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Abstract

Transition-state (T'S) identification for bimolecular liquid-phase reactions is notoriously
sensitive to the initial spatial arrangement of reactants, making automated searches
difficult, especially in solvation where conformational effects dominate barrier heights.
We address this gap with a fully automated, heuristic framework integrated into the
Automated Reaction Calculator (ARC) software tool that generates TS guesses for
neutral hydrolysis, as a model reaction type, by positioning water using atom-centered
internal-coordinate rules derived from representative DFT-optimized cases. The ap-
proach is parameterized for three hydrolysis families, carbonyl-based (esters, amides,
acyl halides), ethers, and nitriles, and operates from reactant/product SMILES alone.
Validation across 91 diverse reactions shows that chemically guided internal-coordinate
placement yields relatively high success rates under SMD-water conditions: 96.9% for
carbonyl-based substrates, 86.2% for nitriles, and 72.4% for ethers, consistent with
the greater conformational variability and weaker intrinsic directionality of ether sub-
strates. An ablation study highlights that small, targeted reactant-dihedral adjust-
ments and +¢ sign-sampling are essential to robustly align the water nucleophile, while
the electronegativity-based neighbor ranking primarily fine-tunes local orientation. By
automating the classically manual step of water placement and orientation, and pro-
ducing chemically faithful geometry initializations, this framework enables scalable,
high-throughput TS searches for neutral hydrolysis reactions. It provides a practical
foundation for mechanistic studies and kinetic modeling in condensed-phase organic
chemistry. The methodology is readily extensible to additional solvents and catalytic
regimes, and to other bimolecular liquid-phase reactions where directed fragment place-

ment is the key bottleneck.
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1. Introduction

Hydrolysis and its reverse reaction, condensation, are fundamental processes in many reactive

2 and degradation.®> " Hydrolysis

liquid-phase systems, with relevance for (retro)synthesis®
typically involves the cleavage of a chemical bond through the addition of a water molecule,
while condensation forms a bond by releasing water. These reactions play a pivotal role
in biochemistry, pharmaceuticals, food science, and environmental chemistry, domains that
represent the current frontiers in predictive chemical kinetic modeling.®

Hydrolysis can proceed under neutral, acidic, or basic conditions, each with distinct
mechanistic characteristics. Acidic hydrolysis accelerates bond cleavage by protonating key
functional groups, while base-catalyzed hydrolysis improves the nucleophilic attack to fa-
cilitate bond scission. Hydrolysis under neutral conditions is generally slower and often
requires elevated temperatures.!? For this reason, acid- and base-catalyzed hydrolysis has

been studied more extensively. However, neutral hydrolysis remains highly relevant in sys-

tems where extreme pH conditions are undesirable or impractical, such as buffered aqueous

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

media, prebiotic chemistry, specific drug formulations, and environmentally mild synthetic

protocols. The study of hydrolysis under neutral conditions provides insight into intrinsic

Open Access Article. Published on 26 February 2026. Downloaded on 2/26/2026 11:45:10 PM.

reaction pathways free of external catalytic effects, which is essential for understanding the

(cc)

baseline reaction behavior and capturing transient intermediates that may be obscured under
catalyzed conditions.

Recent research demonstrates that hydrolysis significantly affects drug stability even
under neutral conditions. For instance, hydrolysis of peptide bonds in antibody-based drugs
has been observed during long-term storage at neutral pH, leading to structural degradation
and potential immunogenicity. ! In particular, IgG1 antibodies incubated in neutral aqueous
media undergo hydrolysis in the hinge region without enzymatic assistance,!! highlighting
that even relatively slow, uncatalyzed neutral hydrolysis reactions can significantly reduce
therapeutic effectiveness over time.

More broadly, hydrolysis represents a major degradation pathway for pharmaceuticals,
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affecting the stability and shelf-life of drug products, especially if the active pharmaceutical
ingredient (API) contains an ester or an amide group. Drug formulation strategies must
consider hydrolytic stability, employing moisture-resistant packaging and appropriate excip-
ients to minimize degradation.'? Furthermore, hydrolysis reactions play a key role in prodrug
activation, where ester hydrolysis is commonly used to release the API at the target site,
while the formation of amide bonds is a fundamental step in the construction of peptides
and small-molecule drugs.!?

Understanding hydrolysis in the context of synthesis and degradation is important for
modern drug design and synthesis, from the design of stable pharmaceuticals and drug perfor-
mance optimization to prediction of degradation pathways.”'4 To address these challenges,
predictive chemical kinetic models are essential, as they facilitate our understanding of reac-
tion mechanisms and enable design and optimization of reactive systems. Such models can
be instrumental in predicting drug shelf life” and validating proposed synthetic pathways.

Refining these quantitative models by computing first-principles rate coefficients requires
identification of proper reaction transition state (TS) configurations in 3D space. While
conformer search of stable reactants is comparatively routine, even in solution, locating T'Ss
remains the bottleneck for barrier-height estimation, e.g., via quantum chemical computa-
tions. Neutral hydrolysis reactions present unique computational challenges due to the sig-
nificant impact of molecular conformations on reaction energetics. Conformational changes
in T'Ss can lead to substantial activation energy variations, with rate coefficient differences
of up to 350x.

Traditional string-based methods for TS searches !5 18

are computationally intensive and
require significant manual intervention in the initial steps of mapping the reactant and prod-
uct atoms in 3D and orienting the reacting fragments. Several automated methods have
been developed to address these challenges. KinBot,'? for example, identifies unimolecular

gas-phase reaction families and generates T'S guesses (T'SGs) based on family-specific heuris-

tics, iteratively altering its geometry toward TSGs for reaction classes such as intramolecular
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hydrogen migration, Diels-Alder, and cycloadditions. AutoTST?® employs decision trees to
suggest TSGs for specific gas-phase reactions by analyzing reactive centers from predefined
chemical rules. Graph Convolutional Networks (GCN)?! apply machine-learning to propose
TSGs geometry for isomerization reactions.

Beyond targeted search algorithms, the field of automated chemical discovery has ex-
panded to include global exploration methods that identify novel reaction pathways and
products without prior mechanistic knowledge. Approaches such as the ab initio nanoreac-

23,24 allow for the blind discovery of molecules and

tor?? and metadynamics-based simulations
mechanisms. Some methods utilize atomic connectivity rules,? stochastic surface walking,2°
basin confinement with temperature-accelerated dynamics,?” or kinetics-guided exploration®
to build extensive reaction networks and predict reactive events, while others use artificial
force-induced reactions (AFIR)?>3° to map potential energy surfaces. Complementary to
these discovery-first methods are emerging path-search tools that leverage machine learning
32

(ML), such as iteratively trained neural network potentials,®' learned analytical Hessians,

and geometric flow matching,?® to predict transition state geometries with reduced compu-

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

tational cost.

The challenge the present work focuses on when searching for a TSG is correctly po-
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sitioning and orienting two distinct molecular fragments (e.g., the substrate and water) in
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a complex energetic landscape, a step that is often trivial or non-existent in unimolecu-
lar cases. Established methods such as QST2/QST3 (Gaussian),'® GSM, 6 autodE,3* and
AFIR 3 can locate bimolecular TSs but require pre-aligned reactant /product geometries,
3D mapped reactant and product atoms (currently done manually), or parameter tuning.
The current methods therefore cannot chemically guide a water molecule placement (Table
1). Despite these advances, to our knowledge no tool automatically generates TS struc-
tures for condensed-phase neutral hydrolysis, including chemically informed placement and
orientation of the water nucleophile, let alone more complex bimolecular degradation path-

ways. As a result, computational studies of hydrolysis involving esters or other functional
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3536 still depend heavily on manual TS searches for refining predictive chemical kinetic

groups
models, often requiring manual expert-guided orientation of the water molecule(s) near the
reactive site. This manual trial-and-error workflow limits the scalability of chemical kinetic
modeling for liquid-phase synthesis and degradation.

The present work fills this gap by providing a targeted, high-efficiency alternative for
established reaction families, specifically addressing the chemically guided orientation of
bimolecular fragments in solution, a challenge that remains a bottleneck for scalable kinetic
modeling. Here we introduce a heuristic internal-coordinate algorithm, implemented in the
Automated Reaction Calculator (ARC) software tool,” that automatically positions the
water nucleophile for a single-molecule hydrolysis event to generate TSGs for condensed-
phase bimolecular reactions using an implicit solvation correction. Our approach, to our
knowledge, is the first to automate this process for such systems, using a labeled-graph
representation of the reactants to assemble reacting complexes by adding atoms in 3D via
internal coordinates to yield high-quality initial TSGs suitable for subsequent refinement,
e.g., with implicit solvent models. We implement and validate this methodology for neutral
hydrolysis, demonstrating its success in orienting water near a variety of reactive sites, which
are referred to as classes in this work, including esters, amides, acyl halides, ethers, and
nitriles (Fig. 1). By populating key internal degrees of freedom, the algorithm yields high-
quality initializations for TS searches. This establishes a robust and chemically intuitive
framework that can be extended to other critical reactions, such as polymer degradation in

fuel cells, where general-purpose approaches are insufficient.
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Table 1: Comparison of existing automated TS-search frameworks.

Framework Condensed- Water placement | User preparation | Main limitation
phase /
bimolecular
QST2/QST3 Yes Manual alignment 3D mapped Needs pre-aligned
(Gaussian) of reactants and reactant and endpoints
products product geometries
required
GSM (Growing Yes No defined 3D mapped Computationally
String Method) placement, of reactant and intensive
nucleophile product geometries
required
autodE Yes (PCM/SMD) Random Reactant SMILES | Limited control of
orientation input; conformers water direction;
sampling may need review | performs only a 2D |
atom-mapping |
AFIR Yes Bias-force User defines May generate
placement reactive fragments | non-specific paths
approach and bias
parameters
Present work Yes (SMD) Chemically guided Fully automatic Currently
internal-coordinate (reactants + implemented only
placement products SMILES for neutral
only) hydrolysis
®) (@) O
O NH; Cl
Methyl Acetate Acetamide Acetyl Chloride
Ester Amide Acyl Halide
@) J—
7N —_—
HsC”™ “CHs =N

Dimethyl Ether

Ether

Acetonittile

Nitrile

Figure 1: Example molecules representing the five hydrolysis classes (ester, amide, acyl
halide, ether, and nitrile), each belonging to one of the reaction families defined in this work.
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2. Methodology

2.1. Integrated Workflow Overview

Input Reaction SMILES
(Reactants + Products)

Reaction Family Identification & Atom Labeling
(Maps reactive atoms a, b, d, e via subgraph isomorphism)

|

View Article Online
DOI: 10.1039/D5DD00506J

Family-Specific TSG Geometry Generation

(Reactive bond stretching, dihedral perturbation, internal coord water placement) (Atom collisions / uniqueness / connectivity checks)

TSG Filtration

Single imaginary
frequency?

lYes

IRC Calculation
(Check 3)

!

At least one
valid TSG?

DFT TS Optimization

(Check 1)

Yes

Found a Valid TS Candidate

Analysis

Figure 2: An integrated workflow scheme for automated TS generation and validation.
SMILES: Simplified Molecular-Input Line-Entry System:3® TSG: Transition State Guess;
DFT: Density Functional Theory; IRC: Intrinsic Reaction Coordinate; MEP: Minimum En-

ergy Path.

Figure 2 summarizes the workflow developed in this work for automated transition-state

guess (TSG) generation and validation for neutral hydrolysis reactions. The workflow con-

sists of two main stages: (i) chemically guided TSG generation and (ii) quantum-mechanical

(QM) optimization and validation.
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The workflow begins from hydrolysis reaction SMILES (reactants and products). The
reaction family is identified, and the reactive atoms (a, b, d, €) are assigned using subgraph
isomorphism. An initial reactive geometry is then prepared by applying a family-dependent
elongation of the bond undergoing hydrolysis. To capture local conformational variability,
multiple reactant geometry variants are generated by systematic dihedral perturbations.

For each reactant geometry variant, a reactive water molecule is introduced using sequen-
tial internal-coordinate placement. The oxygen and hydrogen atoms (o, hy, hy) are positioned
using family-specific distance, angle, and dihedral definitions designed to pre-organize the nu-
cleophilic attack geometry. The resulting TSGs are filtered to remove nonphysical structures
based on atomic collision checks and connectivity validation. If no valid TSG is obtained,a
single deterministic fallback step involving a 180° inversion of the reaction-center dihedral is
applied before repeating the generation cycle.

Once at least one valid TSG is identified, the workflow proceeds to QM optimization and
validation. TS optimization is performed at the Density Functional Theory (DFT) level,

followed by vibrational frequency analysis to confirm the presence of a single imaginary

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

mode. Intrinsic reaction coordinate (IRC) calculations and connectivity checks are then used

to verify that the TS connects the intended reactants and products. Successful completion

Open Access Article. Published on 26 February 2026. Downloaded on 2/26/2026 11:45:10 PM.

of these steps yields a validated TS structure.

(cc)

2.2. Classification of Hydrolysis Reactions

Reaction classes (Fig. 1) were initially studied via manual TS searches followed by DFT
optimization to extract reaction class-specific structural parameters. Reaction classes with
similar TS geometries and parameter values were groups into a broader family.

The carbonyl-based hydrolysis family (esters, amides, and acyl halides) proceeds via
nucleophilic attack at the electrophilic carbonyl carbon (Fig. 3). The ether hydrolysis family (
Fig. 4 A)3 serves as a high-barrier model reaction, where proceeds negligibly in the absence of

acid, base, or catalytic surfaces, due to the strength of the carbon-oxygen bond and the poor
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nucleophilicity of water.4®*! The nitrile hydrolysis family follows a three-step mechanism;
our work focuses on the rate-determining first step (step a in Fig. 4 B), forming an imidic acid
intermediate. 4?4 Although nitrile hydrolysis under neutral conditions is slow, experimental
studies at elevated temperatures have confirmed that both aliphatic and aromatic nitriles

can hydrolyze without acid or base catalysis, following the same stepwise sequence. #445

A @
T
O
O I O
'é R A/C‘N’R 5
AT 07 1'{' AT TTX
(1) (i1) (iii)
T
B Q
A=C-B
%) —(I)—-II{ O
O = I _
C\ + Ps ~ E + B H
AT B i ~“on

Figure 3: A general hydrolysis scheme of the carbonyl-based hydrolysis family. (A) The
carbonyl-based family classes: (i) esters, (ii) amides, (iii) acyl halides. (B) The carbonyl-
based family hydrolysis as modeled here. B represents the electrophilic center substituent
(O-R, R-N-R’, or X), X represents a halogen atom (Cl, Br, F). R and R’ denote generic
substituents.

For multi-functional molecules (Fig. 5), the algorithm identifies all potential reactive
sites. By default, it resolves site ambiguity by matching the user-supplied products through
subgraph isomorphism, ensuring the water molecule is correctly oriented toward the specific
bond undergoing cleavage. This mapping procedure resolves potential ambiguities when mul-
tiple reactive sites are present, which could lead to distinct chemical products, by comparing
the 2D connectivity of the user-specified products with that of all possible products of the
bimolecular reaction. This graph-isomorphism-based method results in the identification of

the unique bond undergoing cleavage. For instance, in a molecule containing both an ester

10
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t

R—C--O-R
A H-O--11
. o.

O, 0. I

R™ R H H R”oH H R
+
R-C=N
B H-O--H -
) R\("’N‘H R. N O H‘N’H R\c’()‘H
R—-C=N + H/ \H = I‘ : N \H + H, \H _; I + C
Step a OH Step b I Step ¢ H O
(@]

Figure 4: A general hydrolysis scheme for non-carbonyl-based classes. (A) Ether hydrolysis
family as modeled in this work. (B) General nitrile hydrolysis multi-step mechanism, high-
lighting the first step modeled in this work (step a). R, and R’ denote generic substituents.

and an amide group, providing the products of ester cleavage (a carboxylic acid and an al-
cohol) enables the isomorphism check to identify the unique bond undergoing hydrolysis as
the C—0O bond in the ester, ensuring that the water molecule is oriented specifically for the
ester site rather than the competing amide group. Another possible operational mode is in

46,47

the context of automated kinetic model generation tools, where all possible hydrolysis

sites can be explored simultaneously if the user does not specify specific desired products.

Ether class

I O
Nitrile class
i O

—
N 7~
L Ester class

Figure 5: An example of a molecule containing multiple hydrolysis classes. Note that the
ester group is also connected via an ether group.

2.3. Chemical Perception and Atom Labeling

Following reaction family identification, to generate a TSG geometry the algorithm identifies
the key atoms involved in the reaction zone. We defined the following labels for atoms that

play a significant role in the hydrolysis reaction zone of the TS, designated as atoms a, b, d,

11
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e for the molecule undergoing hydrolysis, and o, hy, hy for the water molecule (Fig. 6).

Figure 6: Atom labeling of the hydrolysis reaction zone. Atoms a and b represent the bond
undergoing hydrolysis, atoms d, and e are atom a neighbors, used for orienting the water
molecule. Atom o represents the water’s oxygen, atom h; is the hydrogen being ruptured
from the water, and hs is the hydrogen atom that remains with the original water’s oxygen
atom, forming an OH group on the hydrolysis product. Broken lines represent reactive
chemical bonds.

Atom a represents the site where the nucleophilic attack occurs. For instance, in carbonyl-
based and ether hydrolysis, atom a is typically the carbon in the carbonyl group or in the
C-0 bond, respectively. Atom b is the atom connected to atom a by the bond that is
cleaved during the hydrolysis reaction, e.g., in ether hydrolysis it is the oxygen attached
to the carbon that undergoes the nucleophilic attack. Atom e is the most electronegative
neighbor of atom a, excluding atom b. Atom d is the second most electronegative neighbor of
atom a, if the former exists. We avoid using the label ¢ to prevent confusion with the carbon
element. Atom o is the oxygen atom in the attacking water molecule. Atoms h; and hy are
the reactive and non-reactive hydrogen atoms in the water molecule, respectively (Fig. 6).

The identification of the key atoms in a given molecule follows a systematic procedure.
First, the algorithm determines the relevant reaction family, as discussed above. Each sup-
ported hydrolysis family is implemented in ARC?7 using a graph representation of the generic
reacting group for each family along with a "recipe” for breaking and forming bonds that
convert reactants into products. This reaction family implementation closely follows the con-

46,47

vention implemented in the Reaction Mechanism Generator (RMG) software, yet lacks

12
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kinetic data since it is only used to identify and label reacting atoms rather than to estimate
rate coefficients.

The algorithm assigns labels to the four reacting atoms (a, b, 0, and hy) using subgroup
isomorphism checks. To resolve e and d labeling ambiguity in complex scenarios, the al-
gorithm ranks atoms attached to a based on their effective electronegativity. This concept
is introduced to prioritize atoms involved in multiple bonds (e.g., a carbonyl oxygen). The
algorithm ranks atoms directly attached to atom a (excluding atom b), as defined in Eq. (1).
Here, x5 is the effective electronegativity of neighbor atom i, y; is the intrinsic electronega-
tivity value of atom i according to the Pauling scale,*® and BO,; is the bond order between
atoms a and 4. In cases where two neighboring atoms have identical x¢T values, the tie is
resolved by comparing the sum of the x$T of the next-level neighboring atoms, with appro-
priately adjusted atom indices in Eq. (1). The neighbor with the highest x¢¥ is designated as
atom e, establishing the primary orientation around atom a, while all additional neighboring
atoms are collected in a sorted list (by decreasing x¢ values) that represents potential atoms

for the d label.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.
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The highest-ranked atom in this list is labeled by default as atom d, while the others are
retained as potential alternatives for generating a more diverse set of TSGs if initial attempts
fail. This approach allows flexibility in later stages of TSG generation by providing multiple
options to define geometrical parameters. In nitrile hydrolysis, atom a often only has two
neighbors, namely b and e. As a result, no d atom is defined in the TSG generation for this
reaction family.

The atom labeling provides essential and uniform reference points for positioning and
orienting the attacking water molecule in 3D. It facilitates positioning atoms o, hy, and
hy relative to atoms a, b, d, and e. Different examples for neighboring atoms labeling are

provided in Fig. S1.

13
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2.4. The Internal-Coordinate Atom Placement Engine

The TSG generation engine relies on an existing ARC3” module for representing internal
coordinates ("Z-matrices”), including conversion between Cartesian and internal coordinates
("folding”: Cartesian—internal; "unfolding”: internal—Cartesian). The unfolding imple-
mentation follows the SN-NeRF algorithm described by Parsons et al.*?

In the present framework, ARC was enhanced with the ability to append a new atom
X to an existing Cartesian structure {r;}}¥,, using the Z-matrix module. The new atom
is placed to satisfy three internal constraints relative to specified reference atoms: a bond
length p = ||ry — rx|| to atom N, an angle between three atoms, § = LM — N—X, and a
dihedral angle involving a four-atom torsion, ¢ = L L—M—N—X (Fig. 7). The three reference
tuples of atom indices in the given Cartesian coordinates, (V), (M, N), and (L, M, N), may
be chosen independently. This flexibility allows each internal DOF to be anchored to the
most chemically meaningful atoms, even if they are not sequentially bonded, providing more
intuitive control over the placement than a standard Z-matrix construction.

Let r; = (24,9, 2;) denote the Cartesian coordinates of atom i. Given p, 0, ¢, we place
a new atom X at ry = (zx,¥yx,zx) so that the computed values peaic, Ocalc, Pcalc match the
independent targets.

The distance residual is

gP(rX) = Pcalc — P = ||rX - rNH - p-

For the angle defined by M — N — X, with NM = r); —ry and NX = rx — ry, the

residual is
Ocalc = atan2(”NM x NX||, NM - NX), go(rx) = Wrap(Hcalc - 9),

where atan2 is the quadrant-aware arctangent and wrap(-) maps angles to (—m, 7).

14
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> v

=D

Figure 7: Internal-coordinate specification for placing atom X. p: the N — X distance; 6:
the M — N — X angle; ¢: the L—M — N — X dihedral. In the present implementation, each
degree of freedom may reference an independent set of atoms.

For the dihedral defined by L—M — N — X, define the plane normals
n; = (I‘L—I'M) X (I’N—I'M), HQZ(I'X—I'N) X (I‘M—I'N).

Let ﬁMN = (I'N — I'M)/HI'N — I'M” Then

;- 1No

IR

n; X ny

s = 1AlMN ETETETITE)
[ ] e

c Geale = atan2(s, c).

and the dihedral residual to minimize is

g¢(rX) - Wrap(¢calc - ¢) .

Finally, we determine rx by minimizing the scaled sum of squares

F(ry) = (@) + (90(rx))" + (96(rx))",
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where the distance residual is scaled by its target value to form a dimensionless objective
function. This equal weighting of normalized terms ensures that all three geometric con-
straints contribute balanced penalties during local optimization. This scheme was found to
be numerically robust for appending a new atom X to an existing Cartesian structure.

We employ a sequential fallback strategy: a short list of heuristic initializations (p — 6 di-
rected, midpoint, perpendicular, bond-length-randomized, randomly perturbed, and shifted)
is generated, and a local optimization of F'(ry) is attempted from each initialization in turn.

An initialization is accepted immediately if the absolute errors

e, =g, <0.01 A, gy =|gg| <0.1rad, e4=]gs| <0.1rad.

If none meet all tolerances but at least one optimization converges, we select the candi-
date with the smallest F(rx). On success, atom X is appended to the original Cartesian
coordinate list at its optimized position rx. Following atom placement and TSG construc-
tion, newly generated structures are screened for geometric redundancy to avoid unnecessary
downstream quantum chemical optimizations; the structural merging and screening proce-

dure is described in detail in Section S2 of the SI.

2.5. Heuristic Strategies for Neutral Hydrolysis

2.5.1. TSG Generation Strategy

Following reaction family identification and atom labeling, several TSGs are generated per
reaction. ARC?7 strictly preserves a consistent atom order in its dual representations of each
chemical species: a connectivity graph object (similar to RMG’s Molecule object%) and a
3D Cartesian representation. This feature of ARC allows the translation from subgraph-
isomorphism-based atom labels to actual 3D positioning of atoms. The computational work-
flow begins with an RDKit-based conformational search® followed by DFT optimization

with an implicit solvation correction.?® TSGs are then constructed by positioning a water
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molecule using family-specific internal coordinate parameters natively integrated into the
ARC heuristics TS search adapter. These governing parameters were derived from approx-
imately 10 DFT-optimized TSs per hydrolysis reaction class. By extracting heuristics from
converged stationary points rather than initial manual guesses, the framework ensures that
the hardcoded rules reflect the true electronic structure requirements of the nucleophilic
approach. Consequently, the user’s workflow remains fully automated, as the software in-
dependently applies these pre-defined rules to any new SMILES input without requiring
manual TS fragment orientation.

The approach described here generates multiple structural variants for each reactive con-
figuration. Each generated TSG undergoes a series of validation checks to remove redundant,
unstable, or chemically unreasonable geometries by avoiding atomic collisions, verifying wa-
ter molecule connectivity, and removing non-unique structures (see Section S2 in the SI).

To facilitate cleavage, the a—b bond is systematically stretched based on the identified
family-specific parameters (Tables S1-S5). The algorithm achieves robust conformational

diversity and overcomes steric hindrances through a hierarchical sampling strategy. While

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

carbonyl-based reactions require rotations to accommodate the transition from planar sp?

toward a partially tetrahedral configuration, ether hydrolysis requires alignment opposite

Open Access Article. Published on 26 February 2026. Downloaded on 2/26/2026 11:45:10 PM.

the leaving group to ensure proper orbital overlap. In contrast, nitriles typically preserve

(cc)

their linear sp geometry, with dihedral modifications implemented only as a fallback if initial
placements fail.

Core dihedrals involving atoms a, b, e, or d are identified from the internal coordinates
and undergo a systematic scan from 15° to 55° in 10° intervals. This process displaces
angles away from unstable eclipsed or near-planar boundary values, such as 0° or 180°,
while maintaining the overall molecular framework. If no valid TSG passes the filtration
step, the algorithm rotates the selected dihedrals by 180° to explore the complementary
side of the local torsional landscape. By sequentially modifying additional dihedrals, the

framework broadens the accessible conformational space until a chemically valid initialization
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is generated.

2.5.2. Water Molecule Positioning and Orientation

The three atoms of the attacking water molecule (o, hy, and hs) are added consecutively
following the preparation of the main reactant geometry. Each atom is positioned sequen-
tially by specifying bond distance, bond angle, and dihedral angle based on one of two tracks
determined by the presence of neighbor atom d.

Atom o is first placed using three parameters, as illustrated in step Al. (Fig. 8). The
distance r; represents the forming a—o bond, which is critical for capturing the progress of
the nucleophilic attack. The b—a—o angle (o), is defined using the leaving group (b) and the
electrophilic center (a) as reference points to establish the nucleophilic approach trajectory.
This angle controls the approach of atom o relative to the bond being broken, ensuring
proper orbital overlap for bond formation while avoiding unfavorable steric interactions.
The dihedral angle e—d—a—o (¢1), is important for avoiding steric interference with the
most electronegative neighbors around the reaction center, ensuring that the water molecule
approaches the reactant from an accessible direction.

The reactive hydrogen (hi) in water is positioned relative to the newly placed oxygen
atom, as shown in Fig. 8, step B. The o—h; distance, labeled as s, is slightly elongated relative
to the equilibrium O—H bond length to facilitate the proton transfer. The a—o—h; angle
(crp) uses the newly formed a—o bond as a reference to position hy for optimal interaction
with the leaving group. This arrangement, combined with the b—a—o—hy dihedral (ps),
specifically pre-organizes the 4-center (4-membered ring-like) geometry characteristic of the
concerted neutral hydrolysis mechanism. The dihedral configuration (¢;) establishes the
spatial relationship between atoms h; and b, ensuring reasonable positioning for the proton
transfer step. By sampling multiple dihedral orientations in a single run, the algorithm
provides high-quality initializations that allow the DFT optimization to converge to this

concerted saddle point across diverse chemical systems.
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g Figure 8: The three steps of water molecule atom positioning. Either step A 1. or step A 2.
g is taken, depending on the presence of atom d.
% Finally, the nonreactive atom hy is positioned as illustrated in Fig. 8, step C. The o—ho
F distance (r3) is close to the equilibrium O—H bond length. Similarly, the h; —o—hy angle

(cr3) is defined as slightly larger than water’s equilibrium angle, 104.45°. The dihedral angle

Open Access Article. Published on 26 February 2026. Downloaded on 2/26/2026 11:45:10 PM.

a—o—hi—hsy (p3) ensures the proper orientation of the water molecule, typically to balance

(cc)

the overall dipole moment in the TS.

In the absence of atom d, where other than the leaving group (atom b) atom a has only
one neighbor, atom e. This typically indicates a higher bond order between atoms a and b
(such as a C=N bond). Above, atom d participates in the definition of the o atom dihedral
angle (y1). In the present case, this dihedral is defined as the e—b—a—o angle (¢}), Fig.
8 step A 2. This dihedral uses both the most electronegative neighbor (e) and the leaving

group (b) as reference points to define the relative location of atom o.
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2.6. Quantum Chemical Computations and Systematic Validation

Protocol

Ab initio calculations were performed using the open-source Automated Rate Calculator
(ARC) software tool.?” ARC was used for preparing, scheduling, and post-processing quantum-
chemical jobs. Quantum-chemical calculations were executed using the Gaussian 09 software
suite. The initial set of TS geometries was generated through an exhaustive manual search.
This manually curated set was used to derive the reaction-family-specific heuristics (i.e., the
target internal coordinates), as discussed in Section 3, and to benchmark its performance.
Initial TS geometry optimizations were performed at the CBS-QB35% composite level of
theory (utilizing BSLYP/CBSB75%51) followed by a vibrational-frequency calculation at the
same level to obtain zero-point vibrational energy. The CBS-QB3 method was chosen for
initial optimizations due to its established record of providing reliable and relatively robust
geometries and energies for a wide range of organic reactions at a manageable computational
cost. Additional electronic-structure calculations, including geometry optimizations, vibra-
tional frequency analyses, single-point energy calculations, and intrinsic reaction coordinate
(IRC)%® calculations, were performed using the wB97X-D?% functional with the jul-cc-pVTZ
basis set.®” Solvation effects were modeled with the implicit Solvation Model based on Den-
sity (SMD)®! with water as the solvent. While the internal-coordinate water placement
algorithm is independent of the chosen solvation model, all validations reported in this work
employed SMD. Other implicit or explicit solvation treatments are compatible within ARC
but were not benchmarked here. For the high-throughput validation of the TSG engine,
subsequent hindered rotor scans were omitted to reduce computational cost, as the primary
objective was to confirm the successful and efficient location of the correct TS structure.
All TSGs generated by the heuristics adapter were internally screened within ARC for
automated quality control after generation to eliminate redundant or unphysical geometries,
such as structures containing atomic overlaps, before geometry optimization. Each optimized

structure, whether generated automatically or constructed manually, was then subjected to
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a systematic validation protocol to ensure its physical and mechanistic correctness. First,
the algorithm was required to produce at least one TSG that successfully converged during
DFT optimization, demonstrating its ability to generate chemically reasonable geometries
that correspond to stationary points on the potential energy surface. Second, the optimized
TS was examined for thermodynamic consistency by verifying that its electronic energy (Ej)
was higher than that of both the reactant and product wells, as expected for an energy bar-
rier between two minima. Third, harmonic frequency analysis was performed to confirm the
presence of exactly one imaginary vibrational mode, indicative of a first-order saddle point.
Fourth, the normal-mode displacement (NMD) associated with this imaginary frequency was
visually inspected to ensure that the atomic motions corresponded to the intended bond-
breaking and bond-forming events characteristic of the hydrolysis step. Finally, intrinsic
reaction coordinate (IRC) calculations were carried out to confirm that the forward and
reverse trajectories connected smoothly to the designated products and reactants, respec-
tively.%® IRC calculations were attempted for all TSs, but in cases where the calculation was

as numerically unstable or computationally prohibitive, and the NMD clearly represented the

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

expected bond-forming and bond-breaking motions, the TS was still considered validated.
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2.7. Workflow Example

(cc)

The TSG generation procedure is demonstrated for a model hydrolysis reaction of methyl
acetate, as illustrated in Fig. 9. After identifying the reaction as belonging to the carbonyl-
based hydrolysis family (Fig. 3), reactant atoms are appropriately labeled (Fig. 9 B). The
labeling of atoms e and d follows the respective x¢ values (Eqs. 2-3). In this example, the
carbonyl oxygen has the highest ¢ value and is therefore assigned as atom e. The methyl

carbon is trivially labeled as d.
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Xa =344 %x2=688  (carbonyl oxygen) 2)

X =255 x 1 =2.55 (methyl carbon) (3)

The a—b bond in the lowest-energy 3D conformer of methyl acetate in water is stretched
by ~ 1.3 of its original length (Fig. 9 C), in this example to 1.72A(Table S6). Next,
the algorithm explores several placement branches. In the first branch, water is added to
the stretched but otherwise unmodified conformer; the resulting TSG is shown from two
viewpoints in Fig. 9 D 1.1 and D 1.2. In the other branch, near-planar dihedrals around the
reaction center are perturbed by series of angular offsets (here, the dihedral ¢ in Fig. 9 D
2.0), after which the water atoms are placed again shown from two viewpoints in Fig. 9 D
2.1 and D 2.2. This branch strategy systematically samples both sterically hindered and
accessible approach geometries to maximize the chance of generating a viable TSG.

The generated variants then undergo filtration according to the predefined criteria. As
shown in Fig. 9 D 1.2, the variant generated without dihedral adjustments was eliminated
during this step due to a collision between atoms o and one of the hydrogen atoms attached
to atom d. The dihedral adjustment, shown here as an out-of-plane motion of atom e
(Fig. 9 C and D 2.0), resulted in a valid TSG (Fig. 9 D 2.2). To assess the accuracy of the
generated TSG, its geometry was compared to the respective DFT optimized structure using
internal coordinates. The optimized TS in the methyl acetate example (Fig. 9 E) showed a
high degree of agreement with the initial guess with mean similarities of 95.75% for bonds,
97.74%for angles, and 98.35% for dihedral angles, yielding an overall geometric similarity of
approximately 97.28% (Table S6).
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Figure 9: A TSG generation workflow example for methyl acetate hydrolysis. A: Reaction
family identification. B: Reactant atom label assignment. C: a—b bond stretch. D: Orienting
the water molecule. Panels D 1.1 and D 1.2 display two viewpoints of the same TSG
(unmodified conformer), with D 1.2 highlighting an atom collision. In contrast, D 2.1 and D
2.2 show two viewpoints of the TSG that resulted from the first dihedral-modified geometry.
E: The DFT optimized TS structure.

3. Results and Discussion

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

3.1. Manual TS Parameter Determination
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An initial set of 10 representative reactants was generated for each class (Fig. 3, 4) . For

(cc)

the acyl halide class, only chloro-substituted derivatives were included in the initial set
because chlorides lie in the mid-range of halide leaving group strength, making them a
practical baseline. The impact of this assumption on other halides (Br,F) that differ in
bond strength® is examined below (Section 3.2).

The dataset used for the study of the transition state (T'S) geometries comprised a wide
range of molecules for each class. This was done to ensure that the chosen parameter values
would be applicable across different molecular motifs rather than being tuned to a single
molecular genre. To confirm coverage over a wide chemical space, structural diversity was

quantified using Morgan circular fingerprints (ECFP)?%% and the Tanimoto similarity co-
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efficient. %!

These fingerprints encode atom-centered environments within a two-bond radius
into a fixed-length binary vector, enabling robust comparison of substructural features.
Analysis of within-class Tanimoto similarity distributions (Fig. 10) shows that all classes
include both closely related and structurally distinct molecules. The median within-class
similarity values ranged from 0.13 for ethers and amides, to 0.24 for acyl halides, indicating

an overall high structural diversity. Ethers displayed the widest spread of similarity values,

consistent with their structural flexibility.

0.7
0.6 -
0.5 A

0.4 A o

N |
:l T & -

T

acyl halide amide ester ether nitrile

Tanimoto similarity

Figure 10: Within-class similarity distributions of pairwise Tanimoto similarity values (Mor-
gan fingerprints, radius = 2) for the study cases jobs. Circles represent outlier similarity
values.

To visualize the diversity of the dataset in physicochemical property space, Principal
Component Analysis (PCA) was performed on nine molecular descriptors (Fig. 11). The
broad and overlapping distribution across hydrolysis families provides a secondary confirma-
tion that the benchmark set spans a wide property space. Detailed descriptor definitions and
loading analyses are provided in Section S3, while complete descriptor Tables are provided

in Tables S7-S& and datasets are available in Databases S1-S2 of the SI.
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Figure 11: PCA for the study cases jobs of nine standardized RDKit descriptors. PC1 (40.0%
reflects molecular size and hydrophobicity; PC2 (21.4%) contrasts polarity and H-bonding

with aromaticity for all studied classes.
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For each molecule, the water was positioned using internal coordinates defined relative to
the atoms in the other reactant as described in Section 2.5.2 and illustrated in Fig. 8. Here,
we report the mean and standard deviation of the nine geometric features extracted from
each optimized TS (Table 2). The complete set of parameter values extracted from every
study case job, alongside the median [IQR] values for each class is provided in Tables S1-S5.

During TS optimization for hydrolysis reactions, two of the dihedral angles used to po-
sition the water molecule, specifically ¢; and 3 (Fig. 8), which were used to position the
oxygen atom (atom o) and the non-reactive hydrogen atom (atom h;) in the water, respec-
tively, showed consistent magnitudes within each class, yet their signs varied across T'Ss. In
many cases only a specific combination of signs across both dihedrals produces a physically
reasonable TS geometry, whereas the opposite sign leads to less favorable geometry. An
example that illustrates the effect of dihedral sign combinations on water placement is given
Fig. S2. While certain sign combinations yielded successful T'Ss for specific substrates, these
trends are coordinate-convention and conformer dependent rather than mechanistically uni-
versal. Therefore, the mean dihedral value was calculated from absolute magnitudes, and
both the +¢ and —¢ variants were considered when generating TS guesses (TSGs) TSGs.
For the third dihedral, ¢, which was used to position the reactive hydrogen (atom hs) in the
water molecule, the optimized values across the T'Ss were consistently small and centered
near 0°. In this range, the sign inversion reflects only minor fluctuations in a common geom-
etry rather than distinct mirror image structures, so the signed mean was used directly. 5

To improve statistical robustness and leverage mechanistic similarities, esters, amides,
and acyl halides were grouped into a single carbonyl-based hydrolysis family. This grouping
is chemically justified as all three classes undergo hydrolysis through a nucleophilic attack at
the electrophilic carbonyl carbon, proceeding through a partially tetrahedral T'S character-
istic of the concerted 4-center mechanism observed under neutral conditions. The averaged
geometric parameters derived from pooling the optimization results of these three classes are

presented in Table 3.
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Analysis of parameter distributions reveals both the strengths and limitations of the
family-based approach. The consolidation of carbonyl-based classes demonstrates mixed
results; while the oxygen positioning distance r; shows improved precision compared to in-
dividual class variations, other parameters such as (; exhibit increased standard deviation
after combination. This indicates that ¢, is class sensitive, although the resulting variance
remains within acceptable ranges for generating initial guesses. As expected, the most con-
sistent parameter across all functional groups is r3, representing the non-reactive o — hy bond
length in the approaching water molecule. In contrast, the o—h; bond distance, 7o, shows sig-
nificant variations; carbonyl-based hydrolysis family exhibit intermediate approach distances
(1.21 £ 0.15A), and ether hydrolysis family require the shortest distances (1.10 & 0.04A).

The dihedral angles reveal important insights into water molecule orientation prefer-
ences. The values of s remain consistently small in all families (ranging from —12° to
+2.4°), indicating a genuine chemical preference that likely minimizes steric interactions
while improving the initial geometry guess of the approach. Notably, the ether hydrolysis

family exhibits larger standard deviations specifically in the dihedral angle ¢;. This larger

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

deviation suggests a lower geometric consistency and may indicate potential convergence

challenges.
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Despite these variations, the overall parameter distributions fall within acceptable ranges

(cc)

for automated TSG search. Bond lengths maintain standard deviations below +0.1A, and
most angular parameters remain within £10°, meeting the established criteria for reliable

initial guess generation.

3.2. Validation

To assess the reliability and accuracy of the automated TSG generation, comprehensive
validation studies were conducted across all hydrolysis reaction families. Each validation job
tested whether our approach could consistently locate a good TSG for a given hydrolysis

reaction.
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Table 2: Mean and standard deviation of the internal coordinates used to posi-
tion the water molecule in the TSG for all different classes. Bond lengths are in
A, angles are in degrees.

Parameter Esters Amides | Acyl halides | FEthers Nitriles
71 1.83+0.09 1.91+0.08 1.79+40.07 2.1440.14 1.83+0.03
o 76.18+3.44 | 80.5442.06 75.43%1.62 66.2943.84 | 97.23+1.18
V1 142.59+4.32 | 127.05+2.10 152.24+2.32 101.78+13.34 | 174.2941.50
T9 1.21+40.05 1.3940.05 1.04+0.01 1.1040.04 1.32+0.01
Q9 73.2944.09 | 66.54+1.94 88.43+1.16 72.8040.90 57.8940.62
V9 1.57+3.23 2.4045.90 0.954+2.45 0.3042.49 —0.02+1.88
T3 0.9740.00 0.9640.00 0.9740.00 0.9640.00 0.9740.00
Q3 110.42+1.98 | 120.03+5.85 106.15+1.01 107.2042.98 | 114.28+0.72
V3 105.19+3.86 | 97.59+3.90 106.59+3.45 102.19+1.74 | 103.77+0.70
a—>b stretch®| 1.3440.06 1.1740.02 1.4140.04 1.5540.10 1.0440.00

* The a—b bond stretch values represent a multiplicative factor relative
to the optimized reactant bond length (e.g., 1.34 corresponds to a 34%
increase in bond length).

Table 3: Mean and standard deviation of the internal coordinates used to posi-
tion the water molecule of the carbonyl-based classes considered together. Bond
lengths are in A, angles are in degrees.

Parameter | Carbonyl-based family
r1 1.85:0.09
o %1 77.39+3.33
01 140.63+10.96
T9 1.2140.15
Qo 76.09+9.66
V9 1.6444.03
T3 0.97-0.00
as 112.2046.86
V3 103.1245.40
a—b stretch?® 1.3140.11

*The a—b bond stretch value rep-
resents a multiplicative factor rela-
tive to the optimized reactant bond
length.
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To ensure diversity and capture different kinds of molecules undergoing hydrolysis across
the defined classes, both the Tanimoto similarity coefficient. In addition, PCA of physico-
chemical descriptors was performed using the same definitions and methodological specifics
as for the study cases, serving as a complementary confirmation of dataset breadth. Anal-
ysis of within-class Tanimoto similarity values shows that acyl halides and amides exhibit
the highest internal molecular similarity, with median similarities of ~ 0.26 — 0.27, while
esters and nitriles lie in an intermediate range (~ 0.22 — 0.24). In contrast, ethers display
the lowest median similarity (~ 0.14) and the widest overall spread, indicating substantially
higher structural diversity within this class. PCA analysis further supports these findings,
confirming that all five classes span a broad and overlapping chemical property space. Com-
plete similarity data for all classes are provided in Figs. S3-S4, Tables S9-S10 Databases
S3-54.

Within the carbonyl-based hydrolysis family, a total of 33 jobs were executed: 9 for the
ester class, 12 for the amide class, and 12 for the acyl halide class. In addition, 30 jobs were

performed for the ether hydrolysis family and 30 for the nitrile hydrolysis family.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

A validation job was considered successful only when a converged TS satisfied the vali-

dation checks described in Section 2.6. This comprehensive framework confirmed that the
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automated TSG generation reliably identifies correct T'Ss across all defined hydrolysis fami-

(cc)

lies. In addition to validating the correctness of the identified TSGs, we report the number
of TSGs generated by the heuristics adapter.

Table 4 presents the success rate (defined as the percentage of jobs with at least one
converged TS that met the validation criteria), as well as the average number of generated
TSGs for each reaction family. In Section S1 a complete summary of all jobs is provided,
including detailed evaluations against each of the five validation criteria along with the
number of TSGs generated (Tables S11-S13).

The results demonstrate that the carbonyl-based hydrolysis family achieved a remarkably

high success rate of 96.9%), with an average of ~ 6 generated TSGs. This strong performance
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Table 4: Validation success rates and the average number of the generated TSGs
across reaction families.

Family Success rate(%) Average number of generated TSGs
Carbonyl-based 96.9 5.8
Ether 72.4 14.3
Nitrile 86.2 4.9

correlates with the low variation observed during parameterization, and also arises from the
highly polarized C' = O bond, which defines a clear electrophilic carbon center and provides
a directional 7 orbital that naturally guides the approach of the water molecule. As a
result, the generated geometries align well with the electronic structure of the reactive site,
producing stable and convergent T'Ss during optimization. Consequently, a relatively small
number of T'SGs were needed to undergo DF'T optimization to yield a converged TS, with
an overall high success rate (Table 4).

The nitrile hydrolysis family (as defined here, corresponding to step (a) in Fig. 4 B)
also exhibited high performance, with a success rate of 86.2% and ~ 5 generated TSGs,
consistent with the linear and strongly polarized carbon-nitrogen triple bond that creates a
well-defined attack direction for the water molecule.

The lowest success rate in this study, 72.4%, was obtained for the ether hydrolysis family,
consistent with the larger geometric variability in the parametrization step, particularly in
the ¢y dihedral. Because ethers lack a polarized 7 system and possess two freely rotatable
o bonds around oxygen, the local environment is more flexible and less directive. As a
result, significantly more TSGs are needed on average, and many converge into non-reactive
minima during the T'S optimization, where the water molecule is stabilized through hydrogen
bonding to the substrate rather than attacking the reactive center.

While string methods like NEB!® or GSM ! offer robust path refinement, they are not
fully automated for bimolecular systems, as they require manual 3D alignment and atom
mapping. In contrast, our workflow operates from SMILES alone. Although CPU cost scales

exponentially with system size, our method typically requires less than 10 independent TS
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DFT optimizations per reaction, on average (Table 4). Since these guesses are independent,
they can be executed in parallel with zero communication overhead, significantly reducing

wall-clock time compared to coupled reaction-path algorithms.

3.3. Ablation Study of Geometric Heuristics

To assess the relative importance of the geometric heuristics used in the TSG generation
algorithm, we performed a targeted ablation study in which three key components were
individually removed: (i) dihedral modifications around the reaction center, (ii) the £¢
dihedral sign-sampling procedure, and (iii) the electronegativity-based d/e neighbor ranking.
Each modification was tested on representative reactions from all hydrolysis families, and a
case was considered successful only if at least one generated TSG converged to a validated
TS. Full methodological details and per-reaction results are reported in Section S4, and
Section S1 (Table S14).

The ablation results reveal that the geometric heuristics act cooperatively rather than in-

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

dependently. Removing either the dihedral-modification step or the £¢ sign sampling led to

near-complete failure across all families, demonstrating that explicit control over torsional
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accessibility and attack direction is essential for placing the water molecule in a chemi-
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cally meaningful orientation. In contrast, removing the d/e electronegativity ranking had a
smaller, structure-dependent effect, with many carbonyl-based systems still converging suc-
cessfully, while ethers showed greater sensitivity. Overall, this analysis confirms that dihedral
modification and +¢ sampling are indispensable for robust T'S generation, whereas the d/e

ranking primarily improves consistency and reproducibility in asymmetric environments.

4. Conclusions

This work paves the way for transition state (TS) search of bimolecular liquid-phase reac-

tions. By combining atom-labeled graph templates with atom-centered internal-coordinate
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placement and a lightweight local optimization, we automated the most failure-prone step in
condensed-phase TS discovery: positioning and orienting two reacting fragments in 3D. While
the underlying internal-coordinate rules were originally derived from a set of chemically-
guided DFT-optimized case studies, they are now natively encoded within the Automated
Reaction Calculator (ARC) framework to enable a fully automated operation. This architec-
ture allows the software to generate high-quality TS guesses (T'SGs) for neutral hydrolysis
and validate them under a standardized protocol without user intervention.

Across 91 diverse reactions spanning three hydrolysis families, the method achieved rel-
atively high success rates: 96.9% for carbonyl-based reactions (esters, amides, acyl halides),
86.2% for nitriles, and 72.4% for ethers, while requiring only a modest number of TSGs per
case. These outcomes reflect the electronic “guidance” available at polarized or linear centers
(C=0 and C=N), and they clarify why ethers remain more challenging.

An ablation study demonstrates that two ingredients are essential for robust performance
in solution: (i) small, targeted dihedral adjustments around the reaction center before water
placement, and (ii) explicit £¢ sign sampling for dihedrals that control the approach of
the water molecule from either side of the reactive plane of the other substituted. Remov-
ing either step causes near-universal failures, whereas the electronegativity-based ranking
of neighboring atoms (d/e) mainly fine-tunes orientation and improves reproducibility and
robustness across asymmetric environments.

Although family parameters were extracted from CBS-QB3 case studies, they transferred
well to wB97X-D/jul-cc-pVTZ with SMD water for validation, indicating that the heuris-
tics capture geometric, not method-specific, features of nucleophilic approach. By replacing
manual trial-and-error water placement with these reproducible encoded internal-coordinate
rules, the procedure turns condensed-phase TSG initialization into an automated, scalable
step that can feed high-throughput kinetics workflows in pharmaceutical degradation and
broader liquid-phase reactivity. This suggested approach bypasses the 3D orientation bottle-

neck that has historically required extensive expert intervention. With an average computa-
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tional requirement of only ~10 TS DF'T optimizations in parallel per reaction, the workflow
is well-suited for high-throughput kinetics in pharmaceutical degradation and broader liquid-
phase reactivity.

Looking ahead, the same internal-coordinate atom-addition strategy is readily extensi-
ble to alternative solvation treatments and microsolvation, where additional explicit water
molecules can be positioned sequentially. The method could therefore be extended to ad-
dress additional challenging reaction families, including acid- or base-catalyzed hydrolysis
and other multi-fragment pathways relevant to polymer degradation and complex condensed-
phase chemistry. This modular approach allows for the automated construction of complex,
multi-fragment transition states that have historically required extensive manual manipula-
tion. The suggested chemically informed internal-coordinate placement approach provides
a practical foundation for automated TS discovery in solution and opens a path to general,

high-throughput TS search for bimolecular liquid-phase reactions.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.
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The Supporting Information PDF file is organized into five sections:
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Section S1 contains all Supporting Figures and Tables. These include illustrations of
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the d/e atom-selection procedure and dihedral-sign sampling (Figures S1-S2); similarity
and PCA plots for the validation cases (Figures S3-S4); full T'S-parameter tables for all
hydrolysis classes (Tables S1-S5); a representative comparison between an initial TS guess
and the optimized T'S geometry for methyl acetate hydrolysis (Table S6); similarity and PCA
summary tables for the study and validation sets (Tables S7-S10); validation summaries for
all 91 reactions across the carbonyl-based, ether, and nitrile families (Tables S11-S13); and
the complete ablation-study outcomes (Table S14).

Section S2 describes the structural merging and redundancy-screening procedure used

to avoid redundant DFT optimizations.
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Section S3 provides detailed definitions of the PCA descriptors and additional method-
ological specifics.

Section S4 presents the full ablation-study methodology and a detailed discussion of
the geometric-heuristic knock-out variants.

Section S5 contains all archived datasets and reproducibility materials. This includes
molecular fingerprints, descriptor files, and PCA data for the study and validation sets
(Datasets S1-S4; Zenodo DOI: 10.5281 /zenodo.17524146), validation output files for all re-
actions (Dataset Sb; Zenodo DOI: 10.5281/zenodo.18458225), and a representative ARC

input file for a validation job (Dataset S6).
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The datasets supporting this article have been uploaded as part of the supplementary
information.

The code for the ARC repository can be found at
https://github.com/ReactionMechanismGenerator/ARC with DOI 10.5281/zenodo.3356849
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