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Additional set of diverse chemical reactions

Initial tests of imposed activation (IACTA) were performed using a small but chemically
diverse set of simple reactions, the results of which we describe here. All the chemical
reactions shown in Figure S1 are adequately captured with minimal reaction-specific
parameter choices (Table S2). The relatively small size of the molecules involved allows
this entire set of reactions to be run on a single compute node in less than 5 hours.

The S\2 reaction of methanethiol and iodomethane (Figure S1a) is readily obtained by
stretching the carbon-iodine bond. Some high-energy side products include
thioformaldehyde formation (by transfer hydrogenolysis) and iodomethanethiol (by a
stepwise o-bond metathesis). The aromatic Claisen' rearrangement (Figure S1b) is found
as the sole product of stretching the allyl ether bond. Energies of the two expected
transition structures, six-membered rings with chair and boat conformations, respectively,
are well reproduced.?

In Figure S1c, the Johnson-Corey-Chaikovsky reaction® is obtained from stretching the
methylene-sulfur bond on the ylide. The expected epoxide has by far the lowest estimated
activation energy. Interesting side products include addition to the aromatic ring as well
as homologations by methylene insertion into a C—H bond and by insertion into the aryl-
carbon bond. This last reaction has been reported previously for benzophenones*, with a
hypothesized mechanism matching the one found here. The stretching of the sulfur-
methylide (C, in Figure S2a) bond yields the reactive intermediate shown in Figure S2b.
Insertion of C4 between carbons marked C, and Cj occurs through a four-membered
cyclic transition state, displacing the sulfoxide and forming the homologation product
(Figure S2c).
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Figure S1: Selected set of diverse chemical reactions studied by imposed activation. Representative
products are shown in each case, annotated with estimated activation energy (top) and reaction energy
(bottom) calculated at the GFN2-xTB level of theory.® All results are obtained directly from the automated
search without additional refinement. Activated bonds and constituent atoms are shown in green. In (e), an
improper dihedral angle is activated instead of a bond length. Details of each reaction are in the text.

The Dieckmann condensation® in Figure S1d is found readily upon dissociation of a
carbon-hydrogen bond in the presence of an ethoxide molecule. The reactants (an ester,
an ethoxide molecule and two molecules of ethanol) are initially arranged without regard
to the expected transition structure. The assembly is optimized to obtain the initial
conformer in Figure S2d. The explicit solvent is required here to stabilize the ethoxide.
The reaction search finds the Dieckmann condensation product in Figure S2e, with the



standard’ two-step mechanism of formation of an enolate ion followed by a nucleophilic
attack. Approximate transition structures are shown in Figure S2f-g. It should be noted
that the initial input structure is highly dissimilar to both the structures of the transition
structures and the products, illustrating that our method allows handling explicit solvent
molecules without prior spatial placement by the user.

For the Diels-Alder reaction, activation can be imposed in two ways: by stretching the
dienophile double bond to the length of a single bond or by pyramidalizing one of the
dienophile carbons through an improper dihedral constraint applied to the two ene
carbons and terminal hydrogen atoms. Both approaches yield the same products, with
the pyramidalization resulting in significantly better transition structures and energies due
to the asymmetric dienophile and resulting asynchronous transition state®. The results for
this reaction are shown in Figure S1e with the atoms of the dihedral constraint marked in
green. Notably, both the endo- and the exo-products are obtained, though the activation
energy is approximated too poorly to reproduce experimental selectivities. Observed side
reactions include Michael additions as well as an inverse electron-demand Diels-Alder
reaction, with the acrolein acting as the diene and the cyclopentadiene acting as the
dienophile.

The final two examples are taken from catalysis and organometallic chemistry,
respectively: a base-catalysed alkyne-allene isomerization and an oxidative addition of
palladium bisphosphine into a carbon-chlorine bond (Figure S1f and g). In the first case,
the N-H bond on the catalyst is stretched to obtain the isomerization, and the reaction
pathway and transition structure are near identical to those obtained by traditional
means.? The oxidative addition of Pd in Figure S1g is readily found by increasing the Ph-
Cl bond distance, showing that IACTA can be applied to organometallic reactions using
the GFN2-xTB as level of theory.°
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Figure S2: Detailed structures for Johnson-Corey-Chaikovsky methylene insertion and Dieckmann
condensation reactions. (a-c) Reactants (a), reactive intermediate (b), and product structures (c) obtained
for the homologation reaction by methylene insertion in Figure S1c. (d-g) Input structure (d) and products
(e) for the Dieckmann condensation in Figure S1d and transition structures of the two steps, formation of
an enolate (f) and nucleophilic attack (g), as obtained from a single relaxed scan.

Algorithmic details and numerical parameters.

Table S1 lists default numerical parameters used for the computations described in this
article. Unless otherwise noted, these values are used throughout. Reaction-specific
parameters (specifically, those that differ from defaults) are shown in Table S2. Here, we
described in more details the implemented algorithm.

All runs are initialized by performing a metadynamics propagation (MTD1 in Table S1)
filtering all the resulting structures and selecting the bottom 10% based on energy. This
is done with the activating coordinate g* constrained to its initial value.

Relaxed scans are performed from the initial value of g;* to its final value q,* over a
uniformly discretized grid of values. Metadynamics searches for activated conformers
(MTD2) are performed for points j = M, to M, of the scans with g* constrained to its value
at that point, denoted ¢;*. Each metadynamics search is initialized from one of the
structures obtained in the initialization.



Structures obtained from metadynamics propagation at point j are optimized with ¢*
constrained to q;* and screened for duplicates. Those structures with energy below two
thresholds, a local threshold E < min;E + A; (where the minimum is over structures from
the same metadynamics propagation) and a global threshold E < E; + A, (where Ej is

the energy of the reactant conformer) are selected as starting points for reaction scans.
The reaction scans are relaxed scans from ¢;# to q,* and to q;*, yielding new product

and reactant structures.

Finally, all reaction scans are searched for potential stable structures, which are local
energy minima on the g* axis. Those stable points are optimized without any constraining
potentials. The overall scan is then analyzed for reactions, as described in the methods
section.



Table S1 Default parameters used in computations.

xtb parameters

Metadynamics
propagation
(MTD1)

Relaxed scans

Metadynamics
propagation
(MTD2)

Conformer
filtering ¥+

Parametrization

GFN2

Electronic temperature

300K

Cavity potential T

Logfermi, spherical with diameter dreactants +4A

Propagation time

0.5 ps per atom

Bias potential

k=0.20Ey, a=0.2/A?

Structure saved every 100 fs
Biasing by previous 10 saved structures

Timestep §

5fs

SHAKE constraints §

All atoms

Structures kept

Bottom 10% in energy after filtering

Number of scan
between ¢;* and g/

points

N5=50

Constraint force constant *

k = computed or 1 kcal/mol

Optimization tolerance

“normal”
AE =5 x 10~®Ey, max grad = 10 3Ey /«

Propagation time

0.1 ps per atom

Bias potentialT

k=0.20 Ey,a = 0.8/A2
k=0.20 Ey,a=0.2/A?
k =0.05 Ey,a = 0.8/A2
k =0.05 Ey,a = 0.2/A2

Structure saved every 100 fs
Biasing by previous 10 saved structures

Timestep

2fs

SHAKE constraints

None

Performed at...

... every point between M; =0 and My = 0.5 X N,

Optimization tolerance

“tight”
AE =10—°Ey, max grad =8 x 10~*Ey/a

Similarity thresholds

RMSD = 0.4 A
Energy = 1.0 kcal/mol

Local threshold 4,

12 kcal / mol

Global threshold A4

60 kcal/mol above reactants

¥ For metadynamics propagations, a spherical constraining potential'! is added to stop molecules in the reacting
system from separating. dreactants iS the maximum atom pair distance of the reactant structure.

¥ The metadynamics potential has the following form Vipias = X; kexp ( —O(Al-z) where the sum is over contributing
structures and A; is the RMSD between contributing structure i and the current structure.
§ If the initial metadynamics propagation fails to converge, it is restarted with a timestep of 2 fs and no SHAKE

constraints.

** For bond stretches, the force constant is computed from an estimated bond force constant, computed from a
guadratic fit of the energy from a five-point relaxed scan around the equilibrium bond length.

™ Four metadynamics propagations are done,!! one for each pair of values k, a.

# Structures from all metadynamics calculations are first optimized and then duplicated structures are removed
based on similarity, followed by elimination using energy thresholds.




Table S2 Parameters used for specific reactions described in this article.

Activation Parameters changed from Table S1
coordinate scans
Reactions of 2-iodobutane qo¥—-6.0A GBSA solvent model for THF
Ng=100
Cyclization cascade 1.54-3.0A Ng =100
My =0.3 x Ng
Acrolein water-mediated 1,4-addition ~ go* 1.6 A Ns =100
My =03XNg
MTD2 time per atom = 0.5 ps
Oxidative additions of drug got »354A Ng =200
candidates M; =0.06 X Ng, My =0.12 X Ng

Reactions in Figure S1
(@ qo¥f-6.04 GBSA solvent model for methanol

(b) got—4.04A
() qof—-4.0A
(d) qo¥-354
(e) qo*—120° My =0.30x Ng, My =0.80 x Ng
() qo¥—3.0A
(9@ qo*-35A

qo* denotes the equilibrium value of the activation coordinate.
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