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Abstract

Automated reaction prediction has the potential to elucidate complex reaction networks
for applications ranging from combustion to materials degradation. Although substantial
progress has been made in predicting specific reaction pathways and resolving mechanisms,
the computational cost and inconsistent reaction coverage of automated prediction are still
obstacles to exploring deep reaction networks without using heuristics. Here we show that cost
can be reduced and reaction coverage can be increased simultaneously by relatively straight-
forward modifications of the reaction enumeration, geometry initialization, and transition
state convergence algorithms that are common to many emerging prediction methodologies.
These changes are implemented in the context of Yet Another Reaction Program (YARP), our
reaction prediction package, for which we report a head-to-head comparison with prevailing
methods for two benchmark reaction prediction tasks. In all cases, we observe near perfect
recapitulation of established reaction pathways and products by YARP, without the use of

heuristics or other domain knowledge to guide reaction selection. In addition, YARP also



discovers many new kinetically relevant pathways and products reported here for the first
time. This is achieved while simultaneously reducing the cost of reaction characterization
nearly 100-fold and increasing transition state success rates and intended rates over 2-fold
and 10-fold, respectively, compared with recent benchmarks. This combination of ultra-low
cost and high reaction-coverage creates opportunities to explore the reactivity of larger sys-
tems and more complex reaction networks for applications like chemical degradation, where

approaches based on domain heuristics fail.

1 Introduction

The reaction network prediction problem consists of predicting the transition states, kinetically
relevant intermediates, and products for a set of reactants. Decades of research has been devoted to
this topic for specific applications, ranging from the evaluation of combustion pathways,'® cellular
metabolism,%!° and atmospheric chemistry,'' !5 to the related inverse problem of retrosynthetic
organic reaction planning (i.e., generating a reaction network in reverse). 6720 Although the details
are specific to each application, the problem common to all is resolving which reactions happen and
when as a function of relevant environmental variables (i.e., temperature, pressure, concentrations,
reagents, phase, etc). For applications where sufficient domain knowledge of plausible reactions
exists, workable solutions have been developed to algorithmically generate reaction networks that
are then refined with feedback from experiments or additional computational characterizations.?! %
More recently, machine learning has also enabled major advances in data-rich reaction problems,
with demonstrations of models capable of predicting retrosynthetic pathways for complex organic
molecules that are competitive with the best expert systems and chemical intuition.?*?* However,

for problems where an established set of reactions and reaction data do not exist, a fundamentally

different approach is required for reaction network prediction.



In recent years, several groups have recognized the opportunity to automatically elucidate re-
action networks absent previous domain knowledge by leveraging now mature quantum-chemistry

based transition state characterizations?6-32

and modern computational throughput. As has been
recently reviewed in several places,?2333% these approaches can roughly be categorized on the
basis of whether they utilize single-ended transition state searches (e.g., ADNN,36 AFIR, 3738
SSWM3919) " double-ended transition state searches (e.g., ZStruct *' and the methods of Suleimanov
and Green?344) or reaction templates (e.g., NetGen,*> RMG,% KinBot*7) to drive reaction dis-
covery, with each coupled to a suitably accurate model chemistry to locate transition states and
establish the thermodynamics of products. Although still in a relatively early phase, there are
already many demonstrations of such algorithms automatically recapitulating established reaction
mechanisms in benchmark systems, as well as authentic predictions of reaction pathways that were
previously undocumented.*® % Despite this success, computational cost still represents a serious
impediment to characterizing complex reaction networks involving large numbers of atoms or reac-
tions occurring in condensed phases. In particular, the underlying reaction exploration algorithm
must be sufficiently general such that all kinetically relevant pathways are identified and character-
ized by quantum chemistry. As such, reaction exploration cannot be entirely naive, as the range of
possible bond rearrangements grows roughly factorially with the number of atoms in the reactants
and would thus overwhelm even the most economical model chemistry.?® On the other hand, it
has been observed that the number of kinetically relevant reactions grows linearly with respect to
number of intermediates for established reaction networks across many domains.?”%® This implies
that the kinetically relevant reactions in a typical network are computationally tractable to char-
acterize, although at present there is no a priori method for robustly distinguishing physical from
unphysical reactions besides subjecting them to costly quantum chemistry calculations or relying
on heuristics based on domain knowledge (i.e., the very thing that is missing in many motivating

applications for computational prediction).



In the current work, we introduce several strategies for improving the accuracy and size of re-
action networks that can be computationally characterized without using domain heuristics. First,
we employ the recently developed semi-empirical GFN2-xTB model chemistry of Grimme®* to
pre-optimize reaction pathways prior to more expensive density functional theory (DFT) char-
acterizations. Although GFN2-xTB predicts inaccurate transition state energies, we observe that
pre-optimization with GFN2-xTB yields excellent initial guesses for reaction pathways that reduces
the number of required DFT gradient calls nearly 100-fold compared with recent DF'T benchmarks.
Second, we implement an elementary reaction step that is generally applicable to neutral closed-
shell organic chemistry. We demonstrate that this elementary step exhibits more comprehensive
reaction discovery and lower activation energy pathways than other recent graph-based enumer-
ation schemes. Third, we establish a robust initial structure optimization procedure based on
jointly optimizing the reactant and product geometries prior to the transition state search. To-
gether, these two relatively straightforward strategies lead to dramatic improvements in the success
rate and intended rates of transition state convergence. These features are implemented in the
context of a recursive reaction enumeration and double-ended transition state search algorithm,
which we call Yet Another Reaction Program (YARP), and is conceptually similar to the approach
developed by Suleimanov et al.*3%* However, these features of YARP are relatively general and
could be implemented in many other emerging automated network characterization algorithms.
To evaluate the performance of YARP with respect to predicting diverse chemical reactions, we
have benchmarked its performance on predicting single-step reactions for 20 organic compounds
compiled by Zimmerman.3? To establish the performance of YARP on a network prediction task,
we have also characterized the unimolecular decomposition of 3-hydroperoxypropanal, a small ~-
ketoperoxide, for comparison with the recent benchmark of Grambow et al.** In both tasks, we
find that YARP is capable of recapitulating prior reactions with near-perfect fidelity, discovers

many new kinetically relevant pathways, and exhibits orders of magnitude reduced computational



cost.

2 Methods
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Figure 1: Overview of the YARP methodology. (a) Potential products are enumerated using
ERS(s). (b) Reaction pathways are determined by applying GSM at GFN2-xTB level, Berny
optimization and an IRC calculation for validation. (c¢) Removal of unphysical reactions based on
transition state failures or unintended transition states. (d) Reaction network analysis is performed
to identify the lowest activation energy pathway and determine the thermodynamic and kinetic
relevance of each product.

YARP consists of three components for automatically characterizing reaction networks without
the use of domain heuristics: graph-based product enumeration, reaction network construction,
and reaction network analysis. A detailed description of each component is provided in the sub-

sequent sections and an overview schematic is shown in Figure 1. In brief, potential products



are recursively generated for user-supplied reactants using an automated reaction enumeration
scheme and a molecular graph formalism. An initialization procedure is developed for generating
three-dimensional geometries of the product and reactant states from their graph that are then
used to seed a transition state search using the growing string method (GSM) coupled with the
GFN2-xTB semi-empirical model chemistry. All reactions generated in this way are subsequently
characterized using Berny optimization to locate transitions states at the DF'T level and intrinsic
reaction coordinate (IRC) calculations to validate that the identified transition states correspond
with the putative reaction. At each iteration, this procedure yields a range of products, a subset
or all of which can be used as inputs for additional reaction prediction. In the current work, the
accuracy of single-step and multi-step recursion is evaluated on benchmarks of organic chemistry

reactions and a unimolecular decomposition network, respectively.

2.1 Graph-Based Product Enumeration

Identifying transition states is the most time-consuming step in the reaction prediction process.
The transition state is located in a 3N — 6 dimensional space, where N is the number of atoms in
the system (e.g., potentially including solvent atoms and catalysts). For all but the smallest sys-
tems, brute force optimization is impossible and it is critical to reduce the size of this search. Thus,
several heuristics have been developed to identify transition states, either based on reaction tem-
plates, artificial forces, or using the local curvature of the potential energy surface. 36:37:46:47,50,61-65
Separately, several double-ended searching algorithms have been developed for situations where
the start and end points (i.e., reactant and product states, respectively) are known in advance.
In these cases, the transition state search can be recast as a one dimensional search, whereby a
string (or band) of states connecting reactant(s) and product(s) is optimized to locate the tran-

sition state. In the context of reaction prediction, product enumeration is extremely inexpensive

compared with transition state characterization, so one strategy that has been utilized is to enu-



merate putative products that are in turn efficiently characterized by one or more double-ended
transition state algorithms. In this scenario, the double-ended transition state characterization
algorithm carries the responsibility of discriminating between plausible and implausible reactions.
In practice, however, transition state convergence failure is extremely common (e.g., ~ 60% being
recently reported),** especially in scenarios with multiple transition states between the reactant

and product structures, 344!

suggesting that strategies to improve product enumeration are critical
to ensure transition state convergence.

Elementary Reaction Step. YARP uses the concept of an elementary reaction step (ERS)
to enumerate potential products and reduce the occurrence of products separated by more than one
transition state.% Here, an ERS is defined as the smallest number of changes in bond/electron state
of the reactants that results in a product with a stable Lewis structure. For neutral closed-shell
organic systems, the simplest reaction step that yields non-trivial products is breaking two bonds
and forming two bonds (b2f2). For instance, a ”form one bond” step (f1) is inapplicable to closed-
shell organics. Similarly, a b1fl step simply reproduces the reactant(s), and a b2fl step results in
an unstable Lewis structure. Thus, b2f2 yields the most elementary set of bond rearrangements
amongst closed-shell organic reactant molecules that can produce distinct products. In recent
work, other groups have also included b3f3 and b4f4 steps during enumeration.* 44¢7 We note,
that all b3f3 and b4f4 products can be obtained by repeated applications of b2f2 steps, although the
reaction pathways may be distinct. In the case of a sequential reaction, b2f2 reaction pathways are
better conditioned to double-ended searches because they reduce the possibility of transition state
convergence failure due to multiple intervening transition states. For instance, out of the converged
b2f2 reactions investigated here, 98.5% exhibit only one transition state due to the relative rarity of
forming a stable intermediate with a single broken bond. However, in the case of a b3f3 concerted
reaction (e.g., Diels-Alder), sequential application of b2f2 would discover the appropriate product,

but would fail to identify the concerted mechanism. We note that the specific definition of an



ERS is system specific, and for metal-containing, ionic, or radicals systems, additional steps like
b2f1, and charge transfer steps may be applicable ERS(s). More general ERS definitions are left
for future work, but as we demonstrate below, even this simple ERS is surprisingly effective at
comprehensively enumerating kinetically and thermodynamically relevant products of closed-shell

organics.

(a)

(=J{=JF"
-

[y
o

N Mon HO—<|
(b)

(@) -2[1]0]0 o+

I 1[2[-1[1

c. — o1 —> Il |
H/ \H ol-1[1]0 C H

Figure 2: Illustration of two cases of “breaking two bonds and forming two bonds (b2f2)” elemen-
tary reaction step. (a) The two bonds involved in the ERS connect four different atoms. (b) An
atom is shared between the two bonds involved in the ERS.

Bond-Electron Matrix Formalism. b2f2 product enumeration is implemented in YARP
using the bond-electron matrix formalism developed by Ugi.% This approach provides a machine-
readable grammar for expressing the Lewis structure of products and reactants, and encoding
reactions as matrices. A bond-electron matrix, A, for reactant(s) with N atoms is N-dimensional
and symmetric. The diagonal elements A;; correspond to the number of lone valence electrons on

cach atom and the non-diagonal elements A;; correspond to the number of covalent bonds between



atoms i and j. We will refer to the bond-electron matrices corresponding to reactants and products
as A and B, respectively. Multiple reactant or product molecules can be combined in one bond-
electron matrix, with a separate connected subgraph for each molecule. Additionally, the matrix
formalism can be equivalently recast using lists to avoid handling sparse matrices, but here the
matrix formalism will be retained for clarity of description.

The matrix R = B — A describes the changes in bond order and electron transfers associated
with the reaction A — B. R can be decomposed into a summation of two matrices, R =U +V,
where U is a diagonal matrix that describes electron transfer associated with the reaction, and
V is a symmetric matrix that describes bond formation and dissociation.! In the context of the
current work, the b2f2 ERS is used to generate all R matrices for a given set of closed shell organic
reactants defined by an A matrix. All R matrices corresponding to b2f2 steps are enumerated by
looping over the unique pairs of bonded atoms in A (i.e., the atoms involved in a double bond do
not constitute a valid pair on their own). Without loss of generality, assuming the pair is composed
of atoms (a,b) and (c,d), a bond is broken between each pair of atoms by setting Vo, = Vo = —1
and Vg = Vg. = —1 (hereafter, we do not explicitly show the symmetric terms). These broken
bonds create the possibility for forming two new pairs of bonds between either (a,c) and (b,d),
or (a,d) and (b,c), respectively. Thus, for each pair of two broken bonds, two distinct reaction
matrices are formed with V,. = Viq = +1 or V,q = Vie = +1, respectively (Fig. 2a). In the case
where an atom is shared between the two bonds [i.e., (a,b) and (a,c) compose the unique bonded
pairs of atoms| we only generate a reaction matrix if atom “a” is bonded to another atom “d”
that possesses at least one lone pair of electrons. In this case, the b2f2 step yields an effective
bond rearrangement of V,, = V,. = —1 and V. = Voq = +1 with a transfer of valence electrons
corresponding to U,, = 42 and Uyy = —2, and the resulting product will have formal charges on
the “a” and “d” atoms. One example of such a reaction is the decomposition of formaldehyde to

carbon monoxide and hydrogen (Fig. 2b). The matrix B, corresponding to the products of each



reaction, is obtained by adding the R matrix generated at each iteration to the reactant matrix
A.

Finally, we note that the matrix representation is non-unique due to graph isomorphism. This
leads to potential redundancy during recursive enumeration, where multiple identical reactants
or products are separately subjected to reaction evaluation while in fact representing identical
molecular structures. To avoid this issue, YARP implements a canonicalization procedure to sort
the indexing of the bond-electron matrix based on a connectivity hash function for each atom.
This hash function incorporates the elemental identity of each atom, its bonded neighbors, and
their bonded neighbors, out to an arbitrary depth (e.g., 10 in the present work, but this could be
set larger for more complex systems). This procedure ensures that the same reactants or products,
regardless of atom indexing, resolve to the same bond-electron matrix, and thus avoids redundant
calculations. Additionally, symmetry equivalent atoms evaluate to an identical hash function,
which can in principle be used to further reduce the number of reactions performed. In the current
study, symmetry was not used to reduce the number of reactions; thus in some cases, formally
equivalent reactions (e.g., a reaction involving one of two equivalent hydrogens on a methylene)
were performed multiple times.

Geometry Initialization. The bond-electron formalism provides an effective machine-readable
grammar for describing reactions in terms of molecular graphs, however these graphs must be con-
verted to three-dimensional structures for determining the transition states and thermodynamics
of the reactions. Moreover, double-ended transition state algorithms are highly sensitive to the ge-
ometry of the initial structures, with documented convergence failures if the reactant and product
structures are poorly aligned.?*:% We have also observed that even in cases where transition state
convergence occurs, the initial geometry can strongly impact whether the discovered transition
state corresponds to the intended reaction after inspection by an IRC calculation. Within YARP,

this issue is addressed by jointly optimizing reactant and product geometries for each investigated

10



reaction. This is accomplished by first generating an optimized product geometry using the Univer-
sal Force Field (UFF) as implemented in Open Babel.™ The reactant geometry is then generated
using the product geometry as a starting point, but with optimization occurring on the UFF poten-
tial energy surface corresponding to the bond-electron matrix of the reactant. The UFF optimized
reactant and product geometries are then optimized at the GFN2-xTB level. Finally, root mean
square deviation (RMSD) minimization, as implemented in the Atomic Simulation Environment
(ASE),™ is applied to each product geometry by rotating and translating atoms to best match
the reactant.”™ This procedure yields high overall transition state convergence and a high rate of
discovering transition states corresponding to intended reactions (vide infra). We also note that
conformational sampling of the product geometries is an obvious extension of this procedure which
could improve the quantitative details of discovered transition states. Given that the discovered
transition states compare favorably with prior benchmarks, this has not been implemented here

and will be revisited in future work.

2.2 Reaction Network Construction

YARP incrementally builds the reaction network for a given set of reactants by alternating between
product enumeration and transition state characterization steps. For exploring deep networks,
products from one generation may serve as reactants for a subsequent iteration of reaction enu-
meration. Depending on the application, it may also be necessary to include bimolecular reactions
between products produced at different levels of the reaction network. In the benchmark systems
(described below), we have used to YARP to perform comprehensive enumeration of b2f2 products
up to two iterations. Comprehensive b2f2 sampling scales as (];) where N is the number of unique
bonded pairs of atoms in the reactant matrix. In cases with symmetry equivalent atoms the actual
unique number of reactions may be substantially reduced. This scaling yields a tractable number

of reactions to investigate at each iteration of product enumeration, even for relatively large reac-
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tant matrices. However, the actual performance is ultimately determined by the ability to localize
accurate transition states for each reaction.

After the product enumeration phase, YARP uses one or more double-ended search algorithms
to localize transition states for each reaction, followed by Berny optimization and an IRC calcu-
lation to identify and characterize the final transition state. Recently, Grambow, et. al compared
several double-ended search methods, including the freezing string method (FSM), the growing
string method (GSM), and the single-ended growing string method (SSM). Based on their study,
GSM exhibits the best balance between computational cost and convergence rate. Although GSM
is faster than SSM, directly applying it at the DFT level is still prohibitively costly for explor-
ing deep networks or reactions involving large molecules. To decrease the computational cost in
YARP, the current set of reaction pathways were localized using the GSM algorithm with the semi-
empirical GFN2-xTB model chemistry prior to searching for the final DFT-level transition states
via Berny optimization. This choice was motivated in part by the recent demonstration of Dohm
et. al that combining GFN2-xTB with GSM to localize organometallic transition states achieved
convergence for approximately 90% of the investigated reactions.”™ Here, the GSM calculations

7576 using default convergence

were performed by interfacing YARP with the pyGSM package
hyperparameters (e.g., nine nodes, climbing image, and translation-rotation-internal coordinate
system). After convergence of the GSM pathway, YARP automatically selects the highest energy
node as a preliminary transition state candidate that is then used as a starting structure for Berny
transition state optimization. After convergence, an IRC calculation is performed to determine
whether the detected saddle point corresponds to the input reaction channel. If the end nodes
obtained by the IRC match the input reactant and product bond-electron matrices, the reaction
channel is classified as ”"intended”, otherwise it is classified as "unintended”. The latter reactions

are removed from the final network, since they represent a failure of the algorithm to identify a

relevant transition state either due to the fact that the attempted reaction is unphysical or because
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the double-ended search was poorly conditioned. In the present study, YARP used Gaussian 16

as the reference quantum chemistry engine for these characterizations.””

2.3 Reaction Network Analysis

The large number of reactions generated by automated algorithms creates an interpretation bot-
tleneck for extracting mechanistic information about reactions and competing pathways. In par-
ticular, ad hoc evaluation of pathways and transition states is both error-prone and too costly to
comprehensively evaluate large networks. To address this, we have implemented three analysis
routines within YARP as a starting point to automate the extraction of semantic information
from algorithmically generated reaction networks. First, rate-limiting steps are evaluated for all
products identified by YARP to estimate the kinetic relevance of various reaction pathways dis-
covered in the network. Here, the rate-limiting step is defined as the reaction with the maximum
activation energy in a pathway connecting the starting reactants to a given product (Fig. 1d).
For a network composed of multiple enumeration steps, multiple distinct pathways will potentially
exist that yield a specific product. To compare these competing pathways, YARP performs a
breadth-first search from each product, using the directed graph of reactions in the network to
identify distinct pathways and keeping all pathways that terminate at the reactant node. For each
product, all pathways out to m + n, are enumerated, where m is the depth of the product in the
network (i.e., the reactant is considered as depth zero, and the product depth is defined based on
the smallest number of reactions connecting it to the reactant) and n is a user-defined parameter
that controls the maximum number of reactions in a pathway (e.g., taken to be two in the cur-
rent work, but could be set larger or made adaptive for more complex networks). The pathway
with the lowest activation energy rate-limiting step is considered the dominant pathway, and this
barrier (AGjmn) is reported for all products in the network. In addition, we also report the heat

of reaction for each product (AAH;) calculated with respect to the reactants to characterize the
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thermodynamic relevance of the various products identified by YARP. The heat of formation of
each product was calculated at the DFT level based on difference in thermal enthalpies between the
reactants and the products. Finally, we have implemented an algorithm to characterize the occur-
rence of bond-breaking and bond-formation steps relative to the transition state. This algorithm
uses a distance-based criteria to define changes in bond configuration. Specifically, bond breaking
(formation) is defined to occur when the observed separation between a pair of atoms is greater
(less) than 1.2 times the summation of the UFF radii of the atoms. This algorithm is applied
to the minimum energy pathway generated by the IRC calculation to determine which events are
associated with the transition state, and whether they occur sequentially or in a concerted fashion.
The specific position within the minimum energy path of the identified bond changes is relatively
insensitive to the choice of scaling factor, but it cannot be set too large without detecting spurious
bonds. In the case of double-bonds, the distance based criteria is inapplicable and the algorithm
assigns bond-breaking to occur at the same time as a bond-forming event involving either of the

double-bonded atoms.

2.4 Performance Statistics

The number of quantum chemistry gradient calls is a commonly used surrogate for the compu-
tational cost of a reaction exploration method, as the transition state calculations represent the
most expensive step in reaction characterization.3?43447 Following this approach, we have re-
ported the distribution of DF'T gradient calls associated with all reaction channels explored with
YARP. Since the cost of each gradient call at the GFN2-xTB level is negligible compared with the
cost at the DFT level, gradient calls associated with GFN2-xTB pre-optimization are not included
in these totals. Likewise, the gradient calls associated with IRC calculations are also excluded
from these totals to be consistent with the gradients statistics reported by Grambow et al., as the

IRC calculations are a validation activity and not directly associated with finding the transition
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states.

Additionally, statistics associated with the success rate of transition state convergence and
whether transition states correspond to intended channels are reported with the following def-
initions. The success rate corresponds to the fraction of unique reactions that completed all
calculations (i.e., GSM, Berny, and IRC) compared with the total number of unique reactions
attempted. The intended rate corresponds to the fraction of unique reactions that completed all
calculations and exhibit an intended transition state compared with the total number of unique
reactions attempted. Thus, the intended rate is bound from above by the success rate. Note, there
is a minor ambiguity in how these rates have been defined in previous work, depending on whether
one uses the total number of reactions or the total number of unique reactions in calculating these
rates. The distinction is that the same product may be obtained by multiple single-step reactions
(e.g., if there are symmetry equivalent atoms in the reactant or in the product) and we are here
defining “unique” reactions to be reactions that yield distinct products. We adopt the convention
that if at least one reaction out of a set of equivalent reactions is classified as successful (intended),
then that unique reaction is classified as successful (intended). Our rationale is that since at least
one transition state was successful (intended) for such a reaction, any discrepancy in the rates
calculated using unique reactions versus total reactions reflects the sensitivity of converging tran-
sition states rather than the feasibility of the reaction. We report rates on a unique reaction basis
within the main text for each distinct reactant investigated in this study. We also report statistics

on a per reaction basis in the SI (Fig. S2).

2.5 Benchmark systems

In the present work, YARP was used to investigate two classes of reaction prediction problems. The
first was predicting a set of single-step organic reactions curated by Zimmerman.?? The Zimmerman

dataset was developed to validate the performance of GSM and not as a test set for reaction
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exploration. Here, a comparison between the lowest barrier pathways predicted by YARP and the
Zimmerman reactions was used to validate YARP’s ability to (re)discover established reactions
across a range of organic chemistries without domain knowledge. The Zimmerman dataset includes
25 compounds and 105 single-step reactions. We excluded ionic species (NH3BHj3 and the taxadiene
carbocation) and reactants with incomplete octets (NHoBHy and SiHy) as they require a more
general set of ERSs beyond b2f2. We also excluded alanine dipeptide, since Zimmerman only
reported a conformational rearrangement, rather than a reaction for this compound. The final
dataset evaluated here was composed of 20 distinct reactants and 61 distinct reactions. YARP
was used to characterize all b2f2 reactions for each reactant, resulting in a total of 533 distinct
reactions. The only molecule where all b2f2 reactions were not performed was the phenyl ether,
for which the default setting of YARP is to exclude breaking bonds in benzene rings. The Berny
optimization and IRC calculations were performed at the BSLYP/6-31G** level to be consistent
with the prior work.

YARP was also used to characterize the thermal decomposition network of 3-hydroperoxypropanal,
recently benchmarked by Grambow et al.#* In this earlier work, the reaction networks predicted by
five distinct reaction discovery algorithms were compared, in total consisting of 55 distinct prod-
ucts and 75 intended reactions. YARP was used to perform two iterations of b2f2 reactions for
this system (i.e., all b2f2 reactions for 3-hydroperoxypropanal and the first generation of products)
to evaluate the performance of YARP with respect to computational cost and reaction coverage.
b2f2 reactions were only applied to products of 3-hydroperoxypropanal whose transition state cal-
culations converged to the intended reaction as determined from IRC calculations. For the general
problem of generating a deep reaction network, recursive application of b2f2 steps to all products
at each iteration is typically unnecessary as kinetic modeling can be used to prioritize which prod-
ucts are capable of further reaction.?3™80 However, the decision to investigate all b2f2 reactions

out to the second generation for the 3-hydroperoxypropanal network was made to provide a direct
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comparison with the earlier study, which reported reaction channels up to b4f4. The Berny opti-
mization and IRC calculations were performed at the BBLYP/6-31+G™ level to be consistent with

the prior work.

3 Result and Discussion

3.1 Single-Step Reaction Prediction Benchmark

The trade-off between reaction exploration and computational cost represents a major limitation
on the breadth and depth of reaction networks that can be discovered by automated algorithms.
Within the context of YARP, we have adopted a generic b2f2 ERS that yields a tractable number
of reactions to characterize and which we reasoned would be able to recapitulate typical closed
shell organic reactions without being biased solely towards known reactivities. To establish the
effectiveness of the b2f2 ERS, we applied YARP to 20 distinct reactants curated by Zimmerman?®
and compared the established reactions with the low-barrier channels predicted by YARP (Fig.
3).

First, we note the low number of DFT-level gradient calls required by YARP to identify the
transition states of the attempted reactions (Fig. 3a). We observe the range of gradient calls is
from 4 to 50 with an average of ~ 13 per reaction and around 75% of reactions needed less than
20 gradient calls. In comparison, Zimmerman reports on average 468 gradient calls for his most
robust set of GSM hyperparameters (i.e. 11 images with climbing image optimization and overlap
criterion) and approximately 380 gradient calls on average when using nine images as employed
here.?? Although the reference datasets have minor differences as described in the Benchmark
Systems section, YARP clearly exhibits a qualitative reduction in computational cost compared

with direct GSM localization at the DFT level.
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Figure 3: Overview of YARP performance on predicting reactions from the Zimmerman dataset.
(a) The distribution of gradient calls required to converge each intended reaction, with labels over
each bar indicating the number of reactions in each bin.
unique reactions involving each reactant. (c¢) The minimum activation energy pathways discovered
by YARP, classified based on comparison with Zimmerman’s predictions.

(b) The success and intended rates of




A dramatic reduction in gradient calls is moot if YARP cannot also successfully localize tran-
sition states. Thus, in Figure 3b we have evaluated the transition state success and intended rates
averaged across all unique reactions involving each reactant. The success rate varies between 75%
and 100% with an overall average of 86.2% for all 20 reactants. The intended rate varies between
33.3% and 100% with an average of 63.3%. The comparison between the success rate and the
intended rate illustrates that the latter depends on reactant complexity, while the success rate
is consistently high. In particular, the number of potential products and the dimensionality of
the potential energy surface increase with reactant size and complexity, which also increases the
occurrence of unphysical reactions. For some simple systems, like R2, R4 and R10, where the
number of heavy atoms are 3, 2 and 3, respectively, both the success rate and intended rate reach
100%. However, for R7, a stable four-membered ring, and R9, an aromatic compound with 10
heavy atoms, the intended rate is only 33.3% while the success rate is still over 80%. We note that
even with a comprehensive transition state search, neither the success rate nor the intended rate
would necessarily reach 100% when comprehensive reaction enumeration is being used. Because
the transition state algorithm within YARP is playing the role of discriminating between physical
and unphysical reactions, it may be that some of the enumerated reactions are poorly conditioned
and no physical transition state exists that directly connects those reactants and products. For
instance, considering only the reactions that were characterized by both Zimmerman and YARP,
YARP exhibits a success rate of 100%, which is the same as in the earlier work. The intended
rate was not reported by Zimmerman, but it is similarly high in YARP at 98% for this subset of
reactions.

The goal of utilizing this large test set, which includes a broad range of standard organic
reactions and functional groups, was to validate that YARP is capable of (re)discovering diverse
reactions using a generic ERS. To show the kinetically favorable reactions discovered by YARP,

the reaction with the lowest activation energy for each reactant was selected and compared with
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the Zimmerman dataset (Fig. 3c). The green region includes 13 reactions which are the lowest
energy barrier reactions in both the Zimmerman dataset and YARP. For the three reactions in
the blue region, YARP identified the same reactions as Zimmerman, but also discovered reactions
with even lower activation energy that were not identified in the previous study. For R17 and
R18, in the red and yellow regions, respectively, the lowest activation energy reactions in the
Zimmerman dataset are b3f3 reactions that are not discovered by single-step b2f2 enumeration in
YARP. In particular, R17 represents the Diels-Alder reaction, which is a concerted b3f3 reaction
that would not be discovered even by repeated application of the b2f2 ERS. In contrast, the lowest
energy barrier reaction of R18 predicted by YARP was not investigated by Zimmerman, which
makes it uncertain which reaction is in fact more likely. Additionally, Zimmerman reports only
one reaction pathway for R19 (Dimethylphosphine + ethene) and R20 (Trimethylphosphine +
Oxirane) and neither is a b2f2 reaction step and thus cannot be compared here. To summarize
these comparisons, YARP was able to automatically discover all of the previously reported b2f2
reactions and identify them as important channels among all investigated reactions. In addition,
YARP discovered several lower activation energy reactions that were not previously reported. On
the other hand, all reactions that were missed by YARP can be rationalized by the fact that
they either required repeated applications of the b2f2 ERS, which was not pursued here, or the
inclusion of complementary ERS(s). In the latter case, we note that such reactions are relatively
contextual (e.g., atoms capable of expanded octets or multiple double bonds), and it may be
desirable to leverage additional elementary chemical information available from the reactant graph
when expanding the scope of ERS(s).

Reaction Mechanisms Discovered by YARP. The rationale behind using ERS(s) is to
better condition the transition state localization by reducing the occurrence of reactions that
possess multiple transition states. We note that across all of the reactions that were successfully

localized in this study, 98.5% exhibit only a single transition state in the minimum energy pathway
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Figure 4: Characterization of sequential and concerted reaction mechanisms discovered by YARP.
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(bottom), occur relative to the transition state based on analysis of the IRC minimum pathway.
(b) Representative sequential (I,IL,IIT) and concerted reactions (IV), corresponding to the labels
in (a).

determined by GSM. Nevertheless, the reactions that are discovered by YARP still exhibit a broad
range of mechanistic diversity with respect to when bonds break and form relative to the transition
state (Fig. 4). Based on the bond-breaking and bond-forming histograms in Figure 4a, we observe
the intuitive result that bond-breaking events skew earlier than the transition state and bond-
forming events skew later than the transition state. Similarly, the aggregated bond-breaking and
bond-forming distributions are centered about the transition state, indicating that the transition
state of most reactions consists of at least one change in bond order (i.e., more than 80% of bond
changes occur within £20 steps of the transition state). Additionally, we can further distinguish
between several types of sequential reactions and concerted reactions that are predicted by YARP
(I-IV in Fig. 4b). Among the sequential reactions, we observe at least one bond-breaking event

before the transition state in all cases, followed by b1f2 type transition states (I), b1fl transition

states (II), and transition states only associated with conformational rearrangement (IIT). Typical
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examples of I are bimolecular reactions, where the reaction can proceed in mainly concerted fashion
after an initial bond-breaking event. Typical examples of II are reactions involving ring closures,
where the transition state is associated with a partial bond rearrangement, followed by a later
ring closure. Typical examples of III are reactions that pass through a multi-molecular structure,
where a significant conformational change must occur before executing the bond formation steps. In
contrast, we also observe a high occurrence of concerted reactions (IV), defined here by reactions
where all bond rearrangements occur within £20 steps of the transition state. For example,
in the hydride shift reaction shown in Figure 4b, all bond changes occur within five steps of
the transition state. Although the classifications of specific reactions are subject to how many
images are included in the transition state region, these results demonstrate that in addition to
being able to discover chemically diverse reactivities using ERS(s), YARP also discovers a broad
range of reaction mechanisms in the predicted pathways. The automatic classification of reaction
mechanisms as performed here could also be extended to include more fine-grained mechanistic

classification that could in turn inform ERS definitions.

3.2 Unimolecular Degradation Network of 3-hydroperoxypropanal

In addition to single-step reaction discovery, automated reaction prediction has potentially the
largest relevance to elucidating complex multi-step reaction networks. For resolving potentially
deep and/or broad networks, reducing the computational cost while still robustly identifying all ki-
netically relevant pathways remains an outstanding problem within the field. Additionally, a dearth
of benchmark systems for which extensive reaction networks, including transition states, predicted
products, and gradient call statistics have been reported poses a major challenge to unequivocally
establishing the performance of competing algorithms. Recently Grambow et al. published a use-
ful benchmark study on the unimolecular decomposition of 3-hydroperoxypropanal that provides

a comparison of network predictions for five distinct reaction discovery algorithms.** This work
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Figure 5: Overview of YARP performance on predicting unimolecular degradation of 3-
hydroperoxypropanal. (a) The distribution of gradient calls required to converge each intended
reaction, with labels over each bar indicating the number of reactions in each bin. (b) The success
and intended rates of unique reactions involving each reactant. (c) Degradation network with
activation barriers for rate-limiting steps, which represents kinetic accessibility. (d) Degradation
network with heat of reaction, which represents thermodynamic accessibility.
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was also followed by a report by Maeda et al. providing updated results for the single-component
artificial force induced reaction method (SC-AFIR). 3-hydroperoxypropanal is a representative -
ketohydroperoxide, an important class of molecules for autooxidation and pre-ignition chemistries
with complex reactions sequences and intermediates that are still under active investigation. In the
context of the current work, 3-hydroperoxypropanal served as a useful benchmark system for eval-
uating the performance of YARP with respect to multi-step reaction networks and computational
cost.

To provide an illustration of the reaction filtering that is common in network exploration, we
first used YARP to recursively enumerate all b2f2 products out to two reaction steps. Before
transition state characterization, this yields a putative reaction network consisting of 286 vertices
(reactants and products) and 1148 edges (distinct reactions). We then excluded products involv-
ing three-membered and four-membered rings due to the fact that these have a relatively high
heat of formation and are unlikely to be kinetically relevant. After removing these compounds,
the reaction network consisted of 174 vertices and 539 edges. After performing transition state
characterizations, IRC calculations, and retaining only products connected by intended channels,
the final network is composed of 107 vertices and 173 edges (Fig. 5).

For comparison, in the earlier work of Grambow et al., reaction products out to b4f4 type
rearrangements were explored, consisting of 562 reaction channels. Of these, 75 intended channels
were discovered involving 55 distinct products (aggregated across all five of the methods), which
can be compared with the YARP results above. As applied in this case, YARP attempted to
identify reaction pathways yielding all degradation products of 3-hydroperoxypropanal up to b4f4
type rearrangements, but excluding compounds containing three-membered rings, four-membered
rings, or ionic species due to the selected ERS and filtering. That is, YARP was used to characterize
a similar number of reactions and has not been run to a deeper level of recursion to artificially

inflate the number of discovered reactions and products. Thus, differences between the YARP
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network and that of Grambow, beyond those noted in the previous sentences, are due to the
improved localization of intended reaction channels by YARP.

Figure 5¢ shows the reaction network predicted by YARP, including previously identified prod-
ucts and newly discovered products. Less products containing small rings and ionic species, YARP
automatically discovered all previously reported products and managed to connect them by in-
tended channels to the 3-hydroperoxypropanal reactant. In addition, YARP discovered 77 new
products and 157 new reactions that have not been previously reported. Constructing this network
with YARP required only 8364 DFT level gradient calls. The distribution of number of gradient
calls per intended channel is shown in Figure 5(a), which illustrates that more than 85% of the
intended channels required less than 15 DFT gradient calls. In comparison, directly applying GSM
at DF'T level as reported in the earlier benchmark required 756227 gradient calls to explore 562
reaction channels, representing a nearly 100-fold reduction for YARP. In addition, the transition
state success and intended rates averaged across all unique reactions involving each reactant (i.e.,
3-hydroperoxypropanal and all intended b2f2 products of 3-hydroperoxypropanal comprise the re-
actants for this network) are shown in Figure 5b. We observe that the success rates for all reactants
besides species 19 and 23 are larger than 80%, while the intended rate varies between 33.3% and
72.7%. The average overall success and intended rates calculated on a unique reaction basis (see
methods for the distinction) for this network are 88.8% and 54.7%, respectively. For comparison
with the earlier benchmark, we have also calculated the success and intended rates on a per at-
tempted reaction basis (Fig. S2), which yields overall success and intended rates of 81.4% and
41.6%, respectively, for YARP. In contrast, Grambow et al. reported success and intended rates
on a per attempted reaction basis for their GMS based reaction discovery algorithm of 38% and
4%, respectively.** This dramatic difference in both the success and intended rates suggests that
ERS enumeration provides more realistic reaction channel candidates that are better conditioned

to GSM characterization.
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To evaluate whether the new products and reactions discovered by YARP are of kinetic or
thermodynamic significance, we also performed several additional characterizations of the network
and reaction pathways. Illustrations of the reaction network are provided in Figures 5c-d that show
the activation energy associated with all reactions (edge color) as well as the activation energy of
the rate-limiting step (AG!. ) and heat of reaction (AAH;) for each product. Although these
illustrations compress a lot of information, it is apparent that several of the newly discovered
products are both thermodynamically and kinetically favorable compared to previously reported
products. For example, products 34, 53, 109, and 111 (among others) all exhibit relatively low-
barrier rate-limiting steps (AG!

1. < bbkcal/mol) and strongly exothermic relationships to 3-
hydroperoxypropanal (AAH; < —50kcal/mol). In addition, we observe several products (6, 10,
and 24) that YARP identified intended channels for, while the previous benchmark identified
these products but failed to converge intended transition states. The difference in this case is
that the previous benchmark only attempted a single-step reaction that failed to converge to
an intended transition state, whereas YARP identified alternative multi-step pathways for these
products. These results clearly demonstrate that the relatively low success and intended rates
reported previously ultimately lead to incomplete reaction discovery and the neglect of potentially
important reaction products. Documentation of all products, rate-limiting reaction barriers, and
reaction pathways predicted by YARP is provided in the Table S3.

In addition to discovering new products, we also observe that YARP predicts new lower barrier
reaction pathways for ten previously reported products (i.e., alternative reaction steps with >5
kcal/mol reduction in activation barrier compared to previous reports). For example, in Figure
6 we show five reaction pathways predicted by YARP that exhibit >20 kcal/mol reduction in
activation energy compared with the previous benchmark. In all of these cases, we observe that

YARP identifies a favorable multi-step reaction pathway, whereas Grambow et al. report a single-

step reaction. This difference can be rationalized by the use of a b2f2 ERS by YARP in the
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Figure 6: Five reaction pathways identified by YARP that exhibit more than 20 kcal /mol reduction
in activation energy. ppN refers to Nth product identified by YARP and RX refers to corresponding
index used by Grambow et al. The number above each arrow lists the activation barrier for each
reaction.

present study, whereas in the earlier work, reactions up to b4f4 were attempted directly. Thus,
even in cases where a more complex ERS can be successfully converged to an intended channel,
it may not be the most kinetically relevant pathway. In contrast, we only observe two cases (R28
and R69, in the original benchmark) where Grambow et al. reported a lower barrier pathway
for products identified by YARP (0 — 14 — 61 and 0 — 14 — 72, respectively). Both of these
cases involve a b3f3 reaction that was not investigated by YARP. We stress that both studies
used the same level of DFT to characterize transition states, and thus these differences reflect
the ERS and geometric initialization procedure specific to YARP. In general, these results suggest
that simpler ERS(s) lead to better convergence and more physically relevant pathways compared
with more complex ERS(s) like b3f3 and b4f4. The general conditions under which this is true
is an interesting question, and we also remind the reader of the failure of YARP to identify the

Diels-Alder reaction in the Zimmerman dataset. Thus, more complex ERS(s) are definitely needed

27



in some cases, but empirically these situations seem to be rare for closed-shell neutral organics.

4 Conclusion

The high computational cost and inconsistent reaction coverage of automated reaction prediction
methodologies are still obstacles to deep reaction networks exploration. While strategies have been
developed to address these problems individually, solving them simultaneously is still an ongoing
challenge. In practice, a trade-off occurs in which increasing reaction coverage typically involves
increasing the number of reactions evaluated at a high-level of theory, whereas decreasing cost
typically involves characterizing less reactions. This has led to a bifurcation between relatively low-
cost prediction methodologies that use domain heuristics to limit the scope of feasible reactions, and
relatively high-cost but systematic methodologies that maximize reaction coverage. As highlighted
here, even in the latter case of systematic reaction exploration, prevailing methods still miss many
reactions due to inconsistent transition state convergence. However, this presentation of the trade-
off implicitly assumes that capping the number of reactions is the only way of reducing cost and
neglects the fact that substantial computational gains are still possible by relatively straightforward
modifications to reaction enumeration, geometry initialization, and transition state convergence
algorithms.

Comparing our methodology, YARP, with contemporary benchmarks, we observe that com-
putational cost can be reduced up to 100-fold, while simultaneously improving the diversity of
identified products and reaction pathways. Moreover, YARP exhibits an overall improvement of
success and intended rates for identifying transition states, exhibiting up to 2-fold and 10-fold im-
provements, respectively, in comparison with prevailing methods. These results demonstrate that
the computational limitations associated with systematic reaction prediction are largely surmount-

able by algorithmic improvements rather than narrowing the scope of assayed reactions. We also
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note that when characterizing deep networks, it is typically unnecessary to explore all branches to
an equal depth, which is the common assumption in estimates of quadratic scaling of the number
of reactions in a network with respect to number of intermediates. As has been pointed out by Lu,
Van de Vijver and others, real reaction networks typically exhibit linear scaling in the number of
kinetically relevant reactions with respect to number of intermediates. Thus, combining systematic
reaction prediction, on a per reactant basis, with kinetic modeling to prioritize which branches to
explore to increased reaction depth is a promising pathway towards achieving linear scaling of deep
network characterizations, without sacrificing reaction discovery.

Ongoing efforts are occurring in this regard to combine YARP with kinetic modeling to elu-
cidate deep reaction networks relevant to electrolyte chemistry and materials degradation. There
are also several obvious extensions to the ERS proposed here that will extend the scope of systems
that YARP can be applied to. As the data generated by high-throughput physics-based approaches
like YARP mature, many opportunities will also be created to utilize machine learning approaches
to further accelerate transition state characterization and refine reaction enumeration. In combi-
nation, these avenues of research make it likely that automated reaction prediction will develop

into a routine research tool for elucidating currently intractable reaction network problems.
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