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Overview of the Thesis

This Ph. D. thesis covers computational investigations on polyoxometalates (POMs),
which are polynuclear metal oxide clusters formed by early transition metal ions, such as
W, Mo or V in their highest oxidation state. Specifically, the research works discussed in
this thesis are related to the application of POMs in three different fields of current
interest that are biochemistry, energy storage and sustainable catalysis. These areas of
POM chemistry along with the computational techniques used in POM modeling are
reviewed in Chapter 1. Then, Chapter 2 describes the general and the specific aims of the
Ph. D. thesis.

During the last decades, POMs have shown potential application in the fields of
biochemistry and medicine, including in vitro and in vivo anticancer, antiviral and
antibacterial activity. Also, within the framework of protein crystallography, POMs have
been widely used for phasing or as crystallization additives. Directly related to this thesis,
the group of Prof. Parac—Vogt demonstrated the hydrolytic activity of POM structures
incorporating a Lewis acid ion such as Zr'", Ce" or HfV towards dipeptides and
oligopeptides, and more importantly, towards peptide bonds in a wide range of proteins in
a highly selective manner. Despite the fact that the biological activity of POMs has been
experimentally studied for decades, an atomistic description of the interactions between

POMs and proteins and the physicochemical foundations governing them is still lacking.

Initially in Chapter 3, we performed atomistic Molecular Dynamics (MD) simulations
with explicit solvent molecules to characterize the interactions between POMs and
proteins at atomistic label. We used the experimentally tested case of hen egg—white
lysozyme (HEWL), which is selectively hydrolyzed in the presence of Zr-substituted
POMs at two peptide bonds located between Trp28 and Val29 and between Asn44 and
Arg4$, labeled as site I and site II, respectively. Simulations revealed that anionic POMs
interact in solution with positively charged patches on the protein surface. These
interactions mainly involve electrostatic interactions and hydrogen bonds with positively
charged and polar amino acids such as arginine, lysine, threonine, tyrosine and so forth,
although water-mediated contacts with these amino acids were also observed. In addition,
we identified two positively charged regions were POMs interact persistently that could be
related with the observed selectivity in the peptide bond hydrolysis, as they are located
close to the cleavage sites or involve amino acids belonging to the cleavage sites

themselves.

Xiii
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The comparison between different POM structures suggested that the affinity of POMs
to proteins is highly sensitive to the structure of the polyoxoanion, as previously noted by
several authors on the basis of experimental results. Nevertheless, clear structure—activity
relationships are still missing, likely due to the difficulty of modifying a single parameter of
the POM structure experimentally without affecting others. Aiming to understand how
different structural parameters of POMs influence their affinity to biological systems, we
carried out in Chapter 4 a systematic MD study with series of POMs whereby the charge
density and the size and shape of the POM are modified systematically, keeping constant
the other ones. This study revealed that the affinity to proteins follows a quadratic
dependence on the POM charge due to the shift from chaotropic (water—structure—
breaking) to kosmotropic (water—structure—forming) behavior of POMs in solution as
increasing the charge density at their surface. Thus, anions bearing low charges do not
provide strong enough POM.-protein interactions to allow persistent contacts, while
those bearing too high charges present sub—optimal interactions due to their high affinity
to the solvent. This intricate interplay of forces indicates that optimal binding requires a
moderate charge density of the POM to balance the strength of the interactions with the
protein and with the solvent. In addition, cationic pockets of HEWL were found to be
size—specific for Keggin-type anions, which exhibited the highest affinity to the protein.
Smaller structures cannot take benefit from cooperative effects with several interacting
amino acids, whereas bigger clusters leave a too large POM surface exposed to the solvent
during their interactions with the protein, both features being detrimental for the
persistence of POM...protein interactions. Furthermore, we built a quantitative
multivariate mathematical model for protein affinity with predictive ability (+* = 0.97; ¢* =
0.88) using two molecular descriptors that account for the charge density (charge per
metal ratio; g/M) and the size and shape (novel shape weighted-volume descriptor; V).
As a response variable we used the % time binding obtained from MD simulations with 13
POM structures. The use of normalized descriptors allowed us to conclude that the charge
density influences the interactions of POMs with biological systems in a larger extent than

their size or shape.

Chapter S is divided in two main sections that are devoted to study two different
reactions of POM:s towards biological systems: the selective hydrolysis of peptide bonds in
proteins catalyzed by Zr—substituted POMs and the disulfide bridge reduction promoted
by reduced POM clusters. Part of these projects was carried out during a nearly 4-months
stay at the University of Nottingham (U.K.) under the supervision of Prof. J. D. Hirst.
Initially, we studied the mechanism responsible for the hydrolysis of the Asn44—Arg4S$

Xiv
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peptide bond in HEWL protein (site I, introduced in Chapter 3) promoted by a Zr-
monosubstituted Lindqvist anion and using a cluster model. This consists of four main
steps: i) the coordination of the Zr center to the amide oxygen to polarize the peptide
bond; ii) the nucleophilic attack to the amide carbon of either the Zr—OH ligand or an
external water molecule assisted by the Zr-hydroxo group acting as a Bronsted base; iii)
the protonation of the amide nitrogen and iv) the cleavage of the C—N bond. According
to the uphill nature of the computed free—energy profile, the reaction rate is given by the
energy cost of reaching the transition state for the C—N cleavage from the reactants.
Importantly, the height of the overall barrier is highly sensitive to the protein
conformation and for this reason; we averaged the barrier over the protein conformation.
The average barrier lies within the range of values obtained from experimental rate
constants, supporting the mechanistic proposal. However, the overall barrier does not
show significant differences between the experimentally hydrolyzed site I and other non-
reactive peptide bonds of the same nature, thus, being unable to explain the experimental
selectivity. Conversely, constrained MD simulations to analyze the coordination process
of the POM to several sites of the protein revealed that unlike other sites, site II is
surrounded by an array of positively charged and polar amino acids that can interact
strongly with the anionic POM during its approach to the peptide bond. These specific
interactions can trap the POM through an enzyme-like recognition that might shift the
energy profile down and compensate to some extent the energy penalty associated to the
reorganization of the POM to coordinate the amide oxygen and thus, explaining the faster

reaction kinetics compared to other sites.

Also in Chapter S, we analyzed the reduction of the disulfide bridge in angiotensinogen
protein (AGT) promoted by reduced POMs, which finds application as a new method for
the clinical diagnosis of preeclampsia. The experimental groups of Dr. Newton and Dr.
Mitchel based in the University of Nottingham (U.K.) found that the one-electron
reduced [PW1,04]* can promote the reductive cleavage of the S—S bond in
5,5’—dithiobis—(2-nitrobenzoic acid), DTNB, used as a model substrate of a disulfide
bond. Using DFT methods and the Marcus theory of the electron transfer, we
characterized the reaction mechanism, which involves an initial single electron transfer
(SET) process from a reduced POM to the organic substrate as a key step that provokes
the S—S cleavage. Then, the reaction is accomplished after another SET from a second
POM. For dicysteine-based oligopeptides with higher kinetic stability, the reduction
requires the use of POMs with stronger reductant power than [PW1,04]*. Finally, we
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evaluated by means of DFT and MD simulations the reduction of AGT, which is predicted

to be feasible with the one electron-reduced metatungstate anion, [HyW1,040]"".

Moving apart from biological systems, Chapter 6 concerns the ability of the archetypal
Wells-Dawson anion, [P,W1506]%, to be electrochemically reduced in aqueous solution
with up to 18 electrons under certain conditions: low pH, lithium counter cations and
high POM concentration (100 mM). These findings were reported by the group of
Cronin and importantly, they differ from the classical redox behavior of this anion that
only allows to charge this cluster with up to four or six electrons, depending on the pH.
DFT calculations and classical and ab initio MD simulations indicate that upon reduction,
POMs become charged enough to associate protons from the medium and to remove the
solvation shell out of Li* counter cations. This permits the formation of cation-mediated
agglomerates that stabilize the virtual molecular orbitals of POM clusters in about 400
mV, allowing thus, the super-reduction of POMs beyond their previously known limits.
Furthermore, our calculations suggest that the super—reduced structures with 18 electrons
have a number of associated protons close to 17 distributed over the bridging and terminal
oxygen centers and a complex electronic structure that consists in an open-shell singlet in
which the 18 electrons are unpaired but antiferromagnetically coupled. Nevertheless,
other electronic structures with triplet and quintet character were located very close in
energy, suggesting a strong multi—configurational character for this system. Notably,
super-reduced anions also form agglomerates in solution that confers them metastable
character and causes their energy levels to be in fairly good agreement with the

experimental range of potential in which the whole super—reduction process occurs.

Finally, Chapter 7 includes computational studies on a series of NbY~, Ti"~ and Zr"V~
containing POMs to make a step forward towards understanding their role as selective
oxidation catalysts. Transition metal-substituted POMs represent tractable molecular
models of single—site heterogeneous catalysts, which have been extensively used in the last
decades for the epoxidation of alkenes with hydrogen peroxide as environmentally—
friendly oxidant that gives water as sole byproduct. In collaboration with the experimental
groups of Kholdeeva and Errington, we studied the mechanism governing the alkene
epoxidation catalyzed by NbV-substituted Lindqvist anions, and compared their reactivity
with that of their Ti'V—containing counterparts. As previously reported for other Ti"-
substituted POMs, the overall process proceeds in two main steps: the heterolytic
activation of H,O, by the Nb-hydroxo (NbOH) species to generate a protonated Nb-

peroxo (NbOO) complex and a water molecule; and the electrophilic O-transfer from the
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Nb-hydroperoxo (NbOOH) complex, which is in equilibrium with the more stable
peroxo, to the double bond of the alkene. The oxygen—transfer was identified as the rate—
determining step of the process, which accounts for a moderate free—energy barrier of ca.
26 kcal mol™. The presence of protons was found to be crucial for reactivity, since it favors
the activation of H,0O,, increases the electrophilicity of the catalyst and permits the O-
transfer step to occur from the Nb-OOH through a smoother free—energy barrier than
from the peroxo complex. With the gained knowledge, we compared the performance of
Nb"-Lindqvist catalysts with Ti''—containing ones. Upon replacing Ti by Nb, the overall
charge of the catalyst decreases from 3— to 2— due to the higher oxidation state of Nb. This
fact has a positive influence on reactivity because it makes the hydroperoxo fragment more
electrophilic, what favors the O-transfer step, in line with the higher conversions obtained
experimentally for Nb complexes. Also, although the nonprotonated O, of the
hydroperoxide moiety is the most electrophilic one, the transfer of the Oy is favored in the
Ti catalyst since Ti", with a smaller radius than NbY, is more reluctant to increase its
coordination sphere. It is also worth noting that despite the fact that the rate of the O-
transfer step increases with the electrophilicity of the catalyst, if the catalyst is not basic
enough to have associated protons, it can become less active towards alkene epoxidation.
Thus, an optimal catalyst might need to balance its charge density in order to be basic
enough to allow protonation but not too much in order to be able to transfer an

electrophilic oxygen to the double bond of the substrate.

We also conducted a theoretical analysis of another Ti-based catalyst consisting in a
hybrid tris-silanol-decorated trilacunary polyoxotungstate that accommodates the Ti
center in a tetrahedral environment provided by the silanol groups. Interestingly, this
system was experimentally found to catalyze the selective epoxidation of allylic alcohols at
room temperature. DFT calculations showed that the lability of the Ti—OSi bonds allow
the coordination of both the substrate and the oxidant to the metal center causing a partial
detachment of the Ti center from the catalyst structure. This allows the O-transfer to
proceed through an inner—sphere mechanism, which is less energy demanding than the
outer-sphere pathway proposed for non—functionalized alkenes due to the enhanced
flexibility around the Ti center, explaining the observed selectivity and further validating

the mechanistic proposal.

Finally, we describe part of an ongoing project related to the computational
characterization of the mechanism for the main side-reaction of alkene epoxidation, that

is, the unproductive decomposition of hydrogen peroxide. Preliminary results suggest that

xvii



UNIVERSITAT ROVIRA I VIRGILI

NEW HORIZONS IN COMPUTATIONAL MODELING OF POLYOXOMETALATES:
BIOLOGICAL ACTIVITY, ENERGY STORAGE AND SUSTAINABLE CATALYSIS.
Albert Solé Daura

the metal-peroxo complex can promote the heterolytic cleavage of another molecule of of
H,0; to form H,O and a TM-trioxidane (TM-OOOH) complex, which can evolve
towards the formation of singlet oxygen, explaining the formation of the main side
products. Interestingly, since the TM-OO group is acting as a nucleophile in this
mechanism, the increased electrophilicity of the catalyst upon replacing Ti" by Nb¥ would
favor the electrophilic O-transfer to the alkene, but also hamper the H,O, decomposition,
explaining the higher selectivity towards the epoxide product observed experimentally for

Nb. The main conclusions of this Ph. D. thesis are summarized in Chapter 8.
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CHAPTER 1

Polyoxometalates: Structure, Applications and Computational
Modeling

This introductory chapter is aimed to discover the polyoxometalate chemistry to a
non—specialized reader, who will find in the following pages some basic concepts about the
molecular and electronic structure of polyoxometalates, as well as their main applications within
the fields discussed in this doctoral thesis. Furthermore, a brief overview of the computational
modeling of polyoxometalates is found at the end of this chapter, meant to look back into the

achievements reached in the past to move on towards more ambitious goals.

1.1 What are Polyoxometalates?

Polyoxometalates (POMs for short) constitute a wide family of well-defined
polynuclear metal oxide clusters of nanometric size that are usually built up from early
transition—metal atoms such as W, Mo, V or Nb in their highest oxidation state."” Within
POM structures, metals ions are found in a distorted octahedral environment and linked
to each other through bridging oxo ligands forming edge—sharing (u—0O), and
corner—sharing (u—O) patterns (see Figure 1.1). Nevertheless, other metal environments
such as square or pentagonal pyramid have been also reported for V and Mo, respectively;
especially in mixed—valent compounds where the metals are not found in their highest
oxidation state.>* Some POM species also incorporate other p— and less commonly
d-block atoms, namely heteroatoms, as shown below. This feature divides the variety of
POM structures into two main sub—groups: isopolyanions that do not encapsulate

heteroatoms; and heteropolyanions, which include a heteroatom in their structure.

> A

{MOg} edge-sharing corner-sharing

Figure 1.1 | Main POM building blocks and coordination patterns.
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Some of the most representative structures are shown in Figure 1.2 and include from
the smallest to the bulkiest, the [WsO15]*" Lindqvist—, the [PW1,04]* Keggin—, the
[P,W1506:]¢ Wells—Dawson— and the [NaPsW3,0110)'*" Preyssler—type anions. In these
examples, the encapsulated heteroatom consists on a PV, although other structures
containing Si", Ge", AI'"" among others are also common. Besides these examples, other
structures such as the Anderson—Evans [XMsO14]™ (X = heteroatom), the decavanadate
[V10025]%" anion or giant Mo clusters known as Keplerates have been largely employed in

molecular nanoscience.

1.5nm

1.0 nm
0.8 nm

[WeO4o]* [PW,,0,40]* [P,W,506,1* [NaPsW3,0440]"
Lindqvist Keggin Wells-Dawson Preyssler

Figure 1.2 | Polyhedral representation of the most popular POM structures.

In POM synthesis, the formation of one structure or another strongly depends on
experimental conditions such as the pH, the nature of the counter cation, the presence of
additional salts, etc. Therefore, they represent highly tunable scaffolds, which properties
can be readily tailored during the synthetic procedure. In general, POMs exhibit high
solubility in water, although they can also be soluble in polar organic solvents such as
acetonitrile upon replacing their alkali metal counter cations by organic ones, usually of
alkyl-ammonium nature. Besides, they are highly stable in harsh conditions, including
high temperatures or oxidative and hydrolytic conditions. Furthermore, POMs display an
interesting redox behavior that allows them to accept a large number of electrons in a
reversible manner within a usually narrow range of potential. Owing all these properties,
POMs have been extensively used in material science for the construction of novel devices
and nano-composites.”® Moreover, the removal of one addenda ion from their plenary

structure results in a highly charged monolacunary species that can be seen as a
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polydentate anionic ligand that can accommodate another transition metal. This feature

confers POMs a wide applicability in catalysis.”

More recently, the preparation of more sophisticated hybrid organic—inorganic
structures as those shown in Figure 1.3 has been reported. In particular, the group of Prof.
Proust has authored many contributions concerning the preparation and application of
this kind of hybrid structures. Hybrid organic—inorganic POM:s are usually synthesized
from lacunary POMs that miss one or more addenda ions. This feature allows them to
react with organic fragments via condensation reactions.® Hybrid structures can be also
obtained from monolacunary structures acting as a chelating ligand of an organometallic
complex (see Figure 1.3B).” The POM functionalization can be used either to immobilize
POMs on surfaces as represented in Figure 1.3C or to modulate their supramolecular
properties with the aim of controlling their behavior in solution.'® Also, functionalization
with chromophore groups can serve to improve the quantum yield and the catalytic
activity of POM:s participating in photochemical processes.!' Moreover, hybrid POMs also
find application in biochemistry, since the functionalization with organic moieties
enhances the cell penetrability and reduces their cytotoxicity (vide infra)."

5 .
QG @ﬁs ©T4 O =

IBu\S'i Si_ si—Bu
o
HN
H H
*f ;>1—\ "

Figure 1.3 | (A) and (B) Different types of hybrid POM structures. (C) Schematic immobilization of a
hybrid POM onto n—silicon wafers. All figures were taken from ref. 8.

A detailed historical overview of POMs has been reported elsewhere.”*"'> Nonetheless,
the following lines attempt to collect the main historical highlights in a brief summary. The
first scientific paper concerning POMs was published in 1778 by the Swedish Pomeranian
chemist Carl Wilhelm Scheele.'® He performed the pioneer studies of the molybdenum
blue (also called blue water) found in several springs in The United States of America.
Notably, he attributed the blue coloration of the solution obtained from oxidation of MoS,
to the formation of reduced molybdenum oxides. Three decades later, Berzelius reported
the synthesis of the phosphorus—containing dodecamolybdate [PMo01,040)*" upon mixing
(NH4):[MoO,] with an excess of H,PO,,"” and forty years later, Galissard de Marignac
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confirmed the 12:1 stoichiometry of the metal:heteroatom composition in the heteropoly
compound.’® Despite the fact that POMs were extensively used with analytical purposes in
the following years, it was not until 1908 when Miolati and Pizzighelli and then, Pauling in
1929, reported the first insights into the molecular composition of these structures.'**
They identified the metals to be in a hexacoordinated environment and hypothesized that
the MOs octahedral units were connected via corner—sharing oxygens (see Figure 1.4).
However, the presence of edge—sharing patterns was not revealed until 1933, when James
Farger Keggin elucidated the X-ray structure of the silicotungstate anion H4[SiW1,040]-6
H,O, which received his name.” These findings prompted the proposal and elucidation of
several other POM structures by Wells, Anderson, Evans and Dawson in the following

years.*

(B)

Figure 1.4 | (A) Polyhedral representation of the model for the Keggin anion proposed by Pauling; (B)
Photograph of Dr. J. F. Keggin. Both figures were taken from ref. 15.

During the 20" century, many more structures were characterized with the help of
modern and more accurate spectroscopic and analytical techniques and in 1983, Pope
compiled all the knowledge gained in this field in a book entitled “Heteropoly and isopoly
oxometalates”.! Later on, in 1991, Pope and Miiller published the most recent
achievements in a review paper” that was followed by an exponential growth of the
number of scientific publications related to POMs.** This rapid increase of popularity is
reflected in a special issue'* devoted to POM chemistry edited by Craig L. Hill in 1998 and
in the vast number of reviews that came out in the following twenty years.>”***"% In the
next sections, we review the most relevant applications of POM:s within the context of this

thesis.
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1.2 The use of POMs in Biochemistry and Biomedicine.

One of the most emerging fields regarding the chemistry of POMs is their application
for biochemical and biomedical purposes. Specifically, Chapters 3—5 of this thesis deal
with the application of POMs within these fields. The first bio—related properties that
POMs were found to possess are antiviral and antitumoral activity, which were identified
in the early 1970s along with antibiotic activity, proven some years later. More recently,
the application of POMs extended to protein crystallography, protein inhibition,
enzymatic catalysis mimetic, bio—imaging and so forth. These studies have given raise to
hundreds of publications collected in several reviews and book chapters.>?%2%3136% In this
section, we summarized the most significant findings, paying special attention to those
directly related to this thesis.

1.2.1. Enzyme inhibition and disease treatment.

POMs have shown ability to inhibit a vast variety of enzymes with different
functionalities, including kinases, phosphatases, proteases, etc.*’ For this reason, they have
been attributed potential applicability in the treatment of several diseases in which these
kinds of enzymes participate. As a remarkable example, the inhibition of DNA and
RNA-related enzymes such as protein kinases could be used for cancer treatment.*!
Reviewing this literature, one may note that there are some structures that are described as
the most potent inhibitors in several contributions. For instance, the decavanadate anion
[V1002]% (shown in Figure 1.5) represents a potent inhibitor of hexokinase and
phosphofructokinase at micromolar concentrations,* but it also provides high inhibition
of several phosphatases and nucleases.” Thus, although [V10025]¢ is indeed a powerful
inhibitor, it has the disadvantage of being poorly selective. Another potential inhibitor of
several enzymes is the metatungstate anion [H;W1,040], which is especially effective
against nucleotidases and cholinesterases.*® Besides these structures, the classical
Wells—Dawson, Preyssler and Anderson structures as well as more complex Nb— and

Ti-substituted heteropolyanions also led to significant enzyme inhibition.*

Before targeting all the aforementioned enzymes, biological studies with POMs were
already performed to investigate their performance as antiviral, antibacterial and
antitumoral agents. However, it is worth mentioning that they can bind to many different
enzymes before moving to larger systems such as viruses or bacteria, since their mode of

action against them usually involves enzyme—inhibition processes. Figure 1.5 collects
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some selected POM structures with important biological activity. Regarding their antiviral
activity, POMs have efficiently performed against human immunodeficiency virus
(HIV-1), herpes type 1 and 2 viruses (HSV-1 and HSV-2), respiratory syncytial virus
(RSV), among others.?"**** Most of the POM structures displaying antiviral activity
consist in polyoxotungstate frameworks substituted with Ti and Nb, similarly to those
used for enzyme inhibition (Figure 1.5). Related to this fact, Yamase et al. stated that the
antiviral activity of POMs is influenced by their ability to penetrate cell membranes and
their localization inside the cell.* Thus, one may think that their mechanism of action
involves binding to enzymes or proteins that are related to the virus—cell interaction, and
specifically, Fisher et al. proposed that POMs bind to DNA polymerase interrupting the
virus replication.*® Notably, the antiviral activity against HIV-1 of the
B—B-[NaSboW,10ss]'®" tungsto—antimoniate, namely HPA-23, was clinically tested,
although the study was suspended due to high cytotoxicity produced by this complex.”
Later on, the di-titanium—containing phosphotungstate [Ti,PW10O40]’~ anion showed
higher inhibition activity towards HIV-1 than HPA-23 in addition to lower cytotoxicity.*

eweb

[M,PW,0040]™ [V10025]% [Mo;0,,] [P,Mo,50¢,]®
(M = Ti, Nb)
antiviral antibacterial antitumor
antibacterial antitumor

Figure 1.5 | Selected examples of POM structures exhibiting biological activity against bacteria, viruses
or tumors.

Promising results concerning the use of POM:s as antibacterial agents has been achieved
against both gram—positive and gram—negative bacteria in two different strategies that are
the direct application of POMs and the application in cooperation with other antibiotics
such as f-lactam.**** The highest synergistic effects with f—lactam were achieved with
several polyoxotungstates, while in the direct application, polyoxovanadates exhibited
higher activity than tungstates or molybdates towards gram—positive bacteria whereas

tungstate anions containing Sb", As™ or VV ions were the most active towards
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gram-negative ones.* Besides, hybrid POMs,* as well as POM-based nanocomposites,
including POM-decorated metal nanoparticles have also shown efficient antibacterial
activity.* Some efforts to understand the origin of POM antibacterial activity were done
by Sakamoto et al. They studied the interaction of [SiW1,04]* with a model microbial
membrane, and observed that deposition of POMs over the surface induces the formation
of POM-lipid nano—assemblies that leave pores in the bacterial membrane.* These pores
are supposed to be detrimental for the membrane functionality, what may be related with
the death of bacteria upon interaction with POMs. Nevertheless, other studies point
towards the penetration of POMs into the cell to inhibit RNA-related enzymes to
suppress the transcription process from genes to messenger RNA (mRNA);*® and
organoantimony—containing POMs were found to block the peptidoglycan production to
cause the death of the bacteria.” Thus, as recognized by Rompel and co—workers in a
recent review, * there are several putative modes of action, which strongly depend on the
nature of the employed POM.

Another interesting feature of POM:s is their anti—tumor activity. For example, several
Keggin—, Wells—Dawson— and Anderson—type polyoxotungstates, as well as decavanadate
and octamolybdate anions can bind the fibroblast growth factor (bFGF) to inhibit tumor
growth via angiogenesis suppression.’’ Other POM structures including the [Mo070,4]%
and [P,Mo0150e2]¢” polyoxomolybdates or the Co"— and Sb™-containing trimeric Keggin
structure {CoSbsO4(H,0);[Co(hmta)SbW;03;]3}"5” (htma = hexamethylenetetramine)
also showed anticancer activity against murine mammary, Meth A sarcoma,
adenocarcinoma or ovarian cancer cells.”® Furthermore, polyoxovanadates such as
[V10025]¢ or [V1s04(H20)]"* also showed excellent anticancer activity against a variety
of cancer cell lines.> The mechanisms of action chiefly include the induction of cell
apoptosis, weak interactions with DNA or the blocking of angiogenesis or ATP generation
through interactions with proteins involved in these processes, such as bFGF, protein
kinase CK2, NTPDasel and so forth.****> As done for boosting the biological activity of
POM:s as antiviral and antibacterial agents, the preparation of hybrid structures and
POM-—grafted nanoparticles was also exploited as a strategy to improve their anticancer
activity.** Figure 1.6 shows a representative example reported by She et al.** of

glioblastoma inhibition via apoptosis induced by a hybrid POM structure.
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Figure 1.6 | Schematic mechanism of action for glioblastoma inhibition by hybrid organic—inorganic
POM. Reproduced from ref. 12c.

There are also some studies that evince the ability of POMs to act as anti—amyloid
agents for Alzheimer’s disease (AD) treatment. AD is presumably caused by the
aggregation of amyloid f—oligomers (Ap) to form fibrils that can accumulate as plaques in
the neural tissue.®® Qu and co—workers reported that a series of polyoxotungstates of
Keggin and Wells—Dawson structure can bind A oligomers to inhibit their aggregation.*
Among the tested structures, the most effective anti-amyloid agent was the
Ni-substituted Wells—Dawson [NiP;W;;0¢:]®" anion, while both plenary and lacunary
Keggin structures were less active and the tested polyoxomolybdates resulted inactive.
The [NiP;W1;06]* cluster was found to bind the positively charged region in A
comprised between His13 and Lys16, which contains two histidine residues that can act as
chelating ligands for a metal-substituted POM. Other polyoxotungstates such as the
metatungstate and the Preyssler—type anion and several Keplerate—type molybdate
clusters also showed the ability to interact with AP oligomers to disallow their
aggregation.’” More recent works have made use of POM conjugates with amino acids to
form nanospheres or POM—decorated gold nanoparticles and nanorods to improve the
performance of POMs as anti—amyloid agents.*® Very recently, the efficient inhibition of
AP has been achieved using hybrid POMs functionalized with enantiomerically pure
amino acids such as D—phenylalanine.”
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Although POMs constitute a family of potential inorganic drugs, there are two main
drawbacks for their practical application in vivo that are their high cytotoxicity and poor
selectivity. To overcome these issues, current efforts are focused on the development of

less cytotoxic and more selective hybrid organic—inorganic POM-based drugs."

1.2.2. Protein crystallography.

Gaining knowledge on the molecular 3D structure of proteins is crucial for
understanding the biochemical processes in which proteins participate, but also for the
rational design of selective drugs to inhibit their biological activity leading to any kind of
pathology. One of the main limitations of X-ray protein crystallography is the so—called
phase problem. This problem arises from the fact that the light detectors used in this
technique can only measure the intensity of the light that reaches them and therefore, the
structural information provided by the phase of the light waves is systematically lost.° One
of the most common strategies to overcome this problem is the Multiple Isomorphous
Replacement (MIR) method, which is based on incorporating heavy metal atoms into the
protein structure to be crystallized to act as anomalous X-ray scatterers. Due to the large
number of metals atoms in their structures, POMs are suitable candidates to be used for
phasing.?*”%% In fact, Yonath and co-workers were able to determine the crystal
structure of the ribosome subunits soaking the crystal with [P,Wi506]% anions as
“super—heavy atoms” that were found to improve the diffraction power."" Notably, this
work was awarded with the Nobel Prize for Chemistry in 2009. In addition, X-ray
structures revealed that POMs were tightly attached to the ribosome surface as shown
Figure 1.7, suggesting that besides their role as a phasing tool, POMs could be used as
crystallization additives to facilitate the crystallization of proteins. Related to this, POMs
were found to rigidify flexible regions of protein bodies to enable their structural

determination via X—ray diffraction.”>!
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Figure 1.7 | Crystal structure of the 30S small ribosome subunit. Ribosome fragment is represented as a
green surface while the brownish helix represents rRNA. The Wells—Dawson anions found in the X-ray
structure are represented in spheres (PDB ID: 1194).6'¢

Later on, other authors reported the use of POMs as crystallization additives.
Parac—Vogt and co—workers were able to crystallize hen egg—white lysozyme (HEWL)
with several TM—-substituted POMs,” aiming to gain knowledge on their role as selective
artificial proteases (vide infra). Regardless the POM structure or the nature of the
embedded metal ion, the different POMs were located at the same regions in the X-ray
structure, as shown in Figure 1.8, which correspond to positively charged patches on the
protein surface. Aside from non-bonding interactions, a co—crystal of HEWL with a
Zr—substituted Keggin anion showed a direct bond between the Zr center and the amide
oxygen atom of the Asn6S side chain.®® In recent years, Rompel et al. compiled the
available data on the use of POMs in protein crystallography in several reviews,
highlighting the superior performance of the Anderson-Evans tungstotellurate
[TeWsO24]% as crystallization additive compared to other POMs.?*** This anion was
found to suffer internal rearrangements to fit positively charged clefts in protein crystals,
even forming covalent bonds with carboxylate—containing amino acids. In addition, its
disc—like shape allows intermolecular interactions within the crystal that favors the
formation of POM-mediated protein dimers and consequently, enhances the crystal
packing and stability (Figure 1.9). Using [TeW¢O24]¢, Rompel and colleagues reported
for the first time the molecular structure of the mushroom tyrosinase from Agaricus
bisporus (abPPO4) and aurone synthase from Coreopsis grandiflora (cgAUS1).® Also,
HEWL was co—crystalized with this anion in a previously unknown crystal form.®® Very
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recently and during the preparation of this thesis, a new contribution came out describing
the crystallization of proteinase K with different TM—substituted Keggin anions (TM =
Co", Ni", Cu" and Zn") as crystallization additives.”” Interestingly, Co"- and
Ni"-containing complexes became involved in covalent contacts with the carboxylate
group in the side chain of Asp207. Besides, [a—PW1;03TM]°" anions exhibit one single
TM—OOC covalent bond, whereas two bonds were detected for the [[3—SiW11039TM]6‘
scaffold, involving both the TM and a neighboring W atom.

‘AIWI'

Figure 1.8 | (A) Crystal structure of four units of HEWL protein (displayed in different colors)
surrounding a Zr—substituted Keggin anion, [ZrPW;;035]*". (B) and (C) Closer look to the three
identified binding sites of HEWL for Zr—substituted Keggin and Hf-substituted Wells—Dawson anions,
respectively. Adapted from ref. 62.

It is also worth mentioning that the formation of some POM structures has only been
observed in co—crystals with proteins, since they are not stable in the absence of covalent
linkages with amino acids from the protein. The most representative example is the
molybdenum storage protein (MoSto), which can retain up to 100 Mo or W atoms from

inorganic salts forming protein—stabilized clusters such as the {MosOs¢} cluster covalently
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connected to a glutamate and a histidine residue or the {W3010} cluster stabilized by

coordination to three histidine nitrogen atoms.*

next protein layer

stacking

1x2x1
supercell

next protein layer

Figure 1.9 | Crystal packing of abPPO4 protein co—crystalized with [ TeWs0,4]%". The supercell shows
how [TeWs024]° anions promote the arrangement of proteins in a layered fashion that enhances the
crystal packing. Obtained from ref. 29.

1.2.3. Artificial metalloenzymes

More related to this thesis is the application of POMs as artificial metalloproteases. The
group of Parac—Vogt initially reported the hydrolysis of peptide bonds in dipeptides by the
monometallic oxomolybdate® and then, a series of TM-substituted POMs were
synthesized and tested in the hydrolysis of small dipeptides.”” Among the tested metals,
only Zr"V—, Ce"V— and Hf"V—substituted POMs showed hydrolytic activity towards peptide
bonds. Since then, several Zr"V-containing POM structures were successfully applied to
the hydrolysis of a number of dipeptides and oligopeptides in mild conditions’* and more
importantly, to the selective hydrolysis of a wide range of proteins.”> These results are
indeed of paramount interest, since the selective peptide bond hydrolysis in proteins could
serve to meet the demand of specific peptide sequences required for protein engineering
and proteomics. Interestingly, different patterns of hydrolyzed sites were observed when

moving from one protein to another. For instance, HHM is selectively hydrolyzed in the
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presence of metal substituted POMs only at peptide bonds adjacent to an aspartate
residue (Asp—X).”>* However, the hydrolysis of HSA in the presence of POM-based
proteases let to a different selectivity, since it occurs at four chemically disparate cleavage
sites: Cys392-Glu393, Ala257-Asp258, Lys313—-Asp314 and Argll4-LeullS.” A
similar behavior was observed for HEWL, which is only hydrolyzed by TM—-POMs at two
peptide bonds and none of them contain an aspartate residue: Trp28-Val29 and
Asn44-Arg4$S (Figure 1.10).”* Conversely, HEWL is selectively hydrolyzed at Asp—X

sites in the presence of oxomolybdate,”

suggesting that embedding the hydrolytically

active metal ion in a POM framework can modulate the selectivity.

A°C 5 g + @'
o g
<Pt

Figure 1.10 | Schematic representation of the selective peptide bond hydrolysis in HEWL promoted by
the Ce'V—substituted Keggin dimer [ Ce(PW,,035),]'*". Obtained from ref. 72a.

Although the reasons for the reported selectivity are not fully understood, it was
observed that the cleavage bonds in the protein structures were in all cases located at the
vicinity of positively charged patches on the protein surface. In addition, several
POM-protein co—crystals were obtained using HEWL,” which showed that the
hydrolytically active POM complexes bind these positively charged regions nearby the
cleavage sites in the solid state (first and second binding sites in Figure 1.8B and C). The
most recent works in this field describe the selective hydrolysis of proteins by TM—POMs
in the presence of surfactants, which can be used to modulate the cleavage sites, most
likely due to the alteration of the protein structure upon interaction with surfactants.”
During the preparation of this thesis, a new work from the Parac—Vogt group came out
reporting the selective hydrolysis of Hemoglobin (Hb) at Asp—X sites by Zr-POMSs.”
This work was accompanied by docking studies that identified four positively charged
binding sites on Hb surface nearby the hydrolyzed sites, as found previously for other
proteins.”” Furthermore, a DFT exploration of the reaction mechanism revealed that

hydrolysis kinetics of Asp—X bonds is faster than those corresponding to X—Asp, X—
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Glu and Glu—X bonds, explaining the preference of Zr—POM:s to react with Asp—X sites

over other carboxylate—containing ones.”

The hydrolysis process has been proposed to involve an initial coordination of the
hydrolytically active metal ion to the amide oxygen atom of the peptide bond. This
coordination polarizes carbonyl group, owing the Lewis acid nature of these metal ions
and renders the carbon atom more susceptible to suffer a nucleophilic attack. Parac—Vogt,
Pierloot and co—workers analyzed by means of DFT the mechanism responsible for the
hydrolysis of dipeptides catalyzed by a tetrazirconium—containing sandwich POM. In this
case, the most likely mechanism involves the nucleophilic attack of a solvent water
molecule to the carbon of the peptide bond assisted by the carboxylate group of the
C-terminus end acting as a Bronsted base.”'c A few years later, a QM/MM study on the
hydrolysis of HSA showed that the nucleophilic attack of the hydroxo ligand of the Zr ion
is slightly more favorable than the outer—sphere attack of an external water molecule
assisted by the Zr—OH group as Bronsted base.” Note that when the hydrolyzed
dipeptide is embedded in the protein main chain, the carboxylate group assisting the
outer—sphere nucleophilic attack in the hydrolysis of dipeptides is no longer available,
unless the hydrolysis occurs at the end of the protein chain. According to the calculated
mechanism, the nucleophilic attack is followed by the protonation of the amide nitrogen,
which induces the C—N bond cleavage. In dipeptides, the initial nucleophilic attack was
found to be the rate—determining step,”'* while in HSA protein, the TS associated to the
C—N bond cleavage is higher in energy and governs the kinetics of the overall process.”
A very recent work proposed a novel mechanism for carboxylate—containing peptide
bonds that consists in the nucleophilic attack of the carboxylate group onto the amide
carbon to form a cyclic intermediate, from which the C—N bond cleavage can take place
after protonating the N atom with POM ligands acting as Bronsted acid.” In this case, the
reaction rate is determined by the free—energy difference between the covalent

POM-protein complex and the TS associated to the C—N bond cleavage.
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Scheme 1.1 | Overall reaction and proposed mechanisms for the peptide bond hydrolysis in
dipeptides”’c and proteins’ catalyzed by Zr—containing POMs.

peptide bond hydrolysis
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hydrolysis of dipeptides hydrolysis of proteins

The group of Parac—Vogt also studied the role of POMs as artificial nucleases. Initially,
polyoxovanadates and polyoxomolybdates ([Mo;024]® in particular) were used to
hydrolyze the phosphoester bond in (p-nitrophenyl)phosphate (NPP) and
bis(p—nitrophenyl)phosphate ~ (BNPP) as tractable models of DNA and
2-hydroxypropyl-4-nitrophenyl phosphate (HPNP) as a model of RNA.”” Later on, Zr
and Ce-substituted POMs of Keggin and Wells-Dawson structure also showed
hydrolytic activity towards phosphoester bonds in DNA and RNA model substrates’™ as
well as in supercoiled plasmid pUC19 DNA.” Besides, the Zr—substitued Keggin anion
was also active towards the hydrolysis of phosphoanhydride bonds in adenosine
triphosphate (ATP);* and the archetypal single—addendum [PW,040]*" was able to

mimic sialidase enzymes that hydrolyze glycosidic bonds in sugars.®'

In most of the cases, the employed POM structures consist in dimers such as the one
represented in Figure 1.10, in which the embedded metal ion is coordinatively saturated.
However, it is clear both from experimental results and from DFT calculations®”*¢ that
dimeric POMs suffer hydrolysis at experimental conditions to yield the hydrolytically
active TM—-monosubstituted monomer that makes possible the coordination of the metal

ion to functional groups of biomolecules.
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1.2.4. Bio—imaging.

Another biomedical field in which POMs find application is bio—imaging. Magnetic
resonance imaging (MRI) is a widely used noninvasive, medical imaging technique that
usually requires the use of paramagnetic contrast agents to enhance the MRI signal and
improve the quality of anatomical images. Gd"'~based complexes are generally contrast
agents of choice because Gd™ has large paramagnetic moment and long electronic
relaxation time. These features can shorten the longitudinal relaxation time of water
protons at the surroundings of Gd"™ and thus, improve the contrast and the bright of the
image.®” A variety of Gd-subsituted POMs of Keggin and Wells—Dawson structure
exhibited higher ability to reduce relaxation time of proton nuclei than the Gadopentetic
acid (Gd-DTPA), that is the contrast agent par excellence.*** Specifically, the MRI signal
was greatly enhanced for liver and kidney imaging. The next generation of POM-based
contrast agents comprises self-assembled nanostructures that consist of Gd—POMs and
positively charged organic molecules, which can increase the MRI signal up to
three—fold.** The most recent advances include the use of Gd~POMs in conjunction with
cationic dendrimers to form micellar structures that can also associate fluorescent dyes to
be used for both MRI and Fluorescent imaging (FI), allowing the use of POMs as bimodal
contrast agents.*® Notably, in vivo experiments showed that these complexes are rather

selective for the liver imaging and their metabolism can be achieved in about 24 hours.

1.3 POMs for Energy Storage.

Due to the high oxidation state of their metal ions, POMs can undergo several
reversible redox processes in a relatively narrow potential range."' The reduction of POM
clusters increases their basicity. For this reason, reduction processes can go along with the
association of protons to the basic oxygens of the POM if the pH of the medium and the
pK. of the cluster permit it. Accordingly, cyclic voltammograms in the presence of protons
usually show two—electron redox waves,' presumably due to proton—coupled electron
transfer (PCET) steps.

Several groups have taken advantage of POMs as electron reservoirs for further use in the
reduction of CO,* or in the production of hydrogen.” This later is more related to the
field of energy storage, in which POMs have emerged as potential candidates suitable for

the construction of redox—flow batteries®®®® and solid—state batteries®®®! where POM:s act
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as electron carriers. Some of the reported POM-based batteries consist on devices where
POMs are both used as negative and positive electrolytes. For example, Pratt and
Anderson showed that aqueous solutions of A- and B—a—[PV3;Wy040]¢ clusters can be
placed at both sites of a membrane that permits the flow of protons and electrons to build
up a redox—flow battery that involves three one—electron redox processes.®®* Thus, the
redox pairs at both sides of the cell are [PV3YWy"'Ou4]”" / [PV3VW5"O40]""" and
[PV3"VW4"'040] "% / [PV5YW3YW5Y1040] "%, as schematically represented in Figure 1.11.
Other batteries only take advantage of POM redox properties in one of the electrolytes.
For instance, Cronin and co—workers reported a battery in which an aqueous solution of
Lis[P;W15Oe] acts as the negative electrolyte while the positive one is a solution of HBr.*
Aiming to improve the charge transfer processes, some strategies are proposed in the
literature, such as fixing the redox active POMs to single-wall carbon nanotubes
(SWNTs) either via electrostatic interactions or covalent linkages.”” These SWNTs are
connected to the electrode and can successfully act as “wires” that can improve the specific
capacity of the battery in up to ca. 460 mAh.g™'.”> Solid—state batteries are built up with
the same philosophy, despite the fact that the redox components are found in the solid
state. In this case, POMs are used as electrodes in combination with lithium or sodium

ions. %!

Separator

Figure 1.11 | Representation of a redox—flow battery during the discharging process. Black and blue
polyhedra represent WY and WY ions, while yellow and brown ones correspond to V¥ and VV. Adapted
from ref. 88a.
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(A)
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Figure 1.12 | (A) Frontier MO diagram showing the MO that accomodate the extra electrons inserted
into the cluster upon reduction. Central panel represents a simplified triad model and righ panel
accounts for the whole super reduced [PMo1,04)*" structure. (B) and (C) Top an side views of a
{Mos} triad exhibiting metal-metal bonds in the super reduced cluster. Adapted from ref. 95c.

Directly related to this thesis, the efficiency of POM-based systems as energy storage
devices is tightly related to the number of reversible electrons that a POM can accept and
store. For this reason, several studies have focused on exploiting the redox properties of
POMs with the objective of injecting as many electrons as possible in their structure.
Launay already reported in 1976 that the metatungstate anion [HyW1,040]%" can accept
up to 32 electrons in aqueous solution, which can be then reversibly extracted by
reoxidation.”® Further studies suggested that 26 of these electrons are localized in W—W
bonds forming triangles within the {W3} triads, while the remaining ones are delocalized
over the POM framework.” In addition, in the six—electron—reduced metatungstate,
which presents three W—W bonds in one triad, the three terminal oxo groups in the
reduced region were found to turn out into aqua ligands.”* Polyoxomolybdates are also
attractive candidates to store a large number of electrons.” The Wells—Dawson—type
[S:Mo15O6s]* was found to accept 18 electrons in aqueous solution,”* while the
Keggin—type [PMo012040]* can be reduced with up to 24 electrons in the solid state with
lithium cations.” Interestingly, in operando EXAFS studies and ab initio methods
revealed that, as proposed for the metatungstate anion, the super reduced [PMo1,040]*"~
cluster displays Mo"Y—Mo'" bonds with intermetallic distances of ca. 2.6 A (vs. ca. 3.5 Ain

the fully oxidized structure),”* as shown in Figure 1.12. Very recently, Cronin and
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co—workers reported the reduction of the Wells—Dawson phosphotungstate [P;W150¢]%
with up to 18 electrons at highly concentrated aqueous solution in the presence of lithium
counter cations.® Besides being suitable for the construction of redox—flow batteries (vide
supra), the metastable solution of super-reduced Wells-Dawson anions featured
spontaneous hydrogen evolution when diluted in water, releasing 14 of the 18 electrons as

molecular hydrogen. This specific case has been studied in the Chapter 6 of this thesis.

1.4 POMs as Oxidation Catalysts.

Owing the oxidizing character of POMs, they have been extensively used as oxidation
catalysts in a variety of reactions. A recent review by Weinstock et al.?® collects dozens of
examples in which POMs catalyze the oxidation of organic substrates making use of
molecular oxygen as terminal oxidant. The most popular POMs for these purposes is the
Keggin—type phosphovanadomolybdate [PV;Mo010040]°~ (PV2:Moyo for short), which
combines high electron affinity with the strongly basic character of the vanadium—bound
oxygen atoms. In oxidation reactions, PV,Mojo can take two well-differentiated roles, as
described in ref. 96. On one hand, it can act as co—catalyst in chemical oxidations
promoted by other metal complexes such as Pd"- or Pt"-based catalysts. For instance,
Pd" is usually reduced to Pd° after completing oxidative transformations such as the
Wacker oxidation of alkenes to ketones. PV,Mojo can then regenerate the catalytically
active Pd" complex by accepting two electrons from the Pd° species that are
accommodated in V atoms. Then, the fully oxidized POM can be recovered upon
interaction with O, to yield water in the presence of protons that are generated during the
oxidation of the organic moiety. On the other hand, PV>,Mo) can catalyze several types of
oxidative transformations itself. For instance, the dehydrogenation of dienes or alcohols
can be achieved throughout the direct transfer of two electrons from the organic substrate
to the POM. Another kind of oxidations, often termed as Mars—Van Krevelen—type
oxidations, does not only involve this 2—electron redox process but also the transfer of an
oxygen atom from the POM framework to the substrate. After completing these
transformations, the POM catalyst can be regenerated with O, as described above. Other
TM-substituted POMs have also been employed as oxidation catalysts. As a selected
example, Co— and Cu-substituted Wells—Dawson phosphotungstates were found to
promote the oxidative cleavage of C=C bonds to form the corresponding aldehydes in the

presence of N,O, giving NO as byproduct.”’
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Another oxidation strategy involves the activation of hydrogen peroxide (H,O) with
TM-substituted POMs to achieve the oxidation of sulfide groups in thioethers to
sulfoxides and sulfones or the epoxidation of alkenes. These reactions are usually classified
as green oxidations due to the environmentally friendly character of H,O, that ideally, gives
water as sole by—product, as shown in Scheme 1.2. Several POM structures came out as
good candidates for the activation of H,O, to afford the aforementioned transformations
either in a stoichiometric or catalytic manner.”® In particular, in this thesis we focused on
the role of POMs as catalysts for alkene epoxidation, which is a process of both industrial
and academic interest due to the valuable character of epoxides as intermediates in organic
synthesis or for further application in the preparation of epoxy resines, paints or

surfactants.

Scheme 1.2 | Global reaction equation for the alkene epoxidation with hydrogen peroxide.

K, R, * Hz0 “L RAR + Hy0
2

In the early 1980s, Venturello and co—workers reported that the phosphotungstic acid
can activate HO:to form a peroxo—tungstate complex [PO,{WO(0,),}4]*" (see Figure
1.13A). This complex was found to efficiently promote the epoxidation of alkenes in a
highly selective manner.”” Due to the possibility of isolating the peroxo intermediate, this
was postulated to be the active species responsible for the oxygen—transfer to the alkene,
which was identified as the rate—determining step. The reactivity of this complex was
further studied during the following years by Venturello and Ishii'® and for this reason,
this catalytic structure is commonly known as the Venturello-Ishii complex. Lacunary
polyoxotungstates presenting terminal oxygen groups in cis conformation are also active in
the heterolytic activation of H,O,and in the epoxidation of alkenes. Remarkably, the
tetraprotonated form of a divacant silicodecatungstate [y—SiW10034(H,0).]*" of Keggin
structure exhibited higher yields than the Venturello—Ishii catalyst for the epoxidation of

several alkenes with H,O,.!!

The main side reaction in alkene epoxidation with H,O, is the unproductive
decomposition of the oxidant that produces non—desired products such as organic
hydroperoxides, enols and enones (see Scheme 1.3). These are usually referred as
homolytic products since the decomposition reaction is considered to proceed via
homolytic cleavage of O—O bond in H,O; to form radical species.'”” Seeking to avoid this
side reaction and thus, improve the selectivity of the reaction towards the epoxide product,
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several TM—substituted POMs (TM = Ti", V¥, Nb", Mn", Zr"V, among others) were
synthesized and applied to the selective epoxidation of alkenes.'*

(A) (8)

Figure 1.13 | 3D representation of the most popular POM-based catalysts for alkene epoxidation with
hydrogen peroxide. (A) Venturello-Ishii catalyst with [PO,{WO(0O,),}4]* structure'® and (B)
1,2—divanadium—substituted y-Keggin [v-1,2-H,SiV,W14040]*, sythesized by Mizuno and

co—workers.'%

Scheme 1.3 | Main products formed in the alkene epoxidation reaction with H,O,.

OOH OH (0]
HO
(o) + + + +
cat. Ho™

heterolytic homolytic

Apart from POMs, other frameworks have been used as supports for active TMs to
build up single—site catalysts for the selective alkene epoxidation. One of the most relevant
examples is the heterogeneous silica—supported Ti—containing TS-1 catalyst, developed
by ENI in the 1980s.'"®* This microporous catalyst resulted highly efficient in the
epoxidation of light alkenes with H,O, and prompted the development of novel
mesoporous heterogeneous catalysts to allow the epoxidation of larger substrates.'®® For
years, the group of Kholdeeva devoted itself to this research activity and moreover, they
made use of TM—substituted POM systems as tractable molecular models of single—site
heterogeneous catalysts to investigate kinetic aspects of the reaction or the nature of the
involved intermediates.'” Nevertheless, although POMs were initially used only as model

systems, they turned out being rather efficient homogeneous catalysts themselves,
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providing pretty decent conversion and selectivity. In fact, the catalytic activity of

Ti-containing POMs has been directly compared to that of the heterogeneous TS-1.!%

Guillemot, Proust and co—workers reported another strategy to model single—site silica
supported catalysts for alkene epoxidation.'” Their approach consists in hybrid
silanol-functionalized lacunary polyoxotungstates that can accommodate the catalytically
active metal ions in a ligand environment that fairly mimics those found in the
silica—suppored catalysts. Using a bis—grafted [PW;0036('BuSiO),VO(‘PrO)]* hybrid,
they were able to model the oxidation of cyclic alkenes and allylic alcohols with tert—butyl
hydroperoxide (TBHP) catalyzed by V" ions dispersed onto silica.'””* Another trilacunary
Keggin—type POM scaffold, [a—B—SbWoO33('BuSiOH);]*, can accommodate a Ti"
center in a tetrahedral coordination environment provided by the silanol ligands leading to
[a—B-SbW,033(‘BuSiO);Ti(O'Pr) ]*.'" It is worth noting that the structural parameters
involving the Ti center in the X-ray structure of [a—B—SbWyOs3(‘BuSiO);Ti(O™Pr)]*
derivative were found to be very similar to those reported for TS—1. Interestingly, this
species let to selective epoxidation of allylic alcohols making use of of H,O, as oxidant at
room temperature, whereas no conversion was observed with non—functionalized alkenes.
The reasons for the experimentally observed selectivity were investigated in Chapter 7 by

means of computational methods.

From a computational perspective, several research groups have studied the alkene
epoxidation reaction catalyzed by TM—containing POMs.'®!!* All them agree in the fact
that the reaction mechanism involves two main steps: i) heterolytic activation of H;O,on
the metal ion to produce either a hydroperoxo (OOH) or a peroxo (OO) ligand; and ii)
heterolytic O—O cleavage of the hydroperoxo or peroxo ligand to transfer an
electrophilic oxygen to the double bond of the alkene. Scheme 1.4 compiles the main
mechanistic possibilities proposed so far, which vary in the nature of the epoxidizing
species and in the oxygen atom transferred to the substrate. Two of them are proposed to
take place from the metal-hydroperoxo intermediate (highlighted in green) and the third
one consists on an oxygen transfer to the alkene from the peroxo intermediate
(highlighted in purple). The same two—step mechanism was also found to apply for other
oxidation reactions with H,O, such as the hydroxylation of aromatic compounds or the

oxidation of thioethers.!!®

In 2006, Musaev and co—workers reported the first mechanistic study of the alkene
epoxidation with H,O, catalyzed by POMs.'* In this work, the authors analyzed the case
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of the divacant y—Keggin anion [y-SiW;0034(H,0),]*, which had emerged three years
before as an outstanding catalytic structure.'”’ The proposed mechanism consists in a
hydroperoxo—mechanism in which the proximal a—oxygen of the W—OOH moiety is
transferred to the alkene (analogous to pathway ii in Scheme 1.4).'% Also, they
highlighted that presence of protons at the terminal tungsten—oxo groups has a crucial role
in reactivity allowing the formation of metal-hydroperoxo groups. Other computational
studies with the Se—containing divacant y—Keggin suggested a peroxo—type mechanism
(path iii in Scheme 1.4).'” Regardless the working mechanism, the oxygen—transfer step
was identified in all cases as the rate—determining step, probing the postulated by

Venturello and colleagues on the basis of experimental observations.”

Scheme 1.4 | Proposed Mechanisms for Alkene Epoxidation with H,O, catalyzed by Ti—Substituted
POMs.
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Nakagawa and Mizuno studied computationally the epoxidation of alkenes by the
1,2—divanadium-substituted y-Keggin [y-1,2-H,SiVaW104]* (shown in Figure
1.13B)."° This catalyst displays a {OV-(u-OH),-VO} core that upon interaction with
H,0,, generates a dihapto bridging peroxo ligand {OV-(u—n*n?-00)-VO}. This latter
was identified as the epoxidizing species, which transfers an electrophilic oxygen atom
from the peroxo group (activated by the cooperative effect of both V" ions) to the alkene

via peroxo path.

In collaboration with the experimental group of Prof. Kholdeeva, our group has
comprehensively studied by means of computational methods the epoxidation of alkenes

catalyzed by Ti'V—substituted polyoxometalates.'''”"'* The analyzed Ti-POM structures
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include the Ti-monosubstituted Keggin anion [PTi(OH)W;O3]* and the
“sandwich”—type dititanium 19—-tungstodiarsenate(III) [Ti,(OH),As;W190¢;,(H.0)]*~.
In both cases, the Ti-hydroperoxo species was found to be more reactive than the end—on
peroxo complex Ti—(n*~OO0) protonated at the Ti—O—W site, although this latter is
more stable because of the highly basic character of the protonated oxygen sites. In
agreement with the early studies by Tantanak and Karlsen,''® the non—protonated

a—oxygen of the Ti-OOH moiety resulted more electrophilic than the distal and

protonated [3—oxygen because the 6*o_o orbital is polarized towards O.. Thus, the attack
of the alkene is electronically preferred at the O, site (pathway ii, Scheme 1.4).'"

However, the transfer of the f—oxygen (pathway i, Scheme 1.4) prevails in complexes
where the Ti center is strongly sterically hindered or found in a rigid environment that

hampers the geometrical distortion required for the O.—transfer.''*

As an initial approach to understand the influence of the catalytically active metal ion in
the reactivity, the electronic energy barriers for the hydroperoxo and peroxo paths were
compared in Figure 1.14 for a series of TM-substituted Keggin anions.'"' Although
information about the H,O, activation step and the relative stability of the reaction
intermediates is still missing, this study allowed establishing some reactivity trends. When
going down in the periodic table, the O—transfer barriers for both the hydroperoxo and the
peroxo path decrease, although the latter does it more significantly. Moving from the left
to the right in the periodic table revealed opposite trends in the peroxo and hydroperoxo
paths. The barrier for the peroxo path is strongly decreased due to the higher oxidation
state of the metal ion that renders the peroxo group more electrophilic. On the contrary,
the barrier associated to the hydroperoxo path slightly increases. This latter trend was
ascribed to the enhanced orbital mixing between the occupied p(O) orbitals of the
hydroperoxo group and the empty d(TM) orbitals that strengthens the TM—O, bonds
and thus, increases the height of the barrier. Furthermore, it was found that increasing the
electrophilicity of the Ti-OOH moiety via protonation of the POM framework has a
positive effect in the reactivity, significantly decreasing the height of the energy barriers for
the O—transfer step.'”® Based on the latest experimental results obtained by Kholdeeva and
co—workers, we have analyzed in Chapter 7 of this thesis the reactivity of NbY—substituted
POMs and compared it to that of widely studied Ti—containing POMs.
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Activation energies

peroxo hydroperoxo

Figure 1.14 | Activation energies (kcal-mol™) associated to the oxygen transfer step computed for
TM- substituted Keggin—type phosphotungstates in gas phase. Reproduced from ref. 111.

1.5 Computational Modeling of POMs.

In the last decades, computational chemistry has become an essential tool for
rationalizing experimental outcomes and understanding molecular properties derived
from their electronic structure. Nevertheless, it must be pointed out that strictly as
experimental science needs to be backed by theoretical analyses, computational results
also require experimental evidences to validate the models and methodologies employed
for the calculations. For these reasons, synergies between experimental and computational
chemistry represent nowadays a standard working protocol for going ahead in chemical
research. The chemistry of POM:s is not an exception, despite the fact that the relatively
large size of POM structures has made their computational modeling tedious and
expensive, but challenging at the same time. This section exposes how the computational
modeling of POMs emerged and grew since the 1980s to nowadays, highlighting some

selected contributions with the aim of defining the current state of the art.

The first calculations on POM:s were carried out by Taketa et al. in the mid—1980s and
were devoted to the electronic structure analysis of the Keggin—type phosphomolybdate
anion'"” and other molybdates''® to understand their reduction mechanism from a MO
perspective. The main features of the frontier MOs were described by means of the Model
Potential Xa method,'"” which is based on the LCAO-MO approximation and combines
core effective potentials with Slater—type potentials. In [PMo01,040]*" anion, the HOMO
was found to be composed by 2p orbitals from bridging oxygen atoms in up to 95 %,

whereas the LUMO has 7*w-o character, combining the contribution from 2p(Obuidging)
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and 4d(Mo) atomic orbitals. This electronic structure description can be extended to
other POM structures and as shown in Figure 1.18, it is still valid nowadays. These early
works preceded a number of studies using semi—empirical methods'?*'** that chiefly
focused on understanding features related to the molecular and electronic structure of
POMs, such as relative stability of species, '* the position and coordination mode of a Cu"
ion in a Cu-containing Keggin POM,"® or the electron localization in a reduced
V-containing polyoxomolybdate."”! Notably, semi—empirical methods permitted the first
studies concerning the reactivity of POMs that were published in the early 1990s.'*
Specifically, these studies analyzed the photodimerization of alkanes and alkenes
promoted by the decatungstate anion, and reported the first TSs involving POMs, which
correspond to proton—transfer processes. Thanks to the increase of computational power,
more accurate Hartree—Fock calculations became affordable for POM systems. Using the
fully ab initio wave function granted by this method, Bénard and co—workers studied
electronic properties of polyoxovanadates, getting special insights into the relative basicity
of external oxygen sites and the ability of polyoxovanadates to accommodate small and
medium-sized guests inside them."” Basic properties of diniobium and

divanadium-substituted Lindqvist—type polyoxotungstates were also analyzed by means
of HF methods.'**
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Figure 1.15 | (A) First LUMO representation of the [PM01,040]* anion."” (B) 3D representation of
the same MO obtained from DFT for comparison.

127

The implementation of DFT'*® methods and continuum solvent models'”’ represented

a revolution in the field of computational chemistry in general and in the modeling of
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POMs in particular, permitting the accurate description of large and highly anionic
structures such as POMs at an affordable computational cost. A complete survey of POM
chemistry employing DFT methods and implicit solvation has been conducted during the
last two decades, tackling from electronic structure studies, redox properties and basicity
investigations to more complex aspects such as spectroscopic properties, NMR chemical
shifts, magnetism or reactivity. Poblet, Bo and co—workers collected the most recent

advances on the computational modeling of POMs in some reviews.'*"!3

In 2002, Bridgeman and Cavigliasso reported a full description of the electronic
structure of [NbsO19]*, [TasO19]%, [MosO19]*, and [WsOi9]*~ anions and the one
electron— and two electron-reduced Mo— and W-based systems.'* The same year, Li
reported a very similar study, highlighting the stabilizing nature of conjugated ¢ and
n—-type orbitals forming cycles that confer POMs a quasi—aromatic nature.'** These studies
classified the set of occupied orbitals in three well-separated blocks. The deepest one
corresponds to different nonbonding combinations of s—type oxygen orbitals, which is
followed by nonbonding combinations of p—type orbitals. Finally, there is a set of ¢ and
n—type bonding orbitals involving combinations of p(O) and d(TM) that extend until the
HOMO. A gap of ca. 3.1 eV in tungstates and 2.5 eV in molybdates separate the array of
occupied orbitals from the virtual ones. Due to the C,, symmetry around metal ions, the
LUMO and the first set of virtual MOs correspond to dy,(M) orbitals, followed by the d,,
and dy, that are higher in energy and degenerated; and the e;—type ones, found above, as
represented in Scheme 1.5. Also, these initial studies already showed that the extra
electrons in reduced species are not localized in a specific metal ion but delocalized over
the whole structure, since the spin density is equally distributed over the six
symmetry—equivalent metal centers. Furthermore, the accurate description of the
electronic structure provided by DFT methods gave rise to the use of HOMO-LUMO
gap as a stability—related descriptor for POM complexes.
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Scheme 1.5 | Splitting of d(TM) molecular orbitals in the crystal field induced by the POM
environment. Obtained from ref. 129.
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Following studies were devoted to analyze the redox properties of several Keggin,
Wells—Dawson and Preyssler structures, getting insights into the electron (de)localization
effects also in mixed—addenda structures.'**'** At the same time, the acid/base properties
of POM structures were tackled through DFT methods.'*""**!3 Protonation energies
along with representations of molecular electrostatic potentials (MEPs) served to unveil
the most likely protonation sites in several POM structures, which usually correspond to
bridging oxygen sites. In case of TM—polysubstituted structures, there is a clear preference
for TM—O—TM sites, followed by TM—O—W sites or terminal TM—O ones
depending on the nature of the TM. For example, Mo or V centers do not tend to promote
protonation at terminal sites due to the double bond nature of TM=0 bonds. However,
POMs containing Nb or Ti are usually protonated at the terminal TM—O sites due to the
lower bond order of the TM—Oerminat bonds. Interestingly, both protonation energies and
oxidizing power of POMs were found to correlate linearly with the charge per metal ratio
(q/M) as a measure of the charge density of the anion; that is the higher the g/M value,
the more favorable the protonation (see Figure 1.16) and the harder to reduce.'* Further
DFT calculations allowed to study the encapsulation of monoatomic cations by large

13 as well as the origin of alternated bond

POM structures such as the Preyssler anion,
distances within POM frameworks caused by a second order Jahn—Teller effect.'*® The
most recent electronic—structure studies concern novel POM structures'’” and
mixed—valent polyoxovanadate cages such as {V1sOu0} or {V2,0s4}, which can encapsulate
from small (e.g. I") to medium-sized (e.g. SCN) guests."*® Most of these studies were
performed with pure DFT functionals such as PBE"** or BP86'* by means of the ADF
code, which uses of Slater—type basis functions, in contrast with other quantum chemistry
packages that operate with Gaussian functions or plane waves. Since geometry

optimizations with hybrid functionals are too computationally demanding within the ADF
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code, a quite common computational approach consists in performing geometry
optimizations with a pure functional followed by single—point calculations with a hybrid

functional to obtain energies or other wave function—derived properties.

15 4

-5 1 x o
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Figure 1.16 | Relationship between DFT-calculated protonation energies (kcal-mol™) at W—O—W
sites and the q/M parameter. Protonation energies are relative to that of the [WsO15]*>" anion.
Diamonds, circles and crosses represent Keggin, Lindqvist and Dawson anions, respectively. Obtained
from ref. 130.

As exemplified in the previous section, DFT methods have been also used to study
chemical transformations involving POMSs."*® In the field of acid catalysis, some
computational studies have analyzed the catalytic role of POMs in alcohol dehydration or
ether hydrolysis processes, in which protonated POMs act as Bronsted acids.'*' Other
remarkable theoretical analyses provided insights into the role of POMs as oxidation (vide
supra)''T1151% or water splitting catalysts.'*® For studying the reactivity of POMs, B3LYP
functional'* together with continuum solvent models is usually the computational
procedure of choice, since it often provides accurate geometries and energy barriers with a
high degree of consistency with experimental kinetic parameters. The meta—GGA hybrid
MO6 functional'®® has been also applied to the modeling of POM reactivity, '*#'* although
its use is much less common than that of B3LYP. Aside from discrete molecular systems,
the implementation of DFT methods in quantum chemistry codes for periodic
calculations allowed studying the interaction of POMs with metal surfaces and the

physicochemical properties of POM—-containing nano—composites.'*’

Beyond DFT, post-HF wave function methods such as CASPT2'** or DDCI'* have
been applied to the study of the magnetic behavior reduced POMs containing more than

one d electron."**%* Importantly, these calculations were able to nicely reproduce the
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diamagnetic behavior of 2 electron-reduced polyoxometalates. Using these highly
accurate techniques, Coronado and co—workers were able to determine local electron
transfer parameters between W atoms in model systems of the Keggin—type
phosphotungstate anion."*’ Later on, Poblet and co-workers studied the electronic
structure of two—electron-reduced hexamolybdate, hexatungstate and several
mixed—addenda Lindqvist-type clusters'' using the variational DDCI method. Bigger
anions with a larger number of unpaired electrons such as the [PMosV4040(VO)4]* anion
with 10 d electrons could also be studied at CASSCEF level, giving a description of the
electronic structure comparable to that obtained from hybrid DFT functionals.">> It must
be pointed out that although these methods bring an accurate description of the electronic
structure in systems with unpaired electrons, they are highly computationally demanding

and their systematic use is still prohibitive.

In general, static ab initio calculations can provide deep understanding at atomistic and
electronic level of processes in which POMs are involved. However, studying some of
their features in solution requires an explicit and dynamic description of the POM
environment. Molecular Dynamics (MD) is a deterministic simulation method based on
the integration of the Newton’s equations of motion for a many—body system to compute
a trajectory, that is the evolution of atomic positions and velocities as function of time.'>?
Therefore, unlike static calculations based on molecular properties on a single point of the
PES, MD allows the analysis of how molecular and even supramolecular properties evolve
over time. We usually differentiate between classical and ab initio MD depending on the
nature of the computed forces used in Newton’s equations. Classical forces are usually
obtained from Molecular Mechanics (MM) methods and arise from an empirical
description of the energy as defined within the expressions of a force field. Differently,
quantum forces are obtained from energies derived from an approximation to the
Schrodinger equation in which electrons are treated explicitly. Thus, classical MD
simulations can be applied to the study of large systems (many thousands of atoms) due to
their lower computational cost, but their main limitation is that they cannot be used to
study bond—formation or bond-breaking processes, since there is no explicit description
of electrons. Therefore, one should move to more accurate (and expensive) ab initio
simulation methods for studying reactivity, although they only allow simulations with a
few hundreds of atoms at this moment. Reactive force fields such as ReaxFF'5* have been
developed to study reactivity in large systems from a classical point of view. However,
these force fields are usually available only for a limited set of systems for which they are

parameterized. Another approach to tackle reactivity in large systems is the use of hybrid
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QM/MM potentials,'>* in which the reactive region of the system is treated at high—level
QM methods such as DFT, while the rest of the system is described with faster MM
methods. The interaction between both sub—systems is usually attained through
mechanical embedding through bonds that are simultaneously described by both methods
and electronic embedding, which account for the polarization of the QM wave function by
the set of MM charges through the space.

During the last two decades, a large number processes involving POMs have been
successfully studied by means of both classical and ab initio MD methods. The pioneers in
this field were Tsujimichi et al., which reported in 1995 the first simulation of a
[PMo01,04]*” in water with 3 potassium cations.'* In this study, the POM was empirically
described by a force field previously developed for metal oxides, although the authors
pointed out that it could be treated as a rigid body. Due to computational limitations, the
simulation time consisted only in of a few picoseconds and therefore, it was not possible to
perform a statistical analysis of the distribution of solvent and counter cations around the
POM structure. However, this work demonstrated that MD techniques can be employed
to study the explicit dynamic environment of POM:s in solution and encouraged further
MD simulations with POM systems. Ten years later, Lopez et al. reported the first
atomistic description of the solvation shell of a Keggin—type phosphotungstate
[PW1,040]*" anion surrounded by 1000 water molecules and 3 Na* cations.'*” Unlike the
early studies by Tsujimichi et al,, the simulation time in this case was much longer
(accounting for 2 ns in all) due to the important increase of computational power and the
higher efficiency of the employed simulation codes. In this case, phosphorus and tungsten
atoms were described with parameters obtained from the respective alkali cations, whereas
inorganic oxygen atoms of the POM were described by the Lennard—Jones parameters of
fluoride anion. The authors analyzed how the POM solvation shell is reproduced by
several charge models, benchmarking the obtained results with experimental diffusion
coefficients. The set of atomic charges derived from the electrostatic potential were found
to be those providing the most reliable solvent distribution whereas other charge models
such as Mulliken led to a too loose solvation shell with scarcely defined peaks in the
POM---water radial distribution functions (Figure 1.17). This methodology was then
adopted by other authors as well as in the simulations reported in this thesis, although

other FFs for describing POM structures were also proposed in the literature.'®
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Figure 1.17 | Radial disftibution functions (RDFs) between the POM center of mass and water oxygen
(A) and hydrogen (B) atoms. Solid and dashed lines represent the ChelpG and Mulliken charge
models, respectively. Adapted from ref. 157.

Shortly later, Leroy et al. studied systematically ion—pairing processes between three
Keggin—type polyoxotungstates of different charge and three different alkali cations, and
how they affect the mobility of the anion in solution.'® Specifically, the computed
diffusion coefficients were found to strongly depend on the ability to form ion pairs and on
the first and second solvation shells of the anion, which in turn are affected by the POM
charge. Also related to ion—pairing processes, the most likely positions for cations to
interact with the doughnut-shaped [H;Mos;Vs(NO)sO1s3(H20)15]*'" anion were
successfully predicted by classical MD simulations.'®® More recently, Volkmer et al.
analyzed the dynamic behavior of a dendrimer—encapsulated
[(Zn(H,0))3(SbWy0O33)2]'>" anion'®' and Bo, Avalos and co-workers analyzed the

distribution of water and cations around (and inside) giant Keplerate structures.'®

Chaumont and Wipff moved from MD analyses on single POMs to more ambitious
MD studies in which several polyoxoanions (up to 20) were simulated together with their
respective counter cations in a periodic simulation box full of explicit solvent molecules.'®®
These simulations were carried out with the aim of studying the supramolecular
agglomeration between Keggin anions in solution and at interphases of biphasic systems.
In addition, they systematically analyzed how agglomeration was affected by several
parameters, such as the charge of the POM, the nature of the solvent and counter cations
or the concentration of POM salt. Notably, POM agglomeration was found to be very
sensitive to the nature of the cations and related to this, two main interaction modes were
identified to mediate the contacts between POMs: cation—mediated interactions and
water—mediated contacts in which a “crown” of solvent water molecules is persistently
attached to two POM units simultaneously. Other authors extended this work to MD

studies on agglomeration processes in ionic liquids and solvent mixtures'®* or to other
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POM structures such as lacunary polyoxotungstates or polyoxovanadate clusters.'® Also,
MD simulations of Dawson—type anions at high salt concentrations were able to

reproduce the initial steps of a crystal nucleation process observed experimentally.'®®

(A)

Figure 1.18 | Representative snapshots of POM agglomeration mediated by the solvent (A) or by Cs*
(left, top), UO,** (left, bottom)and Eu® (right) cations in methanol solution (B). Adapted from ref.
163a.

In addition, ab initio simulation methods (AIMD) have been applied to the study of
processes in which chemical bonds are formed or broken. The most representative case is
mechanism of POM formation, studied by Poblet and co—workers during the late 2000s
by means of Car—Parrinello MD simulations and static DFT calculations. Initial studies
concerned the stability and speciation of small precursors and intermediates in the
formation of the hexatungstate anion [WsO15]*~.' Notably, the [WO3;(OH)]~ complex
was found to expand its coordination sphere at low pH, leading the hexa—coordinated
[WO,(OH)(OH,).] species, which can auto—condensate to grow POM structures.
Then, the initial nucleation steps were studied through CPMD simulations using the
metadynamics approach as enhanced sampling technique (Figure 1.19A).'® Finally, the
scope of this work was extended to include the formation of hexamolybdate,'® the
Keggin—type phosphotungstate'”® or {Mois,} Keplerate—type structures.'” Related to the
formation mechanism, Cameron et al. also performed metadynamics simulation to study
the isomerism of a [SiW1O36]® structure via a rotational transformation (Figure
1.19B).17
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Figure 1.19 | Two examples of the application of metadynamics for studying POM chemistry. (A)
Initial nucleation mechanism for the formation of POMs. Taken from ref. 168. (B) Free—energy
landscape along the isomerization pathway of the [SiW10O35]%" cluster. Adapted from ref. 172.

Other researchers used ab initio simulations to study the conformational variability of
systems of interest. For instance, Kachmar et al. studied a dicarboxylate encapsulated in a
molybdenum oxysulfide ring'” and Piccinin et al. analyzed the geometrical distortions of
the tetraruthenium—containing POM-based WOC in the presence of explicit solvent.'”*
In our group we also evaluated the stability of the fully reduced [IV15040]"*" anion in water
as well as the fluctuations in their structural parameters in the presence of explicit
solvent.'®® Recently, CPMD simulations were carried out to study the speciation of a
Zr—subsituted Lindqvist anion under different pH conditions, which was necessary to
understand the assembly mechanism of TM-substituted POMs to form dimers and larger
self-assemble structures.'” In most of the cases, ab initio simulations were performed
using the Car—Parrinello method, in which the wave function is iteratively optimized in
the first step and propagated along the simulation by integrating the equations of motion
derived from the Car—Parrinello Lagrangian.”® On the basis of the available literature,
Born-Oppenheimer MD (BOMD) simulations are more rarely applied to the dynamic
simulation of POMs.
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1.6 Novel Challenges in Computational POM Modeling.

In this thesis we have tackled two novel aspects of computational POM chemistry: the
interaction and reactivity with biological systems, and the reactivity of POM:s involving

single electron transfer (SET) processes.

1.6.1 Interaction with biological systems.

As mentioned in previous sections, the molecular interaction of POMs with biological
systems governs the biological activity of POMs in most cases. Before this doctoral thesis,
however, the theoretical description of these interactions was limited to several docking
studies exploring the binding locations for POMs with proteins; but the characterization
of the physicochemical foundation to these interactions was still lacking. Biological
systems are usually large organic molecules with a huge number of degrees of freedom.
This causes the free—energy surface associated to their conformational space to have many
different minima separated by small energy barriers. Thus, a static description of the
interaction between POMs and proteins using a single protein conformation can only
provide a very limited description of the interaction process. For this reason, atomistic
MD simulations were used herein to study POM.--protein interactions, since they allow
getting a dynamic picture of these interactions, accounting for the conformational
variability of the protein system and also for that of the solvent and counter ions around.
Although some dynamic properties of POMs such as solvation or collective behavior have
been successfully assessed by means of dynamic methods, this is the first time that these

techniques are used to analyze their interaction with biological systems.

MD methods are very popular in the world of computational biology or bioinformatics,
and therefore, there are plenty of force fields to describe the protein system. In contrast,
inorganic POMs represent non—standard fragments for which force field parameters need
to be defined. Nevertheless, previous MD studies already proposed a computational
protocol for obtaining FF parameters for POMs (vide supra)."’ First, the geometry of the
POM is fully optimized including solvent effects through a continuum solvent model.
Then, the set of atomic charges are calculated in vacuum at the same level of theory.
Specifically, ChelPG atomic charges derived from the molecular electrostatic potential
were found to be those that reproduce the best the distribution of water molecules around

157 and

the POM. The van der Waals parameters were also taken from a previous wor
force constants associated to bonding parameters were set to a value of the same order of

magnitude than the strongest bond in the force field, in order to reproduce the rigidity of



UNIVERSITAT ROVIRA I VIRGILI

NEW HORIZONS IN COMPUTATIONAL MODELING OF POLYOXOMETALATES:
BIOLOGICAL ACTIVITY, ENERGY STORAGE AND SUSTAINABLE CATALYSIS.
Albert Solé Daura

38 1.6 Novel Challenges in Computational POM Modeling.

the POM framework. In addition, proteins were described in our simulations with the
widely employed AMBER99 force field,'”” which atomic charges are also derived from the
electrostatic potential. Therefore, since electrostatic interactions account for the most
important part of the interactions between charged fragments, it is reasonable to think that
the strength of POM..-protein interactions will be properly described within this

computational approach.

Chemical reactivity in biological systems was studied through two different approaches:
the cluster model'”® and hybrid QM/MM calculations.'*® The cluster model approach
consists in performing calculations on a simplified model of the protein, which is the
reactive region of the real system taken either from X-ray crystal structures or from a
snapshot of a MD simulation, capped usually with hydrogen atoms or methyl groups. To
account for the influence of the protein chain strain, the relative position of these capping
groups is usually constrained during geometry optimizations. Also, if reactivity occurs in
the hydrophobic core of the biological system, a continuum solvent model with a low
dielectric constant (usually € = 4) can be used to model the hydrophobic environment.
The reactions analyzed in this thesis take place at the solvent—accessible surface of the
biological systems so that the dielectric constant of the solvent was set to 78.4, which
corresponds to water medium. Here, QM/MM calculations and classical MD simulations
were also used to analyze the influence of the explicit environment of the protein in some
key steps of the analyzed processes.

1.6.2 Electron transfer processes: Marcus Theory.

Conventional reactivity of POMs involving bond-breaking and bond—formation
processes has been successfully studied in many occasions by means of static DFT
calculations and ab initio molecular dynamics. Nevertheless, POM reactivity involving
electron transfer process remained unexplored to date. In this thesis, we evaluated the free
energy barriers associated to single electron transfer (SET) steps making use of the

Marcus Theory of the electron transfer as adapted by Vaissier et al.'””

In 1952, William F. Libby explained the experimental isotopic self-exchange reactions
between small charged species in solution as electron transfer processes, which were
rationalized in terms of the Frank—Condon principle."*® Thus, it was initially assumed that
electron transfer processes occur through vertical excitations from the equilibrium
geometries. Some years later, Rudolph A. Marcus noticed that electron transfer processes

also take place in the dark, what would be in disagreement with the previous postulate due
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to the energy conservation principle. Therefore, Marcus proposed a novel scheme for SET
processes involving reorganization of the solvent surrounding the redox species to allow

the electron transfer in non—equilibrium geometries."!

These non-equilibrium
conditions also apply for polyatomic solutes; whose molecular structure must become

distorted to transfer or accept an electron.

In addition, Marcus proposed a handy strategy for studying the kinetics of the electron
transfer process based on the determination of the free—energy variation from the
reactants to a “transition state” for the SET. This “transition state” corresponds to a
situation in which the geometries of both reactants and their respective solvation shells are
distorted and ready to transfer or accept an electron to or from its redox partner. This set
of atomic positions also corresponds to the crossing point between the free—energy
surfaces describing the electronic states of the reactants and the products (see Figure
1.20). Note that the reaction coordinate in Figure 1.20 does not only include the atomic
coordinates of the solute but also those of the solvent. Two main assumptions, though,
need to be done. First, one needs to assume that the free—energy wells of the reactants and
the products are both described by symmetric parabolas of the same width. Second, the
electron transfer is treated as a diabatic process, since this theory relate kinetics with a
crossing point between the potential energy surfaces neglecting spin—orbit coupling
(SOC) effects. According to this formalism, the free energy barrier associated to a single
electron transfer process (AG*) can be estimated by means of equation 1.1, where AG,’
and A represent the reaction free energy and the reorganization energy, respectively. Both
parameters are graphically represented in Figure 1.20. This latter accounts for the
reorganization of the nuclei in the two molecules directly involved in the electron transfer,
as well as the change in the polarization of the solvent required to promote the electron

transfer process.

_ (A +46)? (1.1)

AG”
41
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Figure 1.20 | Schematic representation of the potential free energy surfaces for the reactants (green
parabola) and the products (blue parabola) of a SET process, highlighting the key parameters employed
in equation 1.1 to calculate the free energy barrier (AG*) associated to the electron transfer that brings

reactants to products.

In practice, the reorganization energy (\) was calculated as shown in Figure 1.20 and
Figure 1.21. Thus, the reorganization energy of a molecule ();) corresponds to the energy
difference in a given electronic state between its equilibrium geometry and the equilibrium
geometry on the surface of its reduced/oxidized counterpart, in such a way that A; = 72
{[Gr(gr) - Gr(qr)] + [Gr(qr) — Gr(qr)]}; and the overall X displayed in equation 1.1 is
the sum of the individual A; computed for both molecules participating in the redox
process. Since equilibrium geometries also include the grid of point charges of the solvent
cavity, we used the non—equilibrium conditions as implemented in Gaussian09 (NonEq

keyword)'®? to model the polarization of the solvent using the IEF-PCM continuum

183 179
1, 1

solvent model, '* as done by Vaissier et a
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Figure 1.21 | Conceptual procedure used to calculate the reorganization energy associated to solute A
in the SET processes represented on the top of the figure. The same procedure has to be followed for
solute B to obtain Ag;in such a way that the overall reorganization energy in equation 1.11is: A =24 + As.
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CHAPTER 2

Goals of the Thesis

Herein we summarize the main goals of this thesis separated by chapters. Some of them were
clearly defined from the very beginning of the Ph. D. but some others rose from the need of giving
explanation to experimental evidences observed either by our collaborators or in the literature.
The first three chapters (3-5) are tightly related and concern the investigation of the POM
activity towards biological systems. Chapter 6 deals with the analysis of unusual POM redox
properties and Chapter 7 convenes computational studies of alkene epoxidation reactions
catalyzed by POM systems. Overall, we aim to extend the understanding of several outstanding
aspects of POM chemistry by means of computational tools, exploring the limits of

computational modeling for these systems.

Chapter 3: Probing the Interaction between Polyoxometalates and Proteins using

Molecular Dynamics Simulations.

Using as a reference the experimental work of the group of Parac—Vogt on the
interaction of Zr"V—, Ce"V— and Hf"Y—substituted POMs with hen egg—white lysozyme
(HEWL) protein, we aim to explore the interactions between POMs and proteins at
atomistic level by means of Molecular Dynamics (MD) simulations. The study includes

the following specific objectives:

- Characterize the nature of the interactions between POMs and biological systems at
atomistic level using as a reference the experimentally tested case of HEWL and
classical MD simulations.

- Identify and characterize the different types of interactions between the POM and the
amino acids of the protein.

- Evaluate the influence of the POM structure into the POM:--protein interactions.

Chapter 4: Structure-Activity Relationships for the Affinity of Chaotropic

Polyoxometalate Anions towards Proteins.

Despite several attempts of relating the POM structure to their affinity to biological

systems are reported in the literature, their joint analysis does not provide unambiguous
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trends, most likely due to the difficulty of performing systematic analyses experimentally
varying one single parameter of the POM structure at a time. In this regard, our goal is to
use computational modeling, which readily allows evaluating the influence of individual
parameters making possible this kind of fundamental studies. With this information in

hand, the specific goals of this chapter are the following:

- Understand how different parameters of the POM structure such as the charge, the size
or the shape influence their affinity to biological systems, aiming to establish clear
structure—activity relationships.

- Build a multivariate regression model relating the protein affinity of POMs with the
aforementioned parameters using time—derived, response variables obtained from MD

simulations.

Chapter 5: Modeling the Reactivity of Polyoxometalates towards Biological

Systems.

The previous chapters of this thesis are dedicated to understand the formation of
non—covalent POM.---protein adducts. In a more ambitious project, in this chapter we wish
to move a step forward studying chemical transformations in proteins promoted by POM
structures. In particular, we have analyzed the origin of selectivity in the hydrolysis of
peptide bonds in proteins catalyzed by Zr"V-substituted POMs, and the reduction of
disulfide bonds using POMs with d—electrons, which finds application in the clinical
diagnosis of preeclampsia. Specifically, the studies encompassed in this chapter are aimed

to:

- Understand the molecular mechanism and the origin of selectivity for the hydrolysis of
peptide bonds in proteins catalyzed by Zr—substituted POMs.

- Characterize the reaction mechanism for the reduction of DTNB with the one electron
reduced Keggin—type phosphotungstate.

- Propose a POM structure capable of cleaving more kinetically inert S—S bonds with
aliphatic substituents, as more realistic model substrates of biological disulfides.

- Evaluate the feasibility of the disulfide bond reduction in angiotensinogen protein, that

is a system of biomedical interest.



UNIVERSITAT ROVIRA I VIRGILI

NEW HORIZONS IN COMPUTATIONAL MODELING OF POLYOXOMETALATES:
BIOLOGICAL ACTIVITY, ENERGY STORAGE AND SUSTAINABLE CATALYSIS.
Albert Solé Daura

Chapter 2: Goals of the Thesis 57

Chapter 6: Modeling Super—Reduced Polyoxometalates for Energy Storage.

The experimental group of Prof. Cronin has recently reported the ability of the classical
Wells—Dawson anion [P;W1506]% to be reversibly reduced with up to 18 electrons in
aqueous solution under certain conditions. Considering that the regular redox behavior of
this anion involves 6 electrons as much, these findings are of great interest and define new
horizons in the use of POMs as electron reservoirs in chemical reactions or as redox
carriers in batteries. Aiming to shed some light onto the factors governing this process, we

carried out a computational study focused on achieving the following goals:

- Give an explanation to the super—reduction process observed at experimental
conditions.

- Evaluate the influence of the size of the alkali counter cation in the redox properties of
[P2W18062]6_-

- Propose a plausible molecular and electronic structure for the 18 electron-reduced
POM.

Chapter 7: Computational Studies on Alkene Epoxidation Catalyzed by Early

Transition Metal-Substituted Polyoxometalates.

For years, transition metal-substituted POMs have been used as tractable molecular
models to study catalytic processes occurring on their single—site silica—supported
heterogeneous catalysts. Specifically, in the alkene epoxidation reaction with hydrogen
peroxide, POMs have shown ability to efficiently mimic the catalytic activity and
selectivity of their heterogeneous counterparts. Aiming to support the latest experimental
results from our experimental collaborators working on this topic, the goals of this chapter

are:

- Characterize the mechanism of the alkene epoxidation with hydrogen peroxide
catalyzed by Nb—substituted Lindqvist catalysts and compare their reactivity with that
of their Ti—containing analogues.

- Evaluate the influence of the POM scaffold and unveil the origin of selectivity towards
allylic ~alcohols for the hybrid Ti-containing tris—silanol functionalized
polyoxotungstate catalyst.

- Propose a plausible mechanism for the hydrogen peroxide decomposition side

reaction.



UNIVERSITAT ROVIRA I VIRGILT

NEW HORIZONS IN COMPUTATIONAL MODELING OF POLYOXOMETALATES:
BIOLOGICAL ACTIVITY, ENERGY STORAGE AND SUSTAINABLE CATALYSIS.
Albert Solé Daura



UNIVERSITAT ROVIRA I VIRGILT

NEW HORIZONS IN COMPUTATIONAL MODELING OF POLYOXOMETALATES:
BIOLOGICAL ACTIVITY, ENERGY STORAGE AND SUSTAINABLE CATALYSIS.
Albert Solé Daura

Chapter 3

Probing the Interaction between
Polyoxometalates and Proteins Using
Molecular Dynamics Simulations



UNIVERSITAT ROVIRA I VIRGILT

NEW HORIZONS IN COMPUTATIONAL MODELING OF POLYOXOMETALATES:
BIOLOGICAL ACTIVITY, ENERGY STORAGE AND SUSTAINABLE CATALYSIS.
Albert Solé Daura



UNIVERSITAT ROVIRA I VIRGILI

NEW HORIZONS IN COMPUTATIONAL MODELING OF POLYOXOMETALATES:
BIOLOGICAL ACTIVITY, ENERGY STORAGE AND SUSTAINABLE CATALYSIS.
Albert Solé Daura

CHAPTER 3

Probing the Interaction between Polyoxometalates and Proteins

Using Molecular Dynamics Simulations

In this chapter we describe the first atomistic MD simulations devoted to characterize the
non—bonding interactions between POMSs and biological systems. We selected the experimental
tested case of Hen Egg—White Lysozyme (HEWL); which is selectively hydrolyzed at the
peptide bonds Trp28-Val29 (site 1) and Asn44-Arg4S (site II) in the presence of the
Ce'V—substituted Keggin anion [PW1;030Ce(OH3)4]*~ (CeK). These simulations served to
characterize the physicochemical nature of POM--protein interactions and to identify two
cationic regions of the protein that could be related with the observed selectivity. The analysis of
CeK was compared with the Ce'"—substituted Keggin dimer [(PW1,039),Ce]'*~ (CeK>) and
the Zr'V—substituted Lindquist anion [WsOsZr(OH,)(OH)]*~ (ZrL) in order to evaluate how
POM features such as the shape, the size, the charge or the type of incorporated metal ion can
influence the POM---protein interactions.

This work was carried out in collaboration with the experimental group of Prof. T. N.
Parac-Vogt, from KU Leuven (Belgium) and with the group of Prof. ]. D. Hirst, based in
University of Nottingham (U.K.).

3.1 Background

In recent years Parac—Vogt et al. have studied the POM hydrolytic activity towards the
highly inert peptide bond in biomolecules such as dipeptides and oligopeptides,' and more
importantly, reported the first examples of selective hydrolysis of proteins by POMs.*™
The active POMs include different structures of Ce!¥— Hf'V— and Zr"V—substituted anions,
which initially were applied to the hydrolysis of hen egg—white lysozyme (HEWL),? and
more recently to human serum albumin (HSA),> myoglobin (HHM),* cytochrome ¢ (Cyt
C)® and ovalbumin (OVA).? It was observed that the peptide bond cleavage sites are close
to positively charged protein surface patches. Therefore, it was postulated that the

electrostatic interactions with the negatively charged POM structures lead to the selective
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hydrolysis in an enzyme-like recognition scheme.”® Nevertheless, so far no direct proof

for the electrostatic nature of these POM..-protein interactions has been presented.

Understanding the physicochemical foundations of the interactions between POMs
and biomolecules might have important implications for medical and biochemical
applications of POMs beyond selective peptide hydrolysis. In this regard, computational
simulations could facilitate the understanding of the molecular properties that govern the
interaction in order to further develop metal-substituted POMs with specific interaction
properties. Although these tools have been largely employed to study POM chemistry,’
the study of POM—protein interactions at molecular level is still a largely unexplored area.
There have been a number of docking studies exploring the binding locations for POM:s
with proteins, but due to the intrinsic limitations of this methodology little was revealed
about the driving forces that are responsible for the specific interactions.® These studies
proposed that POM:s interact mainly with positively charged amino acids such as Lys, His
or Arg, or with polar uncharged ones such as Asn, Ser, Cys, Thr or Gln. For example, Hill
et al. showed that Nb—containing POMs inhibit HIV-1 protease by binding to a cationic
pocket of lysine residues away from the active site.*® Similar findings were derived from
experimental studies, which identified electrostatic effects as the main factor in the
interaction of POMs with biomolecules based on luminescence of Eu—substituted POMs,
the fluorescence of tryptophan residues, isothermal titration calorimetry (ITC), and NMR
and circular dichroism (CD) spectroscopy.**"'* For example, Qu et al. proposed that
POMs bind to the positively charged His13—Lys16 cluster region of amyloid p—peptides
associated with Alzheimer's disease.”® It was also observed that the POMs can bind
sufficiently tightly to cause structural change in basic fibroblast growth factor (bBGF).”
More specifically, recent studies using model amino acids and peptides attributed the
mechanism of interactions with biomolecules to electrostatic interactions and hydrogen

bonds between amino acids and the negative charges of POMs.'

Interestingly, Qu et al. found an apparent trend related to POM composition: the larger
negative charge, the higher the binding affinity, and the stronger the inhibitory effect.”
However, if one considers the charge density of the anion instead of the overall charge, the
inactive POMs are not only the least charged but also the smallest anion carrying one of
the highest charge densities among the series. Thus, we suspect that binding might require
cooperation of electrostatic (high negative charge) and hydrophobic (accessible surface)
forces. Moreover, hydrophobic and electrostatic interactions in the most general sense are

non-—specific effects that would not explain by themselves the specificity of interaction
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sites, the selective enzyme-like recognition, nor the dependence on POM size and shape.
Therefore, we believe that it is necessary to analyze the factors underlying the interaction
of POMs with biomolecules beyond size—specific electrostatic effects in order to obtain a

full picture of the physicochemical foundations in these processes.

(A)

site Il

Figure 3.1 | (A) Polyhedral representation of the anions [PW;03Ce(OH,):]* (CeK),
[Ce(PW1104),]" (CeK,) and [W;50:3Zr(OH,)(OH)]* (ZrL). (B) Secondary structure of HEWL
protein (g = 8+) highlighting the experimentally hydrolyzed sites labeled as site I (Trp28-Val29) and
site I. (Asn44-Arg45)

Herein, we performed molecular dynamics (MD) simulations of three different POM
structures with HEWL in aqueous solution. The three POMs are Ce—substituted
Keggin—type anion [PWi;03Ce(OH,)4]*" (CeK) the corresponding 1:2 dimer
[Ce(PW11039),]'" (CeK,) and the Zr—substituted Lindqvist-type anion
[W5015Zr(OH,)(OH)]* (ZrL), which differ in the overall charge, the size, the shape and
the type of substituted metal (see Figure 3.1, left). Lysozyme represents a simple model
protein for fundamental studies, but more importantly, it has been demonstrated that
Ce—substituted POM acted as a selective protease cleaving HEWL at the peptide bonds
Trp28-Val29 (site I) and Asn44-Arg4S (site II). Figure 3.1 (right) shows the location of
both cleavage sites in the secondary structure of HEWL. Both Eu™ luminescence and
tryptophan fluorescence studies indicated that the POM binds the protein near these
cleavage sites.® Moreover, Sap et al. reported the co—crystallization of a non—covalent
complex between lysozyme and the analogous Zr—substituted Keggin—type anion and its
characterization via X-ray analysis."" After the publication of the results presented in this
chapter, other crystal structures appeared in the literature; all of them displaying similar
features."”"* The simulations of CeK with HEWL protein performed in this work should

provide additional information regarding the dynamics of the interaction and the relative
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binding strengths of individual amino acids. Moreover, direct comparison between POMs
will shed light on the structural factors governing the interactions between the POMs and

the biomolecules.

3.2 Computational Details

The systems were simulated by classical MD using the GROMACS 4.5.4 software'* and
the AMBER99 force field," which has been successfully employed to study the
aggregation behavior of POMs in solution by Chaumont and Wipff.!® The potential
energy U is empirically described by a sum of bond, angle, and dihedral deformation
energies and pair—wise additive 1-6—12 (electrostatic and van der Waals) interactions

between non bonded atoms or between those separated by more than three bonds.

The parameters for the Ce—substituted POMs were obtained following the procedure
of Bonet—Avalos, Bo, Poblet et al.'”” We used CHELPG atomic charges derived from the
electrostatic potential. They were obtained with the Gaussian09 package'® at the DFT
level (BP86 functional)'® using the LANL2DZ basis set?” for W, O and H atoms, and the
MWB?28 basis set* for Ce. Solvent effects were included in geometry optimizations by
using the IEF-PCM model** as implemented in Gaussian09 package.'"® The set of
Lennard-Jones parameters for W and O atoms were taken from previous work,'” and
those for Ce were taken from UFF force field.® Parameters for ZrL were taken from
previous studies.** The geometry of the 8+ charged HEWL was taken from protein data
bank (PDB) database (PDB ID: 3IJV).® For the MD simulations with CeK, the protein
was embedded in a water solvent box of dimensions 73.1 x 68.8 x 77.1 A, one POM
molecule (g = 3-) and five chloride ions to neutralize the system. MD simulations with
ZrL were performed in a water solvent box of dimensions 75.7 x 78.4 x 79.1 A, one POM
molecule (g = 3-) and five chloride atoms to neutralize the system. For simulations with
CeK; the size of the box was 75.7 x 78.4 x 79.1 A for the runs starting at the vicinity of
protein site I and 73.1 x 68.8 x 77.1 A for those of site II. One POM molecule (g = 10-)

and two Na* ions were added to neutralize the system.

Water was represented with the TIP3P model.® All simulations were performed with
3D-periodic boundary conditions using an atom cutoff of 14 A for 1-4 van der Waals and
of 10 A for 1-4 Coulombic interactions and corrected for long-range electrostatics by

using the particle—particle mesh Ewald (PME) summation method.”” The simulations
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were performed at 300 K starting with random velocities. The temperature was controlled
by coupling the system to a thermal bath using the Berendsen algorithm®® with a relaxation
time of 0.5 ps to keep the NVT canonical conditions throughout the simulation. Newton
equations of motion were integrated using the leap—frog algorithm,*” and a time step of 1
fs. The bonds with hydrogens were restrained using the LINCS algorithm.*® Starting either
at the vicinity of site I or site II, we run S independent simulations of 20 ns for each POM
at each site. Before the production runs, the systems were equilibrated with 5000 steps of

energy minimization followed by simulations of 250 ps at constant volume (NVT).

3.3 Results and Discussion

3.3.1 MD study of [PW,;039Ce(OH,)4]*" anion with HEWL in solution.

Initially, we simulated the monomeric Ce-substituted Keggin—type anion
[PW11035Ce(OH,)4]* (CeK) with HEWL in aqueous solution. Experimentally, the 1:2
dimeric structure [Ce(PW1;039),]' (CeKz) was in fact the complex employed in the
selective hydrolysis.> However, this species is a highly unlikely catalyst because the
coordination sphere of Ce' is fully saturated by coordination to oxygen atoms of the
POM framework. Since hydrolysis requires the binding of the Ce metal acting as a Lewis
acid to the amide carbonyl, it was proposed that the interaction with protein induces
dissociation of the dimeric species CeK, to the monomeric CeK POM. Some posterior
evidence has supported this hypothesis. The analogous EuK, dimer was shown to
dissociate leading to monomeric EuK, which is able to bind to amino acids.®* Similarly,
when the analogous Zr dimer ZrK, was used for co—crystallization with HEWL, the
resulting crystal structure showed exclusively the presence of the Zr—substituted
monomeric species, ZrK.'"'> The same behavior was reported afterwards for several
TM-substituted Wells—Dawson dimers (TM = Hf"V, Zr", Co", Ni', Cu").!?

We performed two sets of simulations starting with the CeK anion placed at the vicinity
of each of the known cleavage sites of HEWL (I and II). Figure 3.2 plots the classical
non-bonding energy for the interactions of the CeK anion with the protein (blue line),
the solvent (red line) and the whole system (green line) along a representative trajectory
of 20 ns (see Appendix for the other trajectories). The graphs in Figure 3.3 collect the
analysis of the interaction of CeK with the individual amino acids averaged over 100 ns of

dynamics trajectories: the average energy strength in bars and the percentage hydrogen
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bond lifetimes in lines. These simulations allowed us to identify the direct CeK.-HEWL

interaction, to characterize and evaluate the interactions with individual amino acids and

their nature.
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Figure 3.2 | Non-bonding interaction energies (in kJ-mol™) of the CeK anion with HEWL (blue line),
with the solvent (red line), and with the whole system (green line) as a function of the time (ns) for
simulations starting at vicinity of site I (left) and II (right). Representative 20 ns run.
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Figure 3.3 | Analysis of amino acid specific interaction between the CeK anion and selected individual
AAs of HEWL. Average non-bonding interaction energies in kJ-mol™ (bars), and percentage of
hydrogen bond persistences for acidic hydrogens of amide bond and side chains (lines) along the
simulations starting at vicinity of site I (left) and II (right). The values are quantified at every 4 ps time
frame over 100 ns MD trajectories.

For all the runs performed the interaction between the CeK anion and the HEWL is
appreciable and remains present during most of the simulation time with non-bonding
interaction energies averaging —178 kJ-mol™" for site I and —161 kJ-mol™" for site II (see
Figure 3.2 and Figures A3.1 and A3.2 in Appendix). As a general trend, as the interaction

with the protein strengthens, the solvent interaction energy lowers because the CeK anion
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has to remove the solvation shell to access protein surface. This can be seen in Figure 3.2,
where blue and red lines represent protein and solvent interaction energies, respectively.
From the evolution of the interaction energy, we could also identify different time periods
corresponding to different interactions modes of the CeK anion. In the simulations
starting at the vicinity of site I, the CeK anion interacts at the a-helical part of the
structure outside of an entrance channel to cleavage site I that is buried in a hydrophobic
pocket of the protein. As Figure 3.3 shows, the most strongly interacting amino acid is
Arg21; the interaction is present during the whole 100 ns sampling. Then the CeK anion
can interact with Ser100 and with either amino acids on the left— or the right-hand side of
the entrance channel (Lys96 and Lys97 or Tyr23, respectively). Figure 3.4 shows a
representation of the two portions of the protein surface that interact with the CeK anion,
and Figures 3.5 and 3.6 show illustrative snapshots of the CeK--HEWL interactions at
the two different regions close to site I. Thus, the Arg21 anchors the CeK anion acting as a
flexible hinge that places the POM at the one or the other side of the protein surface, or

more embedded in the solvent.

Figure 3.4 | Representation of the volumetric density for the CeK anion contact with HEWL
(POM--protein distance < 3.5 A) along the 100 ns trajectories. Two protein surface regions
differentiated by colors. Red area involving Lys96 and Lys97 and blue area involving Tyr23. Residues
Arg21 and Ser100 are common in both areas.
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Figure 3.5 | Illustrative snapshots of CeK--HEWL interaction at the vicinity of site I involving Tyr23
(red area in Figure 3.4) taken at 17066 ps of run 1 (interaction energy 237 kJ-mol™). (A) Interacting
amino acids and cleavage site I (Trp28 and Val29). (B,C) Closer look at the interaction between CeK
and amino acids Arg21, Ser100 and Tyr23 (-71, -47 and -38 kJ-mol ™). Distances in A.
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Figure 3.6 | Illustrative snapshot of CeK--HEWL interaction at the vicinity of site I involving Lys96
and Lys97 (blue area in Figure 3.4) taken at 19384 ps of run S (interaction energy ~304 kJ-mol™). (A)
Interacting amino acids and cleavage site I (Trp28 and Val29). (B,C) Closer look at the interaction
between CeK and amino acids Arg21, Lys97, Lys96 and Ser100 (-104, —-88, -76 and —37 kJ-mol™).
Distances in A.

In the simulation at the vicinity of site II, the CeK anion adsorbs onto the protein
surface, interacting directly with the amino acids of cleavage site II, which are exposed to
the solvent in the B—strand region. In fact, the most strongly interacting amino acid in this

set of simulations is Arg4S belonging to cleavage site II (see Figure 3.3, right panel). This
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interaction persists for most of the simulation, and some additional ones can occur
simultaneously with amino acids such as Arg68, TyrS3, Thr43 and ThrS1 (Figure 3.3,
right panel) that contribute to the stability of the CeK--HEWL complex. Figure 3.7
shows an illustrative snapshot in which this additive interaction can be observed: strong
interaction with positively charged amino acids Arg45 and Arg68 at different protein
regions, and with polar amino acids Tyr53, Thr43 and Thr51. In both cases, the CeK
anion interacts mostly through the POM framework, with the hydrophilic Ce(H,O)s
moiety pointing towards the solvent. The binding sites and the orientation of CeK anion
revealed by dynamic simulations fully agree with the positions of the TM-substituted
Keggin— and Dawson—type anions co—crystallized with HEWL."'*1?

(A) site I

Figure 3.7 | Illustrative snapshot of CeK--HEWL interaction at the vicinity of site I involving Lys96
and Lys97 (blue area in Figure 3.4) taken at 19384 ps of run S (interaction energy ~304 kJ-mol™). Left
panel highlights interacting amino acids and cleavage site I (Trp28 and Val29). Right panels: closer look
at the interaction between CeK and amino acids Arg21, Lys97, Lys96 and Ser100 (~104, —88, -76 and -
37 kJ-mol™!). Distances in A.

As illustrative snapshots in Figures 3.5, 3.6 and 3.7 show, the CeK anion can be in
direct contact with the protein surface forming hydrogen bonds with the amino acids side
chains through the most basic oxygen atoms of the POM framework. Several amino acids
of different sections of the protein structure interact simultaneously with the anion in an
additive manner, and both the terminal and the bridging oxygen atoms act as hydrogen
acceptors. For example, in the first snapshot of site I (Figure 3.5), the side chains of
Ser100 and Tyr23 form hydrogen bonds with the terminal oxo groups of the POM



UNIVERSITAT ROVIRA I VIRGILI

NEW HORIZONS IN COMPUTATIONAL MODELING OF POLYOXOMETALATES:
BIOLOGICAL ACTIVITY, ENERGY STORAGE AND SUSTAINABLE CATALYSIS.
Albert Solé Daura

70 3.3 Results and Discussion

framework (O—H.---Opoy distances = 2.23 and 1.96 A, respectively), while for positively
charged Arg21 we observe an electrostatic contact. In the other snapshot of site I (Figure
3.6), the CeK anion forms a double-hydrogen bonding interaction with two of the
guanidinium N-H groups of Arg21 involving a bridging oxygen of POM framework. The
NH;* amino group of Lys96 forms a hydrogen bond with the POM, whereas the
analogous Lys97 is bound via an electrostatic—type interaction showing N~H-Opom
angles < 108°. Similarly, for site II (Figure 3.7), the CeK complexation occurs via multiple
binding interactions such as hydrogen bonding with Thr43, ThrS1 and TyrS3
(O-H.---Opom distances ranging from 1.85 to 2.42 A), and electrostatic with Arg4S and
Arg68. Within these snapshots, the polar uncharged amino acids serine tyrosine, and
threonine show computed interaction energies ranging from -37 to —47 kJ-mol™', which
lie within the typical energy range for normal hydrogen bonds."* For the positively charged
arginines and lysines, the obtained interaction energies are two—fold higher (ranging from
~71 to ~104 kJ-mol™) and lie in the range of typical strong hydrogen bonds, which include
the positively charge assisted hydrogen bonds X*—H...A."*

We have analyzed the formation of hydrogen bonds along the whole simulation in more
detail. Figure 3.3 shows the simulated hydrogen bond persistences as a percentage of the
trajectory (lines). For each residue we quantified the number of snapshots showing
H-bonding to CeK whose value was normalized by the total number of snapshots and
used as representation of the overall CeK--HEWL H-bond statistics. The H-bond
criteria comprise a distance (< 3.5 A) and an angle (X-H-Opowm > 130°) constraint. This
parameter provides information on the most strongly interacting amino acids and the
nature of their interaction, complementing the average energies reported in Figure 3.3.
The longest—lasting and the strongest interactions are with Arg21 for site I and Arg45 and
Arg68 for site II. This agrees with previous NMR results showing resonance shifts for
arginine side chains in the presence of POM.> The interaction with these amino acids
combines electrostatic and hydrogen—bonding contributions. For example, although the
interaction with Arg21 is present during the whole simulation, the persistence represents
only the 57%. The affinity of the CeK anion increases by additional hydrogen bonding
with the side chains of Ser100 and Tyr23 in site I and Thyr53 and Thr43 in site II, with
percentage persistence ranging from 20 to 40%. We could also identify other non—polar
amino acids, such as, glycine and alanine that interact appreciably with CeK, via the N-H
amide group, the most outstanding being Gly102 and Gly104 with percentage persistence
between 10 and 20% (see Figure 3.3). It should be noted that although it had been
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proposed that hydrogen—bonding might be an interaction force in POMs binding to
biomolecules, 1% this is the first time that these interactions have been quantified.

In the crystal structure of the non—covalent POM.--protein complex, the Zr—substituted
[PW1,030Zr(OH,).]*" anion showed direct hydrogen—bond interactions with HEWL,
and also, water—mediated interactions, in which a layer of water molecules connected the
CeK anion and the protein.'"" There are other X—ray structures in which the interactions
between the POMs and the protein are partially mediated by the solvent.”® For example,
the octamolybdate and the hexatungstotellurate anions interact partially via water
molecules with uncharged polar amino acids such as glutamine and threonine in the
molybdenum storage protein®* and abPPO4 mushroom tyrosinase,**® respectively. Since
the interaction of the POM with the solvent decreases as the interaction with the protein
increases, the optimal situation might be the water-mediated contact in which the CeK
anion keeps the first solvation shell and there is still a non-bonding electrostatic
interaction with the positively charged amino acids. Figure 3.8 presents a sequence of
snapshots taken during the approach of CeK anion to site II as illustrated by the evolution
of interaction energies in Figure 3.2. In the frames of Figure 3.8, we can observe different
water—mediated interactions with Arg4S, Arg68 and Thr43; and how the successive
removal of the water layer surrounding the POM reduces the CeK:-water interaction
energy, which is balanced by the increase of the direct contact with the protein residues.
Overall, both experiments and simulations indicate that electrostatic—based
water—mediated interactions are quite favorable. However, in the dynamic process the
CeK anion can easily remove the solvation shell to reach the protein surface, stabilized via
hydrogen bonding with polar and positively charged amino acids. Analogously, other
X-ray structures have shown that the POMs are also able to interact directly with the
protein. Rompel et al.** have co-crystallized HEWL with the Anderson—Evans—type
hexatungstotellurate [TeWsO24]% anion which binds to positively charged (Arg and Lys)
or polar uncharged residues (Asn and Gln) similarly to CeK anion in our simulations.
Interestingly, they identified a specific cationic site formed by Arg4S and Arg68 where the
hexatungstate binds similarly to CeK at site II. Also the analogous anion [W1,040H,]*
binds NTPDasel directly interacting with Lys, Asn and Gln.*®
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Figure 3.8 | Snapshots taken during the approach of CeK anion to protein site IL. For clarity, only
selected water molecules are shown. Distances in A and energies in kJ-mol .

The CeK anion interaction does not induce any conformational change in the HEWL
structure and we only observed small geometrical differences in the side chains. This
agrees with crystal structures indicating that HEWL structure is preserved upon binding to
the analogous Keggin—type Zr—substituted anion."' Thus, for the available simulation
times, we cannot expect to observe a direct interaction of CeK with site I (Trp28-Val29)
site which would involve a modification of protein secondary structure. However, the
observed binding site at Arg2l might be related to an entrance channel to the
solvent—inaccessible site I via secondary structure decrease of the a—helix. For site II, the
long and strong interaction with Arg45 is quite noteworthy because it belongs to the
cleavage site II. As in the X-ray structures, the catalytically active Ce" center points
towards the solvent due to the hydrophilicity of the Ce'V—aqua moiety. Consequently, the
dynamic hydrolysis process should involve anion reorganization to bind the amide oxygen
with the corresponding energy penalty. Nevertheless, the direct interaction of CeK to
cleavage site II revealed in this study is consistent with the hydrolytic selectivity observed
at Asn44-Arg45 bond.
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3.3.2 Influence of POM structure on the POM...protein interactions.

To get further insight into how POM features such as the shape, the size, the charge, the
kind of incorporated metal ion and ligands can affect the interaction between POMs and
proteins, we compared the behaviour of the CeK anion with the Ce'V—substituted Keggin
dimer [Ce(PWi;039),]' (CeK:), and the Zr"V-substituted Lindqvist anion,
[W5015Zr(OH,)(OH)]* (ZrL). The dimeric CeK; anion is in fact the species used for
peptide hydrolysis, and it differs from CeK anion in that it carries greater negative charge
and is larger and more extended. It also plaussible that the enzyme-like recognition of the
POM occurs before the dimeric CeK; species dissociates into CeK, and then interaction
with protein promotes the hydrolysis of CeKa,."* The ZrL species represents a POM
structure with smaller size and a different transition—metal substitution, which was also
active towards the peptide bond hydrolysis in proteins.'***’ Moreover, in POM
chemistry the charge/metal ratio parameter (q/M) has been used to set structure activity
relationships because it reflects better charge density distribution on the oxide
structure.”®® For the three selected POMs, the values are: 0.25, 0.43 and 0.50 for CeK,
CeK; and ZrL, respectively.

Our simulations showed that POMs bind proteins mainly by electrostatic interactions;
however, we anticipated that the interaction with the solvent, as well as the size of the
system allowing several interactions to occur simultaneously, also need to considered. In
fact, Nadjo et al. have recognized that the overall charge of the cluster is not the single
parameter governing the binding process when comparing the binding of Human Serum
Albumin (HSA) with POMs of different atomistic composition: [P,Wi,06]"",
[CuP;W1,06]%, [NiP;W1Os]®, [HsWi040]® and [NaPsWiOuo]*Y Table 3.1
compares the simulated percentage of POM---HEWL interaction persistence for the three
POMs which reflects their binding affinity to the protein. We quantified the number of
snapshots in which the POM is closer than 3.5 A to the protein and normalized by the
total number of snapshots. Roughly, the higher the charge density (q/M ratio), the lower
the binding affinity of the POM, indicating that the hydrophobic character of the anion
might favour its protein affinity in water solution. In fact, the g/M ratio correlates with the
computed POM solvation energies per solvent—accessible atom (Table 3.1), measured as
the average non-bonding interactions with the solvent when the POM is not in contact
with the protein. The solvent—accessible atoms consist of the terminal and bridging
oxygen atoms of the POM, and the ligands on the imbedded metal. Table 3.1 also

compares the interaction strengths, measured as the average of POM---HEWL interaction
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energies when the POM is in contact with the protein (POM..-HEWL distance < 3.5 A).
The CeK anion shows higher affinity for HEWL than CeK; and ZrL anions. The highly
hydrophilic and small ZrL anion exhibits shorter persistence values (56 and 69% for site I
and II) compared to CeK because the solvation energy becomes higher while the
interaction strength with HEWL remains similar (Table 3.1). The protein affinity of CeK,
anion lies in an intermediate situation with persistence values (90 and 95% for site I and
IT) closer to CeK anion. The computed solvation energy of CeK, is significantly higher
due to its hydrophilicity, which however, is partially balanced by the stronger interaction
strength due to the increase of interactions with multiple residues (vide infra for more

details).

Table 3.1 | Comparison of the HEWL affinity of the three POMs CeK, CeK», and ZrL.*

% time binding interaction strength
anions q/M Eqonv site I site IT site I site IT
[PW,;,Ce]* (CeK) 0.25 =27 99% 99% -178 -161
[Ce(PW11),]"" (CeKs) 0.43 -43 90% 95% -260 -224
[WsZr]* (ZrL) 0.50 -54 56% 69% -168 -187

“Estimated from the percentage of POM:.-HEWL contact persistence, interaction strength during the
contact and the non—bonding interaction with the solvent per solvent—accessible atom. Energies in
kJ-mol™. The values are sampled every 4 ps from the 100 ns MD trajectories.

Figure 3.9 compares the average interaction energies of the POMs with the individual
amino acids. For CeK, and ZrL anions, the most strongly interacting residues are also
Arg21, Lys96 and Lys97 for simulations at site I and Arg4S and Arg68 for simulations at
site I In general, the CeK; anion shows the higher average interaction energies (green
bars) than those for CeK anion (yellow bars) and much higher than those for ZrL (blue
bars). Their interactions with the proteins involve mainly hydrogen bond—-mediated direct
contacts with the side chains of positively charges amino acids such as arginine and lysine,
and polar ones such as serine and tyrosine (see Figures 3.10 and 3.11 for representative
interactions of CeK, and ZrL). Therefore, these electrostatic interactions in the form of
hydrogen bonding might be generalized in the binding of POMs to proteins, as recent
reviews on the use of POMs in protein crystallography indicates.® Nevertheless among
the POM series, we found remarkable differences on the extent, the strength and the type

of interaction with protein that can be directly related to the POM composition.
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Figure 3.9 | Comparison of amino acid specific POM.-HEWL interactions for CeK (yellow), CeK,
(green), and ZrL anions (blue). Average non-bonding interaction energies in kJ-mol™ computed for
snapshots taken every 4 ps from the 100 ns of sampling.

e

Figure 3.10 | Illustrative snapshots of CeK,--HEWL interaction at site I and II taken at 10494 ps of run
1 and 11924 ps of run 1, respectively (interaction energies ~408 and 283 kJ-mol™). Left: the most
strongly interacting amino acids for simulation at site I: Arg21, Lys96, and Lys97 (~108, —88, and —120

kJ-mol™). Right: those for simulation at site II: Arg4S and Arg68 (~123 and —117 kJ-mol™). Distances in
A

In the simulation of CeKj anion at site I, the POM interacts mainly with Arg21 as it was

observed for CeK, but because of its greater size additional strong interaction appears with
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other amino acids such as Lys96 and Lys97 where the two Keggin units operate
simultaneously (see Figure 3.10 for representative snapshot). This makes the interaction
strength significantly higher than that for CeK (-260 vs. —178 kJ-mol™ in Table 3.1).
Interestingly, the additive effect of the two Keggin units can induce some structural
changes in the protein. At the POM binding site, the protein structure opens leading to a
more accessible entrance channel to the cleavage site I (see Figure 3.10, left). Figure 3.12
shows that the root mean square deviation (RMSD) of the backbone portion involving the
residues directly interacting with the POMs at site I (Tyr20, Arg21, Gly22, Tyr23, Lys96
and Lys97) is significantly larger for CeK, than for CeK and ZrL. This kind of
conformational process might initiate a secondary structure decrease of the a—helical part
required to expose the cleave site I to the hydrolysis catalyst. In the case of the simulation
of the CeKj anion at site II, the anion does not stay interacting with Arg4S$ as reflected in
the low average interaction energy (Figure 3.9). Instead, the anion is released into the
solution and/or it moves through protein surface interacting with other cationic sites.
Compared to interaction occurring at the vicinity of site I, here the topology of the protein

does not allow CeK, anion interaction with the two Keggin units simultaneously.

Consequently, the POM has a larger surface exposed to the solvent that pulls the whole
POM towards the bulk of the solution. Thus, the interaction strength at site II (-224
kJ-mol™) is weaker than that of CeK, for site I (—260 kJ-mol™).

site | Vl site ll

Figure 3.11 | Illustrative snapshots of ZrL--HEWL interaction at site I and II taken at 40 ps of run 1
and 560 ps of runl, respectively (interaction energies ~120 and —195 kJ-mol™). Left: the most strongly
interacting amino acids for simulation at site I: Arg21 (-85 kJ-mol™). Right: those for simulation at site
II: Arg4S and Arg68 (-69 and ~114 kJ-mol™). Distances in A.
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Figure 3.12 | RMSD values of the protein backbone involved in the interaction site I (residues: 20, 21,
22,23,96,97) as a function of simulation time for a selected run of 20 ns. Simulations for CeK (yellow),
CeK; (green), and ZrL anions (blue).

The interaction mode of ZrL anion with the protein resembles that of CeK; the basic
oxygen atoms of the POM framework form hydrogen bonds and the Zr—substituted
moiety mostly points towards the solvent (see Figure 3.11). In line with this fact, a recent
study showed the electrostatic POM.:--protein interactions are not influenced by the nature
of the substituted metal ion, as four different ions embedded in the same POM archetype
gave rise to isostructural POM.--protein co—crystals."*® However, the persistence of the
interactions is significantly shorter as reflected by the average interaction energies with
individual residues in Figure 3.9. The smaller size of the anion does not allow ZrL to
interact simultaneously with several residues so effectively. For example in site I, the anion
interacts alternatively with Arg21 and Lys97 jumping from one residue to the other.
However, the interaction strength of ZrL (~168 kJ-mol™) is similar to that of CeK (-178
kJ-mol™) because the higher charge density of ZrL atoms can lead to stronger interactions

with individual amino acids.

3.4 Concluding Remarks

In this work we report for the first time the use of molecular dynamics (MD)
simulations to analyze the interaction between proteins and polyoxometalates by using the

specific case of hen egg—white lysozyme (HEWL) and three different POMs including 1:1
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and 1:2 Ce™-monosubstituted Keggin POMs (CeK and CeK,, respectively) and
Zr"-monosubstituted Lindqvist POM (ZrL).

In the MD simulations with the CeK anion, we have identified two sites of the protein
in which the POM interacts strongly that can be related to the observed selectivity in
hydrolytic activity of Ce'Y— and Zr'"Y—substituted POMs towards the Trp28-Val29 (site I)
and Asn44-Arg4S (site II) bonds. The CeK anion interacts strongly with Arg21 at an
entrance channel to the cleavage site I buried in a hydrophobic pocket, and with Arg4S
directly at site II. Both interactions occur through the POM framework with the
catalytically active Ce'" center pointing towards the solvent. This is in full agreement with
the X-ray structures obtained from co—crystallization of HEWL and a different
TM-substituted POMs."'""* Thus, the modeling also established a relationship between
the non-bonding electrostatic type interaction of the CeK anion with HEWL and the
observed selectivity of the hydrolysis.

In general, the interaction of POMs with HEWL involves charge attraction and
hydrogen boding of the basic oxygen atoms of POM framework with the side chains of
positively charged amino acids (arginine and lysine) and of polar uncharged amino acids
(tyrosine, serine and asparagine). The formation of hydrogen bonding with the N-H
amide group of the main protein chain is also plausible, although its extent is less
important. Moreover, depending on the size and shape of the polyoxoanion the
cooperative effects, in which several amino acids interact simultaneously with the oxide

framework, are enhanced or decreased.

The protein affinity of the CeK anion is higher than for CeK; and ZrL anions. The
Keggin—type CeK anion is less hydrophilic reducing the solvation energies and it has the
right size and shape for accepting the additive effect of several amino acids simultaneously.
The larger and more charged dimeric CeK, anion has more charge density and larger
solvent—accessible surface that increases its hydrophilicity and reduces its affinity to
proteins. However, the CeK; anion can interact very strongly with some sections of the
protein through its two dimeric units at once, causing some structural changes in HEWL.
They can include an opening of the entrance channel to cleavage site I that could expose
the peptide bond to be hydrolyzed. The smaller ZrL anion has high charge density that
increases its hydrophilicity, and in addition, its size and shape do not allow interaction
with several amino acids simultaneously so effectively causing the lowest protein affinity

among the series of studied POMs. Thus, these simulations demonstrated that an optimal
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interaction POM.--protein should balance charge and size. In addition, the study proves
the feasibility of this computational approach, opening up new opportunities to study
range of other POM.--protein interaction and other chemical processes, as shown in the

following chapters of this thesis.

3.5 Supplementary Material

Animations of some representative simulations discussed in this chapter can be
accessed by scanning the following QR codes with a smartphone or though the URLs

below.

CeKinteracting at site I CeKinteracting at site 11

[m] = [m]
e

https://youtu.be/WEXpx7JUmYo https://youtu.be/ GAvsmaSBXbg

CeK; interacting at site II ZrL interacting at site I

0 [l [

[=]

https://youtu.be/LM_9irPW7us https://youtu.be/8wm2F F8fQk
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Structure-Activity Relationships for the
Affinity of Chaotropic Polyoxometalate
Anions towards Proteins
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CHAPTER 4

Structure—Activity Relationships for the Affinity of Chaotropic

Polyoxometalate Anions towards Proteins

Prompted by the results discussed in the previous chapter, here we studied the influence of the
POM composition into their affinity to biological systems by means of atomistic Molecular
Dynamics (MD) simulations. The variations in the affinity to hen egg-white lysozyme
(HEWL) were analyzed along two series of POMs whereby the charge or the size and shape of
the metal cluster are modified systematically, aiming to evaluate the individual effect of each
parameter. The former comprises five POMs of the same size and shape but different charges:
[X*W12040] - (X = SV, PY, SilV, AI"™, Zn™). The second series is constituted by four POM
structures differing in size and shape but featuring similar charge densities: [WsO15]%,
[SiW1:,040]*, [P:W150s2]* and [HThPsW300110]'"" with Lindquist-, Keggin—, Wells—
Dawson— and Preyssler—type structure, respectively. In addition, we developed a quantitative
multidimensional model for protein affinity with predictive ability (r* = 0.97; q* = 0.88) using
two molecular descriptors that account for the charge density (charge per metal atom ratio;
q/M) and the size and shape of the POM (shape weighted—volume; V).

4.1 Background

It is widely accepted that the biological activity of POMs depends largely on their ability
to establish non-bonding interactions with peptides and proteins.' In turn, these
interactions were recognized to be influenced by the electrostatic charge of the POM, its
size and shape in host-guest interactions, and its composition.''¢ Recently, the affinity of
POMs towards biomolecules have been attributed to the superchaotropic character of the
POM anion, providing a broader description of the physicochemical foundations of
POM-protein interactions.” In chaotropic anions, typically large and charge—delocalized,
the ion—dipole interaction with the solvent is less directional, and therefore, the
desolvation process upon binding does not change the bulk water structure in large extent
reducing the entropy penalty. For example, Nadjo and co-workers found this
thermodynamic fingerprint in the binding of Keggin [HyW1,040]° anion to human serum
albumin (HSA) protein, where the binding reaction is enthalpically driven (4H = -50
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86 4.1 Background

kJ-mol ™) with a small, unfavourable entropy component (TAS = -12 kJ-mol™") due to the

minimal dehydration entropy change.

Several attempts to set empirical structure—activity trends relating the activity of POMs
to their composition have been reported in the literature,>**”!112131¢ however, they do not
provide an unambiguous picture. Due to limitations in POM stability under experimental
conditions, the number of analyzed structures is usually too low to set clear relationships.
It is also common that tested POMs differ in more than one feature at a time, hampering
the interpretation of the results. In this regard, computational modeling would allow
performing systematic variations on single parameters of well-defined POM structures
and thus making possible this type of fundamental studies. In a previous contribution, we
provided a computational, atomistic description of the POM-protein interactions based
on molecular dynamics simulations (MD)."” The study was backed by experimentally
reported systems formed by model hen egg-white lysozyme (HEWL) protein and
experimentally reported Ce'V— and Zr'"V—substituted POMSs.'®2° Simulations revealed that
POMs interact mainly with the side chains of the positively charged and polar uncharged
residues via charge attraction and hydrogen bonding of the basic oxygen atoms of POM
framework.!”” Then, Prabhakar and co-workers have computationally characterized

interactions of the same nature between POMs and HSA protein.*!

Herein, we study how the affinity to HEWL protein varies along two series of POMs in
which the charge and the size of the POM are systematically modified (Figure 4.1).
Aiming to understand the influence of each individual POM feature, we analyze at atomic
level the interaction of POMs with both the protein and the solvent. Finally, we are able to
build a multidimensional correlation between the POM structure and its protein affinity

17,22

by using two molecular descriptors: the charge per metal ratio'”** and the novel descriptor

shape—weighted volume (Vs).
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1) Charge:
K
——

[X"" W20 4] &)=
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2) Size and shape:

[WeOyel>~  [SiW,,040]4 [P2W15062l*~  [HThPsW;00,40]"0~
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€ 0.33

v

Figure 4.1 | Polyhedral representation of the model POM structures used to evaluate the influence of
the charge (top) and the size and shape (bottom) of the POM on POM.---protein interactions.

4.2 Computational Details

The methodology used for classical simulations is analogous to that explained in
Chapter 3. Lennard—Jones parameters for W and O atoms of the POMs were taken from
previous works,'”**** and those for A", Si' and Th" were taken from the UFF force
field.*® CHelpG atomic charges for the different POM structures were obtained using the
same computational approach described in Chapter 3.

For the MD simulations, the protein was embedded in a cubic solvent box in which 1
POM was inserted randomly, and the initial POM position was kept for all the runs. The
box size was set to keep the same Vrom/Vierl in all the simulations and roughly, the molal
concentration of POM (gPOM-Lwate;l). In particular, when simulating POMs of different
sizes, it is of great importance to maintain the same volume ratio in order to avoid
overestimations in quantifying the interaction of bulkier POMs or underestimate it for
smaller ones. ClI” or Na* counter ions were added to neutralize the system. Detailed

information of each simulated system can be found in Table 4.1.
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Before the production runs, all the systems were equilibrated by 1000 steps of energy
minimization followed by a 250 ps simulation fixing the solute molecules in order to relax
the solvent around them. Then, a 250 ps at constant volume (NVT) with the solvent
relaxed, a 500 ps simulation at constant temperature (300 K) and pressure (1 atm) to
stabilize the pressure and thus the density and a last 250 ps simulation (NVT). Finally, five
independent runs of 20 ns dynamics were performed at constant volume and at 300 K for
each system. For the sake of comparison, some NVT simulations were repeated using the

velocity rescaling algorithm? and found that results do not vary significantly.

Table 4.1 | Main characteristics of the simulated systems to study the effect of the charge and the size of
the polyoxoanion.”

system box size (A3) Nuater Crom (g-L™)
1 [SW1,040]* (SK*) + 6 CI- 79.53 15845 9.51
1 [PW,04]* (PK*) + 5 CI 79.43 15846 9.54
1 [SiW1,040]+ (SiK*) + 4 CI- 79.53 15847 9.50
1 [AIW,,0,0]% (AIK*) + 3 CI 79.4° 15848 9.53
1 [ZnW,04]% (ZnK®) +2 CI- 79.43 15849 9.66
1 [WeOi]™ (L) + 6 CI 62.6° 7488 9.51
1 [P,W1506]% (WD%) +2 CI- 91.4% 24481 9.49
1 [HThPsW300110]*- (HThP'-) + 2 Na* 110.43 43542 9.45

¢ All systems contain 1 HEWL protein (q = 8+).

4.3 Results and Discussion

4.3.1 Influence of the POM charge.

To understand how the POM charge affects their interaction with proteins, we initially
simulated HEWL protein in solution with five different POMs of the same size and shape
but different overall charges. The selected POM structures are represented in Figure 4.1
(top) and comprise five Keggin—like anions of general formula [X"*W,040] ®")- with X"*
=SV, PY, Si'V, A" and Zn", labeled as SK*>7, PK*, SiK*, AIK*" and ZnK?®, respectively.
This array of POMs allowed covering a range of charges from 2, for the least charged
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SK*~ to 6- for ZnK®*". For every polyoxoanion, we performed a set of five independent
MD runs of 20 ns each. The POM trajectories are graphically represented in the Appendix

(Figure A4.1) as color evolution of their center of mass around the protein.

(A) Arg21 (B)
Arg114 Lys96
Lys116 Lys97
Arg5
Lys33
Lys1
Arg45

Thr118

Figure 4.2 | (A) Volumetric density of the PK* contacts on the protein surface (POM.--protein
distance < 3.5 A) averaged over 100 ns of MD trajectories. Positively charged arginine and lysine
residues are depicted in blue and green sticks, respectively. (B) Typical snapshot of the interaction of
PK*" at a positively charged patch on HEWL surface, comprising Argl14, Lys116, and Thr118. Red
dotted lines and black dashed lines represent H-bonds and purely electrostatic contacts, respectively.
Distances in A.

To illustrate the specific interactions of Keggin anions with positively charged and polar
amino acids of HEWL, we selected the archetypal PK*" anion. The volumetric density
map in Figure 4.2A represents the protein regions interacting with the POM, which
mostly involve positively charged amino acids such as arginines and lysines. Notably, the
two binding sites containing Arg21 and Arg4$, respectively, had been actually observed in
crystal X-ray structures of noncovalent complexes with different transition metal-
substituted Keggin and Wells-Dawson anions.'®* In addition, these two positive patches
on the protein surface were related to the selective peptide bond hydrolysis catalyzed by
Lewis acid metal-substituted POMs.'”?” X-ray studies have identified an additional
binding site containing Argl28, which is placed at a C-terminus end of the HEWL
protein.'®"® This is an unstructured region of the protein, whose interaction with the
POM:s was suggested to induce a higher degree of structural stability in the solid state,**
explaining why the interaction of PK* anion is scarcely observed in the simulations in
solution. Figure 4.2B shows a selected snapshot with representative interactions between
the oxygen atoms of POM framework and the amino acids of HEWL. As it had been

computationally characterized'” and experimentally observed,*™* the nature of these
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interactions comprises mainly electrostatic interactions, hydrogen bonding and

water—mediated interactions with positively—charged and polar amino acids.

Inspection of the trajectories reveals well-differentiated behaviors of POMs over the
protein surface (see Figure A4.1 in the Appendix). Depending on the charge, the anion is
set in a specific cationic pocket or it moves over the protein surface and in and out of the
solution. To evaluate the affinity of the POMs to the protein, the persistence of
POM.--protein contacts was quantified in terms of % time binding. This parameter was
calculated for each individual POM anion as the number of snapshots in which the POM
is closer than 3.5 A to the protein and normalized by the total number of snapshots.!’”
Figure 4.3 plots the computed values of % time binding as a function of POM charge and
Table 4.2 collects the numerical values. The % time binding follows the same trend as the
peak integration of POM units in the radial distribution function (RDF) between the
POM and protein surface (see Figure 4.4), further supporting the use of this descriptor
for evaluating POM affinity.

% time bind. =18.7 - 3.53 q2-33.9 q

100 o

o 90 - 7/
£
2 80 -
o 70
@ -
E
°\o 60 h

50

SK* PK* SiK* AIK* ZnK®*
TPOM charge

Figure 4.3 | Protein affinity, measured as percentage of simulated time in which POM interacts with
HEWL protein (% time binding), as function of the POM charge in [X™W,04]®™~. The relationship
was fitted to a quadratic polynomial regression model (r*= 0.98): solid black curve and equation on the

top.
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Table 4.2 | Comparison of the HEWL affinity, and the protein and solvent interactions for the five
Keggin-type POMs.*

anion % time binding  Epom.newr  Epom.water H-bonds 1* shell
[SW1,04]> (SK*) 72.0 -360 -572 7.3

[PW,04]* (PK*) 88.9 -571 -823 9.4

[SiW1,049)* (SiK*) 99.8 777 -1153 12.9

[AIW},04]> (AIK*) 97.2 -1049 -1543 18.7
[ZnW1,04]% (ZnK®") 96.2 -1216 -1986 23.7

“The % time binding averaged over 100 ns of MD trajectories sampling data every 4 ps. Interaction
energies, Epou..uswr and EpoM..water in kJ-mol™, obtained from 50 ns simulation in the absence of solvent
or protein, respectively. Number of H-bonds in the first solvation shell derived from the same MD

simulations of POMs in water.
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Figure 4.4 | Radial distribution functions (RDFs) between the center of mass of the different Keggin—
type anions and the closest atom in HEWL averaged over 100 ns of MD simulation. Black and red solid
lines represent the RDFs themselves and the coordination number N(r), that is the integration of the
RDF along the distance. The integrations of the peaks in the RDF are shown in gray numbers.

Interestingly, there is no linear relationship between POM charge and protein affinity.

Instead, we found a quadratic polynomial correlation (r* = 0.98) in which the SiK* anion,
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with an intermediate charge value of 4—, shows the highest protein affinity (see Figure
4.3). Experimentally, the higher POM charge had been correlated to larger binding
affinity in the inhibition of amyloid 3 peptides,” and the selective precipitation of prions by
the POM complexes.'* This apparent charge—affinity relationship would only explain the
increasing domain of the equation reported in Figure 4.3. However, we suspect that the
analyzed datasets covered only a narrow range of charges within the same POM size,
providing a partial description of the effect. In fact, analysis of the interaction between
charged ligands and proteins had revealed that binding energy has a quadratic form on the
charges of the ligand.”®*® This complex picture was attributed to the delicate balance
between two effects of opposite sign: protein—ligand electrostatic interaction and ligand
desolvation incurred upon binding. Thus, too weak -electrostatic protein-ligand
interaction as well as too strong ligand-solvent interaction in the unbound state result in a
sub—optimal binding. According to the quantitative model built by Sulea and Purisima, the
intermolecular Coulomb interaction energy increases linearly with the charge while the
desolvation energy upon binding has a parabolic form.”” Moreover, for the analogous,
chaotropic borane anions a quadratic relationship was observed between the binding
affinity to estrogen receptor and their hydrophobiticy,® which can be viewed as the
inverse of the charge. The effects governing these non-linear correlations are very intricate
at the level of accurate molecular understanding and qualitative predictions; and their

atomistic description is still lacking.

Figures 4.5, 4.6 and values of Table 4.2 (columns 3rd - Sth) collect the results of
further analysis of POM interactions with the protein and with water solvent as a function
of the anion charge. As Figure 4.5 shows, the POM.:--water interaction energy in the
absence of the protein follows a quadratic growth with the POM charge, while the
POM.--protein interaction increases linearly if solvent effects are neglected, in agreement
with the electrostatic model proposed by Sulea and Purisima.” Thus, the two competing
interactions increase with the POM charge at different rates explaining why the POM

affinity reaches a maximum at intermediate charge values.
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Figure 4.5 | Average POM.-HEWL (blue circles) and POM.-water (red diamonds) interaction
energies (in kJ-mol™) for the differently charged Keggin-type anions. Simulations performed in the
absence of solvent and of protein, respectively. The Epom..ewrand Epom.wate: o0t the POM charge were
fitted, respectively, to linear (> = 0.996) and to a quadratic polynomial (* = 0.999) regression models.
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Figure 4.6 | Radial distribution function (RDF) between the POM center of mass and the oxygen atom
of water molecules for SK** (A) and ZnK® (B) averaged over the last 20 ns of a SO ns simulation carried
out in the absence of protein. Each RDF is accompanied by a representative snapshot of the water
distribution around each POM and a representation of the volumetric density of water molecules
gathered in the first peak of each RDF.
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To explain the counterintuitive non-linear relationship of the Epou..water with the POM
charge, we analyzed the solvation shells around the POM and the variation of hydrogen
bonding patterns, which have been used to understand the difference between chaotropic
(water—structure—breaking) and kosmotropic (water—structure—forming) properties of
ions.>*!3* Figure 4.6 compares the POM.--water radial distribution functions (RDFs) for
the two extreme charge cases SK>* and ZnK® (see Figure A4.2 for the other Keggin
anions). In going from SK* to ZnK®, there is an appreciable sharpening of the first RDF
peak, similar to that observed for a series of polyoxovanadates with different charge.”
Interestingly, for both POMs the first peak integrates to a similar number of water
molecules per anion unit (31 for SK* vs 33 for ZnK*), but the average number of
anion—water hydrogen bonds increases dramatically, from 7.3 in SK>~ to 23.7 in ZnK*
(see Table 4.2 and Figure 4.6). Figure 4.6 also shows typical snapshots illustrative of the
difference in hydrogen bonding patterns. In ZnK®, the first solvation shell of water
molecules is more structured and the bridging oxygen of the POM participate more
actively in the hydrogen bonding network (Figures 4.6 and A4.3). The more organized
water structure in ZnK® is reflected in the volumetric density of water molecules
surrounding the each POM (Figure 4.6).

The first consequence of the change in hydrogen bonding pattern is that increasing the
negative charge of the POMs, the strength and the number of hydrogen bonds with water
solvent increase, leading to a quadratic growth of the Epom.waer interaction energy.
Moreover, longer residence of the hydrogen bonds and more localized waters in ZnK*
(Figure 4.6) can be related to slower water dynamics over the anion surface.* Therefore,
less chaotropic (more kosmotropic) properties are expected for highly charged POMs
resulting in larger desolvation energies, and consequently in less affinity towards proteins.
On the other hand, for moderately charged POM:s the first solvation shell is less structured
and diffuses faster, resulting in lower desolvation energies. Overall, to enhance POM
affinity towards proteins, one needs to balance the strength of POM..-protein and
POM..-water interactions. For HEWL, this situation is found for the moderately charged
SiK*" anion, but depending on the topology of the biological system, the optimal POM
charge might be shifted.

4.3.2 Influence of the POM size and shape.

Next, we varied systematically the size and shape of the POM keeping constant its
charge density, using the charge per metal ratio (q/M) as a magnitude that correlates with
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the charge density.'”?* The selected structures with g/M = 0.33 are shown in Figure 4.1
and comprise: the [WsO15]*~ Lindqvist anion (L*"), the [SiW1,040]* Keggin anion (SiK*"
), the [P;W1504,]% Wells-Dawson anion (WD*®"), and the [HThPsW30O110]'°~ Preyssler—
like anion, (HThP'®"). Note that the HThP'’~ anion corresponds to a model structure in
which one internal oxygen atom was protonated in order to ensure the same g/M ratio
along the series. Moreover, the volume ratio Veom/ Viater was kept approximately constant,
by adjusting the dimension of the simulated system (see Figure 4.7) in order to avoid the
bias of concentration on POM.--protein contacts (9.45 — 9.52 g-.L "' range).

ez

~— 626 A — 91.4 A 110.4 A

Figure 4.7 | Periodic cubic boxes used to simulate four different systems containing POMs of different
size and shape but the same charge density (q/M = 0.33). The dimensions of the boxes were set to keep
constant the Vpom/ Viaeer ratio in such a way that the POM concentrations are, from the left to the right:
9.51,9.52,9.49 and 9.45 g.L".

Table 4.3 | Comparison of the HEWL affinity and protein and solvent interaction of L*, SiK*", WD*",
and HThP'~ POMs having different size and shape ant the same charge density (¢/M = 0.33).

anion % time binding Epom..HEWL Epom...water/atom  Egegoly
[WsO10]> (L*) 942 -152 34 +172
[SiW1,040]* (SiK*) 99.8 -239 32 +265
[P,W1s06]¢ (WD®) 99.4 ~261 32 +264
[HThPsW300150]*- (HThP-) 99.0 -325 -32 +267

“ Interaction energies in kJ-mol™. Epom.water/atom corresponds to the interaction energy with water
normalized per solvent—accessible atom, and Egeso accounts for the loss of Epont..uater in going from the

unbound to the bound situation. Data were sampled every 4 ps from the 100 ns MD trajectories.

Table 4.3 (second column) collects the values of the % time binding for the series of

POMs with different sizes. All the anions display a high affinity to the protein, indicating
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that the g/M ratio of 0.33 corresponds to the optimal charge density to interact with
HEWL. Among the series, the smallest L*~ anion presents a less persistent interaction and
it moves over the protein surface and in/out of the solution. Contrastingly, the other
anions (SiK*, WD*", and HThP'*) interact persistently at a single cationic site at each
MD run (see Figure A4.4). The sub—optimal interaction of L* can be ascribed to the fact
that its size cannot interact with several amino acids simultaneously resulting in less
efficient contacts with the protein than bigger anions.'” The average values of anion—
solvent interactions normalized by the number of solvent—accessible atoms have very
similar values confirming that the differences in the protein affinity are due to the
influence of the size, not biased by electrostatics (see Table 4.3, third column). There are
several experiments that could be directly related to our findings for Lindqvist anion. For
example, Parac-Vogt et al. reported that Lindqvist anions were less active than bigger
structures in the hydrolysis of proteins.>* Moreover, spectroscopic studies revealed that
among several POMs with different structures, the smallest Lindqvist structure resulted

the one affecting the protein structure the least.*
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Figure 4.8 | Average POM--HEWL (blue circles) and POM.---water (red diamonds) interaction
energies (in kJ-mol™) as a function of the number of W atom in L*", $iK*;, WD and HThP*~ anions.
Erom.uewe averaged for snapshots with POM.-HEWL distance < 3.5 A. Epom.ater averaged from 20ns
simulations in the absence of protein and fitted to a linear regression model (+* = 0.99).

The evolution of protein affinity with the size is similar to that found with charge
density, that is, it increases until a maximum (Keggin structure) and then decreases less
steeply (Table 4.3). Note however that in this case the dataset is not large enough to set a
reliable quantitative relationship. To understand the origin of the observed time-

dependence we analyzed separately the interaction of the POMs with the solvent and the
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protein as a function of the size. Figure 4.8 shows that the POM..-water interaction energy
(Epom.water) increases linearly with the number of addenda W atoms, because so does the
number of solvent-accessible atoms, which support similar atomic charges. Differently,
the POM..-protein interaction energy (Epom..tewL) grows logarithmically with the cluster
size (see Figure 4.8). A closer look to the interaction mode of large anions revealed that
the non-spherical Wells-Dawson (WD®") and Preyssler (HThP**") anions do not interact
with HEWL using the largest possible surface area but they do it in an edgewise manner
through their narrowest side (see Figure 4.9 for representative snapshots of these
interactions). Moreover, the computed volumetric density of POM...protein contacts for
WDS and HThP'- species confirms these interaction modes (Figure 4.10).
Accordantly, the computed POM desolvation energies upon binding to HEWL (Eesolv)
are very similar for SiK*-, WD® and HThP'’- anions (see Table 4.3 and Table A4.1 for
details). Thus, one can say that Wells-Dawson type WD®" and Preyssler—type HThP*-
anions interact with HEWL in a Keggin-like manner, and therefore, not only POM size but
also the shape is important to understand their interaction with biomolecules. An
animation of a trajectory with the HThP'* anion, in which this Keggin-like interaction

mode can be appreciated, can be accessed from the “Supplementary Material” section.

Figure 4.9 | Representative snapshots of the interaction between HEWL and four POMs with the same
charge density (/M) but different structure.
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WD* HThP10-

Figure 4.10 | Volumetric density of POM.---protein contacts (d < 3.SA) around WD and HThP*-
averaged over 100 of MD trajectories.

The origin of this Keggin-like interaction mode in larger anions with non-spherical
shape may be related to the non-homogeneous charge distribution. Electrostatic
repulsion within the POM causes the charge density to be higher at the most peripheral
parts, accumulating larger negative charge at the most distal oxygen atoms (see Figure
4.11). Thus, these oxygen centers are expected to interact strongly with the protein.
Conversely, we evaluate the importance of the size of cationic pockets at the HEWL
protein by comparing simulations of WD® anion with new ones of the same Wells—
Dawson structure setting all the atomic charges to zero, WD°. The computed volumetric
densities of the POM---protein contacts reveal that both species interact with HEWL
protein through the same cap region (see Figure 4.12) indicating that charge distribution
does not rule the directionality of the interaction. Finally, one should consider that for
POM:s bigger than Keggin structure (WD® and HThP'*-) the POM surface exposed to
the solvent enlarges POM.---water interactions. This increases the forces that pull the
POMs towards the solvent bulk counterbalancing POM.--protein interactions and
explaining the smooth decrease in the % time binding (see Table 4.3). Overall these results
indicate that in solution cationic pockets in HEWL are size-specific for Keggin-sized
POMs (of about 1 nm of side length) determining the optimal size for POM affinity.
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Figure 4.11 | Combined balls—and-sticks and polyhedral representation of WD* and HThP'* with
Wells—Dawson (left) and Preyssler (right) structures. The ChelPG atomic charges [e/KsT] derived
from molecular electrostatic potential are displayed for the terminal oxygen atoms belonging to the
different regions of both POMs. The POM side lengths are shown in nm.

q=0
(all g;=0)

Figure 4.12 | Comparison of the volumetric density of POM.--protein contacts around WD and the
analogous structure in which all the atomic charges are set to zero, WD".

4.3.3 Development of a multidimensional model.

After analyzing the influence of different POM features separately, we sought to build a
multidimensional mathematical model correlating protein affinity of POMs with their
charge density and molecular size and shape. The dataset comprises previous simulated
structures and five additional ones, including model systems, selected to balance the
chemical space. Thus, we performed analogous simulations of HEWL protein in solution
with the following five structures: the one electron-oxidized Lindqvist anion [WsO10] (L~
), the one electron-reduced anion [WeO1o]* (L*), the tungstosulfate [S;W15s06]*
(SWD*) and tungstosilicate [Si;W150s2]%" (SiWD*") with Wells-Dawson structure and
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the classical sodium-containing Preyssler anion [NaPsW300110]"*~ (NaP'*). For each set
of simulations, we evaluated the % time binding as a response variable associated to protein
affinity. To describe the electrostatic features of the POMs we used the charge per metal
ratio (/M) as numerical parameter to account for the charge density of the anions. As
discussed above, both the size and the shape have an influence on protein affinity. To
describe simultaneously both geometric features we propose a novel descriptor, the
shape-weighted volume (Vs). The Vs s calculated according to equation 4.1, where ny are
the number of addenda ions (W) and .. represents the maximum side length in the
POM structure in nm (see Figure 4.13 for a graphical description). Table 4.4 collects the
values of the response variable (% time binding) and the descriptors (/M and Vs) for the

13 structures of the dataset ordered in increasing values of the response variable.

VS = W (41)

Tmax

Figure 4.13 | Graphical representation of the ru. parameter used to calculate the shape—weighted
Volume (Vi) molecular descriptor.
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Table 4.4 | Classification of the simulated systems as a function of the % time binding, and values of
molecular descriptors charge density (q/M) and shape-weighted volume (V5s).

classification POM q9/M Vs % time binding*
Moderate interaction L 0.17 6.8 69.7
(<90%) SK> 0.17 11.4 72.0
L3 0.50 6.8 86.0
SWD* 0.22 11.7 87.0
PK*- 0.25 114 88.9
Strong interaction | o 0.33 6.8 94.2
(90-98 %) ZnK* 0.50 11.4 96.2
AIKS- 0.42 11.4 97.2
SiwD*- 0.44 11.7 97.8
Persistent interaction NaP'* 0.47 16.6 98.9
(98-100 %) HThP® 033 166 99.0
WD 0.33 11.7 99.4
SiK* 0.33 11.4 99.8

“Values are sampled every 4 ps from the 100 ns MD trajectories.

The calculated % time binding is correlated to the descriptors g/M and Vs, and their
second-order terms (q/M? and Vs?), which account for quadratic dependence found
above. Using partial least square (PLS) regression technique and the descriptors
normalized to the highest values, we obtain a predictive model in which full leave—one-
out (LOO) cross—validation leads to a value of #* for the fitting of 0.97 and a predictive
ability q° of 0.88 with three PLS. In quantitative structure—activity relationship (QSAR)
modeling, a model is considered to be predictive when the value of g* is higher than 0.5,
which is halfway between perfect prediction (1.0) and no model at all (0.0). Figure 4.14
shows the measured affinities plotted against the fitted values and the multidimensional
QSAR equation. To further evaluate the prediction ability of our model, the dataset is
divided into test (3 POMs of different protein affinity class) and training subsets (10
POMs) to develop an externally validated QSAR model. New QSAR models are

generated with the training subsets and predictions were made for the test subsets (see
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Table A4.2 for details). We repeated the procedure S times obtaining good predictive
models for the training set in all cases (q* ranging from 0.78 to 0.92). From the 15
externally validated samples, 8 are excellently predicted with errors < 2 %, and average
error ranges from 2.1 to 4.9%. The poorest predictions are obtained for L*~ (7.6 %) SK*
(6.0 %) and ZnK®* (5.9 %), which correspond to species with structural features close to
the limits of the analyzed chemical space. However, the overall validation supports the
reliability of the QSAR model and quantitative (or semi—quantitative) ability to predict
the affinity of POMs to HEWL proteins.

% time bind. = 6.8 — 135.1 q/M2 + 210.2 g/M — 35.5 V2 + 61.7 Vs
105

< Lindqvist

95 - O Keggin
O Wells-Dawson

Measured % time binding

A Preyssler
85 A
75 A
<
65 L} L] L]

65 75 85 95 105
Fitted % time binding

Figure 4.14 | Measured versus fitted % time binding for the 13 POMs species using a linear regression
model with q/M, Vs, ¢/M?* and Vs* descriptors, and the resulting QSAR equation. Diamonds, circles,
squares and triangles correspond to Lindqvist, Keggin, Wells-Dawson and Preyssler structures,
respectively. Green for moderate, yellow for strong and red for persistent interactions.

The use of normalized, chemically-meaningful descriptors allows to extract some
(bio)chemical information from the QSAR equation depicted in Figure 4.14. Both the
charge density and the geometry of the POM have a non-lineal correlation with protein
affinity. The significant weight of second-order terms indicates that protein affinity has a
quadratic-like dependence of both properties. This is the result of a delicate balance
between POM.:--protein and POM---solvent interactions. Moreover, the higher absolute
values of the g/M coefficients compared to those Vs indicate that the protein affinity is
mainly governed by the charge density of the polyoxoanion and it is less affected by its

bulkiness or its shape. Table A4.5 compiles the values of the normalized descriptors and
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the QSAR equation with non-normalized coefficients for its direct application is found
below:

% time binding = — 6.8 — 540.5 q/M* + 420.3 q/M - 0.13 V> + 3.72 Vs

Finally, Figure 4.15 shows the response surface predicted by the QSAR model as
function of the POM molecular descriptors (see Figure A4.S for a 2D contour map).
Within the analyzed chemical space, the map allows identifying a region (dark red) in
which the POM---protein interactions are maximized.

100%

0%

Figure 4.15 | Three—dimensional response surface of the % time binding as function of the charge
density (/M) and the shape-weighted volume (Vs) of the POMs using QSAR model. Red regions
represent the most persistent interactions, and thus, the highest protein affinities.

4.4 Concluding Remarks

A systematic Molecular Dynamics (MD) study allowed setting structure-activity
relationships between the molecular composition of chaotropic polyoxometalate (POM)
anions and their affinity to biomolecules, using hen egg-white lysozyme (HEWL) as a
model protein. When the charge of the POM is varied systematically keeping the same size
and shape ([X"*W,04] ¢ X" = SVI, PV, SiV, Al' and Zn"), the protein affinity shows a
quadratic dependence with a maximum at charge 4- (X = Si', /M = 0.33). The effects

governing this non-linear correlation are very intricate and depend on the delicate balance



UNIVERSITAT ROVIRA I VIRGILI

NEW HORIZONS IN COMPUTATIONAL MODELING OF POLYOXOMETALATES:
BIOLOGICAL ACTIVITY, ENERGY STORAGE AND SUSTAINABLE CATALYSIS.
Albert Solé Daura

104 | 4.4 Concluding Remarks

between the POM..-protein and the POM...water interactions. While the POM..-protein
interaction energy increases linearly with the POM charge, the POM..-water interaction
showed a parabolic growth. Highly charged POM anions have less chaotropic (more
kosmotropic) character that results in a more structured solvation shell of water
molecules, in which the strength and number of hydrogen bonds increases. This accurate
atomistic description of the change in hydrogen bonding pattern revealed that POMs with
high charges have larger desolvation energies, and consequently, less affinity towards
proteins. When the size and shape of the POM is varied keeping its charge density
(number of W = 6, 12, 18 and 30; ¢/M = 0.33), simulations indicate that POM
interactions with proteins are size-specific, being the size of Keggin-type anion (~1 nm
length; W = 12) optimal for the cationic pockets in HEWL. Smaller structures such as the
Lindqvist (W = 6) have sub-optimal interaction with the protein because they cannot
interact with several amino acids simultaneously. Shape is also important since larger non-
spherical anions such as the Wells—Dawson (W = 18) and the Preyssler (W = 30) interact
in an edgewise (Keggin-like) manner exposing a large part of their oxide surface to the
solvent, which pulls the POMs towards the bulk.

Finally, we were able to build a multidimensional model with predicting ability (r* =
0.97 and ¢* = 0.88) that correlates quantitatively the protein affinity expressed as the %
time binding and two handy molecular descriptors accounting for the charge density of the
POM (charge per metal atom ratio; q/M) and its size and shape (shape-weighted volume;
Vs). The QSAR model indicates that the charge density of POMs influences their affinity
to proteins in a larger extent than their molecular size and shape. Furthermore, this study
evinces the capability of atomistic simulations to set structure—affinity relationships for the
binding of inorganic clusters such as POMs to biological systems using time-derived

variables.
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4.5 Supplementary Material

The animation of a representative simulation discussed in this chapter can be accessed

by scanning the following QR code with a smartphone or though the URL below.

HThP'* interacting with HEWL

(3=l

https://youtu.be/mPGncMtoRuc
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CHAPTER 5

Modeling the Polyoxometalate Reactivity towards Biological
Systems

This chapter is devoted to the study of POM—mediated transformations in biological systems.
Specifically, we have analyzed two different reactions: the selective hydrolysis of peptide bonds in
proteins by Zr—substituted POMs and the disulfide bond reduction by POMs with d electrons.
The origin of selectivity in protein hydrolysis has been investigated using a variety of
computational techniques, including classical MD simulations, static DFT and hybrid
QM/MM calculations. On the other hand, we studied the reduction mechanism of DTNB, as
model system of angiotensinogen protein by the one—electron reduced Keggin—type
phosphotungstate [PW1,040]* and proposed a POM structure to attain the reduction of more
realistic models of angiotensinogen consisting on dicysteine—based polypeptides. Moreover, MD
simulations and DFT calculations on the protein using a cluster model approach were applied
to evaluate the feasibility of the S—S bond reduction in angiotensinogen.

Part of the first project was carried out during a nearly four—months stay in the group of Prof.
J. D Hirst (University of Nottingham, U.K.), and in collaboration with Dr. D. Robinson
(Nottingham Trent University, U.K.). The project was funded by the URV and the Fundacié
Obra Social “La Caixa” (ARES program). The same stay gave rise to the second collaboration
project related to the reduction of disulfide bonds. Besides the Hirst group, this project was
developed in collaboration with the experimental groups of Dr. G. N. Newton and Dr. N. ].
Mitchell; both based in the University of Nottingham.

5.1 Origin of Selectivity in Protein Hydrolysis Promoted by
Zr—Substituted POMs.

5.1.1 Background.

The selective hydrolysis of peptide bonds is a process of particular interest, finding
application in the fields of biochemistry and biomedicine, including proteomics, protein

engineering or the digestion of pathogenic proteins." Nevertheless, peptide bonds in
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proteins are highly kinetically inert, with an estimated half-time of 600 years at 25 °C and
neutral pH,* which makes mandatory the use of catalysts to achieve their hydrolysis. In
nature, there is a family of hydrolytic enzymes called hydrolases or proteases that
accelerate this reaction effectively. However, they are usually expensive, provide low
selectivity and can only operate in a narrow range of pH and temperature.' To overcome
these issues, many research groups have devoted themselves to the development of
artificial metalloproteases.* Among them, the group of Parac—Vogt probed the hydrolytic
activity of Zr"V—, Ce" and Hf'V—substituted polyoxometalates (POM:s) towards dipeptides
and oligopeptides,** and more importantly, towards peptide bonds in proteins in a highly
selective manner.5*?

Zr—substituted POMs (Figure 5.1A) were found to hydrolyze horse heart myoglobin
(HHM)® and hemoglobin (Hb)'* only at peptide bonds of Asp—X topology, where X is
any other amino acid. In contrast, other proteins such as human serum albumin (HSA)” or
hen egg—white lysozyme (HEWL)® were found to be selectively hydrolyzed at chemically
different sites. Specifically, HEWL is hydrolyzed in the presence of Zr—-POMs at only two
peptide bonds located between Trp28 and Val29 and between Asn44 and Arg4$, labeled
site I and site II, respectively.® For this protein, our previous molecular dynamics (MD)

5717 jdentified two positively

simulations' (Chapter 3) and crystallographic studies
charged regions on its surface located at the vicinity of the cleavage sites where POMs can
establish persistent interactions. Later, a combined docking and MD study described
similar findings for HSA protein,'® for which four binding sites were identified nearby the
four chemically distinct cleavage sites. Therefore, it was hypothesized that these positively
charged patches could be related to the observed selectivity. However, in a more recent
MD study with HEWL, we showed that other regions of the protein exhibit persistent
interactions with POMs, besides those at the vicinity of the cleavage sites (Chapter 4)."
Thus, although these simulations provide insight into the nature of the non-covalent
POM.--protein interactions, they cannot unequivocally explain the origin of selectivity in

peptide hydrolysis.
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(A) (B) g
[Arg21—Gly22 | \{ Asn113—Arg114]

e -

Figure 5.1 | (A) Combined balls—and-sticks and polyhedral representation of the hydrolytically active
[Zr(H,O)(OH)W;5045]* anion (ZrL) with Lindqvist structure. (B) Molecular electrostatic potential
(MEP) of hen egg—white lysozyme (HEWL; q = 8+) showing in green sticks the amino acids belonging
to the four analyzed peptide bonds. The experimentally hydrolyzed site II (Asn44—Arg4S) is
highlighted with a red label. Blue coloring represents positively charged regions on HEWL surface,
while red represents the negatively charged ones. The MEP was obtained by means of the PDB2PQR

on-line server."

Scheme 5.1 compiles different reaction mechanisms analyzed computationally for the
peptide hydrolysis by Zr—substituted POMs,*>'*** and by other transition metal-based
systems.”’”* Once the Zr" ion coordinates to the amide oxygen of the peptide bond, the
mechanisms can be classified as follows: the inner—sphere attack of the hydroxo ligand of
Zr (i); the outer—sphere nucleophilic attack of an external water molecule assisted by the
ZrOH moiety (ii) or by a carboxylate group of a neighboring residue (iii); and the direct
attack of a carboxylate group nearby (iv). Earlier studies by Pierloot and co—workers on
the hydrolysis of dipeptides found that the most likely pathway resembles mechanism (iii)
in Scheme $.1, but with a nucleophilic attack is assisted by the C—terminus carboxylate
group acting as a Bronsted base.® Prabhakar and co—workers analyzed mechanisms (i) and
(ii) for the hydrolysis of four different peptide bonds in HSA by Zr-POM using static
quantum mechanics / molecular mechanics (QM/MM) calculations in the full molecular
system.” The authors concluded that the inner—sphere nucleophilic attack of the hydroxo
ligand of Zr (i) is somewhat preferred over the outer—sphere mechanism (ii). Although
this study shed some light onto the reaction mechanism, the reasons for the

experimentally observed selectivity remained unexplored.
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Scheme S.1 | Proposed mechanisms for peptide bond hydrolysis by Zr—substituted POMs.
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Very recently, a static DFT study using model tripeptides discussed the origin of
selectivity for specific Asp—X bonds in Hb."”” The proposed mechanism involves the
direct nucleophilic attack of the carboxylate side chain of Asp residue on the amide carbon
with formation of a cyclic anhydride (mechanism iv), which shows a lower activation
energy than the structurally related Glu—X bond."? Although these results nicely explain
the preference for hydrolyzing Asp—X sites, experimentally not all the Asp—X bonds in Hb
are hydrolyzed, and therefore, the authors recognize that positive patches on protein
surface might also influence the selectivity.'” Moreover, as noted above for HSA and
HEWL the selective hydrolysis was observed at non—carboxylate containing sites, while
Asp—X bonds are also present. Thus, we suspect that dynamic protein arrangements
around the negatively charged polyoxometalate cluster occurring along the reaction
mechanism are crucial to explain the observed selectivity. Here, we select the model
HEWL protein and the Zr—substituted Lindqvist anion [Zr(H,O)(OH)W;015]*” (ZrL, in
Figure 5.1A) as catalyst, and compare the observed hydrolysis of the Asn44—Arg4$S
peptide bond with those of the structurally analogous Asn113—Argl114, Arg45—Asn46,
and Arg21—Gly22 ones (Figure 5.1B). We employ a combination of DFT calculations in
cluster models with MD simulations and hybrid QM/MM calculations to evaluate the
effect of protein structure and POM---protein non—covalent interactions on the reaction

mechanism and the selectivity.
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5.1.2 Computational Details.

DFT calculations were performed at B3LYP level®

using Gaussian09 rev. A02 quantum
chemistry package.’! Ti and W centers were described using the LANL2DZ basis set with
the corresponding pseudopotential,** while the Pople 6-31G(d,p) basis set® was used for
the remaining atoms. Solvent effects of water (& = 78.3553) were included in the geometry
optimizations and energy calculations by means of the IEF-PCM continuum solvent
model* as implemented in Gaussian09. To describe the cleavage site within a cluster model
approach,® the C,CO—Asn44(ZrL)—Arg4S—NHC, fragment was taken from the
protein structure and the alpha carbons were capped with hydrogens. Also, the position of
these alpha carbons was constrained during the geometry optimizations in order to
reproduce the strain imposed by the main chain of the protein into the peptide bond.
Frequency calculations confirmed the nature of the stationary points on the potential
energy surface for all minima and transition state structures. For the latter, the unique
imaginary frequency is associated to the normal mode of vibration connecting reactants
and products. The standard state correction of +8 kJ-mol™ (from ideal gas at 1 atm to 1
mol L™ at 298.15 K) was applied to the free energy of all the species except water
molecules. For them, the standard state corresponds to a higher concentration as water
acts as solvent in this reaction. Thus, according to the water density of 0.997 g cm™, the

correction becomes +18 kJ-mol ™" for the free energy of water molecules.*

MD simulations were performed with the same methodology described in previous
chapters. For constrained simulations, a fictitious bond between the Zr center of the POM
and the O atom of the protein was defined with a force constant of 7.5 x 10° kJ-mol".nm™.
Also, angle parameters involving the Zr—O bond were described with a force constant of
7.5 x 10° kJ-mol™'.degree, with equilibrium values that correspond to those in the
DFT-optimized geometry of the POM—GlyGly complex, calculated at the level of theory
defined above. In all cases, simulations were carried out in a periodic simulation box of
dimensions 75.7 x 78.4 x 79.8 A® filled with one HEWL protein (q = 8+), 1 ZrL anion (g
=3-), S CI" anions to neutralize the charge and a number of water molecules close to

14650, with slight variation from one simulation to another.

Static, hybrid QM/MM calculations were performed with the
Qchem(4.2)’-CHARMM/(41b2)* interface, describing the QM region at same level of
theory as in static DFT calculations, whereas the low layer was described with the
CHARMM36 force field** The system was generated with CHARMM-GUI* and

contains one HEWL—ZrL complex obtained from previous constrained simulations,
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8834 water molecules, 24 K" cations and 29 CI” anions embedded in a periodic
truncated—octahedral box with dimensions of a=b=c=74 Aand a = § =y = 109.47°.
The high-level region (represented in Figure $.2) includes, besides the POM, the main
chain of the dipeptide to be cleft (from Nawas to Cars). In calculations related to the
outer—sphere mechanism, one solvent water molecule was also included in the QM
subsystem. The four QM/MM borders crossing chemical bonds were treated with the
single link atom (SLA) approach* and the EXGR method® to exclude QM/MM
electrostatic interactions that involve MM host groups. The through—space partition was
described by the electronic embedding scheme, in which the set of MM
Gaussian—delocalized charges* with a finite width of 1.5 A polarize the QM wave
function. Replica—path* calculations were carried out with 16 images. Those
corresponding to the reactants and the products were obtained from QM/MM
optimizations and those in between were initially generated by linear interpolation of
Cartesian coordinates. For each replica, we initially performed 80 steps of QM/MM
steepest descent (SD) optimization followed by 80 additional steps using the
Average—Basis Newton Raphson (ABNR) algorithm. Geometry optimizations along the
replica path were carried freezing the position of all atoms further than 6 A from the QM
region, and constraining the distance between adjacent replicas with a force constant
(krms) of 2.5 x 10° kJ-mol™.A" that induces an energy penalty through a Hooke’s
Law-like expression. To control the linearity of the reaction path, we used a force constant
(kangle) of 836 kJ-mol™. This applies an angle energetic penalty upon deviation from
linearity through the law of cosines, which permits a maximum value for cos(©) of 0.975
before applying any penalty (where © is the angle defined by replicas i, i+1 and i+2 on the
potential energy surface). Also, an additional energy penalty (kmax = 2.5 x 106 kJ-mol™".A?)
is applied if one point moves further than 0.1 A from their neighbors during the
replica—path minimization. For more details on the constraints used in replica—path

calculations, see ref. 44.
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(A) (B)

3

Figure 5.2 | System used for QM/MM calculations. (A) complete view of the periodic box, where the
reactive region of the protein is highlighted in spheres, and the potassium and chloride ions are
represented as violet and green spheres, respectively. (B) Closer look to the reactive region. QM part is
represented in balls and sticks, whereas neighboring MM atoms are shown as sticks. The rest are
omitted for clarity. Green spheres denote the position of hydrogen link atoms at the border between
high— and low-level regions. In calculations on the outer—sphere mechanism, an additional water
molecule from the solvent, hydrogen—bonded to the Zr—OH moiety, was also included in the QM
region.

5.1.3 Results and Discussion.

$.1.3.1 Characterization of the reaction mechanism.

Initially, we studied the reaction mechanism for the hydrolysis of the Asn44—Arg45
peptide bond combining static DFT calculations within the cluster model approach® and
MD simulations. Then we compared the results for this site with other sites that showed
resistance to hydrolysis experimentally (Asn113—Argl114, Arg4S—Asn46, and Arg21—
Gly22). Figure 5.3 shows the free—energy profile computed for the hydrolysis of Asn44—
Arg4$S peptide bond by ZrL via mechanisms (i) and (ii) (Scheme $.1); and Figure 5.4
shows the optimized geometries of the most representative TSs. The reaction mechanisms
can be divided into four main steps: (1) the coordination of ZrL to the amide oxygen of
the peptide bond, (2) the nucleophilic attack of the Zr-hydroxo group (inner—sphere, i)
or an external water (assisted outer—sphere, ii) on the amide carbon, (3) the
proton—transfer to the amide nitrogen, and (4) the final C—N bond cleavage to yield the

products and regenerate the catalyst.
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Figure 5.3 | Free—energy profile (k]-mol™) for the hydrolysis of Asn44—Arg4S peptide bond by ZrL
using a cluster model.

TS1,, TS1out

Figure 5.4 | B3LYP—optimized geometries of key transition states are shown at the right omitting
side—chain hydrogens for clarity. Selected distances in A.

The first coordination step was computed to be endergonic by 45 kJ-mol™". Note that
the geometry for the cluster model was generated from restricted MD simulations fixing
the Zr—oxygen bond (vide infra). The coordinated Zr'" ion acts as a Lewis acid activating
the amide carbon for the subsequent nucleophilic attack, which can occur through
different pathways (Scheme S5.1). Our calculations indicate that the outer—sphere
nucleophilic attack (TS1ou) is slightly more favorable than the inner—sphere one (TS1:a)
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[AG* (2—TS) of 45 vs 52 kJ-mol™]. This is ascribed to the less strained six-membered
ring in TSlow Nevertheless, the small free—energy difference suggests that both
mechanisms could be operative. This result differs slightly from that found for the
hydrolysis of HSA by [PW1103Zr(OH)]* where the inner—sphere mechanism was
energetically preferred.” In fact, our calculations initially pointed towards inner—sphere
mechanism, but introducing the entropy corrections to the ideal gas thermochemistry
analysis of standard DFT codes resulted in a slight preference of the associative process of
the outer—sphere mechanism (ii) (see Computational Details). The inner—sphere
mechanism leads the four-membered ring intermediate 3 that lies 63 kJ-mol™' above the
reactants, while the outer—sphere one results in intermediate 4 which is 8 kJ-mol™" less
stable. The interconversion between 3 and 4 requires the incorporation or release of an
aqua ligand in the coordination sphere of Zr, which is expected to be fast due to the lability

of water coordination to Zr' ion.*

From 4, we propose a step—wise process that involves an intramolecular rearrangement
via bond rotation to yield 4’, a proton transfer from the aqua ligand to the amide nitrogen
to give §, and final C—N bond cleavage (see Figure 5.3). This process goes uphill in
energy until it reaches the transition state for the C—N bond cleavage, in line with that
proposed for hydrolysis of dipeptides by Zr—containing POMs.'* The proton transfer (see
Figure AS.1 in the appendix for further details) results in the thermodynamically and
kinetically unstable intermediate § from which the C—N cleavage proceeds through a
very small free—energy barrier of 2 kJ-mol™. Thus, the existence of intermediate § might
depend on the specific conditions transforming the step—wise hydrogen transfer then C—
N bond cleavage in a concerted process. Finally, transition state TS3 yields intermediate 6
with the release of the amine product and the Zr—coordinated carboxylic acid, which then
is exchanged by a water molecule recovering the catalyst and providing the
thermodynamic driving force of the reaction (-28 kJ-mol™). Additionally, we analyzed
direct hydrogen transfer from the carboxylic acid group in 4 which is concomitant with the
C—N bond cleavage, as proposed for the hydrolysis of HSA protein by Zr—substituted
POM.* However, the corresponding four-membered ring transition state (TS2’ in
Figure 5.3; geometry displayed in Figure 5.5) is significantly higher in energy (149
kJ-mol™! vs. 107 kJ-mol ! for TS3).
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Figure 5.5 | DFT optimized structure of the four—-membered ring transition state for the proton
transfer step to induce the C—N cleavage (TS2’). Distances are shown in A.

The overall activity of the hydrolysis reaction is governed by the energy cost to reach
the transition state for C—N bond cleavage from the reactants (1 + protein > TS3) since
the reaction proceeds uphill in energy along the process (see Figure §.3). Thus, it is not
crucial for the understanding of the activity and selectivity to determine the preference for
the inner—sphere pathway (i) or the outer—sphere (ii), both converging in intermediate 4
before reaching TS3. Nevertheless, we have analyzed in more detail the different
nucleophilic attack of both mechanisms using a QM/MM approach in conjunction with
the replica—path method.* The potential energy curves (see Figure 5.6) show that both
mechanisms are feasible, and that there is any clear preference for any of the two
mechanisms within the protein environment. The large radius of the Zr atom makes the
strained four-membered ring transition state to be close in energy to the six-membered
ring TS of outer—sphere. It must be pointed out that within the used computational
protocol, the geometries of all the replicas are not fully relaxed. However, the aim of this
calculations is to qualitatively assess the feasibility of mechanism (i) and (ii) of Scheme

S.1in the real system.
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Figure 5.6 | Electronic energy profiles obtained from the QM/MM replica—path study in the real
system of the proposed mechanisms for the nucleophilic attack step. Right panels show the geometry
corresponding to the maxima of the curves, in which main distances are given in A.

We have also evaluated the feasibility of the carboxylate—assisted mechanisms (iii) and
(iv) by analyzing the distribution of aspartate and glutamate residues around site II along
the MD simulation on the coordinated POM—protein complex. Distance analysis
identifies AspS2 as the closest carboxylate—containing residue to the Asn44—Arg4$
peptide bond (see Figure $.7A). Thus, we analyzed the density of water molecules
surrounding the COO™ moiety (green density) and the carbonyl group of the peptide
bond (red density) as shown in Figure 5.7B. The gap between both densities suggests
that the probability of finding one water molecule close enough from both groups to react
via mechanism iii (Scheme 5.1) is low. Even so, it is possible to find snapshots of the
dynamics in which a water molecule is simultaneously hydrogen-bonded to the
carboxylate of AspS2 and the amide oxygen of Asn44. From one of these snapshots we
generated a new cluster model with three residues (Asn44, Arg45 and AspS2, see Figure
5.8) in order to evaluate the energy cost of the nucleophilic attack of an external water
molecule assisted by the carboxylate group. The free—energy barrier associated to this
process (105 kJ-mol™) is higher than those for the nucleophilic attacks to amide carbon
associated to mechanisms (i) and (i) (90 and 97 kJ-mol!). Overall, the

carboxylate—assisted mechanism (iii) is unlikely because of the higher energy barrier and
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the low occurrence (0.4 %) of conformations with short enough distances between the
amide carbonyl and the carboxylate. On the other hand, the MD trajectory does not
provide any geometry suitable for modeling a TS geometry for the direct attack of the

carboxylate group, and therefore, we concluded that mechanism (iv) is also not likely to
occur.
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Figure 5.7 | (A) Evolution of the distance (in A) between the carbon atom of the peptide bond in site II
(Casnas) and the oxygen atoms of the nearest carboxylate groups, that are those in the side chain of
Glu3s (dark and light orange) and AspS2 (dark and light green), along 100 ns of MD simulation. (B)
Representation of the volumetric density of water molecules at a distance <3.5 A from the carbonyl
group of site II (CO; red density) and from the carboxylate group of AspS2 (COO7; green density).
Densities were averaged over 100 ns of MD run from which data were sampled every 4 ps.

TS1,,-Asp
(0.0) (+105)

Figure 5.8 | DFT optimized structures of species involved in the outer—sphere carboxylate—assisted
mechanism for the nucleophilic attack of an external water molecule to the peptide bond. Relative free
energies are given in kJ-mol™' and main distances are shown in A.
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5.1.3.2 Influence of protein conformation on reactivity.

Considering that the highest—energy TS corresponds to a bond cleavage in the protein
main chain, we suspect that the conformational variability of the protein may influence the

reaction kinetics, as observed in other biological systems.*~>

To assess this point, we
analyzed the free—energy barrier associated to the rate—determining process (AGfoveran) for
a set snapshots taken from different stages of the MD simulation (Table 5.1). Indeed, the
conformation of the protein was found to play an important role in its reactivity since the
array of computed barriers is rather broad, comprising values from 88 to 143 kJ-mol".
Therefore, the reaction kinetics should not only be studied on a single protein
conformation but on a thermodynamic ensemble. Interestingly, we found a correlation
between the free energy barriers and the distance between capping alpha carbons (rca..ca)-
This relationship is represented graphically in Figure 5.9 and shows that the longer the
C.--C, distance, the lower the barrier and thus, the faster hydrolysis. We attributed this
trend to the fact that longer distances may increase the strain incurred to the peptide bond
to facilitate the cleavage of the C—N bond, which is the step that controls the reaction
rate. Figure 5.9 also displays the distribution of C,---C, distances computed over 100 ns of
MD simulation with the POM coordinated to the cleavage site. The abundance of each
Ca+-C, distance value is expressed as the % of simulated time that is reported. The C,---C,
distances show an almost symmetric unimodal distribution centered at 9.90 A, which is
the most likely distance accounting for the 18.6 % of the simulated time. As the
dependence of AG*qyeranl ON 7ca..ca can be fitted to a linear regression, we could determine
the free—energy barrier for each protein conformation (C,Cq distance) using the linear
equation (see Table AS.1 in the Appendix). Then, the average free—energy barrier can be
estimated from this set of values weighted with the abundance of each conformation. This
approach leads to an average free—energy barrier of 121 kJ-mol™ for the hydrolysis of
Asn44—Arg45. Importantly, this value lies within the range of values derived from
experimental rate constants (113—134 kJ-mol™'; Table AS.2).*”>!° In addition, this value
corresponds to that computed at the most likely C---C, distance (see snapshot 4 in Table
5.1) and it is very close to the fitted one at the same distance (123 kJ-mol™ in Table
AS.1).
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Table 5.1 | Dependence of the free—Energy barriers on the protein conformation. *

snapshot feanca(A) AG greran (KJ-mol ™)
1 9.97 107

2 10.0 124

3 10.15 102

4 9.91 121

S 9.95 134

6 10.45 88

7 9.46 143

8 9.81 137

“Snapshots were taken from a 100 ns MD simulation in which the distance between the Zr of the POM and
the carbonylic oxygen of site I was constrained to 2.33 A.
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Figure 5.9 | Overall free—energy barrier for the hydrolysis of Asn44—Arg45 as a function of the
distance between alpha carbons, rc...ca (highlighted in yellow in the balls—and-sticks representation)
using different snapshots of the 100 ns MD simulation. The green diamond represents the snapshot
used for computing the free—energy profile of Figure 5.3, whereas red circles account for seven
additional snapshots. Values were fitted to a linear regression model (r* =0.78). The abundance of each

fca-ca value is expressed as the % of simulated time (blue line).

$.1.3.3 Origin of selectivity in peptide hydrolysis.

Initially, we analyzed how the energy barrier for the peptide bond cleavage varies at
different protein sites and whether this effect governs the selectivity. Table 5.2 compares

the computed, overall free—energy barriers (1 + protein — TS83) at hydrolyzed site II
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(Asn44-Arg4S) with those at structurally-related, non-hydrolyzed  sites
(Asn113-Argl14, Arg21-Gly22, and Arg45—Asn46). For each site, we selected a cluster
model derived from the most likely protein conformation, which is obtained from the
analysis of the C,---C, distance abundance along the simulation. In all cases, the C..--C,
distances describe unimodal distributions analogous to that depicted in Figure 5.9 that
are rather symmetric around the maximum (see Figure 5.10), justifying the use of a single
conformation as representative of the distribution. All four peptide bonds exhibited very
similar AG*overan values within a range of 4 kJ-mol". This indicated that there is no intrinsic
preference for hydrolyzing site II over other sites and therefore, we hypothesized that the
origin of selectivity might lie in the enzyme-like recognition of ZrL anion at the protein
region of the hydrolyzed peptide bond. One may note that although the preferred C.---C.
distance differs significantly from one site to another (see Figure $.10), the obtained
barriers are pretty much alike. We ascribed this to the secondary structure of the protein
regions where the peptide bonds are located. Thus, the hydrolysis kinetics of Asn44—
Arg45, located in a f—strand region, might be more sensitive to the protein conformation
than that of Asn113—Argll4, found in an a-helix that is more flexible per se.’!
Accordingly, the calculated barriers for Asn113—Argl14 present less dispersion than
those in Figure 5.9, lying between 120 and 135 kJ-mol ™" in a C,--C, distance range of ~1.1
A (from 6.13t0 7.26 A).

Table 5.2 | Comparison of free—energy barriers for the hydrolysis of several peptide bonds in HEWL.*

. rca-.ca distribution fca.ca S€lected
cleavage site . AG greran
maximum snapshot
Asn44—Arg4s (site IT) 9.90 9.91 121
Asnll13—Argll4 6.80 6.77 124
Arng—GlyZZ 5.40 5.36 124
Arg4$ —Asn46 7.00 7.00 120

“Free—energy barriers are given in kJ-mol ! and distances in A.
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Figure 5.10 | Abundance of distances between alpha carbons adjacent to the analyzed dipeptide
fragment (rcq..co) expressed as the % of simulated time, computed over 100 ns of MD simulation.

Next we analyzed the effect of protein arrangements around the polyoxometalate on the
selectivity by comparing the non—covalent POM.--protein interactions at the four different
sites highlighted in Figure $.1B. These interactions should be present from the early
stages of the reaction, that is the Zr ion coordination to the amide oxygen. Thus, we
performed constrained MD simulations, in which the Zrpow-Oprotein distance (7z:..0) was
initially set to the non—coordination length of 5.50 A and decreased successively every 250
ps of simulation until 2.33 A. This latter value corresponds to the bond equilibrium
distance predicted by DFT (see Computational Details section for further details). The
procedure was repeated along five parallel runs for each site to sample the most likely

POM...protein interactions.

Figure $.11 displays the time evolution of POM.--protein interaction (Epou.protein) and
the Zr--O distance for a selected run of each site (analogous data for the remaining MD
runs are compiled in Figures AS.2-AS.5); and Figure $.12 collects the Epowm.protein
energies averaged over the five independent MD runs at different Zrpom-+Oprotein distances.
The four selected sites contain positively charged arginine residues which can interact with
the negatively charged POM framework. Consequently, Figure 5.11 and $5.12 show
attractive POM.--protein interactions along the simulated coordination process in all the
cases. However, we observed remarkable differences between the sites which can explain
the experimental selectivity. Most importantly, the interaction energies at the hydrolyzed
site (Asn44—Arg4$ in Figure 5.11A) are significantly stronger than for the other sites.
Visual analysis of the trajectories revealed that during the coordination ZrL interacts
simultaneously with Arg4$S and with Arg68 located nearby, as illustrated by the snapshot
of Figure 5.11A. Figure AS.6 (Appendix) provides the averaged, non-covalent
interaction energies of ZrL with individual amino acids, confirming the simultaneous

interaction of Arg4S and Arg68. Additional hydrogen bonding interactions with polar
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residues Thr43, ThrS1 and TyrS3 were also characterized, being analogous to those of
previous MD simulation on noncovalent adducts.'*'®"” Moreover, close contacts of the
guanidine groups of Arg45 and Arg68 with Zr—substituted POMs had been actually

observed in crystal X—ray structures of non—covalent complexes.'>"’
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Figure $.11 | Evolution of the POM.-.protein non—covalent interaction energies in kJ-mol™ (green
lines) and the Zrpon-Oprotein distance in A (black lines) along simulated coordination processes to four
different sites: hydrolyzed site Il Asn44—Arg4S (A), and the non-hydrolyzed sites Asn113—Argl14
(B), Arg21—Gly22 (C) and Arg45—Asn46 (D). Selected 1750 ps runs of restricted MD simulations.
Typical snapshots of ZrL---protein interaction for simulations A and B.
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Figure 5.12 | Average non—covalent interaction energies between the ZrL POM and the protein
(EpoM--protein) as function of the Zrpom:+Oprotein distance during the coordination of ZrL to Asn44—
Arg4$S, Asnl13—Argll4, Arg21—Gly22 and Arg4S—Asn46 (green, yellow, gray and blue bars,
respectively). Data were sampled every 2 ps and averaged over the S runs.

Moving from simulations at site Asn44—Arg45 to the consecutive Arg45—Asn46 site, we
only observed a significant stabilizing interaction between the ZrL anion and Arg45 that
vanishes as the zirconium—oxygen distance shortens (Figure A5.9). As a result, the overall
non—covalent POM.--protein interaction is significantly weaker for the Arg45—Asn46 site,
becoming even slightly repulsive at the estimated Zr-O coordination distance (Figure
5.11D and 5.12). The coordination to either of these consecutive sites places the POM at
different regions of the protein causing a differentiated pattern of non-covalent
interactions (see Figure 5.13). For the Asnl13-Argll4 site, which is chemically
equivalent to the hydrolyzed Asn44-Arg4$ site, the stabilizing interactions are even
weaker than in Arg45—Asn46 site (Figures 5.11B and 5.12). Besides the lack of efficient
cooperative effects at non—reactive sites, POM.--protein interactions are often hampered
by neighboring amino acids that compete with the POM for interacting with the side
chain of arginines. In this case, the Argl 14 with a positively charged guanidine is trapped in
a cation—= interaction with the phenyl ring of Phe34 residue (snapshot in Figure 5.11B,
and Appendix for further discussion).
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Asnd4—Argd5
[Asnas—argss | Z15.

Figure 5.13 | Schematic representation showing the preference of ZrL to coordinate Asn44—Arg45
rather than Arg—Asn46 peptide bond.

To sum up, previous simulations have shown that POM anions can form persistent
non—covalent interactions at different cationic patches of the HEWL protein surface
(Chapters 3 and 4);'*'” however, only specific peptide bonds of these sites are hydrolyzed.
We propose that the observed selectivity is governed by non—covalent interactions
occurring during the POM approach to the protein and the transition—-metal coordination
to the amide oxygen. In contrast to other sites, we observed for the selectively hydrolyzed
site (Asn44—Arg4S) that the side chains of two arginines (Arg4S and Arg68) clamp the
POM and set stabilizing, non—covalent interactions with the POM during the whole
coordination process, and presumably, along the whole reaction profile. This effect might
be related to the observed selectivity as it can compensate to some extent the
endothermicity of Zr coordination and prevent the inverse process that releases the
Zr—substituted POM to the solvent. Although we have not characterized the whole
process in the real system, we can speculate that the free—energy profiles of Figure 5.14
could reflect the hydrolysis process of inert and reactive peptide bonds. DFT calculations
suggested that the barriers required for carbon—nitrogen bond breaking are similar in both
cases as denoted by red arrows in Figure 5.14. Nevertheless, in the reactive peptide bond
the POM catalyst forms strong interactions with specific amino acids of the protein during
the coordination process that might reduce the energy expense related to the reorientation
of the POM to coordinate the peptide bond and in addition, shift the energy profile down
(AAG in Figure 5.14). Thus, the combination of both effects could accelerate the

macroscopic hydrolysis rate of site II relative to other sites.
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Figure 5.14 | Pictorial representation of the origin of selectivity in peptide bond hydrolysis in proteins
by Zr—substituted POMs.

5.2 Reduction of Disulfide Bonds by Reduced Polyoxometalates

5.2.1 Motivation and Experimental Background.

Preeclampsia is a hypertensive disorder that complicates almost the 10 % of pregnancies
from the 20™ week on.”> The main symptoms include high blood pressure, swelling, red
blood cell breakdown and other dysfunctions affecting the liver, the kidney or the lungs,
accounting for ca. 50,000 annual deaths worldwide.® Also, it increases the risk of
premature delivery or even stillbirth, causing about 500,000 additional deaths per year.**
The risk of developing preeclampsia has been related to the ratio of oxidized/reduced

angiotensinogen (AGT) protein in blood.** Human AGT consists on a 453-residue
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protein (represented in Figure 5.15) that is synthesized and delivered by the liver to
participate in the renin—angiotensinogen system, which regulates blood pressure. The
oxidized and reduced states of AGT differ from each other in the existence of a disulfide
bridge between Cys18 and Cys138 (see Figure $.15) that is present in the oxidized form
(AGT.) but not in the reduced one (AGT+e). In healthy blood, AGT is found in a 40:60
ratio of the oxidized and the reduced form,** however, the levels of AGT.y are higher in the

blood of patients that are more prone to suffer hypertension.

7
g’( Cys18
Cysw y)

Figure S.15 | Secondary structure of the oxidized form of angiotensinogen (AGT.y), in which there is a
disulfide bridge between Cys18 and Cys138.

Renin is a proteolytic enzyme secreted by the kidney that can only cleave AGT in its
oxidized form at the N—terminus region to yield a decapeptide, namely Angiotensin L,>/
which in turn, can be further hydrolyzed by an enzyme produced at the lungs tissue, called
angiotensin—converting enzyme (ACE).*® Hydrolysis of angiotensin I results in
angiotensin II, a polypeptide that is tightly related to hypertension due to its
vasoconstrictive nature.”® As in many other diseases, early detection of preeclampsia is
crucial to reduce the risk of both maternal and infant mortality. Nowadays, Western blot
techniques are used to determine the AGT .x/AGT'q ratio in blood for clinical diagnosis of
preeclampsia.  However, these techniques are usually time—consuming,
pseudo—quantitative and present low reproducibility.®® Thus, there is a need for a new
method for preeclampsia detection that is faster and more reliable. Our collaborators
proposed a new strategy for preeclampsia detection based on a fast and easy—to—handle
colorimetric analysis. Taking advantage of the redox properties of AGT, the percentage of
oxidized protein in blood might be accurately quantified by reducing the disulfide bond
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with a traceable redox mediator, in such a way that decrease in the absorbance can be

attributed to the amount of oxidized protein in the initial sample.

POMs are potential candidates to act as reducing agents, since aqueous solutions of the
fully oxidized anions are colorless but the reduced ones exhibit a deep blue coloration due
to the presence of strong absorption bands in the visible region.®’ Initially, the
one—electron reduced [PW1,040]* anion labeled as PWy,(1e) was experimentally applied
to the chemical reduction of 5,5’—dithiobis—(2—nitrobenzoic acid), DTNB (1, depicted in
Scheme 5.2), as a model disulfide substrate. As shown in Figure 5.16, the addition of 1 to
the charged solution of PWy,(1e) causes a quench of the absorbance, indicating that
PW,(1e) can accomplish the reduction of the disulfide bond in 1. Scheme $.2 shows the
proposed reaction equation, which involves a 1:2 stoichiometry, since the full reduction of
a disulfide bond requires two electrons. However, the reduction of more inert,
non—aromatic substrates containing dicysteine moieties using PWp(le) was
unsuccessful. Aiming to understand this process, we performed a computational analysis
of the reaction mechanism that allowed us to propose alternative POM species to promote
the reduction of kinetically stable disulfides. With the gained knowledge, we also evaluated
the feasibility of the S—S bond reduction in AGT.,, which could be applied to diagnose

preeclampsia in pregnants.
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Figure 5.16 | Absorbance at 750 nm of a 0.6 mM solution of PW,(1e) as function of the concentration
of added 1.
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Scheme 5.2 | Proposed reaction equation for the reduction of 1 by PWy,(1e).
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5.2.2 Computational Details.

The methodology used for these calculations is analogous to that used in the previous
section. Single Electron Transfer (SET) steps were studied by means of the Marcus theory
of the electron transfer, as explained in Chapter 1. The MD simulation to study the
interaction between AGT,; and [H,W1,040]”" was carried out on a cubic solvent box of
97.4° A% (28,395 H,O molecules) that contains one AGTo protein (PDB ID: 2WXW),%
one [HyW1204]”" anion and 18 Na* cations. FF parameters for the non-standard

[HaW1,040]”” were obtained as indicated in previous chapters.
5.2.3 Results and Discussion

$.2.3.1 Characterization of the reaction mechanism.

Initially, we analyzed the reaction mechanism for the reduction of 1 with PWy,(1e).
Previous computational studies suggested two main mechanisms for the disulfide
reduction promoted by external agents: i) the two—electron mechanism involving a Sn2
nucleophilic attack on a S atom to directly promote the S—S cleavage;** and ii) the
outer—sphere electrochemical reduction in which the acceptance of two electrons by the
substrate occurs in two different single electron transfer (SET) steps.®*“® Radical—initiated
mechanisms in which a homolytic C—H cleavage occurs on the C atom adjacent to S
have been also proposed.®® However, this option was ruled out due to the lack of an

aliphatic carbon directly bonded to S in the structure of 1.
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Figure 5.17 shows the calculated outer—sphere free—energy profile that consists of
three main steps: 1) the first one—electron reduction of the substrate to give a radical
anion; 2) the S—S bond cleavage and 3) the second reduction of the NTB radical to yield
the products. To study SET processes, we made use of the Marcus theory of the electron
transfer,”” which relates the free—energy barrier associated to the electron transfer with the
reaction free energy and the reorganization energy of the system (including the solute and
the solvent). Further details about this theory and its technical implementation are found
in the Chapter 1 of this thesis. So far, Marcus theory has been successfully employed in the
literature to study SET processes in organic and organometallic chemistry.®® However, this
is the first time to our knowledge that it is applied to processes in which POMs are
involved. For this reason, we initially evaluated the applicability of this methodology by
comparing, for the self-exchange reactions listed in Table §.3,% the free—energy barriers
obtained from experimental rate constants with those obtained computationally using the
Marcus theory. Comparison of the rightmost columns in Table 5.3 reveals rather good
agreement between calculated and experimental free—energy barriers and therefore, we
assumed that this approach is suitable for estimating the kinetic viability of the SET steps
proposed in Figure 5.17.

Table 5.3 | Comparison between experimental and calculated free—energy barriers for self-exchange
reactions of POMs of the same nature.

AG* (kJ-mol™)

entry reaction k*(M's™) exp® DFT"
1 PW1247 + PW1237 —> PW1237 + PW1247 1.84 106 37 37
2 PW,,5+ PW " — PW ), + PW,,™ 3.8010* 47 43

“Kozik et al.® reported rate constants at different ionic strengths. To compare with calculated AG*, we
estimated the rate constant at zero ionic strength via extrapolation in the linear regression obtained
from fitting In(k,) to the square root of the ionic strength.” " Experimental AG* were obtained from rate
constants in the third column using the Eyring equation. ‘Calculated using the Marcus theory of the

electron transfer using B3LYP—derived reorganization energies and reaction free energies.



UNIVERSITAT ROVIRA I VIRGILI

NEW HORIZONS IN COMPUTATIONAL MODELING OF POLYOXOMETALATES:
BIOLOGICAL ACTIVITY, ENERGY STORAGE AND SUSTAINABLE CATALYSIS.
Albert Solé Daura

Chapter 5: Modeling the Polyoxometalate Reactivity towards Biological Systems | 135

2°+2-
SET (+80) +75
S~ —
DA o agg W sET ()
PW,,(1e) f \\+33 7 % #30 _es

1H* k

1-- TH 2+ + 2H C PW,(1e)
| )" ¢ \\
L _61
H e
» + 2-+ 20\ H’
~101

2 2H

5

Figure 5.17 | Calculated Gibbs free—energy profile (kJ-mol™) for the reduction of DTNB (1) by 2
molecules of [PW,040]* anion, PWy,(1e).
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The outer—sphere SET from PWi,(1e) to 1 yields the radical anion species 1°~ and the
oxidized POM and was found to be endergonic by 33 kJ-mol . The estimated free—energy
barrier of 80 kJ-mol™ (see Figure 5.17) suggests that this SET step can be easily achieved
at room temperature, in agreement with the fast quench in the absorbance observed
experimentally. Notably, this reduction causes a non—negligible lengthening of the S—S§
distance from 2.07 A in 1 to 2.80 A in 1°7, due to the population of a molecular orbital
with S—S o* character, as noted in previous computational studies.** Although the
electronic structure of 1 shows two degenerated LUMOs mainly localized on the nitro
groups (Figure 5.18), the spin density in the B3LYP-optimized geometry of 1°” is
localized on the S atoms, since the SOMO corresponds to the o*s_s molecular orbital.
Antonello et al. previously studied at Hartree—Fock level the reduction of several disulfides
and identified two different minima for reduced nitroaryl disulfides (analogous to species
1°7), which differ on the S—S bond length.*** At short S—S distance, the spin density is
found in nitro groups while at long distances it is localized mainly on the sulfur atoms,
similarly to what we obtained using the B3LYP functional (Figure 5.18). On the basis of
the large gap between the LUMOs and the LUMO+2 orbital (see Figure 5.18), the
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authors proposed an initial reduction at a 7* orbital (LUMO), followed by an internal
conversion to populate the o*s_s orbital upon elongation of the S—S bond.5*®
Unfortunately, we were not able to find the minimum with short S—S§ distance with
B3LYP. Nevertheless, analysis of the PES with the M06-2X functional,”* which includes a
larger percentage of HF exchange, allowed us to locate a minimum for 1°~ with S—S
distance of 2.10 A. At M06—2X level, the formation of 1°~ with short S—S distance and
spin density localized mainly in the nitro groups (Figure 5.19) is endothermic by 34
kJ-mol™'; and the free—energy barrier associated to its formation was also found to be
affordable (76 kJ-mol™). In fact, both values are rather close to those obtained with
B3LYP considering the species with elongated S—S bond (Figure 5.17). This suggests
that the potential energy surface of 1°~ along the S—S distance might be rather flat,
involving more than one electronic state within a narrow range of energy. Thus,
single—determinant methods might not be able to provide a detailed description of the
reduction mechanism but can be useful to estimate the energy cost of the process.
Regardless the mechanism, the computed barriers using the Marcus theory can be
overcome at room temperature, which is supported by experimental results. Conversely,
the two—electron pathway in which the POM performs a nucleophilic attack on the S—S
bond was found to be prohibitively high in energy, since the products (see Figure 5.20)

lie 187 kJ-mol™ above the reactants. This was ascribed to the weak nucleophilic character

of POM terminal oxygen.
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Figure 5.18 | Frontier molecular orbital diagram of the fully oxidized species 1 (left) and spin density of
the B3LYP—optimized geometry of the one—electron reduced species 1°7, which displays a S—S
distance of 2.80 A (right).
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Figure 5.19 | Two views of the spin density distribution for the 1° species with short S—S§ distance
(2.10 A), obtained from geometry optimization with the M06-2X functional.

PW,,(1e)-2

Figure 5.20 | (A) B3LYP-optimized structure resulting from the Sx2 attack of PWy,(1e) to 1 involving
O—S bond formation (PWy,(1e)-2). Main distances are shown in A. (B) Representation of the spin
density of PW;,(1e)-2, which is delocalized over the POM framework.

From 1°7, we can envisage two possible pathways to proceed with the S—S cleavage:
the direct cleavage to yield the radical and the anionic NTB fragments (2° and 27,
respectively) or the proton—assisted process that involves the initial formation of the
protonated species 1H® (Figure 5.17). Before the reduction of 1, the POM complex was
reduced photochemically to generate PWi»(le) using an excess of ascorbic acid as
electron donor and therefore, it is reasonable to think that protons are readily available in
the reaction medium. Thus, the negatively charged species 1°~ can become protonated to
form 1H® with a slight energy penalty of S kJ-mol™. Notably, the protonation elongates
even more the S—S distance (up to 3.34 A) resulting in a non—covalent S..S adduct in
which the spin density is mostly localized on the non—protonated S atom. The structure of
1H® might represent a fairly shallow minimum on the PES and dissociates into 2* and the
protonated product 2 through an exergonic and barrierless process. Note that owing the
limitations of the employed methodology, it cannot be discarded that the formation of

1H?* from 1 occurs directly through a PCET process.
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The alternative, direct dissociation of 1°~ into 2° and 2~ entails a significantly larger
energy cost of 42 kJ-mol™". In agreement with the Morse-like potential energy functions
reported by Antonello et al,** the S—S cleavage in 1°” was found to be barrierless.
Overall, the protonation of 1°" permits the disulfide cleavage through a smoother
free—energy landscape, which in addition is consistent with the observed dependence on

the pH of the decay rate of disulphide radical anions under acid conditions.”

It is also worth mentioning that Sohn et al. pointed out that the B3LYP functional
commits a systematic error of ca. 8—10 kcal mol™ (33-42 kJ-mol™) in the BDE of S—S
bonds% and highlighted the better performances of meta—hybrid functionals such as
BMK” or M06-2X.”" Table 5.4 shows that indeed, this error can be appreciated in the
homolytic cleavage of the S—S bond in substrate 1 but not in the S—S cleavage of the
reduced compound 1°~. Thus, we considered that B3LYP is suitable for describing the

S—S cleavage shown in Figure 5.17 (1°~ —2° +27).

Table 5.4 | Comparison between the performances of B3LYP and meta—hybrid functionals in the
determination of bond—dissociation energies (BDEs) of 1 and 1°".

BDE (kJ-mol ™)

entry reaction M06-2X BMK B3LYP
1 1-52°+2° +252 +262 +220
2 1°—>2°+2° +63 +71 +72

Finally, the second reduction was found to be highly stabilizing (in almost 100
kJ-mol™) because it implies the reduction of the electron deficient radical species 2° to
form the corresponding anion. Consequently, this SET step occurs through a very smooth
barrier of 14 kJ-mol™'. The protonation of the resulting 2~ anion places the reaction
products 101 kJ-mol™ below the reactants and renders irreversible the global reaction,
being the reverse free—energy barrier higher than 150 kJ-mol™". Overall, the first reduction
step of the DTNB substrate (1) is predicted to be the rate—determining step of the whole
process. However, it is important to note that the S-S bond cleavage could become

rate—determining in the absence of proton sources.
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5.2.3.2 Reducing dicysteine-like models.

The reduction of DTNB (1) can be seen as a proof of concept for the reduction of S—S
bonds with POMs, but the target disulphide bond in AGT does not have aromatic
substituents to stabilize the radical anion intermediate but it connects two cysteine
residues (Cys18 with Cys138), as shown in Figure 5.15. For this reason and with a more
ambitious goal, the group of Dr. Mitchell synthesized polypeptide structures (depicted in
Scheme 5.3) based on a dicysteine fragment to study more realistic models of AGT.
Unfortunately, PW1,(1e) showed no reactivity towards these substrates and therefore, it
might not be suitable neither for the reduction of AGT os.

Scheme §.3 | Chemical structures of dicysteine—based polypeptides 3 and 4.
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To model these substrates, we considered the zwitterionic forms (3z and 4z) expected
for a pH close to 7, that is the carboxylic groups in Scheme 5.3 as negatively charged
carboxylates and the terminal amines as positively charged ammonium groups in such a
way that 3z and 4z bear overall charges of 4- and 2+, respectively (see Figure 5.21). For
the sake of comparison, we also studied the reactivity of the neutral form of 3. In line with
the experimental lack of reactivity, the free—energy barriers associated to the first
reduction of these substrates by PW;,(1e) were computed to be unaffordable (> 150
kJ-mol™) as shown in fourth column of Table 5.5. The reduction of diaryl disulphides
such as 1 has been proposed to be easier than other substrates due to partial delocalization
of the unpaired electron over the phenyl rings (see spin density of 1°~ in Figure $.18),
which favors the electron transfer reducing the reorganization energy (A) of the

64a

substrate,** as well as the endothermicity of the electron transfer process. In agreement

with these findings, the calculated reorganization energies for the non—aromatic substrates
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are ca. 100 kJ-mol'larger (see column 2 in Table 5.5). Thus, we evaluated whether the
reduction of highly kinetically stable substrates (Scheme 5.3) can be achieved by using
stronger reductants obtained electrochemically. Potential candidates include the
two—electron reduced [PWnO]>, PWi(2e), the one—electron reduced
silicon—containing Keggin anion [SiW1,040]*", labeled as SiW12(1e) or the one—electron
reduced metatungstate [H;W1,040)"" anion, labeled as H,W1»(1e). Table 5.5 collects the
computed free—energy barriers for the first reduction of the analyzed substrates by the
aforementioned POM structures. As expected, the height of the barriers decreases as the
overall charge of the POM increases, because the energy of the molecular orbital of the
POM that accommodates the electron to be transferred is proportional to the charge
density of the cluster.”* Thus, the barriers for the reduction of dicysteine substrates by
PW12(2e) and SiWiz(1e), with g = S— are lower than those for PWy(1e) but still rather
high (125-155 kJ-mol™) and those for the 7- charged H;Wis(le) are moderate
(100-116 kJ-mol™). This suggests that, among the analyzed POM structures, H;W1,(1e)
is the only one that is likely to reduce disulfide bonds in dicysteine—based substrates.
Prompted by these results, our collaborators attempted experimentally the reduction of
substrate 4 with H;W12(1e) and indeed, mixing these species results in quenching of the
absorbance. This validates our mechanistic proposal and more importantly, probes the
ability of H;Wi2(1e) to reduce the highly stable S—S bond in a dicysteine—based
substrate. Therefore, this anion could be suitable for the reduction of the S—S bond in

AGT., and in turn, for the clinical diagnosis of preeclampsia.

3(g=0) 3z (qg=4-) 4z (g = 2+)

Figure 5.21 | BALYP—optimized structures of neutral species 3 and zwitterionic complexes 3z and 4z.

It is interesting to note that the barriers reported for the neutral 3 are lower than those

obtained for its zwitterionic form (3z) with a charge of 4-. Since the reorganization
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energies for both species is rather similar, this fact was attributed to the energy cost of the
reduction process, which increases with the negative charge of the organic substrate. In
fact, Table 5.5 shows that the height of the barriers correlates rather well with the
reduction free—energy (AG.a), indicating that besides the reorganization energy, the

stability of the formed radical anion is crucial for reactivity.

Table 5.5 | Free—energy barriers for the first SET process for the studied disulphide substrates and
POM reductants.

AG*SET (k_]-mol’l )

reorganization

Substrate

@ energy AGra  [PW12040]* [PWiO40]® [SiW1040]5 [HaW1,04]7"
(lsubstrate) PWn(le) PWu(Ze) SiWu( le) szlz(le)

1(0) 176 -3.83 80 59 69 41

3(0) 274 -2.99 156 129 140 105

3z (4-) 269 =271 172 143 155 116

4z (2+) 272 =297 152 125 136 100

“Reorganization energies (Aupsuae) and free—energy barriers are given in kJ-mol™, whereas reduction
free—energies [AGred = Grea— Gog are given in eV. The reorganization energies for the different POM

complexes (Apom) are rather alike, ranging from 73 to 105 kJ-mol™".

5.2.3.3 Reducing angiotensinogen protein (AGT.).

Finally, we sought to analyze if H;W1»(1e) could promote the reduction of AGT . using
a cluster model® of the Cys18—Cys138 fragment labeled as Dicys, taken from the X-ray
crystal structure of AGT. (Figure 5.15). The obtained free—energy profile is represented
in Figure 5.22. As for the model substrate 1, the rate—limiting step of the whole process is
the first SET from the POM to the disulfide bond, which accounts for an accessible barrier
of 104 kJ-mol™". Although this barrier is higher than that for the reduction of DTNB by
PWy,(1e) (80 kJ-mol™), the endothermicity is smaller due to high energy of the highly
charged H,W1,(1e) species. The S—S bond cleavage in Dicys®~ is not as endergonic as in
1°~ because aliphatic groups are electron donating groups that can better stabilize the

electron deficient radical species Cys® (analogous to 2°).°

From this point on, the
reaction goes steeply downhill with an estimated free—energy barrier for the second SET
reduction of 31 kJ-mol™". Finally, the process yields the products that lie almost 300

kJ-mol™ below the reactants and thus, their formation is strongly irreversible. We have also
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determined the kinetics of the first reduction, which is rate-limiting, considering the
dielectric constant of the solvent equal to 4, which is a common approach when studying
enzymatic reactions within a truncated model to simulate the hydrophobic environment.*
With this approach, the barrier increases from 104 to 129 kJ-mol™", which is near the limit
of kinetically accessible reactions at room temperature. Nevertheless, as the disulfide bond
in AGT. is at the solvent accessible surface of the protein, we considered the values in
water and in the hydrophobic environment as lower and upper limits for the actual

free—energy barrier.

SET (+104)
D "\ cys*+Cys
H,W,,(1e) 4 %
o V12 +14
0, \
Dicys Dicys*~

Figure 5.22 | Calculated Gibbs free—energy profile (kJ-mol™) for the reduction of the disulfide bond in
the dicysteine fragment of AGT., (Dicys) by H,Wi,(1e). The snapshot shows the model system used
for this study and highlights the positions that kept fixed during geometry optimizations to account for
the strain imposed by the protein chains.

Aside from affordable kinetics, reactivity in biological systems is strongly dependent on
the supramolecular recognition process, as discussed in the first part of this chapter. Thus,
getting insight into the non-bonding interactions between HoWi(1e) and AGT., in
solution might be useful to rationalize hypothetical experimental outcomes in the future.
To investigate the interaction of H;Wi»(1e) with the protein at the proximity of the
disulfide bridge to promote its reduction, we have performed MD simulations starting

from a configuration in which H;Wi2(1e) is close to the reactive site."
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Figure 5.23A shows the evolution of the distance between the centers of mass of the
disulfide bond and the POM along 20 ns of simulation. During the first 10 ns the POM
remains at a relatively short distance from the disulfide bond that is suitable for the
electron transfer process.”” During the simulation, the POM mainly interacts with
positively charged lysine residues that are close to the S—S bond (Lys23, 28, 30 and 136)
leading to POM.--protein interactions that range, roughly, from —100 to —200 kJ-mol ™.
Specifically, we identified two interaction modes for which representative snapshots of
these interactions can be appreciated in Figure 5.23B and C. In the first one (Figure
5.23B) the POM interacts with Lys23, 28 and 30 being at about 20 A of the disulfide
bond, while the second one involves Lys28 and 136 and permits shorter POM..-SS
distances of ca. 16 A (the shortest being 12.4 A). Note that these distances were measured
taking as reference the centers of mass of both moieties, but as electrons are not located
inside the POM but on W atoms, the effective distances between the electron donor and
the acceptor are shorter. Importantly, both adducts might be able to promote the S—S
reduction through an outer—sphere electron transfer, since charge transfer between redox
partner proteins has been measured at intermolecular distance of up to 10 nm.”** After
that, the POM moves through the protein surface to other regions where the
POM.--protein interactions are weaker until it leaves the protein surface to become fully
solvated at t = 1S ns. According to the high charge density of a Keggin—sized anion bearing
a charge of 7—, HyW1,(1e) exhibits poor chaotropic behavior' and therefore, its residence
time in positively charged sites of AGT., accounts only for the 51.8 % of the simulated
time (considering the same geometric criteria used in previous chapters). However, it has
been demonstrated that H;Wi2(1e) can establish strong interactions at the vicinity of the
disulfide bond in AGT. and therefore, it is a potential candidate to be used for the clinical

diagnosis of preeclampsia.
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Figure 5.23 | (A) Evolution of the distance between the centers of mass of H;Wy,(1e) and the disulfide
bond (red line), as well as the overall POM.--protein interaction energy (green line) along 20 ns of MD
simulation. (B) and (C) Representative snapshots of the non—covalent POM...protein interactions
occurring at the vicinity of the disulfide bridge, with interaction energies of —153 and —104 kJ-mol™,
respectively. Dashed black lines represent purely electrostatic contacts and hydrogen bonds are shown
in red dotted lines (criteria for hydrogen bonds: XH.--A distance < 3.5 A and X-H.--A angle > 130 °.
Distances are given in A.

5.3 Concluding remarks

In the first part of this chapter we report a detailed computational study of the origin of
selectivity in protein hydrolysis promoted by Zr'Y—containing polyoxometalates.
Specifically, we analyzed the observed selective hydrolysis in lysozyme using
[Ws015Zr(H,O)(OH) > (ZrL) as an artificial protease; and compared the Asn44—
Arg4S cleavage site with three structurally similar, non-reactive peptide bonds. Using
DFT calculations on cluster models derived from MD simulations, we propose a reaction
mechanism consisting of four main steps: i) coordination of the Zr center to the amide
oxygen; ii) nucleophilic attack of either the hydroxo ligand of Zr or an external water
molecule assisted by the ZrOH group as general base; iii) protonation of the amide
nitrogen and iv) C—N bond cleavage. The reaction goes uphill in energy until it reaches
the transition state for C—N bond cleavage, and therefore the overall activity is governed
by the energy cost to reach this transition state from the reactants. We also found that the

overall free—energy barrier of the hydrolysis is very sensitive to the protein conformation
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but it shows a linear correlation with the length of the dipeptide section. The computed
AGoveran for Asn44—Arg4$S peptide bond, averaged over protein conformation (121
kJ-mol™), agrees very well with the values derived from the experimental rate constants

(113-134 kJ-mol™).

The origin of selectivity cannot be ascribed to the intrinsic differences on the protein
backbone because computed overall free—energy barriers for other chemically analogous
peptide bonds (Asn113-Argll4, Arg21-Gly22 and Arg45S—Asn46) are very similar.
Instead, MD simulations show that unlike other sites, the experimentally hydrolyzed
Asn44-Arg4S5 is surrounded by an array of positively charged and polar amino acids that
can trap the POM in an enzyme—like recognition process and interact with it during the
coordination process. This might hold together the reactants (the POM and the O=C
fragment) and reduce the energy expense of POM reorientation and coordination to
Asn44-Arg4S5 resulting in the acceleration of the hydrolysis rate with respect to other
sites.

We have also characterized the reduction mechanism of DTNB (1), as model system of
the oxidized form of angiotensinogen protein (AGT.) by the one—electron reduced
Keggin—type phosphotungstate [PW1,040]*, PWis(le). The most likely reaction
mechanism involves an initial outer—sphere SET from a molecule of PWy,(1e) to 1 to
yield an oxidized POM and the radical anion 1°~ in which the S—S has been weakened
due to partial occupation of the o*s_g orbital. Protonation of 1°~ promotes the S—S bond
cleavage to give the protonated NTB product (2) and a radical NTB (2°), which can be
easily reduced to 2 by a second molecule of PW1,(1e) to yield the final products after the
exothermic protonation of 2°. The initial reduction of 1 was identified as the
rate—determining step of the reaction, indicating that the reaction rate mainly depends on
the reductant power of the employed POM and the ability of the disulfide bond to accept
an electron. For 1, the overall free—energy barrier accounts for 80 kJ-mol™’, in agreement
with the fast quench of the PWj,(le) solution upon addition of 1. Also, a
computationally—aided study allowed the experimental reduction of more realistic models
of angiotensin consisting on dicysteine—based polypeptides using the one—electron
reduced metatungstate anion [HyW1,040]7", H:Wi2(1e). Unlike H;Wi2(1e), PWiy(1e)
and other less charged anions exhibit SOMOs too deep in energy to promote an electron
transfer to non—aromatic disulfides, which are more kinetically stable than 1 due to the
larger reorganization energies involved in the SET process and the less stable character of

the formed radical anion. Furthermore, MD simulations and DFT calculations on AGT
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using a cluster model approach suggested that the reduction of the dicysteine group in the
protein is feasible, since H;W1,(1e) can interact favorably in a region close to the S—S
bond site, and the predicted barrier for the electron transfer is affordable, lying between
104 and 129 kJ-mol ™.

5.4 Supplementary Material

The animation of a representative simulation discussed in this chapter can be accessed

by scanning the following QR code with a smartphone or though the URL below.

Constrained MD — Coordination of ZrL to site II

[=] 341 [=]
[=]- =4

https://youtu.be/Ffq8F410f1E
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CHAPTER 6

Modeling Super—Reduced Polyoxometalates for Energy Storage

This chapter concerns the redox properties of aqueous solutions of Wells—Dawson
polyoxotungstate [P,W15O06,]%, which under certain conditions be reversibly reduced by 18
electrons per anion, in contrast with the classical redox behavior that involves six electrons as
much. Interestingly, this phenomenon was found to be counter cation and concentration
dependent. The main goal of this chapter is to unveil the reasons for the super—reduction process
and the role of the counter cations in the POM salt. Also, we aim to understand the metastable
nature of the super reduced POMs, as well as to propose a plausible molecular and electronic

structure for it.

All the results discussed in this chapter are part of an ongoing project in collaboration with

the experimental group of Prof. L. Cronin from University of Glasgow (U.K.).

6.1 Experimental background.

As explained in Chapter 1, one of the most attractive features of POMs are their
fascinating redox properties, that allow them to accept and storage several electrons for
further use in catalysis or energy production.' Recently, Cronin and co—workers reported
the ability of the Wells—Dawson—type phosphotungstate [P,W150s2]¢” (Wis) to accept up
to 18 electrons” In addition, these electrons can be reversely recovered upon
re—oxidation, what permitted the construction of a redox—flow battery with an energy
density of 225 Wh.l™, featuring the highest energy density in POM-based redox—flow
batteries to date, since the most efficient one before this discovery displays an energy
density of 15.4 Wh'? Indeed, these finding represents a breakthrough in POM
chemistry not only for the enhanced performance in terms of energy storage, but also
considering that the traditional redox behavior of this anion involves four or six electrons
as much, depending on the pH.*® Figure 6.1A shows the cyclic voltammograms recorded
for aqueous solutions of the LisWis salt at different pH values. At neutral pH, Wis
experiences four reversible redox processes between the range +0.6 to —0.6 V (vs SHE).
Each one was associated to a simple one—electron reduction. When decreasing the pH to

4, the two waves below 0 V become two—electron redox processes, in agreement with
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previous studies.*”® Interestingly, when the POM concentration is increased to 100 mM,
both the two—electron waves are shifted ca. 200 mV to more positive potentials, and even
more importantly, a new multi—electron wave appears within the same potential window
(see Figure 6.1B), indicating that high concentration and low pH allows the reduction of
POM clusters beyond their previously known limits.
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Figure 6.1 | (A) Cyclic voltammograms recorded for a 2 mM solution of Lis[P,W15Os,] at pH 7 (black
line) and in 1 M of H,SO. (pH 4, red line) at a scan rate of 10 mV-s™". (B) Cyclic voltammograms of a 2
mM (red line) and a 100 mM (black line) solution of Lis[P;W;50s,], both at pH 4 and recorded at a
scan rate of 10 mV-s™". Blue line corresponds to a cyclic voltammogram of a 1 M H,SO, solution. Taken
from ref. 2.

Electrochemical studies revealed that at high POM concentration (100 mM, at the limit
of POM solubility) and low pH (close to 1), every cluster can accept up to 18 electrons
that can be reversibly extracted by re—oxidation. Passing the same current to a 2 mM
solution only allows recovering 4 of the 18 electrons passed through the cluster when
re—oxidizing, evincing that super reduction is only possible at high concentration. In
addition, the super—reduction process was found strongly dependend on the counter
cation used in the POM salt, since the capacity of the POM solution decreases as Li* > Na*
> K*. Furthermore, 14 of the 18 electrons can be spontaneously released as molecular
hydrogen when diluting the super—reduced anions in water. Thus, these results are of high
interest since they can represent part of the solution to the on—demand energy

production.
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6.2 Computational Details.

6.2.1 Static DFT calculations.

To determine redox potentials (section 6.3.1), we initially optimized the structures at
BP86’ level of theory with a Slater—type TZP basis set using the ADF2016.01 code."
Solvent effects of water were taken into account with the COSMO!! continuum solvent
model (¢ = 78.4) and relativistic effects were considered by means of the ZORA
approximation.'” The remaining calculations were performed with Gaussian09 (rev
D.01)" using the hybrid B3LYP functional* and a LANL2DZ basis set' for all atoms,
with the corresponding pseudopotential for W and P centers. In this case, solvent effects
were simulated by means of the IEF-PCM solvent model'é and frequency calculations
were performed at 298 K and 1 atm. To evaluate protonation energies, we used the
experimental value of solvation free energy of a proton in solution'” and the free—energy
change in (de)protonation processes was corrected with the standard state correction of
1.9 kcal-mol™ that accounts for the change in free energy in going from gas phase at 1 atm
to the standard state of 1 M in solution at 298 K.

6.2.2 Classical MD simulations.

The methodology used for classical simulations is analogous to that explained in
previous chapters. In all cases, 50 POM anions were embedded in a cubic solvent box of
94.0° A3, as well as 300 Li* and the number of H;O* required to neutralize the charge of
the system. Force field parameters for hydronium cations were taken from the
AMBER99" force field and the TIP3P water model."” Equilibrium distances and angles
were taken from the DFT-optimized geometry, obtained at BP86° level with a
6-311G(d,p) basis set® for all atoms using Gaussian09'® and the IEF-PCM'® continuum
solvent model (e = 78.4). Atomic charges were computed from a single—point calculation
in gas-phase*' using the same level of theory, as done for all the simulated POM
structures. This procedure was already followed by Wippf and co—workers to model the
agglomeration of polyoxotungstates with H3;O" cations as linkers.”* Simulations at lower
POM concentration (20 mM) were performed in a simulation box of the same dimensions
but decreasing the number of POMs from 50 to 10 and the number of counter cations,

accordingly.
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6.2.3 Ab initio CPMD simulations.

In this chapter, results concerning 3 different simulations are discussed. All them
contain one POM cluster embedded in supercells of different size. The first simulation was
performed in a cubic supercell of 25° A% to avoid possible interactions between POM
clusters in neighboring boxes upon rotation of the cluster from its initial position, as
Wells—Dawson anions have x = y # z dimensions. Nevertheless, as this rotation was not
observed at the simulation time scale, further simulations were performed with
orthorhombic cells of 20 x 20 x 25 A3 (with a = =y = 90°) to reduce their computational

cost. Thus, the simulated systems are:

- Wis—4e in acid medium: one Wys—4e anion (g = 10-) embedded in a box of 20 x 20
x 25 A% with; 6 H;O" cations, 4 Li* cations and 233 water molecules (935 atoms).
The system was simulated for 5.5 ps.

- H;sWis—18e at neutral pH: one H;sWys—18e anion (q = 6-) in a 25> A® box with 6
Li* cations and 428 water molecules (1390 atoms). The system was simulated for 6.5
ps.

- Hi7Wis—18e(7:10) at neutral pH: one H;;W15—18e(7:10) anion (q = 7-) in a 20 X
20 x 25 A’ box with 4 Li* cations and 265 water molecules (898 atoms). This

simulation was carried out for 10 ps.

Simulations were performed with the CPMD 4.1 code at the DFT level adopting the
generalized gradient—corrected BLYP exchange—correlation functional.** The electronic
structure was described by expansion of the valence electronic wave functions into a
plane—wave basis set, which is limited by an energy cut—off of 70 Ry. The interaction
between the valence electrons and the ionic cores was treated using the pseudopotential
(PP) approximation. Norm—conserving Troullier—Martins PPs were used for W, P, O and
Li centers,” which nonlocal part was calculated using the Kleinman-Bylander method.>
H atoms were described with a Goedecker—type PP.*” During the MD simulations, the
wave functions are propagated in the Car—Parrinello scheme, by integrating the equations
of motion derived from the Car—Parrinello Lagrangian.”® A fictitious electronic mass of
900 au was employed with a time step of 0.144 fs, as H atoms were substituted by D. The
Nosé—Hoover thermostat® for the nuclear degrees of freedom was used to maintain a
temperature at 300 K. All simulations were performed with spin polarization and with
PBC starting from geometries that were previously equilibrated with classical MD. In the
simulation with H;sW,s—18e, a number of cations to neutralize the overall charge was

included in the periodic box, while in other simulations, the number of cations
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corresponds to the average coordination numbers within 20 A from the POM center of
mass computed from S ns classical MD. Previous classical simulations were performed
using 6 Li* because of the 6:1 stoichiometry of the initial POM salt and when simulating
low pH, the number of H;O" ions to reach a pH < 1 was added in the box (vide infra).
These simulations were performed at MareNostrum4 HPC in Barcelona
Super—Computing Center (BSC), where those with the small box size lasted about 43.3
h/ps (wall clock time; 22.5 s/step) using 240 cores (S nodes of 2 CPUs Intel Xeon
Platinum 8160 24C 2.1 GHz with 2GB of RAM per core) intercommunicated with Intel
Omni—Path, whereas that with a bigger box size 161.1 h/ps (83.5s/ step) using the same

computational architecture.

6.3 Results and Discussion.

6.3.1 Studies of initial reduction states.

The electronic structure of POMs has been extensively studied during the last decades
by means of computational chemistry.” In fully-oxidized polyoxotungstates in which all
the metal ions are in their highest oxidation state, the lowest unoccupied MOs are built up
from linear combinations of empty d orbitals of tungsten. In a classical structure such as
[P;W15062]¢ (Wis for short) tungsten atoms are found in a distorted octahedral
environment that renders d,, orbitals the most stable ones, followed by the d, and dy, that
are degenerated above in energy (Figure 6.2). Hence, injection of electrons in a POM
results in a partial occupation of the d(W) orbitals, which causes the appearance of a deep

blue coloration in the solution and the corresponding band in the UV—Vis spectrum at

about 650 nm associated to transitions of d(W)—>d(W) nature.

Cyclic—voltammogram experiments provide valuable information on the redox
properties of a given species. As previously mentioned, the initial reduction steps of a fully
oxidized Wissolution at low concentration were analyzed at pH 7 and 4. In the neutral
solution, four reversible one—electron reductions were observed in the range of +0.6 and
-0.6 V (Figure 6.1A).” As shown in the molecular orbital (MO) diagram given in Figure
6.3, the first and second additional electrons are accommodated in a MO of a,” symmetry,
whereas the third and fourth are incorporated in two degenerated orbitals of symmetry e”.
Reproducing absolute reduction potentials of polyoxometalates in aqueous solutions is

still quite inaccessible to computational methods because of their anionic nature and large
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size. Nevertheless, relative values are better estimated. Using a GGA functional (BP86)
and Slater TZP basis set, we have computed the redox potentials with respect to NHE.
Taking an absolute free energy of —4.24 eV for NHE,* the redox potential for the first
reduction was found to be —0.04 V, which is about 200 mV more negative than the
observed potential for the Dawson anion. In terms of molecular orbital energies and
neglecting the bielectronic effects, this would mean that the energy of the LUMO should
be somewhat more negative than what we get. In line with this relatively small deviation,
when we compare experimental and theoretical redox potentials we reproduce rather well
the trends for two successive electron reductions, as shown in Table 6.1. Hence, the
calculated values of 269, 470 and 217 mV show good correspondence with the
experimental ones of 180, 390 and 190 mV, although the computed values are slightly
shifted towards more negative potentials. Accordingly, the last row in Table 6.1 shows
that the peak—to—peak separations are also well reproduced from the energies of the MO

to be populated in the reduction process.

dxz dyz
(W) (W)

L | W-centered

Energy

O-centered

Figure 6.2 | Schematic representation of the frontier MO diagram of the fully oxidized [P,W1504]"
(Wys) anion.
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Figure 6.3 | Frontier Molecular Orbital (MO) diagram for different reduction states of the {P,W 1504}
cluster. Level energies in grey and green represent, oxo and d(W) orbitals respectively (see text).
Energies (eV) were computed with the BP86 functional and a Slater TZP basis set.

Table 6.1 | Comparison of experimental and computed reduction potentials for [P,W1506,]° at pH7.

Wis—Wiys-1e Wis-le>Wis-2e Wis-2e—>Wis-3e Wis-3e—>Wis-4e
E~4(pH=7)" +0.35 +0.17 -0.22 -0.40
AE™ (exp)® - -180 -390 -180
AE™ (DFT)" - =217 -470 -269
AE(MO)* - 200° 490° 220/

“Reduction potentials in V vs NHE; ’reduction potential differences for two successive electron
reductions in mV. All the reduction potentials were computed with a BP86 functional and a Slater TZP
basis set.“ The potential difference (absolute value in mV) between two successive reduction peaks can
be estimated from the difference in energies of the MOs that will accept the incoming electron;
dESOMO,le_ELUMO,Oe; eELUMO,Ze_ESOMO,leJ fESOMO,Se_ELUMO,Ze

In acidic conditions (pH 4) the cyclic voltammograms also show four reversible waves,
the two first being almost identical to the observed in neutral solution, but the third and
fourth correspond to 2e-reduction steps (Figure 6.1A). Given that the third wave is
centered at —0.24 V, very close to the value of —0.22 V observed for the incorporation of
the third electron in the neutral solution, we can assume that the third and the fourth
reduction proceed as following: 1) reduction of the Wys—2e species, 2) chemical

protonation of Wis—3e induced by the increase of the anion basicity, and 3) reduction of
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the protonated anion to give HWjs—4e. Indeed, DFT calculations show that the
protonation shifts the redox potential for 3e-reduced species in more than 120 mV
toward more positive values. This value was estimated protonating only some of the most
basic bridging oxo sites, however the protons might be itinerant among several sites and
this could modify the effect in the redox potentials induced by protonation. It is expected
that further reductions should occur via successive protonation/electron—reduction steps
to give H;Wis—4e, HyWis—Se, HsWis—Se, H;Wi5—6e, etc. As we will describe later, POM
agglomeration also plays an important role in the stability and redox properties of the

polyoxotungstates.

Figure 6.3 shows the frontier orbitals for different reduction states of the {P,W150¢}
cluster. As expected, the molecular orbitals are shifted to higher energies (less negative
values) with each electron addition due to the increase of the negative charge supported
by the POM cluster. Thus, for example, the energy of the LUMO is shifted from —4.52 eV
in the fully oxidized anion to —2.22 eV after reducing it with six electrons. The energy rise
is significantly lower if the electron addition is coupled with the protonation of the POM
structure. For instance, reduction of the 4e—reduced anion occurs experimentally at ca.
-0.50 V (Figure 6.1A). As shown in Figure 6.3 the LUMO of Wys—4e is 1.21 eV above
that of the fully oxidized anion, being unable to explain the experimental difference of
~0.85 V between the reduction potentials of the fully—oxidized and the 4e—reduced anion.
However, if we consider the LUMO of the mono—protonated cluster HWs—4e, the
energy gap from the LUMO of W5 becomes 0.9 eV and therefore, much closer to the
experimental gap between redox waves. When comparing the experimental and computed
redox potentials, we cannot unequivocally distinguish the number of protons for each
reduction state, but we have estimated that the Ws—6e species would have at least 3 or 4
protons attached to the POM framework, since otherwise the reduction potentials would
be excessively negative. Note that the LUMO of HsW;s—6e would be only +1.34 eV above
the energy of the LUMO of the fully oxidized Wis species. This moderate increase in
combination with the effect induced by POM agglomeration (vide infra) ensures the

ability of Dawson anion to be reduced multiple times.

To further prove the proneness of reduced anions to protonate under highly acidic
conditions, we carried out a Car—Parrinello Molecular Dynamics (CPMD) simulation for
the Wis—4e species. Previous to this simulation, we performed an initial classical MD run
of Wis—4e (g = 10-) in water at pH = 0.2 (10 H;O* cations in a 30> A®periodic cubic box)

that showed that hydronium cations tend to accumulate close to the highly negatively
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charged anion (see Figure 6.4). Thus, we started the CPMD simulation from a
configuration in which the POM is surrounded by several H;O* cations that are
hydrogen—bonded to the terminal oxo groups of the POM. Although the concentration of
protons is higher than in the experiments, we only sough to evaluate whether oxygen
atoms in Wis—4e are basic enough to capture protons from the medium or not. Figure 6.5
shows the evolution of the number of protons associated to the cluster during the 5.5 ps of
simulation. At t = 0.5 ps the system has already taken three protons at terminal oxo sites
and after more than 2 ps oscillating between geometries with a number of protons ranging

from 2 to 5, the system mostly remains tri—protonated until the end of the simulation.
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Figure 6.4 | (A) Radial Distribution Function (RDF) between Ws—4e anion and H;O* cations taking
as a reference the center of mass (COM) of both species. Black line represents the RDF while the red
one represents the integration of the RDF, N(r), i.e. the average number of H;O* found from the COM
of the POM to every distance. First and second peaks are associated to contacts at the belt and the cap
regions of the anion, respectively. The distance corresponding to the first minimum after the second
peak integrates to 5.3 H3O" cations, indicating that the POM tends to have ca. S hydrogen-bonded
H,O" ions, in average. (B) Volumetric density of H;O* (depicted in grey) identifies the regions around
the terminal oxygen atoms of the POM as those with the highest density of H;O*. Data sampled every 2
psalonga 5 ns MD run.

If longer simulation time were computationally affordable for such big systems (< 900
atoms), we should observe the diffusion of these associated protons from the most
accessible terminal positions to the bridging ones that are more basic.” In fact, static DFT
calculations indicate that moving two protons to bridging positions and releasing the third
one to give H;Wys—4e species would stabilize the cluster by about 28 kcal-mol™ in terms
of Gibbs free energy. In H;W1s—4e, adding a proton at a terminal position is endothermic
by 8.4 kcal-mol™'. Releasing another proton to give HWis—4e is also endothermic,
although to a lower extent (4.5 kcal-mol™). Thus, it might be reasonable to think that
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Wis—4e is di- or mono—protonated at low pH. From this point on and assuming a
proton—coupled nature for each subsequent reduction step, it might be sensible to expect

a number of protons close to 16 in the structure of the 18 electron-reduced system.
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Figure 6.5 | (A) Evolution of the number of protons associated to Wis—4e during a 5.5 ps CPMD
simulation. A distance criterion of <1.3 A was considered for a O—H bond. (B) Snapshot of the
protonated cluster (H;W,s—4e, q= 7-) at the end of the simulation, highlighting the three protons
taken by the bare anion.

6.3.2 Super-reduction process and POM agglomeration as function of the

reduction state.

Although protonation plays a key role in stabilizing virtual MOs to facilitate the
reduction of the POM cluster, the energy difference between the LUMO of HsW;s—6e
and that of the fully oxidized anion W5 (1.34 eV, Figure 6.3) is still far from explaining
the super reduction process within 0.8 V illustrated in Figure 6.1B. This evinces that
additional stabilization aside chemical protonation is required to form the metastable
Wis—18e species. As the super-reduction phenomenon only takes place at high
concentration of POM salt” and depends strongly on the nature of the counter cations, we
suspect that the collective behavior of the anions in solution might influence the energy
levels of their MO and consequently, the reduction potentials and the stabilization of the
extra electrons. To assess this point, we initially performed classical MD simulations of 40
ns with S0 [HWis—4e]>, S0 [H,Wis—4e]®>” or 50 [H;W;s—6e]’ anions at the
experimental conditions (i.e. [POM] = 100 mM, with 300 Li* counter cations and
counterbalancing the charge with H;0*, obtaining a pH close to 1). These simulations

were compared to that with S0 fully—oxidized Wis anions in similar conditions. We also
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simulated the 18 electron—reduced cluster, but these results are discussed in the next

section.

Visual analysis of the trajectories revealed rather different behavior between the
oxidized and reduced POMs (see animations of the trajectories from the Supplementary
Material section). While fully—oxidized Wis anions remain as monomers during the whole
simulation, reduced POMs tend to form agglomerate structures. These differences can be
appreciated from the comparison of the POM...POM Radial Distribution Functions
(RDFs) averaged over the last 10 ns of each simulation, represented in Figure 6.6. The
Wis-Wis RDF does not show any peak, as a proof for a completely lack of agglomeration.
However, those for reduced POMs display an array of peaks between 12.6 and 18.9 A.
These peaks indicate that there is a set of preferred intermolecular distances between
reduced anions to interact. Within this range of distances, the POM anions were found to
interact mainly via lithium—mediated contacts, but also involving hydronium cations acting
as linkers and water—mediated interactions. Some direct contacts between anions via
direct hydrogen bonds were also observed. The most representative interaction modes
between anions are collected in Figure 6.7. Both HW3—4e and H;W;s—6e (with an
overall charge of 9-) tend to agglomerate into large lithium—mediated oligomers similarly.
The agglomerative behavior of HW;s—4e and H;W1s—6e anions was ascribed to their high
charge density at the surface, which renders terminal oxygens charged enough to remove
the solvation shell from the highly hydrophilic cations to provide long-lived direct
contacts. Interestingly, the lower charged H;Wis—4e (q = 8-) anions only present
incipient hydrogen—bonded adducts. As shown in the RDFs of Figure 6.6, H,W,s—4e
cannot pull the solvation shell out of lithium cations as efficiently as their more charged
partners, explaining its lower ability to agglomerate. The same occurs for the fully oxidized
Wis cluster, but as it is not basic enough to have associated protons, there is no possibility
for hydrogen bonds. Similar trends were observed for a series of mixed—valence
polyoxovanadate cluster with different charge, for which only those bearing the highest
negative charges showed ability to agglomerate with alkali metal cations.’ Although it is
not represented, the ion pairing with H;O* cations follows the same trend with the POM
charge.
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Figure 6.6 | Compilation of the POM--POM and the POM.-Li+ RDFs computed taking as a reference
the center of mass of both species. Data averaged over the last 10 ns of simulation sampling data every 2
ps. Black lines represent the RDF, g(r), and red lines the coordination number, N(r), obtained from
integration of the RDF.

Figure 6.7 | Representative snapshots of the interactions between H;Wys—6e anions. Li* are
represented as purple spheres and H;O" cations are highlighted in green. Snapshot (A) shows a
lithium-mediated contact and another one involving a H;O* cation and a water molecule (POM..POM
distance from COMs, rpom..pom = 16.0 A) and (B) exemplifies another interaction mode in which the
POMs are linked by two H;O* cations (rpom..pom = 15.8 A).

Next, taking the case of HWjs—4e as a representative example, we evaluated the
influence of agglomeration on the electronic structure of the POMs. To do so, we took an
agglomerate structure from the MD run composed by five anions linked by several Li* and
H;0" cations, and compared the MO distribution of a given anion in the presence of
absence of agglomeration. Interestingly, Figure 6.8 shows that when HWs—4e
participates in the supramolecular assembly, its LUMO is significantly stabilized by ~380
mV, and their SOMOs by more than 200 mV. This observation is in line with
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electrochemical data that showed a shift of more than 100 mV to more positive values in
the reduction potential of the {Wis—4e} species on going from 2 mM to 100 mM (see
Figure 6.1B).> This effect can be attributed to a notable increase of the ion pairing at high
concentration of the POM salt. The IEF-PCM continuous solvent model stabilizes the
virtual MOs by ca. 200 mV, whereas the incorporation of the POM into a small
agglomerate structure accounts for an additional stabilization of ca. 180 mV (Figure 6.8).
At low concentration, the ion pairing might not be enough to stabilize the anion as much
as in the agglomerate structure, where a single cation interacts with more than one POM
simultaneously leading to an increased effective ion pairing. This suggests that the
unconventional redox properties of the LisWys salt arise from its ability to form
agglomerates that stabilizes the MOs of the POM cluster, allowing reduction processes
beyond the limits established so far.

HW,g-4e HW,g-4e HW,g-4e
diluted solution non-associated in agglomerate
monomer (100 mM) (100 mM)
1 253 —
LUMO

Energy (eV)

Figure 6.8 | Molecular orbital diagram showing the stabilizing effect of agglomeration on MOs of
HW3—4e. Energies (in eV) were computed for the POM highlighted in cyan in the snapshots below
using the hybrid—-GGA B3LYP functional.
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To further validate this hypothesis, we studied the influence of the size of the counter
cation by simulating the behavior of SO HW,s—4e anions in the presence of K* cations
instead of Li*. Figure 6.9 compares the POM---POM and the POM.-.cation RDFs for both
simulations. In agreement with the lower ability of potassium cations in promoting the
super—reduction of Wys observed experimentally, we found that the POM agglomeration
is much less important in the potassium salt than in the lithium one, as illustrated by the
difference in the height and the wideness of the peaks. As mentioned above, Li* cations
can mediate the contacts between HWjs—4e anions. However, very scarce
potassium-mediated contacts were observed in the simulations. Accordingly, the peak in
the POM...POM RDF for the simulation with K* is centered at 13.5 A, which corresponds
to a configuration in which POM:s interact directly to each other through a hydrogen
bond, and integrates only to 0.1 neighbors in average (vs. 1.8 for Li*). This also supports
that the single effect of acid medium is not enough to achieve super-reduction and
therefore, the role of hydronium-mediated contacts between anions in the simulations
with Li* counter cations is not crucial but auxiliary. An MD study with polyoxovanadate
clusters showed that the average interaction energy between a POM and a Li* cation is
more than twice the interaction energy with bigger K* cations, owing the highest charge
density of Li*.*" Although lithium cations are highly hydrophilic, if POM clusters are
charged enough to remove partially the solvation shell, they become involved in stronger
and longer—lived POM.---cation interactions (see Figure 6.9, right) that can mediate more
efficient POM:--.POM pairs, as shown in Figure 6.6. For this reason, the lower charge
density of large cations is detrimental for POM agglomeration and in turn, provides

poorer stabilization of the POM MOs hampering the reduction process.
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Figure 6.9 | POM.-POM (left) and POM.-.cation RDFs (right) computed during the last 10 ns of
simulation with 50 HWs—4e anions with 300 Li* (purple lines) or K* (green lines) counter cations at
aqueous solutions 100 mM POM concentration and pH 1. In both cases, the center of mass of the
POMs was taken as reference. Data were sampled from trajectories every 2 ps.

6.3.3 The Wy5s—18e species: electronic structure and aggregation ability.

As shown in the previous section, the aggregation ability decreases with the number of
associated protons. For this reason, we initially considered for the Wis—18e anion the
upper-limit case of having 18 protons in the structure. An exploratory study revealed that
aggregation is enhanced when protons are found in bridging oxygen atoms, as the terminal
ones are more accessible to interact with cations. Prompted by these observations, we next
evaluated the stability of the super reduced species with 18 protons in bridging oxygens by
means of a CPMD run in water. As the system is expected to have a lower number of
protons attached, we simulated the system at neutral pH in a cubic simulation box of 25°
A, in such a way that the release of the first proton will already lead to a very low pH that
reproduces the highly acidic experimental conditions. Analogously to the 4e—reduced
POM, this ab initio simulation was carried out with spin polarization. As expected, the 18
protons—containing cluster releases a proton at the beginning of the simulation but after
1.2 ps the proton returns to the cluster at a terminal oxo site. The species with 18 protons
(17 bridging, 1 terminal) lasts for ca. 1 ps and after that, another proton from a bridging
position is released to the solution. No additional acid/base processes were observed
during the remaining ~2 ps of simulation (see Figure 6.10), but at ~4.4 ps, another
proton from a bridging position leaves to the bulk yielding the H;sW1s—18e species, which
remains until the end of the simulation. As initial approach, we performed the simulation

with spin polarization constraining the spin multiplicity to 1, and the wave function
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evolved to an open—shell singlet configuration in which all the 18 electrons are unpaired

and localized over the 18 W atoms.

2 19 18b  17b-1t
S 18
2 L
s
17
ks 17b 16b-1t I |
& 16 |
.g 15b-1t
S 15 |
2
14 L L L 1 L 1 L 1 L 1 L 1
0 1 2 3 4 5 6

time (ps)

Figure 6.10 | Evolution of the number of protons associated to Wys—18e during a 6.5 ps CPMD
simulation. A distance threshold of <1.3 A was considered for a O—H bond. The labels “b” and “t”
stand for protons at bridging and terminal oxygen atoms, respectively. Data were sampled every 7.2 fs.

The most abundant species in the simulation is the 17 proton—containing POM with 16
protons being at bridging positions. For this reason, we took a representative geometry for
the H;7Wis—18e anion from the trajectory to perform quantum mechanics calculations
aiming to determine the electronic structure of the super—reduced species. In addition,
DEFT calculations discussed below suggested that the final structure is more likely to have
17 associated protons rather than 16 (vide infra). Optimization of the structure and the
wave function locate one electron on each W center, combining population of dy,—like
orbitals with d,, ones in the case of protonation at the terminal oxo group. These metal
electrons were predicted to be unpaired but magnetically coupled to some extent, being
the most likely configurations an open shell singlet followed by a quintet and a triplet
states, which lie only 1.5 and 1.6 kcalmol™ above in energy. Before reaching this
conclusion we had to run dozens of calculations in an iterative process to evaluate the
likelihood of several different electronic structures. For this reason, the accuracy of the
calculations was limited to a double—{ basis set. Even so, these calculations were capable of
reproducing the qualitative trends required to rationalize the intricate super reduction

process.

Figure 6.11A represents the spin density of t for the lowest in energy state, an open
shell singlet, and Figure 6.11B shows a schematic MO diagram of the most likely

configurations. Hence, this system is expected to possess a strong multi—configurational
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character although it might not show much intense paramagnetism, as suggested by
ongoing EPR studies. Note that the B3LYP energy of the highest SOMO for H;,W,s—18e
with a bridging:terminal ratio of 16:1 is —3.12 eV, which is only ca. 1.40 V above the
SOMO of Wys—1e calculated with the same method. It is also worth to mention that a
pure functional was used in the previous section to compare the energy levels of the
structure with the experimental electrochemical data, as they give more realistic gaps
between occupied and virtual orbitals compared to hybrid functionals, which tend to
overstabilize occupied orbitals and in turn, to overestimate HOMO-LUMO gaps.
However, a hybrid functional (B3LYP) was used for the comparison among electronic
structures and molecular configurations because some percentage of HF exchange is
usually required to efficiently localize electron density within a structure. This is of
paramount importance when dealing with such large number of unpaired electrons.
Otherwise, it is extremely difficult to achieve convergence in the optimization of the wave

function during self-consistent field (SCF) iterations.

oXo [0) (o] [0) (o]

2s+1=1 28+1=3 28+1=5
AG=0.0 AG =+1.6 AG=+1.5

(B)

Energy

Figure 6.11 | (A) Spin density representation for H;;W1s—18e in an open—shell singlet configuration.
Purple and green densities correspond to alpha and beta electrons, respectively. (B) Schematic MO
diagram of the most likely electron configurations. Relative free energies were computed at
B3LYP/LANL2DZ level. Electrons depicted in red and green denote “unpaired but magnetically
coupled” and “unpaired and non—coupled” electrons, respectively.

Next, we analyzed the collective behavior in solution of the H;;W;s—18e species.
Figure 6.12A and B represent the POM.--.POM and the POM.--Li* RDFs obtained from a
classical MD simulation with S0 H,7W;s—18e, anions, 300 Li* and 50 H3O" cations, in the
same conditions than previous simulations reported in this chapter. The POM...POM

RDF reveals that the agglomeration in the super reduced anion H;;Wis—18e is much
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stronger than the reported for the lowly reduced anions. During the last 10 ns of
simulation, every H;;Wis—18e cluster has an average number of 3.7 neighbors in close
contact (vs. 2.0 in the case of H;W;s—6e, see Figure 6.6) that interact via
cation—mediated contacts and hydrogen bonds to form large agglomerate structures (see
Figure 6.12C). In general, as the charge of the POM increases, so does the strength of the
POM.--Li contacts and in turn, the amount of agglomeration (see Figure 6.6). However,
although the super reduced anion Hi;Wis—18e (q = 7—) bears a lower charge than
H,Wis—4e (q = 8—) or HWys—4e (q = 9-) it presents the highest number of interacting
Li* cations per cluster (6.6). This fact can be ascribed to the ability of the highly
protonated anion to interact not only through cation-mediated contacts but also via
direct hydrogen bonds. Figure 6.12D illustrates the formation of a non-negligible
H-bonding network between H;;W1s—18e anions, which presumably has a synergistic
effect with the ion pairing that reinforces the agglomeration by increasing the lifetime of
POM.-Li* contacts. For comparison, we also represented the evolution of hydrogen
bonds between H,Wis—4e anions, which bear a slightly higher charge but conversely, do
not form large agglomerates due to the shortage of hydrogen bonds between clusters.
Thus, the cooperative effect of ion pairing and strong POM~-H:---POM contacts might be
responsible for the significant enhancement of the aggregation upon reducing and

protonating of the system.

During the CPMD simulation described in Figure 6.10, a protonation event involving
a terminal position was observed. To evaluate the proneness of the super reduced cluster
to get protonated at terminal positions, we performed an additional static DFT study with
the HiyWis—18e species moving protons from bridging to terminal oxygen atoms, and
comparing their relative energy. Figure 6.13 exemplifies that moving three protons from
bridging to terminal oxygen atoms stabilizes the super—reduced anion by 18.5 kcal-mol™
in terms of free energy. In fully oxidized anions or when the number of electrons in the
tungsten d band is small, there is a clear preference for protonating the bridging oxygens
over terminal ones. Thus, the counterintuitive protonation at terminal oxygens in super
reduced anions might be a consequence of the stabilization of a dx, or a dy, orbital below
the highest SOMO upon lengthening the W—O distance with protonation at the terminal
oxygen. This stabilization allows an electron to hop from the less stable d,, orbital to a
dy./d. that now is lower in energy, conferring stability to the reduced POM structure. This
concept is graphically illustrated in Figure 6.14.
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Figure 6.12 | Radial distribution functions between POMs taking as a reference the center of mass of
each cluster (A) and between POMs and Li* counter cations (B) averaged over the last 10 ns of MD
simulation. Both RDFs (black lines) are accompanied by the respective coordination number, N(r)
represented in red lines. (C) Snapshot of a H;;Ws—18e agglomerate at the last step of the simulation
(t = 40 ns). (D) Comparison of the evolution of the number of hydrogen bonds between POMs
computed over 40 ns of simulation for H;;W;s—18e (blue line) and H,W,s—4e (purple line). Criteria
for considering hydrogen bond: XH.--A distance < 3.5 A and a X—H.-A angle > 130°.
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—18.5 kcal mol!

Figure 6.13 | Comparison of the structures of the super reduced H,;W;s—18e anion with
bridging:terminal ratios of 16:1 and 13:4; highlighting the proton positions in which they differ from
each other and the free energy change in going from 16:1 to 13:4.
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Figure 6.14 | Schematic frontier orbital diagram illustrating the origin of stabilization upon protonating
a terminal oxygen in highly reduced POM:s.
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Moving more protons in this structure might lead to artifacts in the quantification of the
free—energy change as all the remaining protons participate in intramolecular hydrogen
bonds. For this reason, we performed partial geometry optimizations to keep only one
hydrogen bond in the optimized structure, which is the average number of intramolecular
hydrogen bonds obtained from the CPMD simulation with explicit solvent. To do so, we
constrained all the P--O—H angles but one to 160° to mimic the geometry that the
hydroxo groups adopt in solution to form hydrogen bonds with solvent water molecules
instead than with other oxygen atoms of the POM structure. This approach allowed a
systematic analysis of different structures with different bridging:terminal ratios, all them

with 17 protons (Table 6.2). Comparison of the relative free energies strongly suggests
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that the super—reduced cluster in aqueous solution might combine protons at bridging
and terminal oxygen sites, the species with 7 protons at bridging positions and 10 at
terminal ones (7:10) being the most likely proton distribution among the analyzed ones
(see second column of Table 6.2). Besides, the 4:13 (+3.2 kcal-mol™), the 10:7 (+10.2
kcal-mol™) or the 13:4 (+14.2 kcal-mol™) ones and probably those presenting a proton
distribution in between are also rather likely considering that most of the POMs in
solution are not as isolated monomers but forming part of a supramolecular agglomerate,
in which intermolecular interactions could alter their relative stabilities. Nevertheless, it is
important to note that all of them can form agglomerates in a similar manner as shown in
Table 6.2 and Figure 6.15A and therefore, none of them is incompatible with the

proposed mechanism for the super—reduction process.
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Figure 6.15 | (A) Comparison of the POM...POM RDF for several H;;Ws—18e anions with different
bridging:terminal ratio of the 17 protonated sites. All the functions were averaged over the last 10 ns of a
40 ns simulations with POM concentration of 100 mM and pH = 1. (B) Comparison of the RDF
between H;,W;s—18e(10:7) anions at different POM concentrations.

Similarly to what we observed for HWis—4e in Figure 6.8, the agglomeration of
H;,W15—18e(7:10) anions was found to lower the energy of their highest SOMO by 250
mV. Notably, the energy of the highest SOMO of H;;W5s—18e(7:10) in the agglomerate
represented in Figure 6.16 (-3.78 eV; B3LYP/LANL2DZ and continuum solvent) is
only 0.76 eV higher in energy than the SOMO of the le-reduced Wis—1e (—4.54 eV)
computed at the same level of theory, what fully agrees with the observed voltage window
of 0.8 V for the re—oxidation process (see Figure 6.1B). It is also worth mentioning that,

as Figure 6.16 shows, the spin density in the structure of the agglomerate is also localized
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mainly on W atoms. Overall, these results clearly show that without the additional
stabilization provided by the enhanced ion pairing upon agglomeration, the formation of
the super reduced anions would not be possible as the SOMOs in highly reduced species
would be too high in energy with respect to those in the initial redox states. Further
supporting this conclusion, the Hi;Wis—18e(7:10) anion showed almost no
agglomeration at a concentration of 20 mM (see Table 6.2 and Figure 6.15B). Therefore,
agglomeration is not expected neither at a 10—fold lower concentration (2 mM), in
agreement with the experimental impossibility of reducing Wis beyond six electrons at

these conditions.

Figure 6.16 | (A) Snapshot of the agglomerate fragment used to evaluate the stabilization
in the MOs of the super reduced anion Hi7W1s—18e(7:10) upon agglomeration. Li* are
depicted as purple spheres and H;O" cations are highlighted in green. (B) Spin density of

the agglomerate structure with 72 unpaired electrons, computed as open—shell singlet.
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Table 6.2 | Main Features Concerning the Electronic Structure and Collective Behavior of
H,,Ws—18e with Different “bridging:terminal” Protonation Ratios.”

RDFPOM...POM  RDFPOM...Li* RDFPOM..-H;0*

bridging:terminal AG  Esomo Npow Fintegration  NLi* Fintegration  NH;0" Fintegration
16:1 +32.7 -3.12 273 18.6 5.52 9.54 1.30 10.08
13:4 +142 -328 1.68 17.7 4.69 9.74 1.06 10.26
10:7 +102 -326 1.34 16.8 4.63 9.58 1.05 10.08
0.06° 16.8" 2.13*  9.68" 0.71% 10.08"
7:10 0.0 -3.52 288 17.1 7.06 9.72 1.19 9.90
4:13 +32 =333 - - = - = -
0:17 +30.5 -3.11 2.60 18.3 5.97 9.54 1.32 10.04

¢ All geometry optimizations were performed constraining the P--OpgeH angles to 160° but one,
according to the number of intramolecular hydrogen bonds in the CPMD simulation with explicit
solvent. The selected phosphorus is that of the POM hemisphere in which the hydroxo group is found.
No constrains were used for the 0:17 isomer as it does not contain any proton at a bridging position.
Relative Free energies are given in kcal-mol™ and orbital energies in eV. The integration distances for
both RDFs are given in A and refer to the centers of mass of both species. *Simulation at a POM
concentration of 20 mM. ¢ Simulation to be performed.

To evaluate the stability of the H;;W1s—18e(7:10) anion, we performed a 10 ps CPMD
simulation of this anion in water at pH 7 that showed that the anion keeps the 17 protons
during the 99.6 % of the simulated time. Therefore, it is assumable that
H;,W15—18e(7:10) represents a realistic molecular model of the super—reduced POM in
solution. Furthermore, static DFT calculations indicate that abstracting one proton from
this species is endothermic by 5.9 kcalmol™ (Table 6.3) and thus, the
H1sW1s—18e(15:1) species observed in the CPMD starting from the HisWis—18e anion
might be an intermediate in the formation of a more stable structure, such as the
H,,W5—-18e(7:10) one, which is more than 30 kcal-mol™! more stable (see Table 6.2).
Besides, the highest SOMO in HisWis—18e(7:9) is almost 200 mV above than in
H,7Wi5s—18e(7:10), what is not expected to be compensated with the increase of ion
pairing and agglomeration upon increasing the negative charge of the cluster from 7- to
8—. Observing the complete transformation of Hi;Wis—18e(16:1) into
H;,Wi5—18e(7:10) during the CPMD simulation would require much longer simulation

time, as it may involve a vast number of proton transfer steps. On the other hand, Table
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6.3 shows that protonating a terminal position in Hi;W1s—18e(7:10) is exothermic by 6.0
kcal-mol™ and goes along with a little stabilization of the highest SOMO. On the basis of
these results, it is reasonable to assume that the super reduced anions have a number of
protons equal to 17 or 18, as the stabilization or destabilization induced by protonation or
deprotonation might be compensated by the change in the agglomeration ability in the

presence of alkali cations, which increases with the POM charge.*

Table 6.3 | Comparison between several Wis—18e structures with different protonation states and
patterns.”

anion nH* q nunpaired e Esomo AG
H,;W,5—18e(7:10) 17 7- 18 -3.52 0.0
H,sWi5—18e(7:9) 16 8- 18 -3.35 +5.9
H,;sWs—18e(7:11) 18 6- 18 -3.59 -6.0
H,,Ws—18e(6:7:2aqua) 17 7- 16 -3.30 +13.6
H,,Ws—18e(3:2:6aqua) 17 7- 6 -3.31 +18.6

“All geometry optimizations were performed constraining the P--OpqeH angles to 160° but one,
according to the number of intramolecular hydrogen bonds in the CPMD simulation with explicit
solvent. The selected phosphorus is that of the POM hemisphere in which the hydroxo group is found.
The energy of the highest SOMO is given in eV and relative Gibbs free energies in kcal-mol™.

Previous electrochemical studies suggested that the six—electron-reduced
metatungstate [H,W1,04] "™~ exhibits three W—W bonds within a triad that gather all
the extra electrons.**** In addition, the formation of the W—W bonds was proposed to be
coupled to the transformation of the terminal oxo ligands into more labile aqua ligands.*
To explore this possibility, we computed two additional structures containing 1 and 6
W—W bonds at the cap regions, labeled as H;;Wis—18e(6:7:2aqua) and
H1,W1s—18e(3:2:6aqua), respectively. As depicted in Figure 6.17, the optimized
structure of HiyW1s—18e(3:2:6aqua) displays 3 W' ions in each cap, linked to each other
by metallic bonds that range from 2.62 to 2.65 A. The belt regions are mixed—valent,
having W ions with oxidation states of S+ and 6+. On the other hand,
H,;W13s—18e(6:7:2aqua) is more anisotropic, as only two W' ions are found in one cap
and the remaining 14 electrons are delocalized over the remaining W atoms. In these
structures, the overall number of protons was maintained as 17, what allowed us to
compare their relative stability to the Hi;Wis—18e(7:10), which is the most stable species
found so far. The last two entries in Table 6.3 show that the formation of W—W bonds
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(along with the electron—electron pairing) does not stabilize the structure of the
super—reduced anions, which prefers to keep unpaired all the d electrons. In fact, the
formation of a single metallic bond is destabilizing by 13.6 kcal-mol™ and it causes the
energy of the highest SOMO to be shifted up by ca. 200 mV with respect to the all-W"
structure (Table 6.3). Thus, unlike other reduced W-based structures, the 18—electron
reduced Wells—Dawson does not seem likely to form W—W bonds. Furthermore, this is
supported by the fact that the experimental reduction of Wys implicates only 18 electrons,
because if the formation of W—W bonds were possible, further reduction of the cluster
beyond 18 electrons might be observed owing the presence of fully oxidized W"! ions in

the structure.

(A)

BYN\._ZA°N ./

* 2,62 _}f 2.65

Figure 6.17 | (A) Optimized structure of Hy;W;s—18e(3:2:6aqua) species presenting 6 WV—W™
bonds in the cap regions and WY/W"! mixed—valent belts. Aqua ligands are colored in blue. (B) Top
view of the same cluster in which main geometrical parameters are given in A and degrees (°).

Ongoing calculations are devoted to understand the mechanism for the hydrogen
evolution reaction (HER) upon diluting an aliquot of the charged solution in water.* The
working hypothesis is based on the fact that after diluting the super reduced anions will
lose stability because: i) the agglomerates will breakdown at a low concentration, which
might go along with a decrease of the ion pairing; and ii) the change in the pH from ~1 to
~7 will favor the deprotonation of the POM cluster. The combination of these
phenomena will destabilize the MO of the anion enabling the transfer of one electron from
the tungsten d band to a proton, either to form a tungsten hydride intermediate or a
solvated electron.’ After that, the basicity of the POM would decrease as a result of a
decrease in the number of d electrons (from 18 to 16) favoring the release of more protons

to the bulk to form molecular hydrogen.
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6.4 Concluding Remarks.

A comprehensive study combining static DFT and MD (classical and ab initio)
simulation techniques allowed us to propose a mechanism for the super—reduction of the
Wis cluster with 18 electrons, as well as a plausible molecular and electronic structure. The
usual redox behavior of Wys anions involves four or six electrons as much, depending on
the pH.*"® However, in acidic aqueous solutions in which the concentration of the LicW1s
salt is close to the solubility limit (100 mM), these anions can experience a series of
multi—electron redox processes to yield the super-reduced species H,Wis—18e.> Our
simulations showed that at the experimental conditions, the lowly reduced anions can
agglomerate mostly via lithium—mediated contacts. When forming agglomerates, POM:s
share their associated cations increasing the effective POM---Li* ion pairing. This provides
an additional stabilization of almost 400 mV to the unoccupied MOs of the POMs and
thus, can qualitatively (if not quantitatively) explain the reduction of Wys beyond the
previously reported limits within a relatively narrow potential window of ca. 800 mV.> Also
in agreement with experimental results that indicate that the efficiency of the
super—reduction process increases as K* < Na* < Li*, we observed that lithium cations
induce a much stronger agglomeration between POMs than potassium ones, which bear a
lower charge density due to their bigger size and therefore, can only provide weaker and
shorter—lived POM.:--cation contacts. Hence, poorer POM stabilization can be expected

for big alkali cations that might render more difficult reduction processes.

In addition, we proposed that a plausible structure for the 18 electron-reduced anion
might comprise 17 or 18 associated protons located at bridging and terminal positions of
the cluster. For the species with 17 protons Hi;Wis, we found that the most likely
protonation pattern involves from four to seven protons at terminal oxygen atoms, and the
remaining ones being at bridging oxygen centers. It was found that these anions
agglomerate much more strongly than other anions formed at lower reduction stages,
since in addition to cation—-mediated interactions; they can interact with each other also
through direct hydrogen bonds. Furthermore, the energy of the MOs in these species
accounting for the stabilization upon agglomeration in solution with Li* cations is in
excellent agreement with the narrow voltage window in which the whole electrochemical
process (from 0 to 18 electrons) occurs. Ongoing work is focused on analyzing the
molecular mechanism responsible for the HER taking place upon diluting the fully

charged solution in water.
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6.5 Supplementary Material.

Animations of some representative simulations discussed in this chapter can be
accessed by scanning the following QR codes with a smartphone or though the URLs

below.

MD simulation
50 HW;s—4e (100 mM),
300 Li*, 150 H;0O*

[5]:¢2[E]
E

https://youtu.be/3XsTsuXfUUs

MD simulation
50 Wi15(100 mM), 300 Li*

https://youtu.be/BHgPTfWZP60

CPMD simulation

of Wis(4e) in acidic medium

ChA0

=

[=]

https://youtu.be/6KBIIfFCGuC8
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CHAPTER 7

Computational Studies on Alkene Epoxidation Catalyzed by
Early Transition Metal-Substituted Polyoxometalates

In this chapter we discuss our results in the theoretical analysis of the alkene epoxidation
reaction with hydrogen peroxide catalyzed by early TM—substituted POMs. Seeking to support
the latest experimental results in the field, we analyzed the mechanism for the alkene
epoxidation catalyzed by the NbV—substituted Lindquist anion [Nb(OH)W;s0i5]*~ and with
the gained knowledge, we evaluated the role of the nature of the embedded metal ion by
comparing the catalytic activity of Nb—POMs with that of Ti"—substituted analogues.
Furthermore, we studied the influence of the ligand environment using the experimentally tested
cases of the Nb-substituted Keggin and the Ti—containing hybrid catalyst
[a—B-SbWoO33('BuSiO);Ti(O'Pr) >, which promotes the selective epoxidation of allylic
alcohols with hydrogen peroxide. Finally, we characterized the mechanism responsible for the
main side reaction, that is the non—productive decomposition of the hydrogen peroxide, which

explains the trends in selectivity for catalysts with different metal ions.

The results subject to this chapter collect collaboration projects with several experimental
groups, including those of Prof. O. A. Kholdeeva based in Boreskov Institute of Catalysis
(Russia), Prof. R. J. Errington from Newcastle University (UK) and Dr. G. Guillemot and Prof.

A. Proust from Sorbonne Université (France).

7.1 Experimental Background.

During the two last decades, TM—substituted POMs have been successfully used as
treatable molecular models of single-site silica supported catalysts."”"* In particular,
studies with Ti-substituted POMs were devoted to understand the reactivity of
Ti—containing silicalites as selective catalysts for the epoxidation of alkenes. Some years
ago, it was found that Nb—containing silicalites exhibit higher product selectivity and

faster reactivity than their Ti—containing analogues,'>'*

although the reasons for that are
still not fully understood. To shed some light onto the alkene epoxidation by
Nb-containing catalysts, Kholdeeva and co—workers synthesized a series of

NbV—substituted Lindqvist anions, i.e. the Nb—methoxy (BusN),[(CH;0)NbW;Os]
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186 | 7.1 Experimental Background.

(1a™*)," which was prepared in collaboration with the Errington group, the y—oxo dimer
(BwN),[(NbW;015),0]  (1D™) and the Nb-monosubstituted monomer
(BusN)3[Nb(O)WsOss] (1b™),'¢all them represented in Figure 7.1. These species were
treated with aqueous solution of H,O, and applied to the epoxidation cyclohexene (CyH)
as a representative example of alkene substrate, for which the dimeric 2D™ and the
Nb-methoxy 1a™ resulted more reactive than 1b™ (see Table 7.1). In the presence of
water, 2D™" and 1a™ can be hydrolyzed to yield the protonated Nb—substituted Lindqvist
monomer [Nb(OH)W;O,5]*™ (2™*), also represented in Figure 7.1. Accordingly, entries
2 and 3 in Table 7.1 show that the catalytic activity of 1b™" significantly increases after the
addition of acid because protons tend to associate to the anionic POM framework, giving
access to species 2°, which is the same species generated in the hydrolysis of the other

precursors.

Figure 7.1 | 3D representation for several metal-substituted polyoxotungstates of the Lindqvist
structure.
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Table 7.1 | CyH oxidation with H,O, in the presence of Nb and Ti catalysts.*

Product selectivity, %

Entry POM Time,h  CyHconver,% heterolytic homolytic
1 1™ 5 55 92 8

2 1b™ + 1 equiv H* 2 74 83 12

3 1b™* + 0.1 equiv H* 3 74 87 9

4 2D« 1.5 76 87 7

5 1a™ 0.2 31 86 12

6 1a™ 2 67 90 10

7 Nb,Si 0.3 34 71 21

8 1a™ 3 30 59 36

9 Ti,Si¢ 2.5 35 65 27

“Reaction conditions: 0.2 M CyH, 0.2 M H,0, (30%), 0.004 M POM, 50 °C, 1 mL CH;CN. *Hydrogen
peroxide utilization efficiency = total yield of products based on the oxidant consumed. ¢ Concentration
of Nb—dimer was 0.002 M.“ Based on the substrate consumed. ¢ Reaction conditions: 0.1 mmol CyH,
0.1 mmol H,O,, catalyst 0.003 mmol Ti or Nb, 50 °C, 1 mL CH;CN. Data taken from ref. 17. The
remaining data were adapted from refs 15 and 16.

A wide range of experimental techniques, including elemental analysis, UV-vis, FT-IR,
Raman, **Nb, 7O and "*W NMR spectroscopy, cyclic voltammetry, and potentiometric
titration supported the formation of a protonated Nb—peroxo complex
[HNDb(O2)W;O15]* (3™) bearing a Nb—(n>~O0O) moiety upon treating the Nb—hydroxo
complex 2™ with H,O,. Scheme 7.1 summarizes all the possible equilibria that can be
established between the aforementioned species. Importantly, 3™ can readily promote the
epoxidation of double bonds, whereas its non-protonated counterpart
[HNb(O2)W;s0i5]> (4™*) resulted inert towards alkenes. On the other hand, the
Nb-substituted Keggin anion [PW;;03Nb(0,)]* (4K™®) also displayed poor reactivity

towards alkenes, even in the presence of acid.'®
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Scheme 7.1 | Possible Nb—POM species and interconversion in the presence of aqueous H,O,. The
employed precursors are highlighted in blue.

% ?/ B0 < OH <
Nb—O-Nb Nb—OH —= Nb=0
4 D oNb 4 " 2
oNb

DN 1bNb
H,0
CH3OH Hzo H202 Hzo H50,

< H202 < o OH"
lf‘!b—OCHg _— Nb<6 ‘ﬁb/Q

; CHOH 5. H* 0

H
1aNP 3Nb 4Nb

To better understand the differences between NbY— and Ti"-based systems as
epoxidation catalysts, a Ti'V—subsituted Lindqvist anion (BusN);[(CH;0)TiW;O;s] (1a™
in Figure 7.1) was synthesized to compare its catalytic performance with that of the
structurally analogous 1a™"."* It is worth comparing the results displayed in entries S and 8
of Table 7.1 with those in entries 7 and 9, respectively, since they evince that indeed, the
performance of TM-substituted POMs is rather similar than the reported for their
heterogeneous counterparts. Moreover, as in the heterogeneous catalysts, the Ti complex
was less reactive and less selective towards heterolytic products than the Nb—containing
ones. In fact, Figure 7.2 shows graphically how the apparent activation energy (E.) for
Cyclooctene (CyOct) epoxidation is lower for Nb, while Ti exhibits a lower E, for the
H,O, decomposition reaction. The latter is supposed to proceed via formation of radical

18-25

species on the basis of mechanistic studies on other systems'®™* and therefore, it has been

related to the formation of homolytic products in the presence of alkenes.

As a different approach to model single—site silica—supported catalysts, the group of
Guillemot and  Proust developed a  silanol-decorated  polyoxotungstate,
[a-B-SbWsO33(‘BuSiOH);]%", that can coordinate a Ti center in a tetrahedral
environment leading to the [a—B-SbWsOs3('BuSiO);Ti(O'Pr)]*~ (1™°) complex
represented in Figure 7.3,* fairly mimicking the coordination environment that is present
in the heterogeneous TS-1 epoxidation catalyst.>® Specifically, 1"™? showed the ability to
selectively epoxidize allylic alcohols at room temperature, achieving high conversions,
while conversions for non—functionalized alkenes under the same conditions were

reported to remain insignificant.*
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(A) Cyclooctene epoxidation (B) H,O, decomposition
. E,(Nb) = 11.7 £ 0.1 keal/mol 4l E,(Nb) =16.7 £ 0,4 kcal/mol
\\ E,(Ti) = 14.3 £ 0.2 kcal/mol E,(Ti) = 14.6 0.2 kcal/mol
“m,
-6 -5 \\
z >
g z
- -7 N £ -6

N

"l
-84 \.\ 71 \

0.0028 0.0030 0.0032 0.0034 0.0028 0.0029 0.0030 0.0031 0.0032
1T, K’

1T, K"

Figure 7.2 | Arrhenius plots for 1a™ and la™-catalyzed CyOct epoxidation (A) and H,O,
decomposition (B). Reaction conditions: 0.1 M CyOct, 0.1 M H,0,, 0.004 M POM, 1 mL CH;CN (for
epoxidation); 0.2 M H,0,, 0.008 M POM, 2 mL CH;CN (for H,0O, decomposition). Adapted from ref.
1S.

To shed some light onto the reasons governing the experimental observations
presented above, we initially characterized the molecular mechanism for the alkene
epoxidation by Nb-substituted POMs and compared it with their Ti-containing
analogues aiming to explain their different catalytic performance. Also, we evaluated the
influence of the nature of the metal ligands and coordination environment seeking to
disclose the origin of selectivity towards allylic alcohols observed for the hybrid catalyst
TiSbW,, in which Ti is fixed to the structure by silanol groups. Moreover, we
characterized the mechanism responsible for the main side reaction competing with the

alkene epoxidation, that is the non—productive decomposition of hydrogen peroxide.
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Figure 7.3 | Combined balls—and—sticks and polyhedral representation of the Ti—isopropoxide catalyst
precursor (1™?). H atoms in ‘BuSiO groups are omitted for clarity. Color code: Ti (orange), Si
(yellow), W (blue), Sb (magenta), O (red), C (grey), H (white). Note that colors were adapted for the
sake of consistency with our collaborators.

7.2 Computational Details.

The DFT analysis of the reaction pathways was carried out with Gaussian09 rev. C01
software.” Geometry optimization of reagents, intermediates, transition states and
products was made using B3LYP density functional”” LANL2DZ pseudopotential®® was
used for W, Ti and Nb atoms and 6-31g(d,p) basis set?” was used for other atoms. The
geometry optimization was full and without any symmetry constrains, and solvent effects
of acetonitrile were included using the IEF-PCM implicit solvation model® as
implemented in Gaussian09.?° This level of theory has been proved to be accurate and
reliable enough to study the reactivity concerning POMs and their transition
metal—substituted analogues, always showing a high degree of consistency with
experimental outcomes and kinetic studies.'"'?*! Time—dependent DFT (TD-DFT)
calculations were performed with the long-range corrected CAM-B3LYP functional® as
implemented in Gaussian 09 using the same basis set. In order to compute protonation
energies (AGn.), we took the experimental standard free energy of a proton in aqueous
solution 272.2 kcal-mol™1.>* The standard state correction of +1.9 kcal-mol™ (from ideal
gas at 1 atm to 1 mol L™ at 298.15 K) was applied to the free energy of all the species.
MECP structures were obtained using Gaussian09** and the MECP code by Harvey et
al.** by means of the easyMECP wrapper.*
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7.3 Results and Discussion.

7.3.1 Mechanistic study of alkene epoxidation with H,O, catalyzed by Nb—Lindqvist
catalysts.

To understand the reaction mechanism at atomistic level and identify the active species
of the oxygen transfer process, we have performed DFT calculations on Nb—substituted
Lindqvist anions using CyH as substrate. In this section, the “Nb” tag in the labels of the
species has been omitted since only the reactivity of Nb compounds is discussed. Figures
7.4 and 7.5 depict the calculated free energy profiles for the hydrolysis of the methoxy
precursor 1a and for the epoxidation of CyH with H,O, catalyzed by [Nb(OH)W;O;5]*
(2) anion. Initially, the hydrolysis of 1a to generate the active catalytic species 2 shows an
accessible, computed free—energy barrier of 12.2 kcalmol™ (TS1’). The hydroxo
complex 2 can be also regenerated after the final oxygen transfer step (Figure 7.5), and
although the corresponding methoxy complex is slightly lower in energy (3.6 kcal-mol™),
the reverse transformation (2 — 1a) is unlikely because of the low concentration of
CH3;OH compared to other reagents. The Nb—monosubstituted dimer 2D was not
included in the profiles since its formation from two monomers (2) was found to be
endothermic by 2.7 kcal-mol™. Therefore, it is not expected to affect the overall kinetics of
the reaction. The absence of the dimer and the methoxy derivative during the course of
the reaction agrees with the fact that the E, for epoxidation of CyOct was determined to be

the same (11.4 kcal-mol™) regardless the employed catalytic precursor.'>'¢
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Figure 7.4 | (A) Gibbs free energy profile (kcal-mol™) for the hydrolysis of the methoxy precursor 1a
and the heterolytic activation of H,O,. Black, solid lines depict the most favorable reaction pathway,
while less favorable one is shown in dashed lines. (B) and (C) represent the DFT—optimized structures
for the TS1’,, and TS2, transition states, in which main distances are shown in A.
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Figure 7.5 | Gibbs free energy profile (kcal-mol™) for the epoxidation of CyH catalyzed by NbW;.
Black lines depict the most favorable reaction pathway, while less favorable ones are shown in dashed

lines.
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The metal-hydroxo complex 2 can then interact with H,O, through a substitution
mechanism assisted by a solvent water molecule acting as proton shuttle (see TS2, in
Figure 7.4) to give the [(n'~-HOO)NbW;05]* hydroperoxo species 3a and one water
molecule. The computed free—energy barrier for the H,O, activation is rather small, 7.2
kcalmol™, in line with the fast formation of the peroxo complex observed
experimentally.’'® It is worth mentioning that in anhydrous conditions, or in low water
concentration, the formation of hydroperoxo species 3a could also occur via a
4-membered ring transition state (TS2) without the water—assisted H—transfer showing a
smooth free—energy barrier of 15.3 kcal-mol™ (see Figure 7.6). The free energy barriers
for trimolecular processes were calculated considering the possible formation of a
H,0,--H,0 or a H,O---H,O adduct as reactants of the overall process. The formation of a
peroxide---water adduct was computed to be exothermic by 0.5 kcal-mol™ from the
individual molecules and thus, barriers involving these species were determined as [AGrs
~ (AGreactant + AGr,0,-11,0) ]. Conversely, the formation of a water dimer was estimated to
be slightly endothermic (+0.7 keal-mol™), in such a way that barriers involving water
dimers were calculated as the difference in energy from the three separated reactants to

the trimolecular TS.

(A)

1.24 1.18
B) paie

"2.26‘ /216

Figure 7.6 | (A) Gibbs free—energy profile (kcal-mol™) for an alternative water—free path to form the
catalyst resting state 3¢ from the active catalytic species 2. (B) and (C) represent the DFT—optimized
structures for the TSs involved in this process, in which main distances are shown in A

The generated n'~OOH species (3a) can evolve to the more stable 1’~OOH species
3b because the size of the second—row NbY ion allows to accommodate 7-fold

coordination. The n?~hydroperoxo species 3b is lower in energy (-3.5 kcal-mol™) than
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the corresponding n'-hydroperoxo 3a, but higher in energy (+8.7 kcal-mol™) than the
corresponding n?—peroxo complex 3c in agreement with experimental data (vide supra).
Nb-peroxo complex 3¢ can be formed from 3b via water—assisted hydrogen transfer from
the hydroperoxo moiety to a bridging W—O-Nb oxygen, overcoming a very smooth
free—energy barrier (1.8 kcal-mol™, see Figure 7.5). The computed TSH,, (Figure 7.7)
resulted lower in energy than the 3b intermediate due to artificial overstabilization of the
structure when adding the water molecule. Therefore, we computed the barrier from the
3b, adduct in which the interaction between 3b and the water molecule is already
established. As in the H,O, activation step, this proton transfer could also occur without
the assistance of water, although it would need to overcome a significantly higher
free—energy barrier of 15.3 kcal-mol™ (3b — TSH in Figure 7.6).

1.48 1.06
:5’1—?09
e g'1.38
o
.~ TSH,

Figure 7.7 | DFT—-optimized structures for TSH,, involved in the formation of the Nb—peroxo species
3c from the hydroperoxo 3b. Main distances are shown in A.

The position of the proton at Nb—O-W in the structure of 3¢ is thermodynamically
favored relative to protonation at the W—O-W bridging oxygen and at the peroxo moiety
by 3.0 and 8.7 kcal-mol™, respectively, as supported by spectroscopic techniques.'
Specifically, the UV spectrum of H,O,—treated 1b displayed a substantial red shift in the
presence of 1 equivalent of acid (Figure 7.8A). The TD-DFT simulated spectrum for
Nb—peroxo species [Nb(O,)WsOi5]*" (4) shows one peak centered around 305 nm, as
shown in Figure 7.8B. The absorption arises from the HOMO to LUMO excitation,
which has a 70-0—>d(M) nature. The protonation of 4 at the bridging Nb—O-W oxygen
to give 3c shifts the peak for m*0-0—>d(M) excitation to 315 nm, reproducing nicely the
experimental red shift and further supporting the experimental protonation of the catalyst.
The molecular orbital analysis revealed that upon protonation at the POM framework the
d—type orbitals of W suffer a larger stabilization than the 7*o_o—type orbital of peroxo
moiety reducing the energy gap (see Figure 7.9).
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Figure 7.8 | (A) UV—vis spectra of [Nb(O)W;Os]*” (1b) after addition of 5 equiv. of H,O,. (top) or 1
equiv. of HCIO4 and S equiv. of H,O, (down). Conditions: 0.0005 M 1b, CH;CN, 20°C."* (B)
TD-DFT-simulated UV spectra for Nb—peroxo species [Nb(O,)W;0,5]>" (4, blue line) and its
protonated partner [HNb(O,)W;O45]* (3¢, orange line).
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Figure 7.9 | Schematic MO diagram showing the main orbital interactions involved in the transitions
that are highlighted in the spectra of Figure 7.8. Green and red colors for AE are used to show that the
transition became less or more energetic, respectively, upon protonation. The trend in the energy
differences can be directly related to the shearing of the bands in the spectrum in the presence of acid.



UNIVERSITAT ROVIRA I VIRGILI

NEW HORIZONS IN COMPUTATIONAL MODELING OF POLYOXOMETALATES:
BIOLOGICAL ACTIVITY, ENERGY STORAGE AND SUSTAINABLE CATALYSIS.
Albert Solé Daura

196 | 7.3 Results and Discussion.

We have analyzed the heterolytic oxygen transfer to CyH from both side—on
Nb-hydroperoxo (3b) and —peroxo (3) species. Figure 7.10 collects the geometries of
the reactants and the transition states, as well as the corresponding free energy barriers.
The less stable hydroperoxo anion 3b shows a lower free energy barrier than the peroxo
anion 3¢ (17.6 vs 27.1 kcal-mol™). In Nb-hydroperoxo species 3b, the alkene attack
occurs preferably at the proximal, non—protonated a—oxygen because the 6*0-o orbital is
polarized toward O, favoring the donation from the nucleophilic double bond.” In this
case, the transition state for P-oxygen transfer is 2.3 kcalmol™ higher than the
corresponding transition state for a—oxygen transfer TS3b. Nevertheless, the f—oxygen
transfer could be favored in complexes with metal ions in sterically hindered or strongly
embedded in non-flexible environment that make the Og more accessible to the

substrate.!”
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Figure 7.10 | Combined balls—and—sticks and polyhedral representation of some of the most relevant
intermediates (3b and 3c) and transition states (TS3b and TS3c) in reaction mechanism. Main
distances are shown in A. Free energy barriers for the electrophilic O-transfer step occurring from 3b
and 3¢ are shown in kcal-mol™.

Another important feature of the potential free—energy profile (Figure 7.5) is the
relative rates between the hydrogen and the oxygen transfer from 3b to form the peroxo
species 4 (TSHy) and the epoxide (TS3b), respectively. The hydrogen transfer is
computed to be much faster, and thus, it is reasonable to assume that most of the reacting
species, reaching the Nb-hydroperoxo 3b intermediate, evolve to the Nb-peroxo
complex 3¢, which becomes the resting—state of the catalytic process. From Nb—peroxo
species 3¢, the reaction can proceed directly to oxygen transfer to the alkene through
TS3c structure, overcoming a computed free—energy barrier of 27.1 kcal-mol™, or it can

go back to the less stable but more reactive Nb—hydroperoxo species 3b, overcoming an

overall free—energy barrier (3¢ — TS3b) of 26.3 kcal-mol™. In summary, our calculations
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indicate that most of the reaction proceeds via heterolytic oxygen transfer from
Nb—n*~hydroperoxo species 3b, involving a previous formation of protonated Nb—peroxo
species 3¢, which acts as the resting—state of the process. However, other two energetically
accessible paths might contribute to the formation of epoxides: (i) the direct oxygen
transfer from 3b without the formation of peroxo species 3c, and (ii) the heterolytic
oxygen transfer from the Nb-peroxo species 3c. Besides the limitations of the
methodology described in Computational Details section, the computed relative rates of
reaction paths could be influenced by a counteraction (TBAY, tetrabutylammonium)
effect. Recently, atomistic molecular dynamics simulations on TBA-POM salt in a
water—acetonitrile mixture showed that the hydrophobic TBA counter cations are tightly
attached to anionic POMs repelling the water molecules around the TBA-POM ion
pairs.*® This effect could slow down the water—assisted H-transfer in hydroperoxo 3b to

form peroxo complex 3c, favoring the direct oxygen transfer to alkene from 3b.

To further validate our proposed mechanism, we analyzed the zero—point corrected
energy profile (Figure 7.11) for CyOct epoxidation by 2 and compared it with the
experimental E, (11.7 + 0.8 kcal-mol™) in Figure 7.2. In the absence of entropic effects,
the computed overall energy barrier for direct oxygen transfer from hydroperoxo species
3b is 5.8 kcal-mol™ (too low) while those involving the formation of peroxo species 3¢ are
about 16 kcal-mol™ (too high). However, assuming that several paths contribute to the
reaction, the weighted average of the computed energy barriers should be close to
experimental E, value. It is worth mentioning that during the preparation of this thesis, we
revisited the ZPE—corrected energy barrier from 3¢ to TS3b with a more extended basis
set, 6-311+(d,p) for main group atoms and LANL2TZ(f) for Nb, and found a value of
10.9 kcal'mol™, which is in better agreement with the experimental E, of 11.7. This
suggests that besides the contribution of multiple paths, the use of larger basis sets might

improve the accuracy of the results.
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Figure 7.11 | Calculated zero—point corrected energy profile (kcal-mol™) for the epoxidation of

cyclooctene (CyOct) and cyclohexene (CyH) in parenthesis with H,O, catalyzed by 2.

Next, to understand the role of protons on the reactivity, we evaluated feasibility of the
epoxidation process using the non—protonated peroxo species [Nb(O;)WsOis]*" 4. The
free—energy barrier for the oxygen transfer from 4 to CyH was computed to be 31.6
kcal-mol™, which is larger than that for the epoxidation by protonated peroxo species 3c,
26.3 kcal-mol™ (from 3c to TS3b). This is consistent with lack of reactivity observed over
species 4. Moreover, the free—energy barrier for H,O, activation by the non—protonated
species 2 is ~4 kcalmol™ higher than that from the protonated species 3. Thus,
protonation has two important consequences in the catalytic performance of
Nb-substituted anions: (i) it allows forming the more reactive Nb—hydroperoxo species,
and (ii) it reduces the overall negative charge of the POM favoring the electrophilic
oxygen transfer to the alkene as observed also for Ti-substituted POMs.’?

7.3.2 Influence of the metal ion in the reaction mechanism.

A previous study on the effect of the metal nature on the oxygen transfer mechanism
showed that when we move from Ti down and across to Nb in the periodic table, both
peroxo and hydroperoxo energy barriers decrease, but the latter does it more appreciably.’
However, in order to obtain a complete picture of the reaction, one should also evaluate
the effect of the larger radius of Nb" ion on the stabilization of 7—coordinated species such
as n’—peroxo and n’~hydroperoxo ones. Here, we performed a detailed comparison of the

free—energy landscape for Nb— and Ti-based catalysts on the heterolytic epoxidation of
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alkenes, using [(CH3;0)NbW;O05]* (1a™) and [(CH;0)TiW;sOis]* (1a™) complexes
(see Figure 7.3), and CyH substrate. As in the previous section, we have considered three
different reaction paths for the electrophilic oxygen transfer to the CyH substrate, namely,
the oxygen transfer from the peroxo ligand, and the a— and p—oxygen transfer from the
hydroperoxo moiety (see Scheme 7.2).

Scheme 7.2 | Possible pathways for oxygen transfer to CyH from peroxo and hydroperoxo species in
transition metal—-substituted polyoxometalates. Overall free energy barriers for all paths are shown in
kcal-mol™, highlighted in green the most likely mechanism for each metal.
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Figure 7.12 compares the computed free—energy profiles for the most favorable
heterolytic pathways in which the transition metal-hydroxo species [(HO)MW;Os]™
(M = Nb and Ti), 2™° and 2™, act as catalysts. As for Nb, the methoxy precursor 1a™ is
slightly more stable than 2™ (by 2.1 kcal-mol™) and can generate the catalytically active
species 2™ overcoming a moderate free energy barrier of 23.0 kcal-mol™ (vs 12.2 for Nb).
After that, the interaction of 2™ with H,O, gives access to the [(n'~-HOO)TiW;O;s]*
hydroperoxo species 3a™ releasing a water molecule. In agreement with kinetic
experiments,'® this process was computed to be faster for Nb than for Ti species, AG*(2 —
TS2.) = 7.2 and 15.5 kcal-mol™, respectively (see Figure 7.12). This fact was ascribed to
the larger radius of Nb that affords a 7—fold coordination in the transition state geometry
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more readily than Ti. The same effect might explain the faster hydrolysis of the methoxy

precursor (1a — 2) observed for Nb as compared to Ti.
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Figure 7.12 | Calculated potential free—energy profile (kcal-mol™) for CyH epoxidation with H,O, by
[(CH30)NbW;0,5]* (1a™) anion (solid black lines) and [(CH;0)TiW;s0,5]* (1a™) anion (dashed

red lines).

The generation of hydroperoxo species 3a is somewhat endergonic (+5.3 and +1.2
kcal-mol™ for Nb and Tij, respectively). However, 3a can evolve to the corresponding
n?~hydroperoxo species [ (?’~HOO)MW:;0;5]™ (3b), and then to the protonated peroxo
complex [(n*~02)MW;sO1sH]™ (3c¢). This sequential process is downhill in energy for
both metals, resulting in an overall exergonic process where the peroxo complex 3c lies
below the reactants by 6.9 and 4.5 kcal-mol™ for Nb and Tij, respectively. This is consistent
with the successful isolation of peroxo complexes by treatment of hydroxo and methoxo
species with H,O,." For Nb we had found that the most favorable pathway proceeds via
a—oxygen transfer to CyH from Nb-n’~hydroperoxo species 3b™ involving prior
formation of Nb—peroxo species 3¢™* and resulting in an overall free—energy barrier (3¢
— TS3b™) of 26.3 kcalmol™.'® As anticipated in Scheme 7.2, in the case of
Ti-substituted Lindqvist anion, the f—oxygen transfer pathway (3¢™ — TS3a™) becomes
energetically favored over the a—oxygen hydroperoxo (3¢™ — TS3b™) and the peroxo
(3c™ — TS3c™) paths by 2.2 and 7.7 kcal-mol™!, respectively. Although the O, is more
electrophilic than the Og, it has been demonstrated that when the metal ion is sterically
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hindered or found in a highly rigid environment (i.e., reluctant to increase its coordination
number), the P-oxygen transfer can prevail over the a—oxygen pathway.'"” More
interestingly, on going from Nb- to Ti—substituted catalyst the overall free—energy barrier
for heterolytic oxygen transfer increases by 3.5 kcal-mol™ in agreement with the
conversion values reported in Table 7.1. Figure 7.13 compares the key transition—state
structures and the free—energy barriers for the epoxidation process by Nb- and
Ti-substituted catalysts. Decreasing the formal oxidation state of the metal from Nb" to
Ti", we expect a lower electrophilicity of the M—n*~OOH moiety towards the attack of
the nucleophilic alkene.” The metal charge effect is manifested in a higher energy of the
0*0-0 orbitals in Ti-n?~hydroperoxo complex (+0.64 and +1.73 eV for Nb and Tij,
respectively), and in a larger free—energy barrier for the a—oxygen transfer (AG*(3b —
TS3b) = 17.6 vs. 26.9 kcal-mol™ for Nb and Ti, respectively). Thus, we can explain the
higher activity of Nb catalyst and the preference for the f—oxygen transfer path of Ti
catalyst. Furthermore, the differences in oxygen transfer mechanisms can be related to the
different regioselectivities observed in H,O,—based epoxidation of some alkenes such
limonene over Ti- and Nb-silicates.***!S Thus, the P-oxygen transfer from
Ti(n'-OOH) would favor the epoxidation of the more nucleophilic, internal C=C bond
in limonene whereas the a—oxygen transfer from Nb(1n’~OOH) would result in

epoxidation of the less sterically hindered, external C=C-bond.

Again, to validate the mechanistic proposal, we compared the Arrhenius activation
energies for CyOct epoxidation over the 1a™ catalyst (11.7 kcal-mol™) and 1a™ (14.3
kcal-mol™) with computed zero—point corrected energies.'® For Nb, we observed that the
a—oxygen transfer from hydroperoxo species 3b™ entails an overall barrier of 16
kcal-mol™ from peroxo species 3¢™’, whereas in the case of the Ti catalyst the barrier for
the most likely process (3¢™— TS3a™) accounts for 20 kcal-mol™. The values obtained
for these processes with a larger basis set (6-311G+(d,p) for main group atoms and
LANL2TZ(f) for active metal ions) are 10.9 and 13.3, respectively, which are much closer
to the experimental E.. Thus, despite the methodological limitations, calculations are able

to reproduce the increase of experimental E, upon replacement of the metal.

As shown below and as anticipated by experimental results, the nature of the metal ion

has also an important influence on the product selectivity.
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Figure 7.13 | Computed structures of the most favorable transition states for heterolytic oxygen
transfer to CyH (a—oxygen for Nb, TS3b™" and p-oxygen for Ti, TS3a™) Relative free—energies and
free—energy barriers in kcal-mol ™, and distances in A.

7.3.3 Influence of the ligand environment in reactivity.

7.3.3.1 Effect of polyoxometalate framework in Nb—POM:s catalysts: electrophilicity vs.
basicity.

As commented above, aside from several Nb—substituted anions of Lindqvist structure,
the catalytic activity of the Nb-substituted Keggin anion was also explored
experimentally. Unlike its Lindqvist counterpart, the Keggin—based catalyst displayed a
poor performance in alkene epoxidation regardless the presence or absence of acid.'®
Aiming to rationalize these experimental results, we analyzed computationally the features
and catalytic activity of [PW;03Nb(0,)]* (4K™) and [HPW;;039Nb(0,)]* (3cK™).
Two main trends are observed in Table 7.2, which collects the computed protonation
energies (AGn.) and the free—energy barriers for oxygen transfer (AG*ouns) through
peroxo (4"/4K™ — TS4™/TS4K™) and hydroperoxo (3c™/3cK™ —
TS3b™"/TS3bK™) paths. First, ongoing from Lindqvist to Keggin anion the charge
density decreases as reflected in the total charge per metal ratio (q/M).>"*” Consequently,
the POM becomes better electrophile favoring the oxygen transfer to the nucleophilic
alkene by ~2 kcal-mol™.? Second, the less basic Keggin anion is more difficult to protonate

resulting in an endergonic process according to our calculations (+2.7 kcal-mol™ for 4K™
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+ 1H* — 3cK™). Thus, although Keggin structures are more reactive as oxygen transfer
agents than Lindqvist ones, they are more difficult to be activated via protonation. Overall,
these opposite trends might result in a loose of reactivity for Keggin structures. In
summary, for the alkene epoxidation by Nb—substituted POMs the art consists of tuning
the charge density of the anion. The POM should have low electron density in order to
favor the electrophilic oxygen transfer to alkenes, but be basic enough to be protonated

and enable the hydroperoxo path.

Table 7.2 | Calculated protonation energies (AGg,) and energy barriers for oxygen transfer (AGotans)
from Lindqvist (4™* and 3c¢™*) and Keggin (4K™ and 4cK™) anions in kcal-mol™.

catalyst AGg. Active species q/M AG? 0trans
4™ _ 4Nb 0.50 31.6
4K™ - 4K 0.33 29.6
4™ 4 1H* =3.7 3cM 0.33 26.3°
4K™ + 1H* +2.7 3cK™ 0.25 23.8°

“ Free—energy barriers through hydroperoxo path.

7.3.3.2 Hybrid organic—inorganic Ti—containing catalysts.
7.3.3.2.1 Inner— vs. outer—sphere electrophilic oxygen transfer.

Unlike the fully inorganic metal—-substituted POMs discussed in previous sections, the
Ti center in 1™ is coordinated by more labile organic silanol groups in a tetrahedral
fashion (see Figure 7.3), allowing the selective epoxidation of electron—rich allylic
alcohols with H,O, at room temperature.* To investigate the role of the ligand nature and
the reasons for the observed selectivity, we analyzed computationally the mechanism
responsible for the epoxidation of allylic alcohols with H,O, catalyzed by 1™°. As a
representative substrate, we selected the experimentally tested 3—methyl-2—buten—1-o0],
which showed significant conversions and selectivity towards the epoxide product. In
addition to previously characterized mechanisms (i and ii in Scheme 7.3), we explored
two novel reaction pathways (iii and iv) specific for allylic alcohols that are highlighted in

green in Scheme 7.3.



UNIVERSITAT ROVIRA I VIRGILI

NEW HORIZONS IN COMPUTATIONAL MODELING OF POLYOXOMETALATES:
BIOLOGICAL ACTIVITY, ENERGY STORAGE AND SUSTAINABLE CATALYSIS.
Albert Solé Daura

204 | 7.3 Results and Discussion.

Scheme 7.3 | Possible mechanisms for alkene epoxidation with H,O, catalyzed by Ti-containing
silanol-decorated polyoxotungstates.
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Figure 7.14 shows the free—energy profile for the epoxidation of
3-methyl-2—buten—1-ol with H,O, by the active catalytically species 2. After the
formation of 2™?, this can interconvert to the more stable species 2b™? through a
smooth free—energy barrier of 11.0 kcal-mol™. In agreement with the NMR monitoring of
the reaction,* which suggests that a Ti—alcoholate complex is the catalyst resting—state, we
found that complex 2b™ is the most stable species in the reaction medium prior to
epoxidation (see Figure 7.14). From 2b™?, we can envisage two paths to incorporate the
hydroperoxide moiety in the catalyst structure. A first one involves going back to the
Ti-hydroxo species 2™, which can react with H,O, via water-mediated substitution
mechanism to give species 3b™? through a free energy barrier of 15.3 kcal-mol™ (from
2b™W? to TSsp-3"""). Note that the direct conversion of 2b™ into 3b™* could also
occur overcoming a higher but still accessible barrier of 17.9 kcal-mol™. Alternatively,
H,O, can coordinate the Ti center through a dissociative addition to one of the Ti—OSi
bonds that connect the active metal ion with the silanol functions anchored to the POT
framework. In this process, the coordination of the OOH group to the Ti center is
concomitant with the proton transfer to the silanol oxygen yielding complex 3d™? (see
Figure 7.15). The hydroperoxide ligand in 3b™? and 3d™? coordinates in a n* fashion
resulting in five—coordinated complexes similar to those reported recently in a

computational study of TS-1 zeolite catalyst.*®
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Figure 7.14 | Calculated Gibbs free—energy profile (kcalmol™) for the epoxidation of
3-methyl-2-buten—-1-ol by H,O, over the [a—B-SbWyO;;('BuSiO);Ti(OH)]* catalyst (2™%?).
R-OH stands for 1-methyl-2-buten—1-ol. Dashed lines represent the more energy demanding
outer—sphere path. The “TiW9” superscript in the labels of the species has been omitted for clarity.

Both species 3b™? and 3d™? contain a Ti-hydroperoxo moiety which can transfer an
electrophilic oxygen to the double bond following respectively an outer—sphere or an
inner—sphere mechanism (Scheme 7.3). Importantly, in the latter the alcohol group of the
substrate plays an explicit role allowing its coordination to the Ti center. The activation of
H,0, by 2b™"? via scission of one of the Ti—OSi junctions (TSzb-3a""" in Figure 7.15)
causes a partial detachment of the Ti from the support, lengthening the Sb---Ti distance
from 3.90 A in 2b™° to 4.15 A in TSsb-3a"° and up to 4.42 A in the structure of the
resulting in alkoxy—hydroxo intermediate 3d™?. Then, the electrophilic oxygen of the
hydroperoxo ligand transfers intramolecularly to the electron—rich double bond of the
substrate through TS3a-sTW (Figure 7.15) overcoming a moderate energy barrier of 14.9
kcal-mol™. This kind of TS structure was also proposed for the bimetallic titanium-based
catalyst used in the Sharpless epoxidation.**** For the sake of comparison, we analyzed

the energy cost of transferring the less electrophilic Og. In this case, transferring O, is
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favored by 9.0 kcal-mol™, indicating that in dichelate complex 3d™? the Ti is found in a

non-rigid coordination environment.
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Figure 7.15 | DFT—-optimized structures for TSy_3a"™” (A), intermediates 3b™ and 3d™" and the

TSs associated to the outer— and the inner—sphere electrophilic O—transfer to the alkene (TS;p_p"™°

and TS;a-s™?, respectively) (B). Relative free energies and free—energy barriers are shown in
kcal-mol™. Red dashed lines represent those bonds being formed or broken in the TS structure. Main
distances are shown in A. Hydrogen atoms of ‘Bu groups have been omitted for clarity.

We also examined the outer—sphere O—transfer mechanism, which is directly compared
to the inner—sphere one in Figure 7.15. Akin to the inner—sphere paths, the
Ti-hydroperoxo complex 3b™? is more prone to transfer the a—oxygen to an
approaching alkene rather than the B one, although the difference in energy between paths
is small (AAG* < 1 kcal-mol™). The corresponding TS (TSsp-p™™* in Figure 7.15) was
found to be 4.1 kcal-mol™" higher in energy than the TS associated to the inner—sphere
O-transfer (TSs3a-s"™"?), indicating that the O—transfer step is more likely to proceed via
inner—sphere mechanism. Moreover, we analyzed the outer—sphere O—transfer occurring

from the Ti-hydroxo—hydroperoxo intermediate in which one of the Ti—OSi bonds is
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cleft by the addition of H,O, to 2™°. The TS for this alternative path is even more
unstable than TS3p-p"™° (29.4 vs. 23.0 kcal-mol ™) and therefore, this possibility was ruled

out.

After the O—transfer to the alkene, the formation of intermediate §T™° confers the
reaction a strongly irreversible character, the reverse barrier being higher than 60
kcal-mol™. Next, the initial tris—silanol coordination environment around Ti is
regenerated through a condensation of the Ti-OH group and the silanol function in §™™?°
to release a water molecule and complex 6™, Finally, protonation of the alkoxy ligand by

a water molecule via TS¢_p"™W°

releases the epoxide product and regenerates the active
Ti-hydroxo species 2™ closing the catalytic cycle. The free—energy barriers for these
steps are 14.4 and 13.4 kcalmol™, respectively (see Figure 7.14), and TS and
intermediate structures are shown in Figure 7.16. Note that albeit intermediate 6™ is
slightly more stable than 2™%?, the latter can evolve to species 2b™? after coordinating a
substrate molecule, which is about 2 kcal-mol™ more stable than 6™™°. We also analyzed if
intermediate 6™ could interact with the allylic alcohol or H,O, rather than with H,O, to
give directly intermediate 2b™® or 3b™°. The corresponding TSs were found to be

higher in energy than TSe-p™™"* by 4.5 and 5.9 kcal-mol ™, respectively.
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Figure 7.16 | Transition state and intermediate structures for releasing the epoxide product to
regenerate the Ti—OH species. Hydrogen atoms in ‘Bu substituents of the silanol functions are omitted
for clarity. Main distances are shown in A and relative free energies are given in kcal-mol ™.

The combination of the H>O; activation and the O—transfer steps from the Ti—alcoholate
2b™"? was identified to be the rate-limiting process of the whole catalytic cycle. Thus, the
computed overall free energy barrier for the epoxidation of 3—methyl-2—buten—1-ol,
AGH(2b™ — TS834-s"™?), is 23.0 kcal-mol™ (highlighted with a green arrow in Figure

7.14). This value is in excellent agreement with the experimental value of 22.3 extracted
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from the experimental rate constant.* Furthermore, the nature of the rate determining
steps is also consistent with kinetic experiments that indicated a first order on H,O,
concentration and a pseudo—zero order dependence on alkene concentration, further

validating our mechanistic proposal.

Moreover, the clear preference for the inner—sphere path might explain the higher
conversions reported for allylic alcohols compared to non—functionalized alkenes,* for
which only the more energetic outer—sphere path is accessible as they lack the alcohol
functionality in the substrate. For the allylic alkene, the overall free—energy barrier of the
outer—sphere mechanism without formation of intermediate 3d™? would become 24.2
kcal-mol™, still 1.2 kcal-mol™ higher than the inner—sphere mechanism (AG*overan = 23.0
kcal-mol™). For the non—functionalized 2-methyl-2—-pentene substrate, the computed
free energy barrier is rather high (28.7 kcal-mol™) in agreement with the experimentally
reported low yields. However, note that the higher barrier must not only be attributed to
the outer—sphere mechanism, but also to the intrinsic features (electronic and steric) of
the alkene.

7.3.3.2.2 Factors influencing reactivity.

Previous computational studies on Ti-epoxidation”'"*

suggest that the smoother
barriers in the inner—sphere path can be ascribed to the higher flexibility of the Ti center
after releasing the strain imposed by one of the Ti—OSi bonds, as illustrated in Figure
7.1S. Thus, in the transition state for O—transfer TSsa-s""?, the flexibility of Ti center
accommodates easily the S—fold trigonal bipyramidal coordination that stabilizes the

structure, while in TSzp_p""°

the Ti coordination is closer to distorted square—based
pyramid (see Figure 7.15). We have also examined other possible factors explaining the
differences between the inner— and the outer—sphere mechanisms, and in turn, the origin
of the catalytic activity for these hybrid POTs. Table 7.3 summarizes the results of the
analysis of the electronic and steric features of 3b™? and 3d™" as epoxidizing species for
the outer— and the inner—sphere mechanisms, respectively. The analysis of electronic
effects via natural population analysis (NPA) does not show dramatic differences between
the two paths, even if there is a tendency to favor the outer sphere mechanism. Upon
substrate coordination to Ti via allylic oxygen the mccorbital of the substrate becomes
slightly deeper in energy (less nucleophile) and the ¢*. of the hydroperoxide group,
which receives alkene attack, becomes slightly higher in energy (less electrophile) as

shown in Table 7.3. To evaluate the impact of steric effects on reactivity, we computed
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the overall free—energy barriers for both paths (3b™° — TS3;-p""° and 3b™° —
TS3a-s"™) substituting the ‘Bu groups in the silanol functions by less bulky methyl
groups. We observed that both barriers are decreased to almost the same extent in going
from ‘Bu to Me (AAG! of 6.6 and 6.5 kcal-mol™, respectively) as shown in Figure 7.17.
Thus, steric effects have a similar overall influence in both mechanisms although they act
at different stages of the overall process (Figure 7.17): the oxygen transfer step for
outer—sphere mechanism (3b™? — TS83p"™°) and the formation of hydroperoxo
species for the inner—sphere (2b™° — 3d™?). More importantly, reducing steric
bulkiness around the Ti has a significant effect on the overall free—energy barrier, which
might lead to the design of more active catalysts (see Table 7.3). In this regard, a
combined experimental and theoretical work aimed to the rational design of catalytic

species with tailored steric properties is under way.

Table 7.3 | Main parameters that control electronic and steric factors in the O-transfer step from
epoxidizing species 3b™? and 3d™™?.

AG*(overall)
Species (Path) E(ﬂc:c) E(G*O‘O) AAG#Otrans
‘BuSi MeSi
3b™? (outer) -6.83 +0.33 24.2 19.2 5.0
3d™ (inner) -6.97 +0.54 13.4 12.1 1.3

*Orbital energies (in eV) obtained from Natural Bond Orbital (NBO) analysis; free energies in
kcal-mol™.

Overall, we found that in the inner—sphere mechanism the energy penalty associated
with breaking a Ti—OSi is largely compensated by the release in the geometrical strain
around the Ti center which lowers the energy of the transition state for oxygen transfer.
Furthermore, this effect might explain the higher catalytic activity reported for the
heterogeneous TS—-1 catalyst in the presence of protic alcohol solvents. The role of the
solvent in the alkene epoxidation over TS—1 has been a matter of debate during years.
Some authors proposed that the nature of the solvent only affects the

#-47 Some other authors claimed that

adsorption/desorption equilibrium of the substrates.
alcohol solvent molecules play an active role in the catalytic cycle,** loosely coordinating
the tetrahedral Ti center and stabilizing the Ti(n'~OOH) intermediate by forming a

S—membered ring that involves a hydrogen bond between the alcohol proton and the O
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of the hydroperoxide. This, together with an increase of the ligand electrophilicity by
induction effects, was hypothesized to accelerate the epoxidation reaction.”” Now, our
calculations strongly suggest that instead of that, the enhanced reactivity when using
alcoholic solvents might come from their ability to cleave Ti—OSi junctions to release

strain around the Ti center.

Outer-sphere O-transfer Inner-sphere O-transfer
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Figure 7.17 | Pictorial free—energy profiles for the outer— and inner—sphere O—transfer showing the
influence of the steric bulkiness of the substituents in the silanol functions on the reaction mechanism.
The step being more strongly affected by steric effects is highlighted and key energy differences are
shown in kcal-mol™. Solid black lines represent the reaction profile on the sterically hindered catalyst
with ‘Bu groups, while green ones describe the reaction profile resulting from replacing the Bu by
smaller methyl groups. The “TiW9” superscript in the labels of the species has been omitted for clarity.

Further supporting the ability of the {a—B-SbWsO33('BuSiOH);} to mimic the metal
environment of single—site silica—supported catalysts, the same scaffold was successfully
used to isolate a low—valent V" species.® This species corresponds to the oxygen vacancy
intermediate formed in Mars—van Krevelen—type oxidations occurring on
silica—supported catalysts. In addition, as in the heterogeneous system, the V'=0 complex
is formed upon reacting the V"' derivative with molecular oxygen. In fact, we participated

in a combined experimental and theoretical work® devoted to analyze the electronic
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structure and electrochemical stability of the V™ complex as well as the

electrophotochemical properties of its VV—oxo partner.

7.3.4 Mechanistic study on the H,O, decomposition side reaction.

The selective oxidation of alkenes using green oxidants such as H,O, is one of the main

50-52 Therefore is both of academic and industrial interest to

goals in oxidation catalysis.
understand the processes governing oxidation reactions but also those that are detrimental
for selectivity. The H,O, disproportionation is the main side reaction competing with
alkene epoxidation and consists in the formation of two water molecules and oxygen from
two molecules of oxidant. Besides being detrimental for the efficiency of the process by
itself, the non—productive decomposition of H,O, has been extensively related to the
formation of undesired, so—called homolytic products that include organic hydroperoxides,

enols or enones.

Ongoing studies in collaboration with Kholdeeva’s group focuses on the alkene
epoxidation reaction catalyzed by Zr"V-substituted Lindqvist anions, and although the
results concerning the epoxidation reaction are still being analyzed, we have studied the
reaction mechanism responsible for the H,O, decomposition within the framework of this
project. In contrast with the homolytic pathways that have been proposed for other

18-25

systems, we found for TM-POMs a novel, plausible heterolytic mechanism for H,O,
decomposition that agrees with the fact that conventional radical scavengers
(2,6—di-tert—butyl-4-methylphenol) produced no effect on the oxidation rate and
product distribution in the epoxidation reaction catalyzed by Nb¥— and Ti'V—substituted
Lindqvist anions."” Figure 7.18 shows the free—energy profile calculated for this new
mechanistic proposal. Initially, the activation of a first molecule of H,O, occurs as
previously described fot 2N and 2™ catalysts (vide supra) to form the Zr— peroxo species
3¢”. The Zr—OO moiety in 3¢** can then perform an outer—sphere attack on an oxygen
atom of a second H,O, molecule to promote the heterolytic O—O bond cleavage in it,
which can occur concomitantly with a proton transfer from the POM framework to the
leaving hydroxyl group (TS;.-»** , represented in Figure 7.19). In the computed transition
state, the hydrogen transfer from the POM framework activates electrophilically the H,O,
molecule which facilitates the nucleophilic attack from the peroxo moiety. Here we cannot
discard that during the Zr—peroxo attack, explicit solvent molecules participate in the
polarization of the O—O bond instead of the mobile POM proton, or in addition to it. The

computed process occurs through an affordable free—energy barrier of 20.2 kcal-mol™
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from 3c¢” and generates a the Zr—trioxidane species 7%, Zr[n*~OO(OH)] (Figure 7.19)
and a water molecule, in an overall exothermic process (by more than 10 kcal-mol™, see
Figure 7.18). To our knowledge, this is the first time that such complex is proposed to

participate in metal—catalyzed oxidation reactions.

> 0
4+
0  0o-H

TS3c7 170, 0—0
+20.2 ]

\
OH AL Hoo
2+30,

Figure 7.18 | Gibbs free—energy profile (kcal-mol™) for the decomposition of H,O, catalyzed by a
Zr"V-substituted Lindqvist anion, which produces a singlet oxygen molecule that in turn, is capable of
activating allylic C—H bonds of CyH to form the main by—products. The most likely pathway is
represented in black solid lines. Dashed lines denote triplet state, and the red star stands for a minimum
energy crossing point (MECP) between the singlet and the triplet potential energy surfaces.

Intermediate 7%* can rapidly evolve through TS7A” (Figure 7.18) to release singlet
molecular oxygen and regenerate the Zr—hydroxo species 2* with a small free—energy
barrier of 9.1 kcal-mol ™. Along the pathway the reaction could hop from the singlet to the
triplet potential energy surfaces yielding 2% and the more stable triplet molecular oxygen,
30,. We found a minimum energy crossing point (MECP) very close to TS7A* in the
free—energy landscape since their energies and geometries are almost identical. Due to the
influence of heavy metal atoms in the structure of MECP, the spin—orbit coupling (SOC)
is expected to be large, favoring the transition from the singlet to the triplet surface. The
TS in the triplet state surface could not be located and geometry optimization algorithms

brought the structure to products.



UNIVERSITAT ROVIRA I VIRGILI

NEW HORIZONS IN COMPUTATIONAL MODELING OF POLYOXOMETALATES:
BIOLOGICAL ACTIVITY, ENERGY STORAGE AND SUSTAINABLE CATALYSIS.
Albert Solé Daura

Chapter 7: Computational Studies on Alkene Epoxidation Catalyzed by Early Transition... | 213

Alternatively, in the presence of water, 7** can release trioxidane (H,O3) to the medium
overcoming a smoother free—energy barrier of 4.6 kcal-mol™ (TS7B*, Figure 7.18) also
regenerating 2%, which can be reincorporated to the main catalytic cycle. Trioxidane is
known to decompose in the presence of water into a water molecule and singlet molecular
oxygen '0,.%* At the employed level of theory, the free—energy barrier for the H,O3
decomposition is 17.9 kcal-mol™ (Figure 7.18). This value is close to the enthalpy
barriers found before,* suggesting that the entropic contribution for this process is small,
in line with the lightness of the molecules involved and their proneness for being close in
the medium due to their highly polar nature. Note that the high concentration of water
compared to that of 2" is expected to favor going forward through TS8% over the reverse
reaction to proceed through TS7A”. Then, the radiative decay to the ground state triplet
oxygen (*0,) could occur in the microseconds time—scale.** Nonetheless, 'O, has shown
the ability to activate allylic C—H bonds in organic molecules,*® and therefore, if 'O,
reaches a CyH substrate molecule in solution, they can react through an ene-like the
mechanism that involves two adjacent transition states with no intervening intermediate,

3¢ The first TS corresponds to the symmetric attack of the 'O,

as found by Singleton et al
to the double bond that yields a kind of perepoxide complex, which is actually the second
TS connecting two minima that represent the allylic proton abstraction at both sides of the
double bond. Thus, this mechanism would explain the formation of the a, f—unsaturated
organic hydroperoxide (HP), which is computed to be strongly exothermic (by more than
40 kcalmol™). Notably, this is to our knowledge the first atomistic description of
non-productive decomposition of H,O, over TM-substituted POM catalysts that in
addition, demonstrates that the formation of the main by—products is indeed related to
the H,O, disproportionation reaction, as previously postulated from an experimental
perspective. Aiming to support the herein proposed reaction mechanism, our
experimental collaborators are currently working on the detection of singlet oxygen after

treating Zr-Lindqvist catalysts with H,O,.
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Figure 7.19 | DFT—-optimized geometries for the most relevant species in the reaction profile depicted
in Figure 7.18.

Next, we analyzed whether this mechanistic proposal can explain the higher selectivity
of NbY- compared to Ti'V—containing catalysts. Table 7.4 compares the calculated
free—energy barriers for the epoxidation of CyOct and H,O, decomposition by 1a™* and
1a™ catalysts. Most importantly, the difference between the height of free—energy barriers
for epoxidation and H,O, decomposition is larger in the Nb" (4.6 kcal-mol™) than in Ti"
catalyst (2.2 kcal-mol™). This indicates that the H,O, decomposition side reaction is less
capable to compete with the alkene epoxidation path in Nb, in excellent agreement with
the higher selectivity reported experimentally. This trend was ascribed, again, to the higher
oxidation state of Nb, that makes the peroxo group more electrophilic, favoring the
O-transfer to the alkene while the effect in the H,O, decomposition process is less clear.
According to our computed transition state, the lower overall negative charge featured by
the Nb catalyst hampers the nucleophilic attack to the second H,O, molecule but
conversely it facilitates the proton transfer to H,O,. As mentioned above, the explicit
solvent could play the role of acidic hydrogen at the POM, and in that case we would
expect that the reduced nucleophilicity of the Nb—peroxo group dominates the reactivity
towards H,O, slowing down the decomposition rate in agreement with experimental

findings.

It is also important mentioning that although some of the obtained barriers are
somewhat too high (>30 kcal-mol™) for reproducing experimental conversions of Table
7.1, refinement of the geometries and energies at 6—-311G+(d,p)/LANL2TZ(f) level led
to more moderate free—energy barriers that range from 22 to 27 kcal-mol™, as shown in
parenthesis in Table 7.4. Moreover, the computed ZPE—corrected electronic energy

barriers for H,O, decomposition mechanism using the large basis set (13.6 kcal-mol™ for
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Nb and 14.5 kcal-mol™ for Ti) do not reproduce the trend in experimental E, (16.7 and
14.6 kcalmol™, respectively). Currently, additional computational simulations and
experimental work by our collaborators are in progress to assess quantitatively the rate of

H,0, decomposition on going from Ti'— to Nb"—substituted POM catalysts.

Table 7.4 | Comparison of catalytic activity and selectivity between 1a™ and 1a™ catalysts in the
epoxidation of CyOct with H,O,.

Transition Product selectivity” AG'(overall)

AAG?
Metal (heterolytic : homolytic) epox. H,0, decomp.
NbY 86:12 258(222) 304 (25.6) 4.6 (3.4)
Tilv 59:36 296 (24.5)  31.8(26.6) 22(2.1)

“Values in parenthesis correspond to the more extended basis set: 6-311G+(d,p) for main group atoms
and LANL2TZ(f) for Nb and Ti. Free energies in kcal-mol™.?Based on CyH conversion of ~30% (see
Table 7.1, entries S and 8).

7.4 Concluding Remarks.

In this chapter we have enlarged the current knowledge on alkene epoxidation reactions
with H,O, catalyzed by TM-substituted POM systems. Remarkably, computational
results showed in all cases a high degree of consistency with experimental outcomes from

our collaborators.

Initially, we studied the mechanism responsible for the alkene epoxidation catalyzed by
Nb-substituted Lindqvist POMs using CyH as alkene substrate. The Nb-hydroxo
complex 2™* can be readily formed from all the analyzed precursors either via hydrolysis of
the Nb—OR bond or via protonation upon the addition of acid. The Nb—OH group
permits the heterolytic activation of H,O, to yield the Nb-hydroperoxo species that
evolves to the more stable protonated peroxo complex 3¢™*, which was identified as the
resting state of the catalytic cycle. In the presence of CyH, the less stable but more reactive
N*~hydroperoxo species 3b™" was found to be the main epoxidizing species since it can
drive the electrophilic O—transfer to the alkene through a less energy—demanding pathway
than the peroxo complex 3¢™". The direct O—transfer from the non—protonated peroxo

anion 4™ complex is more energy—demanding, explaining the lack of reactivity observed
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experimentally for this complex. Thus, the presence of protons in the catalyst structure
was found to be crucial since it allows the O-transfer through the more favorable
hydroperoxo path and reduces the overall charge of the catalyst, increasing its
electrophilicity and consequently, accelerating the electrophilic O—transfer step. Similarly,
on going from Ti"V— to Nb"-substituted Lindqvist catalysts, the increase of the oxidation
state makes the metal center more electrophilic, lowering significantly the energy barrier
for the O-transfer to the alkene from the hydroperoxo intermediate. In addition,
depending on the nature of metal and its coordination environment, the hydroperoxo
species transfers preferentially the nondistorted p—oxygen (for the Ti, which is more
reluctant to increase its coordination number) or the more electrophilic a—oxygen (for the
Nb with a nonrigid coordination environment, less reluctant to increase its coordination

number).

Next, we evaluated the influence of the ligand environment of the metal using two
experimentally tested cases. The Nb—substituted Keggin anion bears a lower charge
density than its Lindqvist partner and therefore, it can transfer an electrophilic oxygen to
the alkene through a smoother free—energy barrier. However, the lower charge density
also renders the catalyst more difficult to protonate, explaining the poorer activity
observed experimentally. Thus, optimal TM—-POM catalysts might need to balance their
charge density to be basic enough for accepting protons but not too much in order to be
electrophilic enough to transfer an oxygen atom to the double bond of the alkene. On the
other hand, the lability of the metal ligand bonds in the hybrid organic—inorganic 1™"?
allows their epoxidation through an inner—sphere mechanism unprecedented in POM
chemistry. The resting state of the catalyst corresponds to the Ti—alcoholate complex,
which can coordinate a H>O, molecule cleaving one of the Ti—OSi junctions and
increasing the flexibility around the Ti center. The resulting Ti-hydroperoxo complex
enables the intramolecular oxygen transfer to occur through a smooth free energy barrier
due to the enhanced flexibility of the Ti' ion. The outer—sphere O-transfer involves a
more strained TS geometry that manifests in a higher free energy barrier (by ~4
kcalmol™), which is fully consistent with the lower reactivity observed for

non—functionalized alkenes, for which the inner-mechanism is not possible.

Finally, as a part of an ongoing study with Zr"V-substituted Lindqvist catalysts, we
studied the mechanism responsible for the H,O,disproportionation side reaction. After
the activation of a first molecule of oxidant, the protonated peroxo complex 3¢ can

promote the heterolytic O—O cleavage in a second molecule of H,O, via an outer—sphere



UNIVERSITAT ROVIRA I VIRGILI

NEW HORIZONS IN COMPUTATIONAL MODELING OF POLYOXOMETALATES:
BIOLOGICAL ACTIVITY, ENERGY STORAGE AND SUSTAINABLE CATALYSIS.
Albert Solé Daura

Chapter 7: Computational Studies on Alkene Epoxidation Catalyzed by Early Transition... | 217

nucleophilic attack of the Zr(OO) moiety. This generates H,O; releasing a molecule off
water in a step—wise process. In the presence of water, H,O3 decomposes into water and a
singlet oxygen. The latter is highly reactive against allylic protons, explaining the formation
of the so—called “homolytic products”. More importantly, since the rate—determining step
of this process is the nucleophilic attack of the peroxo ligand to an external H,O,
molecule, the proposed mechanism can explain the higher selectivity of more electrophilic
NbY catalysts compared to Ti" ones. We had observed that increasing the charge of the
metal ion from Ti" to Nb" makes the peroxo group more electrophilic, reducing the
energy barrier for the alkene epoxidation reaction. Interestingly, we found that increasing
the electrophilicity of the catalyst has a second positive effect in the catalytic activity
slowing down the kinetics for the H,O, decomposition side—reaction. In conclusion, Nb¥
single—site catalysts combine a flexible coordination environment with a high oxidation

state, which results in an improved catalytic performance.
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CHAPTER 8

General Conclusions

This last chapter summarizes the main achievements and conclusions that have emerged

from the studies comprised in Chapters 3 to 7 of this doctoral thesis.

Chapter 3: Probing the Interaction between Polyoxometalates and Proteins using

Molecular Dynamics Simulations.

- The interaction between POMs and biological systems mainly involves charge
attraction and hydrogen bonds with positively charged and polar amino acids,
although water—mediated interactions with polar amino acids were also observed.

- Hydrolytically active Ce— and Zr—containing POMs can establish persistent
interactions at two positively charged patches of lysozyme surface that could be
related with the experimentally observed hydrolysis.

- The charge density of the POM, as well as their size and shape were identified as
important molecular parameters influencing the affinity of POMs towards biological

systems.

Chapter 4: Structure-Activity Relationships for the Affinity of Chaotropic

Polyoxometalates towards Proteins.

- The affinity of POMs to biological systems depends quadratically on their charge
density due to the shift from chaotropic (water—structure—breaking) to kosmotropic
(water—structure—forming) behavior of POMs in solution as their charge increase.
This causes a parabolic growth of the interaction energy between the POM and the
solvent, whereas that with the protein increases linearly. POMs with moderate
charges (g/M = 0.33) show more affinity towards proteins because they can balance
their interaction with the solvent and the protein.

- DPositively charged pockets of lysozyme are size—specific for Keggin—type anions.
Smaller POMs show sub—optimal interactions because they cannot interact with

several amino acids; and too bulky anions leave a too large part of their surface
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Chapter 8: General Conclusions

exposed to the solvent during their interactions with the protein, being more easily
pulled to the solvent bulk.

A multivariate model with predictive ability for POM affinity towards proteins was
built using the q/M ratio and the novel shape—weighted volume (Vs) parameters as
descriptors of the charge density of the POM and its size and shape, respectively. The
model used the % time binding as a time—derived response variable obtained from
MD simulations with 13 different POMs. This allowed identifying the charge density
as the main parameter governing their affinity to biological systems, whereas their

size and shape play minor role.

Chapter 5: Modeling the Reactivity of Polyoxometalates towards Biological

Systems.

The hydrolysis mechanism involves four main steps: i) the initial coordination of the
Zr" center to the amide oxygen; ii) the nucleophilic attack to the amide carbon of
either the Zr—hydroxo ligand or an external water molecule assisted by the Zr-OH
moiety as a general base; the protonation of the amide nitrogen; and iv) the C—N
bond cleavage.

The reaction rate is governed by the energy difference between the reactants and the
TS for the C—N cleavage, which is very sensitive to the protein conformation.

The overall free—energy barriers averaged over protein conformation showed no
significant difference between reactive and non-reactive peptide bonds of the
protein, being unable to explain the observed selectivity and indicating that the origin
of selectivity lies on the biochemical environment of the cleavage site.

Constrained MD simulations indicate that unlike non—reactive sites, the Asn44—
Arg4S peptide bond of HEWL (site II) is surrounded by an array of positively
charged and polar amino acids that can trap the POM protease during its
coordination to the cleavage site, which might be able to reduce the associated energy

penalty and in turn, accelerate the rate of the hydrolysis reaction.

The reductive cleavage of the disulfide bond in DTNB can be achieved by single
electron transfer process from a previously reduced phosphotungstate Keggin anion,
[PW1,040)*. After the S—S bond scissile, a second reduction of the generated

radical fragment must involve a second POM molecule.
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- The reduction of more kinetically stable dicysteine—based polypeptides requires the
use of stronger POM reductants, due to larger reorganization energy required to
accept an electron from the POM and the less stable character of the formed radical
anion.

- The reduction of the disulfide bond in AGT . protein might be feasible using the one

electron—reduced metatungstate ion, [HyW1,040]"".

Chapter 6: Modeling Super—Reduced Polyoxometalates for Energy Storage.

- Upon reducing the Wells—Dawson anion (Wis) with Li* counter cations at the
experimental conditions, POMs become protonated and form cation-mediated
agglomerate structures that stabilize the unoccupied d(W) orbitals allowing the
super—reduction beyond six electrons observed experimentally.

- Simulations with K* cations revealed less persistent ion—pairing that hampers the POM
agglomeration, explaining the less efficient redox processes in the presence of cations
bigger than Li*.

- The most favorable electronic structure for the super-reduced anion (W;s—18e)
corresponds to an open-shell singlet in which the 18 electrons are unpaired but
magnetically coupled. In addition, our calculations suggested that the structure of
Wis—18e might incorporate a number of protons close to 17, which are distributed
over the bridging and terminal oxygen positions.

- Super-reduced anions were found to form agglomerates in solution (via
cation—mediated contacts and direct hydrogen bonds) that confer them metastable
character.

- The energy levels of the super—reduced anion within an agglomerate structure are in
fairly good agreement with the narrow experimental window of potential in which the
whole super—reduction process occurs. This supports the plausibility of the proposed
structures and further validates the proposed super-reduction mechanism for the

process.

Chapter 7: Computational Studies on Alkene Epoxidation Catalyzed by Early

Transition Metal-Substituted Polyoxometalates.

- The epoxidation of alkenes with H,O, catalyzed by the NbY-substituted Lindqvist
anion involves the initial heterolytic activation of H,O, to yield a protonated

Nb—peroxo complex, which is in equilibrium with the less stable Nb—hydroperoxo.
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The Nb-hydroperoxo can transfer the electrophilic alpha—oxygen to the alkene
through a lower free—energy barrier than the peroxo complex. Therefore, the presence
of protons in the catalyst structure is essential to allow the hydroperoxo path and to
increase the electrophilicity of the peroxo moiety.

- The replacement of Ti" by NbY increases the electrophilicity of the
metal-hydroperoxo moiety favoring the electrophilic oxygen transfer to the alkene, in
agreement with the higher conversion achieved experimentally for Nb. Also, since Ti is
more reluctant to increase its coordination sphere, it is more likely to transfer the
beta—O through a non—distorted T'S.

- Optimal epoxidation catalysts should balance their charge density to be basic enough
to have associated protons, but not too much in order to be able to transfer an
electrophilic oxygen atom to the alkene.

- Hybrid catalysts with labile Ti—OSi bonds allowed the selective epoxidation of allylic
alcohols through an inner—sphere O—transfer mechanism after the coordination of the
substrate to the metal center through the alcoholate group, which involves lower
free—energy barriers than the outer—sphere mechanism due to an increased flexibility of
the metal center.

- Preliminary results suggest that the H,O, decomposition side reaction requires the
metal—peroxo group to switch its role from electrophile to nucleophile to promote the
heterolytic cleavage of an external molecule of H,O,. Interestingly, this would explain the
higher selectivity towards the epoxide product reported for Nb, which coordinates a more

electrophilic peroxo group.

Overall, we have made a step forward in the computational modeling of
polyoxometalates, further probing the capability of computational methods to provide
accurate answers to complex questions that arise from the latest scientific progresses.
Moreover, some of the achievements reported in this thesis result from the cooperation
between several rerearch groups with background in different areas of expertise,
highlighting the importance of developing multidisciplinary projects that combine
experimental and computational chemistry to reach high standards of quality in chemical

research.
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Appendix

An appendix section with supplementary information can be accessed on-line through

the following QR code or URL:

[=] s [m]
[=]

http://www.quimica.urv.cat/w3qf/tesis/ASoleDaura-appendix.pdf
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