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ABSTRACT: Elucidating transition states (TSs) is crucial for
understanding chemical reactions. The reliability of traditional TS
search approaches depends on input conformations that require
significant effort to prepare. Previous automated methods for
generating input reaction conformations typically involve extensive
exploration of a large conformational space. Such exhaustive search
can be complicated by the rapid growth of the conformational space,
especially for reactions involving many rotatable bonds, multiple
reacting molecules, and numerous bond formations and dissocia-
tions. To address this problem, we propose a new approach that
generates reaction conformations for TS searches with minimal
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reliance on sampling. This method constructs a pseudo-TS structure based on a reaction graph containing bond formation and
dissociation information and modifies it to produce reactant and product conformations. Tested on three different benchmarks, our
method consistently generated suitable conformations without necessitating extensive sampling, demonstrating its potential to

significantly improve the applicability of automated TS searches.

This approach offers a valuable tool for a broad range of

applications such as reaction mechanism analysis and network exploration.

1. INTRODUCTION

Transition states (TSs) are crucial in elucidating the
mechanisms of chemical reactions. They provide kinetic
information about chemical reactions by determining the
activation barrier for each reaction step.'” Despite their
importance, experimental identification of TS structures
remains an arduous task due to their transient nature.
However, thanks to remarkable advances in quantum
chemistry, they can be characterized computationally with
acceptable accuracy at a reasonable cost.* ™' As a result, it has
become common practice to elucidate reaction mechanisms at
the atomistic level by estimating TS structures with quantum
chemical calculations.

Over the past decades, various methods have been
developed to find TS structures."' " Most of these methods
rely on the molecular geometries of reactants or products.
Representative examples include the nudged elastic band
(NEB) method,">?*™*" the growing string method
(GSM),*>*"** and the artificial force induced reaction
(AFIR) method.”>**** They can be categorized into single-
ended or double-ended methods depending on the type of
input used. Double-ended methods utilize both the reactant
and product geometries to identify TS structures along the
reaction pathway connecting the two structures. On the other
hand, single-ended methods use only reactant geometry to
discover product structures as well as their associated TS
structures. These algorithms have been used for various
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purposes, including mechanism analysis,* ™" reaction network
exploration,”*** and reaction database construction.’”~**

In practice, these methods require input conformations of
reactants and products—known as reaction conformations—
that are properly aligned along the reaction coordinate.”*”%°
For double-ended methods, they additionally require the two
geometries to have a consistent atom ordering, as interpolation
techniques are often employed to find TS structures. While
these requirements can be addressed manually, such an
approach is often tedious and time-consuming, especially for
complex or large reaction systems. Moreover, manual work-
flows become infeasible for large-scale applications involving
hundreds or thousands of reactions.

In this context, substantial efforts have been made to
automate the generation of optimal reaction conformations for
TS searches.” ******~"" Zimmerman and co-workers devel-
oped a tool called ZStruct, which automatically explores
reactions based on predefined reaction rules and generates
suitable reaction conformations consistent with those

rules.*~** Similarly, Young et al. presented autodE,”" another
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Figure 1. Graphical overview of the reaction conformation generation algorithm presented in this work, using formaldehyde dissociation as an
example. Starting with a reaction graph, obtained either from a 3D reactant structure with reaction information or from a reaction SMILES, the
algorithm generates a reaction conformation for subsequent use in TS searches. The process begins by constructing a pseudo-TS structure from the
reaction graph. This structure is then transformed into approximate reactant/product geometries, referred to as pseudo-RP structures. Finally, these
pseudo-RP structures are relaxed to produce the final reaction conformation. The resulting reaction conformation can be used as input for various

conventional TS search methods.

automated TS search package tailored for reaction profile
calculations that employs an approach akin to ZStruct. For
bimolecular reactions, autodE aligns reacting molecules by
positioning reacting atoms in close proximity through a
customized potential. Robertson and Habershon proposed a
scheme for positioning molecules that also minimizes
structural differences between reactants and products, making
it suitable for double-ended methods.”> However, these
methods treat reacting molecules as rigid entities, neglecting
their conformational variations. This simplification can lead to
failures in reactions involving flexible molecules with many
rotatable bonds.”

To address this limitation, Geiger et al. developed a
precomplex generator (hereafter referred to as “Precomplex
Generator”) which considers variations in the torsional angles
of rotatable bonds.”””" By adjusting these angles, it samples
multiple reactant conformations and identifies structures
whose reaction vectors—determined by reaction rules—are
optimally aligned using custom scoring functions. Using this
workflow, they successfully identified TS structures for several
organic reactions involving large, flexible molecules. Similarly,
Zhao et al. employed a machine learning-based classifier to find
optimal reaction conformations.*’* It first samples a large
number of reaction conformations with the CREST algorithm,
and then selects the conformations that are most likely to lead
to the desired TS structure with the classifier. They integrated
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their method into an automated reaction network exploration
package, Yet Another Reaction Program (YARP), and used it
to explore and characterize diverse types of unimolecular
decomposition reactions and a set of bimolecular reactions
comprising more than a hundred elementary reactions.”*”?

Both methods start by sampling the conformational space of
the reactants and/or products. However, the number of
possible conformations grows exponentially with the number
of rotatable bonds. Furthermore, when multiple molecules are
involved, the total conformational space expands rapidly, since
the total size is proportional to the product of the individual
conformational spaces. This combinatorial explosion makes
these methods highly complicated for large reaction systems
containing many rotatable bonds or multiple reacting
molecules. The motivation behind this work is to investigate
whether one can pinpoint a suitable reaction conformation for
any desired TS without resorting to an exhaustive search,
particularly in a large conformational space.

Herein, we present a robust algorithm for generating
reaction conformations appropriate for TS searches. Our
algorithm is inspired by the manual preparation process in
which experts selectively generate desired conformations by
exploiting information about bond formation and dissociation.
By automating this intuitive approach, our algorithm enables
efficient access to TS structures with minimal conformational
sampling. We tested the algorithm on a diverse set of reactions,

https://doi.org/10.1021/acs.jctc.4c01692
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Figure 2. Illustration of the three main steps of the proposed algorithm. (a) Pseudo-TS generation: a TS graph is constructed from a reaction
graph. This graph is then used to generate a 3D pseudo-TS structure. (b) Pseudo-RP generation: the pseudo-TS structure undergoes constrained
scan optimization to generate structures that resemble the reactants (pseudo-R) and the products (pseudo-P). (c) Conformation relaxation: these
pseudo-RP structures are further relaxed through several microcycles of geometry optimization to yield the final reaction conformation.

including a collection of organic reactions prepared by Birkholz
and Schlegel,74 intramolecular Diels—Alder reactions of a
ketothioester,”* and catalytic reactions from the Urey-Miller
experimental system.”> These results confirm that our
algorithm maintains a consistent level of computational
resource usage, irrespective of the rotational degrees of
freedom of reactants or products (e.g., the number of rotatable
bonds) or the types of reactions (e.g, topologies of bond
formations and dissociations). Additionally, the algorithm
effectively generates input for both single-ended and double-
ended TS search methods, establishing it as a valuable tool for
TS search applications.

2. METHODS

Figure 1 illustrates the workflow of our algorithm, using the
decomposition of formaldehyde into molecular hydrogen and
carbon monoxide as an example. Our algorithm generates a
reaction conformation suitable for TS searches of the reaction
of interest. It takes a reaction graph as input, consisting of a
reactant molecular graph and a product molecular graph, and
outputs a reaction conformation for TS search input structures.
The reaction graph can also be derived from a 3D reactant
structure combined with bond change information or from a
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reaction SMILES. Using this reaction graph, our algorithm
proceeds with three main steps to produce the final reaction
conformation: pseudo-TS generation, pseudo-RP generation,
and conformation relaxation. In the first step, the algorithm
uses the reaction graph to construct a three-dimensional
structure resembling a hypothetical TS, referred to as a
pseudo-TS (pseudo-TS generation). While this structure is not
an exact TS, it provides a well-aligned geometry with the
reacting atoms positioned appropriately along the reaction
coordinate. This is the key to our algorithm, which allows for
suitable reaction conformation generation with minimal
conformational sampling. In the next step, the pseudo-TS
structure is transformed into preliminary geometries resem-
bling true reactants and products, referred to as pseudoreactant
(pseudo-R) and pseudoproduct (pseudo-P) (pseudo-RP
generation). A constrained optimization procedure is applied
in this step to ensure that the resulting geometries are well-
aligned with the desired atomic connectivities of the reactants
and products. The prefix “pseudo” is used because these
geometries are similar to the true reactants and products, but
not exactly the same, and are often slightly less stable. Finally,
the pseudo-R and pseudo-P structures are further optimized to
yield the final reaction conformations (conformation relaxa-

https://doi.org/10.1021/acs.jctc.4c01692
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tion). These optimized conformations can then be used as
input for the TS search methods, such as the NEB method and
GSM. Figure 2 details the three main steps, which are
described in the following sections.

2.1. Pseudo-TS Generation. A TS graph is first derived
from the given reaction graph. This TS graph is constructed by
adding new bonds to the molecular graph of the reactants
according to the bond formation information contained in the
reaction graph. In Figure 2a, the TS graph containing a three-
membered ring is formed from the reaction graph, where the
orange dotted line represents the bond formation in the
reactant. The bond formations in the products, which also
correspond to the bond dissociations in the reactants, are
represented by blue dotted lines. Since the reacting atoms are
connected in the TS graph, the corresponding 3D structure
aligns the reacting atoms close together along the reaction
coordinate. However, in most cases, a 3D structure cannot be
generated from this TS graph because it is usually chemically
invalid (e.g., violates the octet rule), making it incompatible
with cheminformatics tools such as RDKit. To resolve this
problem, the graph is temporarily modified into a chemically
valid counterpart that retains its original atomic connectivity.
In the figure, the two hydrogen atoms that violate the octet
rule by bonding with two other atoms are replaced by oxygen
atoms. A conformer is generated from this modified graph,
after which the original atoms are restored. In addition, the
bond lengths in the resulting structure are adjusted to specific
values to more closely resemble an actual TS structure. The
target values are based on suggestions from the work of
Birkholz and Schlegel.”* It is important to note that these
adjustments do not need to be precise, nor does the resulting
pseudo-T'S need to closely resemble the true TS structure. The
primary purpose of generating the pseudo-TS is to provide an
initial alignment between the reacting molecules that is suitable
for the given reaction. Further details on the modification and
adjustment process are available in the Supporting Informa-
tion.

2.2. Pseudo-RP Generation. Constrained scan optimiza-
tion is applied to the pseudo-TS to generate the corresponding
pseudo-R and pseudo-P structures. During the scan
optimization, the interatomic distances between the reacting
atoms are gradually increased or decreased to the target
distances by directly manipulating them, without using external
forces. The target distances are determined by the sum of the
atomic radii of the two reacting atoms, scaled by specific scale
factors denoted as A; for bond formation and A4 for bond
dissociation

A(R; + R)) if (i, j) € &
d. =
kKl ’1d max (Rk + Rz) if (i, ]) €S
(k,1)esy

where d; denotes the target distance between the ith and jth
atoms, and R, denotes the atomic radius of the ith atom. S; and
S4 denote the sets of bond formations and dissociations,
respectively. In general, A values range from 1.0 to 1.2, while 44
values range from 1.8 to 2.2. Within these ranges, the distance
between atoms involved in bond formation generally decreases
while the distance between atoms involved in bond
dissociation increases.

The pseudo-TS is inherently unstable, making it difficult to
transform into the desired reactant and product geometries
using simple scan optimization or intrinsic reaction coordinate
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(IRC) calculations.”® Furthermore, the alignment of reacting
atoms in the pseudo-TS must be preserved throughout the
transformation. To meet these requirements, we devised a
special constrained scan optimization technique. This
technique introduces two additional constraints to the
standard scan optimization procedure: (1) fixing all
interatomic distances between the bonded atoms, and (2)
limiting the maximum number of optimization steps and the
maximum displacement per step. The first constraint is
intended to maintain the atomic connectivities of molecules
during optimization. The second constraint suppresses large
structural changes, preserving the initial atomic alignment and
preventing undesired bond changes. To strike a balance
between accuracy and computational efficiency, semiempirical
methods such as PM6”” and GEN2-xTB’® are used by default
for this step.

2.3. Conformation Relaxation. Each pseudo-R and
pseudo-P undergoes several microcycles of geometry opti-
mization. This step is often essential, as these structures tend
to be unstable due to the constraints imposed in the previous
step, particularly those that fix interatomic distances. Unlike
the previous step, no geometric constraints are applied during
optimization. However, limits on the maximum number of
optimization steps and the maximum displacement are retained
to preserve proper alignments. The relaxation process
terminates when the stabilization energy within an optimiza-
tion cycle falls below a predefined threshold. Based on our
experience, an energy threshold between 3 and 10 kcal/mol,
comparable to typical conformational energy differences,”” ™'
is appropriate. In Figure 2c, the process was completed within
two cycles for both pseudo-R and pseudo-P, as the stabilization
energies of the second cycle fell below the 10 kcal/mol
threshold. The relaxed structures are closer to the stable
reactant and product structures, while maintaining their
molecular alignment along the reaction coordinate. These
resulting structures can now be used as input for various TS
search methods to identify TS structures.

Several options are available for this relaxation step. First,
different levels of theory can be used during the optimization
cycle. In general, using the same level of theory as in the
subsequent TS search is optimal for maximizing the success
rate of the TS search; however, this approach can make the
generation process slow. Semiempirical methods often strike
the best balance between efficiency and reliability. Addition-
ally, preoptimization can be performed using force field
methods, such as the Universal force field (UFF)® or the
Merck molecular force field (MMFF).*> While this option
often enhances the performance of the algorithm, it can
occasionally disrupt the alignment of reaction conformations.
Users can select a specific option or combine several
approaches based on their requirements.

3. RESULTS AND DISCUSSION

We assessed the proposed method by applying it to three
benchmark sets. All quantum chemical calculations for the
reaction conformation generation were carried out with the
GEN2-xTB method as implemented in the ORCA®* package,
and preoptimization with UFF was used in the conformation
relaxation step. The detailed procedures for TS searches are
described in the corresponding sections. The identified TS
structures were ri_gorously validated by vibrational analysis and
IRC calculations.”® The hyperparameters used in each section
are summarized in Section S4 of the Supporting Information.

https://doi.org/10.1021/acs.jctc.4c01692
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Figure 3. Reaction conformations of the Birkholz and Schlegel set generated by our algorithm.

Table 1. Electronic Energies of TS Structures of the Birkholz and Schlegel Set Obtained Using a Single Reaction Conformation

for Each Reaction”

E.
C2N20 —263.2163
CSHT —195.2614
HCN —93.3474
Cope —234.5720
CPHT —194.0664
cyc-but —155.9262
DACP2 —388.1902
DACP + eth —272.6725
DFCP —316.2708
ene —196.4582
Grignard —3580.1803
H2 + CO —114.3649
HF + eth —178.9610
hydro —460.5243
MeOH —115.5732
oxirane —652.6848
oxyCope —270.4669
silane —291.7942
SN2 —717.9007
sulfolene —704.5600

Esron Exes Esg-gsm
—263.2163 —263.2163 —263.2163
—195.2614 —195.2614 —195.2614

—93.3474 —93.3474 —93.3474
—234.5720 —234.5720 —234.5720
—194.0664 —194.0664 —194.0664
—155.9262 —155.9262 —155.9262
—388.1857 —388.1857 —388.1857
—272.6725 —272.6725 —272.6725
—316.2708 —316.2708 —316.2708
—196.4582 —196.4582 —196.4582

—3580.1803 —3580.1803 —3580.1803
—114.3649 —114.3649 —114.3649
—178.9610 —178.9610 —178.9610
—460.5188 —460.5188 —460.5188
—115.5732 —115.5732 —115.5732
—652.6372 —652.6372 —652.6372
—270.4669 —270.4669 —270.4669
—291.7942 —291.7942 —291.7942
—717.8410 —717.8410 —717.8410
—704.5600 —704.5600 —704.5600

“All energies are reported in E, and calculated at the B3LYP/6-31G(d,p) level of theory. E, is the electronic energy of the TS structures as
reported in ref 74, while Egrqn, Enps, and Egg oy are energies of the TS structures obtained using the STQN, NEB, and SE-GSM methods,

respectively.

3.1. Benchmark on the Birkholz and Schlegel Set. The
first benchmark set consists of reactions reported by Birkholz
and Schlegel’® (hereafter referred to as the Birkholz and
Schlegel set), which have been widely used to evaluate various
TS search methods.>>”**>® This set includes diverse reaction
types such as insertion, addition, elimination, hydrolysis, ring
opening/closing, substitution, cycloaddition, and rearrange-
ment. The generated conformations were used as input for
both single- and double-ended methods to assess the versatility
of our method. Three TS search methods were used for this
purpose: the synchronous transit-guided quasi-Newton
(STQN) method'*'® and the nudged elastic band (NEB)
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method">**™* for the double-ended methods, and the single-
ended growing string method (SE-GSM)* for the single-
ended method. The STQN method employs a synchronous
transit interpolation algorithm to directly search for saddle
points near the interpolated reaction path between the given
reactant and product structures. Alternatively, the reaction
path optimization methods like the NEB method and the SE-
GSM find an approximate TS structure by exploring a
minimum energy path (MEP) between the reactant and
products.””> As a double-ended method, the NEB method
tries to optimize the initial path generated by interpolating
between the reactant and product structures toward the MEP.

https://doi.org/10.1021/acs.jctc.4c01692
J. Chem. Theory Comput. 2025, 21, 2487-2500
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The reaction path is optimized under a spring force between
images that is intended to make the spacing between them
uniform.'” In contrast, SE-GSM is a single-ended method that
only uses the reactant structure to search for TS structures.
Starting from the reactant, it iteratively adds new images to the
reaction path and optimizes the current path.*” The direction
of the path growth is guided by a specified reaction coordinate,
such as bond formation and dissociation rules. For both NEB
and SE-GSM, the local maxima along the optimized reaction
paths serve as approximate TS structures. These are further
refined using other TS optimization methods, such as Berny
optimization, to obtain exact TS structures.

In this work, the two-input quadratic synchronous transit
(QST2) option, which uses reactant and product structures as
inputs, served as the default for the STQN method. When
QST2 failed, the three-input quadratic synchronous transit
(QST3) option was applied, with the pseudo-TS structure as
the third input. SE-GSM and NEB were performed using the
pyGSM®” and pysisyghus88 packages, respectively, followed by
Berny optimization®” for the TS refinement. All quantum
calculations for TS searches were performed with B3LYP/6-
31G(d,p) as implemented in Gaussian 09,”" in line with the
original work.

Our method should be able to generate suitable reaction
conformations without having to consider numerous con-
formations of reactants or products, provided that our
algorithm effectively replicates the manual input preparation
process. To test this hypothesis, we first evaluated the
performance of our method using only a single reaction
conformation for each reaction. These conformations were
obtained by sampling a single pseudo-TS structure from each
TS graph. Figure 3 shows the reaction conformations
generated by our algorithm for each reaction in the test set.
As shown in the figure, the reactant and product structures are
properly aligned along the reaction coordinate. Furthermore,
the structural differences between the reactant and product
structure pairs appear to be minimal, facilitating TS searches
with both double- and single-ended methods. Table 1 lists the
electronic energies of the TS structures identified by each TS
search method, utilizing these structures as input. The
electronic energies of the reference TS structures are also
listed for comparison. Notably, all TS structures were
successfully obtained by only considering a single reaction
conformation per reaction, proving the previous hypothesis. In
addition, the electronic energies of most TS structures were
close to the reference values, demonstrating the high reliability
of our method. The raw output logs are available in ref 91.

To assess the efficiency of our algorithm, we measured the
elapsed time for reaction conformation generation and TS
search with the three methods. Table 2 summarizes the results.
The time required for conformation generation ranged from a
few seconds to under two min. This is slower than existing
approaches; for example, Precomplex Generator typically
generates reaction conformations of common organic reactions
within a few seconds. The greater computational cost of our
method is primarily attributed to the use of semiempirical
methods to transform pseudo-TS structures into reactant and
product structures. The intrinsic time complexity of semi-
empirical methods causes the time cost of our method to
significantly increase with the number of atoms. For instance,
the HCN reaction, consisting of three atoms, took 8 s, while
the Grignard reaction involving 37 atoms needed about two
min, as shown in Table 2.

2492

Table 2. Computational Time for Reaction Conformation
Generation and Subsequent TS Searches”

N toen tsTQN NEB tSE-Gsm
C2N20 9 1S's 32s 1Smin0s 40 min SO s
CSHT 13 12 s 56 s 27 min 51's 1 h 24 min
21ls
HCN 3 8s 12 s 1 min 12 s 19 min 32 s
Cope 16  20s 1 min 37 s 50 min 19 s 2 h 20 min
12 s
CPHT 11 1S's 3Ss 17 min 2 s 1 h 24 min
3s
cyc-but 10 22 25s 20 min 59s 1 h 3 min
24 s
DACP2 22 40 s 4 min 42s 48 min 38 s 4 h 27 min
12 s
DACP + eth 17 34s 1min 12 s 26 min 35s 2 h 3 min
37s
DECP 9 16 s 34 s 19min4s 42minls
ene 15 22 1 min26s 42 min2ls 1h 49 min
46 s
Grignard 37 1 min 2h33min 16 h21 min 31 h § min
49 s 0s 30s 30s
H2 + CO 9s 17 s 7 min 22 s 41 min 40 s
HF + eth 8 10 s 24 s 1Smin7s 26 min 18 s
hydro 20 39s 12 min 1h 30 min 4 h 12 min
36s 2s 44 s
MeOH 6 8s 29 s 11 min 18 s 12 min 29 s
oxirane 27  43s 27 min 3h 57 min 17 h 15 min
57 s 28 s 28 s
oxyCope 14 17s 1min33s 49min4s 1h 36 min
37s
silane S 8s 17 s 7 min 54 s 22 min 48 s
SN2 15 19 s 3min7s 53 min29s 1h28 min
27 s
sulfolene 13 31s 1min47s Slmin8s 2h 17 min
S3s

“Nitom is the number of atoms, £, is the time taken by our algorithm
to generate one reaction conformation. tgron, tnes and fsg.ggm are the
times taken by the STQN method, the NEB method (including TS
refinement), and SE-GSM (including TS refinement). All computa-
tions were run on a 108-node cluster composed of two Intel(R)
Xeon(R) ES—2667 v4 @ 2.40 GHz CPUs (14 effective cores for each
CPU) and 128 GB of memory per node. Reaction conformation
generation was performed on a single CPU core, whereas TS searches
utilized 7-core parallelization.

However, the computational cost of our method was often
negligible compared to the TS search methods at the DFT
level. Specifically, the time required for reaction conformation
generation was around one to two orders of magnitude shorter
compared to the time taken by the NEB method and the SE-
GSM. On the other hand, the difference was less pronounced
for the STQN method. This is because STQN directly
optimizes a single structure to the TS, while the NEB method
and SE-GSM optimize an entire reaction pathway, typically
consisting of more than nine images in this work. For reactions
involving a small number of atoms, the computation times for
STQN and our algorithm were comparable, both requiring
only a few seconds. However, as the system size increases (>15
atoms), the computational time for STQN becomes
significantly longer than that for reaction conformation
generation. It should also be noted that all TS search methods
were run on seven CPU cores, while our conformation
generation was performed using only a single CPU core. In the
case of the Grignard reaction, which showed the largest
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difference, the generation time was only about 1.3% of the
STQN method and less than 0.2% of NEB or SE-GSM.

In summary, although our algorithm may not be as fast as
other existing approaches in generating reaction conforma-
tions, its relative computational cost is negligible compared to
the cost required for TS searches. Moreover, it remains
efficient even when dealing with complex conformational
spaces. This efficiency stems from its ability to generate
suitable input structures with minimal conformational
sampling. In addition, the algorithm is compatible with both
single- and double-ended TS search methods.

Meanwhile, for four reactions in the benchmark set, we
obtained TS structures that were less stable than those in the
reference. Figure 4 shows three of them: the DACP2, SN2, and

a. DACP2
E,. = -388.1857 E,,, = -388.1902
b. SN2
a JF )
—\F ﬁ;:‘: CI-;k-F -
E,.= -717.8412) E.

¥ # B, ! %.
--0, 0. O°H
" \:,_.\‘_(‘ H,O”H b_pa\

-460.5188

-460.5243

ETS =

ERef -

Figure 4. Examples of TS structures identified by our method that are
less energetically stable than the reference structures. The TS
structures obtained by our method are shown on the left, while the
reference TS structures are shown on the right. (a) DACP2 reaction:
our method identified an exo-TS that is slightly less stable than the
endo-TS reported in the reference. (b) SN2 reaction: our method
produced an unusual front-side attack TS, while the reference
structure corresponds to the more stable back-side attack TS. (c)
Hydro reaction: differences in electronic energy arise from the distinct
placement of functional groups in the equatorial versus axial positions
around the six-membered ring TS structure.

hydro reactions. The left side shows the TS structures
identified by our algorithm, while the right side shows the
reference structures. For the DACP2 reaction, our method
identified the exo-TS, which is slightly less stable than the
endo-TS reported in the reference. In the case of the SN2
reaction, we identified an unusual front-side attack TS, while
the reference provided the more stable back-side attack TS,
with a difference in energy of over 30 kcal/mol. A similar
problem was observed for the oxirane reaction, as shown in
Figure S7. For the hydro reaction, the differences in electronic
energy resulted from variations in the placement of functional
groups in the equatorial versus axial positions around the six-
membered ring TS structure. These results suggest that these
reactions can have multiple TS conformations.
Conventionally, TS conformational sampling is employed to
explore several different TS conformations. This technique
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involves the conformational sampling on the identified TS
structures and the subsequent TS optimization. However, the
success rate of the entire process is often unpredictable since
the accuracy of the TS cztptimization is very sensitive to the
initial TS guess.'”**”>™"* In this regard, we employed an
alternative strategy. Rather than sampling directly from
identified TS structures, we sampled diverse reaction
conformations for TS searches to obtain different TS
structures. This approach is based on the assumption that
the TS structure obtained from each reaction conformation
will closely resemble the pseudo-TS structure from which the
reaction conformation originated. In our algorithm, a variety of
pseudo-TS structures is sampled initially. The sampled pseudo-
TS structures are then used to generate corresponding reaction
conformations. From these reaction conformations, multiple
TS structures can be obtained. While this strategy involves
additional computational steps, it can have a higher success
rate than the conventional TS conformational sampling
strategy. This is because sampled pseudo-TS structures do
not need to closely resemble true TS structures to yield high-
quality reaction conformations for TS searches, as demon-
strated previously.

Two sampling strategies were employed. First, we
enumerated pseudo-TS stereoisomers by varying the stereo-
chemistry at the reaction centers, as described in Section S2 of
the Supporting Information. Second, we applied the CREST
method”®” to each enumerated stereoisomer to sample more
stable pseudo-TS structures. Constraints on the bonds
involved in the reaction were introduced during the sampling
process. For the sake of computational efficiency, only the
three most stable structures from CREST were considered,
assuming that highly unstable pseudo-TS structures will lead to
unstable TS structures. We also excluded pseudo-TS structures
with energy differences less than 0.5 kcal/mol to avoid finding
duplicate TS structures. The resulting reaction conformations
were then subjected to TS searches using the STQN method,
which had the shortest computational time. In cases where the
STQN method failed, the NEB method was used for additional
TS search.

Table 3 summarizes the results obtained using multiple
reaction conformations. The lowest energy TS structure of
each reaction was comparable to or more stable (oxyCope and
hydro reaction) than the reference structures. In most cases,
only a single pseudo-TS structure was still considered despite
using the above strategies, implying that no other viable TS
conformations may exist. For these reactions, the electronic
energies of the TS structures match the reference values,
except for the oxyCope reaction and the hydro reaction, which
had even lower electronic energies than the reference. In cases
where multiple reaction conformations were considered,
diverse TS structures were identified for several reactions,
demonstrating the possibility of multiple TS conformations.
Notably, the overall success rate for these and other tested
reactions were 100%, underscoring the high reliability of using
multiple reaction conformations for TS searches.

Figure § illustrates how the sampling strategies contributed
to the identification of more stable TS structures. For the
DACP2 reaction (Figure Sa), a pseudo-TS close to the endo-
TS was sampled using stereoisomer enumeration, eventually
leading to the TS structure with an energy matching the
reference. This enumeration also helped identify the back-side
attack TS for the SN2 reaction (Figure Sb). Without
stereoisomer enumeration, only the pseudo-TS structure with
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Table 3. Summary of TS Searches of the Birkholz and
Schlegel Set Using Multiple Reaction Conformations for
Each Reaction”

E.s Neont Nouccess  Nair Eioest
C2N20 —263.2163 1 1 1 —263.2163
CSHT —195.2614 1 1 1 —195.2614
HCN —93.3474 1 1° 1 —93.3474
Cope —234.5720 1 1 1 —234.5720
CPHT —194.0664 1 1 1 —194.0664
cyc-but —155.9262 1 1 1 —155.9262
DACP2 —388.1902 2 2 2 —388.1902
DACP + eth —272.6725 1 1 1 —272.6725
DFCP —316.2708 1 1v 1 —316.2708
ene —196.4582 1 1 —196.4582
Grignard —3580.1803 3 31’ 1 —3580.1803
H2 + CO —114.3649 1 1 1 —114.3649
HF + eth —178.9610 1 1 1 —178.9610
hydro —460.5243 6 6 6 —460.5252
MeOH —115.5732 1 1 1 —115.5732
oxirane —652.6848 7 7 4 —652.6848
oxyCope —270.4669 1 1 1 —270.4734
silane —291.7942 1 1 1 —291.7942
SN2 —717.9007 3 3 2 —717.9007
sulfolene —704.5600 1 1 1 —704.5600

“All energies are reported in E},, and the STQN method was used for
the TS searches unless noted otherwise. E,.¢is the electronic energy of
the TS structures as reported in ref 74. N, the total number of
reaction conformations used in TS searches. N ... is the number of
successful TS searches. Nyg is the number of TS structures with
distinct energles Elgwest 18 the electronic energy of the most stable TS

structure. “The NEB method was additionally used to locate the TS

structure from one of the generated reaction conformations.

an F—C—Cl angle of about 90° was considered, leading to the
front-side attack TS structure. With the stereoisomer
enumeration, a pseudo-TS structure with an F—C—Cl of
180° was also considered, resulting in the typical back-side
attack TS. A similar improvement was observed for the oxirane
reaction (Figure S8). These results support our assumption
that true TS structures tend to be close to the corresponding
pseudo-TS structures. Additional examples of this correspond-
ence can be found in Figures S9 and S10. For the hydro
reaction (Figure Sc), both stereoisomer enumeration and
CREST played crucial roles in identifying stable TS structures.
Starting from a pseudo-TS stereoisomer that matches the
stereochemistry of the reference TS structure, CREST
generated multiple pseudo-TS structures, yielding several
reaction conformations from that initial stereoisomer. TS
search from these conformations produced one TS structure
that exactly matched the reference, while another TS structure
was found to be even more stable than the reference.
Interestingly, CREST also improved the TS structure of the
oxyCope reaction (Figure 5d). Initially, a boat-form TS
consistent with the reference was derived from a boat-form
pseudo-TS structure. However, applying CREST yielded a
chair-form pseudo-TS, which ultimately led to a chair-form TS
that was 4 kcal/mol lower in energy than the reference.
Overall, these results demonstrate that our algorithm can
reliably identify lower-energy TS structures by considering
multiple reaction conformations.

Because applying these sampling strategies can significantly
increase the overall computational cost, we offer the following
recommendations on when to consider their use. First,
stereoisomer enumeration is generally recommended because
it can identify lower energy TS structures with an insignificant
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c. Hydro
t
Et,
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Figure S. Illustration of improvements in TS structures through stereoisomer enumeration and conformational sampling. (a) DACP2 reaction:
stereoisomer enumeration led to the identification of the endo-TS. (b) SN2 reaction: stereoisomer enumeration resulted in the identification of the
back-side attack TS. (c) Hydro reaction: stereoisomer enumeration and CREST enabled us to obtain a TS structure with an electronic energy even
lower than the reference. (d) oxyCope reaction: CREST allowed the discovery of a TS structure even more stable than the reference.
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increase in cost. Second, conformational sampling methods,
such as CREST, should be used cautiously due to their high
computational expense, especially in reaction systems with
large conformational spaces. When these methods are
employed, retaining the three most stable conformations for
each stereoisomer seems to be sufficient. Typically, enumerat-
ing only stereoisomers results in up to 2" isomers, where n is
the number of reacting atoms. If three conformations are
considered for each stereoisomer, a maximum of 3 X 2"
structures is evaluated.

For comparison, we briefly report on the performance of
other existing methods on the Birkholz and Schlegel set. Two
most recently developed methods were adopted: Precomplex
Generator’’ and the conformational sampling strategy®*
implemented in YARP, henceforth referred to simply as
“YARP”. The structures generated by Precomplex Generator
were subjected to SE-GSM, since the method generates
reactant conformations (also called “precomplexes”) for single-
ended methods. The HCN, CPHT, and H2 + CO reactions
were omitted because these reactions each have only one
reactant conformer. Meanwhile, the reaction conformations
generated by YARP were subjected to the STQN and NEB
methods, which are double-ended methods intended to be
used with YARP. The Grignard and silane reactions were
omitted for YARP as its ML-based classifier, which filters
reaction conformations, does not support elements Mg and Si.
All generated reactant/reaction conformations were subjected
to TS searches. Detailed procedures for Precomplex Generator
and YARP, along with the following T'S searches, are described
in Section S7 of the Supporting Information.

Table 4 provides a side-by-side comparison of the results.
Precomplex Generator failed for six reactions. The CSHT
reaction failed because Precomplex Generator did not output
any reactant conformations. The other reactions failed due to
SE-GSM failures. These SE-GSM failures stem from the
inadequate alignment between the reacting atoms, as can be
seen in Figure S11. Among the successful cases, while
Precomplex Generator obtained a lower energy TS structure
than the reference for the oxyCope reaction, it produced
higher energy TS structures for the oxirane and DACP2
reactions. Additional TS conformational sampling may be
required to obtain lower energy TS structures for those two
reactions.

YARRP failed for four reactions with STQN and two reactions
with NEB. This is likely because the CREST algorithm, used at
first to generate many reactant conformations, tends to find
minimum energy structures rather than structures suitable for
TS searches. This weakness is particularly evident in the hydro
reaction, as shown in Figure S12, where both TS search
methods failed. The main cause of the failure was the hydrogen
bonds between the reactant molecules, which disrupted the
reacting atoms from being properly aligned. Like Precomplex
Generator, YARP yielded TS structures with energies higher
than the reference for some reactions (HCN, DACP2, and
oxirane reactions), indicating that additional TS conforma-
tional sampling is also required to find more stable TS
structures.

3.2. Study on the Intramolecular DA Reactions of a
Ketothioester. The second test set consists of intramolecular
Diels—Alder (DA) reactions of a ketothioester, originally
studied by Yang et al.’® In this study, we selected five DA
reactions previously investigated by Zhao and co-workers with
YARP.**" Figure 6a illustrates these reactions and their
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Table 4. Results of TS Searches of the Birkholz and Schlegel
Set Performed with Precomplex Generator and YARP“

Precomplex Generator YARP
Esg asm Esran Exes

C2N20 failed —263.2163 —263.2163
CSHT failed —195.2614 —195.2614
HCN N/A" -93.2943 failed

Cope —234.5720 —234.5720 —234.5720
CPHT N/A" failed —194.0664
cyc-but failed —155.9262 —155.9262
DACP2 —388.1857 —388.1857 —388.1857
DACP + eth —272.6725 failed —272.6725
DECP —316.2708 —316.2708 —316.2708
ene —196.4582 —196.4582 —196.4582
Grignard —3580.1803 N/A® N/A®

H2 + CO N/A” failed —114.3649
HF + eth —178.9610 —178.9610 —178.9610
hydro failed failed failed

MeOH —115.5732 —115.5732 —115.5732
oxirane —652.6454 —652.6791 —652.6791
oxyCope —270.4734 —270.4734 —270.4669
silane —291.7942 N/AC N/AC

SN2 failed —717.8410 —717.8410
sulfolene failed —704.5600 —704.5600

“Multiple reactant/reaction conformations were used for TS searches
for each reaction, with more details in Section S7 of the Supporting
Information. Egg gy is the electronic energy of the most stable TS
structure obtained with Precomplex Generator and SE-GSM. Egrqn
and Eygp are the electronic energies of the most stable TS structure
obtained with YARP in conjunction with STQN and NEB,
respectively. All energies are reported in Ej. YReaction involves
reactant with only one conformer. “Reaction includes elements not
supported by YARP.

respective thermodynamic properties in kcal/mol. The values
in parentheses are those reported in ref 64. All of these
reactions have activation barriers below 40 kcal/mol, indicating
their kinetic feasibility. Starting with a single reactant molecule
containing many double bonds and rotatable bonds, these DA
reactions produce a diverse range of complex products, making
the generation task more challenging than the previous test set.
Despite these complexities, we successfully generated appro-
priate reaction conformations for TS searches in less than a
minute, as detailed in Supporting Information S10. TS searches
were performed with the STQN method at the B3LYP/6-31G
level implemented in Gaussian 16,”° and thermochemical
properties were obtained with vibrational calculations at the
B3LYP-D3(BJ)/TZVP level of theory, as conducted in the
original studies.

To identify stable TS conformations, we employed the
pseudo-TS sampling strategies described in the previous
section. For these DA reactions, stereoisomer enumeration
was also critical in generating conformers with the correct E/Z
stereochemistry, as the R/S stereochemistry of the reaction
centers influences the E/Z stereochemistry of the resulting
reactant (see Figure S13). For this reason, only reactant
conformations where the E/Z stereochemistry of the generated
reactant matched that of the original reactant were used for TS
searches. In addition, to reduce computational cost, we used
only the most stable pseudo-TS structure provided by CREST
for each stereoisomer.
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Figure 6. (a) Ilustration of the five intramolecular Diels—Alder reactions studied in this work, with reacting dienes highlighted in orange and
dienophiles in blue. Activation energies (AE¥) and free energies of activation (AG¥) are given in kcal/mol, with reference values from ref 64
provided in parentheses. (b) Comparison of the TS structures and the corresponding products between the reference and those identified by our
method for the DAS reaction. The energy and free energy values, expressed in kcal/mol, show that our method identified a pathway that is more
favorable both kinetically and thermodynamically, leading to a different product stereoisomer with an energy difference of approximately 10 kcal/
mol. (c) Distribution of activation energies and free energies of activation of the TS structures identified by our method across all reactions. The
red bars indicate the energy and free energy values of the most stable reference TS structure.
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Figure 7. (a) A set of high-molecularity elementary reactions discovered with nanoreactor simulations, which has been selected to test our method.
Each involves three or more reactant molecules. (b) TS structures obtained from the reaction conformations generated by our method. (c)
Example of R7, demonstrating the method’s capability to intelligently generate reaction conformations using a pseudo-TS structure. Distances
between atoms are in angstroms (A). Our use of pseudo-TS allows the alignment of multiple molecules along the reaction coordinate without
exhaustive sampling, which is particularly effective in complex reactions such as R7 involving four reactant molecules.

The calculated thermochemical properties of the reactions activation (AG¥) were lower than their respective reference
are summarized in Figure 6a. For all five reactions except DAL, values. In DAI1, the activation barrier remained nearly
the calculated activation energies (AE¥) and free energies of unchanged. The other four reactions showed notable improve-
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ments. Three reactions showed modest decreases of 2—4 kcal/
mol, while DAS showed a significant decrease of about 8 kcal/
mol; the calculated activation energy was 31.3 kcal/mol, while
the reference was 39.2 kcal/mol. Figure 6b compares the newly
identified DAS TS structure with the reference structure. The
new TS structure leads to a product stereoisomer that is about
10 kcal/mol more stable than the reference, suggesting that the
new pathway is more favorable both kinetically and
thermodynamically. For the remaining reactions (DA2—DA4,
see Figure S14), both new and reference TS structures yield
the same product stereoisomer. The improvements in these
reactions were less pronounced than in DAS due to only minor
differences in their side chain conformations. Figure 6¢ shows
the distribution of the calculated AE¥ and AG¥ of all TS
structures identified by our algorithm. The red bars indicate
the lowest energy values reported in the reference for each
reaction. The result shows that our method enables us to find
various TS conformers of large and complex molecules,
including at least one TS conformer with an energy lower
than the corresponding reference value.

For Precomplex Generator, it successfully identified several
TS structures for reactions DA1, DA2, and DA3 with SE-GSM.
However, no TS structure was found for DA4 and DAS. For
DAA4, two reactant conformations were generated, but SE-GSM
failed to identify TS structures for both. In the case of DAS, the
method did not output any reactant conformations. These
results exemplify the challenge of finding suitable reactant
conformations for TS searches when a reaction contains many
rotatable bonds. Detailed results can be found in Section S11
of the Supporting Information. Note that YARP was not tested
on this set, as the reference structures for comparison were
generated with YARP.

3.3. Study on Multimolecular Reactions Discovered
by Nanoreactor Simulations. The final test set consists of
high-molecularity elementary reactions discovered from
automated methods for reaction exploration, such as nano-
reactors. For instance, nanoreactor simulations produce many
possible products triggered by high pressure and temperature
conditions or external potentials. Because the simulations
provide energetic states along a reaction path connecting two
products, they can be used as initial guesses for subsequent TS
searches. Diverse systems have been studied with such
methods.”>”™'%” To examine whether our method can be
used in such cases, we applied it to a glycine formation reaction
network discovered from a nanoreactor simulation.”” Seven
elementary reactions involving three or more reactant
molecules were selected from the network, as shown in Figure
7a. Unlike the previous test sets, the reactant molecules in this
test are relatively small, but the complexity of the conforma-
tional space remains high due to the many possible
orientations between three of four molecules in each reactant
state, making the generation task difficult. Adding to this
difficulty, for each reaction, only one input reaction
conformation was generated and evaluated with the STQN
method at the B3LYP/6-31G+(d,p) level of theory.

Despite the aforementioned complexities, we successfully
identified T'S structures for all reactions, as listed in Figure 7b.
Figure 7c illustrates how our method generated reactant and
product geometries that are suitably aligned for the R7
reaction. This reaction involves four reactant molecules, which
can have numerous molecular arrangements. The figure
highlights the critical role of the pseudo-TS in intelligently
positioning the molecules along the reaction coordinate
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without requiring extensive sampling. Starting from this
pseudo-TS structure, our method gradually modifies it to
generate a suitable reaction conformation without sampling for
multiple conformations. Notably, Precomplex Generator and
YARP failed to generate reactant/reaction conformations for
about half of the reactions, with the former producing four
conformations and the latter three. Among them, Precomplex
Generator successfully identified TS structures only for
reactions R3 and R6, while YARP succeeded only for R3
using the STQN method. These results underscore the
difficulty of generating well-aligned reaction conformations
for multimolecular reactions. Detailed results are provided in
Section S12 of the Supporting Information.

4. CONCLUSIONS AND OUTLOOK

Automating TS searches has become increasingly important
for advancing computational studies of chemical reactions.
Traditional approaches have relied on the conformational
sampling of reactants and products, which, while effective, can
become highly complicated for reaction systems with large
conformational spaces. To address this challenge, we have
developed a robust method that generates reaction con-
formations suitable for TS searches with minimal reliance on
conformational sampling. A unique feature of our method is
the construction of a pseudo-TS structure based on the bond
formation and dissociation information on a given reaction,
which is subsequently transformed into reactant and product
geometries. We have rigorously tested the method on three
benchmark sets encompassing a diverse set of organic
reactions, reactions with extensive conformational spaces, and
high-molecularity reactions. Remarkably, our method success-
fully characterized TS structures across all test cases. In many
instances, a single pseudo-TS was sufficient to identify the TS
structure with negligible computational cost compared to
traditional TS search workflows. We compared the perform-
ance of our method with those of two existing methods,
Precomplex Generator and YARP. The results show that our
method achieved a higher success rate in TS searches and
generally produced higher-quality TS structures. This advant-
age becomes especially pronounced in reactions with expansive
conformational spaces or those involving three or more
molecules. Moreover, by sampling multiple pseudo-TS
structures, we discovered several distinct TS structures, some
of which had energies lower than those found in the reference.
This demonstrates the high reliability and efficacy of our
approach in preparing input structures for TS searches,
regardless of reaction complexity.

Despite these advancements, further development is
necessary. Currently, the use of semiempirical calculations
renders our algorithm slower than some existing methods. To
overcome this limitation, faster electronic energy calculation
methods, such as machine learning interatomic poten-
tials,"”>~'%” can be employed. Another area for future work
is to extend our method to support reactions involving
transition metals, such as organometallic reactions. The
complexity of generating conformers for metal-containing
species presents a challenge in creating appropriate pseudo-TS
structures. Finally, while our method significantly reduces the
need for exhaustive sampling of reaction conformations,
exhaustive conformational sampling is still required to identify
the most stable TS conformations. Future work in this area
may enable our method to pinpoint the most stable TS
structures without exhaustive sampling. Our previous work
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demonstrated the feasibility of generative Al in efficiently
generating appropriate TS conformers directly from the
molecular graphs of reactants and products.®®

Nonetheless, our new method shows substantial promise in
improving both the reliability and efficiency of automated TS
searches. We believe that our approach will facilitate broader
applications, including comprehensive reaction mechanism
analysis, extensive reaction network exploration, and the
development of elementary reaction databases.
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