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A novel integrated web-based system which can compute,
visualise and store systematised key parameters of a reaction
has been developed from open-source components. As a proof
of concept, it has been used to rationalise and predict the
regioselectivity of lithiation reactions as well as relative
reactivity of substrates. Excellent agreement between the in
silico analysis and experimental data was obtained.

Understanding reactivity is fundamental to comprehend complex
concepts of chemistry.” Therefore, building rational, widely applicable
systems to rationalise, tune and predict outcomes of chemical
reactions remains at the forefront of discovery.” Rapid development
of IT and computer science technologies makes it possible to create
new-age intelligent libraries and databases which can process,
evaluate and generate new data. Increased availability and reliability
of open-source software allows the development of highly versatile
multi-tasking systems that are easily adjustable for a particular use. In
the future we believe our laboratories will be increasingly controlled
by computer systems and machine based enabling technologies to
improve safety and efficiency.?

Directed lithiation is an example of a strategically important process
ultimately leading to the formation of new bonds and hence to
advanced molecular structures.* Recent advances in flow and flash
chemistry have provided new opportunities for the generation of
reactive anions via deprotonation with organolithium reagents and
their subsequent quenching with electrophiles under various tuneable
with the At the
comprehensive physical organic and computational studies have
“®®The next

advance in these methods would be to predict the outcome of a

conditions machine control.” same time,

revealed many new features of the lithiation process.

reaction prior to experiment quickly and reliably, thereby reducing
labour and material costs. Such an approach could be realised using
an integrated system — a science gateway — which would enable
researchers to submit structures of interest for the computational
analysis and subsequently retrieve the results which could be also
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stored in the web-accessible database.” By implementing this
workflow on a webserver, users should be able to access, validate and
visualise proposed reaction intermediates when needed from any
location in the world. Here we report the first generation of a
webserver-based automatic generic algorithm, organic chemistry
science gateway, employing Density Functional Theory (DFT) level
calculations to rationalise and predict the relative reactivity of

aromatic compounds during lithiation reactions and the
regioselectivity of subsequent quenching by electrophiles.
Scheme 1. Predicting regioselectivity of lithiation reactions.*
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?Protons marked green are the ones that react during the lithiation step under
specified conditions; Corrected electronic energies (computed at B3LYP/6-
31g(d,p) + SMD solvation; the energy of the most stable regioisomer set at 0.0
keal mol‘l) of all lithiated intermediates 2 are shown as blue; the group
introduced during the electrophilic quenching and the overall yield of the 2-step
process are shown as red.” Lithiation conditions. 1a, 1f: n-BuLi/TMEDA (2 eqv), -
78 °C, 2 h; 1b, 1d: n-BuLi/TMEDA (2 eqv), -78 °C, 1 h; 1c: LDA (2 eqv), -78 °C, 2 h;
1e: LITMP (4 eqv), -78 °C, 18 h;® 1g: LITMP (1.1 eqv), -75 °C, 5 h, with in situ
quenching;’ 1h: n-BuLi/PMDTA (1 eqv), -78 °C, 2 h."® “Determined by '"H NMR.
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For the DFT calculations, we employed NWChem software package
which is an open-source DFT and ab initio quantum-chemistry
program. It is easily scalable and designed to treat large scientific
computational  problems  efficiently ~working on  modern
supercomputer clusters.™ Initially, the relative stability of lithiated
intermediates was computed for a series of aromatic compounds,
assuming™ that the aryl lithium intermediates exist mostly as
monomers in THF solution and with the approximation that there are
no specific kinetic effects associated with organolithium solvated
clusters. To model these systems, every hydrogen atom in a molecule
1 was sequentially substituted by a lithium atom, and then the
corrected electronic energies of regioisomers 2 were computed at
B3LYP/6-31g(d,p) level™ in combination with an implicit solvation
model(SMD) (Scheme 1).*

The lithiated intermediate 2 with the lowest computed energy is
predicted to be the one formed under the reaction conditions and to
give the observed regioisomers of the product 3. The ability of the
proposed model to predict the regiochemistry of directed lithiation
reactions followed by quenching with electrophiles has been
successfully tested on a number of substituted arene derivatives

(Scheme 1).

User Submission

Server Processing

2D Structure Drawn

Chosen Li Intermediates
NWChem preliminary
optimisation applying
energy threshold

Final Report
Final optimisation,
. ' frequency analysis and
e \ solvation energy

Figure 1.The automated algorithm for predicting lithiation reactions outcome.

A predictive algorithm that can operate in silico with extensive
interaction was designed for the automated implementation of the
proposed computational model (Figure 1).” Through a web-interface,
users draw a 2D structure which is then processed™ to generate 3D
structures of the most stable conformers.” Subsequently, all possible
lithium intermediates were built for each conformer. Quick geometry
optimisation®® was used to discard a large number of high energy
intermediates leaving only the most plausible ones. Full geometry
optimisation of the selected most stable intermediates was then
performed and their electronic energies® were listed (Figure 1). It was
not unusual for both the geometry optimization and the electronic
structure DFT calculations to fail, or to converge to a local maximum
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on the potential energy surface. In order to make these computations
fully automatic and robust, a number of error checks on the
calculations, with restarts using different input options and initial
guesses were added.

Each likely intermediate generated is then rendered as a 3D
interactive structure applying HTML5 technologies with the help of
open source three.js library.” A JavaScript file, consisting of an array
of atoms™ and an array of bonds, is generated for each structure. This
JavaScript file is then passed to a client-side HTML viewer where each
atom is rendered using WebGL at its location with the corresponding
atomic radius®™ and CPK colouring.” Non-general elements™ are
subsequently labelled and the bonds rendered. The resulting 3D scene
is then fully interactive, with the possibility for the user to zoom, pan
or rotate the structure of the intermediate, hide the hydrogen atoms
or the bonds, modify the structure representation (balls & sticks,
sticks or compact), measure interatomic distances, angles and
dihedral angles, edit the 3D structure by moving single atoms and
export the modified coordinates and export the 3D structure as JSON
or STL models. If needed, the user-modified structure can be
resubmitted for computational analysis. Energies of automatically
generated and user- modified (if applicable) intermediate structures
for each analysed molecule together with its relative reactivity are
also presented.

This
experimental results reported in the literature; Entries 2 — 12, Table 1)

algorithm can be used to rationalize (compared with
as well as predict (Entry 1, Table 1) behaviour of other aromatic and
heteroaromatic substrates. When the most stable intermediate 2 is
significantly lower in energy than other possible ones for a substrate,
high regioselectivity of the lithiation reaction is anticipated (Entries 1,
3, 5 — 12; Table 1). In other cases, formation of more than one
regioisomer is expected (Entries 2 and 4; Table 1). In all tested cases,
the system is invariant of an electrophile used to quench the incipient
anions (Table 2).

lithiated

intermediates can also be compared between different substrates.

Corrected electronic energies for the formation of
Among other factors,* it has a great significance in defining relative
reactivity of various compounds in the lithiation reaction and thus can
serve as foundation in building a reactivity scale for molecules in
lithiation reactions where a reactivity ranking (RR, Table 1) would be
assigned to each of them. At this stage, we approximate RR as the
corrected electronic energy of the lithiation relative to a chosen
standard.” Substrates characterised with relatively high RR values
were classified as “reactive” and could be successfully lithiated with
LDA (Entries 1, 4, 5, 8 - 11; Table 1) whereas stronger n-BuLi/TMEDA
was used as lithiating agent in cases with lower reactivity rankings
(Entries 2, 3, 12; Table 1).

As it can be anticipated knowing the approximations used, the model
in its current stage has a number of limitations. Thus, it can describe
systems under thermodynamic control (Entry 11; Table 1) and where
there are no specific kinetic effects derived from the state of
oligomerisation of a lithiating reagent (Entry 12; Table 1). Also, as the
spin-restricted DFT methods are currently used within the workflow,
species with multiconfigurational character cannot be adequately
described.”® Work on expanding the scope of the method as well as

increasing its accuracy is ongoing.
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Table 1.Selected examples of lithiation reaction analysis and prediction.”
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* Removal of the proton marked green leads to the formation of the most
stable lithiated intermediate 2; “high selectivity” refers to cases where the
most stable intermediate is at least 2.0 kcal mol'more stable than any other
(corrected electronic energies are compared); “RR” stands for “reactivity
ranking” and is the corrected electronic energy of the lithiation relative to the
lithiation of 1h chosen as a standard. ® 'H-intermediate is more stable than *H
by 1.3 kecal mol™. © Energy difference between intermediates 'H and *H is 0.2
kcal mol!

Conclusions

An automated algorithm which can be used to rationalise and predict
the regioselectivity of lithiation reactions as well as the relative
reactivity of substrates has been developed and implemented as an
open-source computational and visualisation system. The new
algorithm does not require specialist knowledge or experience in
computational chemistry and is designed to assist experimentalists by
improving efficiency and productivity as well as deepening
understanding of molecular reactivity.™ Future work seeks to expand
the scope and accuracy of the in silico model. We are also planning to
describe other types of directed metallation in similar fashion.
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