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ABSTRACT

Natural products offer chemically differentiated scaffolds, but their optimization is often framed as a problem
of choosing desirable analogues rather than identifying the reactions that make those analogues reachable. This
distinction matters because biosynthetic history, pre-existing stereochemical complexity, functional-group
density, site selectivity, protecting-group requirements, and route context can sharply restrict which structural
changes are experimentally plausible. This article develops an original methodological framework in which
reaction prediction is positioned between natural-product scaffold representation and analogue prioritization.
The framework integrates three otherwise partly separated sources of chemical knowledge: biosynthetic
transformations as context-bearing priors, semisynthetic reactions that exploit accumulated scaffold
complexity, and medicinal-chemistry reaction data that provide broader precedent for synthetic modification.
It argues that predicted reactions should be evaluated not only by model likelihood but also by stereochemical
and chemoselective compatibility, condition plausibility, route burden, analogue diversity, and downstream
pharmacological value. Multistep routes, model failure, negative reaction evidence, and property prediction are
treated as distinct analytical layers rather than collapsed into a single synthetic-accessibility score.

The principal contribution is a proposed reaction-aware search architecture for moving from an available
natural-product scaffold to evidence-qualified analogue families. The framework is not presented as
prospectively validated, and its usefulness will depend on scaffold-specific data coverage, representation
quality, uncertainty calibration, route-level assessment, and experimental testing. Its purpose is to redirect
optimization from asking which structures are attractive to asking which chemically meaningful
transformations can make valuable chemical space reachable.

Key Words: Natural products, Reaction prediction, Semisynthesis, Biosynthetic transformations, Retrosynthesis,
Analogue optimization

elJPPR 2026; 16(3):147-155

HOW TO CITE THIS ARTICLE: Popescu A, Ionescu M, Stan E, Radu C. Reaction Prediction Can Change How Natural Product Scaffolds
Are Optimized by Connecting Biosynthetic Logic, Semisynthesis, and Medicinal Chemistry Search. Int ] Pharm Phytopharmacol Res.
2026;16(3):147-55. https://doi.org/10.51847 /tkzzC6Pd5]

INTRODUCTION are difficult to reproduce through conventional medicinal-
chemistry libraries [1]. Yet optimization usually begins
Natural ~ products remain important sources of  afier a scaffold has already accumulated stercocenters, ring

pharmacologically differentiated structures because their
architectures often occupy regions of chemical space that
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systems, oxidation patterns, and densely arranged
functional groups. Under those conditions, the medicinal
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question is not simply which analogue would be desirable.
It is which structural changes can be reached from the
available scaffold without destroying the features that
make the scaffold chemically or biologically interesting.
Modern natural-product synthesis emphasizes that access
itself shapes what can be investigated, while late-stage
diversification demonstrates that existing complexity can
be used rather than rebuilt when suitable reactions are
available [2, 3]. These observations support a reaction-
space formulation: an analogue is actionable only if at least
one chemically credible transformation, or connected
sequence of transformations, links it to a material starting
point. Reaction space therefore differs from ordinary
molecular similarity space. Two close analogues may have
very different accessibility because one modification is
chemoselective on the native scaffold and the other
requires protecting groups, redox reorganization,
stereochemical inversion, or an impractical sequence.
Artificial-intelligence-assisted retrosynthesis has become
increasingly relevant to medicinal chemistry because it can
connect target structures with candidate disconnections
and routes [4]. Natural-product optimization, however,
presents a narrower and more constrained problem than
generic target synthesis. The starting scaffold is often
fixed; preservation of stereochemical information matters;
many transformations are competing rather than
independent; and the value of a reaction depends on what
analogue family it opens, not only whether a single product
can be proposed.

This article therefore treats natural-product optimization as
a reaction-aware search problem. The proposed
methodological position is that reaction prediction should
operate between scaffold representation and analogue
prioritization, while remaining distinct from experimental
feasibility. Biosynthetic precedent can inform which
transformations are chemically coherent, semisynthesis
can define the locally reachable neighborhood around the
scaffold, and medicinal-chemistry data can expand the
repertoire of possible modifications. Their integration is
proposed here as a search architecture, not as evidence that
a single model already performs the complete task.

Biosynthesis already encodes chemically plausible
transformations

Biosynthesis provides more than historical explanation for
natural-product structure. It records transformations that
living systems use to assemble, oxidize, reduce, cyclize,
transfer, and otherwise remodel chemically complex
intermediates. Natural-product-specific  retrosynthesis
systems demonstrate that these transformations can be
treated as learnable pathway objects rather than only as
descriptive biochemical narratives [5, 6]. For reaction-
aware optimization, that makes biosynthetic information
potentially useful before any analogue is ranked: it can
identify transformation families that are coherent with the
scaffold's structural ancestry.

The wvalue of biosynthetic precedent depends on
representation. RAIChU shows that biosynthetic pathways
can be formalized through explicit reaction rules and
structurally resolved transformation sequences [7]. Such
representation makes it possible to preserve the difference
between a transformation class, the substrate context in
which it occurs, and the pathway position that gives it
meaning. A reaction-aware system should therefore retain
precursor-product relationships and pathway context rather
than compress biosynthetic knowledge into an
undifferentiated list of reaction names.

Biochemical plausibility nevertheless does not equal
synthetic practicality. Bioinspired total synthesis shows
that biosynthetic reasoning can motivate laboratory
transformations, but laboratory routes adapt that logic to
reagents, conditions, selectivity requirements, and
operational constraints that differ from enzyme-controlled
environments [8]. The methodological implication is a
boundary, not an  equivalence: biosynthetic
transformations can serve as priors that increase the
chemical coherence of search, but they should not be
treated as validated semisynthetic instructions.

The method components implied by this distinction are
summarized in Table 1. The table separates what a
reaction-aware system can inherit from biosynthetic
evidence from what still requires synthetic interpretation.

Table 1. Method components for converting biosynthetic transformation knowledge into reaction-space priors

Method component Computational object retained

Methodological use Required boundary

Transformation

precedent Substrate-to-product change

Prioritize chemically coherent

Precedent is not synthetic

reaction families feasibility

Ordered precursor-product

Pathway context relationships

Preserve where a transformation
occurs in scaffold construction

Pathway position does not
determine optimal laboratory order

Explicit reaction rule  Atom-level structural change

Support searchable and comparable

Rule coverage is limited to

transformation classes encoded chemistry

Related transformations and

Precedent retrieval
pathway examples

Condition predictions on structurally

Retrieval quality depends on

relevant prior cases available records

Biosynthetically motivated

Bioinspired translation laboratory transformation

Connect biological logic to synthetic Enzymatic plausibility and reagent-

design based practicality remain distinct

Note: Entries describe methodological roles derived from the biosynthesis argument. They do not assign probabilities, yields, or experimental feasibility.
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Semisynthesis defines a different search space from de
novo synthesis

Semisynthesis begins from an experimentally available
scaffold whose complexity has already been assembled. Its
search space is therefore asymmetric: transformations are
evaluated relative to a particular starting structure rather
than to the abstract possibility of constructing any target
molecule. High-throughput late-stage diversification
illustrates this distinction by screening reactions directly
against complex drug-like substrates and learning which
local modifications are accessible within a defined
experimental domain [9]. For natural products, the
practical  opportunity is similar. A  successful
transformation does not merely produce one analogue; it
may reveal a repeatable entry point into an analogue family
while preserving the scaffold features that would be costly
to reconstruct.

This local search space is also strongly site dependent.
Experimental C-H functionalization of terpene
frameworks shows that apparently small changes can
require careful control over which chemically similar
position reacts and which remains untouched [10]. Such
cases caution against representing semisynthetic
accessibility as a simple function of molecular similarity.
The distance between scaffold and analogue may be small
in graph space yet large in reaction space if the desired site
is masked by competing reactivity, stereochemical
environment, or functional-group incompatibility.

The proposed framework therefore treats semisynthetic
search as a constrained neighborhood around the available
scaffold. Candidate reactions should be attached to explicit
reactive sites and should carry information about what
structural features must be retained, altered, or temporarily
protected. De novo retrosynthesis remains valuable when
the desired analogue lies outside this neighborhood, but it
answers a different question: how to construct a target from
available building blocks. Semisynthetic planning instead
asks which transformations can exploit complexity that is
already present. Keeping these search modes separate
prevents a model from rewarding theoretically
constructible analogues that are poorly matched to the
practical advantage of starting from the natural product
itself.

Reaction prediction as a bridge between scaffold and
analog

Reaction prediction provides a computational bridge
between an available scaffold and candidate structural
changes. Early machine-learning approaches established
that organic reaction outcomes can be learned from
reaction corpora, while the Molecular Transformer showed
that sequence-based prediction can additionally represent

uncertainty in predicted products [11, 12]. These
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capabilities are relevant to semisynthetic planning because
they allow the search object to shift from “which analogue
is desirable?” to “which transformation on this scaffold is
sufficiently plausible to justify further consideration?”” The
distinction is methodological: predicted likelihood
proposes a transition in chemical space; it does not
establish laboratory feasibility.

How that transition is represented matters. Iterative
reaction-edit models demonstrate that retrosynthesis can be
formulated through explicit structural edits rather than only
unconstrained generation of complete precursor strings
[13]. For complex natural products, this suggests an
advantage in maintaining the reaction center, retained
scaffold, and altered atoms as separable information. Such
representations could make it easier to enforce site
conservation and later  attach  stereochemical,
chemoselective, and route-context constraints.

Prediction quality also depends on the reaction records
from which models learn. ORDerly demonstrates that
curation, standardization, and benchmark construction
materially affect the data used to train and compare
reaction models [14]. A reaction-aware natural-product
method should therefore carry data provenance alongside
the predicted transformation. A high-ranked reaction
learned from abundant medicinal-chemistry precedent and
a low-support prediction extrapolated to an unusual
polycyclic scaffold should not be treated as evidentially
equivalent.

The bridge proposed here is consequently conditional.
Reaction prediction expands the set of candidate scaffold-
to-analogue transitions, but subsequent layers must test
whether those transitions preserve stereochemistry, respect
competing functionality, admit plausible conditions, and
remain useful within a multistep route. Prediction
generates candidates for chemical reasoning; it should not
replace that reasoning.

Representing  stereochemical — and  chemoselective
constraints

Natural-product reaction prediction becomes unreliable if
a scaffold is represented only as connectivity plus a desired
bond change. Stereochemical state, conformationally
biased reactive sites, neighboring functionality, and
competing reaction centers can determine whether a
nominally reasonable transformation gives the intended
product. Chemistry-aware machine learning for Diels-
Alder reactions illustrates that incorporating chemically
meaningful structure can improve outcome prediction in a
selectivity-sensitive reaction class [15]. The result does not
establish transferability to natural products, but it supports
the broader methodological requirement that reaction

representations preserve information relevant to selectivity
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rather than treating all formally valid transformations as
equivalent.

Reaction context also includes conditions. A two-stage
neural model for reaction-condition  prediction
demonstrates that feasible-condition selection can be
modeled as a task distinct from product prediction [16]. For
semisynthetic planning, this separation is important
because a transformation compatible with one functional
group may be incompatible with another under the required
reagent, catalyst, solvent, temperature, or
environment. Condition plausibility should therefore enter
as a constraint on a predicted transformation, not as an
afterthought attached to an otherwise completed route.
Protecting-group requirements and route context add
another layer. Protection-aware synthesis planning shows
that routes judged attractive without protection logic can
change when temporary functional-group management and
scoring are considered [17]. In densely
functionalized natural products, that burden may determine
whether a local edit remains advantageous relative to an
alternative sequence.

The  proposed  representation is  consequently
multicomponent: a candidate transformation should retain
the reactive site, stereochemical state, competing
functional groups, predicted conditions, and any protection
or deprotection dependencies. These fields are not claimed
to guarantee success. They are intended to prevent reaction
likelihood from being mistaken for scaffold-compatible
chemistry and to provide explicit reasons for rejecting a
superficially plausible analogue path before costly
experimental testing.

redox

route

Learning from medicinal chemistry reaction data without
losing natural product context

Medicinal-chemistry reaction corpora offer scale, but scale
does not guarantee that the learned chemistry reflects the
structural regime of natural products. Quantitative
interpretation of reaction-prediction models has shown that
apparently strong performance can coexist with learned
biases in the underlying datasets [18]. For natural-product
optimization, the concern is whether such shortcuts are
poorly aligned with stereochemically dense, polycyclic, or
otherwise uncommon scaffolds. Training-domain
proximity should therefore qualify each prediction.

The absence of unsuccessful chemistry creates a second
problem. Negative reaction data can improve reaction-
outcome prediction because it teaches models to
discriminate between transformations that were attempted
and failed and those that produced the intended chemistry

=
i )
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[19]. For natural-product semisynthesis, an unreported
transformation may be unattempted, failed, or simply
unpublished. These states cannot be collapsed. The
proposed framework therefore separates documented
negative evidence from absence of precedent.

Evaluation must also move beyond a single top-k success
statistic. Granular retrosynthesis metrics show that
predictions can fail in chemically different ways even
when aggregate performance appears similar [20]. For
natural-product use, those failure classes should include
wrong site, wrong
incompatible functional-group context, missing protection
logic, and route-level dead ends. These categories are
proposed as application-specific diagnostics rather than as
established frequencies. Their purpose is to make model
failure chemically interpretable before a reaction is
elevated into an analogue-design recommendation.

stereochemical  consequence,

Biosynthetic transformations as priors for reaction
prediction

Biosynthetic should
prediction as a distinct source of prior information rather
than being merged indiscriminately with general synthetic
reaction data. Enzymatic retrosynthesis requires domain-
specialized  modeling  because  enzyme-mediated
transformations  encode  substrate  context and
transformation patterns that differ from conventional
reaction corpora [21]. This supports keeping biosynthetic
or enzymatic evidence identifiable inside the model, even
when a common scaffold representation is used.

Hybrid planning systems further show that organic and
enzymatic reaction spaces can be searched together
computationally [22]. For natural products, the scaffold
can serve as the common state connecting those spaces. A
biosynthetic prior may raise the plausibility of a
transformation family; semisynthetic evidence may
indicate whether related chemistry is achievable on a
complex scaffold; medicinal-chemistry precedent may
suggest reagents, protecting strategies, or alternative
transformations. None of these evidence types should
automatically override the others.

The proposed workflow therefore treats prior information
as conditional rather than deterministic. Biosynthetic
precedent can expand or reweight candidate reactions, but
predicted transformations must still survive scaffold-
specific stereochemical, chemoselective, condition, and
route-context checks. Table 2 organizes the resulting
workflow as a sequence of decisions rather than a single
prediction score.

transformations enter reaction
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Table 2. Proposed workflow for converting reaction precedent into natural-product analogue candidates

Workflow step Input retained Decision operation Output passed forward
Structure, stereochemistry, functional Define modifiable and protected Reaction-ready scaffold
Scaffold state .
groups features representation
. Biosynthetic, semisynthetic, medicinal- Keep evidence sources Context-tagged reaction
Prior assembly . L ;
chemistry precedent distinguishable candidates

Reaction proposal Candidate transformations and sites

Predict plausible scaffold-to-product

Ranked local transformations

changes
Constraint Site, stereo, chemoselectivity, conditions, Reject context-incompatible Scaffold-compatible
checking protection needs proposals candidates

Route expansion Surviving reactions and intermediates

Search connected one- or multistep

paths Reachable analogue families

Accessibility, diversity, predicted

Value ranking properties

Compare candidates without

conflating objectives Experiment-ready priorities

Validation

Route rationale and uncertain
boundary ty

Require expert review and

. . Evidence-qualified decisions
prospective testing

The full synthesis is shown in Figure 1. The figure should
be read as a reaction-space search architecture in which

multiple evidence sources condition candidate
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Figure 1. From natural-product scaffold state to evidence-qualified reaction-space search: a proposed reaction-aware
optimization framework

A biosynthesis—semisynthesis—medicinal chemistry search
framework

The proposed framework treats a natural-product
optimization campaign as a search over chemically
reachable states. Route-search systems such as
AiZynthFinder demonstrate that single-step predictions
become useful only when embedded in explicit search over
connected transformations [23]. Hypergraph exploration
similarly shows that multistep retrosynthesis requires
managing alternative branches and dependencies rather
than ranking each reaction independently [24]. For
semisynthesis, a locally attractive transformation should
also be evaluated by what it makes reachable next.

The scaffold representation also needs to preserve the
nature of the structural change. Molecular-assembly

ISSN (Online) 2249-6084 (Print) 2250-1029
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approaches show that retrosynthetic decisions can be
expressed through explicit structural operations [25].
Pathway-aware retrosynthesis further indicates that
surrounding context can influence which
disconnection is preferred [26]. These findings motivate a

route

proposed state representation carrying the retained
scaffold, transformed site, stereochemical state, route
history, protection status, and evidence provenance.

Candidate reactions must then be reranked according to
their actual transformation logic.  RetroRanker
demonstrates that reaction-change information can
improve candidate ordering [27]. The framework extends
that idea by proposing three linked but non-equivalent
ranking dimensions: accessibility, the structural diversity
opened by the reaction, and downstream pharmacological
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value. A modest-probability reaction may deserve
attention if it opens a distinct analogue family, whereas a
high-probability reaction may be strategically weak if it
yields redundant analogues or creates route burden.

This architecture is model-agnostic and does not require a
particular transformer, graph network, template system, or
search algorithm. Its methodological claim is narrower:
natural-product optimization should preserve reaction
identity, scaffold context, and route consequences long

enough for them to influence analogue selection.

Ranking reactions by accessibility, diversity, and
pharmacological value

Accessibility should be treated as multidimensional.
Reaction likelihood, condition plausibility, protection
burden, number and topology of downstream steps, and
dependence on uncommon intermediates describe different
sources of synthetic risk. They should not be collapsed into
a universal scalar without empirical calibration. The
framework instead proposes an explicit multi-criterion
comparison in which each component remains inspectable.
The search object may also be an entire path rather than a
single transformation. DirectMultiStep shows that
multistep retrosynthetic routes can be generated as
connected objects rather than reconstructed only through
repeated independent single-step calls [28]. This supports
evaluating analogue families through the routes that jointly
produce them. If several analogues share an intermediate,
the synthetic value of reaching that intermediate may
exceed the value of any one final analogue considered
alone.

Route topology adds another criterion. Convergent
retrosynthesis  planning  demonstrates that route
development can be altered by objectives concerning how
branches join and how synthesis is organized [29]. For
natural-product semisynthesis,
always be relevant, but route structure still matters when
parallel derivatization, common intermediates, or late
diversification can reduce repeated synthetic effort.
Pharmacological value should enter only after this
chemical structure is preserved. Predicted activity or
developability can help prioritize reachable analogues, but
it should not retroactively convert a chemically weak route
into a feasible one. The proposed ranking therefore asks
three sequentially connected questions: can the reaction
plausibly be executed on this scaffold, what distinct
analogue space does it open, and is that reachable space
worth testing biologically?

convergence will not

Multi-step paths to analog families
Natural-product optimization is often more efficient when
a route is evaluated for the family of analogues it can
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support rather than for a single terminal structure. A
common intermediate may permit several late-stage
modifications. The proposed framework therefore treats
intermediate states as reusable search assets and records
the analogue branches they enable.

Multistep prediction introduces its own uncertainty.
Evaluation of transformer-based retrosynthesis shows that
satisfactory behavior at the single-step level does not
automatically translate into satisfactory multistep planning
[30]. Local errors can accumulate, search may propagate
an implausible intermediate, and route ranking can amplify
early mistakes. Natural-product scaffolds add further risks
because one incorrect stereochemical or site assignment
may invalidate every downstream branch.

For this reason, path confidence should not be calculated
as though successive predictions were independent
guarantees. The framework instead proposes a route-risk
record that identifies the weakest transformation,
unsupported scaffold context, unresolved protection
requirement, and any step that relies on extrapolation
beyond close precedent. This makes a family-level path
useful for decision making without implying that the entire
route has been validated.

Reaction prediction failure in structurally complex
scaffolds

Complex natural products create failure modes that
ordinary reaction benchmarks may underrepresent. A
model may propose the correct reaction class at the wrong
site, preserve connectivity but lose stereochemical
information, ignore competing functionality, or favor a
disconnection that becomes impractical once protection
and route context are considered. These are chemically
distinct failures and should remain distinguishable during
evaluation.

Molecular-property-aware retrosynthesis demonstrates
that auxiliary molecular information can be incorporated
into reaction prediction [31]. That supports, but does not
prove, richer scaffold representations for natural products.
The proposed extension is to treat scaffold state as more
than a molecular graph: the state should include
stereochemical commitments, sensitive functional groups,
route history, and confidence in whether the prediction is
interpolating from related chemistry or extrapolating
beyond it.

Table 3 compares the proposed reaction-aware use case
with common computational abstractions. The distinction
is not that existing methods are inadequate in general; it is
that natural-product semisynthesis requires additional
context before a prediction can be interpreted as an
optimization opportunity.
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Table 3. Comparison of reaction-prediction abstractions for natural-product scaffold optimization

Methodological Primary object Context usually Natural-product risk if used  Proposed reaction-
abstraction optimized emphasized alone aware addition
Forward reaction Product from given . Correct class may map to wrong Scaffold-compatibility

. Learned reaction precedent . .
prediction reactants site or stereochemical state checks
Single-step . Immediate precursors Disconnection plausibility Local success can ignore Route-history retention
retrosynthesis downstream burden

. Connected synthesis
Generic route search Y

Search depth, templates,

Feasible-looking route may Context-tagged path risk

path route score depend on poor scaffold context
. . .. Reagents and reaction = Recorded successful Conditions may not transfer to Functional-group
Condition prediction . . . . o
environment conditions dense functionality compatibility
Propert'y-i.lware Molecular or _aux111ary Learned molecular features Prpperty gain may optrank Separate reachability and
prediction properties inaccessible chemistry value
. . . Prospective
Proposed integrated Reachable analogue Reaction, scaffold, route, Still dependent on data coverage . S
. . . . experimental rejection
search family uncertainty, value and model calibration tests
Integration with property and activity prediction beyond retrospective benchmark success toward

Synthetic reachability and pharmacological desirability are
different prediction problems. Multitask graph neural
networks for ADME prediction illustrate how molecular
properties can be estimated in lead-optimization settings
[32], but those outputs do not establish that an analogue
can be synthesized or that a predicted property will
reproduce experimentally. The reaction-aware framework
therefore keeps property and activity prediction
downstream from, but connected to, chemical reachability.
This separation enables a useful search strategy. Reaction
prediction can define the set of plausibly reachable
analogues; property or activity models can then rank within
that set; and disagreement between chemical and
pharmacological objectives can trigger reprioritization. An
analogue with attractive predicted properties but a fragile
route remains a high-uncertainty candidate, whereas a
readily accessible analogue with modest predicted value
may serve as an experimentally informative probe of
structure-activity space.

The proposed framework does not prescribe a universal
weighting between these objectives. Weighting should
depend on campaign stage, assay confidence, material
availability, and the cost of testing. What must remain
invariant is the distinction between predicted chemical
accessibility, predicted biological or developability value,
and measured experimental performance.

Experimental validation and route practicality

A reaction proposal becomes decision-relevant only when
its uncertainty is made explicit. Predicted conditions, route
scores, and multistep plans remain computational
evidence, not substitutes for experimental execution. For
natural products, expert review remains important because
substrate effects, reagent incompatibilities, purification,
and material constraints may be absent from training data.
Experimental route demonstrations accompanying site-
specific retrosynthetic planning show the value of moving
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laboratory testing [33]. Such demonstrations strengthen
evidence for particular predictions, but their limited scope
cannot establish general performance across natural-
product chemical space. The proposed framework
therefore treats prospective testing as a boundary condition
rather than a final decorative validation step.

A practical validation sequence should begin with
reaction-level interrogation: confirm the intended site,
stereochemical outcome, and compatibility with
neighboring functionality. It should then assess whether
protection and deprotection operations preserve route
advantage, whether intermediates are isolable, and whether
the path can be reproduced under realistic material
constraints. Failed reactions should be retained as data
rather than discarded, because they can refine scaffold-
specific priors and reveal where generic reaction models
extrapolate poorly.

Accordingly, the framework is falsifiable at several levels.
A predicted transformation can fail chemically; a route can
prove operationally impractical; an analogue family can be
reachable but pharmacologically uninformative; or model
rankings can fail to outperform simpler chemist-defined
choices. These outcomes would refine or challenge the
proposed architecture rather than being treated as
implementation noise.

CONCLUSION

Natural-product optimization should not begin from the
assumption that every attractive analogue is an equally
meaningful design target. Existing evidence separately
supports  biosynthetic-pathway modeling, late-stage
diversification, reaction prediction, condition prediction,
route search, multistep planning, and property prediction.
The methodological opportunity is to connect these
capabilities without erasing the boundaries between them.
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The framework proposed here therefore places reaction
space between scaffold and analogue. Biosynthetic
transformations  provide  context-bearing
semisynthesis defines the locally reachable neighborhood;
medicinal-chemistry data broaden reaction precedent;
scaffold constraints filter candidate transformations; route
search organizes connected paths; and property models
help rank what remains chemically reachable. Failure

priors;

analysis and prospective experimentation remain outside
the predictive core because computational plausibility is
not synthetic validation.

The framework is intended as a testable organization of the
optimization problem, not as a claim of proven superiority.
Its value will depend on natural-product-specific data
coverage, faithful stereochemical and functional-group
representation, treatment of negative evidence, uncertainty
calibration, and experimental rejection of incorrect routes.
The central shift is simple but consequential: optimize not
only the molecules one would like to make, but the
reactions that determine which chemical space can actually
be reached.
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