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ABSTRACT: We introduce RMechDB, an open-access platform for aggregating,
curating, and distributing reliable data about elementary radical reaction steps for
computational radical reaction modeling and prediction. RMechDB contains over
5,300 elementary radical reaction steps, each with a single transition state at or
around room temperature. These elementary step reactions are manually curated
plausible arrow-pushing steps for organic radical reactions. The steps were taken
from a variety of sources. Over 2,000 mechanistic steps were extracted from
textbooks and/or constructed from research publications. Another 3,000 were taken
from gas-phase atmospheric reactions of isoprene and other organic molecules on
the MCM (Master Chemical Mechanism) Web site. Reactions are encoded in the
SMIRKS format with accurate atom mapping and annotations for arrow-pushing
mechanisms. At its core, RMechDB consists of a database schema with an online
interactive search interface and a request portal for downloading the raw form of
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elementary step reactions with their metadata. It also offers an interface for submitting new reactions to RMechDB and expanding
the data set through community contributions. Although there are several applications for RMechDB, it is primarily designed as a
central platform of radical elementary steps with a unified and structured representation. We believe that this open access to this data
and platform enables the extension of data-driven models for chemical reaction predictions and other chemoinformatics predictive

tasks.

B INTRODUCTION

A free radical is a chemical compound (e.g., atom, molecule)
with at least one-half-occupied orbital. The presence of the
half-occupied orbitals makes a radical compound highly
reactive. Because of this high reactivity, free radicals have the
potential to both serve as powerful chemical tools and be
extremely harmful contaminants. Chemical reactions involving
a free radical are radical reactions that are an essential part of
synthetic, biochemical, atmospheric, and plasma chemistry.'
For instance, the climate crisis has dramatically altered fire
activity worldwide. Wildland fires are increasing in frequency,
duration, intensity, and size. The chemistry of flames is
dominated by radical reactions, and the chemical composition
of fire smoke changes during atmospheric transport. This so-
called “aging” of smoke is poorly understood but known to be
largely driven by free radical processes.”*> As another example
from the pharmaceutical industry, the composition of drug
formulations changes gradually upon storage. As a result, all
drug companies are required to study those changes through
forced degradation studies under several conditions, including
photochemical and oxidative conditions, which mostly involve
radical reactions.”” Thus, it is of great importance to study the
chemistry of radical reactions and their outcomes.

During the past few years, data-driven methods such as deep
learning have provided new powerful tools for addressing
chemoinformatics problems.*”"'™'* Due to important appli-
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cations ranging from automated drug discovery to computer-
aided synthetic chemistry, there has been an increasing interest
in developing deep learmng models to predict the outcome of
chemical reactions.”>~"” While the deep learning models have
been evolving in sophistication and complexity, a major
stumbling block has remained the lack of comprehensive,
standard, and public, reaction data.”® The majority of recently
developed models is being trained using the data set of
chemical transformations from the US Patent office,”’ as well
as a few other smaller data sets.'”*”*’ These data sets are
spread across different platforms without unified and
structured representations and metadata. Additionally, they
suffer from significant limitations in terms of overall size,
chemistry coverage and balance, and lack of metadata, atom
mapping, reactant or product balance, and elementary reaction
step information. For instance, the USPTO data set of
chemical reactions restrictively represents chemical reactions
in the form of overall transformations, most of which lead to
one single major product. It contains little information about
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underlying mechanisms and about key intermediates and side
products. Furthermore, radical reactions are hard to extract
and appear to be underrepresented. On the other hand, radical
reactions often proceed through a complex series of chemical
steps and highly branched mechanistic pathways. Developing
an accurate machine learning model for predictive tasks on
radical reactions (e.g, predicting the outcome of radical
reactions) requires a training data set of purely radical
reactions with information about the mechanistic pathways
and intermediate products. To overcome the above limitations
and provide a source of data for radical reactions with their
unique natural characteristics, we developed RMechDB as a
central platform for aggregating, curating, and distributing
elementary step radical reactions. RMechDB is designed as an
extendable database schema, capable of hosting huge sources
of radical reactions in the form of elementary steps. RMechDB
is publicly available in the form of an online web server with
interactive interfaces where users can search, download, and
upload elementary step radical reactions. The initial version of
the RMechDB data set consists of over 5300 manually curated
radical reactions and is accessible through the DeepRXN Web
site at https://deeprxn.ics.uci.edu/rmechdb.

B MECHANISTIC PATHWAYS VS OVERALL
TRANSFORMATIONS

The term reaction can be ambiguous and is most commonly
used to describe either 1) a chemical transformation with
reactants, products, chemical conditions and yields or 2) a
single step in an arrow-pushing mechanistic pathway. There-
fore, in this work, instead of using the vague term of “reaction”,
we use the more specific terms of transformation and
elementary step to refer to the definitions above, respectively.
Every mechanistic pathway can be decomposed into a series of
discrete elementary steps, each with a single transition
state.”"** In several aspects, it is advantageous to show every
step in a mechanistic pathway. First, when all the steps in a
pathway are elementary, there is no chance of missing key
intermediates that give rise to competing pathways during
chemical transformation. This becomes extremely important
with the presence of free radicals as radical transformations
often proceed through a complex series of chemical steps and
highly branched mechanistic pathways. For example, when the
transformation of ISOPAO to C52402 is depicted as a one-
step process, it misses the potential for the allyl radical
intermediate to form an isomeric peroxy radical and down-
stream products (Figure 1). The second advantage to
mechanistic pathways based on elementary reaction steps is
that they can be described using curved half arrows that
correspond to the interaction of singly occupied molecular
orbitals with a HOMO and/or LUMO.*® The curly arrows,
also known as electron flow specifications or arrow-pushing
mechanisms, are depicting the interaction between molecular
orbitals. This representation of elementary steps is highly
informative, and when elementary steps are chained together,
an interpretation of the corresponding transformation can
readily be derived. This becomes even more important
specifically for deep learning approaches to reaction product
prediction for at least three reasons. First, the prediction of
mechanistic pathways leads to predictions that are interpret-
able. Interpretability is an important consideration in machine
learning, especially for so-called “black-box” approaches such
as deep learning.””** Second, when machine learning models
operate at the level of elementary steps, the balance between
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Figure 1. Missing steps and intermediates prevent identification of
products. The formation of an allyl radical was not depicted for the
transformation of ISOPAO to C52402 in the MCM. It is not clear
why the missing allyl radical intermediate would not also generate an
isomer of C52402 and account for more downstream products.

reactants and products is always preserved together with the
underlying atom mapping. Maintaining the balance through a
chain of reactions can be extremely important in the study of
retrosynthesis pathways. And third, by considering the
pathways, all intermediary and final products can be accounted
for, which is an important consideration in synthetic chemistry
applications.

Given the crucial advantages of representing chemical
reactions in the form of mechanistic pathways, it is highly
beneficial to synthesize a data set of elementary radical steps.
Such data sets can facilitate the training and development of
deep learning models that are able to automate complex
predictive tasks in radical chemistry.

B APPROACHES TO CHEMICAL REACTION
MODELING AND PREDICTIONS

An open-source, publicly available database of pedagogical
elementary reaction steps will facilitate training and develop-
ment of tools for automating chemoinformatics tasks such as
the prediction of reaction mechanisms. There are two common
approaches to the prediction of stepwise mechanisms of
organic transformations using databases of elementary reaction
steps. The quantitative approach uses a database of kinetic and
thermodynamic parameters to accurately predict the products
of the reactions and the pathways by which they form. This
approach, as it is used in refs 29 and 30, is not restricted to
elementary reaction mechanisms, but it does require kinetic
parameters. The approach is best applied to cases where the
product structures are known, but the abundances are not
known. The qualitative approach such as used in refs 10, 15,
and 31 uses a database of diverse plausible (fast at or below
100 °C) mechanistic steps, to match chemical structures (and
mechanistic pathways) to mysterious, unknown, or not
structurally characterized analytes in readily available spectra
or chromatograms. This approach is best applied when the
abundance is known, but the chemical structure is unknown.
The chemical structure can provide powerful insight into
biological effects, phase partitioning, and reactivity under
changing reaction conditions. Public databases of mechanistic
steps will empower the use of machine learning to create tools
that assign chemical structures and mechanisms to products of
environmental, synthetic, and environmental transformations
of organic compounds.
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B EXISTING DATA SETS OF ELEMENTARY
REACTION STEPS

There are several large commercial databases of organic
transformations such as REAXYS, SciFinder, and very few
open-access databases such as the Open Reaction Database
(ORD).”* Those databases are composed of recipes that
describe reactants, conditions, yields, and a list of products that
rarely sums to 100%. The proprietary REAXYS database
currently has over 57 million transformations. The SciFinder
Scholar database has over 126 million transformations, which
includes sequential reactions. Organic transformations were
mined from US Patents from 1976 to 2016 and are publicly
available. The growing ORD already gathers about 2 million
chemical transformations from other available sources.”” These
databases of chemical transformations allow synthetic organic
chemists, or systems trained with machine learning,33 to plan
out synthetic routes composed of sequential laboratory
experiments, but the data do not reveal the underlying
mechanisms of any individual transformations. Databases of
transformations are not new, and neither is the application of
Al to the planning of synthetic routes. Why is there no
database of elementary arrow-pushing reaction steps? Sadly,
when curved arrows were first introduced in 1922,>**° the
connection between curved arrows, frontier orbitals, and
transition states was not recognized, so there was no incentive
to apply them solely to elementary mechanistic steps. As a
result, curved arrow mechanisms and half arrow radical
mechanisms have been used inconsistently, throughout the
organic chemistry literature, and are rendered in graphical
forms that are not easily recoverable through data mining.
Reaction Mechanism Generator (RMG) supports the only
existing database of elementary mechanistic reaction steps.
RMG predicts mechanistic pathways through a quantitative
approach, using thermochemical and kinetic parameters to
model species concentrations and rates for each step.”” RMG is
supported by a searchable database, consisting of 98 families of
reaction types.”” Almost half (40/98) of the reaction families
in the current RMG database involve radicals. About a fourth
of the reaction families supported by RMG do not correspond
to elementary reaction steps at or around room temperature
(e.g., unimolecular keto—enol tautomerization). Most of the
mechanistic steps and kinetic data were developed to support
high-temperature processes up to 2000 K, and many of the
steps would be implausibly slow at room temperature. For
example, the kinetic parameters for homolysis of a CH; group
from isoprene would proceed with a half-life of over 10** years.
Many of the steps that proceed through a single transition state
at high temperatures (e.g., over 1500 K) would involve more
than one mechanistic step at room temperature.29 For
example, at room temperature, the addition of HOe to the
double bond of alpha-pinene should not be concerned with
ring opening. The requirement for accurate thermochemical
and kinetic creates a major hurdle for applications involving
complex organic structures. Additionally, RMG development
has so far been focused on processes involving simple reactants
with just a single organic functional group and up to one
heteroatom: CH,, CH;CH;, CH;CH,CH,;, exo-tetrahydrodi-
cyclopentadiene, C,,H;s, CH;OCH,;, CH;(CH,);0H,
CH;(CH,)sCH;, ((CH;),CH),CO, CH=CHCH=
CHCH,CH,;, HCC(CH,),CCH, C4H (CH,);CHj,
(CH,),CHCH,0H, CH,(CH,),CH,, H,NCH,CH,, and
((CH;);C),S, C4H;OH. A few other examples of data sources
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containin§ elementary steps are the NIST Chemical Kinetics
Database,”® Mechanism and Catalytic Site Atlas (M-CSA),””
and Master Chemical Mechanism,****™*® all of which suffer
from an unorganized, unstructured form of elementary steps
with extremely limited online support.

B RMECHDB: UNDERLYING DATA SET

A Data Set of PLAUSIBLE Radical Elementary Steps.
Organic transformations in databases such as REAXYS,
SciFinder, and ORD are easily validated because published
products are rigorously characterized using convenient
spectroscopic techniques such as mass spectrometry, NMR,
and IR. In contrast, mechanistic steps with one transition state
are not easily validated. Experimental proof of a mechanistic
step usually requires electronic structure calculations and/or
laborious experimental tools such as chemical kinetics, isotopic
labeling, crossover experiments, etc. It is often quoted that one
can never prove a mechanism but only disprove the plausible
alternatives.** We set out to construct a data set of plausible
elementary reaction steps, which are useful to chemists in
constructing mechanistic pathways and predicting byproducts
of organic reactions. Plausibility is subjective. For RMechDB,
we define an elementary mechanistic step as plausible if a half-
life of a day or less is expected at room temperature under the
conditions cited. If more than one pathway has been
postulated in the literature, it is expedient to include steps
from both potential pathways in the data set until the
discrepancy is resolved. That way, any pathway proposed using
the data will reflect the ambiguity in the body of literature. In
theory, the plausibility of any elementary reaction step can
ultimately be validated using electronic structure calculations.

Composition of the RMechDB Data Set. The initial data
set in RMechDB consists of over 5,300 pedagogically chosen
elementary radical mechanistic steps based on published
transformations. The majority of the published mechanistic
steps had to be further decomposed into elementary reaction
steps with individual transition states. Over 880 steps were
taken from eight introductory" > organic chemistry text-
books, advanced organic chemistry books,””** and an
atmospheric chemistry textbook.”> Over 800 reactions were
taken from the primary research literature including mecha-
nisms for common synthetic transformations (atom transfer,
tin chemistry, radical cyclizations), autoxidation, atmospheric
reactions, and explosives. The literature mechanisms also
included steps leading to 14 common industrial polymers:
ethylene, propylene, butadiene, chloroprene, isoprene, acryl-
amide, acrylic acid, methyl acrylate, ethyl acrylate, butyl
acrylate, methyl methacrylate, acrylonitrile, styrene, p-methyl-
styrene, vinyl chloride, vinyl fluoride, tetrafluoroethylene,
chlorotrifluoroethylene, vinylidene fluoride, vinyl acetate, N-
vinylpyrrolidinone. The conditions for polymerization, often
including more than one type of initiator, were taken from the
research literature and are not necessarily the proprietary
initiators and conditions used for industrial synthesis. The data
from textbooks and research literature are considered the core
of the RMechDB database.

The core data set has been augmented with a large number
of mechanistic steps related to the atmospheric oxidation of
organic molecules. We refer to this data set as specific steps. A
large number (847) of specific steps were taken from a
comprehensive review of atmospheric isoprene oxidation that
traced the fate of each individual carbon atom detailing the
highly branched pathways from reaction with HOse, O,, NO,
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Cle, and other species.”® For simplicity, we focus on the
daytime atmospheric chemistry of isoprene at atmospherically
relevant conditions (average atmospheric T 278 K),
neglecting elementary steps involving NOj, which is a
dominant nighttime oxidant. Most of the elementary steps
were inferred from composite transformations. About 3,000
mechanistic steps were coded from the first two stages of the
major oxidation pathways in the Master Chemical Mechanism
(MCM).** The MCM contains mechanisms for atmospheric
oxidation of 143 volatile organic compounds initiated by both
HOe and NO;, including reactions of isoprene. Steps more
than ten times slower than the fastest process (with the same
reactants) were also excluded. Steps second-order in reactive
intermediates were excluded on the assumption that they
would not slow under typical conditions. For both the
Wennberg and MCM steps, transformations initiated by
pericyclic [3 + 2] cycloaddition of O; with alkenes were
excluded from this initial data set, but depicting the
cycloaddition as a diradical process could be an expedient.””
Photolysis steps were also excluded. Any steps left out of this
initial data set can be introduced in the future.

The individual mechanistic steps are also labeled using two
distinct classification schemes: (1) three-class classification,
where each elementary step falls into one of the three possible
phases of a radical chain reaction: initiation, propagation, and
termination, and (2) the more detailed seven-class classi-
fication, where an elementary step reaction falls into one of
seven different categories: homolysis, recombination, abstrac-
tion, addition to pi bonds, retro-addition to pi bonds, and pi
(e.g., allylic) and alpha lone pair resonance (e.g., ketyls). All
seven classes are depicted in Figure 2. In RMechDB, resonance

Homolysis Br—[\I\Br —_— Br- -Br
T / /
Recombination o-0../.c— —— .0-0—C
\ N
. \
Abstraction —Sn-’\\@/—{\R - 5 —/Sn—Br ‘R
Addition RS-\/%\ - > RS A
Retro-addition L\/\/gj . | 0
Pi resonance oY~ - o
Alpha resonance O—ng :b_.C:Hg

Figure 2. Seven different categories of mechanistic steps involving
radicals.

is represented as a mechanistic step, even though there is no
transition state. Homolysis and recombination are mechanistic
reverses of each other, like addition and retro-addition. Alpha
resonance is represented with a single curved half arrow, but it
is acknowledged that the half arrow falsely implies the
formation of a partial double bond. The steps in radical
chain mechanisms are often classified as initiation, propagation,
or termination steps, but many transformations involving
radicals do not involve chain mechanisms. Homolysis is a
typical chain initiation step. Atom abstraction, addition, retro-
addition, and resonance are typical chain propagation steps.
Recombination is a typical chain termination step. Within the
RMechDB data set, we try to emulate the natural distribution
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of radical reactions based on the classifications described
above. Figure 3 represents the distribution of different classes
of radical reactions in the RMechDb data set.

Elementary step classification |

Termination
20%

B

\

Propagation
66%

Elementary step classification Il

Recombination
18%

—

' "'/ﬁo-additic:m
\ 8% |
—~_ /
Abstraction . )
36% Addition
15%
J

Figure 3. Distribution of the different classes of reaction in the
current version of the RMechDB data set.

Structure of the Data. The initial version of RMechDB
contains over 5300 pedagogically chosen elementary radical
step reactions based on published transformations. Steps are
categorized into two major types: (1) core elementary steps,
extracted and curated from textbooks and the scientific
literature, capturing generic radical mechanisms, and (2)
specific elementary steps, curated from multiple sources,
capturing mechanisms associated with atmospheric chemistry.
Given that one of the main goals for RMechDB is to provide a
source of data for machine learning models, each type is
carefully split into a canonical train and test data (Figure 4).

While machine-learning users can of course split the data in
any way they want, having a canonical train/test data split
facilitates standardized training and evaluation workflows, as
well as the comparison of performance across different
research groups. This canonical split is manually curated to
ensure balance and coverage consistency between the train and
test data. Specifically, we use two criteria: balanced categorical
distribution and consistent chemistry coverage. To maintain
the balance in categorical distribution, we ensure that the
distribution of the seven categories described above (Figure 2)
is approximately the same in the train and test data. To
maintain consistent chemistry coverage, for any mechanistic
steps in the train data, we ensure that there is at least one
mechanistic step with similar reacting functional groups in the
test data. As a result, using this presented train and test split

https://doi.org/10.1021/acs.jcim.2c01359
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(atmospheric)
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Figure 4. General format of the RMechDB data set.

leads to a more interpretable evaluation of the generalization
capabilities of predictive models.

Each entry of RMechDB consists of elementary reaction
steps in the SMIRKS format including atom mapping for
atoms that are a part of the transformation. Each SMIRKS is
associated with its electron flow specification representing the
atom indices on the curved half arrows (Figure S). Addition-
ally, each elementary step has been decorated with the
following properties: (1) the initial condition of the reaction
which falls into the room temperature (298 K), heat, or light
conditions; (2) reaction class I which is the type of the radical
elementary step; (3) reaction class II which is the type of the
radical elementary step based on a more fine-grained
categorization; and (4) the scholarly source of the elementary
step. The addition of more important properties such as phase,
solvent, wavelength, and enthalpy is left for future work.

B STANDARD ELEMENTARY STEP MODEL

In addition to serving as a central source of reaction data for
machine learning models, RMechDB is designed to be
extendable by community contribution. To maintain that, it
is crucial to use a standard and unified representation of
elementary step reactions. This standard representation would
enable consistent data sharing, model reproduction, and
scalable expansion. We model the elementary step reaction
using the reaction model introduced in refs 25 and 31. In this
model—the so-called “elementary step model”, the transition
state is modeled as the movement of one single electron from
one-half-occupied molecular orbital (MO) to another. We use
the atom labels in the arrow code of the elementary step to
track the movement of the electron. Lone pairs or z-bonds
adjacent to 7-bond MOs can be chained to allow longer-range
resonance rearrangement. In this model, each MO is associated

with its main atom. As a result, each radical elementary step
has two reactive atoms and two reactive MOs. We use the
elementary step model to construct and populate the database
schema described in the next section.

B RMECHDB: THE CORE DATABASE

Database Schema. The database is implemented using the
PostgreSQL’® database management system,”” to store, query,
and retrieve reaction instances both efficiently and safely. We
use OpenEye Scientific Software® toolkits OEChem,’’
OEDepict,”> and GraphSim®® for chemoinformatics processing
and depiction. In addition, we use Chemaxon Marvin®* for
displaying and characterizing chemical structures, substruc-
tures, and steps with their corresponding arrow-pushing
mechanisms.

The RMechDB database schema comprises three funda-
mental models: (1) Reaction, (2) Molecule, and (3)
Atom, as shown in Figure 6. The inter- and intraintegration of
these three models allow for fast and efficient reaction search
and retrieval. As the naming suggests, each elementary step is
stored as an instance of the Reaction model which comes
with several descriptive fields. These fields are designed to
uniquely represent an elementary step reaction and all the
available metadata associated with it. Here, we list the main
fields of the Reaction model

1. Reaction ID: Each reaction is associated with a unique
ID number.

. Canonicalized atom mapped SMILES of the reactants:
The SMILES string of the reactants’ molecules, with
integer labels for atoms that are participating in the
reaction. We use a labeling convention where the labels
of the participating atoms on the nucleophile part start
from 10 and increment by one per atom and the labels
of the participating atoms on the electrophile part start
from 20 and increment by one per atom.

3. Canonicalized SMILES of the products: The unique
SMILES representation of the product molecules
generated from the reactive reactants.

. Canonicalized arrow codes: The standard codes for
arrow-pushing mechanisms contain the integer labels of
the participating atoms on the reactants’ side. The
standard arrow codes begin from the integer label
(starting at 10) on the nucleophilic group.

S. Spectator molecules: The unique SMILES representa-

tion of the molecules that are present in the reaction but
not participating in the electron transfer.

y 21
20H—
2
\

+ *, OH
0

SMIRKS

— " 10HO—H20 4+ HO—CH,21

Electron Flow Specification

I 1| 1
[H:20][CH2:21]O.[OH:10]>>[H:20][OH:10].[CH2:21]0 10-10,20;20,21-10,20;20,21-21

Figure 5. RMechDB format for depicting reactions and arrow-pushing mechanisms. The atoms participating in the reaction are mapped on both

sides of the reaction.

1118

https://doi.org/10.1021/acs.jcim.2c01359
J. Chem. Inf. Model. 2023, 63, 1114—1123


https://pubs.acs.org/doi/10.1021/acs.jcim.2c01359?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jcim.2c01359?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jcim.2c01359?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jcim.2c01359?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jcim.2c01359?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jcim.2c01359?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jcim.2c01359?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jcim.2c01359?fig=fig5&ref=pdf
pubs.acs.org/jcim?ref=pdf
https://doi.org/10.1021/acs.jcim.2c01359?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of Chemical Information and Modeling

pubs.acs.org/jcim

>
J

Reaction

ya
o

[Atom Mapped

Unmapped

Reactants Reactants

) (o) (o) (i

SMILES Strings

~—_—
Reaction ID P
Reactant Molecules

— —

Arrow Codes B

Product Molecules

Scholarly e —
Source of Step
Spectator
Molecules
Initial Condition A

Reactive Atom |

- @
Step Types
.
Reactive Atom ||

———

[

Step Classifications |

OEMolBase Object

-
Three-class
Classification
A&

Seven-class
Classification

Molecule — —} SMILES String ‘
P
\ / *} Molecule ID
AT
Atom Atom ID
~ @@ Atom Mapped
SMILES
OEAtomBase Object

J

Figure 6. Three fundamental models of the RMechDB database and how they integrate. The yellow arrows show the many-to-many relations.

6. Reactive atom I: The SMILES string of the molecule

containing the first reactive atom (based on the

RMechDB orbital model) whose label is 1.

. Reactive atom II: The SMILES string of the molecule
containing the second reactive atom whose label is 1.

. Step type: Core or specific step (Figure 4).

. Initial heat or energy: The initial condition of the step

which can be independent of external energy—

represented as blank, “heat”, or “light”.

Step classification I: The class of the step according to

the 3-class classification into initiation, propagation, and

termination.

Step classification II: The class of the step according to

the 7-class classification into homolysis, recombination,

addition, retro-addition, abstraction, alpha resonance,

and pi resonance shown in Figure 2.

10.

11.

Given the fields above associated with the Reaction
model, an instance of the React ion model in RMechDB can
be uniquely retrieved from the database using either the
Reaction ID or the combined properties 2—S5 as the key.

The Molecule model has three fields corresponding to
the unique molecule ID, canonicalized SMILES string of the
molecule, and the OEChem MolBase object.”’ An instance of
the Molecule model has a many-to-many relation with the
reactant molecules’, product molecules’, and spectator
molecules’ fields of the Reaction model

The Atom model has three fields corresponding to the
unique ID, canonicalized atom mapped SMILES string of the
parent molecule, and the OEChem AtomBase object.”’ An
instance of the At om model has a many-to-many relation with
the reactive atom I and reactive atom II fields of the
Reaction model

The schema with the fields described above is designed not
only to provide efficient storage and retrieval but also to enable
the automated population of the fields for new steps that are
contributed to RMechDB by the community as described in
the section on Uploading New Data.
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B RMECHDB: WEB SERVER

The web server of the RMechDB includes three interfaces for
(1) searching the data; (2) downloading the data; and (3)
uploading new data.

Searching the Data. RMechDB provides an interactive
search interface available at https://deeprxn.ics.uci.edu/
rmechdb/rsearch where users can search through the database
using a variety of methods. At the highest level, the interface
allows for reaction search and compound search.

Reaction Search.

1. Exact search: Using the exact search method, the user
inputs the query in the form of the SMIRKS of an
elementary step containing reactants and products (no
arrow code needed). Then the systems finds and
displays all the elementary steps with the same reactants
and products as in the query reaction but with additional
molecules involved as reagents or spectators.

. Search by reactants: Using the search by reactant (or by
reactants), the user inputs the query in the form of a set
of molecules, separated by a “.”. Upon hitting the search
button, the system finds and displays all the elementary
steps with reactants containing the query molecules.
This search is useful when the user does not know the
exact reaction and how molecular orbitals might react.

. Search by products: Similar to the search by reactants,
using the search by product (or by products), the user
inputs the query in the form of a set of molecules,
separated by a “.”. Upon hitting the search button, the

system finds and displays all the elementary steps with

products containing the query molecules.

. Similarity search: Using the similarity search method,
the user again inputs the query in the form of the
SMIRKS of an elementary step containing reactants and
products (no arrow code needed). Then the user
specifies a similarity metric and the number of similar
reactions (N) to be retrieved under this query. Upon

https://doi.org/10.1021/acs.jcim.2c01359
J. Chem. Inf. Model. 2023, 63, 1114—1123


https://deeprxn.ics.uci.edu/rmechdb/rsearch
https://deeprxn.ics.uci.edu/rmechdb/rsearch
https://pubs.acs.org/doi/10.1021/acs.jcim.2c01359?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jcim.2c01359?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jcim.2c01359?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jcim.2c01359?fig=fig6&ref=pdf
pubs.acs.org/jcim?ref=pdf
https://doi.org/10.1021/acs.jcim.2c01359?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of Chemical Information and Modeling

pubs.acs.org/jcim

Single
Reaction Validity > | Duplication| =—> | Plausibility
Step Check Check Check
RMechDB
Upload
N
Interface Correct SMILES and
o SMIRKS New set of reactant Kinetic Favorability
< mols, OR i.e. Fast reactions, OR
Mu Itiple I_AI Correct annotations New set of product
and atom mappings mols, OR Thermodynamic
i < ’ Favorability
Reaction <
Convertible to New set of arrows i.e. Energetically stable
Steps the orbital model i.e. new electron flow reactions

(.

Figure 7. Schematic depiction of how new data contributed to RMechDB

and goes through different checking stages.

hitting the search button, N elementary steps sorted
from the most similar to the least similar to the input
query are displayed.
The current version of RMechDB is equipped with the
following similarity metrics computed on various representa-
tions of the elementary steps:

1. The Tanimoto, dice, and cosine distance between the
binary Extended Connectivity Fingerprints (ECFP) of
the elementary steps.

. The Euclidean distance between the embedding of the
elementary steps derived using a pretrained transformer
arcl;.i7t§1cture, trained on the SMIRKS of the USPTO data
set.””’

. The Euclidean distance between the embedding of the
elementary steps derived using the pretrained RxnHy-
pergraph method."'

Compound Search. In addition to search capabilities based
on elementary steps, RMechDB provides search capabilities
based on smaller chemical entities as follows:

1. Molecule search: In this search, the user inputs the
SMILES string of the desired molecule. After testing the
validity of the input SMILES, RMechDB displays those
elementary steps in the database that contains the
desired molecule in the reactant or product side of the
elementary step.

. Reactive atom (molecular orbital) search: In this
search, the user inputs the atom-mapped SMILES string
of the molecule where the reactive atom is labeled using
an integer between 1 and 9, while the other atoms are
not labeled. After testing the validity of the input
SMILES with the labeled atom, RMechDB displays all
the elementary steps in the database where the labeled
atom is acting as one of the two main reactive atoms in
the elementary step.

. Substructure search: In this search, the user inputs the
SMARTS of a chemically valid substructure. RMechDB
displays all the elementary steps in the database with
molecule(s) containing the input substructure. The
molecule that contains the input substructure can be in
the reactant or product side of the elementary step.

In addition, the results of each search can also be filtered
using the following properties: (1) the type of the elementary
steps (core or atmospheric) and (2) the category of the
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elementary step based on either of the two categorization
schemes described in the Composition of the RMechDB Data
section.

The result of each search will be displayed as a table
containing the depiction of the filtered reactions along with
their reactive atom-mapped SMIRKS, arrow codes, masses of
the products, and the initial conditions. The search query
inserted by the users will also be displayed in a separate box.

Downloading the Data. The data set of the chemical
reactions in RMechDB is available for download at https://
deeprxn.ics.uci.edu/rmechdb/download. The data set is
licensed under the Creative Commons Attribution-NonCommer-
cial-NoDerivs (CC-BY-NC-ND) license, which limits its free
public usage to noncommercial purposes. Under this license,
the users are not allowed to modify and distribute the data set
or to distribute the original data set without referencing the
original source. After submitting basic information (name,
email, and institution) and accepting the license terms, users
receive an email containing a comma-separated value (CSV)
file containing all the data and metadata.

Uploading New Data. While we continue to insert new
data in RMechDB, we invite the community to contribute new
radical elementary steps. Uploading new data can be done at
https://deeprxn.ics.uci.edu/rmechdb/upload.

Contributing users must fill out two fields: (1) the SMIRKS
of the elementary step and (2) the corresponding electron flow
specification (codes for arrow pushing), as shown in Figure S.
There are also two optional fields where the user can provide
information about the source of the elementary step (e.g, the
title of a textbook, or a publication) and provide an optional
note (e.g., the necessity of initial energy). After uploading the
elementary step, it will be checked for validity, duplication, and
plausibility (Figure 7).

Validity Check. A submitted elementary step is considered
to be valid if it satisfies the following three criteria:

1. The SMILES string of all the molecules on both sides of
the submitted elementary step must be correct and
convertible to graphs representing valid molecules. We
use the Openeye Scientific Software® toolkit OE-
Chem®’ to convert the input SMILES/SMARTS strings
into molecular graphs.

. The annotations for the arrow-pushing mechanisms
must be correct. This implies that the reacting atoms on
the reactant side of the elementary step must be labeled
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with distinct integers. These integers form the basis for
the arrow-pushing mechanisms associated with electron
transfers. The arrow codes must be consistent with the
integers used to label the reacting atoms. An example of
a valid atom mapping and arrow codes is shown in
Figure S.

3. The entered SMIRKS and arrow codes are then used to
extract the interacting orbitals. We used our elementary
step model described in the Standard Elementary Step
Model section to create the elementary step object.
Using this object, we extract the interacting molecular
orbitals and their corresponding atoms. If the input
SMIRKS and arrow codes fail to create the elementary
step object, the input is considered invalid. This failure
usually implies a mismatch between the labeled atoms
and the corresponding arrow codes.

Duplication Check. In this step, we check that the valid
uploaded elementary step is not equivalent to any elementary
step already included in the RMechDB data set. We consider
two steps to be equivalent if they have the same:

1. Canonicalized SMILES string of the reacting molecules.
2. Canonicalized SMILES string of the product molecules.
3. Canonicalized SMILES string of the spectator mole-
cules.

Conventional representation of the codes for the arrow-
pushing mechanism. The labels of the participating
atoms on the nucleophilic component start from 10 with
increments of one per atom, and the labels of the
participating atoms on the electrophilic component start
from 20 with increments of one per atom. It is important
to mention that the user can use any integers to label the
participating atoms. The conventional arrow codes will
be automatically generated by RMechDB.

4.

Once an elementary step is uploaded, RMechDB performs the
validity and duplication tests automatically. In case of failure of
either test, an informative error message is displayed with
details about the corresponding errors.

Plausibility Check. Once the submitted elementary step
passes both tests, it is further manually reviewed by the
RMechDB curators for overall quality and plausibility, before
being imported into the RMechDB.

B CONCLUSION

The main obstacle for the large-scale application of Al
methods to chemical reactions is the lack of data.”’ Some
efforts have begun to try to address this fundamental
bottleneck at the level of chemical transformations.”** Here,
we have presented a complementary effort aimed at building
an open platform and database, RMechDB, for elementary
steps in radical reactions. A parallel effort is underway to cover
also polar reactions.

Databases of elementary steps introduce a new perspective
and new opportunities for computer-aided reaction prediction
and modeling. In particular, when properly deployed, they
should facilitate addressing the central problems of explain-
ability and causality found in many applications of Al in
chemistry and other domains. The ability to decompose a
transformation into a sequence of elementary steps is one way
to understand how and why it occurs.

The RMechDB platform is designed to facilitate training
deep learning and other AI models in data-driven workflows
using its tabular data, with no need for additional
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preprocessing steps. While RMechDB is designed primarily
to facilitate the training and evaluation of data-driven models
for predicting all the potential outcomes of radical reactions, it
can be used also for other tasks, such as reagent versus reactant
classification, initial condition prediction, and reaction
classification.

RMechDB is intended to be a live platform for contributing,
aggregating, curating, and distributing data in the form of
elementary radical reaction steps to accelerate research in
chemoinformatics and reaction modeling. It provides a unified
model that ought to facilitate data sharing, model building,
dissemination, and publications. Future updates will be
reported through the RMechDB Web site at https://
deeprxn.ics.uci.edu/rmechdb. We encourage the community
to explore and use the RMechDB data and functionalities and
contribute to its expansion.

Bl DATA AND SOFTWARE AVAILABILITY

The RMechDB Web site is accessible at https://deeprxn.ics.
uci.edu/rmechdb. The RMechDB data set can be downloaded
through the download interface at https://deeprxn.ics.uci.edu/
rmechdb/download. Documentation on how to use the
RMechDB interfaces is also provided at https://deeprxn.ics.
uci.edu/rmechdb/howtouse.

B ASSOCIATED CONTENT
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The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.jcim.2c01359.

RMechDB (online platform for aggregating, curating,
and sharing radical reaction data in the form of
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on how to use three interfaces for searching, down-
loading, and uploading data (PDF)

B AUTHOR INFORMATION

Corresponding Authors
Pierre Baldi — Department of Computer Science, University of
California, Irvine, Irvine, California 92697, United States;
orcid.org/0000-0001-8752-4664; Email: pfbaldi@
uci.edu
David Van Vranken — Department of Chemistry, University of
California, Irvine, Irvine, California 92697, United States;
orcid.org/0000-0001-5964-7042; Email: david.vww@
uci.edu

Authors
Mohammadamin Tavakoli — Department of Computer
Science, University of California, Irvine, Irvine, California
92697, United States
Yin Ting T. Chiu — Department of Chemistry, University of
California, Irvine, Irvine, California 92697, United States;
orcid.org/0000-0001-5449-8391
Ann Marie Carlton — Department of Chemistry, University of
California, Irvine, Irvine, California 92697, United States;
orcid.org/0000-0002-8574-1507

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.jcim.2c01359

Author Contributions
M.T. and Y.T.T.C. contributed equally.

https://doi.org/10.1021/acs.jcim.2c01359
J. Chem. Inf. Model. 2023, 63, 1114—1123


https://deeprxn.ics.uci.edu/rmechdb
https://deeprxn.ics.uci.edu/rmechdb
https://deeprxn.ics.uci.edu/rmechdb
https://deeprxn.ics.uci.edu/rmechdb
https://deeprxn.ics.uci.edu/rmechdb/download
https://deeprxn.ics.uci.edu/rmechdb/download
https://deeprxn.ics.uci.edu/rmechdb/howtouse
https://deeprxn.ics.uci.edu/rmechdb/howtouse
https://pubs.acs.org/doi/10.1021/acs.jcim.2c01359?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.jcim.2c01359/suppl_file/ci2c01359_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Pierre+Baldi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-8752-4664
https://orcid.org/0000-0001-8752-4664
mailto:pfbaldi@uci.edu
mailto:pfbaldi@uci.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="David+Van+Vranken"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-5964-7042
https://orcid.org/0000-0001-5964-7042
mailto:david.vv@uci.edu
mailto:david.vv@uci.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mohammadamin+Tavakoli"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yin+Ting+T.+Chiu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-5449-8391
https://orcid.org/0000-0001-5449-8391
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ann+Marie+Carlton"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-8574-1507
https://orcid.org/0000-0002-8574-1507
https://pubs.acs.org/doi/10.1021/acs.jcim.2c01359?ref=pdf
pubs.acs.org/jcim?ref=pdf
https://doi.org/10.1021/acs.jcim.2c01359?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of Chemical Information and Modeling

pubs.acs.org/jcim

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

This work was in part supported by ARO grant
WO911NF1810349 to A.C, D.V.V, and P.B. and NSF grant
195811 to D.V.V. and P.B. We are grateful to OpenEye
Scientific Software and Chemaxon for their free academic
licenses.

B REFERENCES

(1) Curran, D. P; Porter, N. A; Giese, B. Stereochemistry of radical
reactions: concepts, guidelines, and synthetic applications; John Wiley &
Sons: 2008; DOI: 10.1002/9783527615230.

(2) Ramaiah, M. Radical reactions in organic synthesis. Tetrahedron
1987, 43, 3541-3676.

(3) Fehér, J.; Csomods, G.; Vereckei, A. Free radical reactions in
medicine; Springer Science & Business Media: 2012; DOI: 10.1007/
978-3-642-83104-1.

(4) Jang, B. N; Costache, M.; Wilkie, C. A. The relationship
between thermal degradation behavior of polymer and the fire
retardancy of polymer/clay nanocomposites. Polymer 200S, 46,
10678—10687.

(5) Le Bras, M.; Bourbigot, S.; Delporte, C.; Siat, C.; Le Tallec, Y.
New intumescent formulations of fire-retardant polypropylene-
discussion of the free radical mechanism of the formation of
carbonaceous protective material during the thermo-oxidative treat-
ment of the additives. Fire and materials 1996, 20, 191—203.

(6) Litter, M. L Introduction to photochemical advanced oxidation
processes for water treatment. Environmental photochemistry part II
2005, 2M, 325—366.

(7) Zhu, W.; Wang, C.; Li, H.,; Wu, P,; Xun, S.; Jiang, W.; Chen, Z,;
Zhao, Z.; Li, H. One-pot extraction combined with metal-free
photochemical aerobic oxidative desulfurization in deep eutectic
solvent. Green Chem. 2018, 17, 2464—2472.

(8) Schwaller, P; Vaucher, A. C; Laino, T.; Reymond, J.-L.
Prediction of chemical reaction yields using deep learning. Mach.
Learn.: Sci. Technol. 2021, 2, 015016.

(9) Tavakoli, M.; Baldi, P. Continuous Representation of Molecules
Using Graph Variational Autoencoder. 2020, arXiv:2004.08152. arXiv
preprint. https://arxiv.org/abs/2004.08152 (accessed 2023-02-05).

(10) Tavakoli, M.; Mood, A.; Van Vranken, D.; Baldi, P. Quantum
mechanics and machine learning synergies: graph attention neural
networks to predict chemical reactivity. J. Chem. Inf. Model. 2022, 62,
2121-2132.

(11) Tavakoli M.; Shmakov, A.; Ceccarelli F.; Baldi, P. Rxn
Hypergraph: a Hypergraph Attention Model for Chemical Reaction
Representation. 2022, arXiv:2201.01196. arXiv preprint. https://arxiv.
org/abs/2201.01196 (accessed 2023-02-05).

(12) Coley, C. W,; Jin, W.; Rogers, L.; Jamison, T. F.; Jaakkola, T. S.;
Green, W. H.; Barzilay, R.; Jensen, K. F. A graph-convolutional neural
network model for the prediction of chemical reactivity. Chem. Sci.
2019, 10, 370—-377.

(13) Mood, A.; Tavakoli, M.; Gutman, E.; Kadish, D.; Baldi, P.; Van
Vranken, D. L. Methyl Anion Affinities of the Canonical Organic
Functional Groups. J. Org. Chem. 2020, 85, 4096—4102.

(14) Kadish, D.; Mood, A. D.; Tavakoli, M.; Gutman, E. S.; Baldi, P.;
Van Vranken, D. L. Methyl cation affinities of canonical organic
functional groups. Journal of Organic Chemistry 2021, 86, 3721—3729.

(15) Fooshee, D.; Mood, A.; Gutman, E.; Tavakoli, M.; Urban, G.;
Liu, F,; Huynh, N,; Van Vranken, D.; Baldi, P. Deep learning for
chemical reaction prediction. Mol. Syst. Des. Eng. 2018, 3, 442.

(16) Coley, C. W.; Barzilay, R.; Jaakkola, T. S.; Green, W. H,;
Jensen, K. F. Prediction of organic reaction outcomes using machine
learning. ACS Cent. Sci. 2017, 3, 434—443.

(17) Schwaller, P.; Laino, T.; Gaudin, T.; Bolgar, P.; Hunter, C. A,
Bekas, C.; Lee, A. A. Molecular transformer: A model for uncertainty-

1122

calibrated chemical reaction prediction. ACS Cent. Sci. 2019, 5, 1572—
1583.

(18) Schwaller, P.; Gaudin, T.; Lanyi, D.; Bekas, C.; Laino, T. Found
in Translation”: predicting outcomes of complex organic chemistry
reactions using neural sequence-to-sequence models. Chemical science
2018, 9, 6091—6098.

(19) Baldi, P. Deep learning in science; Cambridge University Press:
2021; DOI: 10.1017/9781108955652.

(20) Baldi, P. Call for a Public Open Database of All Chemical
Reactions. J. Chem. Inf. Model. 2022, 62, 2011.

(21) Lowe, D. M. Extraction of chemical structures and reactions
from the literature. Ph.D. thesis, University of Cambridge, 2012;
DOI: 10.17863/CAM.16293.

(22) Ahneman, D. T.; Estrada, J. G.; Lin, S.; Dreher, S. D.; Doyle, A.
G. Predicting reaction performance in C-N cross-coupling using
machine learning. Science 2018, 360, 186—190.

(23) Perera, D.; Tucker, J. W.; Brahmbhatt, S.; Helal, C. J.; Chong,
A,; Farrell, W,; Richardson, P.; Sach, N. W. A platform for automated
nanomole-scale reaction screening and micromole-scale synthesis in
flow. Science 2018, 359, 429—434.

(24) Das, S.; Patel, S.; Mishra, B. K. Oxidation by permanganate:
synthetic and mechanistic aspects. Tetrahedron 2009, 65, 707.

(25) Kayala, M. A; Baldi, P. ReactionPredictor: Prediction of
Complex Chemical Reactions at the Mechanistic Level Using
Machine Learning. J. Chem. Inf. Model. 2012, 52, 2526—2540.

(26) Fleming, I.Frontier Orbitals and Organic Chemical Reactions;
Wiley, 1977.

(27) Preuer, K; Klambauer, G.; Rippmann, F.; Hochreiter, S;
Unterthiner, T. Explainable Al: Interpreting, Explaining and Visualizing
Deep Learning; Springer: 2019; pp 331-345, DOI: 10.1007/978-3-
030-28954-6_18.

(28) Samek, W.; Wiegand, T.; Miiller, K.-R. Explainable artificial
intelligence: Understanding, visualizing and interpreting deep learning
models. 2017, arXiv:1708.08296. arXiv preprint. https://arxiv.org/
abs/1708.08296 (accessed 2023-02-05).

(29) Liu, M.; Grinberg Dana, A.; Johnson, M. S.; Goldman, M. J;
Jocher, A; Payne, A. M,; Grambow, C. A;; Han, K; Yee, N. W,;
Mazeau, E. J; et al. Reaction mechanism generator v3. 0: advances in
automatic mechanism generation. J. Chem. Inf Model. 2021, 61,
2686—2696.

(30) Jenkin, M,; Young, J; Rickard, A. The MCM v3. 3.1
degradation scheme for isoprene. Atmospheric Chemistry and Physics
2015, 15, 11433—11459.

(31) Kayala, M. A;; Azencott, C.-A,; Chen, J. H.; Baldi, P. Learning
to Predict Chemical Reactions. J. Chem. Inf. Model. 2011, 51, 2209—
2222.

(32) Kearnes, S. M.; Maser, M. R.; Wleklinski, M.; Kast, A.; Doyle,
A. G,; Dreher, S. D.; Hawkins, J. M.; Jensen, K. F.; Coley, C. W. The
open reaction database. J. Am. Chem. Soc. 2021, 143, 18820—18826.

(33) Coley, C. W.; Barzilay, R.; Jaakkola, T. S; Green, W. H.;
Jensen, K. F. Prediction of Organic Reaction Outcomes Using
Machine Learning. ACS Central Science 2017, 3, 434—443.

(34) O’Hagan, D.; Lloyd, D. The Iconic Curly Arrow. https://www.
chemistryworld.com/features/the-iconic-curly-arrow/3004840.article
(accessed 2023-02-05).

(35) Kermack, W. O.; Robinson, R. LI An explanation of the
property of induced polarity of atoms and an interpretation of the
theory of partial valencies on an electronic basis. J. Chem. Soc,, Trans.
1922, 121, 427—440.

(36) Herron, J. T.; Green, D. S. Chemical kinetics database and
predictive schemes for nonthermal humid air plasma chemistry. Part
II. Neutral species reactions. Plasma chemistry and plasma processing
2001, 21, 459—481.

(37) Ribeiro, A. J. M.; Holliday, G. L.; Furnham, N.; Tyzack, J. D.;
Ferris, K.; Thornton, J. M. Mechanism and Catalytic Site Atlas (M-
CSA): a database of enzyme reaction mechanisms and active sites.
Nucleic Acids Res. 2018, 46, D618—D623.

https://doi.org/10.1021/acs.jcim.2c01359
J. Chem. Inf. Model. 2023, 63, 1114—1123


https://doi.org/10.1002/9783527615230?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/S0040-4020(01)86853-8
https://doi.org/10.1007/978-3-642-83104-1?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/978-3-642-83104-1?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.polymer.2005.08.085
https://doi.org/10.1016/j.polymer.2005.08.085
https://doi.org/10.1016/j.polymer.2005.08.085
https://doi.org/10.1002/(SICI)1099-1018(199607)20:4<191::AID-FAM577>3.0.CO;2-S
https://doi.org/10.1002/(SICI)1099-1018(199607)20:4<191::AID-FAM577>3.0.CO;2-S
https://doi.org/10.1002/(SICI)1099-1018(199607)20:4<191::AID-FAM577>3.0.CO;2-S
https://doi.org/10.1002/(SICI)1099-1018(199607)20:4<191::AID-FAM577>3.0.CO;2-S
https://doi.org/10.1007/b138188
https://doi.org/10.1007/b138188
https://doi.org/10.1039/C4GC02425G
https://doi.org/10.1039/C4GC02425G
https://doi.org/10.1039/C4GC02425G
https://doi.org/10.1088/2632-2153/abc81d
https://arxiv.org/abs/2004.08152
https://doi.org/10.1021/acs.jcim.1c01400?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jcim.1c01400?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jcim.1c01400?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://arxiv.org/abs/2201.01196
https://arxiv.org/abs/2201.01196
https://doi.org/10.1039/C8SC04228D
https://doi.org/10.1039/C8SC04228D
https://doi.org/10.1021/acs.joc.9b03187?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.9b03187?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.0c02327?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.0c02327?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C7ME00107J
https://doi.org/10.1039/C7ME00107J
https://doi.org/10.1021/acscentsci.7b00064?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscentsci.7b00064?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscentsci.9b00576?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscentsci.9b00576?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C8SC02339E
https://doi.org/10.1039/C8SC02339E
https://doi.org/10.1039/C8SC02339E
https://doi.org/10.1017/9781108955652?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jcim.1c01140?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jcim.1c01140?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.17863/CAM.16293
https://doi.org/10.17863/CAM.16293
https://doi.org/10.17863/CAM.16293?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1126/science.aar5169
https://doi.org/10.1126/science.aar5169
https://doi.org/10.1126/science.aap9112
https://doi.org/10.1126/science.aap9112
https://doi.org/10.1126/science.aap9112
https://doi.org/10.1016/j.tet.2008.10.038
https://doi.org/10.1016/j.tet.2008.10.038
https://doi.org/10.1021/ci3003039?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ci3003039?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ci3003039?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/978-3-030-28954-6_18?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/978-3-030-28954-6_18?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://arxiv.org/abs/1708.08296
https://arxiv.org/abs/1708.08296
https://doi.org/10.1021/acs.jcim.0c01480?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jcim.0c01480?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.5194/acp-15-11433-2015
https://doi.org/10.5194/acp-15-11433-2015
https://doi.org/10.1021/ci200207y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ci200207y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.1c09820?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.1c09820?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscentsci.7b00064?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscentsci.7b00064?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://www.chemistryworld.com/features/the-iconic-curly-arrow/3004840.article
https://www.chemistryworld.com/features/the-iconic-curly-arrow/3004840.article
https://doi.org/10.1039/CT9222100427
https://doi.org/10.1039/CT9222100427
https://doi.org/10.1039/CT9222100427
https://doi.org/10.1023/A:1011082611822
https://doi.org/10.1023/A:1011082611822
https://doi.org/10.1023/A:1011082611822
https://doi.org/10.1093/nar/gkx1012
https://doi.org/10.1093/nar/gkx1012
pubs.acs.org/jcim?ref=pdf
https://doi.org/10.1021/acs.jcim.2c01359?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of Chemical Information and Modeling

pubs.acs.org/jcim

(38) Jenkin, M. E.; Saunders, S. M.; Pilling, M. J. The tropospheric
degradation of volatile organic compounds: a protocol for mechanism
development. Atmos. Environ. 1997, 31, 81—104.

(39) Saunders, S. M.; Jenkin, M. E.; Derwent, R. G; Pilling, M. J.
Protocol for the development of the Master Chemical Mechanism,
MCM v3 (Part A): tropospheric degradation of non-aromatic volatile
organic compounds. Atmospheric Chemistry and Physics 2003, 3, 161—
180.

(40) Jenkin, M. E; Saunders, S. M.; Wagner, V.; Pilling, M. J.
Protocol for the development of the Master Chemical Mechanism,
MCM v3 (Part B): tropospheric degradation of aromatic volatile
organic compounds. Atmospheric Chemistry and Physics 2003, 3, 181—
193.

(41) Bloss, C.; Wagner, V.; Jenkin, M. E,; Volkamer, R.; Bloss, W. J.;
Lee, J. D.; Heard, D. E; Wirtz, K; Martin-Reviejo, M.; Rea, G;
Wenger, J. C; Pilling, M. J. Development of a detailed chemical
mechanism (MCMv3.1) for the atmospheric oxidation of aromatic
hydrocarbons. Atmospheric Chemistry and Physics 2008, S, 641—664.

(42) Jenkin, M. E.; Wyche, K. P.; Evans, C. J.; Carr, T.; Monks, P. S.;
Alfarra, M. R,; Barley, M. H.; McFiggans, G. B.; Young, J. C.; Rickard,
A. R. Development and chamber evaluation of the MCM v3.2
degradation scheme for -caryophyllene. Atmospheric Chemistry and
Physics 2012, 12, 5275—5308.

(43) Jenkin, M. E;; Young, J. C.; Rickard, A. R. The MCM v3.3.1
degradation scheme for isoprene. Atmospheric Chemistry and Physics
2015, 15, 11433—11459.

(44) Buskirk, A.; Baradaran, H. Can Reaction Mechanisms Be
Proven? J. Chem. Educ. 2009, 86, 551.

(45) Brown, E. V.; Foote, W. H,; Iverson, C. S,; Anslyn, B. L.
Organic Chemistry, 5th ed.; Brooks-Cole: 2008.

(46) Ege, S; W, K. R;; Zitek, P. Organic Chemistry, Structure and
Reactivity; Cengage Learning, Mifflin Company: 2004.

(47) Loudon, M.; Parise, J. Organic Chemistry, 6th ed; W. H.
Freeman: 201S5.

(48) McMurry, J. E. Organic Chemistry with Biological Applications;
Cengage Learning: 2014.

(49) Smith, J. Organic Chemistry, Sth ed.; McGraw Hill: 2016.

(50) Solomons, T. W.; Fryhle, C. B. Organic Chemistry, 11th ed.;
Wiley: 2013.

(51) Vollhardt, P. Organic Chemistry Structure and Function; W. H.
Freeman: 200S.

(52) Solomons, T. W.; Fryhle, C. B. Organic Chemistry, 8th ed. ed.;
Pearson: 2012.

(53) Carey, F. A; Sundberg, R. J. Advanced Organic Chemistry Part
B: Reactions and Synthesis, Sth ed; Springer: 2010.

(54) Bruckner, R. Organic Mechanisms: Reactions, Stereochemistry and
Synthesis; Springer: 2010; DOI: 10.1007/978-3-642-03651-4.

(55) Seinfeld, J.; Pandis, S. N. Atmospheric Chemistry and Physics:
From Air Pollution to Climate Change, 2nd ed.; Wiley: 2016.

(56) Wennberg, P. O.; Bates, K. H.; Crounse, J. D.; Dodson, L. G;
McVay, R. C.; Mertens, L. A;; Nguyen, T. B.; Praske, E.; Schwantes,
R. H,; Smarte, M. D.; St Clair, J. M,; Teng, A. P.; Zhang, X,; Seinfeld,
J. H. Gas-Phase Reactions of Isoprene and Its Major Oxidation
Products. Chem. Rev. 2018, 118, 3337—3390.

(57) Chan, W.-T.; Hamilton, I. Mechanisms for the ozonolysis of
ethene and propene: Reliability of quantum chemical predictions. J.
Chem. Phys. 2003, 118, 1688—1701.

(58) Simkovics, S.; Petersgasse, P. Enhancement of the ANSI SQL
Implementation of PostgreSQL 1998, na.

(59) Ramakrishnan, R.; Gehrke, J.; Gehrke, J. Database management
systems; McGraw-Hill: New York, 2003; Vol. 3.

(60) Openeye Scientific Software, Inc. Santa Fe, NM, USA, 2022.
http://www.eyesopen.com (accessed 2023-02-05).

(61) Openeye Scientific Software, Inc. OEChem TK; Santa Fe, NM,
USA, 2022.

(62) Openeye Scientific Software, Inc. OEDepict TK; Santa Fe, NM,
USA, 2022.

(63) Openeye Scientific Software, Inc. GraphSim TK; Santa Fe, NM,
USA, 2022.

1123

(64) Chemaxon Marvin; 2019. http://www.chemaxon.com (ac-

cessed 2023-02-05).

https://doi.org/10.1021/acs.jcim.2c01359
J. Chem. Inf. Model. 2023, 63, 1114—1123


https://doi.org/10.1016/S1352-2310(96)00105-7
https://doi.org/10.1016/S1352-2310(96)00105-7
https://doi.org/10.1016/S1352-2310(96)00105-7
https://doi.org/10.5194/acp-3-161-2003
https://doi.org/10.5194/acp-3-161-2003
https://doi.org/10.5194/acp-3-161-2003
https://doi.org/10.5194/acp-3-181-2003
https://doi.org/10.5194/acp-3-181-2003
https://doi.org/10.5194/acp-3-181-2003
https://doi.org/10.5194/acp-5-641-2005
https://doi.org/10.5194/acp-5-641-2005
https://doi.org/10.5194/acp-5-641-2005
https://doi.org/10.5194/acp-12-5275-2012
https://doi.org/10.5194/acp-12-5275-2012
https://doi.org/10.5194/acp-15-11433-2015
https://doi.org/10.5194/acp-15-11433-2015
https://doi.org/10.1021/ed086p551?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ed086p551?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/978-3-642-03651-4?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.7b00439?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.7b00439?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.1531104
https://doi.org/10.1063/1.1531104
http://www.eyesopen.com
http://www.chemaxon.com
pubs.acs.org/jcim?ref=pdf
https://doi.org/10.1021/acs.jcim.2c01359?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

