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Computational molecular design can generate chemically novel structures and optimize predicted
properties at a scale that exceeds conventional manual ideation. Yet the production of valid or high-
scoring structures does not resolve the central pharmaceutical problem: a molecule must satisfy
multiple interacting requirements before it can become an experimentally credible candidate.
Potency may conflict with selectivity, exposure, safety, solubility, stability, synthetic tractability,
route practicality, and material availability. Moreover, confidence in a predicted property does not
establish that the underlying model is applicable to the proposed structure or that an acceptable
synthesis and development path exists. This article develops an original constraint-aware account
of molecular design in which pharmaceutical relevance is determined by non-substitutable
feasibility conditions, conditional optimization objectives, explicit uncertainty, and evidence-
dependent decision gates. The proposed Full-Weight Pharmaceutical Design Hierarchy
distinguishes structural admissibility, pharmacological relevance, selectivity and safety boundaries,
synthetic and material feasibility, developability requirements, preference-sensitive optimization,
and experimental confirmation. It further separates molecule-level plausibility from route-level
accessibility and prevents favorable performance on one objective from compensating for failure of
a critical constraint. The contribution is conceptual and methodological rather than empirically

validated: it organizes how computational outputs may be evaluated, compared, rejected, or
advanced without treating a composite score as evidence of pharmaceutical readiness. Its
applicability remains conditional on target biology, therapeutic modality, assay quality, model
calibration, product concept, organizational capabilities, and access to experimental expertise. By
repositioning generation as the production of testable pharmaceutical hypotheses rather than
candidate drugs, the article provides a basis for more defensible model evaluation, interdisciplinary
decision-making, and prospective validation of constraint-aware molecular design.
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Introduction

Artificial intelligence and machine-learning methods now support activities spanning target analysis, virtual screening,
molecular generation, property prediction, and development planning, but their pharmaceutical value remains conditional on
suitable data, task-specific validation, and experimental adjudication; a generated molecular structure is therefore a testable
hypothesis rather than a drug candidate [1-3]. This distinction is central to the scientific interpretation of computational design.
A molecular representation can be formally valid, different from known training examples, and highly ranked by one or more
prediction models while remaining pharmacologically irrelevant, synthetically inaccessible, unsafe, unstable, or incompatible
with the intended dosage form. The ability to search chemical space more rapidly consequently enlarges the set of hypotheses
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that can be considered, but it does not relax the evidentiary conditions under which any individual structure should be
advanced.
Modern computational methods can streamline hypothesis generation and prioritization, yet they remain components of
integrated discovery programs rather than substitutes for medicinal chemistry, pharmacology, toxicology, pharmaceutics,
process chemistry, and experimental decision-making [4]. Their contribution depends not only on predictive accuracy in an
abstract statistical sense but also on whether the prediction target corresponds to the intended pharmaceutical question. A
potency model trained on heterogeneous assay data, for example, may not describe the relevant target state, cellular context,
exposure condition, or mechanism. A retrosynthetic score may suggest accessibility without establishing reaction success,
isolation, purity, scale, or supply continuity. Computational efficiency therefore has pharmaceutical meaning only when the
scope of each model, the evidence available for the proposed structure, and the consequences of error are made explicit.
The unresolved problem is particularly acute in generative molecular design. Generators are often assessed through chemical
validity, uniqueness, novelty, diversity, similarity to a reference distribution, or improvement in an optimization score. These
measures are useful for testing particular computational capabilities, but generative output must ultimately be judged by
medicinal-chemistry relevance rather than novelty alone [5]. Novelty can indicate that a model is not merely reproducing its
training set, yet unfamiliarity may also move a structure away from reliable property estimates, established structure—activity
relationships, known synthetic precedents, and characterized chemical matter. Conversely, a less novel analogue may be more
informative if it tests a specific pharmacological hypothesis, resolves a known series liability, or can be synthesized rapidly
from available materials. The scientific value of generation thus lies not in distance from prior molecules as such, but in the
quality and testability of the pharmaceutical hypothesis produced.
This article proposes the Full-Weight Pharmaceutical Design Hierarchy, a conceptual organization of molecular design under
interacting and non-substitutable constraints. The hierarchy treats structural admissibility, pharmacological relevance,
selectivity, safety, synthetic feasibility, route accessibility, material availability, and developability as distinct conditions
whose meanings cannot be collapsed into a single reward without loss of scientific information. Only after critical feasibility
boundaries have been met should preference-sensitive optimization be used to compare acceptable alternatives. Uncertainty
and evidence maturity modify every level, while staged decision gates determine whether an output should remain a generated
structure, become a synthesis proposal, enter experimental testing, or be considered an experimentally credible candidate. The
contribution is not presented as a validated algorithm or universal selection rule. Rather, it specifies an architecture for asking
which constraints must be satisfied, which trade-offs may legitimately be negotiated, what evidence is required, and where
computational claims must stop.

Why Pharmaceutical Design Cannot Be Reduced to Molecular Novelty

Molecular novelty is a relation between a proposed structure and a defined comparison set; it is not a direct measure of
therapeutic value. Its interpretation depends on the molecular representation, similarity function, reference database,
stereochemical treatment, and threshold used to define difference. Benchmarking work has appropriately distinguished
validity, uniqueness, novelty, and goal achievement as separate dimensions of de novo molecular generation [6]. This
separation is scientifically important because each dimension answers a different question. Validity asks whether a
representation conforms to specified chemical rules. Uniqueness measures duplication within an output set. Novelty compares
outputs with a reference collection. Goal achievement measures performance against a chosen objective. None of these
questions alone determines whether a molecule has credible pharmacology, acceptable off-target behavior, a viable route, or
a developable product profile.

The limitation becomes more consequential when a model is optimized against a scoring function. A generator does not
understand the pharmaceutical intention behind a score; it searches for structures that obtain favorable numerical evaluations
under the implemented objective and constraints. Goal-directed optimization can therefore exploit weaknesses in scoring
functions and produce apparently strong but chemically or pharmaceutically misleading structures [7]. This behavior should
not be interpreted simply as a defective model. It reveals an epistemic mismatch between the measurable proxy and the
scientific outcome the proxy is expected to represent. If an activity predictor can be increased through features outside its
reliable domain, if a structural alert is absent because the alert library is incomplete, or if a composite reward permits a severe
liability to be offset by improvements elsewhere, optimization may amplify rather than correct the weakness.
Distribution-learning evaluations provide additional but still bounded information. Measures of similarity to training
distributions, internal diversity, scaffold composition, or physicochemical coverage can identify mode collapse, memorization,
or gross departures from a reference chemical space. Benchmark platforms make such comparisons more reproducible, but
generative quality metrics characterize model output distributions rather than establish the pharmaceutical usefulness of
individual molecules [8]. A distribution can resemble known drug-like molecules while containing no structure appropriate
for a particular target or product concept. Alternatively, a useful proposal may occupy a sparsely represented region because
the intended mechanism requires unusual chemistry. Distributional fidelity and pharmaceutical relevance must therefore
remain analytically distinct: the first concerns model behavior relative to data, whereas the second concerns whether a structure
can support a defensible program-specific hypothesis.

The strongest reason not to equate novelty with design success is that generated structures can score favorably while remaining
difficult to synthesize [9]. Novelty may be achieved by adding complexity, unusual ring systems, rare functional-group
combinations, or substitution patterns with limited precedent, but these same features can increase route length, stereochemical
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burden, purification difficulty, reagent dependence, or uncertainty about reaction compatibility. A structure that cannot be
connected to an acceptable route and obtainable inputs is not automatically worthless, because it may still reveal a useful
conceptual direction. It should, however, remain classified as a molecular hypothesis rather than be promoted as a candidate.
Within the proposed hierarchy, novelty is consequently treated as a descriptive or exploratory attribute. It may support
chemical-space expansion, intellectual-property differentiation, or hypothesis diversification, but it cannot substitute for
pharmacological relevance, safety, synthesis, or developability. Table 1 organizes the evidence, constructs, and interpretation
boundaries needed to develop why pharmaceutical design cannot be reduced to molecular novelty within the article’s central
argument.

Table 1. Evidence domains, core questions, scientific requirements, and interpretation boundaries for Why pharmaceutical
design cannot be reduced to molecular novelty
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Potency, Selectivity, Safety, and Developability as Coupled Design Constraints

Potency, selectivity, safety, and developability are coupled because structural changes rarely affect only one pharmaceutical
property. Increased molecular complexity may create additional target interactions and improve binding or selectivity, but it
can also increase synthetic burden, lipophilicity, conformational uncertainty, metabolic liabilities, and difficulty in controlling
solid-state or formulation behavior [10]. The coupling is not uniformly negative or positive. Added three-dimensionality may
improve differentiation between related binding sites, while greater rigidity may reduce an entropic penalty yet impair
solubility. A polar substituent may support aqueous behavior but reduce passive permeability. The design problem is therefore
not to minimize or maximize complexity, polarity, lipophilicity, or flexibility in isolation. It is to determine whether a particular
structural configuration satisfies the intended pharmacological and product context without creating unacceptable liabilities
elsewhere.
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Potency itself should be treated as a context-specific relevance floor rather than a universal scalar objective. A predicted
affinity or activity value is meaningful only relative to assay design, target state, mechanism, exposure, and the uncertainty of
the supporting model. Selectivity similarly cannot be represented adequately by the intended target score alone; it requires
consideration of plausible off-targets, homologous proteins, pathway-level effects, and concentration-dependent margins.
Safety adds endpoint-specific constraints that are often non-compensable: a serious reactive, genotoxic, cardiovascular,
neurological, or organ-specific liability should not be averaged away by a gain in predicted potency. The multi-causal nature
of drug-development failure, involving interacting efficacy, safety, pharmacokinetic, and strategic factors, illustrates why
success on one property cannot be interpreted as general candidate quality [11]. The hierarchy proposed here therefore
distinguishes properties that may be traded within defined limits from failures that should trigger rejection, redesign, or an
explicit hold.

Developability connects molecular properties to the conditions under which a compound could become a reproducible
pharmaceutical product. It includes, but is not limited to, solubility, permeability, chemical and metabolic stability, exposure
potential, solid-state behavior, formulation compatibility, and the relationship between dose and achievable concentration.
These features cannot be interpreted through universal thresholds because their importance changes with indication, route of
administration, therapeutic window, dosing frequency, tissue distribution, and modality. Analyses of small-molecule property
trends from a developability perspective support evaluating compounds as integrated profiles rather than as collections of
independent favorable values [12]. In the proposed hierarchy, the developability envelope is consequently defined by the
intended product concept. It asks whether the combined property pattern is compatible with a plausible path to exposure,
manufacture, storage, administration, and use—not whether the molecule resembles an abstract average drug.

Early computational profiling can support this assessment by combining predicted absorption, distribution, metabolism,
excretion, drug-likeness, physicochemical characteristics, and medicinal-chemistry alerts [13]. Such tools are useful for triage,
comparison, hypothesis generation, and the identification of properties that require experimental clarification. They must not
be treated as confirmation of pharmacokinetics, safety, formulation performance, or medicinal-chemistry acceptability. A
negative alert result may reflect limited rule coverage, and an apparently favorable property estimate may arise from model
extrapolation or representation choices. The original constraint-aware contribution of this article is therefore to position these
predictions as provisional evidence attached to separate design constraints. Potency, selectivity, safety, and developability
should be assessed jointly, but not flattened indiscriminately: each retains its own evidentiary basis, uncertainty, failure
conditions, and decision authority. This coupling also creates a direct dependency on synthesis, because a computational trade-
off cannot be adjudicated experimentally unless the relevant structures can be produced through accessible routes and
materials.

Synthetic Feasibility, Route Accessibility, and Material Availability

Synthetic feasibility is not an intrinsic binary property of a molecular graph. It is a contextual judgment about whether a
specified structure can plausibly be produced through chemically defensible transformations under defined constraints. A
molecule-level assessment may identify complexity, unusual substructures, or known problematic motifs, but it cannot
establish whether a complete route exists. Retrosynthetic planning instead treats synthesis as a route-level search problem in
which the target is recursively disconnected into precursors using learned reaction knowledge and symbolic search [14]. This
shift is essential to constraint-aware design because two structurally similar molecules may differ substantially in route length,
reaction precedent, stereochemical control, protecting-group requirements, purification burden, or dependence on specialized
chemistry. Synthetic feasibility should therefore be represented as a structured body of route evidence rather than a single
molecular descriptor. The relevant question is not merely whether a structure appears synthesizable, but whether at least one
route is sufficiently plausible, interpretable, and compatible with the intended experimental setting to justify further attention.
Route accessibility narrows this inquiry by making the assumptions of the planning environment explicit. Retrosynthetic
systems can test whether candidate routes are discoverable under specified reaction-template libraries, search strategies,
stopping criteria, and definitions of purchasable stock [15]. A route that is found under one configuration may disappear when
the available reaction knowledge, precursor inventory, maximum search depth, or permitted transformations change.
Conversely, the absence of a route may reflect incomplete templates or search limitations rather than chemical impossibility.
Computational route planning should consequently report the assumptions that generated the route, plausible alternatives,
unresolved transformations, precursor provenance, and the degree of precedent supporting critical steps. It should not treat
search completion as equivalent to laboratory execution. Route accessibility is best interpreted as evidence that a proposed
structure can be connected computationally to a defined starting-material space, subject to the limitations of the planner and
its knowledge base.

Rapid synthesizability classifiers can support early triage when full retrosynthetic analysis is computationally expensive.
Retrosynthesis-derived accessibility scoring provides an approximate indication of whether an underlying planner is likely to
identify a route, enabling implausible proposals to be deprioritized before detailed examination [16]. This function is useful
within large generated libraries, but its interpretation must remain bounded. The score inherits the reaction coverage, stock
assumptions, molecular representation, and success definition of the planner used to create its labels. It may also obscure why
a structure is classified as accessible or inaccessible and may fail to distinguish a short robust route from a nominal route
containing an uncertain transformation. Within the proposed hierarchy, a fast accessibility estimate is therefore an early
screening signal rather than a feasibility determination. Structures near a decision boundary, structures containing unusual
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chemistry, and structures selected for experimental progression require route reconstruction and expert review rather than
reliance on the classifier alone.

Material availability is a separate constraint because even a chemically plausible route may depend on precursors, reagents,
catalysts, or intermediates that are unavailable, unstable, restricted, prohibitively difficult to obtain, or incompatible with the
intended scale and location. Analyses of commercially available building blocks demonstrate that medicinal-chemistry access
is shaped by the composition and diversity of supplier inventories [17]. Availability is also time-sensitive and organization-
dependent: a listed compound may be back-ordered, supplied only in unsuitable quantities, inadequately characterized, or
obtainable only through a route that transfers the original synthesis problem upstream. Constraint-aware design should
therefore distinguish catalog presence from verified procurement and distinguish purchasable inputs from materials that must
themselves be synthesized. Material constraints may legitimately favor a less novel molecule when it permits rapid
experimental learning through accessible analogues. Table 2 organizes the evidence, constructs, and interpretation boundaries
needed to develop synthetic feasibility, route accessibility, and material availability within the article’s central argument.

Table 2. Components, relationships, uncertainties, and validation needs within Synthetic feasibility, route accessibility, and
material availability
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Proposed Constraint Hierarchy for Computational Molecular Design

The proposed Full-Weight Pharmaceutical Design Hierarchy begins from the premise that molecular generation and property-
directed search are enabling substrates, not complete pharmaceutical decision systems. Learned continuous representations
can organize chemical structures so that movement through a latent space corresponds to changes in predicted molecular
properties [18]. Such representations make optimization computationally tractable, but they do not determine which properties
should function as exclusions, minimum feasibility conditions, negotiable objectives, or preferences. The hierarchy therefore
separates the capacity to search from the authority to advance. At its base lies structural admissibility: the molecular identity
must be unambiguous, chemically interpretable, and suitable for the models being applied. Above this lie non-compensable
exclusions, including serious safety or reactivity concerns that cannot legitimately be cancelled by improvements in potency
or novelty. Structures failing these foundational conditions should be rejected, held for clarification, or redesigned before
preference-based optimization begins.

The second level comprises feasibility floors that determine whether a molecular hypothesis can enter an experimentally
meaningful design space. Conditional molecular generation demonstrates that output distributions can be steered by multiple
requested descriptors [19]. The article extends this logic by arguing that not every condition should be represented as an equally
weighted target. Synthetic feasibility, route accessibility, material availability, pharmacological relevance, selectivity, and
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product-specific developability should instead be encoded as heterogeneous constraints with different evidentiary meanings.
Some may be hard exclusions, some may define minimum acceptable regions, and others may remain provisional until testing.
A structure should not receive an overall admissible status merely because a composite objective is favorable. Its status should
retain the result for each constraint, the evidence source supporting that result, the uncertainty attached to it, and the
consequence of failure.

The third level addresses conditional optimization among structures that have survived the more fundamental constraints.
Multiobjective molecular design can benefit from explicit quality assessment that evaluates generated structures beyond raw
reward accumulation [20]. In the proposed hierarchy, potency improvement, selectivity margins, physicochemical balance,
route efficiency, structural simplicity, novelty, intellectual-property distance, and portfolio diversity may be optimized only
within the region that remains pharmaceutically admissible under the available evidence. The hierarchy does not require all
objectives to improve simultaneously. Instead, it distinguishes unacceptable deterioration from transparent, context-dependent
compromise. It also prohibits unlimited compensation: severe safety concern, lack of an executable route, or incompatibility
with the intended product concept cannot be neutralized merely by a sufficiently high score elsewhere. Figure 1 presents the
developability-constrained molecular design crucible, showing how the article’s key components and boundaries are connected
within proposed constraint hierarchy for computational molecular design.
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Figure 1. Developability-Constrained Molecular Design Crucible.

The figure is an original conceptual synthesis that organizes the article’s central contribution across pharmaceutical design
cannot be reduced to molecular novelty, potency, selectivity, safety, and developability as coupled design constraints,
developability as coupled design constraints, synthetic feasibility, route accessibility, and material availability, synthetic
feasibility, route accessibility. Arrows and grouping indicate proposed or evidence-supported relationships rather than
measured effect sizes. The figure does not represent a validated predictive model, regulatory determination, clinical
recommendation, or deployment-ready system.

Human judgment forms the final interpretive layer rather than an external correction applied only after generation. Human-in-
the-loop molecular design shows that expert preferences and implicit medicinal-chemistry knowledge cannot always be
represented adequately by a fixed objective function [21]. Experts are needed to determine whether a predicted liability is
credible, whether an apparent trade-off is tolerable, whether an unusual structure is informative despite uncertainty, and
whether the next experiment can discriminate among competing hypotheses. Human involvement does not eliminate bias or
guarantee correctness; it must itself be documented through decision rationales, disciplinary representation, and predefined
escalation rules. The hierarchy is therefore proposed as a shared decision language. It organizes computational evidence and
makes non-substitution boundaries visible, but it does not automate candidate nomination or replace accountable
multidisciplinary review.

Managing Conflict, Uncertainty, and Trade-Offs Across Objectives

Uncertainty is a transversal property of the hierarchy because every constraint may be estimated from incomplete,
heterogeneous, or context-mismatched evidence. Bayesian and neural uncertainty methods can differ substantially in
calibration, ranking behavior, computational cost, and robustness across molecular-property tasks; predictive confidence
should therefore not be treated as uncertainty without method- and dataset-specific evaluation [22, 23]. A narrow prediction
interval may reflect a model’s internal behavior while failing to capture assay noise, label inconsistency, target-state ambiguity,
distribution shift, or missing mechanisms. Constraint-aware design should preserve at least three distinctions: uncertainty about
the model, uncertainty inherent in the measured or predicted endpoint, and uncertainty about whether the endpoint is an
adequate proxy for the pharmaceutical decision. These forms of uncertainty have different remedies. Additional training data

42



Nzouankeu et al., 2024
Pharmacophore, 15(x) 2024, Pages 37-47

may reduce some model uncertainty, whereas a poorly defined assay or an inadequate endpoint requires scientific redesign
rather than merely more observations.

Objective conflict arises when improving one attribute worsens another or when the objectives cannot be evaluated on
commensurate scales. Molecular-design studies that combine biological activity with blood—brain barrier-related properties
illustrate the need to balance activity, permeability, solubility, and associated molecular characteristics rather than optimize a
single endpoint [24]. Yet “balance” should not imply that all objectives may compensate freely. The appropriate response
depends on the therapeutic context. Reduced permeability may be unacceptable for a central nervous system indication but
advantageous when peripheral restriction is desired. Increased potency may permit lower exposure, while increased
lipophilicity may simultaneously improve membrane passage and worsen solubility or nonspecific binding. The hierarchy
therefore treats trade-offs as conditional propositions: each proposed compromise must state the intended context, direction of
change, uncertainty, minimum acceptable floor, and evidence required to determine whether the compromise is real.
Composite scores can facilitate ranking, but they can also conceal the contribution of individual properties and create false
precision. Explainable multiparameter optimization supports exposing how property estimates contribute to a design decision
rather than returning only an aggregate value [25]. In the proposed approach, every prioritized molecule should be
accompanied by a constraint profile showing which conditions are satisfied, which are uncertain, which are close to a boundary,
and which are deliberately traded. Weighting functions should be treated as expressions of current priorities rather than natural
laws. Sensitivity analysis should test whether rankings change materially under plausible alternative weights, model choices,
or uncertainty assumptions. A molecule whose rank is stable only under a narrow weighting scheme should be recognized as
preference-sensitive rather than intrinsically superior.

Conflict management also requires portfolio-level reasoning. A single “best” structure may be less scientifically valuable than
a small set that spans distinct hypotheses, route options, property trade-offs, and uncertainty profiles. Diversity should therefore
be used strategically, not celebrated automatically. One proposal might maximize confidence within an established series,
another might address a known selectivity liability, and a third might test whether a novel scaffold can escape a developability
limitation. Human review remains necessary when evidence is sparse or objectives are difficult to formalize [21]. The preferred
output of the hierarchy is consequently not an unquestioned scalar ranking but a bounded decision set containing admissible
structures, rejected structures with explicit reasons, uncertain structures requiring targeted evidence, and alternative structures
preserved because they support different learning objectives.

Decision Gates from Generated Structure to Experimentally Credible Candidate

A generated structure acquires stronger pharmaceutical status only through accumulated evidence. Prospective molecular-
design studies demonstrate that computational proposals become scientifically credible through synthesis and layered
experimental evaluation, including biochemical, cellular, biophysical, selectivity, or structural confirmation appropriate to the
program [26—28]. These studies do not establish that any particular generative architecture will generalize across targets, nor
do they collapse discovery into an automated sequence. They instead clarify an essential evidence boundary: computation can
prioritize and rationalize a proposal, but the existence, identity, activity, and broader behavior of the compound must be
established through observation. The proposed decision-gate model therefore begins with restrained terminology. Before
synthesis, the object is a generated molecular hypothesis. After a plausible route and materials review, it may become a route-
ready proposal. Only after successful production and analytical confirmation should it be called a synthesized compound.
The route-to-experiment gate must evaluate whether the computational synthesis proposal can be executed under actual
reaction, equipment, monitoring, and purification constraints. Al-informed robotic flow synthesis shows that planning can be
connected to physical execution, but successful synthesis still depends on supported reaction classes, platform capabilities,
compatible conditions, and analytical feedback [29]. Automation does not remove chemistry from the process; it makes
operational assumptions more consequential. For general molecular-design programs, this gate should require confirmation of
target identity, relevant stereochemistry, purity, stability during handling, and sufficient material for the planned assays. A
failed synthesis should not automatically invalidate the molecular hypothesis, because the proposed route may be at fault. The
decision must distinguish structure failure from route failure and determine whether an alternative disconnection, analogue, or
redesigned target can preserve the underlying pharmacological question.

The pharmacology gate should test the claim that justified synthesis rather than merely collect any favorable assay result.
Potency must be measured in a relevant system, and selectivity should be assessed against biologically plausible comparators.
Safety and liability testing should be proportionate to the anticipated mechanism, structure, exposure, and intended use.
Developability evidence should begin early enough to prevent repeated optimization of molecules that cannot support the
product concept. Computational predictions may guide assay selection, but they cannot replace identity-confirmed
experimental measurements. Disagreement between prediction and experiment should be treated as diagnostic evidence about
model applicability, data suitability, assay context, or the molecular hypothesis itself. Table 3 organizes the evidence,
constructs, and interpretation boundaries needed to develop decision gates from generated structure to experimentally credible
candidate within the article’s central argument.

The integrated review gate determines whether the accumulated evidence justifies further study, redesign, or discontinuation.
Passing a gate does not erase uncertainty or establish clinical, regulatory, or commercial viability. It permits only the bounded
claim associated with that gate. A compound may be experimentally active yet lack adequate selectivity; it may show a
favorable pharmacological profile while remaining unsuitable for the intended formulation; or it may be developable in
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principle but dependent on an impractical route. Gate decisions should therefore remain reversible and should record the
evidence considered, unresolved risks, human reviewers, and next discriminating experiment. Figure 2 presents the evidence,
validation, and translation boundary observatory for designing molecules under the full weight of, showing how the article’s
key components and boundaries are connected within decision gates from generated structure to experimentally credible
candidate.

Table 3. Evaluation, implementation, and research priorities arising from Designing Molecules under the Full Weight of
Potency, Selectivity, Synthesizability, Safety, and Pharmaceutical Developability

Evaluation ‘What must be Suitable evidence or . . Interpretive -
. . Failure signal R Decision relevance
dimension tested assessment limitation
Whether the Ambiguous . L
. : Computational validity .
proposed molecular  Standardized structure stereochemistry, . Determines whether
. L . Lo . . : does not establish that o
Structural and identity is fully  review; analytical identity inconsistent . downstream predictions
. . . . . . S the physical compound
identity integrity  specified and the and purity evidence after representation, incorrect exists or has been and assays refer to the
synthesized material synthesis identity, or unresolved . . intended object
. : o correctly identified
corresponds to it impurities
\z)}:ﬁtifszgg Constraint-by-constraint Serious liability, absent Thresholds are Determines rejection,
Constraint excluz ions and profile with uncertainty route, unsuitable product context-dependent and redesign, hold, or entry
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. Y statements critical constraint evidence matures optimization
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Whether a defensible Retrosynthetic _plan, Unsup_ported key step, A planned route s not Determlpes whether
Route and precedent review, unavailable precursor, synthesis should be

route and obtainable evidence of successful
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e inputs exist in the X [ . . execution, yield, .
credibility - . verified building-block uncertain chemistry, or . route carries acceptable
intended setting . ! purity, or scale .
and reagent access no viable alternative learning value
Whether the . Repeated route failure, Failure may reflect the .
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Whether the

Lack of reproducible Activity does not alone
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. . . ivi lish selectivity, in .
Pharmacological intended target or  cellular, mechanistic, or . activ ty,' assay. estabv sh selectivity, molecular hypothesis
. - interference, inconsistent  vivo exposure, . .
relevance biological system structural assays matched . ; receives experimental
under appropriate to the claim mechanism, or context- mechanism, or support
PPTOp dependent loss of effect  therapeutic utility pp
conditions
Whether activity is Counter-screening, Narrow or absent Determines whether
. R . . Early panels are
. sufficiently liability assays, selectivity margin, . potency can be
Selectivity and . . . . incomplete and . .
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safety boundaries . . . negative results do not
whether critical ~ reactive or structural alert nonspecific effects, or useful rather than merely
L - R prove safety
liabilities emerge follow-up serious liability observable
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Uncertainty calibrated, . L . .
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Figure 2. Evidence, Validation, and Translation Boundaries.

The figure is an original conceptual synthesis that shows how claims move from conceptual plausibility through evaluation,
uncertainty assessment, and bounded pharmaceutical use. Arrows and grouping indicate proposed or evidence-supported
relationships rather than measured effect sizes. The figure does not represent a validated predictive model, regulatory
determination, clinical recommendation, or deployment-ready system.

Limitations and Boundary Conditions

The Full-Weight Pharmaceutical Design Hierarchy is an original conceptual contribution and has not been prospectively
validated as a selection algorithm, scoring system, or operational workflow. Its levels describe distinctions that should be
preserved during molecular design, but they do not provide universal thresholds for potency, selectivity, safety, synthetic
accessibility, or developability. Appropriate boundaries depend on the biological target, disease, modality, therapeutic
window, route of administration, dose, product concept, and organizational capability. A constraint that functions as a hard
exclusion in one program may be a manageable optimization problem in another. The hierarchy should therefore be instantiated
for a defined context of use and evaluated against existing multidisciplinary practice rather than applied as a generic template.
The supporting evidence also spans heterogeneous scientific purposes. Benchmark studies characterize model behavior, route-
planning studies assess computational access to reactions and stocks, uncertainty studies evaluate predictive methods, and
prospective studies demonstrate specific examples of synthesis and testing. These evidence types cannot be treated as
interchangeable. Commercial material availability may change over time or differ by region [17]. Predictive uncertainty may
fail under distribution shift or may not capture uncertainty in the biological question [22]. Prospective experimental success in
one target context does not establish broad generalizability to unrelated targets, chemotypes, or product requirements [26].
The article therefore supports a disciplined structure for interpretation, not a claim that the selected literature collectively
validates the hierarchy.

Misuse is possible if the hierarchy is converted into an opaque aggregate score, implemented without pharmaceutical expertise,
or presented as authorization for automatic candidate advancement. The design may also underrepresent constraints relevant
to particular modalities, including covalent mechanisms, macrocycles, peptides, oligonucleotides, radiopharmaceuticals, or
complex drug-delivery systems. Ethical, economic, intellectual-property, environmental, and patient-level considerations may
influence real development decisions but are not reducible to molecular properties. Human oversight is itself fallible and may
reproduce institutional preferences or discourage unconventional chemistry. Accordingly, the hierarchy cannot establish
mechanism, causality, clinical benefit, regulatory acceptability, manufacturing readiness, or therapeutic value. Those claims
require evidence beyond the scope of computational molecular design.

Research Agenda and Implementation Priorities

The first research priority is prospective comparative evaluation. Constraint-aware generation should be compared with flat
composite optimization and conventional medicinal-chemistry prioritization using matched program questions, predefined
decision criteria, and blinded or independently reviewed outputs. Evaluation should test more than the number of high-scoring
molecules produced. It should examine whether the hierarchy improves rejection of invalid or infeasible proposals, preserves
informative alternatives, identifies uncertainty, supports route selection, and produces experiments that discriminate among
hypotheses. Multiobjective methods with explicit quality assessment provide a computational starting point, but they do not
establish the practical superiority of a hierarchy without prospective comparison [20]. Studies should report negative outcomes,
route failures, model disagreements, and redesign decisions rather than only successful compounds.
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The second priority is evidence and reporting infrastructure. Molecular records should link every prediction to model version,
training-domain information, uncertainty method, endpoint definition, molecular representation, and context of use. Route
records should preserve reaction assumptions, stock definitions, alternative disconnections, material provenance, and expert
changes. Human-in-the-loop decisions should document which preferences were elicited, who supplied them, and how they
changed prioritization [21]. Uncertainty evaluation should be repeated prospectively because retrospective calibration does
not guarantee robustness on newly generated chemistry [23]. Shared reporting standards should distinguish generated structure,
route-ready proposal, synthesized compound, experimentally active compound, and candidate for further study so that claim
language remains aligned with evidence maturity.

The third priority is staged implementation. Initial use should be decision-supportive and limited to contexts where
multidisciplinary teams can inspect each constraint and reverse automated recommendations. Organizations should begin with
retrospective shadow evaluation, proceed to prospective non-decisional use, and only then test bounded influence on molecule
selection. Integration with synthesis platforms may accelerate learning when route classes and platform constraints are explicit,
but automation should not be interpreted as unrestricted chemical executability [29]. Governance should specify stop
conditions, escalation pathways, model-update procedures, accountability for adverse recommendations, and criteria for
withdrawing a tool when calibration or applicability deteriorates. The practical objective is not to automate judgment
completely, but to make evidence, uncertainty, conflicts, and non-substitution boundaries sufficiently visible for more
disciplined pharmaceutical decisions.

Conclusion

Designing molecules under the full weight of potency, selectivity, synthesizability, safety, and pharmaceutical developability
requires a conceptual shift from producing high-scoring structures to constructing experimentally testable pharmaceutical
hypotheses. The proposed Full-Weight Pharmaceutical Design Hierarchy organizes that shift through structural admissibility,
non-compensable exclusions, route and material feasibility, pharmacological relevance, selectivity, developability, conditional
optimization, explicit uncertainty, and reversible evidence gates. Its principal contribution is to prevent novelty, potency,
synthetic-accessibility proxies, or aggregate rewards from standing in for the distinct evidence needed to advance a molecule.
It also clarifies that trade-offs are legitimate only within context-specific boundaries and that claim strength must remain
limited by the last completed evidentiary gate. The hierarchy is not a validated predictive system, universal development
standard, regulatory framework, or automatic candidate-selection mechanism. Its scientific value will depend on prospective
testing, transparent reporting, calibrated uncertainty, multidisciplinary oversight, and adaptation to specific targets, modalities,
product concepts, and experimental capabilities. Used within these boundaries, constraint-aware design may support more
credible prioritization and more informative experiments without confusing computational promise with pharmaceutical
readiness.
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