubing connector to a liquid handling system, DrySyn®© aluminium block and a
magnetic stirrer bar. In the beginning of the procedure the liquid handling system was washed
with methanol. Benzaldehyde (0.2 mL, 1.96 mmol) was added automatically, following by
benzylamine (0.10 - 1.00 mL, 0.92 - 9.20 mmol). The reaction mixture was stirred for 0.0 -
30.0 minutes and 2-fluorobenzoic acid (2.0 M solution in methanol, 0.50 - 3.00 mL, 1.00 -
6.00 mmol) was added, following by isocyanide (0.10 - 1.00 mL, 1.63 - 16.3 mmol). The
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resulting mixture was stirred for 2.0 - 18.0 hours at 25.0 - 60.0 °C. Thereafter the
1,4-difluorobenzene (0.2 M solution in DCM, 5.00 mL, 1.00 mmol) was added and the sample
(2.5 mL) of the resulting mixture was transferred to the NMR for analysis. Upon analysis
completion, the sample was transferred back to the flask and all its contents was moved to an
empty flask for storage. The reactor was cleaned twice with DCM (15 mL) and used for the
next iteration.

Optimisation Description
For the iterative closed-loop optimization the following reaction parameters were set:
¢ Benzaldehyde volume - fixed at 0.2 mL (to ensure maximum product amount of
2.0 mmol).

¢ Methanol volume — variable within 0.0 and 5.0 mL range.
¢ Benzylamine volume — variable within 0.1 and 1 mL range.
+ Imine formation time — variable within 0.0 and 1800.0 seconds range.

e 2-Fluorobenzoic acid volume (2.0 M in methanol) — variable within 0.5 and 3.0 mL
range.

¢ fert-Butylisocyanide volume — variable within 0.1 and 1.0 mL range.
e Reaction temperature — variable within 25.0 and 60.0 °C range.
* Reaction time — variable within 7200.0 and 64800.0 seconds.

¢ 1,4-Difluorobenzene (0.2 M solution in DCM) — fixed at 5.0 mL (as 1:2 ratio with
benzaldehyde).

The procedure was executed using interactive python environment, each experiment
consisted of 5 consecutive reactions with manual reagent refilling in between (or earlier if
required by the experiment). The following strategies for optimization were used (full
configuration files are provided below): 5 random search, 14 SMBO explorative experiments,
5 SMBO balanced search and 6 SMBO exploitation experiments. The reaction was analyzed
using '°F NMR and the optimization was set to maximize the peak of the Ugi product (at -
114.3 ppm), with 1,4-difluorobenzene as internal standard (-119.2 ppm).

Configuration file to run four-component Ugi reaction optimization during initial random
parameter screening:

{
"max iterations’: 5.0,
“target’: {
“spectrum pegk-area -114.3": "int"
s
“algorithm™: {
"name”: "random!,
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“random state’: 42

1

“reference’: -119.2

Configuration file to run four-component Ugi reaction optimization using SMBO algorithm with
acquisition function favouring exploration:

{
“max iterations’: 5.0,
“target’: {
Yspectrum peak-area =114.3": "inf’
b
"algorithm”: {
“name’: Tsmbo',
"base estimator!: "GP,
“nodinitial points®: 2,
Yacg funcl: TPIY,
Yacg func kwargs®: {},
"random state”: 42
s
"peference”: -119.2
'

Configuration file to run four-component Ugi reaction optimization using SMBO algorithm with
acquisition function probabilistically chosen between “LCB”, “EI” or “PI” (referred to as
“palanced” strategy, see details in the scikit-optimize API reference’):

{
“max iterations’: 5.0,
"target’: {
“spectrum peak-area =114.3": “inf!
s
Yalgorithm”: {
“name’: lsmbo',
"n initial pointst: 2,
acq func’: "gp hedge’,
“"random state’: 42
}J
“reference”: -119.2
i

Configuration file to run four-component Ugi reaction optimization using SMBO algorithm with
acquisition function favouring exploitation:

{

"max iterations”: 3.0,
"tapget’: {
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“spectrum peak-area -114.3": "int"

b

Talgopithm”: {
“name’: fsmbo”,
“n o dpitial points™: 2,
“acg func’io TLEBY,
“acg func kwargs': {"kappa': 0.1},
"random state': 42

s

“reference’: -119.2

}

Optimisation Results
The optimization was terminated after 30 iterations, achieving 38% yield increase compared
to the literature method.

The product was characterised as follows. The spectroscopic data is in agreement with that
previously published?.

H NMR (400 MHz, CDCI3): 5 7.46 — 7.40 (m, 2H), 7.33 — 7.15 (m, 7H), 7.10 — 7.00 (m, 4H),
6.87 — 6.82 (m, 1H), 5.92 (s, 1H), 5.72 (s, 1H), 4.63 (d, J = 16.4 Hz, 1H), 4.41 (d, J = 16.4 Hz,
1H), 1.35 (s, 9H).

13C NMR (101 MHz, CDCI3): 5 168.5, 168.2, 158.3 (d, Jor = 247.3 Hz), 136.9, 135.1, 131.2
(d, Jor = 7.9 Hz), 129.6, 128.8, 128.7, 128.6, 128.5, 128.3, 127.8, 127.1, 124.8 (d, Jor = 17.4
Hz), 124.5 (d, Jer = 3.0 Hz), 115.9 (d, Jor = 21.1 Hz), 64.4, 52.2, 51.7, 28.7.

19F NMR (376 MHz, CDCI3) & -115.1.

The optimisation results for each iteration are shown in Table 4.

In Table 4, Objective (“spectrum_peak-area_-114.3") refers to the integration area of the
corresponding peak in the spectrum, where 0 indicates no peak found. For lines marked “a@”,
the objective was falsely assigned to the side product peak, leading to incorrect results during
“exploitation” approach.
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Van Leusen Oxazole Synthesis Optimization

The Van Leusen oxazole reaction was selected as an example for the synthesis of
heterocyclic building blocks, common in the medicinal chemistry literature. The procedure
was loosely based on a patent®®, translated into XDL and adapted for running iteratively.
Notably, it features a small volume addition (as low as 150 uL) that commonly requires
manual calibration or optimization. To make the problem more challenging, the purity of the
product mixture was optimized as a secondary objective to implicitly minimize excess reagent
used. The liquid handling system of the ChemPU was equipped with 1/16” PTFE tubing and
corresponding selection valves (IDEX V-240) for precise reagent delivery. Naphthalene was
selected as an internal standard to allow reaction analysis using HPLC-DAD at 254 nm. The
hardware setup is shown in Figure 12.

Synthesis Description

The process was executed automatically using 2 parallel reactors. 0.25 M TosMIC in MeOH
solution (4.10 - 6.15 mL), 0.25 M 4-formylbenzonitrile in MeOH (4.1 mL, containing 0.05 M
naphthalene as an internal standard), neat DBU (0.15 - 0.31 mL) and methanol (5 mL) were
added to the reactor. The reaction mixture was stirred for 30 - 180 minutes at 25.0 - 75.0 °C.
After cooling to room temperature, a sample is withdrawn from the reactor, 40 times diluted in
an empty flask, and subsequently loaded onto a 5 mL sample loop and injected into the
HPLC. The remaining volume of the reaction mixture was discarded, and the platform reset
by cleaning all modules with methanol and/or acetonitrile.

The original procedure was translated into xDL, amended for iterative optimization, and
executed on a Chemputer platform equipped with the HPLC and two independent reactor
modules, each consisting of three-neck 25-mL round bottom flasks with reflux condenser,
glass stopper, tubing connector to a liquid handling system, DrySyn®© aluminium block and a
magnetic stirrer bar. The optimization target was to maximize the peak area of the product
with respect to naphthalene as internal standard while simultaneously minimizing impurities.
The SNOBFIT algorithm was used as implemented in the Summit framework through the
client-server interface.

Optimisation Description
For the iterative closed-loop optimization the following reaction parameters were set:
¢ TosMIC volume — variable within 4.10 and 6.15 mL range (1.0 - 1.5 eq.)

+ DBU volume — variable within 0.15 and 0.31 mL range (1.0 - 2.0 eq.)
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+ Reaction temperature — variable within 25.0 and 75.0 °C range.
+ Reaction time — variable within 1800.0 and 10800.0 seconds.

The optimization target was set as the weighted sum of the peak purity and product peak
area (14.5 min retention time) relative to the peak area of the internal standard (naphthalene,
20 min retention time), see Equation 4 where AUC refers to the area under the curve for a
given peak, w is a weighing factor set to 0.7 and c is constant to scale the two objective
values to the same order of magnitude set to 0.1. The optimization algorithm was SNOBFIT
as implemented in the Summit framework.

AUCproduct + (1 _ ) AUCproduct
N
AUCreference Z[:l AUCpeqk i

Target = w * ¢ * (Equation 4)

Configuration file to run Van Leusen oxazole synthesis using SNOBFIT algorithm via the
Summit server framework with 2 parallel reactors:

{
“max iterations’': 25.0,
“target': {
“multie purity-area 14°: ‘dnf"
s
Talgorithm”: {
"name”: "SNOBFIT",
1
"reference’; 20.1,
"batch size”: 2
i

Optimisation Results

The optimization campaign was concluded after 26 iterations, achieving a 10% increase in
the weighted objective when comparing the best to the first iteration or 55% when comparing
the best to the worst iteration.

The product was characterised as follows.
"H NMR (400 MHz, CDCls): 8 7.92 (s, 1H), 7.79 — 7.56 (m, 4H), 7.44 (s, 1H).
3C NMR (101 MHz, CDCl5): © 151.66, 149.87, 132.96, 131.80, 124.81, 124.33, 118.55,

112.10.

The optimisation results for each iteration are shown in Table 5.
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Styrene Sulfonate Oxidation Optimization

g MnSO,
Q"g I« U + H,0, NaHCO, (aq)

Y Ha= 8
NaQ™ pH=8,0

The Mn-catalysed epoxidation of olefins is a reaction of industrial interest?® and has been
extensively described by Burgess et al.?” for a variety of substrates. This example was
selected because the active catalytic species is formed in situ and under the wrong
conditions, manganese gets oxidized and decomposes hydrogen peroxide, leading to poor
conversions.?® In our optimization we try to find optimal conversion conditions by changing 4
major parameters of the reaction. The liquid handling system of the ChemPU was equipped
with 1/16” PTFE tubing and corresponding selection valves (IDEX V-240) for precise reagent
delivery. Acetonitrile was used as an internal standard and the reaction was analyzed Raman
spectroscopy. The hardware setup is shown in Figure 13.

Synthesis Description

5 mM MnSO. in water solution (0.5 - 5.0 mL), 0.5 M styrene sulfonate in water solution (5.0
mL, 2.5 mmol, 1 eq.), and 0.5 M NaHCO:s in water solution (0.5 - 5.0 mL) were automatically
transferred to a reactor vessel, placed in front of a Raman probe. 30% Hydrogen peroxide in
water (1.0 - 5.0 mL) was added at a rate of 0.04 - 10.00 mL/min. The reaction mixture was
stirred for 1.0 - 10.0 hours. The process was continuously monitored via Raman and single
end-point analysis was taken for calculating the optimization target value. The reaction
mixture was discarded, and the platform was reset by cleaning the reactor vessel with water
and a cleaning solution (1 x 25 mL cleaning solution and 2 x 25 mL water). The cleaning
solution was made by mixing 100 mL 30% H->0,, 100 mL 60% nitric acid, 800 mL H>0).

The original procedure was translated into xDL, amended for iterative optimization, and
executed on a Chemputer platform equipped with Raman spectrometer monitoring a single
reactor module consisting of a three-neck 25-mL round bottom flask with reflux condenser,
glass stopper, tubing connector to a liquid handling system, DrySyn®© aluminium block and a
magnetic stirrer bar. The optimization target was to minimize the area of the peak of the
double bond of the starting material at 1633 cm™ relative to the area of the peak at 2250 cm™',
with respect to the peak of an internal standard (acetonitrile). The deep Bayesian optimizer
Phoenics as available through the Olympus framework was chosen as the algorithm.

Optimisation Description

For the iterative closed-loop optimization the following reaction parameters were set:
¢ Catalyst volume — variable within 0.5 and 5.0 mL range (0.2 - 1.0 mol%).
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¢ NaHCO; volume — variable within 0.5 and 5.0 mL range.

e H>03 volume — variable within 1.0 and 5.0 mL range (4 - 20 eq.).

e H>0 addition speed — variable within 0.04 and 10.00 mL/min range.
+ Reaction time — variable within 3600.0 and 36000.0 seconds.

The optimization target was to minimize the area of the peak corresponding to the double
bond of the starting material at 1633 cm™ relative to the area of the peak at 2261 cm™,
corresponding to the triple bond of acetonitrile which was used as an internal standard.
Phoenics?® optimization algorithm was chosen; the optimization was run for 40 iterations.

Configuration file for the optimization of the Sodium 4-vinylbenzenesulfonate catalytic
oxidation using Phoenics optimization algorithm:

{
"max iterations”; 40,
“target’: {
“spectrum peak-drea 16337 "Tint!
Is
“algorithm’: {
“name” ! "Phoenics’
}J
“reference’: 2261,
"batch size": 1
¥

Optimisation Results

The product was characterised as follows.

H NMR (400 MHz, D-O): 6 7.82 (dd, J = 8.3, 1.4 Hz, 2H), 7.46 (d, J = 8.4 Hz, 2H), 4.10 (dd, J

=4.4,29Hz, 1H), 3.30 (t, J= 4.5 Hz, 1H), 3.05 (dd, J=4.7, 2.9 Hz, 1H).
3C NMR (101 MHz, D,0): 5 142.36, 140.35, 126.36, 125.73, 52.56, 51.49.
HRMS-ESI: 199.0076 (Expected: 199.0071)

The optimisation results for each iteration are shown in Table 6.
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Table 6: Results for the Styrene Sulfonate Oxidation catalytic oxidation optimization

Iteration | Add_3 | Add_4- Add_7- Add_7- Stir_8- spectrum_peak-
volume | volume dispense_speed | volume time area_1633

1 35 5 0.2 5 1800 -0.4779
2 49674 | 4.71 7.7265 3.3728 2388.626 -0.5818
3 3.4371 | 4.9868 0.3145 4.9603 1869.3718 | -0.6005
4 2.2097 | 1.958 3.0766 4.7902 5470.981 -0.6115
5 3.4669 | 4.993 0.2603 4.9791 1836.5115 | -0.5505
6 4.2991 | 4.9903 6.9041 0.8012 3924.3557 | -0.4984
7 35232 |5 0.1512 4.9846 1800 -0.4956
8 2.6742 | 2.5729 6.9966 3.5736 7151.0801 | -0.5769
9 3.4835 | 4.9965 0.2301 4.9896 1818.2557 | -0.4694
10 1.1514 | 3.5737 41572 2.1582 3611.7249 | -0.6829
11 3.4905 | 4.9984 0.2401 4.9955 1827.9069 | -0.1065
12 3.4795 | 4.9887 0.2172 4.9936 1813.7491 | -0.487
13 3.4489 | 0.5034 2.1559 0.723 1832.848 -0.7141
14 34959 |5 0.2475 49875 1830.6141 | -0.4692
15 3.5172 | 1.4056 9.2389 3.4393 6216.7085 | -0.3913
16 3.6716 | 4.9948 0.4108 4.9123 1820.5065 | -0.5042
17 1.8718 | 2.342 3.604 2.7266 6713.3198 | -0.5905
18 3.4974 | 4.9916 0.25 4.9978 1827.2998 | -0.4758
19 3.1952 | 0.7773 1.0382 1.5286 4568.1348 | -0.5463
20 3.4868 | 4.9971 0.2442 5 1833.4457 | -0.4422
21 22324 | 3.1281 5.4343 4.0445 6846.0322 | -0.5695
22 3.4943 | 4.9994 0.2325 4.9989 1824.4208 | -0.4662
23 0.6164 | 4.0719 0.3935 1.2007 6975.1602 | -0.7717
24 3.4915 | 4.9935 0.2369 4.9967 1823.3331 | -0.4991
25 4.8554 | 4.3793 4.5024 44297 2804.3989 | -0.4978
26 3.6246 | 4.8424 0.0539 48127 1829.4752 | -0.2498
27 2.9257 | 1.6921 6.439 1.9837 5734.5981 | -0.6364
28 3.5829 | 4.8928 0.0884 4.8994 1825.9874 | -0.3692
29 2.3663 | 2.667 8.4578 3.866 4308.7773 | -0.7029
30 3.4929 | 4.9978 0.2425 4.9918 1828.5566 | -0.5252
31 1.5091 | 1.1805 3.9048 3.408 5943.9067 | -0.8197
32 3.4889 | 4.9967 0.2389 4.9944 1822.7146 | -0.6165
33 3.2902 | 0.6341 9.7743 1.8064 3343.2942 | -0.7428
34 3.4877 | 4.9986 0.2409 4.9954 1831.5872 | -0.6499
35 3.8507 | 3.0556 2.102 2.8947 5062.3755 | -0.5077
36 3.4937 | 4.9995 0.2456 4,993 1827.9785 | -0.6288
37 1.66 3.3253 1.7386 2.2343 2583.7048 | -0.7448
38 3.3586 | 4.8507 0.0881 4.9948 1829.0911 | -0.4967
39 2.0985 | 24198 4.9677 1.3539 3030.051 -0.7682
40 3.4878 | 4.9952 0.2376 4.9974 1832.2788 | -0.6978
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tosMIC Reaction Optimization

NC

O
~ 5
Ne ‘

The reaction between tosMIC and benzylidenemalononitrile was selected for optimisation.
The reaction was subjected to optimization, using HPLC to provide necessary feedback to the
decision-making algorithms. All reagents were as 1.0 M solution in DMSO, prepared freshly
before a set of 5 consecutive iterations. Naphthalene was used as internal standard for
quantitative HPLC analysis. The hardware setup is shown in Figure 14.

The original procedures was obtained from the algorithmic reaction discovery process,
amended for iterative optimization, and executed on a Chemputer platform equipped with
HPLC. The tosMIC reaction: for the parameter optimization were used: 10 experiments with
random search strategy, and 22 SMBO explorative experiments. The reaction was analyzed
HPLC and the optimization was set to maximize the peak of the product with respect to the
naphthalene as internal standard.

Synthesis Description

1.0 M TosMIC in DMSO solution (variable), 1.0 M benzylidenemalononitrile in DMSO (1 mL)
and DMSO (variable) were added to the reactor. The reaction mixture was stirred for a
variable amount of time at a variable temperature. After cooling to room temperature,
reference was added to the mixture (1 mL 1.0 M naphthalene) and afterwards a sample (0.5
mL) is withdrawn for the reactor, transferred to an empty flask, diluted to 10.0 mL, and
subsequently loaded onto a 5 uL sample loop and injected into the HPLC. The remaining
volume of the reaction mixture was discarded, and the platform reset by cleaning all modules
with DMSO.

Optimisation Description

For the iterative closed-loop optimization the following reaction parameters were set:
+ Toluenesulphonylmethyl isocyanide — variable within 0.2 and 2.0 ml range.
¢ DMSO volume — variable within 0.0 and 5.0 mL range.
¢ Pre-heat reaction temperature — variable within 30.0 and 160.0 °C range.
¢ Reaction time — variable within 3600.0 and 28800.0 seconds.

Experiments were run as follows:
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1. Initial exploration of the product space using random search within given parameter
limits.

2. Exploration of the product space using SMBO algorithm (with parameters setup to
favour exploration over exploitation).

3. ldentification of the obtained materials as identified regions of interest on the resulting
HPLC chromatograms. For each experiment result was calculated as the integration
area of the target region divided by the sum of all other regions identified.

4. Individual optimization using SMBO algorithm (with parameter setup to favour
exploitation over exploration) and product peak integration area as a target. The data
from all previous experiments (i.e., set of parameters and corresponding results) were
used in each subsequent optimization.

An example of the configuration file used to run the optimization of the tosMIC reaction:

{
"max iterationst: 12,
“target”: {
"spectrum iIntegration-area 16.7..16.9": Infinity
5
“algorithm®: {
Yhame': smbol,
Yacqg func’: Ygp hedge’,
"noinitial points’: @
s
“refterence’: 18.2;
“constraints’: [
M4.0..14.4"%,
550 15070
1s
"batch size”: 1,
“vontrol’: {
forunsti o
}
’

Optimisation Results

The optimization campaign was concluded after 30 iterations, achieving a 22% increase yield.
Yield was calculated from the crude reaction mixture analysis with respect to the internal
standard (naphthalene).

An example of an HPLC chromatogram for the tosMIC reaction is provided in Figure 16,
obtained after performing optimization for the identified region.

The product was characterized as follows:
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H NMR (600 MHz, CDCl): 6 8.12 (d, J = 7.2 Hz, 2H), 7.80 (d, J = 8.3 Hz, 2H), 7.62 (t, J =
7.5 Hz, 1H), 7.55 (t, J = 7.7 Hz, 2H), 7.37 (d, J = 7.9 Hz, 2H), 5.15 (s, 2H), 2.46 (s, 3H).
13C NMR (151 MHz, CDCly): & 171.31, 165.75, 146.22, 146.02, 130.27, 129.99, 129.53,

128.99, 126.81, 111.59, 60.54, 59.46, 21.91, 21.20, 14.34.

LC-MS [M+H]+ expected: 366.0907, found: 366.0983

The optimisation results for each iteration are shown in Table 7.

Table 7: Results for the tosMIC Reaction Optimization

Iteration | Add_2- Add_3- HeatChillToT | Wait_5- spectrum_integrati | Yield
volume volume emp_4-temp time on_area_16.7..16.9

1 1.35 2.19 102 24100 0.0128 0.296444
2 1.63 2.27 97 5780 0.0253 0.074886
3 1.35 0.49 115 21300 0.00345 0.116744
4 14 2.09 108 22600 0.00432 0.217785
5 1.59 0.7 108 20800 0.00684 0.246672
6 1.65 1.97 109 22300 0.00816 0.284063
7 1.34 2.04 36 21000 0.0056 0.29567
8 0.62 244 105 21300 0.00367 0.209791
9 1.5 2.52 107 20500 0.00679 0.260611
10 1.56 1.77 53 21400 0.0135 0.286446
11 1.83 2.14 115 21000 0.00956 0.295236
12 1.21 2.06 107 20900 0.0114 0.308481
13 1.61 2.07 111 20400 0.0164 0.333734
14 1.67 2.32 107 21300 0.0171 0.342697
15 1 1 140 14400 0.0093 0.26773
16 1.59 2.19 154 21200 0.00148 0.024947
17 1.2 5 144 26400 0.0112 0.025476
18 0.51 3.47 150 3820 0.0124 0.043266
19 1.88 4.49 42 12200 0.0135 0.036389
20 0.77 4.28 90 9730 0.0259 0.047131
21 1.48 4.14 102 28800 0.0517 0.045649
22 0.35 4.11 85 10500 0.00909 0.03232
23 1.6 2.13 108 28700 0.0422 0.065295
24 1.4 4.22 69 11300 0.0629 0.069571
25 1.61 2.14 106 13100 0.0482 0.07256
26 1.33 4.08 65 17900 0.0619 0.072275
27 1.35 4.06 71 16300 0.0656 0.074072
28 1.36 4.09 73 19300 0.0646 0.085893
29 1.36 411 70 9330 0.031 0.369044
30 1.35 4.06 71 16300 0.0329 0.436853
31 1.35 4.06 71 16300 0.0321 0.432427
32 1.35 4.06 71 16300 0.0287 0.431138
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Phloroglucinol Reaction Optimization
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The reaction between phloroglucinol, benzylidenemalononitrile and 1,8-
bis(dimethylamino)naphthalene was selected following the methodology described herein.
The reaction was subjected to optimization, using HPLC to provide necessary feedback to the
decision-making algorithms. All reagents were as 1.0 M solution in DMSO, prepared freshly
before a set of 5 consecutive iterations. Naphthalene was used as internal standard for
quantitative HPLC analysis. The optimization protocol consisted of two distinct campaigns
(see parameters below). The second campaign was initiated after careful analysis of the
results of the first one — with increased limits for 1,8-bis(dimethylamino)naphthalene
concentration and temperature. The hardware setup is shown in Figure 14.

Synthesis Description

1.0 M phloroglucinol in DMSO solution (variable), 1.0 M benzylidenemalononitrile in DMSO (1
mL), 0.5 M 1,8-bis(dimethylamino)naphthalene in DMSO solution (variable) and DMSO
(variable) were added to the reactor. The reaction mixture was stirred for a variable amount of
time at a variable temperature. After cooling to room temperature, reference was added to the
mixture (1 mL 1M naphthalene ) and afterwards a sample (0.5 mL) is withdrawn for the
reactor, transferred to an empty flask, diluted to 10.0 mL, and subsequently loaded onto a 5
yL sample loop and injected into the HPLC. The remaining volume of the reaction mixture
was discarded, and the platform reset by cleaning all modules with DMSO.

Optimisation Description

The phloroglucinol reaction: for the parameter optimization were used: 10 experiments with
random search strategy, and 40 SMBO explorative experiments. The reaction was analyzed
by HPLC and the optimization was set to maximize the peak of the product with respect to the
naphthalene as internal standard.

Two campaigns were carried out, having the following reaction parameters.

First campaign, 37 reactions:

. benzylidenemalononitrile — variable within 0.2 and 2.0 ml range.

. 1,8-bis(dimethylamino)naphthalene — variable within 0.4 and 4.0 ml range.
. DMSO volume — variable within 0.0 and 6.0 mL range.

. Pre-heat reaction temperature — variable within 25.0 and 160.0 °C range.
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. Reaction time — variable within 3600.0 and 28800 seconds.

Second campaign, 13 reactions:

. benzylidenemalononitrile — variable within 0.2 and 4.0 ml range.

. 1,8-bis(dimethylamino)naphthalene — variable within 0.4 and 8.0 ml range.
. DMSO volume — variable within 0.0 and 6.0 mL range.

. Pre-heat reaction temperature — variable within 0.0 and 160.0 °C range.

. Reaction time — variable within 3600.0 and 86400.0 seconds.

The reason for performing two optimizations originated from careful analysis of the data
obtained for the first campaign: 6 out of the 37 reactions performed at 25 °C with maximally
allowed 1,8-bis(dimethylamino)naphthalene concentration resulted in yields greater than the
yield at initial reaction conditions (27%), suggesting that a more “adventurous” approach may
lead to interesting results. The second campaign had been initiated with results from previous
campaign serving as input and the temperature and constraints allowing for temperatures as
low as 0 °C while allowing the 1,8-bis(dimethylamino)naphthalene higher concentrations.
During the first campaign the optimization protocol yielded parameters which resulted in a
49% yield, an increase of 22% from the 27% obtained for the initial reaction conditions.
However, with the more opened constraints, the explored space has been successfully
expanded into unintuitive areas that would not have been a first choice, or a choice at all, for
the experimental chemist: in this example the algorithm moved into temperatures not suited
for the solvent used (DMSO freezing point is below 19 °C).

An example of the configuration file used to run the optimization of phloroglucinol reaction:

i
"max iterations’: 12,
"target!: {
“spectrum integration area 15.0..15.2": Infinity
s
Yalgorithm®: {
“name”: tsmbol,
Yacg functi Tgp hedge’,
"n initial points’: @

1

“peference’: 18.2,

“hatch size™: 1,

“control’:
noruns’: @
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Optimisation Results

During the first campaign the optimization protocol yielded parameters which resulted in a
49% vyield, an increase of 22% from the 27% obtained for the initial reaction conditions.

During the second campaign the optimization protocol yielded parameters which led to a
further increase in the reaction yield by 50% with respect to the initial reaction conditions,
reaching a vield of 77%.

The product was characterized as follows:

'H NMR (600 MHz, DMSO-de): & 10.06 (s, J = 7.2 Hz, 1H), 7.26 (m, 7H), 7.16 (m, 1H), 7.08
(d, J = 7.54 Hz, 2H), 6.98 (s, 2H), 6.71 (s, 2H), 6.28 (s, 1H), 4.64 (s, 1H), 4.45 (s, 1H).

13C NMR (151 MHz, DMSO-ds): & 161.07, 159.91, 154.50, 148.78, 146.45, 146.06, 145.14,
129.02, 128.91, 128.74, 127.68, 127.54, 127.16, 127.09, 126.84, 120.95, 120.72, 109.42,
108.23, 103.71, 98.76, 57.37, 44.61, 40.55, 36.99, 36.67.

LC-MS [M+H]+ expected: 435.137, found: 434.900

The optimisation results for each iteration are shown in Table 8.
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Trifluoromethylation Reaction Exploration

Ox, 1) TMSCF,
| i TBAF (cat.), THF
$ 0 Y lo  2)TBAF(1.1eq)

A trifluoromethylation reaction using the Ruppert-Prakash reagent was setup to demonstrate
the capability of the Optimizer framework to discover new product in the product space and
optimize each individual product in a closed-loop fashion using feedback from benchtop
NMR. The original procedure® was amended to include an alternative work-up process®’ to
reduce overall experiment time. Reagents were selected to provide several sides of attack as
well as a scope for novel materials.

The hardware setup is shown in Figure 15.

The initial exploration phase of the experiment was set to maximize the novelty of the product
space, i.e. maximize number of novel peaks on the °F NMR spectrum. In the second phase a
set of individual optimization experiments were run with the objective set to maximize the
integration area of the regions of interest on the spectrum, as identified during initial phase.

Synthesis Description

Three-neck 25-mL round bottom flask (reactor) equipped with reflux condenser, temperature
probe, tubing connector to a liquid handling system, DrySyn© aluminium block (connected to
a chiller) and a magnetic stirrer bar. In the beginning of the procedure the liquid handling
system was washed with THF. Cyclohexenone (0.20 mL, 1.0 mmol) was added automatically,
following by 4-fluoroacetophenone (0.23 mL, 1.0 mmol), butyrolactone (0.16 mL, 1.0 mmol),
myrtenal (0.30 mL, 1.0 mmol) and THF (5 mL). The reaction mixture was adjusted to 22 °C
and triflouoromethyltrimethylsilane (0.9 mL, 6.1 mmol) was added, following by 0.1 M solution
of TBAF in THF (0.4 mL, 0.04 mmol). The resulting mixture was stirred for 5 minutes at
maintained temperature. Thereafter the reaction mixture was adjusted to 22 °C, 1.0 M TBAF
solution in THF (3.0 mL, 3.0 mmol) was added to cleave TMS group and the reaction mixture
was stirred for another 5 minutes. The solution of fluorobenzene (1.0 M in DCM, 2.0 mL, 2.0
mmol) was added and the sample (2.5 mL) of the resulting mixture was transferred to the
NMR for analysis. Upon analysis completion, the sample was transferred back to the flask
and all its contents was moved to an empty flask for storage. The reactor was cleaned twice
with THF (20 mL) and used for the next iteration.
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Optimisation Description

Experiments were run as follows:

1. Initial exploration of the product space using random search within given parameter
limits.

2. Exploration of the product space using SMBO algorithm (with parameters setup to
favour exploration over exploitation) and a novelty parameter as the target.

3. Exploitation of the product space using SMBO algorithm and a novelty parameter as
the target.

4. I|dentification of the obtained materials as identified regions of interest on the
resulting '*F NMR spectra. For each experiment result was calculated as the
integration area of the target region divided by the sum of all other regions
identified.

5. Individual optimization using SMBO algorithm (with parameter setup to favour
exploitation over exploration) and product peak integration area as a target. The
data from all previous experiments (i.e., set of parameters and corresponding
results) were used in each subsequent optimization.

The parameters for the iterative closed-loop optimization were selected to allow for product
formation from individual starting materials as well as theoretical mixtures. The following
parameters were set:

¢ Cyclohexenone volume — variable within 0.0 and 0.3 mL range.

4-Fluoroacetophenone volume — variable within 0.0 and 0.37 mL range.

* Beta-butyrolactone volume — variable within 0.0 and 0.23 mL range.

* Myrtenal volume — variable within 0.0 and 0.45 mL range.

e THF volume — variable within 0.0 and 10.0 mL range.

¢ Pre-heat reaction temperature — variable within 0.0 and 50.0 °C range.

« Trifluoromethyltrimethylsilane volume — variable within 0.36 and 1.42 mL range.

e TBAF (0.1 M in THF solution) volume — variable within 0.2 and 0.8 mL range.

* Reaction time — variable within 300.0 and 18000.0 seconds.

e TBAF (1 M in THF solution) volume for work-up — variable within 2.0 and 10.0 mL
range.

¢ Work-up time — variable within 300.0 and 3600.0 seconds.

* Fluorobenzene (1 M solution in DCM) — fixed at 2.0 mL.

Configuration file to run explorative optimization of trifluoromethylation reaction during initial
random screening experiments:

{
“max iterations’: 10,
“target': {
“novelty": Infinity
}s
"algorithm’: {
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"name’: Trandom’,
"pandom state’: 43
b
“reference”: -113.15,
"hatch size”: 1

Configuration file to run explorative optimization of the trifluoromethylation reaction during
second phase — exploration of the parameter space:

{
“max dterations’: 11,
“target’: {
"novelty": Infinity
s
“algorithm’: {
“name”: Ysmbo?,
"base estimator’: "GPY,
“noinitial points?: 15,
“initial point generator’: “grid”,
“acg ftunct: TLEBY,
"acg func kwargs': {"kappa': 10000}
by
“reference’: -113.15,
“batch size": 1
},

Configuration file to run explorative optimization of the trifluoromethylation reaction during
second phase — exploitation of the parameter space to maximize the Novelty parameter.

{

“max dterations’: 6,
“target’: {

"novelty': Infinity
s
falgorithm”: {

"name”; “smbol,

“acqg funch; "LUBY,

“deg func kwargs': {'kappa’: 0.001}
i
"reference’”: -113.15,
"batch size': 1
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An example of the configuration file to run the optimization of the individual product of the
trifluoromethylation reaction. Parameter constraints lists all other identified products that
should be considered, when calculating the result:

{

"max iterations’: 5,
Ttarget': 4

s

“algorithm”: {
“name’: Ysmbo',
“hase estimator’: "GPI,
Yacqg funct: o ULEBY,
“acg func kwargs': {

“kappa’: @.001

}‘3
“random state”: 42

}s

“reference”: -113.15;

“constraints'; |
73,319, .-73.533",
"_74.317..-74.41",
"<75.304,.-75.55",
1-76.629..-76.734",
-78.4..-78.868",
"-79.992,.-80.412",
Te81.12..-81.698",
1-106.519..-106.721",
"-113.071..-113.225"
Y-116.401..-116.911"

1s

“"batch size': 1

Optimisation Results

All products were isolated from the collection vessel at the end of the corresponding product
optimization campaign. The material was concentrated in vacuo and purified by preparative
HPLC to give the following products. Yields indicated are calculated from the crude reaction
mixture analysis with respect to the internal standard (fluorobenzene).

OH

F

(97%)
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The product was characterized as follows:

H NMR (400 MHz, CDCls): 6 7.61 — 7.51 (m, 2H), 7.13 = 7.02 (m, 2H), 1.78 (q, J = 1.1 Hz,
3H).

13C NMR (101 MHz, CDCls): & 163.0 (d, Jor = 247.7 Hz), 134.3 (d, Jor = 3.1 Hz), 128.5 —
128.1 (M), 125.6 (q, Jor = 285.2 Hz), 115.3 (d, Jer = 21.5 Hz), 74.7 (q, Jor = 29.5 Hz), 24.1.
19F NMR (376 MHz, CDCl): 5 -81.3, -113.7 —-113.8 (m).

HO CF,

(67 %)
The product was characterized as follows:

H NMR (400 MHz, CDCl): 6 6.2 (ddd, J = 10.1, 4.9, 2.8 Hz, 1H), 5.7 (ddt, J = 10.1, 2.8, 1.6
Hz, 1H), 2.2 = 2.0 (m, 2H), 1.9 — 1.7 (m, 4H).

13C NMR (101 MHz, CDCI3): 5 136.5, 126.2 (q, Jor = 284.2 Hz), 123.0 (q, Jor = 1.7 Hz), 70.6
(@, Jor = 28.8 Hz), 29.1 — 29.0 (m), 24.9, 17.3.

1F NMR (376 MHz, CDCl): & -82.8.

HO.__CF,

(74%)
The product was characterized as follows:

H NMR (400 MHz, CDCl3), mixture of isomers: § 5.81 —5.73 (m, 1H), 4.41 —4.30 (m, 1H),
2.50 -2.30 (m, 4H), 2.16 — 2.09 (m, 1H), 2.05 - 1.98 (m, 1H), 1.30 (s, 3H), 1.18 (dd, J= 8.8,
6.0 Hz, 1H), 0.87 — 0.81 (m, 3H).

3C NMR (101 MHz, CDCl3), mixture of isomers: 6 141.6, 141.4, 125.9, 125.1, 124.5(q, Jor =
283.1 Hz), 124.4 (q, Jcr = 283.1 Hz), 73.7 (q, Jor = 31.4 Hz), 73.1 (q, Jor = 31.4 Hz), 42.4,
41.8,40.8,40.7,38.2, 37.9, 31.9, 31.8, 31.6, 31.6, 26.3, 26.1, 21.1, 20.9.

F NMR (376 MHz, CDCls,), mixture of isomers: 6 -77.0, -77.0.

In addition to the isolated products, the optimization was carried out to maximize the peaks of
the side materials. Figures 17, 18 and 19 show examples of NMR spectra with highlighted
peaks selected for the optimization.
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Figure 17 shows an '°F NMR spectrum obtained after performing optimization for the
identified spectrum region. The product shown has not been isolated as pure material and its
structure has not been fully confirmed.

Figure 18 shows an '°F NMR spectrum obtained after performing optimization for the
identified spectrum region. The product shown has not been isolated as pure material and its
structure has not been fully confirmed.

Figure 19 shows an '®F NMR spectrum obtained after performing optimization for the
identified spectrum region.

The reaction parameters for each iteration of the second phase are shown in Table 9.
The optimisation results for each iteration of the second phase are shown in Table 10. The

Table headers refer to the chemical shift in the '°F NMR spectrum, and the data is the peak
intensity.
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Claims

1. A method of optimising an instruction set for a chemical synthesis, the method
comprising performing a series of optimisation test syntheses, where each optimisation test
synthesis includes the steps of:

(i) performing the chemical synthesis in a reaction vessel of a chemical synthesiser
operating according to an instruction set to produce a reaction product,

(i) recording reaction data using an analytical unit of the synthesiser during the
chemical synthesis and/or recording product data on the reaction product,

(i) analysing the reaction data and/or product data using a control unit of the chemical
synthesiser to determine a characteristic of the synthesis; and

(iv) adjusting one or more reaction parameters of the instruction set, to provide an
adjusted instruction set,

wherein the optimisation test synthesis is repeated one or more times, and in each
repeat of the test synthesis, the chemical synthesis is performed according to the adjusted
instruction set, which is adjusted from the previous test syntheses, and

the adjustment to the one or more reaction parameters is made following a prediction
that the adjustment will improve the characteristic of the synthesis, wherein the prediction is
based on the reaction parameters associated with reaction data and/or product data from one
or more previous optimisation test syntheses and, where present, one or more previous
exploration test syntheses, and

wherein the method is performed autonomously.

2. The method of claim 1, further comprising
performing a series of exploration test syntheses, where each exploration test synthesis
includes the steps of:

(i) performing the chemical synthesis in a reaction vessel of a chemical synthesiser
operating according to an instruction set to produce a reaction product,

(ii) recording reaction data using an analytical unit of the synthesiser during the
chemical synthesis and/or recording product data on the reaction product,

(i) analysing the reaction data and/or product data using a control unit of the chemical
synthesiser to determine a characteristic of the synthesis; and

(iv) adjusting one or more reaction parameters of the instruction set, to provide an
adjusted instruction set,

wherein the exploration test synthesis is repeated one or more times, and in each
repeat of the test synthesis, the chemical synthesis is performed according to the adjusted
instruction set, which is adjusted from the previous test syntheses, and

the adjustment to the one or more reaction parameters is made to explore a reaction
space wherein the adjustment is based on the reaction parameters associated with reaction
data and/or product data from one or more previous test syntheses.
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3. The method of claim 2, wherein the adjustment to the one or more reaction parameters
to explore a reaction space is made by an exploration algorithm of the chemical synthesiser,
such as a random search algorithm.

4, The method of claim 2 or 3, wherein the method comprises a series of exploration test
syntheses followed by a series of optimisation test syntheses.

5. The method of any one of claims 2 to 4, where in an optimisation test synthesis, the
prediction is based on the reaction parameters associated with reaction data and/or product
data from one or more previous optimisation test syntheses and one or more previous
exploration test syntheses.

6. The method of any one of claims 1 to 5, where in an optimisation test synthesis, the
prediction that the adjustment will improve the characteristic of the synthesis is made by an
optimisation algorithm of the chemical synthesiser, such as a genetic or SMBO optimisation
algorithm.

7. The method of any one of claims 1 to 6, where in an optimisation test synthesis, the
prediction that the adjustment will improve the characteristic of the synthesis is based on the
comparison of one or more reaction parameters with reaction data and/or product data from
one or more previous test syntheses, to identify one or more reaction parameters associated
with a change in reaction data and/or product data, and preferentially adjusting the one or
more reaction parameters associated with the change.

8. The method of any one of claims 1 to 7, where in an optimisation test synthesis, the
prediction that the adjustment will improve the characteristic of the synthesis is based on the
comparison of one or more reaction parameters with reaction data and/or product data from
one or more previous test syntheses, to identify one reaction parameters associated with the
highest normalised rate of change in reaction data and/or product data, and preferentially
adjusting the reaction parameters associated with the highest normalised rate of change.

9. The method of any one of claims 1 to 8, wherein the reaction data is selected from
reaction colour, reaction temperature, reaction vessel pressure, reaction pH, reaction filter
rate, surrounding humidity, surrounding pressure, surrounding temperature, or a combination
thereof, preferably reaction colour, reaction temperature or a combination thereof.

10. The method of any one of claims 1 to 9, wherein the type of reaction data and/or the
sample frequency of reaction data changes depending on the reaction parameters.

11.  The method of any one of claim 10, wherein the type of reaction data and/or the sample
frequency of reaction data changes throughout the chemical synthesis.
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12. The method of any one of claims 1 to 11, wherein the product data is spectroscopic
data, such as UV-Vis, Infra-red, Raman, NMR, or mass spectrometry data; chromatography
data, such as gas or high-performance liquid chromatography data; or a combination thereof.

13.  The method of any one of claims 1 to 12, wherein the characteristic of the synthesis is
reaction product yield, reaction product purity, reaction product to starting material ratio,
reaction product to impurity ratio, solvent mass consumption, reagent mass consumption or a
combination thereof.

14. The method of any one of claims 1 to 13, wherein a characteristic of the synthesis is
reaction product yield, and the yield is determined by NMR spectroscopy, Raman
spectroscopy or high-performance liquid chromatography product data.

15.  The method of any one of claims 1 to 14, wherein a reaction parameter for the
instruction set is selected from reagent volume, reagent mass, reagent addition rate, solvent
volume, solvent mass, solvent addition rate, reaction temperature, rate of change of reaction
temperature, reaction pressure, rate of change of reaction pressure, pH, stirring rate, reaction
mixture colour and reaction time.

16. The method of any one of claims 1 to 15, wherein one or more of the reaction
parameters is a dynamic reaction parameter, wherein the dynamic reaction parameter is a
reaction parameter which is determined by the need to satisfy another reaction parameter.

17. The method of claim 16, wherein the dynamic reaction parameter is selected from one
or more of:

(i) reagent addition rate, such as reagent addition rate determined by reaction
temperature,

(ii) reaction time, such as reaction time determined by reaction colour, and

(i) reaction temperature, such as reaction temperature determined by reaction
pressure.

18. The method of either claim 16 or 17, where in an optimisation test synthesis, the
prediction that the adjustment will improve the characteristic of the synthesis is based on the
comparison of one or more dynamic reaction parameters with reaction data and/or product
data from one or more previous test syntheses, to identify one or more dynamic reaction
parameters associated with a change in reaction data and/or product data, and preferentially
adjusting the one or more dynamic reaction parameters associated with the change.

19. The method of any one of claims 16 to 18, where in an optimisation test synthesis, the
prediction that the adjustment will improve the characteristic of the synthesis is based on the
comparison of one or more dynamic reaction parameters with reaction data and/or product
data from one or more previous test syntheses, to identify a dynamic reaction parameter
associated with the highest normalised rate of change in reaction data and/or product data,
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and preferentially adjusting the dynamic reaction parameters associated with the highest
normalised rate of change.

20. A chemical synthesiser for use in the method of optimising an instruction set for a
chemical synthesis of claims 1 to 19, the synthesiser comprising a reaction vessel, an
analytical unit and a control unit, wherein:

the reaction vessel is for the performance of the chemical synthesis according to an
instruction set,

the analytical unit is for recording reaction data from the reaction vessel during the
chemical synthesis and/or for recording product data on the reaction product, and for
reporting the reaction data and/or product data to the control unit;

the control unit is for analysing the reaction data and/or product data received from the
analytical unit to determine a characteristic of the synthesis, and for adjusting one or more
reaction parameters of the instruction set, to provide an adjusted instruction set, wherein the
adjustment to the one or more reaction parameters is made following a prediction that the
adjustment will improve the characteristic of the synthesis, wherein the prediction is based on
the reaction parameters associated with reaction data and/or product data from one or more
previous optimisation test syntheses, and

wherein the chemical synthesiser is for performing the method autonomously.

21. The chemical synthesiser of claim 20, wherein the analytical unit is for recording
reaction data during the chemical synthesis and for recording product data on the reaction
product.

22. The chemical synthesiser of either claim 20 or 21, wherein the analytical unit comprises
a colour sensor, a temperature sensor, a pressure sensor, a pH sensor, a flow rate sensor, a
humidity sensor or a combination thereof.

23. The chemical synthesiser of any one of claims 20 to 22, wherein the analytical unit
comprises an infra-red spectrometer, a Raman spectrometer, a NMR spectrometer, a mass
spectrometer, a gas chromatography instrument, a high-performance liquid chromatography
instrument, or a combination thereof.

24. The chemical synthesiser of any one of claims 20 to 23, wherein one or more of the
reaction parameters is a dynamic reaction parameter, and the control unit is for adjusting the
dynamic reaction parameter during a test synthesis such that reaction data satisfies another
reaction parameter.
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25. The chemical synthesiser of claim 24, wherein the control unit adjusts a dynamic
reaction parameter selected from one or more of:

(i) reagent addition rate, such as reagent addition rate determined by reaction
temperature,

(i) reaction time, such as reaction time determined by reaction colour, and

(i) reaction temperature, such as reaction temperature determined by reaction.



