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WANTED: Flow Chemistry Reaction Data
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Abstract: Flow reaction data could have an outsized impact in the datasets which train the reaction prediction,
chemical synthesis planning, and experiment design tools of tomorrow. This paper discusses why we should be
increasing the availability of flow reaction data, and presents the Open Reaction Database as a schema and re-
pository for such data. Best practices for defining flow reactions in the schema are discussed, highlighting those
parts of the schema which are particularly relevant to flow reactions. Telescoped flow processes, and transient
flow conditions are more complex to define in the schema, but options are presented for several typical scena-
rios. The paper concludes by opening a conversation with the flow chemistry community about how they would
prefer to search for flow reaction data, and how to archive their own reaction data.
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1. Introduction

Over the past decade we have witnessed the normalisation of
computer-assisted synthesis planning (CASP) as part of the syn-
thesis chemistry toolbox.![!-#I This change has partly been enabled
by modern computational capabilities and the rise of data driven
approaches, but it has also required the availability of very large
datasets containing millions of reactions.[?!

The largest of these datasets are the commercial literature da-
tabases of SciFinder>! and Reaxys.[®l The largest open access da-
tasets are derived from the US Patent and Trademark Office (USP-
TO) data,I”l and there are several community efforts empowering
the community to contribute their reaction data. Chemotion is an
electronic laboratory notebook (ELN) and repository for reaction
data, operating as part of the NFDI4Chem consortium in Germa-
ny.3-101 AJ4Green!!!l is also an ELN for reactions, with a focus
on integrated green metrics calculations and tools, while Retro-
BioCatl12-141 is a database and retrosynthesis tool for biocatalysis.
While it lacks a front-end, the Unified Data Model (UDM) is a
reaction data model which was opened to the wider community
with the release of version 6 on GitHub in 2020.115.16]

The Open Reaction Database (ORD), of which I am currently
the Program Manager, is a community initiative which originated
on 31% October 2019 with a meeting of experts from pharma,
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academia and the tech industry.l'7.181 The goal of the ORD is
to support machine learning and related efforts in reaction pre-
diction, chemical synthesis planning, and experiment design,
through a structured data format and open access repository for
organic reaction data. The ord-schema package can be used in
Python to programmatically work with ORD datasets, but most
users interact with the schema through the online graphical user
interface at open-reaction-database.org. Both the online interface
and the Python package can also be used to generate reaction
datasets in bulk from a spreadsheet of reaction data. This feature
is particularly relevant to high-throughput experiments which use
automation to execute 100’s or 1,000’s of reactions.

Over the past 20 years Flow chemistry has also experienced a
rapid growth in interest.l'%-221 Although flow chemistry is now a
well-known tool in the synthesis toolbox, flow reactions still only
constitute a small fraction of the reaction databases. Consequent-
ly, reaction databases are designed for batch chemistry first and
foremost, with limited support given to flow chemistry. Recognis-
ing this as a problem, the ORD schema was extended to include
support for flow, photo, and electrochemistry data in addition to
standard batch reaction data. Table 1 lists some of the existing
flow chemistry datasets in ORD.

2. Why is Flow Chemistry Data Needed?

While flow chemistry data are expected to remain a small pro-
portion of reaction databases, including the ORD, the importance
of this data should not be underestimated. The increased auto-
mation inherent in flow chemistry was an enabling factor in the
development of the seminal nanoscale Suzuki-Miyaura coupling
dataset by scientists at Pfizer.[2330] In recent years this automation
has also enabled the rise of self-optimising reactors to explore
reaction spaces by algorithms,31-37] transient flow systems to sys-
tematically explore continuous variables in extreme detail,[27-38-43]
and collect high-throughput differential kinetic data in flow.[#4!

Flow chemistry also extends parameter windows, facilitat-
ing access to high temperature and pressure conditions which
are challenging to screen in batch. Furthermore, the residence
time control of flow opens opportunities to spatially resolve the
kinetics of fast reactions, in ways that are not possible in batch
mode.[*-491 Blackmond and coworkers remind us that the fun-
damental kinetic parameters of a reaction should be the same in

20Open Reaction Database, open-reaction-database.org; °BJ Deadman Consultancy Ltd, 86-90 Paul Street, London EC2A 4NE, United Kingdom.
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Table 1. Examples of flow chemistry datasets currently in the Open Reaction Database
entry dataset ID description ref. size
1 ord_dataset-68cb8b4b2b384e3d85bSblefae58b203  Nanoscale high-throughput screen of Suzuki-Miyaura coupling (23] 5760
conditions
under plug flow conditions.
2 ord_dataset-5eb7f2689f4a42eba63ad9e37e49a5cd  Synthesis of a sulfonamide library in a tubular flow reactor. [24] 39
3 ord_dataset-2038a3c967db4a32a8fbce288437e929 4 case-studies which apply automation, online analytics and a [25] 96
feedback loop to optimize yield and turnover number in Suzuki-
Miyaura cross- couplings in a multi-step flow reaction. Feedback
loop reactor case study 1.
4 ord_dataset-2be30f5d8dcd471aa6ad410bdee05902  Feedback loop reactor case study 2. [25] 97
5 ord_dataset-31989f1b2b9d4885b1dd2d9982da4517 Feedback loop reactor case study 3. [25] 96
6 ord_dataset-bc349c19b4384756a2aee8aa525b6c2a  Feedback loop reactor case study 4. [25] 96
7 ord_dataset-d9140e7c806047b78bcbbe85cfd5b7fc Design of experiments study of the dynamic kinetic resolution of ~ [26] 40
an amine in packed bed flow reactors.
8 ord_dataset-3d64cf72f75d4b99841 1£352a1d3f909"”  Transient flow study of the dynamic kinetic resolution of an amine [27] 176
in packed bed flow reactors.
9 ord_dataset-970120dedeff402fa64c298f1ba86557" Optimization of a slug flow Buchwald-Hartwig coupling by (28] 127
Bayesian optimization and design of experiments, with additional
kinetic experiments in flow.
1l These datasets are currently undergoing peer-review. The in-progress datasets can be accessed from the ord-data repo on GitHub.?%
flow as in batch.[51 How might machine-learning generate new
. .. X reagent B
understandings of reactivity from disparate sources of batch and in solvent
flow kinetic data? Surely this will be greatly enabled by com- at flow rate
munity efforts to structure both batch and flow reaction data in a Setup
consistent representation. reactor
Perhaps the most obvious reason for needing structured flow volume Outcomes
reaction data is that without this training data, the CASP tools of
. : backpressure products
tomorrow are unlikely to recommend flow reaction methods. A Inputs requlation and
team at SRI International recently reported that translating recom- results
mendations from their retrosynthetic planning tool (SynRoute),
. . reactor Conditi
to procedures for their automated flow reaction platform (Auto- temperature ~ Conditions
Syn) presented a number of challenges.!1 While SynRoute was
able to successfully recommend viable synthetic routes, these still reagent B
required adaptation by experts to make them suitable for flow. aitnfls:vlvv%'tte

Many of us will be familiar with the kinds of modifications that
are often required to convert a batch process to flow: replacing
reagents to improve solubility, accelerating reaction times, con-
sidering chemical and material compatibilities.

There is a clear need to increase the availability of flow reac-
tion data, and ideally this data should be structured such that it is
compatible with batch reaction data.

3. The ORD Schema

A key design philosophy of the ORD schema is that the most
important fields are highly structured, with supplementary free
text fields to flexibly accommodate additional details. This ena-
bles the commonalities between batch and flow to be consistently
represented, while unambiguously defining how the reaction is
performed in flow or batch.

At its top level, the ORD schema is made up of 9 sections,
which each contain data fields, and sub-levels with further da-
ta fields. This structure has been described previously,l'”! but
herein I will discuss some parts of the schema which are par-
ticularly relevant to flow chemistry reactions. Fig. 1 highlights
some of these sections with reference to a typical flow reaction
scheme.

3.1 Reaction Inputs

The way in which we introduce chemicals into a flow reac-
tion is one of the key differentiators from batch mode chemistry.
The inputs section of the ORD schema is designed to capture

Fig. 1. Top-level overview of the ORD schema as it applies to flow reac-
tions.

the details about which chemical components go into a reaction,
and how they are introduced. A reaction record can contain any
number of inputs, with each input being the addition of a chemical
component or combination of chemical components (for example
a solution). For both batch and flow, chemical components are
described by a combination of identifiers (preferably line notation
such as SMILES (Simplified Molecular-Input Line-Entry System)
or InChI (International Chemical Identifier)[52) amounts, a defined
role (for example reagent, reactant, solvent efc.) and optional de-
tails about preparations, sources and other features. In contrast to
how flow reactions are typically represented in literature as con-
centrations, the ORD schema records the amount in mass, volume,
or moles (or their prefixed equivalents). This ensures that batch
and flow reactions are treated in an equivalent manner and allows
these complementary techniques to be represented in a common
format. Determining the amount typically requires the continuous
flow reaction to be conceptualised as a defined volume of reaction,
either as a ‘slug’ travelling through the reactor, or a sum of feed-
stock volumes passing through the reactor over a longer period of
time (Fig. 2). This concept should be recognisable to many flow
chemists as this is how yields are often estimated for a continuous
process.
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Fig. 2. A conceptual reaction volume is used to convert concentrations
of reagents and products to amounts for the ORD.

Each input also has details about how it is introduced into the
reaction, including addition order, speed or flow rate, time (rela-
tive to the first input), duration, temperature and of course the
addition device. While many of these fields are also relevant to
batch reactions, they have particular importance to flow reactions.
In flow reactions the addition order is an index describing where
input feeds join the main flow (Fig. 3). Where two inputs have the
same addition order, this indicates that the input feeds enter con-
currently, while a higher addition order indicates an input feed
entering downstream. The speed or flow rate of addition is self-ex-
planatory, while the addition temperature could be used to de-
scribe a pre-cooled or pre-heated input feed.

addition
( > . . order =1
residence time time =T
between inputs
addition T
order =1 B >
time =0 ® %
addition
order =1
time =0

Fig. 3. Definition of addition order and time for the inputs of a flow reac-
tion.

The duration of the addition should be defined as the time
over which the input feed has merged into the conceptual reaction
volume. Provided that all input feeds are operated concurrently,
the duration will typically be the time over which the concep-
tual volume of reaction entered or exited the flow reactor. For
flow reactions operating in ‘slug flow’ mode, typically with in-
jection loop additions, the duration will be the short time interval
over which the yield or other outcome measurements have been
defined and collected. Whereas for flow reactions operating at
steady-state conditions the duration is usually the full time period
during which the reactor is at steady-state (i.e. excluding start-up
and shut-down phases).

The addition device fields describe the technology used to
introduce the input. The structured Enum field describes the type
in broad terms such as piston, syringe, or peristaltic pump. There
is also a custom option for use in cases where the pre-defined
types do not provide a suitable representation. The supplemen-
tary details field allows for a free text description of the addition

technology and could include details such as the make and mod-
el of the pump or describe specific configurations and prepara-
tions of the device(s). The combination of the structured Enum
field for pump type, and free text details permits broad freedom
for the user to report the technical details, whilst ensuring that
the database does not become fragmented down pump vendor
lines.

The concept of a solution input will be immediately recog-
nizable to flow chemists since this is often a fundamental step
in how we plan and enact our reactions. But what about a cat-
alyst introduced as a packed-bed reactor? While the presence
of a packed bed reactor can be defined in the setup section (see
below), the chemical composition of the packed bed is defined
as another input containing one or more solid components. For
a heterogeneous catalyst (e.g. 5 wt% Pd/Al,O,), or an immo-
bilised reagent (e.g. Amberlyst™ 15) they can be defined as a
single component with (where possible) a structural identifier
for the active component, and additional identifiers (name, CAS
number efc.) or source details to help unambiguously define it.
Where the reagent or catalyst is mixed with additional support
or other materials by the experimenter, as part of the packed bed
reactor setup, then these should be specified as additional chem-
ical components in the packed bed reactor input. This reflects
the philosophy that an ORD record captures the experiment as
it was conducted.

3.2 Setup and Conditions

The setup and conditions sections of the ORD schema define
the physical reactor, and the conditions under which it is operated.
For a flow reaction the setup is focused on that part of the flow
reactor where the productive reaction occurs, ignoring upstream
and downstream tubing and associated parts which are defined in
the inputs and workups sections. The vessel is another Enum field
with tube, packed-bed and continuously stirred tank reactors be-
ing the options most relevant to flow chemistry. The electrochem-
ical cell would also be appropriate for flow electrochemistry, and
the custom vessel is an option for alternative flow reactors. The
vessel type also contains a range of options for batch reactions,
reinforcing how the schema provides a consistent representation
for both flow and batch reactions, while providing space for ex-
tended free text description of the reactor in in the vessel details
field. The setup details also define the reactor material with an
Enum type and associated free text details to potentially enable
future predictive models to understand the recommended reactor
materials for reaction classes.

The vessel volume is the internal fluid volume of the active
portion of the flow reactor, while the environment Enum and de-
tails specify if the flow reactor is on a bench, in a fumehood,
glovebox or other location if this is relevant to its operation.
Where there is automation of the reactor this is specified using a
Boolean field, and there is the possibility of attaching automation
code to the record.

The setup section also allows for various preparations and at-
tachments to be defined. Particularly relevant to flow chemistry
is the pressure regulator attachment which can be used to define a
back pressure regulator at the end of the flow reactor.

For a flow reaction the conditions section defines things like
temperature, pressure, and the atmosphere if relevant to the pro-
cess. This section also includes subsections for flow chemistry,
photochemistry, and electrochemistry specific conditions. In the
flow chemistry conditions subsection there are options to define
tubing and tubing diameters, and reactor types. Unfortunately,
the evolution of the schema has resulted in some duplication of
fields with the vessel type and input addition devices. Current
best practice is to define pumps in their respective input addition
devices since this permits finer detail about the configuration of
the flow reactor.
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It should be noted that the schema works best when the reac-
tion conditions are static. For a flow reaction this will be when
the process is at steady state, or pseudo-steady state, and the
conditions can be defined as single values (or a small range
where precision is defined). Where the conditions are not static
this should be indicated using the dynamic conditions Boolean
option.

3.3 Workups

A large range of workups can be defined for both batch and
flow reactions. In the case of flow the options to define an addi-
tion feed, or flow through a scavenger column, are particularly
relevant (Fig. 4). In these workup types there are extended op-
tions to define, in a structured way, these agents as downstream
chemical inputs. Temperature changes can also be defined as a
workup, which could be used to define a downstream thermal
quench (Fig. 4c).

In situations where batch workup operations are conducted
after the flow reaction, these should be included in the reaction
record. An exception could be made if all the outcome measure-
ments were made on the pre-workup material.

A) Downstream quench feed

% % workup_type = ADDITION

component[0] component[1] addition
SMILES SMILES flow_rate
amount amount device_type

role = WORKUP role = SOLVENT device_details

B) Downstream scavenger column

% QP-SA % workup_type = SCAVENGING

component[0] addition
SMILES device_type
amount device_details
role = WORKUP

C) Cooling heat exchanger

AP

0°C

workup_type = TEMPERATURE
duration

temperature
control_type
control_details
setpoint

Fig. 4. Definition of (A) a downstream quench feed, (B) a downstream
scavenger column, and (C) a heat exchanger to rapidly cool a superhot
flow.

3.4 Outcomes

The products, yields and associated measurements are reported
in the outcomes section. Flow and batch reactions are expected to
be quite similar in how their outcomes are reported. However, a
key difference is that the outcome time should be considered to be
the residence time of the outcome measurement, typically taken to
be relative to the start of the active reaction part of the flow reactor.

The schema permits multiple outcomes to be reported, and
in the case of a flow reaction this would refer to measurement
of the process at spatially separate points in the reactor. For each

outcome there can be multiple products defined, including resid-
ual reactants, by-products, side products, internal standards, and
other reaction roles. There can also be multiple analysis types
described, including different analysis types at different residence
times (outcomes).

Online analysis techniques can be a powerful addition to flow
reactions, enabling measurements to be made in the real time di-
mension in addition to the standard residence time dimension.[>3!
The ORD schema has some limited capability to capture such
process monitoring data. Details of the analysis technique can be
defined using Enum types and text details as is the case in offline
analysis. However, since the primary time dimension in a flow
reaction record is the residence time, the time trends need to be
summarised as single measurement data points in the ORD sche-
ma. This would typically be the average measurement at steady
state, but alternative values could be defined using the available
fields in the schema. The time trend data can also be stored in the
reaction as an embedded file.

3.5 Other Sections

The treatment of the other top-level sections is generally sim-
ilar for flow and batch reactions. The reaction identifiers allow
RInChls (International Chemical Identifier for Reactions), reac-
tion type, notebook references, and other descriptors to be added,
and can also be utilised to add subsets into datasets as demonstrat-
ed in Table 1, entry 7.

The notes section captures safety and procedure details, and
the observations section is for time stamped records of observa-
tions made during the experiment. The final section covers the
provenance of the reaction, including such details as who con-
ducted the reaction, who created the ORD record, and links to any
associated publication.

4. Telescoped Flow Processes

A particular strength of flow chemistry is the capability to tel-
escope multiple reaction steps together. Defining such telescoped
processes in a structured way can however be a challenge. The
ORD schema was designed to record singular reactions, but there
are scenarios where it can still make sense to define a telescoped
flow process as a single reaction record. Consider a multi-compo-
nent cascade reaction as an example where multiple reactants are
introduced as inputs and the outcomes record the final observed
product ratios. Such a process is inherently compatible with the
ORD schema. The schema is not intended to record the intermedi-
ate steps in the cascade unless they are directly measured.

Consider also a reaction where the primary bond forming event
takes place inside a tubular reactor, but the flow is then telescoped
through a series of immobilised reagents to quench the reaction
(Fig. 5A). The reaction record should focus on the primary bond
forming reaction, but the downstream telescoped processes can
be captured as workups, in a process that is analogous to batch
reactions with a quench workup.

In the scenario where a reactive component is prepared in situ
and then consumed by the downstream addition of the reactant,
the primary bond forming might be considered the downstream
reaction (Fig. 5B). Therefore, pre-cursor reactions could be de-
fined in the input details section of the schema so that the focus is
put on the reaction of interest.

In situations where it is desirable to record detailed informa-
tion about multiple steps in a telescoped flow reaction, this can be
achieved across multiple reaction records (Fig. 5C). Each reaction
should focus on a single step in the process, with the outcomes of
each reaction step being linked to the inputs of the downstream re-
action as a crude component input. This structure is more complex
than the examples described above, but it could be appropriate
where online analysis is used to measure the levels of an interme-
diate component.
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A) Telescoped reaction and then a downstream quench workup

Setup
+

Conditions

10 mL
100 °C Workups

B) Telescoped reagent formation and then react in-situ with a
reactant feed

Setup
+

Conditions

10 mL
@i 100 °C

C) Outcome of reaction 1is telescoped into the input of reaction 2

j Reaction 1
Outcome
roducts
’ 100 psi procy,
results
10 mL
100 °C

<>7

crude Reaction 2
component
input

Inputs ’

Fig. 5. Definition of some typical telescoped reactions in the ORD sche-
ma. (A) a primary reaction followed by a downstream quench feed, (B)
reagent formation in situ followed by addition of the reactant to initiate
the primary reaction, and (C) a complex telescoped process which re-
quires definition as multiple reaction records, linked from outcomes to
crude component inputs.

10 mL
100°C

5. Transient Flow Conditions

Transient flow is a recent evolution of flow chemistry
where parameters, such as temperatures, concentrations, and
residence times, among others, are continuously modified
throughout an experiment. These transient systems are able
to systematically explore continuous variables in extreme de-
tail [27.38-43]

While transient flow experiments are data rich, the dynamic
conditions can be a challenge to define in any reaction schema,
including the ORD. We have been experimenting with the defi-
nition of these processes, and our recommended best practice is
to consider the transient flow experiment as a series of reaction
records contained in a dataset.l>4

Where the analysis is non-continuous, such as for HPLC where
injections must be made at regular intervals, it can be simple to
partition the transient into a series of reactions with pseudo-static
conditions and coinciding with the HPLC injections. The mean
reaction conditions for each partition should be extracted from the
transients, and the variable nature of the parameter can be defined
in its reported precision.

6. Community Conversation is Needed

The time is also right to have a conversation about how the
community wants to find and report their flow chemistry reac-
tion data. Should there be a database of flow reactions, or do we
want to enhance the flow chemistry filtering and searching of
existing databases? Whatever the community decides, the Open
Reaction Database could provide a model platform for commu-
nity or commercial activities in this space. It is an open database
in every sense of the word, with data available to all users under
the CC-BY-SA license, and the schema and other software tools
available under the Apache license.351 Reuse of the data and code
is encouraged, but efforts should be made to ensure the communi-
ty uses the same schema where possible. This will require active
dialogue to further evolve the schema to meet the diverse needs of
batch, flow, and other sub-domains, whilst maintaining a consist-
ent data structure. Failure to do this will inevitably lead to siloing
of reaction data into batch, flow, and other domains, and hinder
future development of predictive chemistry models.

Meanwhile the ORD continues to grow, and we encourage ex-
perimental groups to evaluate the schema for their own reactions,
and to archive their new reactions alongside the publication of
results in traditional journals. Where limitations are found, they
should be reported on the ord-schema GitHub repol3! so that the
community can work collaboratively on evolving the standard
to meet the needs of the community, without losing sight of the
goal to ‘support machine learning and related efforts in reaction
prediction, chemical synthesis planning, and experiment design’
through a consistent and structured representation of organic
chemical reaction data.
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