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“We're in the position of a visitor from another dimension who comes to earth and sees
a chess match. Assuming he knows it’s a game, he’s got two problems: first, figure out
the rules, and second, figure out how to win. Ninety percent of science (including
virtually all of chemistry) is in that second category. They’re trying to apply the laws
that are already known.”

(Sheldon Lee Glashow, 1979)






Resumo

Esta tese tem como objetivo explorar a aplicacao da quimica computacional na elucida-
¢ao de mecanismos de reacoes quimicas complexas. Duas investigagoes computacionais-
experimentais usando calculos de teoria do funcional de densidade para entender me-
canismos de reagoes quimicas sao apresentadas na tese, bem como uma publicacao so-
bre o desenvolvimento de um pacote de software para simular redes complexas de rea-
¢oes quimicas. A primeira publicagdo consiste em uma investigacao hibrida experimental-
computacional sobre o desprotegimento bioortogonal mediado por Pd(II) de grupos hidro-
xila protegidos por propargila para o propdésito de ativagdo de pré-farmacos (COELHO,
S. E. et al. Mechanism of Palladium(II)-Mediated Uncaging Reactions of Propargylic
Substrates. ACS Catalysis, American Chemical Society (ACS), v. 9, n. 5, p. 3792
3799, Mar. 2019. ISSN 2155-5435. DOI: 10.1021/acscatal . 9b00210. Available from:
<http://dx.doi.org/10.1021/acscatal.9b00210>). Na segunda publicagao, também
uma colaboracao computacional-experimental conjunta, investigamos a despropargilacao
mediada por Pt(II) de amida de pentinoila e N-propargila para liberagao e ativacao de far-
macos na terapia do cdncer (OLIVEIRA, B. L. et al. Platinum-Triggered Bond-Cleavage
of Pentynoyl Amide and N-Propargyl Handles for Drug-Activation. Journal of the Ame-
rican Chemical Society, American Chemical Society (ACS), v. 142, n. 24, p. 10869—
10880, May 2020. ISSN 1520-5126. DOI: 10.1021/jacs.0c01622. Available from: <http:
//dx.doi.org/10.1021/jacs.0c01622>). Calculos de mecénica quintica foram fun-
damentais para apoiar os mecanismos de reacao quimica propostos em ambos os casos.
Na terceira publicagao, descrevemos o desenvolvimento do overreact, um programa de
cddigo aberto e facil de usar que pode ser usado para realizar automaticamente mode-
lagem microcinética de reagdes quimicas complexas em solucao ou fase gasosa usando
dados de calculos quimicos quanticos de primeiros principios (SCHNEIDER, F. S. S.; CA-
RAMORI, G. F. Overreact, an in silico lab: Automative quantum chemical microkinetic
simulations for complex chemical reactions. Journal of Computational Chemistry,
Wiley, Apr. 2022. ISSN 1096-987x. DOI: 10.1002/ jcc.26861. Available from: <http:
//dx.doi.org/10.1002/jcc.26861>). As limitagdes dos resultados sdo discutidas, e

trabalhos futuros potenciais sao sugeridos.

Palavras-chave: catélise. quimica computacional. mecanismos de reacao quimica. micro-
cinética. Python. DFT.






Resumo Expandido

Introducao

Esta tese tem como objetivo explorar a aplicagao da quimica computacional para a elu-
cidacao de mecanismos de reagoes quimicas complexos, utilizando calculos de teoria do
funcional da densidade (DFT) e modelagem microcinética. Ao longo do trabalho, sdo apre-
sentadas duas investigagoes computacional-experimentais, bem como o desenvolvimento

de um pacote de software para simular redes de reagoes quimicas complexas.

Objetivos

O principal objetivo desta tese é investigar e desenvolver métodos computacionais para
entender mecanismos de reagoes quimicas complexas, utilizando calculos de DFT e mo-
delagem microcinética. Além disso, a tese busca contribuir com o desenvolvimento de
um pacote de software para simular redes de reagoes quimicas complexas, facilitando a

aplicagao dos métodos computacionais desenvolvidos.

Metodologia

No primeiro capitulo, é realizada uma introdugdo aos conceitos fundamentais de qui-
mica computacional, teoria do funcional da densidade e microcinética de reacao quimica.
Além disso, sdo apresentadas as principais técnicas e métodos empregados ao longo do
desenvolvimento da tese, incluindo a aplicacao de calculos de DFT para a investigacao de
mecanismos de reacao, e a utilizacao de modelagem microcinética para analise de redes

de reagoes.

No segundo capitulo, sdo introduzidas as contribuic¢oes cientificas desta tese, destacando
os principais resultados e o impacto das publicagoes geradas ao longo do trabalho. Sao
apresentadas tanto as contribui¢des menores, quanto as principais contribui¢oes em cada

um dos estudos realizados.

Resultados e Discussao

Na primeira investigagao, apresentada no Capitulo 3 (COELHO, S. E. et al. Mechanism of
Palladium(IT)-Mediated Uncaging Reactions of Propargylic Substrates. ACS Catalysis,
American Chemical Society (ACS), v. 9, n. 5, p. 3792-3799, Mar. 2019. ISSN 2155-5435.
DOI: 10.1021/acscatal.9b00210. Available from: <http://dx.doi.org/10.1021/
acscatal.9b00210>), foi realizado um estudo hibrido experimental-computacional sobre
o descascamento bioortogonal de grupos hidroxila protegidos por propargila mediado por
Pd(II) com o objetivo de ativar pro-drogas. Os calculos mecanicos quanticos foram funda-
mentais para apoiar os mecanismos de reagao propostos, oferecendo uma visao detalhada

das etapas envolvidas no processo e contribuindo para o entendimento geral da reacao.



A andlise dos resultados permitiu a identificacdo das principais barreiras energéticas e

intermediarios envolvidos no mecanismo de reagao.

Na segunda investigagao, apresentada no Capitulo 4 (OLIVEIRA, B. L. et al. Platinum-
Triggered Bond-Cleavage of Pentynoyl Amide and N-Propargyl Handles for Drug-Activation.
Journal of the American Chemical Society, American Chemical Society (ACS),
v. 142, n. 24, p. 1086910880, May 2020. ISSN 1520-5126. DOI: 10.1021/jacs.0c01622.
Available from: <http://dx.doi.org/10.1021/jacs.0c01622>), foi realizada uma co-
laborac¢ao computacional-experimental com foco na despropargilagdo mediada por Pt(II)
de amida de pentinoila e alcas de N-propargila para entrega e ativacao de medicamentos
em terapia contra cancer. Mais uma vez, os calculos mecanicos quanticos desempenharam
um papel crucial na elucidacao dos caminhos de reacao e na compreensao dos resultados
experimentais obtidos, permitindo a identificacdo das principais espécies envolvidas e a

descricao detalhada do processo de ativagao dos farmacos.

No Capitulo 5 (SCHNEIDER, F. S. S.; CARAMORI, G. F. Overreact, an in silico lab:
Automative quantum chemical microkinetic simulations for complex chemical reactions.
Journal of Computational Chemistry, Wiley, Apr. 2022. ISSN 1096-987x. DOI: 10.
1002/ jcc . 26861. Available from: <http://dx.doi.org/10.1002/jcc.26861>), é
descrito o desenvolvimento do pacote de software overreact, um programa de codigo
aberto e facil de usar que pode ser utilizado para realizar modelagem microcinética de
reacoes quimicas complexas em solugao ou fase gasosa de maneira automatica, utilizando
dados de célculos quimicos quanticos de primeiros principios. O software é aplicado em
diversos estudos de caso, demonstrando sua versatilidade e utilidade para pesquisadores

da area, além de facilitar a aplicacado dos métodos computacionais desenvolvidos.

Consideracgoes Finais

Por fim, no sexto capitulo, sao discutidas as conclusoes, limitagoes dos resultados obtidos
e sugeridos trabalhos futuros potenciais. Destaca-se a importancia dos estudos realizados
e o impacto dos resultados obtidos na compreensao dos mecanismos de reacao quimica
e no desenvolvimento de novas estratégias para ativacao de pré-drogas e terapias contra
cancer. Além disso, sdo apontadas possiveis diregoes para pesquisas futuras, tanto na area
de quimica computacional quanto na aplicacao pratica dos resultados obtidos, incluindo
a extensao dos métodos desenvolvidos para outros sistemas e a investigacao de novos

mecanismos de ativagao de farmacos.

Palavras-chave: catalise. quimica computacional. mecanismos de reacao quimica. micro-
cinética. Python. DFT.



Abstract

This thesis aims to explore the application of computational chemistry to the elucida-
tion of complex chemical reaction mechanisms. Two computational-experimental inves-
tigations using density functional theory calculations to understand chemical reaction
mechanisms are presented in the thesis, as is a publication on the development of a soft-
ware package for simulating complex chemical reaction networks. The first publication
consists of an experimental-computational hybrid investigation on the Pd(II)-mediated
bioorthogonal uncaging of propargyl-protected hydroxyl groups for the purpose of acti-
vating prodrugs (COELHO, S. E. et al. Mechanism of Palladium(II)-Mediated Uncaging
Reactions of Propargylic Substrates. ACS Catalysis, American Chemical Society (ACS),
v. 9, n. 5, p. 3792-3799, Mar. 2019. ISSN 2155-5435. DOI: 10.1021/acscatal.9b00210.
Available from: <http://dx.doi.org/10.1021/acscatal.9b00210>). In the second
publication, a joint computational-experimental collaboration as well, we investigated
the Pt(II)-mediated depropargylation of pentynoyl amide and N-propargyl handles for
drug-activation delivery in cancer therapy (OLIVEIRA, B. L. et al. Platinum-Triggered
Bond-Cleavage of Pentynoyl Amide and N-Propargyl Handles for Drug-Activation. Jour-
nal of the American Chemical Society, American Chemical Society (ACS), v. 142,
n. 24, p. 10869-10880, May 2020. ISSN 1520-5126. DOI: 10.1021/jacs.0c01622. Avail-
able from: <http://dx.doi.org/10.1021/jacs.0c01622>). Quantum mechanical
calculations were key to support the proposed chemical reaction pathways in both cases.
In the third publication we describe the development of overreact, a user-friendly, open-
source program that can be used to automatically perform microkinetic modelling of com-
plex chemical reactions in solution or gas-phase using data from first-principles quantum
chemical calculations (SCHNEIDER, F. S. S.; CARAMORI, G. F. Overreact, an in silico
lab: Automative quantum chemical microkinetic simulations for complex chemical reac-
tions. Journal of Computational Chemistry, Wiley, Apr. 2022. ISSN 1096-987x. DOI:
10.1002/ jcc.26861. Available from: <http://dx.doi.org/10.1002/jcc.26861>).

Limitations of the findings are discussed, and potential future work is suggested.

Keywords: catalysis. computational chemistry. chemical reaction mechanisms. microki-
netics. Python. DFT.
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Introduction

The development of catalysis in general, and fine-tuned control of chemical reac-
tions in particular, has truly shaped the world we live in today. A striking example is the
development of the Haber-Bosch process, a “synthesis of ammonia from its elements” [4],
which Otto Haber had developed in the early 1900s [5, 6], receiving the Nobel Prize for it
in 1918 [4]. Carl Bosch later improved the industrial reaction through high pressure meth-
ods, which awarded him the Nobel Prize in 1931 [7]. Together, development and precise
control were so impressive that it is often used as an example of the geological impact of
human actions, a key defining milestone for the era we live in, the Anthropocene [6, 8, 9].

Human activity profoundly affects the environment, from Earths major
biogeochemical cycles to the evolution of life. For example, the early
twentieth-century invention of the Haber-Bosch process, which allows
the conversion of atmospheric nitrogen to ammonia for use as fertil-
izer, has altered the global nitrogen cycle so fundamentally that the
nearest suggested geological comparison refers to events about 2.5 bil-
lion years ago [6].

More than a century later, with the advent of climate change and other environ-
mental and energetic challenges [10], the rational design of chemical reactions is more
important than ever before. This is not only due to the impact of human actions, but also
precisely because of it: humans have the decision power to start making positive impact
on the environment we live in by transitioning to a greener economy. On the other hand,
today’s economy demands fast and efficient chemical reactions: catalysts are employed in
the production of over 80% of all chemical goods of industrial importance [11, 12], and
make up a considerable piece of human activity. In fact, the 2014 global market share of
catalysts was evaluated in US$ 33.5 billion, with an annual share in the global economy
estimated to be worth US$ 10 trillion [12].

The apparent conflict between these two requirements can be reconciled by the
rational design of green, fast and efficient chemical transformations and catalysts, in
particular, with precise prediction of chemical reactions from first principles [13]. The
ability to accurately predict and account for the kinetics and thermodynamics associated
with chemical procedures remains an immense challenge, yet a central objective in various
scientific sectors, with broad implications for the future. Since complex reaction networks
can critically inform our interpretation of experimental results, and enable the design
of efficient chemical production processes, a broad interest in efficient modelling of the
corresponding prediction methods exists. Such rational modelling provides the basis for

process improvement and the optimised design of new processes that is demanded today.

Various techniques have been applied for this purpose [14-17]. Computer-aided

strategies, such as density functional theory (DFT), provide theoretical models for map-
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ping out even complex reaction pathways from initial starting material [18-20]. Addition-
ally, electronic structure calculations of the transition state (TS) or intermediates can
be used to determine the reaction rate constants, which are key in the interpretation of
experimental data [1, 2, 21, 22]. Recent studies have also explored the use of machine
learning algorithms to predict chemical reaction rate constants, providing a useful tool
for accelerating reaction catalyst design [23, 24]. Finally, quantum mechanics and statis-
tical mechanics techniques, such as molecular dynamics and Monte Carlo methods, can

be employed to obtain thermodynamic and kinetic information for many reactions [25].

On the other hand, there is natural room for improvement: despite the recent great
efforts [26], currently industrially employed catalysts do not reach near the throughput,
atomic economy, selectivity and efficiency that are so frequently attained by natural en-
zymes [27]. If we are to rationally design chemical reactions on par with natural enzymes’
billion years worth of evolution, we need to be able to predict chemical reactions from first
principles with a high degree of accuracy. Such predictions must go beyond simple Gibbs’
free energy diagrams and consider important aspects of complex chemical reaction net-
works such as concentrations, quantum tunnelling, diffusion effects and others [28]. Such
modelling provides a significantly improved understanding of the reaction mechanisms

underlying the manufacture of valuable chemical products.

Although much of the chemical and industrial breakthroughs were serendipitous,
and they were largely based on inspiration, intuition and empirical testing, definition of
rational principles of design have involved an increasing amount of computational chem-
istry [13]. Indeed, nowadays, the role of computational chemistry for industrial applica-
tions can hardly be replaced by any other means, as it is often used to boost experimental
efforts. Understanding what the global energy landscape of the reaction network looks like,
and how it depends on the reaction conditions is thus instrumental in providing a guid-
ing hand towards making efficient, industrially viable improvements. Detailed chemical
kinetic modelling of catalytic processes is an emerging area of research and key stepping

stone for the future.

Scope

This thesis attempts to formalize a review of methods for predicting chemical
kinetics and thermodynamics from first principles. It starts with a brief introduction
to the general state of the art in quantum chemistry and state-of-the-art applications
to the study of chemical reactions. It then goes on to describe the methods employed
in overreact [3], a software package for predicting chemical kinetics and simulating

microkinetics automatically from first principles.

We pursue methods for predicting and designing reaction mechanisms and equilib-
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rium schemes for the chemical machines of the future, with the aim to provide an efficient
way to design, understand, evaluate and optimize reactions and their conditions. The fo-
cus is in methods and techniques that both aid experimental work and can be validated
by it. Such framework allows first-principles microkinetic simulations, by predicting the
reaction mechanism from first principles, taking into account most relevant effects influ-
encing chemical reactions in homogeneous media at both room and body temperatures,

impacting the design of novel, compact and highly integrated future chemical processes.

QOutline

The present thesis is organized in two parts. Part I encompasses a brief overview
of the current state of the art in the area of computational elucidation of reaction mech-
anisms. Part II is divided into three chapters, each of which presents an application or

development to certain problems in the field.

The chapters in Part I provide a detailed account of the field. Chapter 1 describes
the methods available to computationally investigate reaction mechanisms and, in partic-
ular, the methods used in the present thesis. In Section 1.5, attention is paid to methods
that led to the design of overreact [3, 29], a software package developed by the author

for the purpose of automating the investigation of reaction mechanisms in general.

The chapters in Part II revolve around papers that have been published in the
field and co-authored by the author. The applications are intertwined in the sense that
they contribute to the elucidation of more complex reaction mechanisms. Chapter 3 deals
with computational-experimental collaboration on the elucidation of the Palladium(II)-
mediated uncaging reaction of propargylic substrates, with applications to the activa-
tion of prodrug molecules. It was published in COELHO, S. E. et al. Mechanism of
Palladium(IT)-Mediated Uncaging Reactions of Propargylic Substrates. ACS Cataly-
sis, American Chemical Society (ACS), v. 9, n. 5, p. 3792-3799, Mar. 2019. ISSN 2155-
5435. DOI: 10 . 1021 /acscatal . 9b00210. Available from: <http://dx . doi . org/
10.1021/acscatal.9b00210>. Chapter 4 provides an account of another computational-
experimental collaboration on prodrug activation, this time on the Platinum (II)-triggered
bond-cleavage of pentynoyl amide and N-propargyl handles. The relevant publication is
OLIVEIRA, B. L. et al. Platinum-Triggered Bond-Cleavage of Pentynoyl Amide and N-
Propargyl Handles for Drug-Activation. Journal of the American Chemical Soci-
ety, American Chemical Society (ACS), v. 142, n. 24, p. 1086910880, May 2020. ISSN
1520-5126. DOI: 10.1021/jacs.0c01622. Available from: <http://dx.doi.org/10.
1021/ jacs . 0c01622>. Finally, Chapter 5 introduces the overreact package, a soft-
ware that performs microkinetic simulations from first principles in an automated way. It

was published under SCHNEIDER, F. S. S.; CARAMORI, G. F. Overreact, an in silico
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lab: Automative quantum chemical microkinetic simulations for complex chemical reac-
tions. Journal of Computational Chemistry, Wiley, Apr. 2022. ISSN 1096-987x. DOI:
10.1002/jcc.26861. Available from: <http://dx.doi.org/10.1002/jcc.26861>. In
all three chapters, the papers are presented in full text. These encompass what the au-
thor believes to be his most relevant contributions to the field, as detailed in Section 2.2.
Other minor contributions that tangentially relate to the field are commented on in the
text (see Section 2.1). Furthermore, works not directly related to the field, but were nev-

ertheless published during the thesis are presented in Appendix A.

A brief, closing perspective is given in Chapter 6, where the author concludes the

thesis with an eye on what he believes to be the future of the field.



Part |

State of the art and theory
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1 Methods and techniques

This chapter provides detailed information about the computational methodolo-
gies that are applied in the research contributions described in Chapters 3 to 5 to elucidate
reaction mechanisms, as well as insights into relevant fundamental concepts of theoretical
and computational chemistry. The exposition of all presented formulae follows a stan-
dard approach and closely references the pertinent literature. A basic background on
computational chemistry applied to mechanistic elucidation is given in Section 1.1 with
special emphasis on the proper choice of computational methods (Section 1.1.1). A de-
tailed account on molecular thermodynamics is given in Section 1.2 covering both the
rigid-rotor harmonic oscillator approximation (RRHO, Section 1.2.1) and quasi-RRHO
models (Section 1.2.1.2). We provide a general representation for chemical kinetic equa-
tions in Section 1.3 (with special treatment for equilibria in Section 1.3.1) and its role in
the systematic calculation of reaction and activation Gibbs’ free energies in Section 1.3.2.
A treatment on reaction rate constants is done in Section 1.4 with a special account
on error propagation (Sections 1.4.1 and 1.4.2) as well as approximations to quantum
tunnelling transmission coefficients (Section 1.4.3). Finally, details about solving the dif-
ferential equations of microkinetic models are given in Section 1.5 including a simple

account on concentration constraints (Section 1.5.1.1).

1.1 Practical theoretical background

In order to computationally model a chemical reaction, one needs to collect certain
types of information about each participating species. The conceptual information of inter-
est is stored as a potential energy surface (PES), which can be regarded as a function from
the atomic coordinates to molecular potential energy, i.e., using the Born-Oppenheimer
(BO) approximation, the electronic properties of a molecule depend on the nuclear coordi-
nates only parametrically [30]. In this sense, the model treats nuclei as classical particles
as far as geometry optimizations are concerned, which is reasonable for most problems
of interest in chemistry. This limitation is mostly relevant to chemical kinetics when we

discuss quantum tunnelling effects (Section 1.4.3).

Modelling of a reaction mechanism is performed by first optimizing the structures
of the reactants, transition states (T'Ss), intermediates, and products. While the first one
and the last two are minima on the potential energy surface, transition states represent
saddle points and special methods must be used to find them [31-43]. Once properly
optimized structures are obtained, the region around them on the potential energy surface

holds all the information needed for the prediction of chemical reaction kinetics and
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thermodynamics (Sections 1.2 and 1.4).

In any case, one needs a potential energy surface. There are many methods avail-
able to estimate the potential energy given atomic coordinates, ranging from simple and
low-cost semiempirical methods, all the way through highly accurate and expensive mul-
tideterminantal wavefunction calculations [44]. Most of these techniques consist of self-
consistent field approximations, and a thorough comparison of them is out of the scope of
this presentation. In Section 1.1.1, an account on the choice of method is given specifically
for the problem of computational chemical kinetics. The interested reader is invited to
explore references: on density functional theory [45-61], wavefunction methods [62-64],
semi-empirical methods [65, 66], potential additive terms such as solvation approxima-
tions [67, 68], atom-centered basis sets [62, 69-83], and quantum chemistry packages [84,
85].

1.1.1 Choice of computational method

As we shall see later, good levels of theory for chemical kinetics must produce
1. energies, 2. geometries, and 3. vibrational frequencies ! of suitable quality. Those three
requirements have different demands. One needs to choose a computational level of theory
to calculate molecular properties with accuracy. It is important to choose a good method
for the job at hand. Many reviews are available to help one make a good decision [61, 86—
89]. It is also plausible to use a combination of different levels of theory, such as calculating
geometries and vibrational frequencies with one method, then using single-point energies
with a more costly and precise one; this is performed the works presented in Chapters 3
to 5. Reviewing geometry optimization techniques is out of scope in the present thesis,
so we invite the reader to the references on quasi-Newton optimization methods [31, 36],
single-structure eigenvector-following methods for transition state optimizations [31, 36,
42|, and other multi-structure methods for transition state optimizations [32-35, 3741,
43].

The works presented in this thesis made use of the most popular technique nowa-
days, the density functional theory (DFT) method [45, 50-52, 54] for that. As such, a

brief discussion on the choice of density functional is warranted.

Geometries obtained using recent density functionals are good enough for most
purposes. For instance, Biihl; Kabrede observed typical deviations around + 1.6 pm for
metal-ligand bond lengths for 50 transition metal complexes for which precise gas-phase
geometries are known from electron diffraction or microwave spectroscopy, when using

double- or tripe-zeta basis sets [90]. Minenkov et al. observed that DFT geometries are

1 Additionally, the calculation of vibrational frequencies is important for characterizing optimized ge-
ometries as local minima (reactants, intermediates and products) or saddle points (transition states
are first-order saddle points).
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systematically expanded when compared with single-crystal X-ray diffraction structures,
which is expected, but the deviations are acceptably small in general [49]. Sirianni et al.
compared DFT geometries of bimolecular van der Waals complexes using double-zeta ba-
sis sets against reference geometries at CCSD(T)/CBS and reported that all functionals
analyzed produced geometries within 4+ 0.1 A in terms of root-mean-squared displace-
ments. All this leads us to conclude that, in general, modern density functionals deliver
molecular geometries of reasonable quality.

In terms of vibrational frequencies, Katari et al. showed that most density function-

! on average for an experimental database

als predict wavenumbers within £+ 10-20 cm™
of organometallic complexes [92]. Similar deviations were found by Howard; Enyard;
Tschumper when comparing against reference CCSD(T)/CBS calculations on small water
clusters [93]. As such, we can expect vibrational frequencies to be reasonably delivered by

DFT methods.

When it comes to the electronic energy, the situation is different. Goerigk; Grimme
compared the performance of 47 density functionals in many different applications within
the GMTKN30 dataset, comprising 1218 single point calculations and 841 data points of
relative energies [61] (covering general main group thermochemistry, kinetics, and nonco-
valent interactions). In general, LDAs perform worse of all in all applications, and won’t
be discussed further here. Overall, GGAs showed errors around 5.3 & 0.8 kcal-mol~!, with
meta-GGAs presenting 4.4 £ 0.6 kcal-mol~!. Conventional hybrid functionals performed
3.4 & 0.8 kecal-mol™!, with Minnesota hybrids following with 3.1 £ 0.9 kcal-mol~!, and
range-separated hybrids showing 3.3 4 0.5 kcal-mol~!. Double hybrids presented errors
around 1.7 & 0.2 kcal-mol~!. All calculations were performed at essentially complete ba-
sis set ((aug-)def2-QZVP). For comparison, different variations of MP2 presented errors
around 3.5 £ 0.4 kcal-mol~!. Mardirossian; Head-Gordon performed a similar benchmark
with 200 density functionals and the MGCDB84 dataset consisting of nearly 5000 data
points [87] (covering noncovalent interactions, isomerization energies, thermochemistry,

and barrier heights), obtained similar results.

These observations reflect on the choice of method when using DFT. Bursch et al.
have assembled a series of best-practices in choosing functionals for a variety of applica-
tions [89]. Molecular structures can be calculated with triple-zeta basis sets (def2-TZVP)
or even well-balanced double-zeta basis sets (def2-SVP). Geometric counterpoise (gCP,
for mitigating BSSE) and dispersion corrections are recommended in all cases (D3 or
D4). (m)GGAs are typically adequate. Vibrational frequencies have similar demands, as

calculation has to be performed with an already optimized geometry.

When modelling reactions, one is often interested in reaction barrier heights. Bar-
rier heights refer to the amount of energy needed to move from the starting point of a

reaction to the transition state, which is the point of highest energy in the course of an
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elementary reaction. As such, one needs accurate energies for both reactants and transi-
tion state. Transition states are challenging to calculate because they often involve weakly
bound electrons in near-degenerate molecular orbitals due to stretched bonds, which can
lead to an underestimation of the energy barrier heights when using semi-local (m)GGA
functionals. The error is dependent on the character of bonds being broken in the tran-
sition state, with larger errors associated with dissociation reactions, and smaller ones
with pericyclic reactions, for instance [89]. Bursch et al. [89] recommends the use of range-
separated hybrids functionals for the calculation of reaction barriers, as well as global
hybrids (with a high amount of Fock exchange) and double hybrids, as they mitigate self-
interaction errors. Additionally, basis sets should be chosen carefully (oftentimes requiring
triple- and quadruple-zeta basis sets) and the London dispersion energy should be taken
into account [89]. Finally, for the initial search for transition states, lower-level methods
such as hybrid-based composite methods (e.g., PBEh-3c¢ [94]) or semi-empirical methods

can be used. Further refinement can then be performed afterwards.

Finally, in order to overcome the errors in electronic energies inherent to density
functional theory, one can employ more precise wavefunction methods (e.g., CCSD(T)).
In general, such methods are costly, but there are recent developments that attempt
at overcoming this limitation. For instance, DLPNO-CCSD(T) [63, 64] can be used to
obtain accurate electronic energies, oftentimes as good as CCSD(T), in a cost-effective
way. Given that DFT geometries and vibrational frequencies are oftentimes already rea-
sonable, one can employ such cost-effective, precise wavefunction methods to correct
the electronic energy only. For instance, [95] observed for DLPNO-CCSD(T) deviations
of 0.5 kcal-mol™! on average from CCSD(T)/CBS for activation and reaction energies of
some enzymatic reactions [95]. Similar conclusions were drawn by [96] when comparing
deviations for reaction barriers, although some challenging reactions presented errors as
large as 1.2 kcal-mol ™!, outside the chemical accuracy threshold of 1 kcal-mol~!, but much

smaller than the ones expected from density functionals [96].

1.2 Molecular thermodynamics

In order to investigate chemical reactions, one requires knowledge of the absolute
Gibbs’ free energies from each compound at a given temperature. Those values are calcu-
lated from 1. electronic energies, 2. geometry coordinates, and 3. vibrational frequencies

of each chemical species.

The overreact software, described in Chapter 5, automatically obtains those
quantities by parsing computational chemistry output files, using the excellent cclib li-
brary [97]. Internally, the overreact assigns a natural number for each of the m chemical

species, and stores a vector G of length m, where each entry is an absolute Gibbs’ energy
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for that particular compound. Without such a tool, one would have to do this tedious
and error-prone data collection by hand. By having such a tool, one can investigate larger
and more complex systems in less time. Absolute Gibbs’ energies are processed through

the usual gas-phase partition-function treatment, as explained in the subsection below.

1.2.1 Thermochemical partition functions

This section briefly presents the process of calculating the absolute Gibbs’ free
energies as a function of the data collected from computational chemistry output files
described above (Section 1.2). In order to do that, thermochemical partition functions
have to be estimated. This is already routinely achieved by most standard computational
chemistry packages, in an automated way, but as we shall see later, it is advantageous to

perform the calculations separately, since one can have complete control over the results.

The canonical gas-phase partition-function, ¢(V,T), from statistical mechanics is
employed for obtaining thermochemical properties of molecules and whole systems, which
has been recommended for species in solution as well [98]. Specifically, the rigid-rotor
harmonic oscillator (RRHO) ideal gas approximation is used, where energy levels can be

decomposed into translational, rotational, vibrational and electronic contributions [99],

states

6 .
Q(‘/a T) = Z €xXp <k:]T) = (transqrotqvibfelec (11)

j B
where ¢; is an energy state, kg is Boltzmann’s constant, V' is the volume, T" is the tem-
perature, and Girans, Qrot, Gvib and el are the aforementioned total partition function

contributions (with wy denoting spin multiplicity),
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Observe that, in the equations above, molecular symmetry is not included. They will be
discussed separately below (Section 1.2.2). Furthermore, gee. can in general contain other

contributions, only only spin multiplicity is currently implemented in overreact.

From the partition functions above, we can extract enthalpic and entropic con-

tributions to the Gibbs’ free energy, according to the well-known relations. In practice,
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vectors U, H and S, of length m, are constructed to store contributions for each species,

(1.3)
The exact contributions are given below,
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where €. stands for the final electronic energy as obtained from the output files, which

eventually includes all contributions such as dispersion and continuum solvation free en-

ergy corrections.

The big advantage of performing such calculations oneself is the complete control
over variations of them. Such further refinements, details and other treatments are detailed

in the following.

1.2.1.1 Low-lying imaginary vibrational frequencies

It is not unusual to observe one or two imaginary vibrational frequencies of small
magnitude in vibrational analyses, as they are especially susceptible to numerical noise [100].
This is particularly common in calculations for host-guest complexes, weakly interacting
molecules, and other structures with flat PESs. They can often be removed by tightening
grid sizes and convergence criteria for geometry and electronic energy minimisation proce-
dures. In case of failure, it is advisable to consider the absolute value of such vibrational
frequencies and use the corresponding thermodynamical contributions, since excluding
low-lying vibrational frequencies effectively discards whole degrees of freedom and can
result in errors as large as 2 kecal-mol™! at room temperature [100]. In order to avoid this

pitfall, it is thus advisable to make use of their absolute value, which is oftentimes small,
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and proceed normally. As such, the automatic software described in Chapter 5 highlights
imaginary vibrational frequencies of small magnitude (< 50 cm™!) in its output, warning

the user in the process that their absolute values are being taken.

1.2.1.2 Corrections to low-frequency vibrational modes

Vibrational frequencies below 150 cm ™1

strongly contribute to entropy and must
be carefully treated, as they are known to be inaccurately treated under the RRHO
approximation, and shifts of a few wave numbers further impact the performance of the
model [98, 100-102]. This is due to the breakdown of separability between vibrational and
rotational degrees of freedom at such small frequencies, an assumption of the RRHO model.
In order to mitigate this effect, overreact employs the quasi-RRHO (QRRHO) model
of Grimme [101], which effectively considers low-frequency vibrational modes as quasi-
rotations when calculating entropies. In this treatment, contributions of low-lying modes
to the entropy are replaced by an interpolation between the original vibrational contribu-
tions and a corresponding rotational entropy with the moment of inertia computed for a
free-rotor with reduced frequency. The interpolation is calculated using the Head-Gordon

damping function [103],

1
Srot—vib, i= w(yi)SVib, i+ (1 - U}(Vz>) Smt’ : w(yl) - 1+ (M)4
. \ vi (1.5)
py = Mo i Bay = 107" kg m®

_,ui_{'Baw7 :47”/7;’

A similar QRRHO treatment is also available for enthalpies [104], where the same in-
terpolation is employed to calculate the equivalent contribution. For the development
of overreact (Chapter 5), both treatments for entropies and enthalpies were tested
against published results (see Figure 1). Both QRRHO approximations for enthalpy and
entropy are used by default by overreact, but can be deactivated by the user [105].

1.2.2 Molecular symmetries

Molecular point-group symmetries are required for the calculations mentioned
above. However, automatically determining point groups for molecules of arbitrary size
is error prone due to small perturbations of the molecular coordinates affecting angles
more intensely the farther an atom is from the molecular center of mass. As such, stan-
dard quantum chemistry packages often require the user to manually indicate point-group
symmetries. Our software overreact (Chapter 5) does automatic point group detection
by using a especially designed, robust algorithm based on clustering of equivalent atoms
and rigid rotor classification inspired by Beruski; Vidal [106], which is less sensitive to

perturbation of molecular coordinates.
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Figure 1 — Computed (a) entropy and (b) enthalpy vibrational contributions at 298.15 K
for a single mode under both RRHO and QRRHO [101, 104] models as a
function of frequency, as calculated by overreact. The cutoft frequency for the
QRRHO model was chosen as 103.6 em™! and B,, = 107 kg m?. Compare
to Figures 2 and 7 of Grimme [101] and Li et al. [104], respectively.

In practice, a vector o of length m is constructed consisting of the symmetry
numbers [107, 108] for all compounds, and this vector is used to update all entropies

separately,

S¥M — S — Rln(o;) (1.6)

In any case, extra symmetries other than the detected ones can be informed in the input
by the user. The user guide describes the detailed overreact input specification [105].
This can be useful for, e.g., undetected symmetries of weakly bound complexes [108] and

uncommon reaction path degeneracies [107].

1.2.3 Standard state corrections

Quantum thermochemical quantities are usually reported in standard states, which
means 1 M for the solution phase, while first-principle calculation results are reported by
standard quantum chemistry packages for the gas phase, whose standard state reference
is the ideal gas concentration at 1 atm and thus requires a standard state correction.
The software described in Chapter 5 automatically detects (by reading the model input

file [105]) the required standard state correction to absolute Gibbs’ energies,

S1M = gtem — Rn (1) (1.7)

C;

where ¢y = 1 M and ¢; is the concentration of an ideal gas at the given temperature and

pressure, and applies it.
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1.3 General representation of chemical kinetic equations

Hypothetical reaction mechanisms consist of the interpretation of the available
data for chemical reactions in terms of a model that is self-consistent. After being pro-
posed, reaction mechanisms normally do not stay still: they must be compared with each
other and with available experimental data. Furthermore, many different hypotheses for
the same reaction can exist, and, after pruning the ones in disagreement with the avail-
able data, it is still possible to have several different plausible models at hand. In sum,
such proposed mechanisms pass through a series of transformations, amendments, and
refining. Although simple for small chemical reaction networks, this can be overwhelming
for complex ones, with dozens of species and reactions, like some presented in Chapters 3
to 5. As such, it is especially useful to build a mathematical framework with which chem-
ical reaction networks of arbitrary size can be defined and manipulated. This is not yet
common practice in the field, though, as can be seen, e.g., in the work of Pérez-Soto;
Besora; Maseras whose work represents one of the first complex chemical reaction net-
works in the literature modelled using first-principles computational chemistry data [109],
but employs an ad hoc representation, with over 20 equations hard-coded in a Python
script. As such, we present in this section a general framework that can be employed in

an automatic fashion.

The problem of generally representing arbitrary chemical kinetic equations can be
reduced to the definition of two matrices. A general reaction scheme can be represented
as a pair of integer-valued m x n-matrices A and B, where n is the number of reactions
and m the number of species, including transition states. Entries in both matrices repre-
sent signed stoichiometric coefficients, i.e., negative (positive) values denote species being
consumed (produced) in a given reaction. Both matrices A and B store stoichiometric
coefficients for reactants, but only A stores information about products, while only B
stores information about transition states. For example, the following system of chemi-

cal equations, with two reactions and five species, translate into the following matrices:

1 -1 1 -1
Cl — Cgi — Cg 0 0 I 0
. iy . A=11 0 B=|0 0 (1.8)
17 r s 0 0 0 1
0 1| 0 0|

In this scheme, each matrix column represents a single reaction, while compounds are
indicated by row indices. As such, matrices are of size 5 x 2. For instance, A;; = A = —1,
since C; is a reactant in both reactions. The same goes for matrix B, since the information
regarding reactants is repeated in both matrices. On the other hand, A stores information
about products. For instance, A3; = 1 and Az, = 1, since C3 and Cj are products of

the first and second reactions, respectively. In the same vein, B stores information about
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transition states, such that By; = 1 and Byy = 1, since Cyt and C4* are transition states
of reactions one and two, respectively. Observe that rows two and four in A are full of

zeros, while rows three and five in B are full of zeros, as expected.

Essentially, this is equivalent of representing a special purpose directed graph,
which is an idea that has proven useful in catalysis before [110-112]. Matrices A and B
store all the information required for analyzing chemical reaction networks, as far as
stoichiometric information is concerned. For instance, as we shall see later, both matri-
ces A and B can used to generate reaction and activation Gibbs’ energies. Our soft-
ware overreact produce those matrices during input parsing in a straightforward and

automated way.

1.3.1 Representing equilibria

In this scheme, it is possible to represent both common reactions, whose transition
states are explicitly taken into account, and equilibria, represented by pairs of reactions
indicating interconvertible reactants and products with no explicit indication of transi-
tion states. Having a representation that supports both scenarios is important, as many
chemical reaction mechanism proposals encompass rapid equilibria and key reactions of
interest, such as the archetypal Michaelis-Menten model [113-116], where it is assumed
that equilibria are much faster than the other chemical reactions. This allows phenomena
in chemical kinetics such as pH dependencies and equilibrium between conformations to

be accounted for in a simple and elegant manner.

In terms of matrix representation, each forward and backward equilibrium half-
reaction gives rise to two columns in matrix A and two columns in matrix B. Notwith-
standing, while the respective columns in matrix A have the expected form, matrix B holds
the same columns as A, except for the backward reaction, which is filled with zeroes. As
we shall see later, this allows us to use the same machinery for calculating reaction rate
constants described below, since backward rate constants will be unity, while the forward
constant will be numerically the same as the equilibrium constant (see Section 1.4 below).
In order to guarantee that equilibria are faster than the other reactions in the system,
one can multiply all equilibrium half-reaction rate constants by a reasonable constant

afterwards, without disturbing the equilibrium relations.

1.3.2 Reaction and activation Gibbs' free energies

Reaction and activation Gibbs’ energies can be easily generated from matrices A

and B using the G vector of absolute Gibbs’ energies introduced in Section 1.2 as

AG = ATG

(1.9)
AGY = BTG
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where AG and AG* are vectors of length n of reaction and activation Gibbs’ energies,
respectively, and X7 denotes the transposition of the matrix X. Observe that for an equi-
librium forward half-reaction, this produces an “effective” activation Gibbs’ free energy
that is numerically identical to the reaction Gibbs’ free energy, while the effective activa-
tion Gibbs’ free energy for the associated backward reaction will be numerically equal to

Zero.

1.3.2.1 Reaction symmetry

In some cases, it is necessary to account for extra entropy contributions due to
participating species being indistinguishable in a reaction. This occurs whenever it is pos-
sible to interchangeably translate molecules of identical configurations [107, 108]. This
is particularly important, for instance, when two identical molecules react with each
other [107, 108], or when modelling explicit solvation with more than one solvent molecule
(e.g. when modelling the formation of a water cluster, one side of the reaction would con-
tain n indistinguishable, infinitely separated water molecules) [100]. In such cases, an
extra term —RIn (n!) should be added to the total entropy of reactants for reactions such
as n A —— products. As it is arguably non-intuitive and often neglected, overreact

(Chapter 5) detects such cases and applies the correction automatically.

1.4 Calculation of reaction rate constants

Once the vector AG* of activation Gibbs’ free energies is constructed (Section 1.3.2),
it can be used to calculate a n-vector k of reaction rate constants, using the Eyring-Evans-

Polanyi equation [117-119], the key equation of transition state theory [119],

1
k; = ml@—TeXp ( AG?’) (1.10)

h ~ RT
where k; is the quantum tunnelling transmission coefficient of the i-th reaction (see below
in Section 1.4.3), kp is Boltzmann’s constant, h is Planck’s constant, T is the chosen
temperature and R is the ideal gas constant. The transition state theory is based on the

idea that the reactant ground state complex is in equilibrium with the transition state
structure [119].

Equilibrium half-reactions can be assigned forward and reverse rate constants such

that equilibria are ensured,

kforward ( AG. )
Keg= oo =exp | — : (1.11)
¢ ki+1 RT

The slowest equilibrium half-reaction is initially assigned unitary rate constant (as com-
mented above in Section 1.3.1). Later, when all reaction rate constants have been calcu-

lated, all equilibrium half-reaction rates can be multiplied by a positive factor greater than
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one, such that the slowest equilibrium is safely faster than the fastest non-equilibrium reac-
tion in the model. This is important for properly modelling chemical reaction mechanisms

as intended by the proposer (Section 1.5).

1.4.1 Error propagation with respect to energies

The prediction of chemical reactions is an unforgiving problem. Since reaction rate
constants depend exponentially on the activation Gibbs’ free energies, small deviations on
the latter exponentally increase errors on the former. As such, given an activation energy
estimate AG* on the true value AG* with error e,
kpT —(267+)

=R e E = ke T (1.12)

kT —act
e RT

k=~kr

where k and k are the predicted and true chemical reaction constants, respectively. Thus,
at room temperature, errors in the order of 10-100x in reaction rate constants are pro-
duced by energy deviations of 1.36-2.73 kcal-mol™!, with larger errors in reaction rate
constants found in lower temperatures. This is particularly important, as popular DFT
methods commonly achieve accuracies of 2-3 kcal-mol™! for many molecules [120, 121]
(more in Section 1.1.1 above). In fact, an error as small as 0.41 kcal-mol™! gives rise to
a twofold deviation in the reaction rate constant. This goes to show that the so called
“quantum chemical accuracy” of <1 kcal-mol™" [121] is not enough for the prediction of
chemical reactions on par with experimental results. This not only increases the demand
for more precise quantum chemical methods, but also for methods aiming at mitigating

the effects of such errors in computational predictions of chemical reactions.

Going one step further, errors in reaction rate constants have different relationships

to individual errors in activation enthalpies and entropies,

—(amt+ astto N
kBT(;%{I(2AT§I = /ﬁij—Te ( RT X)e( R ) = keRTeR (1.13)

The above suggests that, all things equal, errors in the predicted activation entropy (en-
thalpy) dominate at high (low) temperatures. The balance between the two will on the
other hand depend on the actual reaction at hand. These relationships are crucial for
actually controlling and mitigating errors when making computational quantitative pre-

dictions for chemical reaction networks.

1.4.2 Adjustment of systematic errors with respect to energies

First-principles microkinetic modelling is powerful and can produce qualitatively
correct results. This is in part due to the nature of DFT errors, which tend to be sys-
tematic [109]. As such, good levels of theory often guarantee quantitative results for

unimolecular reactions, where error cancellation is expected, but errors can deeply affect
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predictions for bimolecular reactions [109]. In such cases, further adjustments can be neces-
sary for calculations of microkinetic models to be comparable to experimental results. By
shifting absolute Gibbs’ free energies by a fixed amount, it is possible to mitigate system-
atic energy errors, which was shown to be adequate in many cases [109, 122]. In particular,
in Chapter 5 we present a reproduction [3] of the numerical results of Pérez-Soto; Besora;
Maseras [109] using overreact, which encompasses a well-studied and validated imine
formation reaction, taking into account a systematic error of 3.2 kcal-mol~!. Using this

technique, results on par with the available experimental data are obtained.

1.4.3 Approximations for quantum tunnelling transmission coefficients

Quantum tunnelling effects are often important, in particular for reactions where
hydrogen abstractions take place [123], such as the homolysis of C—H bonds by strong
oxidants, in which case it is often the rate-limiting step. Notwithstanding, it is hardly
known a priori whether an elementary step will present quantum tunnelling effects, so
it is reasonable to apply approximate quantum tunnelling corrections to all steps in a

chemical reaction network to account for this possibility.

Two particularly simple approximations that can be readily applied to any stan-
dard computational chemical reaction investigation are the Wigner [124] and Eckart [125]
quantum tunnelling corrections. The Wigner correction is the simplest of the two and

assumes that most of the tunnelling happens at the top of the reaction barrier,

Wi 1 (hlvi\°
igner
; =14 — 1.14
i 24 (k’BT> ( )

where v*, the imaginary vibrational frequency at the transition state, is the only informa-

tion required.

The unsymmetrical Eckart correction uses information about the shape of the

barrier as well
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where AH ]{’OK and AH}K are the activation enthalpies at 0 K for the forward and reverse
reactions, respectively. For the integration required by the Eckart approximation, a simple

quadrature scheme can be employed.

We implemented both approximations for k; in our software overreact, with the
Eckart approximation being the default for all reactions when estimating Equation (1.10),
but the user can choose Wigner or disable quantum tunnelling corrections completely (in
which case k; = 1) from the command-line (see a detailed description of the command-line
interface in the official guide [126]).

1.5 First-principles microkinetic modelling

Microkinetic modelling is a technique used to predict the outcome of complex chem-
ical reactions. It can be used to investigate the catalytic transformations of molecules by
propagating a system of ordinary differential equations that model the chemical reaction

network.

The technique can be made first-principle by making use of pure computational
chemistry predictions. It is able to take into account effects that the sole use of Gibbs’
free energies are not able to, such as concentrations of species and relatively complex
time dynamics. In order to perform microkinetic modelling, a system of ordinary differen-
tial equations must be first derived, for which a general representation of chemical reaction
networks is most helpful (Section 1.3), and then solved over time from starting concentra-

tions.

1.5.1 Representation and solution of the chemical kinetic ordinary differen-
tial equations
This section briefly introduces the representation and solution of the system of
differential equations, which consists of time-propagating the m-vector y(t) of species

concentrations (in mol/L) as follows. First, a n-vector of reaction rates r(y), which in

general depends on y, can be defined, component-wise, as

reactants

—Aqj
ri=ki 11 v (1.16)

where the negative sign in A;; is due to the reactant stoichiometric coefficients being
stored as negative integers (Section 1.3). With this definition, the time derivative of the

concentration vector, g, is given as

j = Ar(y) (117)

where matrix multiplication is implied.
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Equation (1.17) describes the entire reaction network dynamics as a set of ordi-
nary differential equations (ODEs) expressing the rate of change of concentration of each
species in the given model as a function of the instantaneous concentration of all chemical
species. The ODE system above can be solved using any standard methodology widely
available in the literature. Notwithstanding, for a numerically robust procedure, one needs
to observe certain aspects of this system. First, the system above is only linear if all re-
actions in the model are unimolecular. Second, it is not unusual to encounter chemical
kinetic problems consisting of phenomena with different time scales, which is especially
relevant for models containing equilibria. By definition, such problems are oftentimes stiff
and the use of solvers purposely built for stiff systems is warranted [127-129]. The im-
plicit Runge-Kutta method of Radau IIA family (of order five) [130] is used by default
in overreact, but any solver supported by the SciPy library [131] can be employed. Fur-
thermore, overreact leverages Google’s JAX library [132] in order to obtained an analytic
Jacobian of the system in Equation (1.17) via automatic differentiation, which further in-
creases the robustness and efficiency of the scheme, as no numerical differentiation is

required throughout the microkinetic simulation.

1.5.1.1 Concentration constraints

Within the well-mixed condition approximation, concentration effects are included
in microkinetic simulations. However, in many situations, constant concentration effects
are important, such as when reactants are used neat or when there is active solvent par-
ticipation [102]. Our software overreact allows fixing the concentration of arbitrary com-
pounds, allowing for simulations of neat reactions, pseudo-first order conditions, pH buffer-

ing effects (see below), controlled ionic strengths, and more (Chapter 5).

1.5.1.1.1 Application: acid-base equilibria

One practical application of constrained concentrations is simulating reactions at
buffered pH values, which requires properly estimating acid-base equilibrium constants or,
equivalently, their log-scaled counterpart, the pK, values. This section presents a short

account of the method employed in Chapter 5 for mitigating errors in such estimates.

When computationally estimating pK, values, a direct dissociation approach (Equa-
tion (1.18)) is often used. However, this approach leads to issues in the evaluation of the
solvated proton. First, conventional electronic calculations are not possible for a zero-
electron systems such as a proton [133, 134], and second, due to the covalent nature of
the interaction between the H™ ion and the surrounding aqueous environment, clusters

such as H3O", H5;O,™, etc. are formed [134], which further complicates the problem.

HB (aq) 2222 B~ (aq) + H (aq). (1.18)
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A tentative solution is to employ the experimental proton solvation free energy
(—1104.5 £ 0.3 kJ-mol~! [67, 135]) in a semi-empirical fashion, but the trustworthiness of
this method is debatable [136]. In fact, this often produces pK, values that are far from
the expected for simple carboxylic acids, for instance. Errors in the order of 7 pK, units
are not uncommon, and can be found in the literature [133, 137]. It has been pointed
out that a major source of error can be attributed to the lack of explicit solute-solvent

interactions [137].

An improved approach is to use a relative determination method [133]. This avoids
the problems associated with the direct dissociation approach of Equation (1.18) by cal-
culating the auxiliary problem of a proton exchange with a known reference acid, such as
acetic acid [138]:

HA (aq) + B~ (aq) == HB (aq) + A~ (aq). (1.19)

Contrary to Equation (1.18), both sides of Equation (1.19) have the same net charge and
likely similar interactions with the solvent, leading to favorable error cancellation in the
calculated Gibbs’ free energy (AG). The pK,(HA) in this scheme can thus be written as
a function of pK,(HB, exp.):

AG

K,(HA) = pK,(HB )+ —.

(1.20)

Such semi-empirical estimates often lead to errors of less than 1 pK, unit for many solutes
and solvents [133].
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2 Scientific contributions

This chapter lists all articles and software co-authored by the author during the
course of his PhD (March 2017-December 2022) at the Federal University of Santa Cata-
rina that are relevant to the field of computational elucidation of reaction mechanisms.
There are two groups of contributions: minor and major. Minor contributions describe
works investigating mechanisms where the impact or main conclusions do not substan-
tially draw from such elucidations. In the author’s view, major contributions are the ones
that either contribute substantially to the field, investigate rather complex mechanisms, or
the impact of the study would not have been possible without considerable computational

mechanistic analysis. Other unrelated works and software can be found in Appendix A.

2.1 Minor contributions

The following articles were co-authored by the author during his PhD and are rele-
vant to the field of computational elucidation of reaction mechanisms, but are considered
minor contributions according to the above criteria. As such, they will not be further

discussed in this thesis:

« GROSS, L. P. et al. Polylactic acid, maleic anhydride and dicumyl peroxide: NMR
study of the free-radical melt reaction product. Polymer Degradation and Sta-
bility, Elsevier BV, v. 155, p. 1-8, Sept. 2018. ISSN 0141-3910. DOI: 10.1016/j.
polymdegradstab.2018.06.016. Available from: <http://dx.doi.org/10.1016/
j.polymdegradstab.2018.06.016>,

« SCHNEIDER, F. S. et al. A theoretical investigation on the aminolysis of pyromel-
litic and 1,4,5,8-naphthalenetetracarboxylic dianhydrides. Computational and
Theoretical Chemistry, Elsevier BV, v. 1147, p. 13-19, Jan. 2019. ISSN 2210-
271x. DOI: 10.1016/j . comptc.2018.11.008. Available from: <http://dx.doi.
org/10.1016/j.comptc.2018.11.008>, and

« ALMERINDO, G. I. et al. Kinetics and adsorption calculations: insights into the
MgO-catalyzed detoxification of simulants of organophosphorus biocides. Journal
of Materials Chemistry A, Royal Society of Chemistry (RSC), v. 8, n. 36,
p. 19011-19021, 2020. ISSN 2050-7496. DOI: 10.1039/c9ta14028j. Available from:
<http://dx.doi.org/10.1039/C9TA14028T>.
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2.2 Major contributions

The next three chapters describe all articles and software that the author has
co-authored during his PhD that are considered major contributions towards the field of
computational elucidation of reaction mechanisms, given the definition above. Such works
are either directly relevant to the elucidation of rather complex reaction mechanisms,
or the scientific impact would likely not have been possible without a computational

mechanistic investigation:

« COELHO, S. E. et al. Mechanism of Palladium(IT)-Mediated Uncaging Reactions of
Propargylic Substrates. ACS Catalysis, American Chemical Society (ACS), v. 9,
n. 5, p. 3792-3799, Mar. 2019. ISSN 2155-5435. DOI: 10.1021/acscatal.9b00210.
Available from: <http://dx.doi.org/10.1021/acscatal.9b00210> (Chapter 3),

o OLIVEIRA, B. L. et al. Platinum-Triggered Bond-Cleavage of Pentynoyl Amide and
N-Propargyl Handles for Drug-Activation. Journal of the American Chemical
Society, American Chemical Society (ACS), v. 142, n. 24, p. 10869-10880, May
2020. ISSN 1520-5126. DOI: 10.1021/jacs.0c01622. Available from: <http://dx.
doi.org/10.1021/jacs.0c01622> (Chapter 4), and

o« SCHNEIDER, F. S. S.; CARAMORI, G. F. Overreact, an in silico lab: Automa-
tive quantum chemical microkinetic simulations for complex chemical reactions.
Journal of Computational Chemistry, Wiley, Apr. 2022. ISSN 1096-987x. DOI:
10.1002/jcc.26861. Available from: <http://dx.doi.org/10.1002/jcc.26861>
(Chapter 5).

The following software, associated by the last above publication, was developed during
the author’s PhD as well:

« SCHNEIDER, F. S. S. geem-lab/overreact: overreact v1.0.2. [S.1.]: Zenodo,
Nov. 2021. https://doi.org/10.5281/ZENODO.5730603. Accessed: 2022-07-29.
DOI: 10.5281/zenodo.5730603. Available from: <https://zenodo.org/record/
5730603> (Chapter 5).
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3 Paper |: Mechanism of Pd(ll)-mediated

uncaging reactions of propargylic sub-

strates

COELHO, S. E. et al. Mechanism of Palladium(II)-Mediated Uncaging
Reactions of Propargylic Substrates. ACS Catalysis, American Chem-
ical Society (ACS), v. 9, n. 5, p. 3792-3799, Mar. 2019. ISSN 2155-5435.
DOI: 10.1021/acscatal.9b00210. Available from: <http://dx.doi.
org/10.1021/acscatal.9b00210>

This work contributes to the development of better Pd(II)-based C—O bond cleav-
age promoters in the context of bioorthogonal catalysis. These bioorthogonal approaches,
involving transition metals and biocompatible conditions, have been recently added to the
arsenal of tools for chemical biology and medicinal chemistry for the purpose of activating

proteins and prodrugs outside or inside living cells.

Following the literature, the most common mechanism for this process is the forma-
tion of a Pd(0) catalyst, which then undergoes an oxidative addition with the propargyl
group to form an allenylpalladium intermediate. This intermediate can then be hydrolyzed
to produce acetol as a side product and to regenerate the Pd(0). A less common mecha-
nism is through a Pd(II)-mediated hydration, which can form an intermediate that can

decompose to form Pd(II) by hydrolysis.

This study consisted of an experimental-computational hybrid investigation on the
uncaging of propargyl-protected hydroxyl groups (from the prodrug compound DNPPE
in particular) using Pd(II) salts in a phosphate-buffered aqueous medium. The reactions
were monitored by UV-vis spectroscopy and discovered to have a biexponential regime,
consistent with biphasic kinetics. Two distinct rate constants, k£, and ko, were determined
— ky, with a half-life of 1 hour, being 15x faster than k. k; was responsible for two
turnovers (at around 20 mol% of the catalyst), with ks showing a sharp increase after two

turnovers.

According to what was expected from the literature, the reaction mechanism was
thus hypothesized to consist of either an intramolecular ligand exchange reduction or
nucleophilic attack by solvent, either followed by reductive elimination to form Pd(0) or
completing the reaction to form hydrolysed carbopalladate intermediates. Experiments
ruled out that the reaction proceeded through Pd(0) and showed that the catalyst was
likely inhibited by the product.

We thus turned to computational calculations, making use of data from mass spec-
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troscopies (ESI-HRMS with CID-MS/MS were used) to support the hypothesis that the
reaction proceeds through biphasic kinetics with different rates and involves a Pd(II)-
mediated anti-Markovnikov hydration of the propargyl group, followed by C-O bond
breaking by [-O elimination. Markovnikov keto intermediates were found to be signifi-
cantly less favourable than those of the anti-Markovnikov route. In total, 21 rest states
and 23 elementary reactions and equilibria were modelled. A summarized diagram of the

proposed reaction mechanism can be seen in Figure 2.
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Figure 2 — Summarized diagram of the proposed reaction mechanism in Coelho et al.
Energies are in kcal-mol~!. Reprinted with permission from COELHO, S. E. et
al. Mechanism of Palladium(II)-Mediated Uncaging Reactions of Propargylic
Substrates. ACS Catalysis, American Chemical Society (ACS), v. 9, n. 5,
p. 3792-3799, Mar. 2019. ISSN 2155-5435. DOI: 10.1021/acscatal . 9b002
10. Available from: <http://dx.doi.org/10.1021/acscatal.9b00210>.
Copyright 2019 American Chemical Society.

In conclusion, the study demonstrates that simple Pd(II) salts acted as a catalyst
for O-depropargylation with two phases — one fast, but lasting only two turnovers due
to product inhibition, and one slow. The mechanism for the faster phase involves Pd(II)
insertion with an anti-Markovnikov hydration of the propargyl moiety before the C-O
bond is cleaved through S-O elimination. Although a lot of catalyst is needed for the
reaction process to be completed due to product inhibition, such shortcomings can be
rationally overcome in the future through the design of bulky ligand systems to prevent

strong binding of the product.
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3.1 Full text

This work was a collaboration between researchers at the Department of Chem-
istry at the Federal University of Santa Catarina (UFSC), the Brazilian Synchrontron
Light Laboratory (LNLS), and the Thomson Mass Spectroscopy Laboratory at the State

Univeristy of Campinas.

The work was jointly funded by the Brazilian Council for Technological Devel-
opment (CNPq), grant/award number 140485/2017-1, the Brazilian Synchrotron Light
Laboratory (LNLS), grant/award number 20160243/20170351.

The paper was dedicated to the memory of Professor Faruk José Nome Aguilera
(1947-2018).

The publication can be read in full next.

Reprinted with permission from COELHO, S. E. et al. Mechanism of Palladium (II)-
Mediated Uncaging Reactions of Propargylic Substrates. ACS Catalysis, American
Chemical Society (ACS), v. 9, n. 5, p. 3792-3799, Mar. 2019. ISSN 2155-5435. DOLI:
10.1021/acscatal.9p00210. Available from: <http://dx.doi.org/10.1021/acscatal.
9b00210>. Copyright 2019 American Chemical Society.
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ABSTRACT: The palladium(II)-mediated chemical uncaging _ M- 0

0
reaction of propargylic substrates is a recent addition to the field oS NapPdCly L_},;_,_ H0 < Pc'd‘«z + 2ROH
of chemical biology and medicinal chemistry in the activation of Prodmg\ A Rxt  Ho~ & “ou  Drug
bio and prodrug molecules. Most of the strategies used involve RO Inhibited catalyst

C—O bond breaking in molecules bearing protected amino and

hydroxyl groups. Although this reaction has been known for

rr?anyxgecgadesl,) its catalygtic cycle in aqueous milieu remains Z Sor  oug & or

unclear. Our mechanistic investigation results unveil that full s Eﬁ%

propargylic substrate conversion occurs through biphasic T

kinetics of different rates, where the fastest reaction phase Lixiviated Pd Pd particies

involves a Pd(II) anti-Markovnikov hydration of the propargyl

moiety, followed by the C—O bond breaking through a $-O elimination and lasts only for two turnovers due to product
inhibition. The second slower reaction phase involves the hydrolysis of the substrate promoted by Pd(0) species formed during
the first phase of the reaction. These findings are crucial for the potential development of bioorthogonal Pd catalysts for the

uncaging of propargylic protected bioactive and drugs molecules.

KEYWORDS: depropargylation reaction, palladium, mechanism, catalysis, hydrolysis

1. INTRODUCTION

The promotion of C—O bond cleavage by transition metals is
one of the key strategies recently described for uncaging
protected molecules possessing hydroxyl and amino functional
groups under biocompatible conditions, extra- or intra-
cellularly."”” In particular, palladium-mediated bond-cleavage
reactions have gained great interest owing to their unique
catalytic properties.”® Cell-surface engineering’ and pro-
tein' "' and prodrug™'*~"® activation outside or inside living
cells, through the C—O bond cleavage of propargylic ethers,
carbamates, and carbonates (Figure la), are examples of the
recent applications of palladium-mediated uncaging reactions,
taking advantage of a bioorthogonal approach.'®'” Although it
has been argued that carbamate groups are not truly
bioorthogonal because they can be deprotected in vivo
through the reaction with various nucleophiles and digestive
enzymes, propargylic amines and ethers, while less reactive, are
more suitable for in vivo applications.'® Deallylation reactions
are also a common strategy, although they are less efficient
with simple palladium catalysts than depropargylation.'’
Whereas the mediation of deallylation by Pd(0) through a 7-
allylpalladium mechanism is well established,'” the Pd-
mediated depropargylation reaction mechanism remains
challenging in the current stage, and no systematic mechanistic

v ACS Publications  © 2019 American Chemical Society
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studies have been performed.'® However, it has been most
frequently postulated that even when the initial forms of the
catalyst are simple Pd(II) salts, the depropargylation reaction
mechanism involves the in situ formation of the catalytic
species Pd(0). This process is normally assumed to be
promoted by a base through an intramolecular ligand exchange
reduction or by an attack of a nucleophilic solvent, followed by
a reductive elimination pathway.'”'*'®?">* The Pd(0) is
then assumed to undergo an oxidative addition with the
propargyl group to form an allenylpalladium intermediate,
which can be hydrolyzed to produce acetol as a side product
and to regenerate the Pd(0) (pathway (i), Figure 1b). The less
common hypothesis is a Pd(II)-mediated hydration mecha-
nism (pathway (ii)) to form an intermediate that can
decompose to form Pd(II) by hydrolysis (iii) in a Wacker-
like oxidation.'®'®**

However, these uncaging reactions are reported to be
relatively slow and present low product yields, requiring high
doses of catalyst. The catalyst solubility and toxicity therefore
need to be considered when designing a bioorthogonal

Received: January 16, 2019
Revised:  February 28, 2019
Published: March 21, 2019
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Figure 1. (a) Representative examples of C—O bond cleavage of propargyl protected hydroxyl and amino groups. (b) As suggested in the literature,
the mechanism for the depropargylation reaction is mediated by Pd(0) (pathway i) and Pd(II/IV) (pathway ii). (c) Proposed model reaction for
the mechanistic studies in this work: prodrug DNPPE uncaging reaction in a phosphate-buffered aqueous medium (pH 7.4) mediated by simple

PA(1I) salts.

0.48 o

O Pd(ll) catalyzed Rx (Exp. data) N .
0| H Rxi (Deconvoluted data) o (a) 0.0 ©  Pd(l) catalyzed Rx (Exp. data) (b) oa3 @ [DNPPE], = 0.175 mmo L' @ (c)
71 A Rx2(Deconvoluted data) o C;,ﬂ”’ Linear fitting (Rx1) B [DNPPE]_ = 0.200 mmol L l.
<> Uncatalyzed Rx (Exp. data) ,g;fzﬂ’ ~ Linear fitting (Rx2) —
PR s o -024 L = ~
2 454 e & G,
& PRese z @ = 0304 -
- Jets % [=} o L]
) oie S o4 o, g o
] < < 04 % ®
= 5 / = R o, 0244 "
o 30 (Lc;'—" 2 o e, e
g e; o e, Z
o . % .06 S o 0.18
. £ g, E
15 = o
X v = Ly 0.12
& ﬁ = 0.8 M‘*««k\
E%(_(‘*‘ B = 0.66 h" (25% / Rx1) \«\» 0.06 4 o
0 B ALK HHXOTHIHRIXIAINHIHIRS A 1o = 0.045 h" (75% / Rx2) Rz,
1.0 0.00

Reaction time / h

T

T T T T T T
5 10 15 20 25 30 35 40

Reaction time / h

T T T T
0.0 0.6 1.2 1.8

[DNPPE] /10" mol L

Figure 2. () Kinetics profiles of product conversion. (b) Natural log of the normalized experimental kinetic data for the DNPPE depropargylation
reaction. (c) RPKA of on-cycle catalyst stability during the conversion of DNPPE (experiment 1: [DNPPE], = 0.2 mmol L™/, [Pd], = 0.05 mmol
L™ and experiment 2: [DNPPE], = 0.175 mmol L™, [Pd], = 0.05 mmol L™").

protocol.”® Thus rational designs of highly elaborate transition-
metal catalysts for uncaging reactions will rely on the
understanding of fundamental organometallic mechanistic
pathways, which can be achieved via both experiments and
theoretical calculations to determine the coordination and
reaction behavior of reactive intermediates.*

In this article, we investigated the mechanism of the C—O
bond-cleavage reaction of propargyl protected hydroxyl groups,
triggered by the addition of simple Pd(1I) salts (Na,PdCl,,
Pd(OAc),, and PACL,), without the addition of base or ligands,
in phosphate-buffered aqueous medium (pH 7.4). The
prodrug compound 2,4-dinitrophenyl propargyl ether
(DNPPE) was chosen as a model substrate for these studies
(Figure 1c). DNPPE is a caged protonophore that becomes an
active mitochondrial uncoupler (DNP)*” after the removal of
the propargyl protecting group. DNP is a widely studied
pharmacological uncoupling agent used in experimental
models of neurodegenerative conditions.”*™*° Moreover,
DNP is a tyrosine analogue, a catalytic residue present in
many enzymes, and consequently a model compound for the
bioconjugation of proteins.’ *' Also, the deprotection yield of
DNPPE can be linked directly to UV—vis spectroscopy
readouts, which offers a simple approach for an assessment
of the reaction progress.

2. RESULTS AND DISCUSSION

In phosphate-buffered aqueous medium (pH 7.4), the
reactions mediated by the Pd(II) salts were monitored by
UV—vis spectroscopy through the appearance of the product
DNP at a wavelength of 400 nm (Figure S1). For all Pd(II)

3793

salts, a deviation from the first-order kinetics was observed
(open circles, Figure 2a, for the reaction mediated by
Na,PdCl, and Figure S2 for the other salts). The distinct
biexponential shape of the curve is not consistent with a simple
reaction mechanism. Indeed, these profiles were typical of
biphasic kinetics, producing the same product (DNP) at
different rates (eq 1).>*** The linear fit of eq 1 enabled the
determination of two observed macroscopic rate constants (k;
and k,, Figure 2b).

[DNPPE],

— POkt 4 g0a kit
[DNPPE],

(1)

The yield magnitudes of the fast (k;) and slow (k,) phases are
denoted by F° (25%) and S° (75%), respectively. On the basis
of these macroscopic rate constants, the evolution of the DNP
product was deconvoluted into two reaction kinetics profiles
(Figure 2a, red squares and blue triangles for the fast and slow
phases, respectively), namely, Rx1 and Rx2, respectively. It can
be observed that Rx1 was ~15 times faster than Rx2 (k = 0.66
and 0.045 h™', respectively) and ~650 times faster than the
uncatalyzed reaction (ky,. = 1.02 X 10~ h™) under the same
conditions. The half life for Rxl is ~1 h, which makes this
reaction feasible for bioorthogonal applications.”*

It is important to note that the fast phase (Rxl) is
responsible for the conversion of ~20 mol % into the product
DNP, that is, only two turnovers (Figure S3). Mechanistically,
this information shows that although Rx1 is faster than Rx2, it
shuts down after two turnovers. In fact, sequential addition of
the catalyst after different reaction times leads to a sharp
increase in the DNP production, which also lasts for around

DOI: 10.1021/acscatal.9b00210
ACS Catal. 2019, 9, 3792-3799
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two turnovers (Figure S4). We found this to be very important
because for many of the Pd catalysts reported herein, the
reaction was monitored during a short period, and the
turnover, especially intracellularly, was not properly estab-
lished."”

For a single-substrate catalytic cleavage reaction, a biphasic
time course is consistent with a change in mechanism owed to
a change in the activity of the catalyst. Thus an experiment by
reaction progress kinetic analysis (RPKA) was performed to
establish catalyst stability over the entire reaction course.
RPKA can suggest a few initial sets of experiments to find any
evidence of catalyst deactivation or product inhibition.*®
Therefore, two reactions initiated with different initial
concentrations of DNPPE and the same catalyst concentration
should display identical rate versus substrate concentration
profiles in the absence of catalyst deactivation or product
inhibition processes. Consequently, two reactions were
performed: experiment 1 with [DNPPE], = 0.2 mmol L™
and experiment 2 with [DNPPE], = 0.175 mmol L™ (Figure
2¢). Figure 2c shows an unmatched rate behavior through the
graphical overlay, suggesting that [Pd] is unequal for both
experiments. These results indicate that the catalyst is not
stable, which is further supported by later experiments
revealing that the catalyst is changing to accommodate a
switch in the mechanism. Moreover, further kinetic experi-
ments adding DNP or acetol (the most frequently reported
byproduct for this reaction) to the reaction medium show that
neither affects the reaction profile (Figure SS). Thus a possible
inhibition due the presence of DNP or possibly acetol products
is ruled out.

Other parameters can also influence the reaction rate; for
instance, increasing the Pd concentration from 2 to 12 mol %
of PA(II) resulted in an increase in the reaction rate by factors
of 10 for Rxl and 45 for Rx2 (Figure S6). The nonlinear
response of Rxl/Rx2 reaction rates with changes in Pd
concentration suggests a different nuclearity in the catalyst for
these two processes. The phosphate buffer concentration also
altered the reaction rate for Rx1, with a decrease observed from
0.01 to 0.15 mol L7), but it had no effect in the case of Rx2
(Figure S7). The amount of cosolvent DMSO affected the
reaction rate as well; an increase from 10 to 50% of DMSO
almost completely inhibited both reactions (Figure S8). This is
important because DMSO is by far the most common
cosolvent used in these reactions for substrate solubilization
in aqueous solution in vitro or in vivo experiments. Because of
the known coordination capabilities of phosphate and DMSO
toward transition metals, the concentrated buffer and cosolvent
are probably inhibiting the reaction through complexation with
the catalytic species. The stronger inhibition effect of the buffer
in the case of Rxl shows that the Pd species involved in this
reaction is a more labile one.

As discussed before, the most general assumption in the
literature is that this reaction mechanism occurs via oxidative
addition of the propargyl C—O bond to Pd(0) (Figure 1b,
pathway i). Thus to investigate the true nature of the catalytic
species, we tested the hypothesis that the involvement of
Pd(0) formed spontaneously from the reduction of Pd(II) in
the reaction medium. First, we performed X-ray absorption
spectroscopy (XAS) analysis of the reaction medium after 3 h
under the same conditions used during the standard reaction
(buffered aqueous medium, pH 7.4, at 48 °C) but without the
addition of substrate. The Na,PdCl, salt was chosen due to its
higher solubility in water, and the XAS data were collected on a
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synchrotron-based setup in transmission mode at the Pd—K
edge (24.35 keV). (See the Supporting Information for details
of the XAS setup.) As shown in Figure S9, the extended X-ray
absorption fine structure (EXAFS) fitting results show an
intense Pd(II)—ClI bond signal and the absence of the Pd(0)—
Pd(0) or Pd(II)—O bond signals, which would be observed if
Pd(0) species or Pd(1I) hydrolysis products had been formed
in the reaction medium during the 3 h of the experiment.’**’
It is clear from these results that under these reaction
conditions, no Pd(0) is spontaneously formed, but we do not
rule out the possible formation of Pd(0) in the presence of the
substrate, for example, due to a Wacker-type reaction. The
nature of the catalysts in the presence of substrate was not
investigated by XAS due to the low solubility of DNPPE.

Thus two mechanistic scenarios could possibly act in the
faster kinetic phase. If Pd(0) was somehow formed in the
presence of substrate, then the reaction would occur via an
oxidative addition at the propargyl group, or the other scenario
would be a hydration of the propargyl group coordinated to a
Pd(II) (Figure 1b, pathways i and ii, respectively). To
distinguish between these possible pathways, we have
performed a kinetic experiment adding CS, at 0 h and after
2 h of reaction time. CS, acts as a catalyst poison for
homogeneous and heterogeneous Pd(0) catalysts at temper-
atures below 50 °C, whereas Pd(II) species are unaffected.*®
As show in Figure S10, the initial reaction rate for the faster
phase in all cases is similar. This result indicates that there is no
participation of Pd(0) species in the faster phase (Rx1). On
the contrary, the slower phase (Rx2) rate has been intensely
affected by the addition of CS, most probably due the
participation of Pd(0) in this reaction phase.

Continuing with the aim to unveil the nature of the catalytic
species, high-resolution electrospray ionization mass spectrom-
etry (ESI-HRMS) was used to monitor the reaction and
possible detection of key reaction intermediates.’®~** ESI is a
soft ionization technique that can be used to analyze both
cations and anions, displays high sensitivity, and allows the
immediate transfer to the gas phase of most ionic species
present in the reaction solution. Working in negative ion mode,
the in situ ESI(—)—HRMS monitoring of the reaction, with 20
mol % of Na,PdCl, in phosphate-buffered aqueous solution
pH 7.4 (5% DMSO) provided 10 min after the start of the
reaction, identified the following proposed species: the product
DNP (m/z = 183) as the major species (Figure 3a) and three
other Pd species interacting with the substrate at m/z 434.8,
416.9, and 638.9 (Figure 3b—d). The species at m/z 434.8 (1,
Figure 3b) is a 7 complex of PdCl; with DNPPE, and the Pd
signal at m/z 4169 may be one of the several possible
carbopalladate isomers formed from the hydration (Markovni-
kov or anti-Markovnikov) of the 7 complex [DNPPE—PdCL,]
(2, Figure 3c). We shall see later that computational
calculations revealed that the ketone isomer is more stable
(~16 kcal mol™).

The third species identified is a hydrolyzed (Markovnikov or
anti-Markovnikov) carbopalladate intermediate complexed
with another DNPPE molecule through a 7 interaction (3,
Figure 3d). The agreement between the experimental and
calculated (Figure S11) isotopologue patterns and exact
masses corroborates the proposed structures and elemental
compositions. Moreover, the ESI-HRMS analysis after 35 min
of reaction shows that species 1 and 2 are still present, but after
120 min, only the DNP product can be observed. In addition,
the analysis of a precipitate formed after 35 min of reaction
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Figure 3. ESI(—)—HRMS of the reaction medium 10 min after the
start of the DNPPE depropargylation reaction. The ions at m/z 434.8
(b), m/z 4169 (c), and m/z 638.9 (d) were detected in lower
abundance compared with the product ion DNP (a), so the spectral
regions of interest were amplified ([DNPPE] = 2.12 mmol L7},
[Na,PdCl,] = 20 mol %, in H,O (5% DMSO), pH 7.4 at 48 °C).

also identified an ion at m/z 473 (Figure S12), corresponding
to another hydrolyzed carbopalladate intermediate. Ion 3 was
then further characterized by ESI collision-induced dissocia-
tion tandem mass spectrometry (ESI-CID—MS/MS). The
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observed fragmentation pathways of these reaction intermedi-
ates reflect their intrinsic reactivity and support the proposed
structures of 3. (See Figure S13 for further discussion.)

These species identified by ESI-HRMS, together with the
results from the kinetic studies, align more with an alkyne
hydration pathway than with an oxidative addition pathway, at
least for the initial part of the reaction, that is, for the faster
reaction phase. To explore the details of the fast Rxl and
possibly exploit it in the future, we also performed computa-
tional studies. On the basis of the XAS results, the complex
[PACIL,]*" was used as the catalyst species, and we chose the
model substrate methyl—propargyl ether to simplify the
calculations. All simulations were performed with an implicit
solvent model, and we added two extra water molecules to
consider the effect of explicit solvation, one interacting with
the enol part and the other interacting with the leaving group.
Geometries and frequencies were calculated with the func-
tional PBEO,"> and, to obtain very accurate energetics,
DLPNO-CCSD(T)* was used to compute the energies,
and the HE-gCP™ correction was added to minimize basis set
artifacts.

Surprisingly, the energy difference between the Markovnikov
and anti-Markovnikov regiochemical hydrations of the Pd—
propargyl complex to form enols is low (<1 kcal mol™"), falling
within the error of the method (Figure S14). Thus both
pathways to product formation were explored. After the
formation of the enol, a tautomerization can occur (also
suggested by ESI-HRMS, Figure 3c), and we found that keto
tautomers are the most stable. Next, we searched for the C—O
bond break step for both regiochemical keto tautomer
intermediates. For the anti-Markovnikov keto intermediate
(C,, Figure S14), the first-expected Sy’-like hydrolysis is not
much faster than the uncatalyzed reaction, with the transition
state being stabilized by only ca. 8 kcal mol™". We then
searched for other mechanistic pathways, such as an intra-
molecular attack of the oxygen (AG* = $8.7 kcal mol™"), f-H
elimination of Pd, followed by hydrolysis (this pathway was
discarded due the high acidity of methylene H) and concluded
that a $-O elimination mechanism was most likely, with the
C—O bond breaking prior to a subsequent attack of water
(AG* = 38 kcal mol™!). For the Markovnikov keto
intermediate (C,’, Figure S14), the Sy2-like hydrolysis
presented much higher activation energy (AG* = 54.02 kcal
mol™") than the $-O elimination of the anti-Markovnikov keto
intermediate. The complete calculation for the first reaction
turnover of the main mechanism is depicted in Figure 4.

Thus we propose that the most probable operating reaction
pathway for Rxl involves the coordination of DNPPE
molecules to Pd(II), followed by an anti-Markovnikov attack
of water molecules at the propargyl moiety, prior to the C—O
bond breaking by -O elimination and hydration (Figure S).
The proposed pathways for Rx1 shown in Figure S involve the
stepwise C—O bond cleavages (2 >4 —>5—>6 -7 — 8).In
this scenario, the final products are two equivalents of DNP
and the bis(1-hydroxy-3-oxopropan-2-yl)palladium(II) chlor-
ide, the carbopalladate complex 8. Although the formation of 8
could not be confirmed by analytical tools such as ESI-HRMS
or even by H' NMR (Figure S15), its existence is supported by
the detection of only two turnovers during Rxl because the
binding of a third DNPPE molecule is less likely due to steric
hindrance.

The K, values calculated for two insertions of the propargyl
ether substrate are 4.9 X 107 for the first and 6.3 X 107* for
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Figure 5. Proposed pathways for Rx1 in the depropargylation reaction of DNPPE mediated by Pd(II) salts.

the second insertion, but the binding of a third molecule,
displacing a chloride, has a constant of 7.6 X 10 (Figure S14)
and probably does not happen at all; in this case, complex 8
can be considered a product-inhibited Pd catalyst. Indeed,
when 50 mol % of Pd is used, the quantitative formation of
DNP is reached in <2 h in a monophasic first-order kinetic
profile (Figure S16) for all three Pd(II) salts used in this study.
As can be seen, the role of the metal in this first step is two-
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fold: It facilitates the hydration of the triplet bond and
stabilizes the keto tautomer intermediate during the C—-O
bond breaking. We assume that when a second substrate is
coordinated, the same hydrolytic mechanism is followed.

To test the hypothesis of complex 8 formation, we added
propargyl alcohol in the reaction medium and waited for 2 h
before the addition of the substrate. The idea is that under this
time, the propargyl alcohol, complexed with Pd(1I), would be

DOI: 10.1021/acscatal.9b00210
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hydrolyzed and inhibit further complexation of DNPPE
molecules. In fact, as shown in Figure S17, Rx1 was much
slower with the addition of propargyl alcohol. This result
corroborates the proposed mechanism for Rx1.

On the basis of the kinetic evidence and poisoning studies
(see below), it is more likely that after these first two turnovers,
Rx2 is undergoing a different mechanism. When the reaction
was performed with a higher substrate concentration, a dark
precipitate was observed after the reaction completion. This
precipitate was analyzed by transmission electron microscopy
(Figure S18) and synchrotron-based X-ray absorption spec-
troscopy (XANES/EXAFS) (Figure S19). These experiments
revealed the presence of S nm Pd nanoparticles (Pd NPs) and
palladium with a mixed oxidation state. (See the Supporting
Information for further details and discussion.) The reaction
was then monitored by dynamic light scattering (DLS, Figure
$20), and the presence of nanoparticles (hydrodynamic ratio
between 8 and 15 nm) was observed beginning at S min of
reaction, although in very low concentration.

These observations motivated us to perform further
poisoning experiments to determine the catalytically active
species for Rx2. Figure S21 shows the reaction kinetic profiles
with CS, and Hg(0) added after 120 min of reaction compared
with the reactions without the additives. As discussed before,
CS, acts as a catalyst poison for homogeneous and
heterogeneous catalysts,”® whereas Hg(0) poisons metal-
particle heterogeneous catalysts by amalgamating the metal
or adsorbing onto the metal surface, especially palladium, with
homogeneous complexes remaining unaffected.*® The addition
of CS, completely inhibits the catalytic activity of Rx2, but the
presence of mercury inhibits the DNP formation by ~60%.
These results indicate that the catalytic activity of the slower
phase of the reaction (Rx2) is mainly a result of Pd(0) NPs
formed during the reaction or lixiviated Pd(0) atoms from the
NPs (Figure 6); the formation of these Pd(0) species from the
Pd(II) complex 8 may explain why this product has not been
detect by any analytical tools employed. In fact, when the
reaction was performed in the presence of as-synthesized
Pd(0) NPs, the reaction was extremely slow (Figure S22),
supporting the nature of the Rx2 phase of the reaction.

OR
(a) == __/ (b) /0 ) o\
Pd(ll)L4 : H,0
2Ro/\\\ L—P:d—L T - P:d
21 T RO L OR
RO
-0 elimination
(c) H,0| Rx1
(d) 2DNP
2 or DNP Z R

o 0,
H,0 _~ Rx2 H0 a5
i Pld
HO L OH

Lixiviated Pd Pd particles

Figure 6. Pd(II) catalytic fate in the DNPPE O-depropargylation
reaction. The full substrate conversion is a consequence of two
different catalytic cycles: (i) Two equivalents of substrate are
converted in a fast reaction, where the initial step is a ligand exchange
(a), followed by hydration of the triple bond (b) and C—O bond
cleavage by f-O elimination, followed by hydration (c). (ii) The
second and less effective cycle might be the result of a Pd(0)
nanoparticles/lixiviated catalytic species formed after the first cycle
(d). L = ligand (e.g,, CI” and AcO™). R = 2,4-dinitrophenyl group.
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3. CONCLUSIONS

We have shown that simple Pd(II) salts can effectively act as
catalysts for the O-depropargylation reaction under biocom-
patible conditions, but the reaction is biphasic, presenting a
fast and a slow phase, revealing that the catalyst is changing to
accommodate a switch in the mechanism. The faster phase
ends after two turnovers due to product inhibition. This
explains the frequently reported need for high doses of these
catalysts for a fast full conversion of the substrate. The
mechanism for the faster phase involves key intermediates
where the PA(II) is inserted with anti-Markovnikov orientation
at the propargyl moiety prior to the C—O bond cleavage by a
-0 elimination, as suggested by theoretical modeling, whereas
the slow phase involves the hydrolysis of the substrate
promoted by Pd(0) species formed during the first phase of
the reaction. These findings will help to design and control the
selective reactivity of new palladium catalysts for uncaging
reactions of O-propargyl substrates, especially discrete Pd
complexes.Ar7 For example, we envision that Pd complexes with
bulky ligands may be a better choice for this reaction because
the expulsion of the reaction product can be tuned by the steric
bulkiness of the ligands, avoiding the inhibition of the catalyst
by the reaction product derived from the propargyl moiety.
These studies are currently underway in our laboratory.
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In this work, we investigated the platinum-mediated depropargylation of pentynoyl
amide and N-propargyl handles for drug-activation delivery. They were studied for their
application to metallocatalysis in a joint computational-experimental collaboration [2].
Such catalysts have potential to be used in cancer therapy as powerful drugs to target
cancerous cells using antibody-drug conjugates (ADCs). ADCs consist of an antibody that
transports the drug to the tumor cells and releases their arsenal by external triggers. One
way to do this is by using the body’s own triggers, such as low pH or reduction of disulfide
bonds. However, different external triggers, such as small molecules, are advantageous
because they don’t rely on the body’s own triggers and can thus be used across different

patients.

Metal-mediated decaging of prodrugs is a process that uses transition metals, such
as palladium, ruthenium, gold, and copper, to activate drugs. These metals need to be
used in small amounts to reduce the risk of toxicity and side reactions. Recently, platinum
has been explored as a potential metal for drug activation, as it is highly reactive and
accumulates in tumors [2, 142]. Compared to palladium-mediated decaging [1], the use
of platinum complexes allows the use of substoichiometric amounts of metal and is less
susceptible to the presence of nucleophiles in cell cultures. Additionally, platinum is not

present in human biology, thus it can activate prodrugs specifically in tumor cells.

Our study revealed that the reaction takes place via an intramolecular attack of car-
bonyl oxygen to the pentynoyl moiety, forming a five-membered ring primary intermediate
that then undergoes hydration, decomposition and release of a free amine. The reaction
can be done at room temperature in aqueous solutions. In collaboration with Oliveira
et al., noninternalizing antibody-drug conjugates (ADC) were then synthesized and the
generalized developed methodology using platinum complexes as decaging catalysts was
tested. In order to test the in wvivo efficacy of the reaction, a zebrafish larvae xenograft

model was used with measurements of proliferation, apoptosis and tumor size.
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Computational studies suggested a stepwise reaction pathway with an intramolec-
ular attack of the Pt-coordinated substrate giving a five-membered ring intermediate,
leading to hydration, decomposition and release of the amine product. Our computational
model matched well the LC-MS characterization of the reaction intermediates, identifying
the key CSq structure in particular. In total, two sets of 14 rest states and 14 reactions
and equilibria were modelled. A summarized diagram of the proposed reaction mechanism

can be seen in Figure 3.
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Figure 3 — Summarized diagram of the proposed reaction mechanism in Oliveira et al.
Energies are in kcal-mol~!. Licensed under a Creative Commons CC-BY li-

cense @@® [143].

We discussed a new reaction of alkynes with platinum complexes that can be
used to release secondary amines from tertiary amides, which can be used to activate
prodrugs. This reaction was shown to occur through a platinum-mediated intramolecular
cyclization mechanism, and water was found to be a necessary metal-activating agent. The
reaction was also tested in mammalian cells and a colorectal cancer zebrafish xenograft
model and it was found to be successful in both cases. The reaction was also adapted to
work with N-propargyl groups and was used to synthesize a noninternalizing ADC. To
conclude, our work revealed the suitability of platinum complexes for prodrug activation
in physiological conditions, demonstrating the potential of platinum-mediated decaging

reactions and paving the way for future developments and in vivo applications.
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4.1 Full text

This work was a collaboration between researchers at the Department of Chemistry
at the Univerity of Cambridge, the Molecular Medicine Institute at the University of
Lissabon, the Champalimaud Center for the Unknown at the Champalimaud Foundation,
the Department of Chemistry at the Federal University of Santa Catarina (UFSC), and
the FT-ICR and Structural Mass Spectroscopy Laboratory at the University of Lissabon.

The work was partially funded by the Brazilian Council for Scientific and Tecno-
logical Development (CNPq), grant/award numbers 140485/2017-1 and 311963/2017-0,
Coordination for the Improvement of Higher Education Personnel (CAPES), PRINT pro-
gramme call number 88887.310560-00. See the acknowledgements session in the full print

(available at the end of this chapter) for the complete list of international finantial aids.

The publication can be read in full next. Given that this work was featured in the
journal’s cover, it has received some local media coverage as well [144]. Oliveira et al. [2]
is licensed under a Creative Commons CC-BY license @@® [143]. A video showing the

initial metadynamics simulation for the reaction is available at YouTube !.

1 https://youtu.be/k5ptn50Zjkc
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ABSTRACT: The ability to create ways to control drug activation at specific
tissues while sparing healthy tissues remains a major challenge. The
administration of exogenous target-specific triggers offers the potential for
traceless release of active drugs on tumor sites from antibody—drug conjugates R S o
(ADCs) and caged prodrugs. We have developed a metal-mediated bond-cleavage Po— cg = W
reaction that uses platinum complexes [K,PtCl, or Cisplatin (CisPt)] for drug -

activation. Key to the success of the reaction is a water-promoted activation R LS g
process that triggers the reactivity of the platinum complexes. Under these .
conditions, the decaging of pentynoyl tertiary amides and N-propargyls occurs

rapidly in aqueous systems. In cells, the protected analogues of cytotoxic drugs 5-
fluorouracil (5-FU) and monomethyl auristatin E (MMAE) are partially activated
by nontoxic amounts of platinum salts. Additionally, a noninternalizing ADC built with a pentynoyl traceless linker that features a
tertiary amide protected MMAE was also decaged in the presence of platinum salts for extracellular drug release in cancer cells.
Finally, CisPt-mediated prodrug activation of a propargyl derivative of 5-FU was shown in a colorectal zebrafish xenograft model that
led to significant reductions in tumor size. Overall, our results reveal a new metal-based cleavable reaction that expands the
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application of platinum complexes beyond those in catalysis and cancer therapy.

Bl INTRODUCTION

The targeting of potent drugs with tumor-specific ligands is an
essential feature of drug delivery and cancer therapy.' Notable
in this field are antibody—drug conjugates (ADCs) that use an
antibody to transport a drug to cancerous cells and
endogenously release it by hydrolysis (low pH, reduction of
disulfide bonds) or by proteolysis (e.g., cathepsin B
protease).z’3 Although the cleavage of ADC linkers with
endogenous triggers is the simplest method for drug release,
external small-molecule triggers for extracellular drug release
may be more advantageous because they avoid any disparity in
cleavage rates caused by variable biology across subjects, and
drug release is not dependent on the concentrations of cellular
triggers.‘F7 In fact, ADCs built with protease cleavable linkers
for drug release have been shown recently to not depend on
the cathepsin B protease function for efficient and targeted
cancer-cell killing.* The promise of controlled prodrug
activation has fueled research into new triggers that enable
bond-cleavage reactions to unleash bioorthogonal protecting
groups, which deactivate otherwise potent clrugs.8 Robillard
and co-workers pioneered the development of tetrazine-
triggered drug delivery from ADCs.” By using a non-
internalizing ADC consisting of a diabody conjugated to
trans-cyclooctene-linked drug monomethyl auristatin E
(MMAE)," the allylic carbamate-containing linker can rapidly

© 2020 American Chemical Society

7 ACS Publications

react with a tetrazine through an inverse-electron-demand
Diels—Alder reaction.'”'' The drug is released within the
extracellular tumor environment and showed efficacy in
delaying tumor growth in xenograft mice models.'” Other
chemical- or light-mediated decaging reactions have also been
developed with an array of applications that range from in situ
activation of prodrugs to the gain-of-function study on
proteins."* "

Although the recent results with noninternalizing ADCs for
click-triggered drug release show promise, there are several
issues that remain to be improved, such as the lack of tumor-
selectivity of the chemical triggers or their short in vivo
retention times that may result in reduced release of the
cytotoxic payloads and thus lower efficacy. Additionally, in
such applications the tumor payload concentration is
determined by the cell-surface antigen expression, which in
some cases may be too low to achieve a useful therapeutic
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that have an accumulative effect inside the tumor cells.

Metal-mediated decaging of prodrugs has been more
extensively reported than small-molecule-mediated decaging.'®
Unlike chemical triggers, transition metals can be catalytic,
which allows their use in substoichiometric amounts. In these
cases, only very small amounts of catalytic metal are required
to achieve the desired pharmacologic effect, thereby reducing
toxicity and side reactions.'”*° This feature was recently
demonstrated by Weissleder and co-workers using palladium
nanoparticles that accumulate in tumor cells and serve as
cellular catalysts for the activation of different model prodrugs
and resulted in tumor growth inhibition.”’

Palladium-mediated decaging is indeed the most studied
method for prodrug activation, which relies on the cleavage of
terminal propargylic and allylic carbamates moieties intro-
duced into small molecule drugs.”’™>° Recently, our group
developed an internal bifunctional thioether propargyl
carbamate linker with a conjugating unit for protein
modification and MMAE for palladium-mediated dru§ release
from a nanobody-drug conju%ate in cellular systems.”” Other
metals, such as ruthenium™ ™" and gold,sl’32 have been also
explored for cleavage and drug release. One of the latest
additions to this field was the recent report by Peng Chen and
co-workers™ on a copper-releasable reaction for protein gain-
of-function and drug activation. Together, these examples
highlight the potential of metal-mediated cleavage as a means
to achieve controlled and chemically defined drug release.

Whereas the utility of the above-mentioned metals for
decaging applications has been extensively demonstrated, other
metals have not yet been sufficiently explored. For instance,
platinum is widely used in catalysis,”* but has found few
applications in chemical biology, possibly as a result of its
intrinsic cytotoxicity. However, in the context of cancer
therapy, we hypothesized that the use of }glatinum complexes
[e.g., Cisplatin (CisPt) used in the clinic]**° as catalysts for
cleavage reactions could be propitious for bioorthogonal
activation of prodrugs in tumor cells.

“Bioorthogonal” is perhaps unfitting terminology for a
compound known to react with water, nucleic acids, amino
acids, and proteins.‘w’38 However, CisPt is one of the most
commonly used chemotherapy drugs, being used to treat up to
20% of cancer patients.’”"’ CisPt was deemed a suitable
reagent for the development of a drug decaging reaction
because it is highly reactive (halflife in humans of ~30
i ),41’42 accumulates in the tumor, and most importantly, is
not present in human biology.”>** In this way, the activation of
prodrugs at the tumor site when the chemical trigger has
already accumulated may represent a major achievement. It
may be conceivable for metal concentrations to reach 0.2 to
3.7 ugs per g of tumor.”"***® For a 1 cm® tumor
(approximately 1 g wet weight), the concentration of CisPt
is estimated to be 0.83—12.3 uM.*’

Therefore, we were interested in investigating new
biorthogonal cleavage reactions catalyzed by platinum for
applications in prodrug activation. Here, we demonstrate that
pentynoyl tertiary amide and N-propargyl handles introduced
into small-molecule drugs are successfully decaged in aqueous
solution and cell media using nontoxic amounts of platinum
salts (Scheme 1). This strategy was successfully applied to
small molecule prodrug activation (MMAE and $-FU) and
further extended to drug release from a noninternalizing ADC
in cancer cells. Finally, we show that CisPt-mediated bond

This contrasts with the use of internalizing ADCs
7,16,17

Scheme 1. Platinum-Mediated Bioorthogonal Bond
Cleavage”
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“Secondary amines protected in the form of a tertiary pentynoyl
amide (top) or N-propargyl (bottom) can be selectively deprotected
by platinum reagents like the chemotherapeutic drug CisPt. This
strategy was explored for drug activation of the protected MMAE and
S-FU drugs and extended for drug release from an ADC in cancer
cells. Ultimately, CisPt-mediated activation of a “S-FU-propargyl
prodrug” was evaluated in a zebrafish xenograft model for treatment
of colorectal cancer.

cleavage can be used to activate a 5-FU prodrug in a zebrafish
xenograft model for treatment of colorectal cancer.

B RESULTS AND DISCUSSION

Engineering of a Platinum-Mediated Decaging
Reaction. From studies on the reactivity of platinum
complexes, it is apparent that platinum shares many of its
reactions with similar complexes of gold.** We therefore
searched the literature for reactions with Au and Pt that would
function at room temperature, in aqueous media, and with
likely fast kinetics to adapt for CisPt-mediated bioorthogonal
decaging reactions. The cyclization of 4-pentynoic acid is well-
known to proceed quickly in aqueous media with reaction
times ranging from minutes to a few hours*”*° and has even
been demonstrated with platinum (II and IV) anticancer
complexes (Figure 1a).”" Given the previous studies, a metal-
catalyzed mechanism was devised whereby a carbamate
carbonyl could be used as an internal nucleophile to cause
carbocyclization followed by release of a secondary amine
(Figure 1b). Working on this hypothesis, we synthesized the
terminal propargyl carbamate 3a (Figure 1c) to verify if the
carbonyl could act as a nucleophile and attack the alkyne to
subsequently release morpholine 6a in the presence of K,PtCl,.
We observed conversions of 20% and 61% for reactions carried
out in D,0/CD;0D (3:1) with 0.1 and 2 equiv of metal salt,
respectively (Figure 1d, Entries 1 and 2; Figures S1 and S2 of
the Supporting Information, SI). Similar yields were found for
the reaction with NaAuCl, (Figure S3). In contrast, if an
aliphatic carbamate with no propargyl handle is used
(compound SI S1) under the same decaging conditions the
free amine is not released (Figures S4 and SS, respectively).

According to these observations, it should also be possible to
decage tertiary amides to release secondary amines (Figure
1c). This was an attractive prospect because amides are often
much more stable than their corresponding carbamates.”
Decaging of pentynoyl tertiary amide 4a was monitored by
NMR spectroscopy over time and was proven to have
comparable rates and yields to the corresponding carbamate
3a (Figure 1d, Entry 4; Figure le). Importantly, the reaction
proceeds with substoichiometric amounts of the metal complex
(Figure 1d, Entry 3; Figure S6). The reactions were also

https://dx.doi.org/10.1021/jacs.0c01622
J. Am. Chem. Soc. 2020, 142, 10869—10880
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Figure 1. Platinum-mediated decaging reaction engineering. a. The cyclization of 4-pentynoic acid is known to proceed rapidly in aqueous media
with gold and platinum complexes. b. The proposed reaction uses a carboxamide as an internal nucleophile that cyclizes and displaces the
secondary amine leaving group, which could be a drug or a fluorophore. c. Model compounds with alkyne amide or carbamate were used to survey
the decaging reaction. d. Efficiency of the cleavage reaction under different conditions was assessed by 'H NMR spectroscopy. e. 'H NMR
spectroscopy of the decaging of the tertiary amide 4a in the presence of a catalytic amount of K,PtCl,. The reaction generates a cyclized
intermediate that undergoes hydrolysis to release morpholine 6a. General procedure for determining decaging conversion by 'H NMR
spectroscopy: carbamate and amide compounds (10 mgs) were dissolved in MeOD (0.2 mL) and metal complexes (0.1 or 2 equiv) were added in
D,0 (0.6 mL) at room temperature in an open vessel for 14 h. The reactions were transferred to an NMR spectroscopic tube and sealed.
Conversion was calculated based on the relative ratios of methylene peaks resulting from the starting material and the released amine product.

Numerical data are the mean of 2 or 3 replicates.

successfully trialed with K,PtCls as a representative Pt(IV)
species (Figure 1d, Entries S and 6; Figure S7) and NaAuCl,
(Figure S8) with good yields.

Overall, these results are important because they demon-
strate a decaging reaction of stable protected tertiary amides by
using substoichiometric amounts of platinum complexes that
could function in water, open air, and without need of extreme
temperatures or complex ligands. It is important to note that
even after all of the starting material has been consumed (as
evidenced by loss of terminal alkyne proton), not all of it has
decomposed to release the amine (Figure le). This lack of
conversion is likely due to side reactions, and nucleophilic
attack on the alkyne, which seems the most plausible
mechanism. To elucidate this a pentynoyl secondary amide
(compound S2) was reacted with K,PtCl, and NaAuCl, under
similar conditions (Figures S9 and S10). We found that the
reaction proceeds with much lower extents of decaging, likely
due to the amide nitrogen competing as a nucleophile to yield
a stable cyclized product, and thus a smaller yield of released
amine.

Mechanistic and Kinetic Studies of the Platinum-
Mediated Decaging Reaction. To further study the
platinum decaging reaction, the pentynoyl tertiary amide was

10871

conjugated to a naphthalimide-based fluorophore to generate
fluorescent quenched probe 7 (Figure 2a, see SI for synthetic
details).’*>* The reaction was then monitored by the increase
in fluorescence upon removal of the protecting group to form
fluorescent probe 8. With 50 equiv of K,PtCl, or CisPt, we
found that the fluorescence was restored over a period of 200
min for K,PtCl, and 300 min for CisPt (Figure 2b), with
complete consumption of 7 and formation of corresponding
“turned ON fluorophore”, as indicated by LC—MS analysis
(Figure S11). For both metals the conversion was accom-
panied by an initial steady state followed by a marked increase
of the fluorescence, which suggested the formation of an
activated intermediate. Indeed, it is known that platinum
complexes form a series of reactive intermediates by successive
replacement of the chloro ligands by water or hydroxyl
groups.”> >’ We hypothesized that formation of such an aqua
intermediate early on could be responsible for the activation of
the platinum complexes. This hypothesis was verified using
LC—MS studies to follow formation of K,PtCl,— and CisPt—
aqua complexes over time, which occurred within 6 h (Figures
S12 and S13). Consistent with this hypothesis, platinum salts
failed to form the aqua complexes when incubated in the
presence of N,N-dimethylformamide (DMF). On the basis of

https://dx.doi.org/10.1021/jacs.0c01622
J. Am. Chem. Soc. 2020, 142, 10869—10880
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Figure 2. Examination of the platinum-catalyzed bioorthogonal cleavage reaction. a. Naphthalimide-based fluorogenic probes were used to study
the cleavage efficiency of the platinum reaction for decaging alkyne-containing molecules. The caged naphthalimide derivatives exhibited high
stability in solution and cell media and their quenched fluorescence could be reactivated upon removal of the caging group (4., = 445 nm, A, =
545 nm). b. Changes in fluorescence intensity during the time course of the decaging reaction between fluorogenic probe 7 and platinum salts
(K,PtCl,/CisPt). c. Determined half-time for the reaction of 7 with activated and nonactivated platinum salts. d. Decaging kinetics for the
pentynoyl amide fluorophore. Rate constants were determined under pseudo first order conditions with a 50 #M final concentration of probe 7 and
10—50 equiv of aqua platinum metals. e. Kinetics profiles of the decaging reaction in the presence of the metal poisons CS, and EDTA. Error bars
represent = s.d. (n = 3). All experiments were repeated 3 independent times. f. Calculated mechanism for the depropargylation reaction catalyzed
by Pt with model substrate 4a. Calculations were performed with an implicit solvent model for water. Geometries and frequencies were calculated
with the functional revPBE and, to obtain very accurate energetics, single point energy calculations with DLPNO—CCSD(T) and counterpoise

corrections were employed to suppress basis set superposition errors.

these observations, we further studied the kinetics of the
releasing reaction after formation of the aqua complexes (6 h
in water/DMF at 37 °C). As expected, activation of the
platinum salts significantly accelerated the turn-on half-time
from t,/, = 171 min to £/, = 30 min for K,PtCl, and from ¢,,,
=276 min to t;,, = 60 min for “CisPt” (Figure 2c and Table
S1). Accordingly, if the reaction was performed in pure DMF,
then formation of the decaged probe was not observed (50
equiv of K,PtCl, or CisPt for 14 h at 37 °C). This result is in
agreement with previous LC—MS studies that suggested the
requirement of water to generate the active catalyst. The
activation of metal chloride in aqueous solvents has few
precedents but has been reported for gold complexes.”® This
effect is explained by facilitated ionization of the M—Cl bonds
in water.>®

In terms of catalytic activity, the reaction of 7 with 0.3 equiv
of activated K,PtCl, complex yielded decaged probe 8 in 98%
yield after 72 h at 37 °C (catalyst turnover number 3.3). Upon
moving to 2 equiv of the metal complex, the decaged product
was obtained in quantitative yield after 4 h at 37 °C (Figure
S14). As a comparison, the same study was performed with
Pd(OAc),, a standard palladium complex for N-depropargy-
lation.”” Interestingly, the Pd-reaction proceeded with
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comparable efficiency, although with slightly better rates of
conversion (>98% yield in 1 h, LC—MS analysis). Of
relevance, palladium decaging of alkyne amides has never
been reported before. Finally, the compatibility and efficiency
of the reactions were tested under physiological conditions.
The activated aqua complexes were first shown to persist in
complete DMEM cell media for at least 16 h at 37 °C, as
assessed by LC—MS analysis, although a significant decrease in
their concentration was observed over time (Figure S15).
Later, the reactions were shown to proceed in cell media with
conversions of 69% for K,PtCl, (50 equiv) and 17% for CisPt
(150 equiv) after 14 h at 37 °C (Figures S16 and S17).
Similarly, the reaction was also trialed in high salt
concentration buffers with high efficiency (t;/, = 36 min for
50 equiv of K,PtCl, and ¢, = 105 min for 100 equiv of CisPt,
37 °C in E3 medium, Figures S18 and S19).

Having found an efficient platinum complex for decaging
pentynoyl tertiary amides, we turned our attention to the
determination of the rate constant of the reaction (Figure 2d).
By fitting the appearance of 8 in the presence of increasing
amounts of metal complexes and by using pseudo-first order
conditions, the reactions were found to have second order rate
constants of 0.230 + 0.004 M~! s™* for K,PtCl, and 0.080 +

https://dx.doi.org/10.1021/jacs.0c01622
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0.002 M~ s7* for CisPt (Figure 2d). These reaction rates are
similar to those reported for other metal-assisted decaging
reactions.”’

To determine the nature of active species involved in the
decaging reaction, we performed kinetic experiments with
carbon disulfide (Figure 2e, Table S2). CS, acts as a catalyst
poison for homogeneous and heterogeneous Pt(0) reactions,
although Pt(II) species are unaffected. As seen in Figure 2e,
the reaction rates are similar to those with or without CS,. This
result can be attributed to the noninvolvement of Pt(0) species
in the reaction. However, the reaction rates were significantly
affected by the addition of ethylenediamine tetraacetic acid
(EDTA; Figure 2e), possibly due the participation of Pt(Il) in
the reaction.

We also performed computational studies to help under-
stand the reaction mechanism (Figure 2f). These studies
suggest that the most probable operating reaction pathway of
substrate 4a is a stepwise process involving the coordination of
substrate molecule to Pt(II), followed by an intramolecular
attack of the carbonyl oxygen of the Pt-coordinated substrate
(CSy) to the pentynoyl moiety, which gives five-membered
ring intermediate CP. Different pathways to decomposition of
CP were explored (Figure S20); the lowest energy one was the
hydration of CP leading to formation of intermediate Q,
which readily decomposes to liberate free amine 6a. The metal
complex is then recovered in a subsequent step by hydrolysis
of 5 (Figure 2f). The complete calculation for the first reaction
turnover of the main mechanism is depicted in Figure S21 and
SI Movie. This mechanism is further supported by the
identification of intermediate species CS, by LC—MS (Figures
$22—526). The main difference observed for the reaction with
substrate 3a relative to 4a was the higher free energy of
activation (AAG* = 2.75 kcal mol™!) for the intramolecular
attack of the carbonyl oxygen at the pentynoyl moiety.
However, both substrates share the same energy barrier for
hydration of CP and release of 6a (Figure S21).

Extending the Decaging Reaction to N-Propargyl
Group. Following the discovery of a platinum-cleavable group,
we hoped to extend the scope of handles that could be used for
decaging. Metal-mediated decaging of N-propargyl handles has
been widely explored to modulate the cytotoxic activity of
antineoplastic drugs in a controlled manner.””** On this basis,
we investigated the possibility of using N-propargyl groups
introduced on drugs of interest for prodrug activation using
platinum triggers. First, and similarly to the pentynoyl amide
reaction, an N-propargyl group was used to protect a
secondary amine on a naphthalimide derivative to generate
fluorogenic probe 9 (Figure 2a). As described above, we tested
the reactivity of K,PtCl, and CisPt before and after formation
of the aqua complexes (6 h incubation at 37 °C in DMF/
water). Once again, dissociation of the chloride anions in water
was found to be crucial for triggering the reactivity of platinum
complexes. Indeed, we found that reactions with aqua
complexes are faster according to the calculated half-time for
the “fluorescent reactions” (from t,,, = 200 + 3 min to t,/, =
27 + 3 min for K,PtCl, and from t,, = 628 & S1 min to t,, =
303 + 34 min for CisPt; Table S3). The fluorescence-based
assay was also employed to calculate the second-order rate
constant for the reaction. Accordingly, the calculated rate
constant was 0.120 + 0.001 M~ s~ for K,PtCl, and 0.0160 +
0.0004 M~ 57! for CisPt (Figure S27). These results show that
N-propargyls decage slower than pentynoyl amides. As a
reference, the same study was performed with palladium

complex Pd(OAc),, which behaved slightly better than the
platinum salts, to promote formation of 10 with a second-order
rate constant of 0.39 + 0.015 M™' s7' (Figure S28). The
reaction was also subjected to CS, and EDTA poisoning. CS,
had no effect but EDTA completely inhibited the reaction,
which indicates the participation of Pt(II) species (Figure S29
and Table S4). On the basis of these results and LC—MS
analysis after 2 h of reaction between K,PtCl, and probe 9
(Figure S30), we propose that the first turnover of the reaction
proceeds as recently disclosed for palladium depropargyla-
tion,” ie, (i) co-ordination of Pt(II) to alkyne moiety, (ii)
attack of a H,O molecule at the propargyl terminal carbon to
form an enol, (iii) tautomerization to a more stable Pt-
aldehyde complex, and (iv) C—N bond cleavage by either
hydrolysis or $-N elimination followed by hydration of Pt-
complex (Figure S31). Finally, we investigated the ability of
platinum salts to remove the propargyl protecting group in
cells (DMEM) and zebrafish (E3) media. The reaction with
the fluorogenic probe was monitored for K,PtCl, and CisPt for
14 h at 37 °C. Efficiencies in E3 media were generally high
with the reaction complete in 60 and 150 min for K,PtCl, and
CisPt, respectively (Figure $32). In DMEM, cleavage was less
efficient with conversion yields of 67% for K,PtCl, (50 equiv)
and 30% for CisPt (150 equiv) after 14 h at 37 °C (Figure
$33).

Platinum-Mediated Decaging in Living Cells. To verify
whether platinum-mediated depropargylation would function
in cell culture, a pentynoyl amide derivative of antineoplastic
drug MMAE was synthesized. MMAE is the drug present in
the ADC brentuximab vedotin that is in clinical use to treat
patients with relapsed Hodgkin lymphoma and systemic
anaplastic large-cell lymphoma,® and remains the drug of
choice for antibody-targeted therapies. In addition, a N-
propargyl S-fluorouracil (pFU) derivative was also tested,
which was found to be efficiently decaged and activated with
gold nanoparticles” and palladium complexes.”> When
MMAE-am was treated in DMF/water (1:1) for 4 h with 10
equiv of K,PtCl,, complete consumption of MMAE-am was
seen by LC—MS with 37% release of MMAE along with the
formation of the intermediate Q,, (Figures S20 and $S34). In a
similar fashion, decaging of pFU proceeds with yields of 46% +
2 and 72% =+ 2 for K,PtCl, and CisPt, after 14 h reaction with
2 equiv, at room temperature and 37 °C, respectively (Figures
$35—837). These prodrugs (MMAE-am 11 and pFU 12, see
the SI for synthetic details) were reacted with platinum salts in
cell culture in the hope of observing a “turn-on” of toxicity.
Unfortunately, the chemotherapeutic CisPt has a narrow
window of nontoxic concentrations for efficient decaging in
cells.®’ Indeed, CisPt was demonstrated to be toxic in HeLa
cells at concentrations as low as 2.5 M (Figure S38). On the
contrary, platinum salts K,PtCl, and K,PtCls, did not
significantly influence the viability of HeLa cells at
concentrations below 50 pM (Figure S$38). With both
prodrugs, an increase of about 2-fold in toxicity could be
observed for some of the tested concentrations when reacted
with K,PtCl, over 3 days in cell culture (Figure 3a and 3b; e.g,
1 nM of MMAE-am and 50 yM of pFU). In contrast, no
decrease of cytotoxicity was observed in cells treated
independently with cFU 13, a non-decaging control derivative,
or in combination with K,PtCl, (Figure 3b). These control
studies indicate that 5-FU was not generated because the alkyl
handle does not undergo decaging by K,PtCl,.

https://dx.doi.org/10.1021/jacs.0c01622
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Figure 3. Platinum-mediated decaging in cells. HeLa cells were
incubated with different concentrations of MMAE-am 1la or pFU
12b for 3 days with or without K,PtCl, (20 uM, twice a day).
Compound 13, a nondecaging alkyl-FU derivative, was used as a
negative control. Toxicity was determined by AlamarBlue assay. Error
bars represent + s.d. (n = 3). Each experiment was repeated three
times. The statistical significance of the differences between groups
was evaluated with the unpaired ¢ test. Statistical results: ns > 0.05,
*#p < 0.01, ¥*¥*P < 0.001 and ****P < 0.0001.

It is important to note that for both prodrugs the addition of
K,PtCl, did not restored their toxicity to the level observed for
unmodified MMAE and S$-FU drugs (Figures S39 and S40).
Although a 2-fold increase in toxicity for the prodrug activation
may look modest, it is important to mention that this is
considered relevant given the slow reaction rates possible at
the low concentration of K,PtCl, complex tolerated by cells.
Indeed, this low reagent concentration was necessary to ensure
the platinum complex remained nontoxic. On top of this, in
vitro studies with probes 7 and 9 revealed that the presence of
nucleophiles (e.g., glutathione) ends in lower conversions into
the corresponding decaged products. It should be noted,
however, that even in the presence of high concentrations of
glutathione (e.g, 1.5 mM) the reaction still proceeds with
moderate rates (t;,, = 197 min for 7 + K,PtCl; t,/, = 246 min
for 9 + K,PtCl,; Table SS). Regarding CisPt, we found that the
reaction is more susceptible to the presence of nucleophiles
(e.g, t1/, = 921 min for 7 + CisPt in the presence of 0.5 mM of
glutathione; Table S6). This deactivation of the metals in the
presence of nucleophiles is in line with the modest decaging
yields observed in the cell studies. This is an issue that could be
further improved, for example, by using platinum-based
nanoparticles known to have reduced toxicity and higher
payload concentrations or by using platinum complexes
stabilized with different organic ligands in a way to optimize
the metal reactivity.é2 Our data, however, demonstrate that
decaging reactions with platinum complexes are possible in cell
culture and could achieve release of sufficient amounts of the
active drug in cells to induce cell death.

Platinum Decaging of ADC. Next, we decided to extend
the tertiary amide caging group for chemically controlled drug-
release from an ADC. The caging group of MMAE-am 11 was
adapted for this purpose because MMAE is a common payload
in ADC design.”’ Ideally a CisPt-cleavable ADC would be
stable to cleavage by endogenous extra- or intracellular

conditions. For this reason, we decided to use a carbonyl
acrylic bioconjugation handle®** coupled to MMAE for
antibody modification (Figure 4a; SI for synthesis).

To test the susceptibility of the conjugating linker to
platinum decaging, compound 14 and K,PtCl, (10 equiv) were
incubated in DMF/water (1:1) at 37 °C for 18 h and analyzed
by LC—MS (Figure S41). Release of MMAE was observed
with complete consumption of 14 along with two potential
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Figure 4. Platinum-mediated drug decaging from a noninternalizing
ADC. a. Cysteine-selective and irreversible modification of the
noninternalizing antibody F16 (anti tenascin-C) in IgG format with
MMAE conjugating linker 14. IgG(F16) contains a single reactive
cysteine at the C-terminal extremity of the light chain ideal for
cysteine-specific modification. Briefly, a solution of F16 (7.1 uM) in
sodium phosphate buffer (NaP,) pH 7.4 was treated with 14 (40
equiv) in MeCN to a final concentration of 10% v/v. The reaction
was heated to 37 °C for 1 h, and reaction progress was monitored by
LC—MS. The ADC was purified by dialysis into fresh NaP; buffer pH
7.4 with a 10 kDa MWCO overnight. b. Deconvoluted ESI-MS mass
spectrum of the light-chain of F16. c. Deconvoluted ESI-MS mass
spectrum of the light-chain of F16-14 that shows an exact drug-to-
light-chain ratio of 1. d. Schematic of the platinum-mediated decaging
of MMAE from a noninternalizing ADC. e. Cell viability of HeLa cells
after treatment with F16-14 and subsequent decaging efficiency upon
treatment with 20 uM K,PtCl,, twice daily. Cell viability was
measured at day 3 by using AlamarBlue reagent. The statistical
significance of the differences between groups was evaluated by using
the unpaired ¢ test. A p value <0.05 (**) was considered statistically
significant. Error bars represent # s.d. (n = 3). Experiments were
performed three times.
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intermediates (Figure S41). We then went on and selected the
noninternalizing F16 antibody for modification, which is
specific to the alternatively spliced Al domain of tenascin-C,
found overexpressed in most solid tumors.”> A noninternaliz-
ing ADC ensures that as little ADC as possible will be
metabolized by the cells and that the maximum possible drug
release is due to extracellular decaging with platinum
complexes. Site-selective conjugation is expected to occur at
the engineered cysteine residues in each light-chain of F16
enabling the construction of a chemically defined ADC.
Furthermore, the newly formed C—S bond between the linker
and the antibody is stable and does not undergo thiol-exchange
reactions as in the case of frequently used maleimides.>**
Complete conversion to a homogeneous ADC was achieved
after reaction of F16 for 1 h at 37 °C with the carbonyl acrylic
MMAE drug linker 14 in sodium phosphate buffer pH 7.4 as
assessed by LC—MS (Figure 4b,c). Importantly, the heavy
chain remained unmodified as expected considering the
absence of reactive cysteines in the structure (Figures S42
and S$43). Next, we performed the decaging in cells to release
MMAE from the ADC (Figure 4d). With a cancer cell line
(HeLa cells) as a model, we found F16-14 to be more toxic to
cells at submicromolar concentrations in the presence of
nontoxic amounts of the platinum complex K,PtCl, (Figure
4d). This tertiary amide decaging reaction should stimulate
platinum-mediated MMAE delivery from antibodies in the
context of targeted cancer therapeutics. Furthermore, a small
model protein (ubiquitin-K63C) engineered with a single
cysteine residue’® was modified with linker 14 for ease of
analysis by LC—MS. When attempting decaging in vitro with
CisPt, loss of MMAE followed by further degradation of the
linker could be observed by LC—MS, which provides further
evidence for the efficient release of the secondary amine drug
from the protected tertiary amide protected conjugate (Figures
S44—547).

Cisplatin-Mediated Prodrug Decaging in Vivo. To test
the in vivo efficacy of pFU and its combinatorial effect with
CisPt, we used the zebrafish larvae xenograft model.®” This
model is a fast in vivo platform with resolution to analyze
crucial hallmarks of cancer, such as metastatic and angiogenic
potentials but it is also highly sensitive to discriminate
differential anticancer therapy responses with single-cell
resolution.”®~"" 'We first attempted to visualize the CisPt
reaction by decaging fluorogenic probe 9 in larval zebrafish
(Figure S). This probe shows an increase in fluorescence of 22-
fold upon removal of the propargyl group (Figure S$48). For in
vivo imaging, a set of zebrafish larvae were incubated with
probe 9 for 24 h, washed for 1 h in embryonic medium and

a b c

9 + DMSO 9 + CisPt

1.9for24 h
2. wash

DMSO for 24 h CisPtfor24 h

mm= =

Figure 5. CisPt Decages the Fluorogenic Probe 9 in vivo. Zebrafish
larvae were exposed to 9 diluted in embryonic medium for 24 h,
followed by a 1 h wash in embryonic medium. Larvae were randomly
distributed into two conditions: DMSO or CisPt for 24 h (a).
Confocal image of zebrafish larvae exposed to 9 + DMSO (b) and 9 +
CisPt (c).

then further incubated with dimethyl sulfoxide (DMSO) or C
isPt for 24 h (Figure Sa). Probe 9 and CisPt were used at the
highest nontoxic concentration to the zebrafish embryos (9, 1
uM; CisPt, 34 uM; Figure S49). As shown in Figure Sb, the
control group displays nearly no background fluorescence, but
the CisPt-treated group showed an increased fluorescence
(Figure Sc). This implies that probe 9 and CisPt are tissue-
permeable and capable of reacting in vivo.

Before measuring efficacy of CisPt depropargylation, we
assessed the maximum tolerated concentration for each
compound: pFU 12, ¢cFU 13, CisPt, pFU + CisPt, and cFU
+ CisPt in nontumor zebrafish larvae (Figure S49). Next,
colorectal cancer (CRC) HCT116 zebrafish xenografts were
generated as previously described.”” Briefly, 24 h post injection
(hpi), xenografts were randomly distributed into different
treatments: DMSO (control), pFU (1.65 mM), cFU (1.65
mM), CisPt (0.034 mM), pFU + CisPt (1.65 mM + 0.034
mM), and cFU + CisPt (1.65 mM + 0.034 mM). Xenografts
were analyzed at 4, 6, and 7 days post injection (dpi), i.e, 3, S,
and 6 days post treatment (dpt), respectively (Figure 6). At
3dpt (4dpi) (Figure 6 I), in the single treatments with pFU or
CisPt, we could not observe any significant reduction of
mitotic index (Figure 6 I, m), induction of apoptosis (activated
caspase 3, Figure 6 I, n) or reduction of tumor size (Figure 61,
0). In contrast, the combinatorial treatment—pFU + CisPt—
induced a significant antitumoral synergistic effect manifested
by a ~2 fold increase in apoptosis (Figure 6 I, n; DMSO versus
pFU + CisPt **P = 0.0033; pFU versus pFU + CisPt ***P =
0.0006) accompanied by 25% reduction of tumor size (Figure
6 1, o; DMSO versus pFU + CisPt *P = 0.0279; Figure 6 I, a
versus d). However, if the duration of the treatment is
increased 2 (Figure 6 1I) or 3 (Figure 6 III) additional days,
then we could detect some toxicity in single treatment (Figure
6 11, p—r; Figure 6 III, s—u). Nevertheless, the combination of
pFU with CisPt induced a clear pronounced antitumor
synergistic effect. At S dpt (6 dpi), the combinatorial treatment
led to a reduction of proliferation (Figure 6 II, p; DMSO
versus pFU + CisPt ****P < 0.0001; pFU versus pFU + CisPt
*P = 0.0104), a ~4 fold increase in cell death by apoptosis
(Figure 6 II, g; DMSO versus pFU + CisPt *##*P < 0.0001;
pFU versus pFU + CisPt **#**P < 0.0001) and a ~38%
reduction of tumor size (Figure 6 II, r; DMSO versus pFU +
CisPt ****P < 0.0001; Figure 6 II, e versus h). Finally, the 6
days of treatment (7 dpi) culminates in a ~45% tumor
shrinkage (Figure 6 III, u; DMSO versus pFU + CisPt **P =
0.0010; Figure 6 III, i versus 1).

Importantly, by comparing the combined treatment of the
nondecaging compound cFU with CisPt to the prodrug pFU
with CisPt, it is clear that pFU was able to induce a more
significant cytostatic (block proliferation) and cytotoxic effect
(apoptosis and reduction of tumor size) than the control cFU
at both S dpf (6 dpi) and 6 dpt (7 dpi; Figures SSO and S51).
Also, the combined effect of pFU + CisPt was more
pronounced than the combination of 5-FU + CisPt, regarding
proliferation (DMSO versus pFU + CisPt ****P < 0.0001;
DMSO versus FU + CisPt *P = 0.0104; Figure S50i) and
tumor size (DMSO versus pFU + CisPt ****P < 0.0001;
DMSO versus FU + CisPt *P = 0.0273; Figure S50k). This
might be related with the increased permeability of pFU
(versus FU), which results in a more efficient intracellular
delivery of FU after Pt decaging. In conclusion, our results
show the efficient activation of the anticancer pFU in the
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Figure 6. CisPt-mediated prodrug decaging in zebrafish xenografts. HCT116 human CRC cells were fluorescently labeled with lipophilic CM-Dil
(shown in red) and injected into the perivitelline space (PVS) 2 days post fertilization (dpf) Tg(Flil:eGFP) zebrafish larvae. Zebrafish xenografts
were randomly distributed into treatment groups, daily treated with DMSO, CisPt, pFU, and pFU+CisPt and analyzed at 4, 6, or 7dpi for
proliferation, apoptosis and tumor size. At 4 dpi, 6 dpi, and 7dpi, zebrafish xenografts were imaged by stereoscope (a—l) and by confocal
microscopy (a’—1" DAPI plus Dil, a’’—1"" maximum projection of activated caspase 3). Proliferation (mitotic figures: m; p, *P = 0.0104, ***P =
0.0004, *##%P < 0.0001; s, **P = 0.0023, *** P = 0.0002), apoptosis (activated caspase 3: n, **P = 0.0033, ***P = 0.0006; q, *P = 0.0126, ****P
< 0.0001; t, **P = 0.0068) and tumor size (n° of tumor cells: o, *P = 0.0279; r, ****P < 0.0001; u, *P = 0.0411, **P = 0.0010) were analyzed and
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Figure 6. continued

quantified. Graphs represent fold induction (normalized values to controls) of Avg = SEM. The number of xenografts analyzed is indicated in the
representative images and each dot represents one zebrafish xenograft. Statistical analysis was performed using an unpaired test. Statistical results:
ns > 0.05, *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. All images are anterior to the left, posterior to right, dorsal up, and ventral

down. Scale bar 50 ym.

presence of nontherapeutic amounts of the anticancer drug
CisPt in an in vivo setting.

B CONCLUSIONS

In summary, we present a new decaging reaction of alkynes
with platinum complexes for the release of secondary amines
from otherwise stable tertiary amides, both in mammalian cell
culture and in living organisms. This reaction was shown to
proceed by platinum-mediated intramolecular cyclization
mechanism. Our data suggest that water, a necessary solvent
in chemical biology applications, is working as a metal-
activating agent. Molecular electronic structure calculations
further corroborated the mechanism of the reaction which was
also supported by LC—MS characterization of the intermedi-
ates. The reaction can proceed catalytically under certain
conditions and was later extended to N-propargyl groups with
comparable efficacies to that of palladium-mediated depro-
pargylation. The caging group was adapted for the synthesis of
a noninternalizing ADC, which results in drug release upon
treatment with platinum complexes in cancer cells. The
reaction was also adapted and demonstrated to function in a
colorectal cancer zebrafish xenograft model with nontoxic
amounts of CisPt to activate a prodrug of anticancer agent 5-
FU, which led to a significant tumor reduction in vivo.

The work disclosed here represents a significant addition to
the toolbox of decaging strategies for chemical biology
applications. Indeed, the platinum-mediated cleavable reaction
can be accomplished in aqueous systems having high
concentrations of salts with high yields and reaction rates,
similar to those observed for the standard palladium decaging
metal. The reaction is, however, susceptible to the presence of
nucleophiles resulting in slower rates (~6—15 times slower).
We further demonstrate the compatibility of the reaction in
cellular environments. Although the reaction is suitable for
drug activation on cells inducing cytotoxicity, the presence of a
range of biomolecules/nucleophiles significantly reduces the
overall yield. These results are suggestive of instability of the Pt
complexes, probably by formation of bioinorganic complexes.
Although the active aqua Pt species have a limited lifetime in
cell media, they persist long enough to be partially effective.

Our work was conceived on the hypothesis that platinum
complexes could be used for prodrug activation on tumors
during CisPt chemotherapy. The instability of the platinum
complexes in physiological/biological conditions preclude the
application envisioned. Further studies are needed to obtain Pt
complexes compatible for such in vivo applications, but these
results set the stage for future developments on platinum-
mediated decaging reactions.
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In order to overcome the challenges of this century, such as producing fuels and
chemicals from biomass and greenhouse gases, and developing greener synthetic proto-
cols, it is necessary to improve the understanding of reaction mechanisms. One way of
accomplishing this is through the use of computational modelling tools and methodologies,
which have become more efficient and accurate due to the growth of computing resources
and methodological developments. However, these calculations must take into account as
much of the relevant physics of the problem as possible, such as pre-equilibration and
concentration, dispersion corrections, solvation, molecular symmetry [106], proper treat-
ment of Gibbs energy contributions, standard state corrections, quantum tunnelling, and

others.

First-principle calculations have been used to calculate binding free energies and
reaction rate constants that are close to what is observed in experiments. It is thus viable
to use calculations from computational chemistry to determine parameters of reactions,
then simulate a microkinetic model for the process. A clear advantage of this approach is
that it is possible to take the concentrations of the reactants into account. Microkinetic
models can be used to analyze and test hypotheses in catalysis and chemical kinetics. This
makes it possible to use first-principles microkinetic simulations to understand complex
reactions over time. However, there is currently no general solution for first-principles mi-
crokinetic modelling that can do all of the necessary calculations and generate an equation

system automatically.

This work introduces a novel Python package, named overreact. It is a user-
friendly, open-source program that can be used to automatically perform microkinetic
modelling of complex chemical reactions in solution or gas-phase using data from first-

principles quantum chemical calculations. All it requires is a description of the hypothe-
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overreact

Figure 4 — Logo of the overreact Python package, an open-source program that can
be used to automatically perform microkinetic modelling of complex chemi-
cal reactions in solution or gas-phase using data from first-principles quantum
chemical calculations.

sized reactions, the corresponding computational chemistry output files, initial concentra-
tions, and reaction conditions such as temperature. It is compatible with 14 widely avail-
able computational chemistry packages (by making use of the cclib library [97]) and can
be used to simulate reactions in both neat and buffered conditions. overreact supports
a variety of quantum chemistry methods, from density functional theory to wavefunc-
tion methods, as well as composite models (e.g., DLPNO-CCSD(T)/cc-pVTZ//PBE0-
D4 /def2-TZVP), as long as the data is parseable by cclib [97]. It also allows the user
to correct systematic errors in first-principle absolute Gibbs energy errors by the use of
a single tunable parameter. This is important for bimolecular reactions, and a correction
can be easily obtained by fitting systematic deviations in first-principles reaction schemes

by using available experimental data, for instance.

The software is useful to inspect steady-state conditions (in the sense of quasi-
equilibria), search for predominant species under catalytic conditions, computationally
estimate the overall turn-over frequency and understand selectivity of a catalyst towards
particular products. It allows rapid rational design and investigation in those areas where
understanding how reactions work is important, and provides insight into concentration
dependencies and comparison with experiment, since it performs microkinetic simulations
and thus produces kinetic profiles. Kinetic models can be progressively constructed, with

given pathways, thereby increasing human efficiency.

Some reaction examples were performed in the work, all using the default settings.
For instance, the estimated autoisomerization rate of ethane from staggered to eclipsed
and back to staggered was found to agree with experimental value. The reaction rate con-
stant, for the umbrella inversion of ammonia was estimated to agree with the experimental

value of 4 x 100 g1,
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In the context of gas-phase reactions, we modelled the degradation of methane
degradation by chlorine radicals, an important atmospheric chemistry reaction.
overreact provided reaction rate constants consistent with both experimental values
(1.0 x 107! ¢m? - molecule™ s™! [145]) and computational calculations by Tanaka; Xiao;
Lasaga [146].

In the context of solvated-phase, M06-2X-D3(0)/6-311++G(d,p)/SMD was used
to estimate the rate constant for NHz(y) + OH- (w) — NH, - (w) T H,0(y). at high pH,
with values agreeing with experimental results. We also reproduced the results by Pérez-
Soto; Besora; Maseras, who applied computer-aided analysis to study an imine formation
reaction, taking into consideration the catalytic effect of small amounts of water in the
milieu, either as contamination from residuals in the solvent or due to its formation as a
by-product. Such systems can be complex and require microkinetics or other techniques to
properly explain them, as direct consideration of concentrations through time is required.

In total, the system simulates 25 simultaneous reactions and 17 species.

We investigated the mechanism of intramolecular amide hydrolysis, with three
proposed mechanisms replicated. Since it is known that the reaction is strongly dependent
on pH, we used the experimentally derived pK, of acetic acid to correct all acid-base
equilibria. From simulations at different pH values, it was also found that the reaction
rate is strongly affected by the pH, and that it stops happening around pH 5, as expected

from experimental results.

In fact, by simulating the system for an hour at different pH values and observing
the concentrations of different intermediates over time, we could reproduce the experi-
mental fact that the reaction only takes place in acidic environments. Furthermore, it
was observed that the reaction rate increases significantly when a single water molecule
actively participates as a proton shuttle, as proton transfer in a four-membered ring tran-

sition state is rate-determining.

To conclude, we discussed a software for obtaining reaction kinetic profiles from
first-principle calculations. The package is automated and makes it easy for computational
discoveries in the elucidation of reaction mechanisms to be compared with experimentally
obtained results, which is crucial for studying chemical reactions. The open-source package
presented in this article is available to explore and analyze reaction mechanisms. The
software is suitable for predicting catalysts performance at scale, which is crucial for the

emergent need for rapid and precise chemical modelling.

5.1 Full text

The overreact software was developed at the Department of Chemistry at the

Federal University of Santa Catarina (UFSC). It can be regarded as a second iteration
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on a previous attempt to build a chemical kinetics simulator [147]. The code is released

under the permissive MIT open-source license [148].
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Abstract

Today's demand for precisely predicting chemical reactions from first principles
requires research to go beyond Gibbs' free energy diagrams and consider other
effects such as concentrations and quantum tunneling. The present work introduces
overreact, a novel Python package for propagating chemical reactions over time using
data from computational chemistry only. The overreact code infers all differential
equations and parameters from a simple input that consists of a set of chemical equa-
tions and quantum chemistry package outputs for each chemical species. We evalu-
ate some applications from the literature: gas-phase eclipsed-staggered isomerization
of ethane, gas-phase umbrella inversion of ammonia, gas-phase degradation of meth-
ane by chlorine radical, and three solvation-phase reactions. Furthermore, we com-

ment on a simple solvation-phase acid-base equilibrium. We show how it is possible

KEYWORDS

overreact, Python3

1 | INTRODUCTION

Many of the challenges of this century, such as producing fuels and
chemicals from biomass™ and greenhouse gases,>® as well as devel-

9712 encompass problems related

oping greener synthetic protocols,
with both chemical kinetics and catalysis. Improving the understand-
ing of reaction mechanisms is mandatory to meet the demand in
designing efficient catalysts and molecular machines of increasingly
complex behavior, needed to overcome such challenges in a sustain-
able and efficient manner.*13-15

The demand for rational design of reactions, catalysts, and chemical
devices is leading our community towards the development of accurate
and efficient computational modeling tools and methodologies.*>1¢-18
Despite the challenges in predicting observed reaction rate constants
correctly, by using first principle calculations, the recent growth!? of
computing resources and methodological developments have made the
calculation of complex reaction mechanisms almost routine.1¢:18:20-26
This has uniquely aided both the elucidation of experiments and the

comprehension of complex chemical phenomena.**¢

to achieve reaction profiles and information matching experiments.

chemical reactions, concentration effects, in silico experiments, microkinetic modeling,

Notwithstanding, feasible mechanistic propositions must be
calculated with adequate levels of theory?” and take into account all
the relevant physics of the problem. The computational modeling of
chemical reactions is a complex topic due to the overwhelming set of
physical considerations that are required,?® and the quest for mechanistic
understandings actually requires a significant amount of automation,118
being therefore necessary to consider effects such as pre-equilibrium

29.30 30-32 molecular

29,30,32,33

and concentration,?® dispersion corrections, solvation,

symmetry,%° proper treatment of Gibbs energy contributions,
standard state corrections,®°~32 tunneling and others.28%°

Even so, most of the modeling of chemical reactions based on
first-principles calculations is done using reaction rate constants alone,
which is oftentimes not enough. Comparison with the experiment
requires reaction rates, which depend on concentrations. For instance,
the outcome and selectivity of two competing second-order reactions
such as R+ A — P, and R + B — Pg, whose kinetic equations are
given by d[PA]/dt = k, [R][A] and d[Pg]/dt = k, [R][B], are undoubt-
edly dependent not only on the rate constants k; and ks, but also on

the concentrations [A] and [B].2% Furthermore, it is well known that a

J Comput Chem. 2022;1-9.

wileyonlinelibrary.com/journal/jcc
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TABLE 1
software indicated).

Program Theory Molecularity
overreact TST Any
Eyringpy TST, MT, CKT Uni/bi
Polyrate TST, VTST, RRKM Uni/bi
MultiWell ME, RRKM Uni
TAMKkin TST Uni/bi
MESMER ME, RRKM Uni/bi
KiSThelp TST, VTST, RRKM Uni/bi
RMG TST, CKT Uni/bi
APUAMA TST Uni/bi
Pilgrim®? TST, VTST, CVT Uni/bi

Comparison of programs in the literature for theoretical chemical kinetics. Partially adapted from Dzib et al.2® (only available

Phase Tunnel effect Language
Gas, solution Wigner, Eckart Python
Gas, solution Wigner, Eckart Python
Gas, solid, gas-solid ZCT, SCT, LCT Fortran
Gas = Fortran
Gas Wigner, Eckart Python
Gas, solution Eckart C++
Gas Wigner, Eckart Java
Gas, solution Wigner, Eckart Python
Gas Wigner, Eckart, SCT C++
Gas SCT Python

Abbreviations: CKT, Collins-Kimbal Theory; CVT, canonical variational transition state theory; LCT, large curvature tunneling; ME, master equation; MT,
Marcus theory; RRKM, Rise-Ramsperger-Kassel-Marcus; SCT, small curvature tunneling; VTST, variational transition state theory; ZCT, zero curvature

tunneling.

single reaction step may not be enough to determine a whole chemi-
cal reaction path or catalytic cycle,®*3¢ bringing ambiguity in the gen-
eral concept of “rate-determining step.”3> The reasoning becomes still
more entangled when a single observed reaction rate law is taken into
consideration, such as when two steps with similar barriers within a
single mechanism exist or when concurrent mechanisms coexist with
an equal probability of occurring. Those problems have led to the
development of new analytical tools, broadening the interpretation of
reactions and, in particular, catalytic processes.3+3¢%7

A useful solution to these issues is to simulate reaction models whose
parameters are taken from computational chemistry calculations. For
instance, modeling reactions using microkinetic simulations has become
increasingly important, especially when it is essential to take concentration
effects into account.® First-principle calculations have allowed us to calcu-
late binding free energies™ and reaction rate constants®® reasonably close
to experimental values, as long as the correct physical phenomena are
appropriately addressed. This idea is not new in the experimental labora-
tory: Blackmond have advocated using full-blown kinetics simulations to
elucidate experimentally observed reaction mechanisms through model
exploration.3*3¢ This analysis protocol has been shown to be crucial for
elucidating many mechanisms of industrial importance. Similarly, micro-
kinetic models provide time-resolved kinetic analysis that allows one to
consolidate, analyze and test hypotheses in catalysis and chemical kinetics

in general,g“'?’6 and it has extensively used in computational heterogeneous

1539735 experimental biology®® and mechanism validation.>” It is

catalysis,
thus possible to accurately perform first-principles microkinetic simulations
on rather complex reaction phenomena over time, which allows one to
better comprehend tricky aspects not revealed by more simplistic
models.>*3¢ Even with possible systematic errors brought by first-principle
calculations, insights are warranted 353758

Unfortunately, there is currently no general solution for first-
principles microkinetic modeling that, simultaneously, (1) calculates all
the required thermochemical quantities and corrections from first-prin-

ciples, (2) automatically calculates reaction rate constants, including

Adjusted
energies
Generation
of chemical
equations
Microkinetic
simulations
sinaing OVETTEACT
and
activation
energies Equilibrium
and
reaction rate
constants
FIGURE 1 Visual depiction of some of the capabilities of

overreact, a Python library and command-line tool for building and
analyzing homogeneous microkinetic models from first-principles
calculations. Instructions on how to install and use can be found at
https://geem-lab.github.io/overreact-guide

quantum tunneling approximations, for all reactions, (3) generates an
(usually non-linear) ordinary differential equation (ODE) system from an
arbitrary reaction scheme automatically, (4) produces a Jacobian for the
ODE system using automatic differentiation for improved accuracy and
performance, and (5) propagates the chemical kinetic processes gener-
ating concentrations for all compounds as a function of time and initial
concentrations. Table 1 compares the capabilities of overreact with

some other known microkinetic software in the literature.



SCHNEIDER ano CARAMORI

Journal of

_WILEY_L_3®

FIGURE 2 A simplified diagram
featuring the overreact dataflow.
Computational chemistry logfiles are
taken as data sources. Together with
temperature conditions, a chemical

DATA SOURCES

reaction network and initial 4 &

FREE ENERGY DATA
FOR ALL SPECIES

concentrations, overreact calculates
Gibbs' free energies for all species. From
this information, reaction rate constants
and a system of ordinary differential
equations (ODEs) are devised. This ODE
system is solved, yielding concentrations
for all species over time. Further details
can be found in the supporting
information

The present work presents a simple yet robust software that
treats all the five points listed above in an automated way, starting
from the outputs of ab initio calculations of numerous levels of theory
(Density Functional Theory, Hartree-Fock, post-Hartree-Fock or any
other where Hessian calculations are available).?° It is able to solve
any chemical reaction network, including parallel and concurrent reac-
tions, from elementary steps at constant temperature in the well-
stirred approximation. The key features of the proposed code, called
overreact, are highlighted in Figure 1. It has been have developed as a
user-friendly, open-source (MIT license) Python program and library
that does simple and automatic microkinetic modeling of complex
reaction networks in solution and gas-phase using only the user
description of the reactions to be considered in the model, the
corresponding computational chemistry output files, initial concentra-
tions, and a set of reaction conditions such as temperature. Only the
converged geometries, electronic energies, and vibrational frequen-
cies of each species in the model are required from the outputs.
Overreact is freely available, simple to install and use, well tested,
well documented, and encompasses an easy-to-use command-line
application (https://geem-lab.github.io/overreact-guide/). Although
only thoroughly tested with ORCA®! and Gaussian 09%2 output files
at the moment, it employs the Python library cclib®® for parsing com-
putational chemistry outputs, which is actually known to work with

14 different computational chemistry packages. Overreact not only

CONDITIONS

l\\‘ FREE ENERGY DATA

REACTION RATE CONSTANTS

CHEMISTRY

inputs

REACTION HYPOTHESES INITIAL CONCENTRATION!

overreact H
v

REACTION NETWORK

/

FOR REACTIONS

REACTION RATE LAWS

L

REACTION RATE EQUATIONS

.

ODE SOLVER

oututs
CONCENTRATIONS FOR ALL SPECIES
AS A FUNCTION OF TIME

}

KINETIC PREDICTIONS

generates and solves arbitrary chemical kinetic ODE problems, but
also allows the user to fix the concentration of one or more com-
pounds, which is useful for simulating reactions in neat or buffered
conditions. Furthermore, the user can adjust systematic first-principle
absolute Gibbs energy errors by comparison with experiments auto-
matically, which are expected to be up to 4 kcal mol~ even when
suitable density functional are employed.2¢%4-¢7

2 | METHODOLOGY

The overreact code attempts to make the process of building precise
chemical microkinetic models from first principle calculations as auto-
matic as possible. It takes data from computational chemistry logfiles
and uses them to calculate thermodynamic and kinetic properties, as
shown in the dataflow diagram in Figure 2. This information gives rise
to reaction rate constants and a system of ordinary differential equa-
tions, which, together with initial concentrations, yields concentra-
tions of all species over time.

The dataflow diagram of Figure 2 is simplification of the whole
process, not a complete description of the system. A detailed descrip-
tion of the library's core functionalities can be found in the Supporting
Information, where automated procedures, methodologies and capa-

bilities implemented in overreact are highlighted.
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3 | RESULTS AND DISCUSSION
Representative results of overreact usage are available in the follow-

ing subsections. Defaults are used when not otherwise specified.

3.1 | Examples in the gas phase

3.1.1 | Simple gas-phase autoisomerizations
In order to demonstrate that overreact can estimate precise reaction
rate constants from ab initio calculations, we first consider some sim-

ple gas-phase autoisomerization reactions.

Ethane

We estimated the rate of autoisomerization of the ethane from stag-
gered to eclipsed back to staggered again. At B97-3¢,%® the rate calcu-
lated was found to be 8.2 x 10 s~ (including tunneling coefficient of
1.11). Higher levels of theory gave similar results (4.8 x 10*° and
6.3 x 10571 including tunneling coefficients of 1.13 and 1.12, for
6-311G(d,p) and UMP2/6-311G(3df,3pd), respectively). There is overall

good agreement with the experimental estimate of 8.3 x 100 s~1.5?

Ammonia

The reaction rate constant for the umbrella inversion of ammonia was
estimated to be 1.3 x 101° s~ at MP2/ma-def2-TZVP (tunneling coef-
ficient x = 2.00), which agrees with the experimental value of
4 x 10'°s717° On the other hand, the barrier at MP2/ma-def2-TZVP
was found to be 4.1 kcal mol™%, lower than the experimental one
(5.8 kcal mol=2).7° A calculation at CCSD(T)/cc-pVTZ better agrees with
the thermodynamical barrier (6.0 kcal mol™2), but degrades the reaction
rate constant (5.9 x 10% s~ with x = 2.37). Similar results were found
using DFT (AGF = 54 kcalmol™ and k = 3.6 x 10”7 s with
k = 4.88 at wB97X-D4-gCP/def2-TZVP), suggesting that the Eckart
approximation is not enough to get quantitative results in this particular
case, as one of the key assumptions of the model is that the reaction

takes place through a linear path in the potential energy surface.

312 | CH4+ Cl— CH;z+ HCI

Tanaka et al. studied the degradation of methane by chlorine radical

gas in the context of the global methane cycle in the atmosphere.”? In

line with the results reported by Dzib et al.,>® we obtained a reaction

rate constant of 9.3 x 10™* cm® molecule™ s~ (x = 3.64) at UMP2/

cc-pVTZ for this bimolecular reaction, in line with previous computa-

“1s Y and

3

tional results of Tanaka et al.”* (2.2 x 10~*% cm® molecule
the current recommended experimental value of 1.0 x 10~*% cm
molecule™? s71.72 Overall, the calculated reaction rate constants using
the Eckart tunneling approximation fall in the lower range of the
experimental 95% confidence interval in the range 181-300 K
(Figure 3A), in excellent agreement with experimental results in that
range (r* = 0.9984, Figure 3B).

Furthermore, a one-second

microkinetic modeling of this fast gas-phase reaction example (using
as initial concentrations 250, 100, and 25 nM for CH,4, Cl., and HCI,
respectively) is shown in Figure 3c, where the concentrations of all

species are obtained as a function of time.

3.2 | Examples in solution
3.2.1 | Constrained equilibria: acetic acid-acetate
equilibrium concentrations versus pH

overreact is able to calculate simple equilibrium systems without knowl-
edge of reaction rate constants by producing them such that equilib-
rium constants are satisfied. When used together in a reaction network,
the algorithm ensures that the fictitious, calculated forward and back-
wards reaction rate constants are larger than any other reaction rate
constant in the system by a factor of eight. Although it makes equa-
tions stiffer, this allows investigating systems containing both equilibria
and fast reactions together, as is indicated in the following sections.

On the other hand, pure equilibria can still be useful. Even though it
is not possible to obtain quantitative kinetic profiles with equilibria alone,
it is perfectly reasonable to obtain final Boltzmann populations from
them. In fact, together with a simple constraint optimizer implemented in
overreact, it is possible to fix the concentrations of any part of the system
and check how this would affect the final populations.

In order to assess the correctness of pure equilibria calculations in
overreact, as well as the concentration constraining feature, we esti-
mated the final concentrations in solution of the acetic acid-acetate,
acid-base equilibrium system. For that, we employed a combination
of ab initio calculations and experimental pK, values to account for
systematic errors.3173 Different values of pH where fixed by con-
straining the H* concentration.

Optimizations and frequencies for the AcOH(agq) = AcO (aq)
+ H*(aqg) system were performed at UMO06-2X/6-311++G(d,p)/SMD
(water).31747> All data for H™ was inserted directly in the overreact
input. For comparison, two distinct energies for the proton solvation
energy were separately employed: —265.9 kcal mol™%, as used in the
parameterization process of SMD,3' and —277.2 kcal mol~%, which is
the value that correctly predicts the experimental pK, of 4.756 for this
system.”® The final calculated concentrations as a function of pH for
both proton solvation energies can be seen in Figure 4. As can be seen,
although errors are very sensitive to the energy values provided, over-

react produces the expected result if precise energy values are provided.

3.2.2 | Hickel (1992)

We compared the applicability of overreact for reactions in solvation using
the well-known radical reaction NHgy,) + OHg) — NHa) + H2Oy at
MO06-2X-D3(0)/6-311++G(d,p)/SMD(water)*747> (using ORCA 4.2.1%%).
The calculated reaction rate constant can be seen in Figure 5,
together with a comparison with experimental and theoretical

results available in the literature (exact figures are available in
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FIGURE 3 Computed chemical kinetics of CH, 4 Cl — CH3 4+ HCl in the gas phase. (A) Arrhenius plots in the range 181-300 K with
different tunneling approximations compared against the recommended experimental fit of Burkholder et al. and its 95% confidence interval.”?
Compare to Figures 1 and 2 of Dzib et al.®® and Tanaka et al.,”* respectively. (B) Linear regression between the calculated, Eckart-corrected

reaction rate constants against the experimental results, in logarithmic scale (logyo  kyet

Eck ) = 0.9633 x logyo (kexp) +0.4256, r* = 0.9984).

(C) Microkinetic simulation of the gas-phase reaction CH,4 + Cl — CHz + HCl (using 250, 100, and 25 nM as initial concentrations of CHy, Cl., and

HCI, respectively)

FIGURE 4 Computed acid-base (A) (B)
equilibrium for AcOH(aqg) = AcO(aq) 0.5 — 0.51
+ H*(aqg) at UM06-2X/6-311++G(d,p)/
SMD(water)*7475 for a series of pH g g
values Zo3 — ong]| 02— ommm
2 AcO-(ag) 2 —— AO-(aq) {
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Table S1). The experimental results were all measured at high pH and,
since the effect of the ammonia-ammonium equilibrium is negligible in
those conditions,*®”” the phenomenon was not considered in this
case for simplicity.

3.23 | Pérez-Soto (2020)

Pérez-Soto et al. have applied computer experiments to a well-studied
imine formation reaction using techniques very similar to the ones in the
present work®” Since those reactions encompass a proton transfer, they
suffer from effects of residual water, as water can facilitate proton shuttling.

Even though the reaction happens in dichloromethane, water is found as

an impurity in the commercially-available solvent and, most importantly, it
is produced as a by-product in the second, dehydrating step.®”

Such cases are not uncommon and can hardly be properly ratio-
nalized by simple free energy diagrams, requiring microkinetics or
other techniques that take into account changes of concentration
throughout the reaction.24?>

The work of Pérez-Soto et al. is particularly important due to their
investigation on systematic errors in bimolecular reaction barriers.”
This takes place due to the impossibility, for bimolecular reactions, of
the common error cancellation found in monomolecular reactions.
They not only showed the systematicity of such errors, but also that
they could be reduced, for a given reaction, by properly adjusting all
Gibbs' free energies with a single tunable parameter.®”



¢ | WILEY- CH EMISTRY

SCHNEIDER ano CARAMORI

—— avdg. exp.

8.0

7.8

7.6

logio(k (M~1s71))

7.4

Neta et IMen k’n eH ake/ B

Dzip o, Pregg
Sehes estey tal, nt Wory,

FIGURE 5 Comparison of experimental and computational results
from the literature for the reaction rate constant of the reaction NH3,
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(water)®%747> (using ORCA 4.2.1%%). All values indicated are in
logarithmic scale. Blue and green bars represent experimental and
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FIGURE 6 Predicted kinetic profile for the reaction of Pérez-Soto

et al.*” experimental data taken from the supporting information of

Pérez-Soto et al.%” is also shown. A systematic bias of 3.2 kcal mol~*

was employed in agreement with the original work,®” which translates
to a root-mean-squared deviation (RMSD) of 4.97 mM. The summed
concentration of the imine product is shown, as it is found in
association with different amine and water quantities. A detailed
profile with all relevant species can be found in Figure S3

In Figure 6 a reproduction of their work is shown and compared
against experimental concentration data points. The exact same
Gibb's free energy adjustment of 3.2 kcal mol~* as employed in the
original work was used by us, which is equivalent to a root-mean-
squared error of 4.97 mM when compared against the experimental
data points. Apart from that, the present results differ from Pérez-
Soto et al. in that we employed all additional approximations
implemented in overreact: Eckart tunneling corrections for all reaction
steps and the quasi-rigid rotor-harmonic approximation for both

enthalpies and entropies. The fact that a systematic energy correction

was still required to attain experimental-grade quality suggests yet
another source of error.

A systematic study on the effect of the tunable parameter can be
seen in Figure S2, which shows a flat region around 2-3 kcal mol™2.
This suggests that, even though such energy adjustments might be
seen as arbitrary, they may make little influence on the final result as
long as the chosen value is reasonable. Due to DFT errors in general,
fitting systematic deviations in first-principles reaction schemes seems
to be warranted and, in the future, this could be performed automati-
cally using available experimental data. Progress is currently being
made in this respect in our laboratory.

3.2.4 | Intramolecular amide hydrolysis of N-alkyl
maleamic acids

We have looked into intramolecular amide hydrolysis initially investi-
gated by Kirby and Lancaster’® and subsequently studied by
others.”?~81 We employed calculations using @B97XD/6-311++G**/
SMD(water)**7#82 and used Gaussian 09 (Revision C.01).%2 As before,
the proton energy was adjusted in order to reproduce the experimen-
tal pK,, of 4.756 for acetic acid.”® Three distinct mechanisms proposed
in the literature can be seen in Figure 7. One thing that is worth of
note in Figure 7 is the step going through I¥, which presents a proton
transfer in a four-membered ring transition state. While its bare bar-
rier is around 28.8 kcal mol™2, this can be reduced to 13.6 kcal mol~!
by the use of a single-water-molecule proton shuttle. Furthermore,
while the facilitated transfer shows only an 8% reaction rate constant
increase due to tunneling (using the Eckart approximation), the bare
reaction step shows a 960 times (!) increase, even at room tempera-
ture. Notwithstanding, the product M is not formed during simulation
if the facilitated I¥ step is removed from the system. All this, together
with the indication that the tetrahedral intermediate J appears to be
an important rest state, strongly suggests that the step passing
through I¥ is the rate-determining one, and that it includes active par-
ticipation of the solvent.

One key feature of this reaction is its strong dependency on pH:
as early shown by Kirby and Lancaster, the reaction takes place on
acidity environments only.”® In order to access its behavior in differ-
ent acidic environments, we employed a series of short (0.5 s) simula-
tions at different pH values, always starting with 0.1 M of the
maleamic acid A (Figure 8A). We kept the concentration of H' at a
different value for each simulation (corresponding to pH 0-7), but we
employed pseudo-first order conditions with respect to the solvent in
each of them, constraining the water concentration to stay at 55.6 M.
In total, the presented system encompasses 25 simultaneous and
automatically simulated reactions and 17 distinct species. As can be
seen in Figure 8A, the results corroborate with initial velocity essays
worked by Kirby and Lancaster for closely-related systems,”® where
reaction ceases to happen around pH 5.

By simulating the whole system for an hour at pH 2, we could
obtain the kinetic profile in Figure 8B. Observing the concentration

over time of different intermediates leads us to conclude that, under
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FIGURE 7

Proposed reaction mechanisms for the amide hydrolysis of N-alkyl maleamic acids, as previously proposed in the literature.

78-81

Three possible mechanisms are indicated with distinct colors. The black bars denote the path starting with proton dissociation, followed by an
intramolecular attack on the amide carbon. The red bars indicate a path where the attack happens concomitant to a proton transfer to the amide
carbonyl. In addition, the blue bars indicate a similar path, but the proton is transferred to the amide nitrogen upon attack on the carbon.
Subsequent dissociation of the product complex is worth AG™ = —4.74 kcal mol™2. In the current work, we investigate the base case where

Rl :—CH3 and R2i R3i H

FIGURE 8 (A) Short (0.5 s) simulations (A)

at different pH values (pH 0-7). (B) Kinetic 010
profile for the reaction at pH 2, as
simulated for an hour (3600 s). In all cases,
pseudo-first order conditions with respect
to water were maintained (55.6 M) and the
initial concentration of the maleamic acid
A (Figure 7) was 0.1 M. All reactions
presented so far were included in the
simulations (25 in total, see text and 0.00

008

006

004

Concentration (mol/L)

0.02

—AW)
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Figure 7) o 1 2

these conditions, the reaction seems to happen mostly through
equilibrium-state C and rest-state J: as J starts to build up, it gradually
transitions, with the help of the solvent, to H, whose C-N bond has
been elongated at this point. Finally, after the production of both M
and the primary amine leaving group, actual separation further steers
the reaction forward due to entropy (AS° = 27 cal mol~t K=1).

4 | SUMMARY AND OUTLOOK
We applied an automatic process for obtaining reaction kinetic pro-
files of increasingly complex reactions from first principles. The pres-
ented method allows for direct comparison with experimentally
obtained results, which are often indispensable when studying chemi-
cal reactions.*® Known disparities can be systematically adjusted using
energetic biases if the computational model is known to deliver sys-
tematic errors, which is particularly important in systems involving
bimolecular reactions.

Although not a magic blackbox, overreact offers a hopefully com-

plete but simple predictive computational environment for hypothesis

1000 1500 2000 2500 3000 3500
t(s)

4 5 6 7 0 500

testing in first-principles homogeneous chemical kinetics and catalysis.
In fact, from the calculated concentrated curves using microkinetic
simulations, observed reaction rate constants can be inferred using
the same mathematical techniques employed in common experimental
data treatments.3*3¢

The open-source package presented in this article is already avail-
able to explore and analyze reaction mechanisms. Detailed instructions
on how to install and use can be found at https://geem-lab.github.io/
overreact-guide/. In the future, we will investigate the applicability of

overreact to more complex, catalytic systems,8%4

extend the present
work to heterogeneous reactions, and attempt to fully predict the out-
come of reactors by coupling computational fluid dynamics with first-
principles microkinetic modeling.8° All this would, in principle, allow us to

design catalysts that work well in the scale they are meant to.
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6 Concluding remarks and closing

The most important contributions presented in the present thesis, from the scien-

tific and technological points of view, can be summarized as follows:

« Electronic structure calculations of the transition state (TS) and/or in-
termediates have been applied in the elucidation of chemical reactions [1,
2].

Approaches to reaction mechanism elucidation were described in general.
Computational-experimental collaborative elucidation of two specific reaction mech-
anisms was described more explicitly, using density functional theory (DFT) calcu-
lations [1, 2].

o The overreact software package has been developed for predicting chem-
ical reaction kinetics and simulating microkinetics automatically from

first principles [3].

A third purely computational publication has been included, reporting the develop-
ment of an open-source library and command-line application for automating the
investigation of reaction mechanisms. The package was then applied to a series of

different reactions in gas and solvated phases [3].

We hope that the original scientific articles published from the work done during
the present thesis provided interesting and noteworthy insights in the elucidation of chem-
ical reaction mechanisms, bridging the gap between classical mechanism elucidation and
modern electronic structure calculations using a variety of methodologies, including the
production of a software package for semiautonomous generation of kinetic profiles [3].
The implications of such contributions are twofold: e the potential to facilitate the eluci-
dation of chemical reaction mechanisms in the future, and « ways of strongly automating

such elucidations.

In terms of limitations, observations should be made regarding e effects that have
not been taken into account in none of the reactions here, such as free-volume solvation
entropies, conformational entropies, and others, o screening and explorative bias towards
intuitive and well-known reaction motifs, as all pathways were conceived by the authors’
chemical intuition, and e imprecisions due to methodological errors, such as potential
deficiencies in density functional theory, whose implications can were lightly touched on
in the overreact article [3], o limitations of classical transition state theory per se,

which could in principle be overcome by other theories such as variational transition
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state theory, although with an increased computational cost, e limitations of the applied
classical transition state theory corrections, such as quantum tunnelling approximations

and the quasi-rigid rotor-harmonic oscillator approximation.

The contributions posed here put in motion a new generation of models for the
elucidation of complex route and emergent reaction mechanisms based on atomistic simula-
tions and electronic structure calculations, which in future advancements may introduce
the consideration of other effects into the picture while reducing the limitations listed
above. There is a consensus that such methodological limitations need to be considered
if the outcome of calculations is to be further explored and their limitations and conse-
quences are to be correctly investigated. Future work is proposed to include and tackle

the following issues:

 the inclusion of free-volume solvation entropies, for instance by implementing the
approach in Garza [149], and conformational entropies, by using results provided by
a fast method such as xTB [66],

« automatic screening and exploration of chemical reaction pathways by means of

machine learning algorithms that have no or minimal inherent human bias,

o development of methods for estimating the systematic methodological errors in en-
ergies by direct comparison with experimental data, so that a correction be made

for similar reactions of interest,

 incorporate the numerical calculation of rate constants using different theories, in
particular, ones that broaden the applicability of the software, such as Marcus’
theory [150-152], necessary in the modelling of reactions such as electron [150] and
hydride [152] transfers,

o adjustment of reaction rate constants for diffusion-controlled regimes,

« use of improved quantum tunnelling corrections based on the shape of the calculated

potential energy surface.

Finally, two further features are envisioned for addition in overreact, but don’t
necessarily mitigate the issues described above. The first is the automatic calculation of
kinetic isotope effects in general. The other is the extension of the symmetry module
to more complicated host-guest complexes in order to account for their individual sym-
metries: we currently detect point-group [106] and reaction symmetries but not internal

symmetries of weakly bound complexes [108].
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provided In Section 3(a)(1)(A)(1).
b. Other rights.

1. Moral rights, such as the right of integrity, are not licensed under this Public License, nor are publicity,
privacy, and/or other similar personality rights; however, to the extent possible, the Licensor waives
and/or agrees not to assert any such rights held by the Licensor to the limited extent necessary to allow
You to exercise the Licensed Rights, but not otherwise.

2. Patent and trademark rights are not licensed under this Public License.
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Section 3 — License Conditions

Your exercise of the Licensed Rights is expressly made subject to the following conditions.
a. Attribution

1. If You Share the Licensed Material (including in modified form), You must:

A. retain the following if it is supplied by the Licensor with the Licensed Material:

i. identification of the creator(s) of the Licensed Material and any others designated to receive
attribution, in any reasonable manner requested by the Licensor (including by pseudonym if designated);

ii. a copyright notice;

iii. a notice that refers to this Public License;

iv. a notice that refers to the disclaimer of warranties;

v. a URI or hyperlink to the Licensed Material to the extent reasonably practicable;
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or hyperlink to, this Public License.
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recipients of the Adapted Material from complying with this Public License.

Section 4 — Sui Generis Database Rights

Where the Licensed Rights include Sui Generis Database Rights that apply to Your use of the Licensed
Material:

a. for the avoidance of doubt, Section 2(a)(1) grants You the right to extract, reuse, reproduce, and Share
all or a substantial portion of the contents of the database;

b. if You include all or a substantial portion of the database contents in a database in which You have Sui
Generis Database Rights, then the database in which You have Sui Generis Database Rights (but not its
individual contents) is Adapted Material; and

c. You must comply with the conditions in Section 3(a) if You Share all or a substantial portion of the
contents of the database.

For the avoidance of doubt, this Section 4 supplements and does not replace Your obligations under this
Public License where the Licensed Rights include other Copyright and Similar Rights.

Section 5 — Disclaimer of Warranties and Limitation of Liability

a. Unless otherwise separately undertaken by the Licensor, to the extent possible, the Licensor offers
the Licensed Material as-is and as-available, and makes no representations or warranties of any kind
concerning the Licensed Material, whether express, implied, statutory, or other. This includes, without
limitation, warranties of title, merchantability, fitness for a particular purpose, non-infringement,
absence of latent or other defects, accuracy, or the presence or absence of errors, whether or not
known or discoverable. Where disclaimers of warranties are not allowed in full or in part, this
disclaimer may not apply to You.

b. To the extent possible, in no event will the Licensor be liable to You on any legal theory (including,
without limitation, negligence) or otherwise for any direct, special, indirect, incidental, consequential,
punitive, exemplary, or other losses, costs, expenses, or damages arising out of this Public License or
use of the Licensed Material, even if the Licensor has been advised of the possibility of such losses,
costs, expenses, or damages. Where a limitation of liability is not allowed in full or in part, this
limitation may not apply to You.

c. The disclaimer of warranties and limitation of liability provided above shall be interpreted in a manner
that, to the extent possible, most closely approximates an absolute disclaimer and waiver of all liability.

Section 6 — Term and Termination

a. This Public License applies for the term of the Copyright and Similar Rights licensed here. However, if
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