View Article Online

View Journal

W) Check tor upates

Digital
Discovery

Accepted Manuscript

This article can be cited before page numbers have been issued, to do this please use: R. Robidas and C.
Y. Legault, Digital Discovery, 2025, DOI: 10.1039/D5DD00366K.

This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been accepted
for publication.

Digital
Discovery

Accepted Manuscripts are published online shortly after acceptance,
before technical editing, formatting and proof reading. Using this free
service, authors can make their results available to the community, in
citable form, before we publish the edited article. We will replace this
Accepted Manuscript with the edited and formatted Advance Article as
soon asitis available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes to the
text and/or graphics, which may alter content. The journal’s standard
Terms & Conditions and the Ethical guidelines still apply. In no event
o socere shall the Royal Society of Chemistry be held responsible for any errors
- OrcnEmSTRY or omissions in this Accepted Manuscript or any consequences arising
from the use of any information it contains.

ROYAL SOCIETY rsc.li/digitaldiscovery
OF CHEMISTRY

(3



https://doi.org/10.1039/d5dd00366k
https://pubs.rsc.org/en/journals/journal/DD
http://crossmark.crossref.org/dialog/?doi=10.1039/D5DD00366K&domain=pdf&date_stamp=2026-03-05

Page 1 of 16

Open Access Article. Published on 05 March 2026. Downloaded on 3/6/2026 4:11:33 AM.

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Digital Discovery
View Article Online
DOI: 10.1039/D5DD00366K

Journal Name

Cite this: DOI: 00.0000/XXXXXXXXXX

Received Date
Accepted Date

DOI: 00.0000/XXXXXXXXXX

Distilling Systemm Complexity to Enable Unbiased and
Predictive Computational Reaction Investigations’

Raphaél Robidas* and Claude Y. Legault*

Computational modelling is a powerful tool to study chemical reactions. Currently, human guid-
ance is nearly always required to avoid the intractable complexity of all a priori possible reaction
steps, which consequently greatly limits automated predictive applications. In this work, we present
novel theoretical strategies based on the concept of atomic reactivity, as well as a "neophile" ki-
netic model, demonstrating how they enable unbiased automated reaction modelling with molecules
of size typically encountered in experimental methodologies. Our framework allows the identifica-
tion of unlikely or redundant reaction steps based on first principles and previous analyses, while
the neophile kinetic model separates crucial reaction intermediates from inconsequential ones. These
advances significantly improved modelling efficiency, allowing us to automatically model 17 unimolec-
ular gold(l)-catalyzed reactions of increasing complexity, starting only from the reactant and catalyst.
In 10 reactions, the experimental product distribution is closely reproduced, with 5 additional cases
yielding essentially correct reaction networks. Our results demonstrate that it is possible to predic-
tively model catalytic reactions without human guidance through an innovative reformulation of the

problem.

Discovering new chemical reactions by computational modelling
is a long-standing chemist’s dream.'! The ability to quickly and ac-
curately predict the outcomes of chemical reactions without first
empirically testing them in a laboratory would greatly benefit syn-
thetic organic chemistry. Indeed, current limitations in synthetic
methodologies can restrain access to organic compounds of inter-
est, such as pharmaceuticals. However, developing new synthetic
methodologies is a lengthy, iterative process that demands con-
siderable resources. Computational modelling has the potential
to significantly shorten this process by identifying plausible reac-
tions through large-scale computational screenings.

Currently, the state of the art in computational chemistry mod-
elling is quite far from this vision, but studies based on human
interaction and intuition are widely successful in the study of
known chemical reactions. Computational studies of reaction
mechanisms are common in modern chemistry research, as they
provide a microscopic view complementary to the experimen-
tally observed outcomes. In addition to providing fundamental
insight, the results can be leveraged to reduce side reactions, pre-
dict the compatibility of specific reactants, and consider new re-
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lated transformations. The use of computational chemistry in this
way, however, requires significant work by experts, making it too
complex and time-consuming to achieve the ultimate objective of
a fully automated in silico chemical exploration platform.

As computational chemistry grows more sophisticated and
computing power increases, the limits of what can be modelled
efficiently and rigorously keep getting pushed back. This means
that failures in the theoretical models will keep getting less likely
as a reason for discrepancies between theory and experiment.
However, this increasing accuracy will not reduce the human time
required; if anything, it will increase the complexity of computa-
tional studies as more possibilities become tractable and need to
be evaluated, rather than being confined to small model systems.

To unlock the full potential of computational modelling, we
must embrace a paradigm shift through the development of auto-
mated, and fully knowledge- and domain-agnostic (or "unbiased")
computational chemistry. Here, "bias" is defined as the modelling
scope limitation based on chemical intuition, prior work and,
sometimes, human error. This bias is currently necessary due to
the overwhelming number of reaction processes that are a priori
possible for any given chemical system. If we view elementary
reaction steps as changes in atom bonding, we can enumerate all
combinations of bond formation () and breakage (B), as shown
in Table[T} This will be named the combinatorial approach.

By assuming no prior knowledge about this chemical system,
nearly 7 million elementary steps forming and breaking up to two
bonds can be enumerated, with only one of them corresponding
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Table 1 A priori possible reaction possibilities in a small system (23
atoms)

(0]
©+\)]\o/_>?

Bonds formed and broken

Number of possibilities

B! 22

F! 231

B? 231

F'B! 5082

F2 26,565
F'B? 53,361
F2B! 584,430
F2B? 6,136,515
Total 6,806,437

to the experimentally observed Diels-Alder (F2) reaction.?

Accordingly, while automatic and unbiased computational
mechanism exploration has been an active field of research for
at least 25 years, the applicability of such approaches has re-
mained extremely limited. This automated exploration has also
been formulated as a high-dimensional coordinate space explo-
ration, although this does not limit the exponentional growth of
the system complexity with its size. Regardless of the approach,
most developments until now involve almost exclusively small (<
25 atoms) molecules,>"1>

To tackle larger systems, some combinatorial approaches use
wisely chosen rules to consider only some atoms as reactivel
or require manual selection of reactive atoms?17712 which sac-
rifices complete generality and automaticity. Reaction templates
have also been used to reduce the combinatorial explosion, espe-
cially in the context of a limited diversity of possible mechanis-
tic steps, like pyrolysis2%2l and polymerisation.2? Hammond’s
postulate has been used to eliminate some reaction possibili-
ties once the product’s thermochemistry is known.23 Addition-
ally, manually curated mechanistic steps have been leveraged
recently through an algorithmic approach in order to predict
cationic rearrangement outcomes.?# Although encouraging, this
approach cannot be easily generalised without substantial in-
volvement from human experts. Different reactions would ne-
cessitate curating the relevant mechanistic steps from the ground
up.

We believe that this shift towards fully automated, general,
and unbiased computational chemistry is crucial for achieving re-
markable progress in the field. In this study, we propose novel
strategies to tame the exponential growth of the combinatorial
approach. We then provide a proof-of-concept based on the auto-
mated investigation of catalytic organometallic reactions, which
yields both insightful mechanistic details and reliable predictions
of reaction outcomes. These results hold significant value as they
can reveal outcomes that deviate from previously established pat-
terns, which are often difficult to predict. This difficulty is intensi-
fied by the noticeable bias in the scientific literature towards suc-
cessful reactions, with failed reactions seldom reported, and the

2| Journal Name, [year], [vol.], 1

View Article Online
DOI: 10.1039/D5DD00366K

common absence of identified and quantified side products. An
unbiased reaction model offers valuable insights into the reactiv-
ity of the reactant in question, including unanticipated outcomes.
We have developed a conceptual framework based on the
ansatz of "atomic reactivities" to determine plausible reactions
and control the system-wise combinatorial explosion of possibili-
ties without any human interaction. We have also developed the
"neophile" kinetic model, which limits the network-wise possibil-
ity growth. In this work, we present how these innovative ap-
proaches enable the automated exploration of typical unimolecu-
lar gold(I)-catalyzed reactions with predictive accuracy. The stud-
ied reactions involve reactants with 22 to 42 (reactive) atoms
as well as catalysts with 35 to 66 atoms, constituting system
sizes significantly larger than previously possible. Historically, ac-
quiring detailed mechanistic insights has required significant ef-
fort, and accurately predicting outcomes has often been elusive.
Herein, we report a method that successfully achieves both.

1 Results and Discussion

1.1 Atomic reactivity framework
1.1.1 Reaction possibilities

Our general approach to automating reaction explorations is com-
binatorial, as elementary reactions are defined by combinations
of bond formation and breakage, similar to previously reported
approaches. 21211425026l T4 eliminate nonsensical elementary re-
action possibilities (hereafter "possibilities), many of these ap-
proaches use a valence-based check and also remove duplicates
by symmetry. Double and triple bonds are also expected never
to be broken in a single elementary step (i.e., pulling both atoms
apart). These criteria have been taken as a baseline to evaluate
the reduction in plausible reaction possibilities.

Our approach uses bond formations and breakage as driving
coordinates to find new elementary reactions. These coordinates
are only used to bias the exploration of the potential energy sur-
face through a relaxed scan; they do not restrict the reactions to
be discovered, as opposed to methods that generate the product
from the expected connectivity.

Thus, reactions that do not involve exactly the expected bond
changes are also discovered. This enables the reduction of the
number of explicitly considered reaction coordinates. While a
common limit is the formation and breakage of up to two bonds
each (denoted FO~2B%~2) we found that all relevant reactions
were found with only four combinations: F!, B!, FIB! and F2.
As shown in Fig. [1} the number of possibilities is reduced by two
orders of magnitude by this modification. In addition, possibilities
of type F! involving the catalyst and every other atom of the reac-
tant were added in order to move the catalyst around and ensure
that all complexation isomers are found. These possibilities can
also lead to productive reactions due to implicit PES sampling.

1.1.2 Atomic reactivity ansatz

As our initial foray into developing innovative strategies to pre-
vent combinatorial explosion in larger molecular systems, we de-
cided to focus on catalytic systems. In particular, we turned our
focus on gold(I)-catalyzed process because of its general interest
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Bryostatin 16 total
synthesis intermediate

Substrate B1

b Lack of R correlations
OMe OMe OM:e OMe
i 0 QJ ~ i 0 + N0/
N N
Fi. FJ-‘ Fi. FH
Generated combinations: Number of
F\—k(Fv Ri, reaction
Fii(F R, 1) possibilities
FFa((F R e (i )

36 reactive atoms 149 (4.1x) reactive atoms
Fo-2g0~2 Fl B! FIB! F2 Pruning principles F!, B!, F'BY, F?
147,733 1404 Baseline 46,140 (32.9%)

95,632 754 Baseline + substrate-based 17,726 (23.5x)
20841 204 Baseline + su_bstrate»based 3558 (8.8x)
+ correlation-based

Fig. 1 Example of reaction possibilities pruning through principles derived from atomic reactivity. a) Pruning principle based on the lone reactant
reactivity; b) Pruning principle based on atomic reactivity correlation; c) Reactant B1, whose reactions are presented in subsection d) Intermediate
in the total synthesis of bryostatin 16 by Trost.2Z Multiples in parentheses are calculated with respect to reactant B1.

in modern organic synthesis and the availability of high-quality
results with quantified side products.

The foundation of our framework comes from what we know
to be unreactive. In the case of gold(I)-catalyzed reactions, the
reactant itself without a catalyst is stable and does not react by
itself. This means that any imaginable reaction involving only the
reactant has to be negligible. The role of the catalyst is to activate
certain parts of the molecule to enable a reaction. The first step
of the reaction then has to involve these activated parts of the
molecule, since the rest has the same non reactivity as in the lone
substrate.

In order to leverage those logical deductions, we propose the
atomic reactivity ansatz, which is defined as such:

1. The molecular reactivity can be broken down into atomic
reactivities, which are properties of the atoms.28

2. As a result, changing the reactivity of a given molecule in-
evitably implies alterations in the atomic properties of part
of its atoms.

3. The combined atomic reactivities of the atoms involved in a
reaction determine the barrier of the reaction.

In terms of atomic reactivities, the deductions above mean that
any combination of atomic reactivities in the reactant is associ-
ated with a large barrier. In terms of notation, the atomic reac-
tivity of atom i will be written as R;. The formation of a bond
between atom 1 and atom 2 will be denoted F;_,. If this bond
formation occurs simultaneously with the breakage of a bond be-
tween atom 2 and atom 3, this overall reaction will be denoted
Fi_2By3.

Since our approach is combinatorial, these reactions can also
be described by pairs of atomic reactivities, each pair correspond-

ing to the reactivities of the atoms whose bond is being formed
or broken. This formulation allows for the comparison between
potential elementary reactions and the negligible reactions of the
lone reactant. Thus, elementary reactions that are functionally
equivalent to those of the lone reactant will be disregarded with-
out any calculation.

In this work, we used the pair (¢, @) as the formulation of R,
where ¢ is the atomic partial charge and « is the atomic polaris-
ability. This formulation is derived in the subsection 2.3.1 of the
ESL¥

1.1.3 R correlations

Possibilities that involve multiple reaction coordinates can be de
facto redundant. For example, if two bonds to be formed or bro-
ken are on opposite edges of the molecule and the electronic con-
jugation is negligible between the two reaction sites, we can elim-
inate this possibility: each reaction site is isolated from the other
and will produce the same result as if the other reaction did not
occur as well.

More formally, we define reactivity correlation as dR;/dR;. If
JR;/dR; ~ 0, then atoms i and j are said to be uncorrelated. This
means that changes in the properties of atom i (because of a bond-
ing change or other fluctuation in electronic density) will not in-
fluence how reactive atom j is. For the possibility F;,_;F;_;, if i
and k are both uncorrelated to j and [, it is reasonable to assume
that:

;3 ~ ACE i
AGFi—ij—l ~ AGFH( + AGFj,, €9

While F;_; and F;_; are relevant to evaluate individually,
Fi_iF;_; is not. As a first approximation, we considered that only
directly bonded atoms have correlated reactivities (see section
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2.3.1 of the ESIf for details about the implementation).
1.1.4 Data-driven Pruning

As the reaction network is being explored, elementary reactions
will be evaluated through quantum chemical calculations (see
section 2.1 of the ESIf for the full methodology). This process will
yield relative Gibbs energies (hereafter shortened to "energies")
for the discovered intermediates and the transition states leading
to them. It becomes possible to associate combinations of atomic
reactivities with the computed reaction barriers throughout the
different refinement stages (for example: ((F,R;,R;)) = AG;T;RH»).
These results can be used to filter out negligible reactions without
any additional calculation based on the equivalence of atomic re-
activities. As the reaction network exploration progresses, these
reference barriers accumulate and allow increasing pruning of re-
action possibilities.

1.1.5 Effect on reaction possibilities

When these novel principles, derived from atomic reactivity, cor-
relation, and data pruning are also applied, the number of re-
action possibilities further decreases significantly. For reactant B1
(Fig. [Th), the number of possibilities is further reduced by a factor
of 3.5 by the two principles. Moreover, the reduction in possibil-
ities becomes more significant for larger reactants. For example,
the number of possibilities for the intermediate in the total syn-
thesis of bryostatin 16 (Fig. [T) is 46,140 with standard pruning
rules, yet decreases to only 3558 with the addition of atomic reac-
tivity principles. Furthermore, this intermediate presents only 8.8
times more feasible possibilities despite containing 4.1 times more
reactive atoms than reactant B1, indicating less than quadratic
growth. Although larger reactants may have more relevant com-
plexation isomers, the number of possibilities is still manageable.

Fig. plots the reduction in the number of evaluated reac-
tion possibilities for all the 17 considered reactions during the
reaction network explorations. The number of possibilities that
would have been considered without atomic reactivity pruning
principles has been recalculated to quantify the reduction. Using
the reactant’s atomic reactivities reduces the possibilities by a fac-
tor of 1.5, on average. Considering atomic reactivity correlations
and past data greatly increases the reduction factor, especially
for large numbers of total possibilities. Explorations that would
require more than 60,000 possibility evaluations are reduced by
a factor of 4 to 5 with both additional principles. This means
that networks normally involving 140,000 reasonable reaction
possibilities (with baseline principles) will require only 28,000 to
35,000 possibilities to be evaluated. Fig. shows that the per-
centage of pruned possibilities due to past data increases steadily
with each possibility evaluation cycle, often reaching 60% beyond
14 cycles in the one case that reached that stage. The combinato-
rial explosion of possibilities is thus further contained by exploit-
ing its limited novelty in terms of chemical reactivity.

1.2 Neophile Kinetic Simulations

Another key factor leading to the combinatorial explosion is the
formation of the reaction network. Indeed, the elementary reac-
tions starting from each new product also need to be considered;
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Fig. 2 Global reduction in the number of evaluated reaction possibilities.
a) Reduction factor for entire network explorations depending on pruning
principles and total possibilities; b) Pruning rate statistics across network
exploration cycles, with the shaded area spans one standard deviation
from the mean.

in nearly all systems, this number of elementary reactions will in-
crease exponentially with the number of steps considered, since
each product leads to multiple other products. Not all reactions
will be significant in the final reaction network, but it is challeng-
ing to identify significant reactions in the incomplete reaction net-
work. Reported approaches include considering all reactions with
a barrier below a defined threshold?? and considering only the
fastest reaction per intermediate.? A more detailed review of the
problem and suggested solutions has recently been published.3?

Alternatively, the changes in concentration of all intermediates
can be modelled using a system of differential equations. The
reaction rate for intermediate i is given by:

dC;i =Y CiKii —Ci Y Kik (2)
3 %

where C; represents the concentration of intermediate k at a
given moment and K;_,; is the rate constant of the reaction from
intermediate i to intermediate k. Rate constants are estimated
using calculated energy barriers and the Eyring model. Numeri-
cal integration of this system of differential equations yields the
concentration as a function of time.

With a full and exact reaction network, a kinetic simulation will
determine which products accumulate and in which proportions.
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However, when the network is not quite complete, the kinetic
simulation can be misleading. With a "short" simulation time, the
most significant intermediates will be those who are kinetically
favoured, while the true reaction pathway might involve a higher
barrier that leads to a much more stable intermediate. In this
case, the latter would be considered negligible, as it did not form
sufficiently during the simulation time. With a "long" simulation
time, the system tends towards the thermodynamic equilibrium,
and the final distribution of products will depend only on their
thermodynamic stabilities.

One approach would be to aim to be in the intermediate
regime where both kinetic and thermodynamic effects are bal-
anced. However, this can be problematic if the next intermedi-
ate in the reaction pathway is relatively high in energy and thus
will not accumulate meaningfully. Additionally, determining the
appropriate simulation time is challenging and depends on the
overall reaction barrier. Any systematic errors in the reaction bar-
rier will also affect the optimal simulation time. Consequently,
we opted to abandon this approach and developed an alternative
kinetic model instead, coined neophile kinetic simulation.

The key challenge to address is the incompleteness of the net-
work. The edges of the nascent network induce errors, since
further reactions are missing. The matter that reaches the edge
intermediates is kept within the limited network, although they
might undergo a very rapid and favourable reaction in the fully
explored network. Neophile kinetic simulations thus use one sim-
ple rule: intermediates whose reactions have not been fully eval-
uated are formed irreversibly. Thus, these intermediates will ac-
cumulate during the simulation proportionally to their ease of
formation, and their final concentrations can be used to identify
significant intermediates. This approach is extremely robust, and
we were unable to find any scenario where it induced errors. By
design, it is suitable for reaction networks of any energy span.

A related kinetic strategy has been independently developed
by the Savoie group this year.®l' In their case, a graphical dis-
tance to the nearest unexplored intermediate is defined and used
to further modify the reaction kinetics in combination with an
exploration hyperparameter.

Quantifying the computational savings from neophile kinetic
simulations is challenging, as conducting complete network ex-
plorations without them would be intractable. Nevertheless,
the substantial number of energetically favourable intermediates
identified, yet not prioritised in the neophile simulations, suggests
that the potential reaction pathways are diminished by at least an
order of magnitude compared to a simplistic threshold-based ap-
proach.

1.3 Reaction Results

To assess the viability and scope of automated reaction studies us-
ing these new concepts, we selected 17 known gold(I)-catalyzed
reactions that had a single reactant as starting material, with the
goal of reproducing product distributions and automatically elu-
cidating their formation mechanism. We categorised them into
three classes based on their anticipated mechanistic complexity.
We chose these reactions to assess the accuracy of the predic-
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tions across a wide range of transformations. Reactions produc-
ing more than one identified and quantified product were particu-
larly significant to verify how accurately the product distribution
can be reproduced. All reactions resulted in good to quantita-
tive yields of identified products and were reported in reputable
journals.

The A-class category is composed of 1,6-enyne and 1,5-enyne
isomerisations, well-known gold(I)-catalyzed reactions which
form multiple new carbon-carbon bonds. the expected reaction
mechanisms are likely to involve relatively few steps (2-4) and are
not anticipated to require intermolecular proton transfers. The
reactants bear only one or two functional groups other than the
enyne motif.

The B-class category displays more complexity and chemical
transformation diversity. The reactants generally contain multiple
reactive functional groups. One or multiple proton transfers, and
dehydration, are expected to be important in the mechanisms.

Finally, the C-class category may involve considerable skeletal
changes and larger reactants. Sizable alkyl groups were modelled
as-is without simplification and many reactive functional groups
may be present. Proton transfers and unfavoured tautomers are
also expected to be important in multiple mechanisms. Multiple
reactants bear relative or absolute stereochemistry, although in
this first proof-of-concept we did not address this explicitly.

In every case, starting from only the reactant and the experi-
mental ligand, the entire relevant reaction network was explored
until no further reaction was predicted to occur significantly.
Products with predicted yields below 1% are not shown. All quan-
tum chemistry calculations with more than one electron are im-
perfect, and shortcomings in the theory levels used may affect the
results. As such, a perfect match between experimental and cal-
culated results is exceedingly rare. In some cases, errors linked
to the theory level could explain incorrect predictions, and such
cases will be discussed.

1.3.1 A-class reactions

The cycloisomerisation reaction of enyne Al-1 to Al-2 discov-
ered as the main reaction pathway, leading to a predicted yield
of 99%. This result is in excellent agreement with the very high
experimental yield of 97%.32

This unbiased exploration provides an unprecedented level of
insight into the mechanistic study of complex systems (Fig. [3). In-
deed, our approach now allows for the investigation of both pro-
ductive and unproductive pathways, enabling access to the true
energetic span of complex catalytic processes. This will be crucial
for addressing, for example, the structure-activity relationship in
ligand design.

In this graph, the lone reactant Al-1 is fixed to have an en-
ergy of 0 kJ/mol. Multiple complexation sites are available for
the catalyst (alkene, alkyne, esters), leading to multiple complex-
ation pathways to intermediates A1-i1 to Al-i3. The most sta-
ble complexation isomer A1-i2 is also defined to have an energy
of 0 kJ/mol since the complexation energy of the catalyst is not
relevant in the case of pseudo-unimolecular reactions. All other
relative energies are calculated with respect to this intermediate.
The complexation barriers are considered to be negligible. All

Journal Name, [year], [vol.], 1 |5
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and selected portion of its reaction network (relative Gibbs free energies in kJ/mol). Some complexation

isomers and negligible reaction pathways have been removed to reduce clutter (view the full networks in the ESI}). The blue node corresponds to
the lone reactant, light blue nodes indicate complexation isomerisation dummy transition states, light purple nodes indicate tautomerization pseudo-
transition states, red nodes indicate intermediates that were formed in negligible amounts and not explored further, and light green nodes indicate the
most significant intermediates at the end of the kinetic simulation. The thickness of the edges represents the final net flux that has passed through

those edges.

nodes between the identified intermediates correspond to transi-
tion states, their structure not being illustrated in the figure but
available in the ESI} through the full networks.

Starting from the complexation isomers, cyclisations on the es-
ters are found to be possible (A1-i4 and A1-i5), but endergonic
and not ultimately significant. The expected 6-endo-dig and 5-
exo-dig cyclopropanations are also found, leading to A1-i6 and
A1-i7 respectively, with the latter possessing a much lower for-
mation barrier. This favoured product rearranges mainly to the
bicycle A1-i8, which has other complexation isomers (A1-i9, Al-
i16). Those intermediates can notably rearrange to carbocation
A1-i12, which can further rearrange to the non-classical carboca-
tion A1-i13. This intermediate directly leads to the final product
bound to the catalyst (A1-i17). No further reaction is predicted
to be significant and this product accumulates. In addition to this
product, trace amounts of allene A1-i18 are formed through the
elimination and reprotonation of intermediate A1-i12.

This unbiased exploration of the mechanistic manifolds of this
transformation provides an unprecedented level of insight on
other reasonable reactions, albeit negligible in this case. The
starting adduct A1-i2 can directly form bicycle A1-i8 with a bar-
rier of 53kJ/mol, although the 5-exo cyclisation followed by a
rearrangement (A1l-i2—A1-i7—A1-i8) has a much lower rate-
determining step of 28 kJ/mol. Similarly, bicycles A1-i8 and A1-i9

6 | Journal Name, [year], [vol.], 1

can directly form the final product A1-i17, although those reac-
tions are not favoured. The formation of intermediate A1-i15 was
also investigated, although it ended up being unproductive and
inconsequential. Intermediate A1-i14, which has been identified
but not significantly formed, is analogous to the main product A2-
3 of the second reaction (see Fig. . The reaction network thus
shows that the selectivity between those two possible products is
entirely determined by the reaction barriers of intermediate Al-
i13.

This subgraph thus shows a glimpse of the profound mechanis-
tic understanding that is inherently accessible from the generated
data results.

Fig. shows other 1,6-enyne isomerisation reactions that
were explored in the same way. Gratifyingly, the predicted prod-
uct distributions closely follow the experimental ones in every
case. These results indicate that the influence of functional group
changes has been accurately modelled.

The reactions of 1,5-enynes A5-12% and A6-127 were explored
with similar success (see Fig. . The reaction from A5-1 to A5-2
was also found to be the only significant reaction, in agreement
with the high experimental yield of 99%.

The reaction of A6-1 is slightly less straightforward. Experi-
mentally, the aldehyde direct product A6-2 was not isolable with-
out significant degradation, so the authors carried out a reduction
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Fig. 4 Other modelled 1,6-enyne isomerisation reactions.3313%

step to isolate the alcohol A6-3. Of course, the results do not take
into account the reduction step, so the expected product is the
aldehyde A6-2. This product is indeed formed, but quickly un-
dergoes proton transfers to form the thermodynamically favored
products A6-4 as a mixture of cis/trans isomers. The proton trans-
fers are estimated to have a low barrier of 32 kJ/mol, making
them much faster than the formation of the aldehyde itself (bar-
rier of 68 kJ/mol). The intermediate immediately preceding the
aldehyde can also undergo a proton transfer to ultimately yield
A6-4. As explained in subsection proton transfers are not
modeled completely explicitly, in part due to the uncertain and
variable species involved. In particular, the approximate proton
transfer barriers are calculated with the reactant as proton trans-
fer agent. In dilute solutions, this intermolecular process will be
significantly slower, which could explain the apparent discrep-
ancy. Indeed, the effect of substrate concentration during the re-
action was not taken into account at this time.

If tautomerizations are considered to be too slow and thus ef-
fectively impossible, the automated exploration does predict the
sole formation and accumulation of aldehyde A6-2. It is thus un-
clear whether the calculated Gibbs free energies are affected by
an error or if the overall kinetic modelling requires additional so-
phistication and experimental parameters.

1.3.2 B-class reactions

The results of the first three reactions are shown in Fig. [f] The
formation of indolizine B1-2 was correctly found, including the
elimination of a water molecule, and without predicting signif-
icant reaction with the cyclopropyl group.® The experimental
yield of 96% is coherent with a clean transformation without side
reaction, as found in silico.

The conversion of sulfoxide B2-1 was predicted to yield mostly
the expected product B2-222 with a small amount of ylide B2-
3. Although not experimentally identified and quantified, it is
possible that ylide B2-3 is indeed formed and could explain part
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Fig. 5 Results of modelled 1,5-enyne isomerisation reactions. 30537
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Fig. 6 First set of B-class reactions. 38740

of the lower experimental yield, as B2-3 could even react and
degrade with B2-2.

The transformation from B3-1 to B3-2 was automatically iden-
tified,4% in addition to the formation of biphenyl B3-3. Although
the predicted yield is somewhat too low, the lost mass balance
might be explained in parts by the formation of the biphenyl B3-3,
which is very apolar and could go unnoticed during purification.
Additional insight is obtained from the reaction network (Fig. [7).

The major product B4-2 of the transformation of B4-14L has
been correctly predicted to be formed, albeit as minor product.
The experimentally observed secondary product B4-3 was not

Journal Name, [year], [vol.], 1 |7
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Fig. 8 Last B-class reaction.4

predicted computationally at all. Instead, product B4-4 was pre-
dicted to be the main product, while it was not obtained exper-
imentally in this specific case. However, this transformation has
also been reported for very similar substrates, 42 suggesting that
a minor deviation in reaction barriers could explain this partially
correct result.

1.3.3 C-class reactions

Reactant C1-1 can undergo cycloisomerisation to yield product
C1-2,43 which was not found through the automated exploration
using standard parameters. Instead, most of the reactant un-
derwent 6-endo-dig cyclisation followed by protodeauration and

8 | Journal Name, [year], [vol.], 1

OH
(o]
O =
(o]
+ N + : K
B4-3 B4-4
exp. 27% exp. unidentified
calc. 0% calc. 85%

alkene isomerisation to yield C1-5. The 5-exo-dig cyclisation fol-
lowed by protodeauration was also significant, leading to 26%
of C1-3. According to the computational mechanistic study of
this reaction by its authors,42 this intermediate is part of the re-
action pathway and undergoes a semi-pinacol rearrangement to
yield the final product after some proton transfers. This reaction
possibility was found in the automated exploration, but was in-
significant due to its barrier of 133kJ/mol.

Errors associated with the theory level cannot explain such a
large difference in result, which might indicate that the reac-
tion involves an element missing from the modelled system. It
has been previously shownZ that the autoionisation of water is
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Fig. 9 First set of C-class reactions. 4340

poorly reproduced when using only continuum solvation mod-
els, while small water clusters yield results much closer to ex-
periment. Based on this hypothesis, we calculated the energy
associated with the formation of hydronium and hydroxide ions
microsolvated by four water molecules.

Using those values to calibrate the tautomerization barriers, the
exploration of the reaction was carried out again. With these pa-
rameters, other proton transfers become possible. In particular,
alkene isomerisations become more accessible, leading to a mix-
ture of terminal and internal alkenes on the side chain. In addi-
tion, intermediates with the same core as C1-3 can lose a proton
to form a gold alkoxide, which can then be reprotonated at the
exocyclic enol position. This process forms an activated alkoxide-
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carboxonium species which readily undergoes the semi-pinacol
rearrangement and leads to C1-6 as major product. This prod-
uct is correct except for the alkene position, which suggests that
alkene isomerisation barriers are underestimated. The formation
of the identified minor side products (C1-4, C1-7, C1-8 and C1-
9) is a possible reason for the lost mass balance, although it is not
possible to confirm this hypothesis from the available data.

The reaction of C2-144 yields a zwitterion bearing a quater-
nary centre, which could plausibly be thought to react further to
a more thermodynamic product. However, the automated explo-
ration correctly predicts the sole and complete formation of the
main product, in agreement with the experimental yield of 94%.
It is worth specifying that the hexyl chain of the reactant has not
been simplified in the modelled reactant, as is common practice.
The modelling approach keeps computational costs sufficiently
low that such a chain can be modelled as-is, thus preventing dis-
crepancies caused by (unknowingly) altering the reactivity with
simplifications. Moreover, this result suggests that our confor-
mational sampling process does not become an issue with larger,
more flexible reactants.

Reactant C3-1 can cyclize nearly quantitatively under gold(I)
catalysis into product C3-2, presumably through an enol interme-
diate.#2 The automated exploration did not find any reasonable
reaction, predicting that the reactants remain unreacted. We once
again considered the influence of traces of water on the reaction.
With this modification, tautomerizations become accessible, lead-
ing to the expected enol intermediates. Moreover, the automated
exploration lead to the discovery of 5 possible cyclisation transi-
tion states, which vary in terms of internal hydrogen bonding and
of alkene position. All transition states were associated with sig-
nificant barriers (112 kJ/mol to 147 kJ/mol), and thus did not lead
to any significant reaction.

It is possible that a second molecule of reactant could be in-
volved in the reaction. The catalyst’s counterion, ClO,~, may also
play a role in the transformation. In the original work, the authors
screened several counter-ions and found that BF,~ lead to no
conversion, SbF¢~ lead to a yield of 19%, while PF,~, TfO~ and
ClO,~ lead to nearly quantitative yields (96-99%), with C1O,~ re-
ducing the required reaction time greatly. Although not entirely

1004,
80 -
S
-LE’ 601 — Cc4-1
g ca-2
c — -
§ 40 ca-3
c
(o]
O
20 A
0_
0 3600 7200
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Fig. 10 Result of the kinetic simulation of the C4 reaction network.
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Fig. 11 Second set of C-class reactions.“8120

conclusive, these results indicate that the counterion affects the
reaction, which was not in the scope of our current implementa-
tion. A dimeric catalyst could also be involved in the reaction,
which is not unheard of in gold(I) catalysis.2!/ In any case, these
factors may complexify the exploration process beyond what is
handled by our current implementation. Nonetheless, the robust-
ness observed in A- and B-class methodologies suggests that our
platform could be used to uncover uncommon mechanistic be-
haviours in developing methodologies, in which case additional
experimental studies would be required to address the true na-
ture of the active catalytic species or trace species involved in the
overall process.

Under gold(I) catalysis, reactant C4-1 selectively cyclizes on
the exocyclic ketone, resulting in the formation of product C4-
3.4% Our automated exploration of the reaction network indicates
that intermediate C4-2 is formed faster than C4-3 and initially ac-
cumulates. However, because of the greater thermodynamic sta-
bility of C4-3, interconversion occurs at a slower rate, and may
account for the increased temperature requirement (see Fig. [10).
With this additional mechanistic insight regarding the lifetime of
intermediate C4-2, one could envision exploiting its formation
and reactivity to develop novel methodologies to access new com-
pounds bearing multiple quaternary centres. While outside the
scope of the current implementation of the platform, bimolecular
automated reaction explorations could be used to identify valu-
able transformations from C4-2. Furthermore, the lost mass bal-
ance may stem from side reactions between C4-2 and either C4-1
or C4-3, which were not examined computationally. The mecha-
nism automatically found also differs from the authors’ proposed
mechanism,“® which omits C4-2, preventing further exploration
of this intermediate. This exemplifies the insights provided by
such unbiased automated studies.

10 | Journal Name, [year], [vol.], 1

calc. 100%

calc. 0%

The reaction of C5-1 experimentally yields product C5-2,48
while only product C5-3 was found significant in silico. Consid-
ering the length of the pathways leading to this product (at least
7 elementary steps), it is difficult to pinpoint the error source.
Despite the accuracy of current computational methods, they re-
main subject to small intrinsic errors, which can shift the course
of reactions. While such errors can be identified in mechanis-
tic studies with known products, predictive applications require
highly accurate results at each step. The outcome of reaction C5
exemplifies the challenge of outcome prediction with errors com-
pounding over 7+ reaction steps.

The reasonable reaction pathways of C6-1 into C6-2 and its
isomer C6-3 were found,*? but the formation of C6-4 was found
to be more favourable. In this reaction, the selectivity between
the two kinds of products comes from a competition between
a proton transfer and the cyclopropyl ring opening. As proton
transfers are modelled semi-explicitly (see Methods), their barri-
ers are only approximate. The error linked to this approximation
influences a key step and can change the reaction outcome. In
these conditions, however, it is not obvious what the true proton-
transfer agent would be, and so fully explicit modelling is quite
challenging. Even with this approximation, the actual product is
expected to be significant, representing approximatively 10% of
the predicted products.

Finally, reactant C7-1 is highly enantioenriched and can cyclize
under gold(I) catalysis to form enantioenriched products C7-2
and C7-3.°Y The experimental ratio between the two products
relies on specific conditions. The authors of this study found that
the reaction benefitted from adding water, likely because it facil-
itated the hydrolysis of a reaction intermediate. The modelled
conditions did not involve explicit water molecules, and so this
hydrolysis was naturally not accounted for. However, product

Page 10 of 16


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5dd00366k

Page 11 of 16

Open Access Article. Published on 05 March 2026. Downloaded on 3/6/2026 4:11:33 AM.

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

C7-3 is still found as the sole product of the reaction. As men-
tioned before, we elected not to strictly enforce stereochemistry
considerations in our current implementation. Nonetheless, the
predicted product bears the correct absolute stereochemistry at
all three chiral centres. This suggests that the rigorous consider-
ation of stereochemistry will require only modest changes to our
approach.

The shortest reaction pathway from C7-1 to C7-2 involves 6
elementary steps, confirming that the accuracy of computed en-
ergies is generally excellent and can also be applied to complex
transformations with many elementary steps.

2 Conclusion

In this work, we have demonstrated that it is possible to address
the combinatorial explosion of possibilities in unbiased mecha-
nistic explorations through the use of innovative pruning strate-
gies. The use of an atomic reactivity framework and neophile
kinetic simulations reduces the number of reaction possibilities
sufficiently to render completely tractable automated investiga-
tions of organometallic reactions involving organic reactants of
typical size. These improvements become increasingly valuable
as the molecular size grows, as they bring the reaction possibili-
ties growth under control. They have been proven very effective
in systems with up to 42 reactive atoms, much more than was
previously tractable. We even already used our approach to auto-
matically discover a complex reaction mechanism, which served
as a starting point for a DFT study we independently published.>2
Moreover, the improvements are very general and a priori appli-
cable to any molecular system. Limitations in the accuracy of
the predictions have been linked to approximations in treating
tautomerizations and unspecified experimental details, such as
traces of water, which are challenging to account for. A more so-
phisticated approach to handling tautomerization barriers would
reduce those limitations and further narrow down the possible
sources of error.

The atomic reactivity framework introduced here has been ap-
plied to organometallic catalysis, but we expect to develop it fur-
ther to create pruning principles for both catalysed and uncatal-
ysed polymolecular reactions. Developing more accurate atomic
reactivity formulations will enable greater reaction clustering and
reuse of existing data. A sufficiently precise formulation, would
enable the reuse of reaction data across reaction networks, thus
greatly minimizing the occurrence of unexplored unproductive
reactions to evaluate. We also envision exploiting machine learn-
ing to leverage this data to provide a very fast way to estimate
reaction barriers, thus further accelerating reaction network ex-
plorations. The resulting capabilities would have a remarkable
potential in many fields of science which involve studying how
organic molecules react and transform.

3 Computational Methodology

3.1 Reaction Modeling

Gold(I)-catalyzed reactions involve an organic reactant, a
gold(I) catalyst (e.g., PhsPAuNTf,) or a gold(I) precatalyst
(e.g., PhyPAuCl) with an activator (e.g., AgOTf), and usually
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a somewhat polar, aprotic and non-coordinating solvent, often
dichloromethane or dichloroethane. Due to the noncoordinating
nature of the catalyst counterion, we proposed in this study that
it is safe to neglect it. Although it has been proposed to be in-
volved as proton transfer agent in some reactions,> we aimed to
address this effect using an alternative approach to explicit mod-
eling (see section 2.2 of the ESIt), to limit model size and keep it
unimolecular.

Gold catalysts involve a ligand, which has a great influence on
the reaction outcome®% and can be used to induce stereoselectiv-
ity.22l However, the size of the ligand (typically 35 to 90 atoms)
signifies a substantial increase in computational costs when using
DFT and post-Hartree-Fock methods, which is difficult to manage,
particularly in this context. Indeed, many computational studies
involving such ligands rely on smaller model ligands, such as PHq
or PMe, to simplify calculations. 6

To address this issue, we aimed to create a composite scheme
for calculating free energies with reasonable computational costs
and sufficient accuracy. In particular, recent semi-empirical tight-
binding methods such as GFN2-xTBR2Z28 have been reported as
much faster alternatives to DFT methods for many applications.=>2
Although those methods are typically not as accurate and reliable
as a carefully selected DFT functional paired with a large basis set,
they prove extremely useful when high accuracy is unnecessary or
when DFT methods are simply impractical. Solvation is taken into
account implicitly for every GFN2-xTB calculation using the ALPB
solvation model with parameters for dichloromethane.'?

Through a preliminary benchmark (see section 2.4 of the ESI7),
we found that GFN2-xTB geometries were adequate for achieving
good results, provided that the electronic energies are calculated
using DFT. This made large complexes computationally manage-
able while ensuring the accuracy of the results. Single-point en-
ergy calculations, even with large ligands, were found to be per-
fectly reasonable. Furthermore, we devised pruning strategies to
minimize the number of such calculations, as outlined in subse-
quent sections. After evaluating several computational methods,
we decided on B2K-PLYP-D3/def2-mTZVP/SMD(DCM) with a re-
duced integration grid to perform single-point calculations en-
ergies. This method is expected to provide sufficiently accurate
results compared to the more accurate and greatly more compu-
tationally expensive coupled-cluster methods.01+03

We have not explicitely evaluated the impact of different free
energy corrections on the results. By default, the xtb package uses
Grimme’s entropy correction for low-lying frequency modes,®*
and Gibbs free energy corrections were only calculated at the
GFN2-xTB theory level.

3.2 Automated Reaction Evaluation

The reaction evaluation process starts with the enumeration of
all a priori reasonable reaction possibilities. We consider only o
bond formation and breakage, which also corresponds to atoms
coming together or moving apart. This means that a Diels-Alder
reaction would be a F> reaction, and not F3B3. Relaxed coordinate
scans are carried out to bring together or push apart the reactive
atoms. This can be seen as an exploration of the potential en-
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ergy surface (PES) biased by the expected reaction coordinates.
The direct consequence of this is that the net transformation that
occurs is not limited to the expected one. For example, by consid-
ering an F; reaction approaching C/~ from the carbon of CHsl,
we will discover an SN2 reaction, which is formally an F; B reac-
tion. Similarly, any formation or breakage of & bonds will occur
naturally as the electron density moves during the reaction. This
means that the considered reaction coordinates do not need to be
complete and can have reduced dimensionality. Indeed, with this
approach, we found that it was sufficient to consider By, F}, FiB;
and F, reactions only.

In order to reduce the error rate related to spurious GFN2-
xTB geometries, DFT gradients are calculated for each new prod-
uct and compared to a threshold value determined from pre-
liminary spurious and valid GFN2-xTB structures. If above this
threshold, the structure is perturbed once following the steep-
est energy descent according to the DFT gradient, then reopti-
mized using the same theory level and loose convergence pa-
rameters. The optimized structure is reoptimized by GFN2-
xTB with the expectation of converging to the same local min-
imum. This final structure is not modified further, even if it
converges back to its initial state. For this process, the MO6-
2X/def2-mSVP/CPCM(DCM) theory level combined with geomet-
rical counter-poise 65 (GCP(DFT/SVP)) was found to be adequate.
Since this theory level is only used to break out of a potentially
spurious local minimum, having a high accuracy is not necessary.

Relaxed scans provide crude reaction barriers to eliminate cer-
tain reaction possibilities at this stage. If a product emerges, its
geometry will be optimized, and its energy will be computed. It
can then be used with the reactant to perform a transition state
search using the double-ended growing string method (GSM) de-
veloped by Chakraborty®® and Zimmerman.©Z%8 We used its im-
plementation in the Pysisyphus Python package®? combined with
the GFN2-xTB level of theory. The approximate transition state
obtained with the GSM is fully optimized using the RS-P-RFO al-
gorithm as implemented in Pysisyphus. The vibrational modes of
transition state are expected to contain one negative frequency
below —75cm™! and that this frequency mode involves the move-
ment of the expected reactive atoms. Spurious transition states
are thus identified and filtered.

The immediate reactant and product are verified by carrying
out an IRC calculation on the transition state, also with GFN2-xTB
as level of theory. It is possible that the true reactant or product
are not equivalent to the initial species that lead to this transition
state. This is not an issue as long as the correct connectivities are
considered in the reaction network.

3.3 Data-driven Pruning

The reaction F;_; for intermediate A will be associated with a re-
action barrier once evaluated. To reuse this data, we just need
to consider the atomic reactivities as the relevant dimensions in-
stead of the atom indices and nature of the intermediate. In
other words, instead of storing (F_;,A) = AG'J&, we will store
(F,R;,R}) = AGY. The major difference is that the former is neces-
sarily unique (there is just one intermediate A and one possibility
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F;_;), while the latter is not (R; and R; stem from the reactivity of
the system, not its label). However, in both cases, the same key
will be linked with the same value (i.e., reaction barrier).

In practice, the implementation adds the following modifica-
tions (see extended discussion in section 2.3 of the ESIT):

¢ To maximize the error cancellation, two reactions are con-
sidered equivalent if they involve equivalent atomic reactiv-
ities and the same atom indices (or atoms equivalent by sym-
metry). This partially accounts for geometrical constraints,
which are difficult to account for in R. For example, hy-
drogens at different positions of a substituted cyclohexane
might have equivalent atomic reactivities, but will differ in
their feasible reactions due to their different positions on
the ring (for example due to ring strain). However, if the
steric effects around an atom or its ring strain change signif-
icantly, it implies that a reaction has taken place nearby, and
so its electronic properties are expected to change. As such,
changes in steric and ring strain effects are expected to also
involve changes in R. This restriction related to atom indices
then reduces the number of reaction possibilities that can be
pruned, but is expected to avoid a very large percentage of
invalid prunings due to steric and ring strain effects.

* The atomic reactivities are considered equivalent if they are
within a certain range of each other (see threshold determi-
nation in subsection 2.3.2 of the ESIT).

* When using the barrier of an equivalent reaction to deter-
mine whether a given reaction should be evaluated, a certain
margin of error is permitted. Depending on the estimated
reliability, a barrier may exceed the exploration threshold
by a specific margin without ruling out the considered reac-
tion. Therefore, if the previously evaluated equivalent reac-
tion was linked to an exceptionally large barrier, the reaction
considered will be discarded. If that barrier was only slightly
above the exploration threshold, it might not be sufficient to
eliminate the considered reaction. The tolerance thresholds
used in this work are presented and explained in the subsec-
tion 2.1.1 of the ESIf.

3.4 Complexation isomers, conformers and tautomers

In non-covalent adducts, the catalyst can move from one Lewis
basic complexation site to another, which is explicitly considered
in our approach. The complexation isomers are chosen to sample
the whole range of possible activations by the catalyst, as mea-
sured through the R descriptor (see section 2.2 of the ESIT for the
complete methodology). Conformers of covalent adducts are also
sampled to find geometries that might exhibit a different reactiv-
ity.

In addition to reaction possibilities, proton transfers are con-
sidered possible and are explicitly considered. However, in nearly
all reaction conditions, there is no strong acid or base, and so the
reactant is considered to be the species allowing proton transfers.
The proton transfer barriers are approximated through the Gibbs
free energy of the transient protonated/deprotonated species.
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The relative Gibbs free energy of this species is calculated by cou-
pling the (de)protonation process with the inverse process involv-
ing the starting material. This models the net reaction of a proton
transfer between the intermediate and a molecule of starting ma-
terial. Water clusters have also been considered as acid and base,
as indicated in the text. The technical approach is described in
detail in the section 2.2 of the ESIL.T

3.5 Network Exploration Cycles

The network exploration is carried out in a series of cycles, dur-
ing which a set of relevant intermediates are considered as reac-
tants of possible new reactions. At the start of the exploration,
the complexation isomers of the starting materials are generated
(see section 2.2 of the ESIT) and considered as the reactive in-
termediates of the first cycle. All their reaction possibilities are
generated and evaluated during this cycle. Tautomerizations are
also considered for these intermediates. Once all those reactions
have been evaluated, the updated reaction network undergoes
a neophile kinetic simulation which will determine the new set
of intermediates to consider in the following cycle. In addition
to reactions and tautomerizations, complexation isomerisation is
evaluated for all intermediates who aren’t complexation isomers
themselves.

The exploration stops when there is no new reactive intermedi-
ate to consider according to the neophile kinetic simulation. The
product distribution is calculated using a normal kinetic simula-
tion.
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