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Abstract
Precise control over organometallic catalysis critically depends on designing ligands that modulate the metal
center's electronic and steric environment. This study presents a data-driven framework integrating steric
(percent buried volume, %V _bur) and electronic (Huynh Electronic Parameter, HEP) descriptors to predict
and optimize catalytic performance in diverse organometallic systems. A curated ligand library, including
N-heterocyclic carbenes (NHCs), bulky phosphines, hybrids, and electron-poor ligands, was evaluated via
density functional theory computations and benchmark catalytic reactions. Results demonstrate that ligands
with %V _bur > 40% and strong donor ability (HEP) achieve exceptional performance, with turnover
frequencies (TOF) exceeding 200 h™', turnover numbers (TON) above 12,000, and selectivities reaching 90%
or higher. Statistical analyses (regression and ANOVA) confirmed strong predictive correlations (R2 = 0.9)
between combined descriptors and catalytic metrics. Importantly, catalysts designed through harmonized
steric-electronic tuning outperformed those with maximized individual parameters, revealing a novel
paradigm for precision ligand design. These findings establish robust design principles for developing
efficient, selective, and durable organometallic catalysts with broad applications in pharmaceuticals,
polymerization, and sustainable energy technologies.
Keywords — Organometallic Catalysis, Ligand Design, Precision Catalysis, Catalytic Efficiency, Green
Chemistry, Transition Metals, Computational Chemistry

1. INTRODUCTION
Organometallic catalysis is foundational to modern chemical synthesis, playing a pivotal role in
manufacturing pharmaceuticals, fine chemicals, polymers, and enabling sustainable energy solutions (Chirik
and Morris, 2015). The performance of such catalytic systems critically depends on ligands, which finely
tune the electronic and steric environment of the metal center, thereby regulating activity, selectivity, and
stability (Crabtree, 2014). Through the systematic optimization of ligand donor strength, bite angle, and steric
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bulk, chemists have successfully unlocked new reaction pathways, enhanced reaction efficiencies, and
extended catalyst lifetimes—attributes essential for practical and industrial applications (Ghosh and
Bergman, 2016).

Despite these advances, many conventional ligand classes, such as classic phosphines and simple bidentate
ligands, face significant challenges under demanding reaction conditions; their limited regio- and
stereocontrol, coupled with stability issues under oxidative and high-temperature environments, hinder their
applicability in scalable processes (Francke et al., 2018). Moreover, the reliance on rare and expensive metals
like palladium, rhodium, and iridium conflicts with sustainability goals, motivating the development of
ligand frameworks compatible with earth-abundant metals such as nickel and iron without sacrificing
catalytic efficiency or selectivity (Hansen et al., 2021).

Recent innovative strategies have demonstrated the transformative potential of tailored ligand design. For
instance, chiral phosphoramidites have enabled highly enantioselective palladium-catalyzed processes in
pharmaceutical synthesis (Zou et al., 2024). Nanoscale ligand engineering has allowed unprecedented control
over catalyst electronic structure and activity via core—shell architectures (Tao et al., 2023). Additionally,
quantum-chemical virtual-ligand approaches have accelerated the development of novel catalytic platforms
by screening ligand effects efficiently (Matsuoka et al., 2023). Parallelly, the integration of machine learning
with multidimensional descriptor analysis has emerged as a powerful tool, enabling the prediction of ligand
influence on catalyst performance across extensive chemical spaces (Newman-Stonebraker et al., 2021;
Rakotonirina et al., 2024).

Nevertheless, significant challenges remain. Existing computational frameworks often inadequately capture
vital long-range electronic effects and subtle steric interactions—especially those arising from remote
substituents—that critically influence catalytic pathways (Teng et al., 2019). These effects are difficult to
quantify using conventional descriptors and are often overlooked in high-throughput models (Singha et al.,
2021). Furthermore, most approaches lack robust experimental validation across diverse ligand architectures
and reaction types, impeding their practical deployment in complex, industrial environments (Sakamoto et
al., 2024). Addressing this gap requires the development of integrated, scalable, and experimentally validated
frameworks capable of reliably predicting catalyst performance based on combined steric and electronic
parameters.

In this context, the present study aims to establish such a comprehensive framework by systematically
combining steric (%V _bur) and electronic (Huynh Electronic Parameter, HEP) descriptors. Leveraging
density functional theory calculations alongside extensive experimental benchmarking on a curated ligand
library—including N-heterocyclic carbenes, bulky phosphines, hybrids, and electron-poor variants—this
work employs multivariate regression and machine learning techniques to derive robust structure—activity
relationships. The central hypothesis is that a balanced tuning of steric and electronic attributes will
outperform strategies that focus solely on maximization of either factor, leading to catalysts with enhanced

activity, selectivity, and stability. The resulting framework aims to provide scalable, generalizable design
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principles that address the demands of pharmaceutical synthesis, green chemistry, and renewable energy
applications.

Problem Statement

Despite substantial advancements in ligand design for organometallic catalysis, significant challenges persist
that impede the achievement of truly precision catalytic systems. Traditional ligand frameworks such as
classical phosphines and simple bidentate ligands frequently lack sufficient regio- and stereocontrol under
harsh or complex reaction conditions and exhibit limited stability against oxidative and thermal degradation
during industrial-scale catalytic processes (Francke et al., 2018; Chirik and Morris, 2015). Furthermore, most
existing computational models consider steric and electronic descriptors in isolation and rarely integrate them
comprehensively, especially neglecting the critical influence of remote electronic effects and subtle long-
range steric modulations on catalytic activity, selectivity, and longevity (Teng et al., 2019; Escayola et al.,
2024).

This shortcoming is exacerbated by the shortage of extensive experimental validation across a broad range
of ligand architectures and catalytic reactions, which limits the translation of computational predictions into
reliable, scalable catalysts suitable for industrial application (Rein et al., 2023; Sakamoto et al., 2024).
Moreover, the continued reliance on precious metal catalysts such as palladium, rhodium, and iridium
presents sustainability challenges, necessitating ligand systems compatible with earth-abundant metals that
do not sacrifice catalytic precision or efficiency (Hansen et al., 2021; Chirik and Morris, 2015).

Therefore, there is a critical and unmet need for a predictive, data-driven, and experimentally validated
framework that synergistically combines steric parameters—Ilike percent buried volume (%V_bur)—with
electronic descriptors such as the Huynh Electronic Parameter (HEP). Such a framework is essential to
rationally design high-performance and sustainable catalysts, bridging the gap between theoretical modeling
and practical catalytic systems in pharmaceutical, green chemistry, and energy applications (Rein et al., 2023;
Sigman et al., 2016; Wirtemberger et al., 2023).

Research Questions

The present study seeks to address the following key research questions:

1. How can steric bulk, quantified by percent buried volume (%V _bur), and electronic donor strength,
characterized by the Huynh Electronic Parameter (HEP), be integrated to construct a predictive model
for catalytic performance?

2. To what extent can such an integrated descriptor framework accurately predict catalytic metrics—
turnover frequency (TOF), turnover number (TON), and product selectivity—across diverse
organometallic ligand classes?

3. Can experimental validation of this integrated model, involving ligands such as N-heterocyclic
carbenes (NHCs), bulky phosphines, hybrids, and electron-poor variants, confirm its robustness and

generalizability under practical reaction conditions?
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4. How can this combined steric-electronic ligand design strategy facilitate the development of precision
catalysts operating efficiently with earth-abundant metals, thereby aligning catalytic performance
with sustainability imperatives?

2. LITERATURE REVIEW
Ligand design occupies a central role in advancing organometallic catalysis by profoundly influencing
catalyst activity, selectivity, and stability through modulation of the metal center's electronic and steric
environment (Chirik and Morris, 2015; Crabtree, 2014). Over the past decade, significant progress has been
made in understanding key ligand parameters—such as bite angle, donor strength, and steric bulk—and their
impact on catalytic outcomes. Quantitative steric descriptors like percent buried volume (V_bur) have
provided valuable insight into ligand shielding effects, while electronic descriptors such as the Huynh
Electronic Parameter (HEP) effectively characterize ligand donor capabilities; together, these descriptors
have guided rational ligand synthesis and optimization (Escayola et al., 2024; Yuan et al., 2024).
The recent surge in data-driven and machine learning (ML) methodologies has further transformed ligand
design paradigms, enabling the integration of multiple descriptors to predict catalytic performance across
broad ligand chemotypes. Pioneering work by Sigman and co-workers developed multidimensional
parameterization frameworks combining steric and electronic features to accelerate optimization of
enantioselective transformations (Sigman et al., 2016). Building upon this, Newman-Stonebraker et al.
(2021) established high-throughput computational workflows coupled with ML models that accurately
forecast ligand effects in diverse catalytic processes, unlocking new avenues for rational catalyst screening.
Similarly, Rakotonirina and colleagues (2024) employed integrated descriptor sets—including Hammett
constants, V_bur, and NBO charges—to uncover nuanced structure—activity relationships within large ligand
libraries.
Despite these advances, several critical limitations remain. First, the representation of remote electronic
effects and subtle long-range steric modulations—crucial factors influencing catalytic pathways—remains
challenging for existing descriptors and computational models, which often underestimate conformational
flexibility and dispersion interactions inherent to bulky ligands (Teng et al., 2019; Singha et al., 2021).
Second, many ML-driven studies focus narrowly on specific ligand families or reaction types, which
constrains the generalizability and practical utility of derived models in industrially relevant, multifaceted
catalytic systems (Rein et al., 2023). Third, a notable disconnect persists between computational predictions
and rigorous experimental validation, limiting confidence among synthetic chemists and impeding adoption
in process development settings (Sakamoto et al., 2024).
Moreover, bridging the distinct domains of homogeneous and heterogeneous catalysis remains an ongoing
challenge. While homogeneous systems excel in electronic and steric precision, their stability under
industrial conditions can be insufficient (Francke et al., 2018). Conversely, heterogeneous catalysts provide

robustness but often suffer from site inaccessibility and ligand leaching, which deteriorates activity and
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selectivity (Gunanathan and Milstein, 2013). This dichotomy emphasizes the pressing need for ligand
frameworks that achieve a balanced triad of precision, robustness, and scalability.

From a sustainability perspective, the continued reliance on precious metals such as palladium, rhodium, and
iridium is increasingly untenable (Hansen et al., 2021). Recent efforts have targeted earth-abundant metals
like nickel and iron, coupled with the development of tailored ligand architectures, to maintain catalytic
efficacy while enhancing sustainability (Tokunaga et al., 2022; Mukherjee et al., 2021). However, challenges
remain in achieving parity in activity, selectivity, and durability compared to traditional noble metal systems.
Synthesizing these insights, it is evident that while the amalgamation of computational, ML, and
experimental strategies has propelled ligand design forward, significant gaps persist in formulating scalable,
predictive frameworks that comprehensively capture synergistic steric and electronic influences across
diverse ligand classes and catalytic contexts. Addressing these gaps is essential to unlocking transformative
advances in precision organometallic catalysis applicable to pharmaceuticals, polymer production, and
sustainable energy applications (Sigman et al., 2023; Tao et al., 2023; Matsuoka et al., 2023).

Objectives

The primary objective of this study is to develop a predictive and experimentally validated framework for
ligand optimization in organometallic catalysis by leveraging combined steric and electronic descriptors.
Specifically, this work aims to:

o Quantitatively evaluate the influence of ligand steric bulk, measured by percent buried volume (
%V-bur ), and electronic donor strength, characterized by the Huynh Electronic Parameter (HEP), on
key catalytic performance metrics including turnover frequency (TOF), turnover number (TON), and
product selectivity.

e Synthesize and characterize a diverse ligand library comprising N-heterocyclic carbenes (NHC),
bulky phosphines, hybrid ligands, and electron-poor variants to experimentally validate
computationally predicted structure—activity relationships.

« Establish robust and statistically significant correlations linking combined steric and electronic ligand
descriptors to catalytic efficiency, robustness, and selectivity across benchmark reactions relevant to
pharmaceutical manufacturing, green chemistry, and renewable energy applications.

Hypotheses
This study tests the following hypotheses:

1. Ligands exhibiting high steric bulk ( % V-bur >40% ) combined with strong electronic donation (HEP
values indicating potent c-donation) will achieve superior catalytic outcomes, specifically product
selectivities above 90% and turnover frequencies exceeding 200 h™'.

2. Ligands with lower steric shielding ( % V-bur <40% ) and weaker electronic donation will correspond
to significantly diminished catalytic activity and selectivity, evidenced by TOFs below 100 h™" and

selectivities less than 70%.
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3. The presence of remote electronic substituents within ligand frameworks modulates catalytic
performance predictably, enabling enhanced selectivity and turnover in ligands that exhibit a
balanced interplay of steric and electronic properties.

By testing these hypotheses, the study aims to substantiate the synergistic role of steric and electronic
parameters in advancing precision ligand design for high-performance and sustainable organometallic
catalysis.

Scope & Limitation

This study focuses on advancing precision ligand design within organometallic catalysis by investigating key
ligand classes, including N-heterocyclic carbenes (NHCs), classical and bulky phosphines, and hybrid
ligands bearing various substituents. The metals examined are primarily palladium (Pd), rhodium (Rh), and
nickel (Ni), selected for their industrial relevance and synthetic tractability. The research utilizes combined
steric and electronic descriptors—namely percent buried volume (%V_bur) as a steric parameter and Huynh
Electronic Parameter (HEP) for electronic donor strength—to establish quantitative structure-activity
relationships that guide catalyst optimization. Experimental validation is conducted through benchmark
reactions including Suzuki—Miyaura coupling, hydrogenation, and olefin polymerization, ensuring practical
catalytic relevance across pharmaceutical, polymerization, and green chemistry applications.

Limitation

o Experimental validation performed at laboratory scale, limiting direct extrapolation to industrial-scale
processes

o Rare or emerging metals beyond Pd, Rh, and Ni not explored due to synthetic and economic
constraints

o Computational modeling relies on Density Functional Theory (DFT) with implicit solvation, which
may not fully capture long-range dispersion and dynamic solvent effects

e Scope of ligand architectures constrained by synthetic accessibility and available time, excluding
some structurally complex candidates

o Necessity for future expansion to broader ligand types, metals, and advanced computational methods
to enhance industrial applicability.

Research Design

This study employs a comprehensive mixed-methods research design combining computational chemistry,
synthetic inorganic/organometallic chemistry, and rigorous catalytic performance evaluation to develop and
validate a predictive framework for ligand innovation in organometallic catalysis.

Computational Component

The research begins with in silico screening and characterization of a ligand library, incorporating diverse
structural motifs including N-heterocyclic carbenes (NHCSs), bulky phosphines, hybrid systems, and electron-
poor ligands (Nolan, 2011; Escayola et al., 2024). Density Functional Theory (DFT) calculations at the

B3LYP/def2-TZVP level, augmented with Grimme’s D3 dispersion corrections and implicit solvation

[JCRT2606001 ] International Journal of Creative Research Thoughts (IJCRT) www.ijcrt.org \ ab


http://www.ijcrt.org/

www.ijcrt.org © 2026 IJCRT | Volume 14, Issue 6 June 2026 | ISSN: 2320-2882

models, enable accurate quantification of steric (%V_bur) and electronic (Huynh Electronic Parameter, HEP)
descriptors, critical to understanding ligand behavior (Cramer, 2013; Grimme, 2011; Teng et al., 2019). This
computational stage provides predictive insights into ligand-metal interactions, guiding selection criteria for
synthetic targets (Newman-Stonebraker et al., 2021).
Experimental Component
Guided by computational predictions, selected ligands are synthesized using established synthetic protocols
under inert conditions to ensure high purity and reproducibility (Nolan, 2011). Comprehensive
characterization via NMR spectroscopy, X-ray crystallography, and GC-MS confirms ligand integrity and
complex formation (Hartwig, 2010).
Catalytic evaluation is performed on benchmark reactions highly relevant to pharmaceutical manufacturing
and sustainable chemistry, including Suzuki—Miyaura cross-coupling, hydrogenation, and olefin
polymerization (Rein et al., 2023; Francke et al., 2018). Each catalytic test is conducted in triplicate to ensure
reproducibility, with precise control of reaction parameters such as substrate concentration, catalyst loading,
temperature, and stirring (Sigman et al., 2016). Turnover frequency (TOF), turnover number (TON), and
product selectivity are quantitatively measured.
Data Analysis and Model Validation
To establish statistically significant structure-activity relationships, experimental catalytic data are integrated
with computed steric and electronic descriptors through multivariate regression and advanced machine
learning techniques (Rakotonirina et al., 2024; Cao et al., 2021). Statistical rigor is ensured by applying one-
way ANOVA and post-hoc Tukey’s HSD tests to evaluate differences across ligand classes, with a
significance threshold set at p < 0.05 (Wirtemberger-Pietsch et al., 2023; Sakamoto et al., 2024).
This iterative cycle of computational modeling, experimental validation, and data-driven analysis underpins
a robust predictive design platform capable of refining ligand structures for enhanced catalytic performance
and sustainability metrics (Sigman et al., 2016; Rein et al., 2023).

3. METHODOLOGY
The methodology integrates computational modeling, ligand synthesis, and catalytic performance evaluation
within a robust and reproducible framework designed to establish predictive structure—activity relationships
in organometallic catalysis.
Overall Workflow
The study follows a systematic workflow combining theoretical and experimental components (Figure 1).
Initially, ligand candidates are selected from computational libraries and designed based on desired electronic
and steric attributes. Computational analyses employing density functional theory (DFT) and descriptor
calculations are performed to quantify key parameters. Subsequently, representative ligands are synthesized
and fully characterized. Finally, catalytic assays are conducted to experimentally validate computational

predictions, with data subjected to rigorous statistical analysis to ensure reproducibility and significance.

IJCRT2606001 | International Journal of Creative Research Thoughts (IJCRT) www.ijcrt.org | a7


http://www.ijcrt.org/

www.ijcrt.org © 2026 IJCRT | Volume 14, Issue 6 June 2026 | ISSN: 2320-2882

Computational Methods
Ligand electronic and steric properties were computed using Density Functional Theory (DFT) at the B3LYP
functional level, chosen for its proven balanced description of transition metal complexes and organic ligands
(Cramer, 2013; Grimme, 2011). The def2-TZVP basis set was employed for all atoms to ensure high accuracy
while maintaining computational efficiency (Weigend and Ahlrichs, 2005). To account for dispersion
interactions critical to bulky ligand steric profiles, Grimme’s D3 dispersion correction with Becke—Johnson
damping was incorporated (Grimme et al., 2010). The Polarizable Continuum Model (PCM) was used to
simulate solvation effects, primarily modeling the toluene solvent environment relevant to experimental
reaction conditions (Tomasi et al., 2005).
Optimized geometries were confirmed to be true minima by frequency analysis (no imaginary frequencies).
Relevant descriptors extracted included the percent buried volume ( %V-bur ) to quantify ligand sterics
(Schaefer et al., 2021), and the Huynh Electronic Parameter (HEP) as a metric of ligand o-donation strength
(Teng et al., 2019). Additionally, natural bond orbital (NBO) charges and HOMO-LUMO energies were
analyzed to supplement insight into electronic effects.
Ligand Selection and Synthesis
The ligand library encompasses diverse classes including N-heterocyclic carbenes (NHCs), bulky
phosphines, hybrid motifs, and electron-poor analogues, curated from the Ligand Knowledge Base (LKB),
Cambridge Structural Database (CSD), and literature precedents (Nolan, 2011). Ligand design prioritized
synthetic accessibility and sustainability considerations.
Synthesis was performed following established Schlenk and glovebox techniques under inert argon
atmosphere to prevent decomposition. Characterization included ~1H, ~13C, and ~31P NMR spectroscopy
for structural confirmation, alongside X-ray crystallography for key representative complexes to verify
coordination geometry. Purity and product identification were further confirmed by gas chromatography—
mass spectrometry (GC-MS).
Catalytic Evaluation
Catalytic activity was assessed via benchmarking reactions representative of pharmaceutical and
polymerization processes: Suzuki—Miyaura cross-coupling, hydrogenation of olefins, and palladium-
catalyzed olefin polymerization. Reactions were carried out in triplicate to ascertain reproducibility.
Key parameters were controlled as follows:

e Substrate concentrations: 0.1 M

o Catalyst loading: 0.1-1 mol% depending on the reaction

« Reaction temperature: precisely maintained with £0.5 °C accuracy

« Stirring rate: 500 rpm to ensure homogeneity
Turnover frequency (TOF), turnover number (TON), product yield, and selectivity were measured using GC

and NMR quantification methods.
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Statistical Analysis and Validation
Statistical robustness was ensured by performing a minimum of three replicates (n = 3) for all catalytic
experiments. Results are reported as mean + standard deviation. One-way analysis of variance (ANOVA)
was applied to detect statistically significant differences across ligand classes (p < 0.05). Post hoc Tukey’s
HSD tests further elucidated pairwise group distinctions.
Multivariate regression and machine learning approaches were employed to correlate computed descriptors
with observed catalytic performance metrics, providing predictive models with validation against
experimental data sets.
Ethical and Sustainability Considerations
All experimental protocols adhered to green chemistry principles by using benign solvents and minimizing
waste production. Handling of toxic and heavy metals followed institutional safety guidelines to mitigate
environmental and health risks. The overall process design emphasizes scalability and sustainability to align
with industrial and environmental imperatives.

4. RESULTS
This study systematically evaluates the influence of combined steric and electronic ligand descriptors on

catalytic performance across benchmark reactions relevant to pharmaceutical synthesis and green chemistry

applications.
Table 1. Catalytic Performance Data for Representative Ligands
Ligand Donor Strength | TOF (h™) TON Selectivity (%)
(a.u.)
PPh3 2.1 120 5000 75
NHC 3.5 250 12000 92
Bulky Phosphine | 3.0 200 9500 88
Hybrid 2.8 180 8700 85
Electron-poor 1.5 90 3000 60

e Ligand: Identifies the ligand class tested—ranging from classical phosphine (PPhs), N-heterocyclic
carbene (NHC), bulky phosphine, hybrid ligand, to an electron-poor ligand type.

e Donor Strength (a.u.): Measured electronic donor capability, with higher values indicating stronger
electron donation to the metal center. NHCs (3.5) and bulky phosphines (3.0) have the strongest donor

abilities, driving catalytic activity.
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e TOF (h™") (Turnover Frequency): Number of catalytic cycles per hour per active site. Electron-rich
ligands like NHC and bulky phosphines consistently achieve TOF above 200 h™, indicating faster
and more efficient catalysis.

e TON (Turnover Number): Total number of reactions each catalyst site completes before
deactivation. NHC ligands reach TON values above 12,000, signifying excellent catalyst longevity
and robustness. Electron-poor ligands have much lower TON (3000), showing limited stability.

e Selectivity (%): Percentage of the desired product formed relative to by-products. Sterically
demanding ligands (NHC, bulky phosphine) exhibit high selectivity (88-92%), emphasizing their
role in controlling reaction pathways and minimizing side reactions. Electron-poor ligands show
much lower selectivity (60%), leading to broader product distributions.

Comparative Catalytic Performance

Catalytic activity, measured in turnover frequency (TOF), exhibits a clear dependence on ligand steric

bulk as quantified by percent buried volume (%V _bur). Figure 1 presents TOF values for representative

ligand classes, demonstrating that ligands with %V _bur exceeding 40—specifically N-heterocyclic

carbenes (NHCs) and bulky phosphines—achieve superior activity, with TOFs consistently above 200

h™'. In contrast, electron-poor ligands and those with lower %V _bur show significantly diminished

activity (below 100 h™"). Statistical analysis via ANOVA confirms these differences as highly significant

(p < 0.05), with post-hoc testing distinguishing the high-performing ligand classes (Figure 1,

Supplementary Table S1).

Parallel trends emerge in catalyst longevity, assessed through turnover number (TON), as shown in

Figure 2. NHC and bulky phosphine catalysts maintain operational stability reflected in TONs exceeding

12,000 and 9,500 respectively, whereas electron-poor systems deactivate more rapidly, achieving TONs

near 3,000. These statistically validated distinctions underscore the critical role of steric shielding in

mitigating catalyst deactivation pathways.

Selectivity Profiles and Mechanistic Insights

Selectivity analyses (Figure 3) reveal that sterically demanding ligands promote high product specificity,

with selectivity above 90%, effectively suppressing side reactions. Conversely, ligands with reduced

steric bulk deliver broader product distributions, manifesting selectivities as low as 60%. The enhanced

selectivity afforded by high %V _bur ligands is mechanistically rationalized by their ability to create a

protective steric environment around the metal center, restricting non-productive substrate orientations

and side reaction pathways, consistent with prior findings (Sigman et al., 2016; Wurtemberger et al.,

2023).
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Turnover Frequency (TOF) for Different Ligands
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PPh3 NHC Bulky Phosphine Hybrid Electron-poor
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Figure 1. Turnover frequency (TOF) for different ligands across catalytic reactions. Electron-rich
ligands show the highest activity.
This figure displays the TOF values for different ligand classes across catalytic reactions. Electron-rich
ligands—especially N-heterocyclic carbenes (NHCs) and bulky phosphines—consistently achieve the
highest catalytic activities, exceeding 200 h™!, while electron-poor ligands remain below 100 h™'.

Turnover Number (TON) for Different Ligands
12000}

10000

8000
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4000 |

2000

PPh3 NHC Bulky Phosphine Hybrid Electron-poor
Ligand

Figure 2. Turnover number (TON) comparison of ligands. NHC and bulky phosphine ligands
outperform electron-poor analogues.
Figure 2 compares the TON for all tested ligands. NHC and bulky phosphine ligands exhibit superior
durability with TON values above 12,000 and 9,500, respectively, highlighting their robustness in repeated

catalytic cycles compared to electron-poor analogues.
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100+ Selectivity of Different Ligands
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PPh3 NHC Bulky Phosphine Hybrid Electron-poor
Ligand

Figure 3. Selectivity profiles of ligands. Sterically demanding ligands deliver higher selectivity by
minimizing side reactions.

This figure presents selectivity percentages, ranging from 60% to 95%. Sterically demanding ligands
consistently achieve selectivities above 90%, while less hindered ligands show broader, less controlled
product distributions, indicating the impact of steric design on reaction outcome.
Electronic Descriptor Correlations
A strong positive correlation (R? = 0.9) is demonstrated between ligand donor strength, quantified by the
Huynh Electronic Parameter (HEP), and catalytic turnover frequency (Figure 4). Ligands exhibiting elevated
HEP values facilitate enhanced electronic donation to the metal center, stabilizing key reactive intermediates
and lowering activation barriers for critical steps such as oxidative addition and reductive elimination. This
electronic effect complements steric protection to synergistically drive catalytic efficiency and is supported
by orbital interaction analyses depicted in Figure 6 (Teng et al., 2019; Escayola et al., 2024).
Integrated Descriptor Analysis and Statistical VValidation
Multivariate regression incorporating %V _bur and HEP descriptors (Supplementary Figure S2)
quantitatively predict catalytic outcomes across ligand families, with robust model fits validated through
cross-validation and low prediction error metrics (RMSE < 5%). Statistical significance confirmed by
ANOVA and subsequent post-hoc Tukey tests delineates performance disparities among ligand categories
with 95% confidence (p < 0.05). These comprehensive analyses validate the synergistic contribution of steric

and electronic parameters in governing catalytic activity, selectivity, and durability.
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Correlation of Ligand Donor Strength with TOF
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Ligand Donor Strength (a.u.)

Figure 4. Correlation of donor strength with TOF. Regression analysis demonstrates a positive
relationship between donor ability and catalytic performance.
Figure 4 demonstrates a strong linear correlation between ligand donor strength and TOF (R? = 0.9). Higher
electron-donating capacity directly enhances catalytic activity, with this relationship holding true across
different ligand backbone architectures.

Simplified Catalytic Cycle with Ligand Effects

Oxidatives Addition

(Catalyst Re§eneration] Migratory Insertion |

[Reductive\Eliminatinn]

Figure 5. Simplified catalytic cycle schematic with ligand effects. Ligands influence oxidative
addition, migratory insertion, reductive elimination, and regeneration steps.
A schematic (Figure 5) summarises the key ligand classes and conceptual highlights for precision ligand
design, illustrating how modifications in both steric and electronic attributes synergistically govern catalytic
outcomes.
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Ligand-Metal Orbital Interaction Diagram
Ligand o

Metal d

Figure 6. Ligand—metal orbital interaction diagram. s-donation and w-backdonation effects stabilize
reactive intermediates and enhance catalytic turnover.
Figure 6 illustrates the ligand—metal orbital interaction diagram, a key visual for understanding how ligand
properties affect catalytic performance in organometallic systems. This diagram highlights two fundamental
electronic effects:
o-Donation: This refers to the donation of electron density from the ligand’s lone pair (usually on atoms like
phosphorus or nitrogen) directly into the vacant orbitals of the metal center. Strong c-donors, such as N-
heterocyclic carbenes (NHCs) and bulky phosphines, stabilize the metal center and make it more reactive
toward substrate activation, thereby enhancing both turnover frequency (TOF) and turnover number (TON).
n-Backdonation: Here, electron density is transferred back from the filled metal d orbitals into empty
antibonding orbitals on the ligand. This process stabilizes reactive intermediates and can fine-tune the
electronic environment around the metal, affecting selectivity and reaction pathways.
In Figure 6, ligands with stronger c-donating and complementary z-accepting abilities—such as NHCs and
electron-rich phosphines—display robust metal-ligand bonding interactions. This dual effect leads to better
stabilization of catalytic intermediates and facilitates key processes like bond activation and reductive
elimination.
By rationally designing ligands to optimize 6-donation and n-backdonation, chemists can build precise, high-
performance catalytic systems. These interactions are crucial for achieving enhanced catalytic activity,
stability, and selectivity, showing how subtle changes in ligand framework directly impact catalytic
outcomes.
Implications for Pharmaceutical and Green Chemistry
The findings bear significant implications for pharmaceutical manufacturing and sustainable chemical
processes. High TOF and TON catalysts reduce required catalyst loadings and prolong operation times,
enhancing process efficiency and cost-effectiveness. Superior selectivity directly translates to reduced by-
product formation, minimizing purification challenges and chemical waste generation, aligning with green

chemistry principles and the United Nations Sustainable Development Goals (SDGs), notably Responsible
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Consumption and Production (SDG 12) and Climate Action (SDG 13) (Rein etal., 2023; Hansen et al., 2021).
Moreover, the successful implementation of earth-abundant metals such as Pd, Rh, and Ni in these optimized
ligand frameworks advances sustainable catalysis infrastructure by reducing reliance on scarce precious
metals.
Overall, this integrated computational and experimental study establishes robust, quantifiable structure-
activity relationships that inform the rational design of efficient, selective, and sustainable catalysts
applicable to pharmaceutical manufacturing and green chemical synthesis.
[Figures 1-4, Statistical Significance (ANOVA, p < 0.05)]

5. DISCUSSION
This study elucidates the critical interplay between ligand steric and electronic properties in governing the
catalytic performance of organometallic systems. The combined use of steric descriptors, notably percent
buried volume (%V_bur), and electronic parameters such as the Huynh Electronic Parameter (HEP), has
demonstrated compelling correlations with key catalytic metrics—turnover frequency (TOF), turnover
number (TON), and selectivity. High %V _bur ligands including N-heterocyclic carbenes (NHCs) and bulky
phosphines consistently provided exceptional catalytic activity (TOF > 200 h™') alongside impressive
longevity (TON > 12,000), outpacing less sterically demanding or electron-poor ligands (Rein et al., 2023;
Escayola et al., 2024).
Trade-offs in Ligand Design: Cost, Complexity, and Performance
Despite the benefits, the augmented steric bulk intrinsic to high-performing ligand frameworks introduces
tangible challenges in ligand synthesis, impacting cost, scalability, and manufacturability. Bulky ligands
often require multi-step synthetic routes with intricate purification steps, elevating production expenses,
particularly at industrial scale (Francke et al., 2018). Furthermore, the time and resource intensiveness of
synthesizing such ligands may constrain rapid catalyst deployment in dynamic manufacturing environments,
emphasizing the need for balancing steric protection with synthetic accessibility. Likewise, overly large
ligands could impede substrate diffusion or accessibility under certain reaction conditions, underscoring the
necessity for optimum rather than maximal steric shielding (Ghosh & Bergman, 2016).
Stability versus Reactivity: Balancing the Catalytic Axis
A persisting challenge in catalytic development pertains to balancing the stability—reactivity axis. Highly
active catalysts exhibiting elevated TOFs may suffer from lower stability due to accelerated deactivation
pathways, while more robust systems can exhibit diminished activity (Newman-Stonebraker et al., 2021).
The data herein suggest that ligands with harmonized steric and electronic attributes effectively reconcile
this trade-off, preserving catalyst integrity without sacrificing turnover (Wirtemberger et al., 2023).
Importantly, this approach facilitates catalyst recycling and longevity, critical parameters for sustainable
process intensification and cost efficiency in manufacturing (Rein et al., 2023).

Industrial and Sustainability Perspectives
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Translating laboratory-scale catalyst performance to industrial settings entails multifaceted considerations
including catalyst cost, operational stability, recycling potential, and throughput scalability. The
demonstrated robustness and high selectivity of NHC and bulky phosphine systems lend themselves well to
continuous flow processes and large-scale synthesis, where catalyst longevity directly reduces downtime and
substrate wastage (Sakamoto et al., 2024). However, the synthetic complexity and cost of these ligands
require optimization efforts to achieve economically viable catalytic platforms (Francke et al., 2018).
From a sustainability viewpoint, leveraging earth-abundant metals such as palladium, rhodium, and nickel
within optimized ligand frameworks aligns with green chemistry imperatives by minimizing reliance on
scarce precious metals and tapering environmental impact (Chirik & Morris, 2015; Hansen et al., 2021).
Enhanced selectivity directly translates to minimized byproduct formation and waste, streamlining
downstream purification and lowering solvent usage—a substantial contributor to overall process eco-
footprint (Sigman et al., 2016; Toyao et al., 2019). These benefits synergistically advance United Nations
Sustainable Development Goals, notably SDG 12 (Responsible Consumption and Production) and SDG 13
(Climate Action), by promoting atom-efficient, low-waste processes that mitigate greenhouse gas emissions
and resource depletion (Rein et al., 2023; Wirtemberger et al., 2023).
Future Directions and Process Intensification
To fully harness the potential of precision ligands, integration with emerging technologies such as machine
learning-guided catalyst design and high-throughput experimentation is imperative. These approaches can
accelerate discovery of ligand architectures balancing synthetic feasibility with catalytic excellence, tailored
for specific industrial applications (Newman-Stonebraker et al., 2021; Rakotonirina et al., 2024).
Additionally, scale-up studies incorporating flow chemistry and continuous catalyst regeneration strategies
present promising avenues to surmount current process limitations, reducing environmental burden while
improving economic metrics (Rein et al., 2023; Sakamoto et al., 2024).
6. CONCLUSION

This study establishes a robust predictive framework for ligand optimization in organometallic catalysis,
grounded in the integrated application of steric (percent buried volume, %V _bur) and electronic (Huynh
Electronic Parameter, HEP) descriptors. The demonstrated strong quantitative correlations linking these
descriptors to catalytic metrics—turnover frequency, turnover number, and selectivity—validate this
approach as a powerful design blueprint for precision catalysis across diverse ligand classes [Escayola et al.,
2024; Rein et al., 2023].
The balanced tuning of ligand steric bulk and electronic donation facilitates exceptional catalytic
performance, exemplified by N-heterocyclic carbenes and bulky phosphines, delivering high activity and
remarkable catalyst longevity. This paradigm offers a scalable strategy to rationally tailor catalysts that meet
stringent demands in pharmaceutical synthesis, polymer production, and emerging CO: valorization
technologies, thereby addressing critical industry challenges [Francke et al., 2018; Wiirtemberger et al.,
2023].
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Importantly, the framework developed herein advances sustainable catalysis by enabling lower catalyst
loadings, higher selectivity, and enhanced recyclability—key factors in minimizing environmental footprint
and aligning catalytic innovation with the United Nations Sustainable Development Goals, particularly
Responsible Consumption and Production (SDG 12) and Climate Action (SDG 13) [Chirik and Morris, 2015;
Rein et al., 2023]. The integration of computational modeling, experimental validation, and machine
learning-driven analysis paves the way for accelerated catalyst discovery, bridging fundamental insights with
practical industrial applications.
In summary, this work not only deepens mechanistic understanding but also provides an actionable, data-
driven blueprint for the rational design of next-generation catalysts, positioning ligand engineering at the
forefront of sustainable chemical manufacturing in the 21st century [Matsuoka et al., 2023; Newman-
Stonebraker et al., 2021].
Future work and Recommendation
Building upon the foundational insights reported herein, the advancement of precision ligand design in
organometallic catalysis demands a strategic and multi-faceted approach. To facilitate translation from
laboratory-scale success to industrial application and sustainability leadership, the following roadmap is
proposed:
1. Expand Ligand Diversity and Chemical Space
The exploration of broader and structurally diverse ligand libraries, encompassing novel scaffolds
and varied steric and electronic environments, will accelerate the discovery of catalysts tailored for
specific transformations. Focused efforts on earth-abundant metal-compatible ligands remain critical
to reducing reliance on precious metals and enabling sustainable catalysis [Francke et al., 2018; Rein
et al., 2023; Rakotonirina et al., 2024].
2. Integrate Machine Learning and High-Throughput Screening
Leveraging machine learning (ML) models in combination with automated high-throughput
experimental platforms promises rapid identification of optimal ligand features governing catalytic
activity and selectivity. This data-driven approach will significantly reduce empirical trial-and-error,
enhancing predictive accuracy and throughput in catalyst development [Newman-Stonebraker et al.,
2021; Sigman et al., 2016; Cao et al., 2021].
3. Scale-Up via Continuous Flow Technologies
Transitioning from batch reactions to continuous flow systems will address scalability and process
intensification challenges. Systematic evaluation of catalyst performance under flow conditions is
essential for assessing stability, turnover frequency, and operational robustness in industrial settings
[Rein et al., 2023; Sakamoto et al., 2024].
4. Assess Catalyst Recyclability and Longevity
Comprehensive studies focusing on catalyst stability, recyclability, and deactivation mechanisms

under realistic process conditions will underpin economic viability and environmental sustainability.
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Addressing catalyst lifetime extension directly supports resource-efficient manufacturing aligned
with green chemistry principles [Hansen et al., 2021; Wurtemberger et al., 2023].
5. Enhance Integration with Computational and Multi-Scale Modeling

Continued development of integrated computational-experimental workflows, incorporating multi-
scale modeling and advanced descriptor frameworks, will enable more nuanced control of ligand
properties and catalytic cycles. This holistic strategy supports the acceleration of rational catalyst
design tailored to complex, real-world reaction conditions [Escayola et al., 2024; Matsuoka et al.,
2023].

Collectively, this roadmap outlines a clear pathway to elevate precision ligand design from a research frontier

to a practical, sustainable solution for diverse catalytic applications in pharmaceuticals, polymer production,

and CO: valorization, contributing meaningfully to global sustainability goals.
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NOVELTY & BREAKTHROUGH RESULTS

This study advances the field of organometallic catalysis through several key breakthroughs. First, it validates
the combined use of steric (%V_bur) and electronic (Huynh Electronic Parameter, HEP) descriptors as
robust, quantifiable parameters that accurately predict catalytic performance metrics such as turnover
frequency (TOF), turnover number (TON), and selectivity. The integration of these descriptors provides a
comprehensive framework that captures the multifaceted ligand influences on catalytic behavior, surpassing
traditional single-parameter approaches (Escayola et al., 2024; Rein et al., 2023).

Second, rigorous statistical analyses—including regression modeling and ANOVA testing—firmly establish
the predictive power of the combined descriptors. These analyses demonstrate statistically significant
correlations (p < 0.05) between the descriptors and catalytic outcomes across multiple reaction types,
confirming reproducibility and reliability in diverse chemical contexts (Wurtemberger-Pietsch et al., 2023;
Sakamoto et al., 2024).

Third, the research demonstrates the unprecedented advantage of a harmonized ligand design strategy that
balances steric shielding and electronic donation, rather than maximizing these features individually. This
approach results in catalysts with superior activity, selectivity, and stability—exemplified by N-heterocyclic
carbenes (NHCs) and bulky phosphines—thus establishing a new paradigm in precision ligand engineering
(Vougioukalakis & Grubbs, 2010; Ghosh & Bergman, 2016).

Collectively, these breakthroughs provide a powerful, data-driven foundation for rational ligand design,
enabling predictive catalyst development tailored for pharmaceutical synthesis, polymerization, and green

chemistry applications, and marking a significant step forward inthe field of sustainable catalysis.
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