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The most violent element in society is ignorance.

– Emma Goldman

Nothing in life is to be feared, it is only to be understood. Now is the time to
understand more, so that we may fear less.

– Marie Curie

The world was to me a secret which I desired to divine. Curiosity, earnest
research to learn the hidden laws of nature, gladness akin to rapture, as they
were unfolded to me, are among the earliest sensations I can remember.

– Mary Wollstonecraft Shelley, Frankenstein, "The Modern Prometheus"
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PREFACE

I have a confession to make. I suffer from a disease called "curiosity". I have

it since I was a child and this condition have driven me to a handful of chaotic

scenarios. Once—when I was that little that I couldn’t even spoke very well—

I managed to open a working washing machine, causing a distressful disaster

in the whole kitchen. My mother was fuming, trying to fix the awful mess I

had created. Meanwhile, I was just standing there, fascinated, because I just

wanted to see what happens inside.

Besides child mischiefs—including some wounds and painful hurts—

curiosity also led me, slowly but unstoppable, to science. I fell in love with

chemistry the day it showed me an unknown world of little things that made

my entire living universe. It was like watching inside of the washing machine

without getting wet. I wanted to know more, so I decided to rummage in this

world of the little things to understand the bigger things. As time passed and

my knowledge grew, I focused my learning ambitions away from living things

to the physical laws that made them and, ultimately, to the strange quantum

world of the theoretical chemistry.

So, curiosity brought me here. And here I am, unraveling a little part of the

unknown world of the little things. Making computer simulations of complex

xxi



systems. Watching phosphates and molybdenum species spinning around in

the washing machine. And no one gets wet. I hope this thesis satisfies some

curiosities. If not, there are plenty of washing machines in the world for all of

us.
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Chapter 1

INTRODUCTION

Scope of this Thesis

Since some centuries ago, we have known that metal species are essential for

living systems and can significantly affect their biochemistry. Because of that,

many different metal complexes have been used for therapeutic applications.

For example, bismuth has been considered due to its anti-inflammatory prop-

erties,[1] gold because of its anti-arthritis activity,[2] iron as an anti-malaria

drug,[3] silver as anti-microbial,[4] and platinum as an anti-cancer agent.[5]

Some decades ago, it was reported that polyoxomolybdates have anti-

tumour activity, even more significantly than commercial drugs.[6–8] Since

then, the mechanism by which these species are effective against cancer has

been an elusive topic. Their activity has been mainly attributed to their in-

teraction with some vital biological molecules, which share a key feature: the

phosphoester bond. Experimental studies have found that some molybde-

num species acts as promoters or catalysts to cleavege different phosphoester-

containing model molecules.[9–15]

Nevertheless, the complex chemistry of molybdates, which can form a great

variety of species with different nuclearity in a very short time, hinders the data

collection and interpretation of these experimental studies. Because of that,
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the aid of computational methodologies is crucial to elucidate the intricate

mechanisms that explain their phosphoesterase activity. This thesis intends

to give a closer look into these mechanisms by using theoretical approaches to

different reaction models used in experimental works.

Therefore, in the present thesis we explore the mechanistic details of differ-

ent phosphate ester hydrolysis reactions using various substrates (phosphate

monoesters in chapters 3 and 4, phosphate diesters in chapter 5) as well as dif-

ferent molybdenum-containing species as promoters (molybdenum complexes

in chapter 3, polyoxometalate structures in chapters 4 and 5). Additionally,

more biologically realistic approaches are discussed in chapter 6, just before a

brief chapter summarising the essential points extracted from this thesis.

1.1 The Rich Spectrum of Molybdenum Species

Any chemistry student with a periodical table can find molybdenum in the 6th

group, between chromium and wolfram. As a middle transition metal, it can

form species with great versatility, varying its oxidation state (from -II to VI)

and coordination number (from 4 to 8).[16] Nevertheless, Mo rarely reaches

a coordination number higher than 6 and the most common oxidation states

are IV, V and VI. Besides that—like other transition metals—it can form

a range of compounds with different nuclearity. These chemical properties

make it a very useful "heavy" metal for many applications.[17] Moreover, the

low toxicity of molybdenum—it is an essential trace metal related to some

enzymes—made it a powerful candidate to replace some other toxic metals for

biological uses.[18–21]
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Molybdenum complexes

Molybdenum is known to form stable complexes with many organic and in-

organic ligands.[22, 23] Compounds with oxygen, nitrogen or sulfur as donors

are specially known for its stability. Besides that, molybdenum carbonyl and

molybdenum halide complexes are also a very well known group of compounds

that have interesting applications in different fields such as synthesis and catal-

ysis. Recently, molybdocene dihalides, molybdenum dihalides dioxides and

molybdenum oxo-peroxo complexes have been proved active in the catalysis

of different reactions.[24–35] Specifically, its application in hydrolysis of phos-

phoester bonds in model substrates has been noteworthy.[13–15, 36, 37]

In biological systems, molybdenum-containing enzymes are divided into

the nitrogenases—in which molybdenum is part of a [MoFe7S9] cluster— the

xanthine oxidases, the sulfite oxidases and the DMSO reductases. These last

three enzymes have a similar LMoOS(OH) square-pyramidal structure with

an apical Mo––O bond, a plane with sulfur atoms and a labile Mo–OH which

serves as an anchoring point to the substrates.[38]

Polyoxometalates

As with other transition metals, molybdenum oxides are known to form poly-

oxometalates. These POMs are discrete negative clusters of oxygen and metal

atoms. They constitute a large category of inorganic species, with an outstand-

ing diversity in many aspects which made them very useful in numerous fields.

The formation of these structures is a result of the nucleation of metal ox-

ides in acidic solutions. The self-assembly processes of these polyoxometalates
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are fast and difficult to study, leading to different types of polyoxometalates

depending on the conditions and the species present in solution.

Polyoxometalates are divided into two families: isopolyoxometalates (iso-

POMs) and heteropolyoxometalates (hetero-POMs). The formers consist of

the same type of transition metal cations and oxide anions, whereas the lat-

ters include one or more heteroatoms. These heteroatoms could be inside the

polyoxometalate structure or on the surface. Hetero-POMs are more diverse

due to the many heteroatoms that can be included in the system, enhancing

and tuning their properties to specific purposes.

POM structures can be seen as corner-sharing, edge-sharing, and face-

sharing polyhedra clusters. Some key structural motifs are repeated through

different polyoxometalate species, allowing the categorisation of every polyox-

ometalate species.

Lindqvist structure

Also called hexametalate because of the number of metal ions in the structure

(M6O19), the Lindqvist structure is made by edge-sharing octahedral units.

The repulsion between metal ions create slight displacements in these metal

centres, causing them to be off-centre of the octahedral units. In Figure 1.1

we can see a depiction of this structure.
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Figure 1.1: Hexametalate ([M6O19]2– ) structure. Metal cations (M6
+) are

represented with grey balls inside the polyhedra, oxygen anions (O2
– ) with

red balls on the surface.

(a) (b)

Figure 1.2: Heptametalate ([M7O24]2– ) structures: a) Anderson. b) Bent
structure. Metal cations (M6

+) are represented with grey balls inside the
polyhedra, oxygen anions (O2

– ) with red balls on the surface.
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Anderson structure

The Anderson structure is formed by seven edge-sharing octahedra. In this

heptametalate structure, the central atom can be substituted by a heteroatom

capable of a octahedral arrangement. In Figure 1.2 we can see a depiction of

this structure and a distorted structure frequent in isopolyoxometalate cases.

One application in progress of heptametalate structure is the use of

[Mo7O24]6– as an anti-cancer drug. Diverse studies with this anion have

been made, starting with promising results against Meth A sarcoma, MM-

46 adenocarcinoma, and MX-1 carcinoma in mice. Experiments followed this

up against AsPC-1 human pancreatic cancer cells, which also pointed that the

heptamolybdate is binding to DNA rather to enzyme proteins. A similar apop-

tosis mechanism was achieved when heptamolybdate was used to suppress the

growth of the gastric MKN45 cancer.[39, 40]
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Keggin structure

As we increase the number of metal ions, the structures get more complex.

The Keggin structure is made by twelve octahedra surrounding a tetahedron.

Those octahedra are divided into four groups of three edge-sharing polyhedra

connected to other groups and the central tetrahedron through corners. This

central tetahedron is prone to be occupied by an heteroatom. This structure

is known as α-Keggin and through rotations of one, two, three or four of the

groups we can get the β, γ, δ and ϵ isomers. We can see in Figure 1.3 those

different isomers which alter the high symmetry of the α-Keggin.

This Keggin polyoxometalates have been widely used as an analytical tool

to determinate different heteroatoms using its reduction to blue heteropolyox-

ometalates. Keggin structures have also been used to catalyse different organic

reactions as they are very good electron and proton transfer agents—which

helps with redox and hydrogenation reactions.[41] Different Keggin structures

with wolfram, molybdenum and vanadium have also been used to treat carci-

noma.[42, 43]
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(a)

(b) (c)

(d) (e)

Figure 1.3: Keggin (XM12O40) structures: a) α. b) β. c) γ. d) δ. e) ϵ.
Metal cations (M6

+) are represented with grey balls inside tan polyhedra,
heteroatoms (Xn+) with orange balls inside ochre polyhedra, oxygen anions
(O2

– ) with red balls on the surface.
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(a) (b)

Figure 1.4: Ring structures: a) X2M5O23. b) X2M6O26. Metal cations (M6
+)

are represented with grey balls inside tan polyhedra, heteroatoms (Xn+) with
orange balls inside ochre polyhedra, oxygen anions (O2

– ) with red balls on the
surface.

Ring structures

If we cap a polyoxometalate structure with two tetahedra, we obtain ring

structures in which five—Strandberg structure—or six octahedra surround the

tetrahedral units. This structures are common when heterospecies prone to

tetahedral arrangements are present, like phosphate. The five-membered ring

structure is less symmetrical than the six-membered one, as it contains one

octahedron that has to be linked through the corners, whereas in the six-

membered structure all octahedra are edge-sharing. Both ring structures are

depicted in Figure 1.4.
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Silverton structure

This structure requires the central atom to be a bigger heteroatom. In that

case, having a higher coordination enables a particular compound. An icosa-

hedron is placed at the centre of the molecule, surrounded by six pairs of

face-sharing octahedra joint by corners. These face-sharing octahedra are rel-

atively uncommon occurrence due to the strong electrostatic forces that repel

the metal cations. In Figure 1.5 we can see a representation of this unique

structure.
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Figure 1.5: Dodecametalate (XM12O42) structure with icosahedral centre.
Metal cations (M6

+) are represented with grey balls inside tan polyhedra,
heteroatoms (Xn+) with orange balls inside ochre polyhedra, oxygen anions
(O2

– ) with red balls on the surface.
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1.2 Understanding the Phosphoester Bond

So what is a phosphoester bond? As its name suggests, a phosphoester is very

similar to an ester bond. Both cases are linked to another group through an

oxygen atom (–O–). The difference is that in the phosphoester bond we have

a phosphoryl (–PO3 –) group instead of the typical carbonyl group (–CO–)

bonded to that oxygen atom. Very simple. Well, kind of. As we can see in

Figure 1.6, three of the four oxygen atoms of the phosphate group can form a

phosphoester bond and many different phosphomonoesters, phosphodiesters,

and phosphotriesters are known to be stable. These phosphate esters have

remarkable stability due to the delocalisation of the oxygen lone pairs, resulting

in hyperconjugation and partial double bond character in the P–OR bonds.

So, the phosphoester bond is a very stable and versatile bond. And that make

it very useful.

Phosphate Esters in Nature

The importance of phosphate esters for biological systems is outstanding and

well known. Even if you are not familiar with biochemistry it is almost certain

that you have heard about DNA, RNA, and probably ATP. The ability of

phosphate to form various stable bonds with different groups simultaneously

is used in nature to join structural units to a phosphodiester backbone. This

is the case with DNA and RNA present in every living cell. Moreover, the

formation and cleavage of this bond is used routinely as energy exchange, which

is why ATP is commonly called "the currency of cells". Apart from storing

genetic data and energy, phosphate esters are also used for many applications,
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Phosphoester Bond

O-

O

O-

P O
R

Figure 1.6: A phosphoester bond in a monosphosphate ester. Disphosphate
and triphosphate esters would make use of one and two, respectively, of the
three remaining oxygen atoms of the phosphate, leaving a P––O bond.

from lipid bilayers to signaling.

The phosphoester bond has to be very stable in order to have these im-

portant roles in biology. If our genetic material or our energetic exchange

degraded easily, life as we know would not exist. So, slow kinetics and long

half-life are characteristic of the phosphodiester bond, in part due to the

electrostatic repulsion between the negatively charged phosphate and strong

nucleophiles—usually negatively charged. In living systems, the modification

of this biomolecules is regulated by very specialised enzymes. These are nu-

merous and vary on the mechanism, the conditions in which they are active,

and the range of substrates that are effective against.

Phosphoester Bond Hydrolysis

Phosphorylation and phosphate hydrolysis are opposite reactions. The former

is the substitution of a terminal hydrogen by a phosphoryl group to give phos-

phate diesters or triesters. In contrast, the latter releases an oxygen-based

ligand whilst an hydroxide or a water molecule performs a nucleophilic attack.
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As these reactions are reversible, the same enzyme is frequently related to

both processes. Two main bonds that can be formed/cleaved depending if the

acting electrophile is the phosphorous atom or the C1 atom of the radical: the

P–O and the C–O bonds. The results are the same, but the mechanisms are

very different.

Several factors affect the preferred mechanism for the phosphate ester hy-

drolysis. Aspects like the esterification level or the protonation state can sig-

nificantly change the specific pathway. For example, the protonation of alkyl

esters leads to a shift from the normally preferred P–O cleavage to a more un-

usual C–O cleavage. The resulting neutral species is then hydrolysed through

the latter bond if its cleavage it is not impeded by other stabilisation effects.

Another aspect that makes the problem more complex is that the reac-

tion can go through an associative or a dissociative mechanism depending on

the nucleophile and the leaving group’s strengths. In the associative mech-

anism, the nucleophilic attack occurs before the leaving group departure. If

the phosphorane-like structure formed is stable enough, the reaction proceeds

through two transition states: one to reach the transient intermediate, and

another to break this intermediate and get the products. In dissociative path-

ways the leaving group cleaves its bond before the nucleophile attack, possibly

forming an unstable metaphosphate structure. As in the associative case, this

pathway can occur stepwise or in a single concerted step.

Besides these associative/dissociative and stepwise/concerted distinctions

there are other details that can twist the picture. As we see in Figure 1.7,

nucleophiles that have a proton bound to the attacking atom can transfer it to
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Figure 1.7: Potential mechanisms for the phosphate hydrolysis. Different con-
ditions can lead to the substrate-assisted mechanism (up) or to the solvent-
assisted mechanism (down). The possibility of metaphosphate and phospho-
rane intermediates in the mechanisms is not depicted for the sake of simplifi-
cation.

the phosphate in a process that is called substrate-assisted mechanism. This

proton transfer can happen simultaneously with the nucleophilic attack or with

differents degrees of asynchronism, increasing the number of possibilities. The

negative charge on the nucleophile increases its strength, leading to a more

associative character. When the solvent retains the proton through hydrogen

bonds whilst the nucleophile attack and the leaving group departure happen,

a more dissociative mechanism is achieved, called solvent-assisted.

Usually these mechanisms occur in in-line disposition, that is, nucleophile

and leaving group form and angle close to 180º during the reaction. This

is because equatorial positions in this pentacoordinate structures are shorter

than the axial ones. Suppose the nucleophilic attack is bound to happen at a

different angle to the leaving group. In that case, a pseudorotation must occur

before changing the leaving group’s position from equatorial to axial position
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to proceed to the rupture.

Phosphate Monoester Hydrolysis

Both substrate-assisted and solvent-assisted mechanisms are plausible for phos-

phate monoester dianions. The preference for one or the other lies in the

leaving group strength. With good leaving groups, the cleavage of the phos-

phoester bond happens before any proton transfer from the nucleophile. With

progressively poorer leaving groups the energy gap between this mechanism

and a more associative substrate-assisted pathway is shortened and both mech-

anisms compete. It is stated that for simple alcohol groups like methanol

the substrate-assisted mechanism will prevail over the solvent-assisted one.[44]

Nevertheless, the availability of competing pathways allows to achieve catalysis

by stabilising either mechanism.

For monoester monoanions both mechanisms have been theorised with

no clear experimental data that would differentiate one pathway from the

other. Nevertheless, the proton on the phosphate increases the reactivity as

intramolecular proton transfers can facilitate the leaving group release. Neu-

tral phosphate monoesters only occur in very acidic media, being very reactive.

Phosphate Diester Hydrolysis

As we stated above, phosphate diesters are very important for biological sys-

tems. Nevertheless, experimental works on the non-catalysed hydrolysis for

these compounds are scarce as their reactions are too slow. Phosphate di-

ester hydrolysis occur through more associative mechanisms, usually involv-
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ing phosphorane-like structures. Moreover, phosphodiesterases usually have

some phosphomonoesterase activity, indicating that they accelerate the reac-

tion by stabilising the substrate-assisted pathway. On the contrary, phospho-

monoesterases that favour the loose substrate-assisted pathway probably will

not have activity against phosphodiester especies. As in the monoester case,

the extra proton on the neutral phosphate facilitates the leaving group depar-

ture. This can favour concerted mechanisms in which the nucleophile attack

and the leaving group release occur simultaneously.

Phosphate Triester Hydrolysis

Phosphate triesters are more reactive than either phosphate monoester or di-

esters. As in previous cases, the specifics of the mechanism depend greatly

on the nucleophile, the leaving group, the acidity of the medium and even

the present heteroatoms. Nevertheless, phosphate triester are prone to hy-

drolyse through associative phosphorane intermediates or through concerted

mechanisms with tighter transition states.
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Chapter 2

THEORETICAL FOUNDATIONS

We, scientists, love to know things. The problem is that there are things that

are hard to get information from. In our pursuit, we design intricate methods,

using complicated machines to get that experimental evidence that would be

impossible otherwise. Sometimes, it is not enough. Technology is not always

as fast as we desire, and there are things that are impossible to measure. Not

to mention that is not feasible to determine every property of every inch of the

universe. So, to know a good deal of these things, we must make predictions.

And to be accurate with them, we have to be sure that our methods are correct.

To predict something, we must—at least partially—understand it. For

that purpose, we observe nature, see its patterns, and propose hypothesis that

become elaborated scientific theories or laws, given enough time and evidence.

Using those well-proven scientific laws we can then tell how the universe be-

haves in some specific conditions, even if we cannot directly check it. That is

what science is about.

Theoretical chemistry works that way. In the scale of atoms, protons and

electrons, there are a lot of things we cannot measure directly. We often got

experimental data via macroscopic properties related to the microscopic ones

through some formula. Sometimes that is not enough, and this approach does
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not answer some questions. Theoretical chemistry addresses these questions

and predict chemical and physical properties through models and simulations.

Some of them need to use complex theories like quantum mechanics to work.

Solving the derived equations is not easy. They require computing many op-

erations using some approximations to give a good result in a reasonable time.

Consequently, the level of approximation needed depends on the complexity

of the problem.

In this chapter I will briefly explain what quantum chemistry is and give

a clear view of the methods used in this thesis and their approximations.

2.1 The Blooming of Quantum Chemistry

We all know—more or less—what is chemistry, but many people struggle to

understand what "quantum" is about. It is easier than it looks. It means

that properties can be quantified in small packets. They are so small that we

cannot see them at a bigger scale, like sand grains in a desert. In 1900, Planck

said that the electromagnetic energy can only be emitted in numbers of this

small packet of energy or "quantum". The development of this theory had a

significant impact in the scientific world, succeeding to explain many features

of our universe. In the subatomic world, quantum mechanics revealed the

individual behaviour of subatomic particles, as many models failed to explain

how protons, neutrons and electrons form an atom. This "new" theory—only

more than a century old—continued its development and evolution, and slowly

started to be applied in chemistry.

The basics of quantum mechanics are related to the Schrödinger equation
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and its solutions, and I will try to make them understandable in the following

lines. First, a function contains all the data that can be extracted for a given

system. This is called the wavefunction and its represented as Ψ. Every pro-

cess of extracting information—called measurement—is translated as applying

an operator on this wavefunction. The operator that obtains the energy of the

system is called the Hamiltonian, Ĥ, and its application on a stationary wave-

function gives a value times the wavefuntion, as Ψ is a eigenfunction of this

operator. This gives the famous time-independent Schrödinger equation:[45]

ĤΨ = EΨ (2.1)

So, it seems easy. But it is a trap. Neither the Hamiltonian nor the wave-

function has simple mathematical expressions. For example, the hamiltonian

can be expressed as the sum of different terms:

Ĥ = T̂e + T̂N + V̂ee + V̂NN + V̂eN (2.2)

Those terms are related to the kinetic (T) and potential (V) energy of the

electrons (e) and nuclei (N) of the system, which can be expanded using atomic

units as follows:

T̂e = −
ne∑
i

∇2
i

2
(2.3)

T̂N = −
nN∑
A

∇2
A

2MA
(2.4)

V̂ee =

ne∑
i>j

1

rij
(2.5)
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V̂NN =

nN∑
A>B

ZAZB

rAB
(2.6)

V̂eN = −
ne∑
i

nN∑
A

Zj

riA
(2.7)

As you see, this is starting to get complicated, as we have to take into

account not only the kinetic energy of each particle but also the potential

energy resulting from the interaction between them. So, we have to use ap-

proximations to make it feasible. For example, using the Born-Oppenheimer

approximation, we can neglect the kinetic energy of the nuclei (TN ) and take

its potential energy (VNN ) as a fixed value. Considering its movement too

slow compared to electrons to take it into account at this scale.[46]

Ĥe = T̂e + V̂ee + V̂eN (2.8)

This electronic Hamiltonian yields an energy dependent on the nuclei’s

fixed positions. The study of this energy plus the coulombic repulsion (VNN )

at various nuclei positions, gives what we call potential energy surface (PES),

which provides information about the most stable chemical structures—

minima—the preferred paths connecting them through transition states, and

their energetics.

We have an idea about the Hamiltonian, but we have not approached

the electronic wavefuntion (Ψe) yet. Several methods have been developed to

describe it. One of them is called the self-consistent field method (SCF). This

approach uses the mean-field approach to simplify the interactions between
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electrons. This results in isolated electrons in an average field created by the

rest of the electrons, enabling the treatment of the electronic wavefunction as

a product of monoelectronic orbitals ϕi.[47]

Ψe = |ϕ1 · · ·ϕne⟩ (2.9)

These orbitals are wavefunctions that describe the location and behaviour

of one electron of the system. Squaring one orbital gives the probability of

finding that electron in a region.

This approximation was later improved to satisfy the Pauli exclusion

principle—which states that two identical fermions cannot have the same quan-

tum state—by including antisymmetry in this expression. This was achieved

using the Slater determinant, giving birth to the Hartree-Fock method.[48–

50] However, the mean field of electrons had to be calculated by an iterative

process, which prevented the application of this method until several years

later.[51]

Other theories focused more on explaining the chemical bond by studying

its electron distribution. One of them was called valence bond theory, in

which electrons were treated as localised in bonds between atoms using non-

orthogonal orbitals.[52] Later, this theory was improved by adding concepts

of resonance and hybridisation.[53, 54] A different theory—called molecular

orbital theory—used linear combinations of atomic orbitals to get orthogonal

orbitals covering the entire molecule.[55–58]

The development of computers increased the applicability of these meth-
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ods, consolidating them in the scientific world. It also enabled the development

of better approaches, improving the drawbacks of the previous ones. For ex-

ample, as a consequence of the self-consistent field, the Hartree-Fock method,

lacked of specific electronic interactions, also called electronic correlation. The

Møller-Plesset theory used perturbation theory to include correlation as a per-

turbation of the Hartree-Fock method, increasing the accuracy at the expense

of computational cost.[59, 60] Another methodology that solved the correla-

tion problem was the inclusion of different electronic configurations by using

more than one Slater determinant. Both configuration interaction (CI)[61, 62]

and coupled cluster (CC)[63, 64] methods used this approach. They differ-

entiate in how they mix excited states. Whereas CI include them through a

weighted summation, CC uses a product of exponential functions. This results

in different weaknesses, since CI has no size extensivity and CC is generally

non-variational.

Last but not least, another completely divergent approach to the prob-

lem is to avoid the use of the wavefunction to calculate the properties of the

system.[65, 66] The density functional theory uses electron density to replace

it.[67] Since the electron density is much simpler than the wavefunction, the

computational efficiency is more significant. Nevertheless, the lack of a math-

ematical expression that relates unequivocally properties as the energy with

the electron density makes the method challenging. Different functionals have

been proposed to get meaningful results.[68]
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2.2 The World as a Combination of Basis Sets

Representing an orbital into an operable mathematical object is not straight-

forward. Frequently, orbitals are approximated as a product of the radial and

angular parts.

ϕ = RnYl,m (2.10)

Then, the radial part is expressed as a normalised function that depends

on the quantum number n, the charge ζ, and the electron-nucleus distance r.

The Slater-type functions use the following expresion:[69]

RSTO
n = Nrn−1e−ζr (2.11)

This equation has a complicated integration due to the the use of r =√
x2 + y2 + z2. Because of that, Gaussian functions are popularly used to

solve this problem, as they use the square of the distance, simplifying the

calculations:

RGTO
n,l = Nr2n−2−le−ζr2 (2.12)

Nevertheless, Gaussian functions also have their problems. They have is-

sues to represent the cusp and they decay too fast at longer distances. To

overcome this, a combination of Gaussian functions is used to refine the be-

haviour at such conditions.
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Figure 2.1: A combination (black) of three gaussian functions (blue, green and
aubergine) using least-squares fitting to represent a Slater type function (red).

These combination of functions are called basis sets, and many different

types have been developed to work with different systems and methods.[70]

We can see in Figure 2.1 a combination of three Gaussian functions to emulate

a Slater type function.

2.3 Mapping the Reaction: Potential Energy Surface

As previously stated, the Born-Oppenheimer approximation allowed us to cal-

culate an electronic energy for fixed nuclei positions, neglecting the nuclei

kinetic energy and taking their electrostatic repulsion as a constant.[46]

Nevertheless, if we want our results to be chemically relevant we have to

be sure that the disposition of the atoms is accurate for the system we are

studying. If not, the energetic information will be flawed and useless. We
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have to analyse how the potential energy varies when we change the nuclei

coordinates to optimise these structures.

Every non-linear system has 3N−6 internal coordinates that could affect

its potential energy. In most cases, it is impossible to represent how these co-

ordinates affect the potential energy in a simple graph. The standard solution

is to choose one or two relevant variables—a coordinate or a combination of

them—to make potential energy curves or surfaces. For example, if we were

studying the formation or cleavage of a bond, a potential energy curve using

the interatomic distance between the involved atoms could be depicted.[71, 72]

Although we cannot represent a potential energy surface containing ev-

ery internal coordinate, we can estimate the first and second derivatives of

the energy with respect to the nuclei coordiantes to characterise the relative

minima—zero gradient points that represent stable structures—and the saddle

points that link them through the reaction coordinate—that is, the minimum

energy path in which the highest energy point is the transition state.[73, 74]

Therefore, the use of geometry optimisation algorithms in this potential en-

ergy surface allows us to describe the reaction mechanisms of chemical systems

precisely: their reactant, intermediate, and product states, and the transition

states along the intrinsic reaction coordinate that connects these stationary

points.

Sometimes, finding the minimum energy path between two stationary

states is far from simple, mainly if the transition state is located in a complex

energy surface involving flat regions, or if it involves too many atomic rear-

rangements. In such cases, more complex algorithms can be used to overcome
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these problems. For example, the Nudged Elastic Band method interpolates

the minimum energy path between two structures. It optimises each interpo-

lated point, including a spring force that ensure that each point is connected

to the same path and that all points are equally spaced.

2.4 Using the Electron Density Instead

The wavefunction has a lot of variables. If monoelectronic orbitals are used

to describe the radial part, there are three variables for each of the electrons

in the system. That scales immensely as the number of electrons increases.

The electron density (ρ) is quite different, as it only depends on the three

coordinates of the space. This results in a significant reduction of the compu-

tational cost in systems with large number of electrons. To achieve that, new

expressions had to be developed to relate the energy and other properties to

the electron density. These functions of functions are called functionals, and

a bunch of them have been created in order to improve the method and get

better results.

The first try to adapt the Schrödinger equation in terms of the electron

density used the uniform electron gas model, in which the electrons where

distributed consistently. The kinetic energy was expressed as follows:[65, 66]

TUG =
3

10

3
√
9π4

∫
3
√
ρ5dr (2.13)

And consequently the total energy was written as:

EUG =
3

10

3
√
9π4

∫
3
√
ρ5dr − Z

∫
ρ
rdr +

1

2

∫∫
ρρ′

|r − r′|
drdr′ (2.14)
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This expression can be solved easily, but apart from qualitative informa-

tion, it is a crude approximation that shows significant drawbacks to be used

at a molecular level.

Hohenberg-Kohn Theorems

Density functional theory became useful after the Hohenberg-Kohn theorems

demonstrated two things.[67] The first is that an external potential Vext—

which is the potential made by the nuclei to the electrons and defines the

system—can be related to a specific electron density. And second, we can

determine the properties of the system in terms of the electron density. A

universal functional exists in principle, and the energy can be expressed as:

E = T + Vee + Vext = FHK [ρ] +

∫
ρvextdr (2.15)

Moreover, this functional follows a variational behaviour: the exact ground

energy the lower limit if the ground electron density is used. Using this, we

can minimise the energy to find the ground-state electron density, provided

the functional is exact.

Kohn-Sham Equations

Although these theorems sound quite powerful, they do not state how to cal-

culate a system’s ground-state electron density. The first attempt to do it used

a non-interacting reference system, obtaining monoelectronic orbitals and ex-

pressions like in the Hartree-Fock method.[68] The hamiltonian was defined as

follows:
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ĤS = −1

2

ne∑
i

∇2
i +

ne∑
i

V̂eff (2.16)

Solving these equations, we get the orbitals that will be used to get the

initial guess of the electron density. Here, Veff is chosen to be an effective

external potential that affects the non-interacting electrons. This potential

contains the following terms:

V̂eff = V̂ext + Ĵ + V̂XC (2.17)

So, this effective potential includes the external potential made by the nu-

clei to the electrons, the coulombic repulsion between them, and the exchange-

correlation term, which accounts all non-classical corrections to this non-

interacting system:

V̂XC = T̂C + V̂ncl = (T̂ − T̂C) + (V̂ee − Ĵ) (2.18)

The explicit form of the exchange-correlation potential is unknown, being

the only term of these equations that is not exact. The common practice in

density functional theory is to define exchange-correlation energy functionals

with respect to the electron density to approximate this value. These equa-

tions are then solved iteratively, and the solution’s quality depends on the

functional’s suitability to describe the system.
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Using the Uniform Electron Gas Again (LDA)

The first approximation to the exchange-correlation functional used the so-

called local density approximation, taking the uniform electron gas as refer-

ence. The accuracy of this model depends on how the electron density varies

in space, being a bad option for systems with localised regions—which are

frequent.[68, 75] The functional can be split into the exchange and correlation

terms. The first is known, but the latter have been approximated using ana-

lytical approaches. Here we will see two examples, one developed by Vosko,

Wilk, and Nusair;[76] and another developed by Perdew and Wang:[77]

ELDA
XC [ρ] =

∫
ρϵXdr⃗ + ρϵCdr⃗ (2.19)

ϵX = −3

4
3

√
3ρ

π
(2.20)

ϵVWN
C = A

ln 1

1 + b 6

√
4πρ
3 + c 3

√
4πρ

+
2b√

4c− b2
tan−1

√
4c− b2

2 6

√
3

4πρ + b

+
bx0

ax20 + bx0 + c

ln 3

√
3

4πρ − 2x0 6

√
3

4πρ + x20

3

√
3

4πρ + b 6

√
3

4πρ + c

+
4x0 + 2b√
4c− b2

tan−1

√
4c− b2

2 6

√
3

4πρ + b


(2.21)
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ϵPW
C = −2A

(
1 + α1

3

√
3

4πρ

)
ln [1

+
1

2A
(
β1 6

√
3

4πρ + β2 3

√
3

4πρ + β3 2

√
3

4πρ + β4 3

√
9

16π2ρ2

)
 (2.22)

As you can see, these analytical equations are heavily parameterised, and

the results depend on the data used to calibrate the parameters. Local den-

sity approximations work well enough for equilibrium geometries, harmonic

frequencies and dipole moments, but fails to give accurate approximations to

exchange, correlation energies and many chemical properties.

Tuning the Density (GEA & GGA)

So, the logical next step is to make the electron density to be non-local. For

that, we could use a Taylor expansion to the exchange-correlation functional,

giving a gradient expansion approximation (GEA):[68]

EGEA
XC = ELDA

XC + Enl
XC =

∫
ρϵXCdr +

β∑
i=α

β∑
j=α

Cij
XC

∇ρi∇ρj
3

√
ρ2i ρ

2
j

(2.23)

However, this approximation was even worse than LDA for systems where

the electron density does not vary smoothly. This is because this approx-

imation does not reproduce well the exchange hole—a depletion zone in the

electron density near the electrons due to Pauli exlusion principle—whilst LDA

does it. So, this approximation was improved using restrictions to reproduce

these holes better. The result was an "enhancement factor" FXC which mod-

ified the LDA term.[78–80]

31



EGGA
XC =

∫
ρϵLDA

XC FXCdr (2.24)

Also, this enhancement factor could be split into the correlation and ex-

change terms, and different equations were proposed, putting them in terms of

the reduced density gradient (s) and atomic radii based on the electron density

(Wigner-Seitz, rs).

s =
|∇ρ|

3
√
24π2ρ4

(2.25)

rs =
3

√
3

πρ
(2.26)

This approach—called Generalised Gradient Approximation—worked,

solved GEA problems and improved LDA. Precisely, it reduced the overbinding

error of LDA when applied to molecules and solids.

Tune it Even More (meta-GGA)

The next step was to include more inhomogeinity parameters into the mix. For

example, the non-interacting kinetic energy could be put in a functional. To

do so, the meta-generalised gradient approximations have included a kinetic

energy density (τS)to their expressions.[81, 82]

τS =
1

2

β∑
i=α

|∇ψi|2 (2.27)
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This expensive method improves some properties, but it fails to reproduce

the long range behaviour of the exchange hole.

Putting some Hartree-Fock on it: Hybrid Functionals

DFT did not have an exact expression to calculate the exchange. But we know

that Hartree-Fock method does. So why do not combine both? That is the

idea that gave birth to the hybrid functionals.[83, 84] With this approach,

we obtain a compromise since the exchange energy is improved—which has a

greater overall contribution—while the correlation energy worsens, as Hartree-

Fock does not describe it.

The exchange-correlation energy is then written as an integral of a

parameter-dependent term, reproducing the potential of a system with non-

interacting electrons when λ is zero and the potential of a fully interacting

system—using some DFT approximation—when λ is one.

EXC =

∫ 1

0
Eλ

XCdλ (2.28)

In this method, both states are connected by a continuum of partially

interacting systems with no exact mathematical expression. So this energy is

simply put as a linear combination of the limit states:

EXC = c0E
λ=0
XC + c1E

λ=1
XC (2.29)

The first parameterisation used was the half-and-half, but later this coeffi-

cients were adjusted using thermochemical data, obtaining values of 0.332 and
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0.575 for c0 and c1, respectively.[83]

The next step was to use not two but three parameters. We get the fol-

lowing expression by mixing the gradient corrections with the local density

approximation and the exact exchange.

EB3
XC = ELDA

XC + a
(
Eλ=0

XC − ELDA
X

)
+ b∆EGGA

X + c∆EGGA
C (2.30)

As we see here, parameter a indicates the exchange replaced with exact

exchange, and b and c regulate the gradient approximation to exchange and

correlation, respectively. These values are 0.20, 0.72, and 0.81, and they were

adjusted to reproduce ionisation and atomisation energies.[84] For the GGA

part, multiple approximations can be used. The first used was B88 for the

exchange and PW91 for the correlation, giving the B3PW91 method.[85, 86]

Using the LYP functional as correlation functional and keeping the rest of the

method, we get the popular B3LYP method, which is the most used in this

thesis.[87]

∆EB88
X = − β 3

√
576π4ρ4s2

1 + 6β
3√
24π2s

sinh(
3√
24π2s

) (2.31)
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∆ELY P
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4aραρβ
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3√ρ 3
√
ρ11
(
1 + d

3
√
ρ

)
+

(47− 7c 3
√
ρ)|∇ρ|2 − (45− c 3

√
ρ)(|∇ρα|2 + |∇ρβ|2

18e
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9e
c
3√ρ 3
√
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c
3√ρ 3
√
ρ11
(
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3
√
ρ
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(2.32)

Other hybrid methods mixed different exact exchange and DFT function-

als. PBE0 mixed one-quarter of HF exchange with three-quarters of PBE

exchange, using the PBE correlation energy.[80, 88] Another method is to

use the meta-GGA methods with a X percentage of HF, like the Minnesota

functionals Myz.[89]

EMyz
XC =

X

100
EHF

X +

(
1− X

100

)
EMyz

X + EMyz
C (2.33)

These functionals have large expressions due to mixing different approxima-

tions (PBE, HCTH, VS) using linear combinations, adding range-separation

features and non-separable functional forms, and forming an entire family of

functionals with different properties and applications.[90–95]

In general, they work very well when dispersion forces are present on the

studied system, which is a drawback for other density functional methods.
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Focusing on the Dispersion: Grimme Corrections to DFT

London dispersion forces are very weak attractive interactions that occur when

two atoms are close enough—but not bonded. A temporary formation of a

dipole—created by the negatively charged electronic density around the posi-

tive nucleus—in one atom creates another temporary dipole in the neighbour,

attracting them together. Usually, DFT methods describe poorly long range

correlation effects as these, and that description can be quite important de-

pending on the studied case. For such functionals, some corrections were devel-

oped and improved.[96–98] These corrections make use of damping functions

(fd) as well as some atom-related coefficients (Cij,n and Rij) and adjustable

parameters (d, sn, sr, αn and an).

ED2
disp = −

NN∑
i>j

Cij,6

r6ij
fd,6 (2.34)

fD2
d,6 =

s6

1 + e
−d

(
rij

srRij
−1

) (2.35)

ED3
disp = −

NN∑
i>j

(
Cij,6

r6ij
fd,6 +

Cij,8

r8ij
fd,8

)
(2.36)

fD3
d,n =

sn

1 + 6
(

rij
srRij

)−αn
(2.37)

fBJ
d,n =

snr
n
ij

rnij + (a1Rij + a2)n
(2.38)
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Improving that Correlation: Double Hybrid Functionals

The last step in this Jacob’s ladder of DFT (see Figure 2.2) is to improve

the correlation energy by including a correction that uses non-occupied or-

bitals. Common double hybrid functionals used the second order perturbation

theory to enhance orbital dependent functionals and then mix it with some hy-

brid functionals.[99–103] These double hybrid functionals reached a very high

accuracy—comparable to high-level wavefunction methods—at a much more

reachable computational cost. Another approach in this category is to re-

place the PT2 correction to correlation with the random phase approximation

(RPA).[104–108] The RPA methods are more commonly used in materials sci-

ence, as their strength is the prediction of chemical and physical properties of

large-gap compounds. However. including RPA into double hybrid function-

als does not improve double hybrid functionals performance using perturbation

theory, and improvement over pure RPA methods is scarce.[109]
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Figure 2.2: Jacob’s ladder representation of the evolution of DFT functionals
in the pursuit of chemical accuracy.

2.5 How to Split a a Molecule into Atoms

We know that atoms form a molecule. In our classical view, this partition seems

intuitive. In quantum chemistry, in which electrons are delocalised around the

nuclei, that is not so easy. How to distribute these electrons is a crucial topic

that has been thoroughly discussed over the years. Some key properties that

describe the electronic status depend on this partition: oxidation states, bond

orders, aromaticity, etc. There is no perfect way to define the extension of

atoms, and all methods have some arbitrariness with its limitations and weak
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points. There are two main approaches: by cutting the real space, or by

using the Hilbert space—the mathematical space in which the wavefunction is

defined.

Atoms in the Hilbert Space

An atom in the Hilbert space can be seen as formed by monoelectronic or-

thonormal functions centred on a nucleus. Also, we can decompose any molec-

ular occurrence into a sum of those atomic orbitals. So, using the elements

of the first order spinless density matrix—which is related to the occupancy

of the single-electron orbitals—we can split the electron density as a linear

combination of the atomic orbitals:

ρ =
∑
i,j

ρij1 ϕ
∗
jϕi (2.39)

Logically, when the electron density is integrated over all space gives the

number of electrons, and in this case, we can relate it to the overlap matrix.

ne =
∑
i,j

ρij1

∫
ϕ∗jϕidx =

∑
i,j

ρij1 S
ji (2.40)

Then, we can expand this summation and then group every product into

atomic and overlapping terms:

ne =
∑

N,i∈N

∑
M,j∈M

ρij1 S
ji =

∑
N,i∈N

ρii1 S
ii+

∑
N ̸=M,j∈M

i∈N

ρij1 S
ji =

∑
N

nN +
∑
N ̸=M

nNM

(2.41)
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With this, we obtain the atomic population nN and the overlapping pop-

ulation between two atoms nNM . If we wanna split fully the molecule into

atoms, the latter terms have to be sliced and dispensed to the involved atoms.

Mulliken divided them into halves to get the contribution, which is a gross

approximation.[110] With these populations we can infer approximately the

atomic properties of the atoms involved in the molecule. Löwdin tried to im-

prove this method with the inclusion of an orthonormalisation process which

would reduce drastically the overlapping terms.[111] But both methods were

very basis set dependant and did not work well for plane-wave or bond-centred

basis sets. Moreover, the inclusion of smoother diffuse functions—improving

the description of anions and dipoles—could end up in atomic populations that

lacked physical meaning.

Atoms in the Real Space

If we want to split the thee-dimensional space into atoms, we should make

each point belong to an atom. From there, it seems easy then to integrate

the desired properties over these atomic domains. The problem is that we

have to chose the edges of the atomic domains correctly and to do so, we

have to do some topological analysis of the electronic structure. By studying

the electron density gradient and using the Hessian matrix to characterise the

critical points where the gradient is zero, we can then differentiate nuclear,

bond, ring and cage points. We can define a bond as the path that connects

two nuclear points—maxima in the electron density. Then, a bond critical

point is a minimum along that path and a maximum in the rest of directions.

We can define an interatomic surface that cross this bond path and have zero
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Figure 2.3: Electron density contour map (left) and the corresponding gradi-
ent vector field (right). Blue lines represent surfaces with the same electron
density. Red lines originates in maxima and end up in the minima, following
the gradient and never crossing the atomic boundaries. Example taken from
Stalke et al. work.[114]

flux—no gradient trespass this surface—and use it to determine the limits of

the atoms. This is the methodology used in the QTAIM scheme to define

the atom boundaries, leading to complex shapes of the atomic domains which

are harder to compute.[112, 113] In Figure 2.3 we can see an example of this

analysis. The occurrence of non-nuclear attractors can also be a problem, as

sometimes they are interpreted as nuclear critical points and make chemical

analysis difficult.

Another way to approximate the atoms is to consider that atoms can over-

lap, having no exact boundaries.[115] In these regions, each atom presence is

evaluated through some coefficients or "weights", enabling the decomposition

of physical properties. These weights can be calculated as the ratio between

the density of one atom and the summation of atomic densities in a non-

interacting system with the same disposition of atoms. This method can be
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improved using an iterative process to make these atomic densities to integrate

into the correct number of electrons.[116] Another approach to calculate the

weights is using algebraic functions that guarantee unique contributions to the

nuclear weights.[117, 118] This formulation uses a parameter µ—which quan-

tifies which atom is closer to that location, being zero in the middle—to define

a step function that define the Voronoi cells that are used to get the weights.

Then we can change the reference midpoint to the atomic radii or to the bond

critical point to better partition the molecular space into atoms.[119, 120]

2.6 And the Solvent?

Isolated systems in which atoms and molecules are not affected by any external

species are uncommon. Nevertheless, it is impractical to include all surround-

ing atoms explicitily in our methodologies because of the computational cost.

We have two main approaches to overcome this trouble: i) to include only

some extent of the surroundings (explicit solvent), or ii) to approximate it

with a continuum model with some physical properties (implicit solvent). To

include molecules explicitly is only feasible for a small quantity or in conjunc-

tion with low-demanding computational methods like molecular mechanics.

Implicit models are more easily computed and can approximate the general

properties of the solvent, with the lack of specific interactions as an important

drawback of the model. Nevertheless, both methodologies can be combined to

include meaningful specific interactions with solvent molecules whilst the rest

of the solvent is modeled as a continuum.

In the implicit models,[121, 122] the solvation energy is calculated as the
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Figure 2.4: Schematic representation of a cavity in implicit solvent models.
Black lines represent the van der Waals surfaces, the blue line is the limit
that the solvent molecules have when approaching to the solute, and the green
dotted line is the surface that is actually accessible by the solvent.

summation of different terms. One term is referred to the energy to create a

cavity (see Figure 2.4) in the solvent where the system lies. Another term is

related to the Van der Waals interactions between solute and solvent. And the

last term is the electrostatic interaction between the continuum solvent and

the molecule. Here, we can treat the solvent as different dielectric media: a

conductor-like continuum or a polarisable continuum. In the former, the polar-

isation charges are calculated using a scaled-conductor approximation. Once

we know the electric charge of the molecule, then we can calculate the charge on

the surface by using a factor f , which depends on the dielectric constant.[123,

124] In the second approach, polarisation charges and potential from solvent
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must follow the Poisson’s equation—which relates scalar potentials with the

functions that generate them—and are calculated numerically.[125–127]
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Chapter 3

MECHANISTIC INSIGHTS INTO

PROMOTED HYDROLYSIS OF

PHOSPHOESTER BONDS BY

MoO2Cl2(DMF)2

Abstract

The phosphoester bond is a crucial structural block in biological systems,

which occurrence is regulated by phosphatases. Molybdenum compounds have

been reported to be active in phosphate ester hydrolysis of model phosphates.

Specifically, MoO2Cl2(DMF)2 was active in the hydrolysis of para-nitrophenyl

phosphate (NPP), leading to hetero-polyoxometalate structures. We use den-

sity functional theory (DFT) to clarify the mechanism by which these species

promote the hydrolysis of the phosphoester bond. The present calculations

give insight into several key aspects of this reaction: i) the speciation of this

complex previous to the interaction with the phosphate (DMF release, Mo–Cl

hydrolysis and pH influence on the speciation); ii) the competition between

phosphate addition and the molybdate nucleation processes; iii) and the mech-

anisms by which some plausible active species promoted this hydrolysis in dif-
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ferent conditions. We described thoroughly two different pathways depending

on the nucleation possibilities of the molybdenum complex: one mononuclear

mechanism which is preferred in conditions in which very low complex concen-

trations are used; and a dinuclear mechanism, which is preferred with higher

concentrations.
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3.1 Introduction

The phosphoester bond (Figure 3.1) is ubiquitous in the biological systems.

The formation and cleavage of this bond are essential in biological systems as

it is used to transfer energy and as a binding mechanism between nucleotides

in DNA and RNA. The remarkable stability of these systems lies in the ex-

tremely slow but favourable cleavage of the phosphodiester bond that allows

an excellent control using enzymes.[128–130]Abnormal changes in these phos-

phorylation processes can cause several diseases like diabetes or cancer.

The phosphoester bond is also present in a variety of industrial organo-

phosphorous species. Toxic organophosphorous compounds have been widely

used as warfare agents and pesticides. They are the most accepted pesticides,

allowing a better crop performance. Nevertheless, the exposure to these com-

pounds is dangerous due to their capacity to accumulate in different environ-

ments and their harmful effects on mammals, like neurodegenerative diseases.

Acute poisoning with these pesticides is responsible for hundreds of thousands

deaths per year in developing countries. Warfare agents also produce these

effects, but with a more immediate impact (nerve agents). The cleavage of

the phosphoester bond in these compounds lead to non-toxic or lower toxic

a) b) c)P

O

O

OR1

O

P

O

O

OR1

OR2

P

R3O

O

OR1

OR2

Figure 3.1: a) Phosphate monoester, b) Phosphate diester, c) Phosphate tri-
ester.
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compounds.[131–136]

Diverse studies have focused on the promotion of the phosphoester hy-

drolysis to overcome the slow kinetics of the reactions that break apart these

poisons. Between these approaches, metal-promoted hydrolysis has arisen with

diverse positively charged metal complexes that have been proved to promote

the cleavage of the phosphoester bond.[137–148] Among them, molybdenum

stands out as it is an essential trace metal with interesting properties. Its high

versatility in oxidation states, coordination numbers, stereo-chemistry, abil-

ity to form complexes with organic and inorganic ligands, and the formation

of polynuclear clusters with bridging atoms makes molybdenum a promising

candidate for several catalytic processes.[24, 149–151]

Many molybdenum-containing enzymes participate in essential redox re-

actions in the global C-, N- and S-cycles. For instance, its action is critical

in the fixation of nitrogen (nitrogenases) and oxygen transfer between organic

molecules (oxotransferases).[38, 152–154] Because of that, molybdenum oxides

are used as soil fertilisers to overcome nitrogen deficiencies that worsen the

plant growth.[155, 156] Considering this, it is easy to figure out why molyb-

denum compounds are good candidates to promote phosphate hydrolysis of

organophosphorous pesticides.

In recent years, diverse molybdenum species like molybdocene deriva-

tives,[14, 157–160] dioxomolybdates,[13, 15] and molybdates[161–163] have

arisen as promoters of the hydrolysis of the phosphoester bond. Moreover,

some species of molybdenum polyoxometalates have been reported to have

antitumoural activity linked with its phosphatase activity.[9–12, 164–166].
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In the case of the molybdocene derivatives, the proposed active species was

Cp2Mo(OH)(H2O)+ by hydrolysis of MoCl2 with water. Abrantes and her

colleagues showed that MoO2Cl2L2 complexes accelerate the hydrolysis of

paranitrophenyl phosphate (NPP) in water by a larger amount than the

MoO2(CH3)2L2 counterparts (Figure 3.2).[13, 15] These chlorocompounds also

lower the pH of the solution, a fact explained by the hydrolysis of the Mo–Cl

bonds. The Mo–OH bonds formed are reactive and can in turn condense to

form different polynuclear compounds.

The mechanism of the hydrolysis of phosphoester bond has been a hot

topic during the last years.[128, 167–171] Depending on the substrate (nature

of the leaving group, protonation state, number of phosphates in the molecule,

etc.), the characteristics of the catalyst and the properties of the medium,

the reaction could occur in very different ways. Studies with phosphoester

dianions with good leaving groups in basic media showed a solvent-assisted

dissociative transition state, while bad leaving groups preferred a substrate-

assisted associative mechanism in which a phosphorane intermediate can be

formed upon sufficient stabilisation (Figure 1.7).[172–179]

This mechanism implies a series of proton transfers to activate the nu-

cleophilic attack and the leaving group.[44, 180] In a more acidic media, the

monoanionic phosphate transfers the proton of the adjacent oxygens to the

leaving group and activates the cleavage of the phosphoester bond.[181–183]

The cleavage of a phosphodiester bond molecules is a more difficult task and

suggests a more compact transition state.[184] Catalysts and promoters can fa-

cilitate one mechanism above the others and only with accurate computational
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Figure 3.2: Studied complexes by Abrantes and colleagues[13, 15] for the NPP
hydrolysis.
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methodology we can discern the ongoing mechanism in every case.

Therefore, the aim of this work is to use computational methods to give

insight into the mechanism by which this kind of molybdenum complexes hy-

drolyse phosphate esters, using the NPP mentioned above as a model substrate.

We took the species used in the works of Abrantes group as models of these in-

teresting complexes.[13, 15] Explaining why the hydrolysis of this phosphatase

substrate was accelerated by compounds with the formula MoO2X2L2 will help

to rationalise and optimise such catalysts for efficient performance.

3.2 Computational Details

Calculations were carried with the Amsterdam Density Functional program—

developed by Baerends, Ziegler, and co-workers—, version 2013.01,[185–187]

and the Gaussian 16 Revision C.01 simulation package.[188] In the ADF cal-

culations, we selected the BP86 Density Functional Theory functional, which

uses the Vosko-Wilk-Nusair exchange-correlation potential[76] with the Gen-

eralised Gradient Approximation exchange correction reported by Becke[85]

and the Perdew’s correlation correction.[189] In these calculations, we used

a triple-ζ plus two polarisation functions basis set and a relativistic frozen

core potential—corrections made with scalar-relativistic Zero-Order Regular

Approximation.[190, 191] Implicit solvent effects were introduced with con-

tinuous model COSMO with standard parameters.[125–127] We also used the

Nudged Elastic Band method implemented in ADF to search for transition

states where the reaction coordinate was challenging to scan.

Gaussian calculations were made with the B3LYP DFT hybrid func-
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tional, which uses the Becke’s three parameter exchange-correlation that mixes

Hartree-Fock exact exchange with Slater’s and Becke’s exchange functional;[84]

and the local correlation VWN functional with the non-local Lee, Yang and

Parr correlation functional.[87] The Los Alamos National Laboratory 2 ef-

fective core potential with double zeta (LANL2DZ) and f polarisation func-

tions was used for the molybdenum atoms,[192–196] and the double-zeta split

valence basis set including d and p polarisation functions and s and p dif-

fuse functions for non-hydrogen atoms 6-31+G** was used for the rest of the

atoms. Transition state geometries were optimised and characterised by fre-

quency calculations. The intrinsic reaction coordinate was followed to obtain

the reactants and products geometries, followed by unconstrained optimisa-

tions.[197, 198] Energies of mechanistically relevant results were refined using

the 6-311++G(3df ,2p) basis set.[199] Polarisable Continuum Model was used

to account the implicit solvent.[123, 124] Dispersion effects were included using

the third version of Grimme dispersion with the Becke-Johnson damping.[98].

These methodologies with and without single point calculations will be referred

as "B3LYP" and "B3LYP+", respectively.

Since the free energies were calculated as ideal gases at the standard state

of 1 atm, we included a term in the estimation of the free energy change in

solution to consider the volume change attributable to the transformation from

1 atm to 1 M.[200] The correction can be expressed as follows:

∆G0→∗ = ∆nRT ln(22.46) (3.1)

This correction is relevant in processes in which the number of species
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change (∆n ̸= 0) throughout the reaction. A second term was added to include

an entropic factor that accounts for the actual concentration of 55.34M of water

in liquid water:[200]

∆G∗→1 = mRT ln(55.34) (3.2)

The wave function for the chemical structures was analysed in order to ex-

plore the topology of the electron density with the Quantum Theory of Atoms

in Molecules (QTAIM).[112] Additionally, non-covalent interactions were anal-

ysed using the non-covalent interaction (NCI) index.[201] This method allows

us to exhibit the weak interactions representing the reduced gradient of elec-

tron density map with the second value of the Hessian matrix. Both analyses

have been plotted by using the AIMAll software.[202]

3.3 Results and Discussion

MoO2Cl2(DMF)2 Speciation

As Tomé et al.[15] pointed out, the initial MoO2Cl2(DMF)2 does not keep its

structure in solution. They reported the decoordination of DMF by 1H NMR,

the acidification of the solution due to the hydrolysis of the Mo–Cl bond, and

the formation of isopolyoxometalates and heteropolyoxometalates.

With this information, the first step was to elucidate the species present in

the medium when the hydrolysis-promoting agent is dissolved in water and try

to reproduce the available experimental evidence. By analysing the relative
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stability of the different mononuclear complexes, we can reduce the number of

possible species participating in the promoted hydrolysis of NPP.

Molybdenum(VI) species have a coordination number varying from 4 to 6.

The most known species, the molybdate (MoO4
2– ), has a tetrahedral struc-

ture. Acidification of the media leads to the protonation of the coordinated

ligands and increases the electrophilicity of the metal atom, which can now

expand its coordination sphere by the inclusion of solvent molecules or other

species available in the medium. In these structures, it is already known that

the proton transfer between ligands of the same complex or with the par-

ticipation of solvent molecules is widespread, as well as the condensation of

water molecules, leading to a great variety of complexes.[203] Expanding the

coordination sphere, proton transfers, and water condensations could lead to

polyoxometalate structures if the included ligand is another molybdate species.

Because of that, we took into account the following processes with different

coordination numbers:

• Release of DMF:

MoO2Cl2(DMF)2
H2O−−−−→

–DMF
MoO2Cl2(DMF)0–1(H2O)n

• Hydrolysis of the Mo–Cl bond:

MoO2Cl2(H2O)0–2
OH–
−−−→
–Cl–

MoO2Cl0–1(OH)1–2(H2O)n

• Protonation of the complex in acidic media:

MoO2(OH)2(H2O)0–2
H3O+
−−−−→
–H2O

[MoO2(OH)0–1(H2O)n ]1–2+

• Intramolecular proton transfers:

MoO2(OH)0–2(H2O)n ]0–2+ −−→ [MoOx (OH)y(H2O)z ]0–2+
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A general scheme of the accounted reactions is depicted in Figure 3.3. The

energetics of these theoretical calculations involving mononuclear species are

presented in the Table 3.1, taking the initial MoO2Cl2(DMF)2 complex as a

reference state. First, we can appreciate that after the release of both DMF

ligands, the tetrahedral coordination of MoO2Cl2 is more favourable. The

following hydrolysis of the Mo–Cl bonds was observed experimentally and

our calculations support this finding. In fact, the hydrolysis of the two Mo–Cl

bonds was very favourable energetically, getting the MoO2(OH)2 complex, free

DMF in solution, and an acidic media due to the OH– consumption.

In those acidic conditions, the most stable mononuclear structure is referred

to be [MoO2(OH)(H2O)3]+. Our calculations show that the pentacoordinated

and tetracoordinated forms are close in energy, which is expected as a con-

sequence of the rich speciation of molybdenum species in acidic media. As

expected the tetrahedral coordination is preferred for neutral pH, and the oc-

tahedral coordination became more accessible when the pH was lowered and

the ligands were protonated. We also observed that intramolecular proton

transfers result in species that are very close in energy, as was expected.

Nevertheless, if the concentration of molybdenum complexes is enough,

nucleation processes are favoured by the acidic media. Because of that, after

identifying the most stable mononuclear species, we have to consider the known

nucleation processes that molybdate and its protonated analogues—HMoO4
–

and MoO2(OH)2—suffer at low pH. In these conditions and after several pro-

cesses involving coordination of ligands and proton transfers with the solvent,

mononuclear structures could form different structures of polyoxometalates
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within a complex mechanism.[204]

Phosphate vs Molybdate Addition

Once we have narrowed the spectrum of different mononuclear structures that

can be present in solution in a significant concentration, we proceed to study

a key point of this reaction: the addition of the substrate to the promoter.

Before we examine the interaction of the NPP with different species of molyb-

denum(VI) we had to calculate which species would most likely interact with

the phosphate.

Knowing that the oxides of molybdenum(VI) form heteropolyoxometalates

when phosphate is present in acidic media and that our ultimate product has

a Keggin structure, we compared the mechanism of formation of the Lindq-

vist [Mo6O19]2– and Keggin ([PMo12O40]3– ) molybdenum clusters to see when

the interaction of the phosphate with the molybdate species is favoured and

the possible competition with the nucleation processes. In the work of Vilà-

Nadal et al.,[205] they pointed out that the formation of [Mo2O7]2– is more

favourable than the phosphate addition to the mononuclear species. The later

incorporation of the phosphate to the dinuclear species was favoured over the

formation of the trinuclear structure. The formation of this dinuclear species

incorporating phosphate ultimately led to the formation of the Keggin anion.

In the absence of phosphate nucleation processes on the trinuclear structure

would lead to the Lindqvist anion. Even though the protonation states are

not the same in that study than in our system, the mechanisms of nucleation

of molybdates at different protonation states are similar and proton transfers
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Figure 3.4: Comparison between the incorporation of NPP to the mononuclear
species and to the dinuclear species calculated using B3LYP+ methodology.
Relative free energies are in kcal/mol.
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between the molybdate and the solvent or another ligand of the molybdate

structure are very fast and frequent.

Since the [Mo2O6µ-O)]2– is the result of the condensation of two

[MoO3(OH)]– into this dinuclear species and a water molecule, we have stud-

ied a similar process starting from the neutral species [MoO2(OH)2](M1) to

give [Mo2O4µ-O(OH)2](DM1). This process was compared with the addition

of the phosphate substrate as seen in Figure 3.4. As we can see in Table 3.2 the

energetics (∆G=−14.5 kcal/mol) of this phosphate addition—followed by an

internal proton transfer—are favourable over the condensation of two M1 mol-

cules to form the dinuclear species DM1 (∆G=−1.2 kcal/mol). However, the

very favourable interaction of DM1 with the phosphate substrate (∆G=−19.5

kcal/mol) tips the scales in favour of the formation of the dinuclear species.

Besides this dinuclear structure, we also searched for different bridging

structures varying the coordination number of Mo as we saw that higher co-

ordination numbers are available within this protonation state. Some double

bridged structures like the [Mo2O4µ-O(OH)3µ-OH)(OH2)2](DD1) are more

favourable than the [Mo2O4µ-O)(OH)2] species. This species can be related

to DM1 by the incorporation of a bridging hydroxide and two water molecules,

increasing the coordination number of the molybdenum atoms in an exergonic

process (∆G=−17.6 kcal/mol). This double bridged structures are stable when

at least one of the bridging oxygen atoms is protonated. This species has two

water molecules that can be easily replaced by the oxygen atoms of the NPP

(∆G=−13.5 kcal/mol) to give RDD1. This species is more stable than the di-

rect coordination of the NPP moiety to DM1 to give the monobridged species
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RDM1, which is 11.6 kcal/mol over RDD1.

Table 3.2: Relative energies in kcal/mol for the species involved in the
phosphate-molybdate addition competition. Single-point energy estimations
using 6-311++G(3df ,2p) basis set from geometries optimised at B3LYP-
GD3BJ/6-31+G**/PCM level of theory.

Species ∆H ∆G
M1 0.0 0.0
RM1 −19.7 −7.6
RM2 −25.9 −14.5
DM1 −7.0 −1.2
RDM1 −38.5 −20.7
DD1 −49.4 −18.8
RDD1 −59.4 −32.3

Taking all these data into account, the main candidate for promoter of this

reaction is the [Mo2O4µ-O)(OH)3µ-OH)(OH2)2]. Nevertheless, we also studied

the process with an analogous structure of the species described by Vilà-Nadal

et al. in which both molybdenum atoms are pentacoordinated, each bonding

to an oxygen atom of the phosphate structure (RDM2). This structure can be

related with RDD1 by releasing three hydroxides in a very endergonic process

(∆G=94.3 kcal/mol). Also, we studied the hydrolysis with the most stable

mononuclear structure to see the energetics of both paths. This competition

could explain the slower activity of the promoter with much lower promoter

concentration, which disfavours polynuclear species.

Phosphate Ester Hydrolysis

Without Molybdenum Species

As we pointed out in the introduction, the reaction mechanism of the hydrolysis

of phosphoester bonds is not straightforward as it seems. We calculated initial
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reaction profiles without molybdenum species to have a reference using the

same methodology to compare our results, as well as a starting point to search

for transition states or intermediates using the molybdenum species.

We explored both pathways well described by Duarte et al. in the liter-

ature:[44, 180] the substrate-assisted and the solvent-assisted pathways. In

our calculations, we found the transition state structures for both mechanisms

(Figure 3.5) along with the reactant and product structures, obtained by a

relaxed optimisation of the final structures after an intrinsic reaction coordi-

nate calculation. As expected, the transition state for the substrate-assisted

pathway involves a proton transfer to the substrate, acting as a Brönsted

base. Water molecules impeded this proton transfer in the solvent-assisted

transition state, stabilising the proton on the nucleophile. In principle, with-

out molybdenum(VI) the preferred pathway is the most dissociative one—the

solvent-assisted pathway—which is in accordance with experimental markers

and with some of the latest theoretical calculations.[44, 128, 180]

With Molybdenum Species

Taking both transition state geometries without promoter as a starting point,

we searched for transition state structures with mononuclear and dinuclear

species. Nevertheless, we obtained intermediate structures in which the phos-

phorous atom is forming a phosphorane. That can be rationalised by the fact

that the interaction of molybdenum, a Lewis acid, with the oxygen atoms of

the phosphate increases the electrophilicity of the phosphorous atom, being

more prone to a nucleophilic attack. This fact points to a great stabilisation of
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ΔG‡=22.3

2.917 Å2.661 Å

ΔG‡=33.2

1.855 Å
2.182 Å

Figure 3.5: Representative stationary points—left, reactants; middle, transi-
tion state; right, products—for substrate-assisted—up—and solvent-assisted—
down—pathways for the NPP hydrolysis calculated at B3LYP+ methodology.
Activation free energies are in kcal/mol.

an associative substrate-assisted pathway and probably discard a dissociative

pathway. Here, we mainly present associative pathways involving the mononu-

clear and dinuclear molybdenum species.

Pathway Involving Mononuclear Species

The exergonic coordination (−7.6 kcal/mol) of the NPP to the metal atom of

M1 through an oxygen atom gives a Lewis adduct with a distorted trigonal

bipyramidal Molybdenum and a tetrahedral phosphorous (RM1), as seen in

Figure 3.4. An intramolecular proton transfer from a hydroxide of the coor-

dination sphere of the metal to the phosphate—leading to RM2—is favoured,

releasing 6.9 kcal/mol. Starting from there, we obtained structures in which
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molybdenum expanded its coordination number easily using neighbouring oxy-

gen atoms and hindering the nucleophilic attack. For the hydrolysis reaction to

occur, this nucleophilic attack has to happen from this RM2 structure, giving

an energetically higher intermediate in which the phosphorous atom is coor-

dinatively saturated. The free energy profile for this phosphorane formation

and the consequent leaving group departure can be seen in Figure 3.6.

Table 3.3: Relative energies (in kcal/mol), relevant distances (Å) and angles
(deg) for the species involved in the mononuclear mechanism. Single-point en-
ergy estimations using 6-311++G(3df,2p) basis set from geometries optimised
at B3LYP-GD3BJ/6-31+G**/PCM level of theory.

Species ∆H ∆G P–O(LG) P–O(Nu) O(LG)–P–O(Nu)
RM2 0.0 0.0 1.702 3.094 93.9
TSM1 17.0 19.2 1.746 2.132 164.7
IM1 16.7 18.3 1.835 1.828 166.5
TSM2 16.7 18.0 2.217 1.704 166.9
PM1 −12.0 −13.7 3.625 1.534 34.6

Once we have this structure in which the two negatively charged oxygen

atoms of the phosphate are stabilised by positive charges—by the protonation

mentioned above of the phosphate as a Brönsted base and the adduct forma-

tion with the metal centre as a Lewis acid—the rise in electrophilicity of the

phosphorous atom leads to the phosphorane formation through an intramolec-

ular attack. Because of that, a phosphorane intermediate (IM1) is formed

with low energy (18.3 kcal/mol over RM2) compared to the non-catalysed

mechanism. Despite that fact, the phosphorane seems to be barely below the

transition state structures in terms of energy, and its lifetime should be very

short. Specifically, the formation of this hypervalent structure and the phos-

phoester bond breaking have a similar free energy above the reference state
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RM2 

TSM1 IM1 TSM2

PM1

(0.0)

(19.2) (18.0)

(-13.7)

(18.3)

Figure 3.6: Calculated free energy profile for NPP hydrolysis using mononu-
clear molybdenum species at B3LYP+ methodology. Relative free energies are
in kcal/mol.
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1.746

2.132

2.210

Figure 3.7: Transition state geometry corresponding to the phosphorane struc-
ture formation of the mononuclear mechanism. Optimised using B3LYP
methodology. Distances in Å.

(19.2 kcal/mol and 18.0 kcal/mol for TSM1 and TSM2, respectively) with the

phosphorane intermediate within a narrow range of free energy to these transi-

tion states. The breaking of the P–O bond comes along with an asynchronous

proton transfer from one of the protonated oxygen atoms of the phosphate

and the decoordination of the shared hydroxide from molybdenum, getting

(HPO4)MoO3 in which both centres are tetrahedral.

The associative character of this pathway is highlighted by the existence
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2.217

1.704

Figure 3.8: Transition state geometry corresponding to the phosphorane struc-
ture rupture of the mononuclear mechanism. Calculated using B3LYP method-
ology. Distances in Å.

of the phosphorane intermediate, in which the distances of the phosphorous

atom with the nucleophile and the leaving group are quite similar: 1.828 and

1.835 Å, respectively. Energetic and geometric data are collected in Table 3.3.

This pathway is favourable over the direct NPP hydrolysis as the inter-

action of the molybdate structures with the substrate is exergonic, and the

transition state has a lower barrier—approximately 19 kcal/mol—than the

non-catalysed process. With this information, we could explain the promoter’s
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catalytic activity when the promoter’s concentration is very low, disfavouring

the formation of dinuclear species.

Pathway Involving Double-Bridged Dinuclear Species

As we stated previously, the formation of the double-bridged dinuclear species

RDD1 incorporating the phosphate is favoured by 32.3 kcal/mol. Because

of that, this pathway has a lower starting point than the mononuclear path-

way, and the entire pathway is favoured over the hydrolysis with mononuclear

species.

The saturation of the molybdenum atoms coordination in RDD1 makes

a direct interaction between them and the nucleophile impossible. Because

of that, an incoming water molecule can be stabilised by hydrogen bonds to

the molybdate moiety favouring a correct intermolecular nucleophilic attack.

Eventually, this interaction can result in the subtraction of a proton by the

substrate, increasing the nucleophilic character of the incoming nucleophile.

The proton transfer and the hydroxide attack occur concertedly through an

associative TSDD1 transition state located at 22.8 kcal/mol above the reactant

state. This process in which the substrate acts as a Brönsted base catalyst is

depicted in Figure 3.9.

The associative character of the transition state is confirmed by the dis-

tances to the leaving group (1.827 Å) and to the nucleophile (2.335 Å), very

close to the reference state without molybdenum (1.855 and 2.182 Å). The

process is more asynchronous than the uncatalysed reaction, being the transi-

tion state closer to the product state, in which the proton transfer has almost
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TSDD1

PDD1

(0.0)

(22.8)
TSDD1dis

(23.4)

(-13.9)

PDD1dis

(-17.9)

TSDD1prot

PDD1prot(0.0)

(21.5)

(-3.2)

Figure 3.9: Calculated free energy profiles for NPP hydrolysis using higher
coordination mode dinuclear molybdenum species using B3LYP+. In black,
associate mechanism; in red, dissociative mechanism; in blue, mechanism using
a protonated species. Relative free energies are in kcal/mol.

69



Table 3.4: Relative energies (in kcal/mol), relevant distances (Å) and an-
gles (deg) for the species involved in the dibridge dinuclear mechanisms
with five explicit water molecules. Single-point energy estimations using 6-
311++G(3df,2p) basis set from geometries optimised at B3LYP-GD3BJ/6-
31+G**/PCM level of theory.

Species ∆H ∆G P–O(LG) P–O(Nu) O(LG)–P–O(Nu)
RDD1 0.0 0.0 1.723 4.309 148.46
TSDD1 18.2 22.8 1.827 2.335 169.50
PDD1 −18.0 −13.9 3.589 1.641 164.60
RDD1prot 0.0 0.0 1.682 3.657 164.20
TSDD1prot 20.8 21.5 1.948 1.912 168.40
PDD1prot −2.2 −3.2 3.374 1.645 160.00
RDD1diss 0.0 0.0 1.712 3.737 159.37
TSDD1diss 22.4 23.4 2.348 2.192 167.00
PDD1diss −18.2 −17.9 3.599 1.643 161.70

entirely happened and the leaving group is close to be released. The whole

process is exergonic by 13.9 kcal/mol. Further energetic and geometric details

are shown in Table 3.4.

Besides this transition state, we found a dissociative transition state with a

higher energetic barrier (23.4 kcal/mol), depicted in Figure 3.9. This transition

state is very close in energy to the associative one, but the distances to the

leaving group (2.348 Å) and nucleophile (2.192 Å) are somewhat different. In

this mechanism, the proton is not substracted by the time the system reaches

the transition state, and the leaving group bond is almost broken at that stage

without the intervention of the nucleophile.

As we will see in the following chapter, experimental data from a polyox-

ometalate decomoposition in presence of phosphate pointed to the existence

of a dimeric structure that can be related to RDD1 through a protonation

of RDD1. Because of that, we calculated the same pathway starting from
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1.912

1.189

1.948

1.224

Figure 3.10: Transition state geometry corresponding to the TSDD1prot struc-
ture. Optimised using B3LYP methodology. Distances in Å.

RDD1prot, in which both bridging oxigens are protonated. This pathway

showed a lower energetic barrier, with the transition state 21.5 kcal/mol over

the reactant state. This transition state is also depicted in Figure 3.9 and, in

more detail, in Figure 3.10.

This synchronous transition state in which the nucleophile and leaving

group bonds are formed and broken at the same time is possible due to a lower
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basicity of the bridging oxygen when protonated. The associative character of

this transition state is evident as it has distances of 1.948 and 1.912 Å to the

leaving group and the nucleophile, respectively. These distances differ greatly

from TSDD1 as the leaving group is much closer to the phosphorous atom and

the nucleophile bond is weaker. In addition, the proton has its bond partially

broken (1.189 Å) whilst forming a new bond to the substrate (1.224 Å). As

a result, a highly ordered transition state is obtained. In this pathway, the

total overcome of the reaction is less exergonic than the previously described

mechanisms (∆G=−3.2 kcal/mol).

In studying these mechanisms, we included four extra explicit water

molecules, as the specific hydrogen bond interactions can be very relevant

in evaluating the energetic barrier. In fact, the energetic barrier of the dis-

sociative transition state decreases by 5.2 kcal/mol upon the addition of four

water molecules. On the other hand, we saw some mixed results in the asso-

ciative pathways. While the TSDD1 transition state stayed almost invariant—

decreased from 23.4 kcal/mol to 22.8 kcal/mol—the TSSD1prot transition state

decreased 5.8 kcal/mol with the addition of four explicit water molecules. This

is in agreement with the character of the transition states, as the dissociative

and protonated ones need a higher stabilisation of the nucleophile by water

molecules as it is farther from the phosphorous atom than in TSDD1. The

data for this mechanism without the extra water molecules are collected in

Table 3.5 and its activation energies can be compared in Figure 3.11.

We have made single-point calculations with other suitable functionals to

validate our results. We used BP86 functional as it has been used in recent
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(21.46)

(-3.8)

(22.8)
(23.0)

(23.4)

(-17.9)

(28.6)

(-11.8)

(27.3)

(-2.8)

(14.5)
(-13.9)

Figure 3.11: Calculated free energy profiles for NPP hydrolysis using higher co-
ordination mode dinuclear molybdenum species with and without extra explicit
water molecules. Single-point energy estimations using 6-311++G(3df,2p) ba-
sis set from geometries optimised at B3LYP-GD3BJ/6-31+G**/PCM level of
theory.

studies involving molybdate and phosphate,[205] and M06-2X as it is a rela-

tively modern functional that has been widely used in organometallic reactions.

For these single-point calculations, we used the geometries of the relevant

transition states optimised at B3LYP-GD3BJ/LANL2DZ(F)/6-31+G**/PCM

level of theory. We compared them with the uncatalysed reaction, as shown

in Table 3.6.

A catalytic effect is clearly depicted in the table, with lower-energy associa-
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Table 3.5: Relative energies (in kcal/mol), relevant distances (Å) and an-
gles (deg) for the species involved in the dibridge dinuclear mechanisms
with one explicit water molecule. Single-point energy estimations using 6-
311++G(3df,2p) basis set from geometries optimised at B3LYP-GD3BJ/6-
31+G**/PCM level of theory.

Species ∆H ∆G P–O(LG) P–O(Nu) O(LG)–P–O(Nu)
RDD1 0.0 0.0 1.698 3.572 155.62
TSDD1 20.5 23.0 1.842 2.253 168.17
PDD1 −13.8 −14.5 4.957 1.659 132.72
RDD1prot 0.0 0.0 1.676 3.354 174.43
TSDD1prot 23.1 27.3 1.904 1.954 167.32
PDD1prot −2.9 −2.8 5.027 1.662 137.95
RDD1diss 0.0 0.0 1.716 4.545 145.72
TSDD1diss 26.4 28.6 2.445 2.209 165.20
PDD1diss −13.0 −11.8 4.888 1.661 145.36

Table 3.6: Energetic barrier (∆G in kcal/mol) for different transition states
with different levels of theory. Single-point energy estimations using 6-
311++G(3df, 2p) basis set from geometries optimised using B3LYP methodol-
ogy. The uncatalysed transition states were used as a comparative reference.

Method TSuncat
diss TSuncat

asso TSM1 TSDD1 TSDD1prot TSDD1diss

B3LYP/GD3BJ 22.3 35.8 19.2 22.8 21.5 23.4
M06-2X 26.5 34.5 19.0 20.2 19.8 28.8
BP86/GD3BJ 18.3 31.9 17.0 18.8 14.1 20.0

tive transition states in presence of mononuclear and dinuclear molybdenum

species. When molybdate species are present, the preferred mechanism is

changed from dissociative to associative. Whereas the dissociative mechanism

is slightly disfavoured when adding the catalyst, the associative mechanism

is considerably stabilised by around 15 kcal/mol. The results with different

methodologies uphold and support the obtained results with B3LYP and sug-

gest that the choice of method is adequate for this kind of calculations.

With this information we can conclude that the protonated associative
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pathway is energetically favoured over the previous mononuclear pathway. De-

spite having a higher energetic barrier, this mechanism starts from a consid-

erably more favourable species, resulting in transition states that are lower in

energy than in the previous mechanism. In good nucleation conditions—low

pH and enough complex concentration—, this process will be preferred over

the mononuclear pathway.

Pathways Involving Mono Bridged Dinuclear Species

For the next pathway, we considered a pentacoordinated species analogous to

a structure described by Vilà-Nadal et al.[205] This RDM2 species can be re-

lated to RDD1 by the endergonic release of three hydroxides. Starting from

this species, we can see that a water addition to one of the unsaturated molyb-

denum atoms of the dinuclear species followed by a proton transfer leaves the

energetics of the system almost invariant (-0.6 kcal/mol). From the structure

RDM4, a hydroxide could coordinate with the other unsaturated molybdenum

atom to get a structure where both metal centres are pentacoordinated. This

process is endergonic, probably due to both stiff and distorted trigonal bipyra-

midal coordination of the molybdenum atoms, getting an intermediate 13.0

kcal/mol over the reference state.

In RDM5, the hydroxide is very close to the phosphorous atom, ready for

an intramolecular attack. A very rigid phosphorane intermediate (IDM1) is

obtained after this attack, 7.5 kcal/mol higher in free energy. Moreover, all the

structures in which the attacking hydroxide is shared are very high in energy

with respect to the ones in which is single-coordinated.
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TSDM2

H2O
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(0.0)
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Figure 3.12: Calculated free energy profile for NPP hydrolysis using lower co-
ordination mode dinuclear molybdenum species using B3LYP+ methodology.
Relative free energies are in kcal/mol.

A complete reversible process would mean that the molybdenum atoms ease

the hydroxy attack as well as the nitrophenolate release. To that, molybdenum

atoms should rotate around the shared oxygen atoms to locate near the leaving

group. Those rotations are the most demanding processes in this pathway and

are not linked with the formation or rupture of the phosphorane structure.

Unfortunately, the transition state structures for these torsion processes were

difficult to find due to the complexity of the involved movements. We used

the Nudged Elastic Band method to overcome these difficulties and estimate

the energetics related to this process, resulting in a barrier of approximately

9.6 kcal/mol over the previous intermediate.

This mechanism has to overcome more than 30 kcal/mol of energetic cost
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Table 3.7: Relative energies (in kcal/mol), relevant distances (Å) and angles
(deg) for the species involved in the monobridge dinuclear mechanism. Single-
point energy estimations using 6-311++G(3df ,2p) basis set from geometries
optimised at B3LYP-GD3BJ/6-31+G**/PCM level of theory.

Species ∆H ∆G P–O(LG) P–O(Nu) O(LG)–P–O(Nu)
RDM2 0.0 0.0 1.625 — —
RDM3 −10.9 −0.6 1.621 3.123 137.52
RDM4 −12.2 −2.8 1.603 3.183 142.58
RDM5 3.6 13.0 1.596 2.617 176.20
IDM1 10.9 20.5 1.661 1.894 175.43
TSDM1* 31.2 30.1 1.787 1.652 176.76
IDM2 7.1 17.6 1.661 1.894 175.43
TSDM2 5.1 17.0 2.067 1.632 173.20
PDM1 −19.1 −9.7 3.585 1.591 143.10
PDM2 −13.7 −7.2 3.620 1.596 153.62

* Calculated at BP86/TZ2P/COSMO level of theory by using the
Nudged Elastic Band method for searching transition states.

from the lowest energetic species, a considerable quantity for the process. If

we continue the rotation of the molybdenum atoms, we obtain a similar struc-

ture in which one molybdenum atom is coordinated to the leaving group in-

stead of the nucleophile. This intermediate already shows an elongation of

the P–OR bond of the leaving group to 1.829 Å, being lower in energy by

almost 5 kcal/mol. Geometric and energetic data are displayed in Table 3.7.

In these phosphorane species, both nucleophile and leaving group remained

at a distance closer than 2 Å, being the angle between them around 173−176

degrees.

Since the the nitrophenolate is a much better leaving group than the hy-

droxide, the release of this bond can be achieved from that structure with a

transition state that is less than 1 kcal/mol higher in energy than the previ-
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ous intermediate and lower in energy than the intermediates of the rotation

processes of the molybdenum atoms. This gives a very exergonic structure in

which the phosphorane structure is broken and the stiffness is relaxed. The

release of the leaving group from the coordination sphere of the molybdenum

comes along with a proton transfer from the phosphate in an endergonic pro-

cess (2.5 kcal/mol). After this process, the dinuclear molybdenum species

incorporating the phosphate could continue its nucleation process to get the

Keggin anion structure.

Nevertheless, this pathway is not preferred over the dinuclear dibridge path-

ways, in which the direct interaction between molybdenum and the nucleophile

or the leaving group is hindered. This interaction seems to be very strong due

to the high Lewis acidity of the molybdenum; once an adduct is formed, greater

energies are needed to break it, slowing the reaction. If these interactions are

impeded due to the saturation of the coordination sphere of the molybdenum,

smoother energetic profiles and smaller barriers are obtained.

QTAIM and NCI Topologies

To get insight into the catalytic process of these molybdate species, we have

explored the electron density topology for the transition states of the catalysed

and uncatalysed reactions.

The properties of the bond critical points (BCPs) of the bonds involved in

the transition state (red boxes) are shown in Figure 3.13. The electron density

value at the bond critical point (ρr) describes the bond strength, representing

the electron population between two nuclei.
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-1.41

ρ=0.113
Ed=-0.081
∇2ρ=+0.146

ρ=0.060
Ed=-0.018
∇2ρ=+0.051

ρ=0.213
Ed=-0.145
∇2ρ=+1.326

-1.50

-1.52

Figure 3.13: Bonding scheme, properties of BCPs involved in the transition
state and integrated QTAIM charges for the O of phosphate group (top), and
∇2ρ plot (bottom) for the non-catalysed reaction of the hydrolysis of NPP.
Black lines represent charge depletion zones whilst red lines represent charge
concentration zones.
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ρ=0.045
Ed=-0.009
∇2ρ=+0.065

ρ=0.112
Ed=-0.081
∇2ρ=+0.128

ρ=0.192
Ed=-0.122
∇2ρ=+1.094

ρ=0.191
Ed=-0.122
∇2ρ=+1.092

-1.51
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-1.42

0

+0.02

-0.02

-0.017

Figure 3.14: Bonding scheme, properties of BCPs involved in the TSDD1 tran-
sition state and integrated QTAIM charges for the O of phosphate group (top),
∇2ρr contour map (bottom right), and NCI analysis (bottom left). Black lines
represent charge depletion zones whilst red lines represent charge concentra-
tion zones

Furthermore, the electron energy density (Ed) provides information about

the stability of the bond. More stabilised covalent interactions present nega-

tive values, whilst positive values or close to zero represents unstable or weak

interactions. In this figure, the values for the integrated QTAIM charges for

the O atoms of the phosphate group are also presented. At the same time, the

contour map for the laplacian of the electron density ∇2ρr is represented in

the plane containing the atoms involved in the reaction coordinate.
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Figure 3.14 presents the bonding scheme for the TSDD1 transition state

structure for the hydrolysis in presence of dinuclear molybdate. It is observed

that the electronic structure of the phosphate moiety has changed regarding

the non-catalysed case in Figure 3.13. Firstly, the integrated charges of the O

atoms are slightly lowered, particularly for the O atoms that are part of the

molybdate structure, showing QTAIM charges of −1.42 and −1.43. Further-

more, the characteristics of the BCPs of the bonds between these O atoms

and P (blue boxes) have also been modified, presenting lower values, namely,

ρr=0.191 and 0.192 a.u. Regarding the breaking and emerging bonds, the

BCPs present minor variations with a slight decrease of the electron denstity,

ρr=0.112 and 0.045 a.u. These results suggest that the BCPs of the bonds

involved in the reaction coordinate remain almost unchanged. Still, the elec-

tronic environment of the O atoms of the phosphate moiety has been quenched.

Furthermore, a weak interaction appears between the H atom connected to

the bridge O atom of the molybdate structure with the O atom of the leaving

group. Such weak interaction is represented in the corresponding NCI isosur-

face in Figure 3.14. This stabilising interaction, together with the reduction of

the electron density in the phosphate moiety, contributes to the global stabil-

isation of the whole structure of the transition state. Figure 3.15 presents the

same topological analysis for the transition state TSDD1dis, leading to very

similar results.

Next, we will explore the electron density analysis of the transition state

with the protonated dinuclear species. Figure 3.16 plots the topological anal-

ysis for the TSDD1prot transition state. Notably, the values of ρr and Ed
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Figure 3.15: Bonding scheme, properties of BCPs involved in the TSDD1dis
transition state and integrated QTAIM charges for the O of phosphate group
(top), ∇2ρ contour map (bottom right), and NCI analysis (bottom left). Black
lines represent charge depletion zones whilst red lines represent charge concen-
tration zones.
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ρ=0.185
Ed=-0.119
∇2ρ=+0.993

ρ=0.091
Ed=-0.059
∇2ρ=+0.011

ρ=0.100
Ed=-0.071
∇2ρ=+0.021

-1.52

-1.38
-1.40

Figure 3.16: Bonding scheme, properties of BCPs involved in the TSDD1prot
transition state and integrated QTAIM charges for the O of phosphate group
(top), ∇2ρr contour map (bottom right), and NCI analysis (bottom left). Black
lines represent charge depletion zones whilst red lines represent charge concen-
tration zones.

corresponding to the P–O emerging bond with the nucleophile have shifted

to values that imply a stronger interaction, with a larger ρr of 0.100 a.u.,

and a more negative Ed, namely, −0.071 a.u. Besides, the QTAIM negative

atomic charges of the oxygen atoms of the phosphate group connected to the

molybdate structure have been reduced to values of −1.40 and −1.38. At the

same time, the NCI analysis shows the same results, where an H atom of the

molybdate structure interacts with the leaving oxygen with a weak stabilising
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interaction. Additionally, another effect of the protonation of the molybdate

environment is observed in the contour map of the Laplacian ∇2ρ. It is ob-

served that close to the BCP between the P atom and the nucleophilic O atom,

an emerging zone of negative ∇2ρ appears (highlighted with a blue arrow) and

the charge concentration zone surrounding the nucleophilic oxygen protrudes

towards the BCP.

These results clearly show that the presence of the molybdate species with

a protonated structure quenches the electronic environment of the phosphate,

strengthening the P–O forming bond with the nucleophile and in agreement

with the observed stabilising effect of the corresponding energy profiles.

Finally, the topological study has also been carried out for the reaction

where a mononuclear complex is attached to the phosphate. Figure 3.17 shows

the bonding scheme for the transition state TSM1. For this structure it is

observed that the BCP properties of the emerging bond have similar values to

the results obtained for TSSD1 (and TSSD1dis).

In summary, these results suggest that the preferred geometrical arrange-

ment of the transition state corresponds to to the TDD1prot structure. In this

species, a weak interaction that stabilises the leaving group in conjunction

with the quenching of the electronic environment of phosphate yields the most

favoured bonding scheme between the P atom and the nucleophilic oxygen

atom.
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ρ=0.130
Ed=-0.091
∇2ρ=+0.312

ρ=0.066
Ed=-0.024
∇2ρ=+0.053

ρ=0.191
Ed=-0.127
∇2ρ=+1.010

-1.54
-1.39

-1.44

Figure 3.17: Bonding scheme, properties of BCPs involved in the TSM1 tran-
sition state and integrated QTAIM charges for the O atom of phosphate group
(top), ∇2ρ contour map (bottom). Black lines represent charge depletion zones
whilst red lines represent charge concentration zones.
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3.4 Conclusions

We have explained the relevant chemistry in solution once MoO2Cl2(DMF)2

is dissolved: the release of DMF, the hydrolysis of the Mo–Cl bond and the

mononuclear species that could be majoritarian at different pH before nucle-

ation. Also, we have proposed the mechanism by which this complex promotes

this reaction, suggesting different pathways depending on the possibilities of

nucleation. In the experiments with a low quantity of initial complex, the pH

lowered to only 6, and the concentration of molybdenum was not enough to

form polynuclear species. In that conditions a slower catalysis was obtained,

in agreement with the proposed mononuclear pathway. On the contrary, nucle-

ation processes occur if the concentration is higher and a very acidic media is

obtained, giving a transient isopolyoxometalate and a Keggin anion at the end.

We explored other pathways using dinuclear species which could be formed if

these conditions are favourable. After the very exergonic formation of these

species, the surpass of the energy barriers of the dinuclear pathways would be

straightforward, giving NPP hydrolysis. That would lead ultimately to the

formation of the Keggin anion. QTAIM calculations showed a quenching of

the electronic environment at the transition state structure, reinforcing the

emerging bond. We highlight that the molybdenum species significantly re-

duce the energetic barrier of associative transition states, changing the overall

preference of the phosphate hydrolysis to substrate-assisted mechanisms over

solvent-assisted ones.
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Chapter 4

PROBING THE CATALYTICALLY

ACTIVE SPECIES IN POM-CATALYSED

PHOSPHATE ESTER MODEL

HYDROLYSIS

Abstract

Phosphoester hydrolysis is an important chemical step in DNA repair. One

archetypal molecular model of phosphoesters is para-nitrophenylphosphate

(NPP). It has been shown previously that the presence of molecular metal

oxide [Mo7O24]6– may catalyse the hydrolysis of NPP through the partial de-

composition of polyoxomolybdate framework resulting in a [(PO4)2Mo5O15]6–

product. Real-time monitoring of the catalytic system using electrospray ioni-

sation mass spectrometry (ESI-MS) provided a glance into the species present

in the reaction mixture and identification of potential catalytic candidates.

Following up on the obtained spectrometric data, Density Functional Theory

(DFT) calculations were carried out to characterise the hypothetical inter-

mediate [Mo5O15(NPP)2(H2O)6]6– that would be required to form under the

hypothesised transformation. Surprisingly, our results point to the dimeric
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[Mo2O8]4– anion resulting from the decomposition of the [Mo7O24]6– as the

active catalytic species involved in the hydrolysis of the NPP rather than the

originally assumed {Mo5O15} species. A similar study was carried out involv-

ing the same species but substituting Mo by W. The mechanism involving W

species showed a higher barrier and less stable products in agreement with the

non-catalytic effect found in experimental results.
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4.1 Introduction

Polyoxometalates (POMs) are negatively charged metal oxide clusters known

since 1826 (see Figure 4.1).[206] Classical POM archetypes are mainly formed

from d0 metal oxides made of V, Mo, or W, which can undergo condensation

reactions at acidic pH with subsequent loss of H2O.[207] Nevertheless, more

recently, we can find examples of similar polyanionic nanostructures containing

elements for the f,[208–211] and p groups.[212, 213]

During the last years, the applications of this family of compounds have

been explored intensively and found their way in various fields such as the

decontamination of water,[214] flash memory devices,[215] qubits,[216] water

splitting,[217] as well as in biomedical research exploring their function as

antiviral or antitumoural drugs.[218–220] However, biomedical studies were

still scarce in the latter case in the 90s as discussed in the review of Rhule

Figure 4.1: Polyhedral (left) and ball & stick (right) representations of the
[Mo7O24]6– system studied in this work.
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et al.[218] It was during the early-mid 2000s when systematic studies on the

application of POMs to cancer treatment increased exponentially.[8, 219, 221–

224] Additionally, recent advances in the use of POMs for medical applications,

their antitumour activity[40] and their potential use to fight against bacterial

antibiotic resistance[225, 226] have been reviewed by Bijelic et al.[40, 225] and

Kortz et al.[226]

According to Bijelic et al.[40, 225] the proposed modes of antitumoural

action of POMs involves a high number of biological targets: 1) Activation

of cell death pathways, 2) Inhibition of angiogenesis, 3) Interaction with pro-

teins or 4) DNA interaction among other mechanisms. On the other hand,

the proposed mechanisms of action against bacteria involve: a) inhibition of

both PBP2a and β-lactamases by POMs, b) POMs target P-type ATPases,

c) impairment of the bacterial electron-transport chain (respiratory system)

by POMs, d) POM-mediated increase of the reactive oxygen species level via

oxidation, e) interaction of POMs with important membrane-anchored pro-

teins and enzymes, f) the disruption of the bacterial cytoskeleton dynamics by

POM-interactions with cytoskeletal elements, g) disruption of the bacterial cell

wall leading to leakage of intracellular substances or h) interaction with cyto-

plasmic elements or proteins that are anion-sensitive like nucleic acid-binding

proteins. As discussed earlier, one of the processes described in the reviews

of Bijelic et al.[40, 225] is the interaction of POMs with DNA to promote its

phosphoester hydrolysis as artificial phosphoesterases. The focus of this work

is the investigation of the above catalysed hydrolysis step.

The phosphoester bond is produced when any hydroxy group of the phos-
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Figure 4.2: Phosphodiester hydrolysis in DNA.

phoric acid react with hydroxy groups of neighbouring molecules to form an

ester bond. In the case of DNA, two bonds are formed from two hydroxy

groups of the phosphoric acid with the deoxyribose sugars forming the DNA

strand to form the phosphodiester bond (see Figure 4.2). These types of bonds

are extremely stable and therefore play a very important role to maintain the

integrity of the genetic code and the proper function of proteins. Consequently,

nature has devised these links to maintain the connectivity of nucleosides in

DNA, with remarkable kinetic stability: the half-life for hydrolysis of phos-

phoester bonds in DNA at neutral pH and 298 K is estimated to be 130 000

years.[227] This resistance to hydrolysis is mainly due to the repulsion between

the negatively charged backbone and the potential nucleophiles which are also

negatively charged. Consequently, an important Coulombic repulsion has to

be overcome in order to produce the reaction, leading to high activation energy

for the phosphoester hydrolysis.[15]

This stability of the phosphoester bond can be overcome through a family
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of enzymes known as phosphoesterases. These catalysts play an essential role

in repairing DNA sequences[228], increasing the phosphoester bond hydroly-

sis rate. Thus, the development of artificial catalysts promoting phosphoester

bond hydrolysis in reasonable time scales is an important research topic that

has been explored extensively during the last 15 years.[9–15, 229–249] These ar-

tificial catalysts include Cu(II),[250] Zn(II),[251] La(III),[252–254] Mo(V/VI)

complexes[13–15] and/or POM clusters.[9–12, 229, 230, 235–237, 239, 241, 243]

Particularly surprising is the catalysis of the phosphoester bond by poly-

oxoanions since an also negatively charged phosphate group will need to co-

ordinate with them to facilitate a nucleophilic attack by water. A deeper

understanding and rationalisation of the catalytic mechanism involving POMs

and chemical species with phosphoester bonds is inherently challenging. In

previous studies, Luong et al.[237, 239] attempted to tap into the mechanis-

tic action of [Mo7O24]6– ({Mo7}) in phosphoester hydrolysis employing model

substrates and using several experimental techniques.

Their work consisted of the hydrolysis of para-nitrophenylphosphate (NPP)

in the presence of a {Mo7} solution.[9, 11, 12, 229] The NPP molecule is

a typical model substrate of the phosphoester bond for biological phosphate

esters. In their account, Cartuyvels et al.[11] clearly found that the hydrolysis

was activated in the presence of {Mo7} and subsequently proposed a set of

transformation steps based on their findings, notably 31P and 1H and DOSY

NMR, UV-Vis and RAMAN spectroscopies. It was found that during the

course of this reaction a side product [Mo5O15(PO4)2]6– ({Mo5 –PO4}) anion

was formed (see Figure 4.3) previously identified by Fischer and others.[255]

92



Figure 4.3: Polyhedral (left) and ball & stick (right) representations of the
[Mo5O15(PO4)2]6– anion.

Based on this evidence the authors proposed two transformative steps (Fig-

ure 4.4) conducive to hypothetical intermediate species [(NPP)2Mo5O21]4–

({Mo5 –NPP}) and [(NPP)2Mo12O36(H2O)6]4– (Intermediates A and B in the

original paper).

One aspect is particularly striking in the previously reported work: The

disparity in geometries between the {Mo5 –PO4} product and the {Mo7} start-

ing material. There is no simple obvious route from the latter to the for-

mer other than i) the complete disassembly and subsequent re-assembly into

{Mo5 –PO4}, or ii) a significant structural rearrangement within the {Mo5}

framework. The primal goal in this work is to unveil some of these obscure

aspects in this particular reaction step. As such, it was decided to revisit

this work combining computational approaches (DFT) with experimental data

from our colaborators (ESI-MS) to converge both approaches.

Herein we start out by analysing the information given by the ESI-MS ex-

periments about the {Mo7} + NPP reaction mixture, which can provide us

with other potential intermediate candidates that could be responsible of the

observed catalysed hydrolysis. Then, we can use these species as a starting
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Figure 4.4: Proposed chemical reactions of the hydrolysis of NPP catal-
ysed by heptamolybdate. Purple-hatched polyhedra represent the phosphate
groups.[229]

point to carry out a reaction path analysis in silico of the hydrolysis process.

Our new results highlight the fact that the Mo5O15 ({Mo5}, species which is

the predecessor of the identified {Mo5 –PO4}) is unlikely to be the catalyti-

cally active species. We propose an alternative sequence of transformations

where the original {Mo7} reactant dissociates into two moieties: one dinuclear

[Mo2O8H4] ({Mo2}), and a pentanuclear {Mo5} species. The former species is

the agent that catalyses the hydrolysis whereas the latter will capture the re-

sulting phosphate. Additionally, the generation of the Mo2O8H4 and Mo5O15

species was corroborated by mass spectrometry experiments. Finally, the effect

of solvent was considered not only with the dielectric continuum approach but

also with a minimal number of explicit H2O molecules which provide a more

accurate portrayal of the energy barrier corresponding to the pentacoordinate

transition state.
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4.2 Computational Details

DFT calculations were performed using the Amsterdam Density Functional

2017.01 (ADF) program package.[187] Geometry optimisations, without sym-

metry constraints, were performed resorting to a combination of the gradient

corrections of Becke 1988 exchange functional and Perdew 1986 correlation

functional as well as the latest version of Grimme dispersion correction (BP86-

D3).[85, 98, 189] Relativistic effects were treated with the Zero Order Regular

Approximation (ZORA) Hamiltonian.[190, 191] The frozen core approximation

was employed, thus, triple-ζ Slater-type orbitals (STO) were used to describe

the valence shells of C and N (2s and 2p). One polarisation function was added

to C, N, O, Mo and W (single-ζ, 3d, 4f). Triple-ζ STOs were used to describe

the valence shells of H (1s) augmented with one polarisation function (single-ζ,

2s, 2p). Solvent effects were treated with the Conductor-like Screening Model

(COSMO) of solvation (Water, ϵ = 78.39).[125–127] Analytical frequencies

were calculated to characterise the obtained stationary points and to calcu-

late the free energies (standard state T = 298.15 K, P = 1 atm). Transition

states were followed after a fractional displacement of the imaginary vibra-

tional mode to both the reactants and products. The starting structures were

modelled after the reported [Mo7O24]6– and [Mo5O15(NPP)2]4– geometries.

Molecular renderings were made with VESTA[256] and Chemcraft.[257].

4.3 Results and Discussion

To characterise further the clusters in solution and to identify unambiguously

the structural integrity and composition of the species formed during the re-
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action, our experimental collaborators employed high-resolution electrospray

ionisation mass spectrometry (ESI-MS) and monitored in real time the reaction

mixture.[258] We can extract valuable information from those experiments—

thoroughly detailed and discussed in Appendix A.

The ESI-MS experiment with the reaction mixture (Figure 4.5) showed

a decrease of the {Mo7} species until it can not be detected at 30 h. In this

time, NPP values fluctuated due to adducts formation and decomposition. The

molybdenum species formed by the {Mo7} decomposition had a nuclearity that

ranged from 2 to 6. Interestingly, no NPP adduct was found with heptamolyb-

date or pentamolybdate species. On the contrary, two dimeric molybdenum

species were found to form adducts with NPP. The {Mo5 –PO4} species was

confirmed, but its formation was probably due to the free phosphate present

in the medium. After 30 h, only dimeric and trimeric species were found,

highlighting the decrease in nuclearity over time in presence of NPP. Quite the

opposite occurs in an additional experiment without NPP (Figure 4.6, which

showed little fragmentation—{Mo7} species having the main peak.

The ESI-MS studies provided the initial evidence of potential molecular

candidates that were identified in the catalysed reaction mixture. Because a

direct adduct of NPP with [Mo7O24]6– is unlikely to take place, we proceeded

initially to quantify the non-catalysed hydrolysis step in a computational study

and used it as a reference point for the catalytic steps.

Two types of mechanisms are traditionally proposed for the non-catalysed

reaction. That is, i) the substrate-assisted mechanism in which the phosphate

acts as a proton acceptor of an incoming water molecule, and ii) the solvent-
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Figure 4.5: Negative mode electrospray ionisation mass spectrum (ESI-MS) of
the catalytic reaction mixture in H2O/CH3OH (20:80).

Figure 4.6: Negative ion mass spectrum in H2O/MeOH (20:80) solution of
Na6Mo7O24.

assisted mechanism in which the nucleophilic substitution of nitro-phenolate

proceed before the water molecule loses its proton.

In prior studies,[180] the most appropriate description of these two mech-

anisms implied the use of explicit water molecules. For this reason, it was

decided to include four in all the models as the best compromise between

expediency and accuracy. The energy profiles of these mechanisms with the

inactivated NPP molecule are depicted in Figure 4.7. The values of ∆G‡
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Figure 4.7: Reaction schemes for NPP hydrolysis with no catalyst. Gibbs free
energies in kcal/mol.

= 29.8 kcal/mol for the substrate-assisted and ∆G‡ = 21.4 kcal/mol for the

solvent-assisted pathways are in line with previous computational studies.[180]

As the product detected in the Parac-Vogt studies[229] is [Mo5P2O23]6–

the natural step would be to reconstruct this reaction by hydrolysis of grafted

NPP to reach this product. A reasonable starting species for this would be

[Mo5O15(NPP)2]4 – . The production of the pentacoordinate phosphorus inter-

mediate (see Figure 4.8) has an activation barrier that is 11 kcal/mol higher

than the activation barrier of the uncatalysed substrate-assisted reaction and
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Figure 4.8: Reaction scheme for NPP hydrolysis with
[Mo5O15(NPP)2(H2O)6]6 – . Gibbs free energies in kcal/mol.

19 kcal/mol higher than the barrier for the solvent-assisted pathway.

The POM-activated pathways involve an O–H bond cleavage from an in-

coming water molecule to one oxygen of the POM structure, resulting in a

substrate-assisted type mechanism. For the [Mo5O15(NPP)2]4 – the transition

state leads to an intermediate λ5-phosphate(V) containing structure that is a

confirmed local minimum in energy.
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Figure 4.9: Optimised structure for the dimeric species observed through MS
experiments along with some solvent molecules.

Subsequent searches for a solvent-assisted mechanism with this {Mo5} acti-

vator proved unsuccessful. This is probably due to the latent Brønsted acidity

in polyoxoanions, making proton transfers ubiquitous. These results are incon-

sistent with the proposal set out in a previous work [229] (Figure 4.4), that is,

that an {Mo5} species is directly responsible for the higher rate of hydrolysis.

The only adduct with NPP that is observed in the ESI-MS study given above

is with a dinuclear entity ([Mo2O8(NO2C6H4PO4)Na5(H2O)H]– ). In the light

of this observation, it was decided to explore the catalytic ability of a dinuclear

model with a reasonable formulation such as [Mo2O4(OH)4(NPP)]2– ({Mo2}),

that is, two edge-sharing octahedra capped with hydroxy groups, herein repre-

sented in Figure 4.9. Four explicit water molecules were included in this model

to make it comparable to the non-catalysed reaction (Figure 4.7). The effect

of the surrounding water molecules is analysed in Figure 4.10.

A previous survey was carried out to find the most stable isomer with the

formulation [Mo2O4(OH)4(NPP)]2– . The results concluded that the species

bearing two protonated bridging O atoms and two axial O atoms is the most
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Figure 4.10: Reaction scheme for NPP hydrolysis with [Mo2O8H4] and increas-
ing number of explicit water molecules. Gibbs energies in kcal/mol.

stable one. Such isomer is up to 10.6 kcal/mol more stable in energy than

the [Mo2O4(OH)4(NPP)]2– dimeric species capped with equatorial hydroxy

groups as observed in Figure Figure 4.11.

The results of the hydrolysed activation with {Mo2} are presented in Fig-

ure 4.12 along with the activation barrier. When comparing these values to

the non-catalysed pathways shown in Figure 4.7 a more favourable kinetics

scenario is observed. The decrease in the barrier height is now down to 8.8

kcal/mol, 21 kcal/mol below the threshold of the substrate-assisted pathway

and 13 kcal/mol below that of the solvent-assisted mechanism. This stabil-

isation of the transition state could be explained because of the stabilising
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Figure 4.11: Energy difference between the [Mo2O4(OH)4(NPP)]2– dimeric
species capped with equatorial hydroxy groups and the most stable
[Mo2O4(OH)4(NPP)]2– isomer in which the O bridge atoms are protonated
along with the axial O atoms.

Figure 4.12: Reaction scheme for NPP hydrolysis activated by the Mo2O8H4
species in which the O bridge atoms are protonated along with the axial O
atoms. Four explicit water molecules are considered. Gibbs free energies are
in kcal/mol.
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hydrogen bond interactions between the H atoms of the O bridge and the O

atom in para to the –NO2 in the NPP species. Moreover, the product free

energies are negative (exergonic), whereas those in Figure 4.7 are positive (en-

dergonic, solvent-assisted mechanism) or thermoneutral (the substrate-assisted

mechanism). Thus, we can affirm that the isomer of {Mo2} dimer in which the

O atoms of the bridge are protonated along with the axial O atoms produces

a real catalytic effect on the hydrolysis of the phosphoester bond.

The free energy changes of the overall transformations are summarised

below:

• 8 H3O+ + [Mo7O24]6– −−→ 2 Mo2O8H4 + [Mo3O8]2+ + 8 H2O

∆Gº = -81.3 kcal/mol

• 2 [Mo2O8H4] + [Mo3O8]2+ + 8 H2O −−→ Mo2O8H4 + Mo5O15 + 7 H2O +

2 H3O+

∆Gº = -79.3 kcal/mol

• 8 H3O+ + [Mo7O24]6– −−→ Mo2O8H4 + Mo5O15 + 7 H2O + 2 H3O+

∆Gº = -160.6 kcal/mol

Probing for Activity in Analogous Wolfram Species

The same calculations were repeated for wolfram analogues. Likewise, the

pentanuclear mechanism was also studied (Figure 4.13). The energetic results

are compiled and compared to the Mo analogues in Table 4.1. The results

showed in general higher activation barriers for the same reactions with wol-

fram analogues. The effect of the addition of explicit water molecules in the
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Table 4.1: Activation and equilibrium free energies (∆G‡ and ∆Gº, in
kcal/mol) of NPP hydrolysis.

∆G‡ ∆Gº
No catalyst substrate-assisted 29.8 0.6
No catalyst solvent-assisted 21.4 16.1

Species M = Mo M = W M = Mo M = W
{M5} 44.1 44.6 -3.6 -2.0
{M2}* 8.8 14.6 -6.8 -1.1

* including 4 explicit H2O molecules.

calculation was studied for the wolfram dimer as well. Comparative results

can be found in Figure 4.14.

These results are in agreement with previous studies using Mo species in

which the inclusion of explicit solvent molecules had a relevant effect in reaction

barriers of phosphoester hydrolysis. We observe a general decrease in ∆G‡

with the inclusion of additional explicit molecules for both metal dimers. The

data are also in agreement with the observations by the Parac-Vogt group

that found no catalytic activity for the wolfram analogue [W7O24]6 – , as the

activation barriers are higher for {W2} species than for Mo analogues and the

general thermodynamic equilibrium is less favourable (Figure 4.15).
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Figure 4.13: Reaction scheme for [W5O15(NPP)2(H2O)6]6– . Gibbs energies in
kcal/mol.
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Figure 4.14: Reaction scheme for NPP hydrolysis with [W2O8H4] and increas-
ing number of explicit water molecules. Hydrogen atoms are bonded to equa-
torial oxygen atoms of the polyoxowolframate. Gibbs energies in kcal/mol.
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Figure 4.15: Reaction scheme for NPP hydrolysis with [W2O8H4] isomer with
4 explicit water molecules. Hydrogen atoms are bonded to axial and bridging
atoms of the polyoxowolframete. Gibbs energies in kcal/mol.
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4.4 Conclusions

A theory-experiment combined approach was employed in order to elucidate

the underlying hydrolysis mechanism of POM-catalysed phosphate ester model

NPP. The original work by Absilis et al.[10] proposed the activation of the phos-

phate group by a pentanuclear {Mo5 –NPP} precursor. We have shown that

this is inconsistent with the results reported in this work. The catalytically

active species responsible for the hydrolytic process is most likely to be the

dimeric unit [Mo2O4(OH)4(NPP)]2– , which exhibits a lower reaction barrier

(8.8 kcal/mol) in a more exergonic reaction (-6.8 kcal/mol) than the uncatal-

ysed one. This is in marked contrast to the {Mo5} alternative which was shown

to have unfavourable free energies. Furthermore, no actual adducts between

{Mo5} and NPP were detected in the ESI-MS spectra. In combination with

the obtained computational data, it is likely that the formation equilibrium of

{Mo7} with smaller fragments such as {Mo3} and {Mo2} and their subsequent

reassembly is the source of the hydrolytic activation rather than a rearrange-

ment of the Mo5 framework. The identification of the actual catalytic species

leads to a more efficient procedure. The lower mass of the catalytic species

can be produced by cheaper starting materials than the originally proposed

one which minimises the actual cost of the catalytic reaction and the amount

of produced waste, rending it in a greener approach.

Finally, we also studied the analogous pathway for the {W5} and {W2}

species and we found that the activation energies for the hydrolytic process are

higher than the ones observed for the Mo relatives. The experiments described

previously[11] also did not detect any catalytic activity in the presence of the
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wolfram species.
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Chapter 5

PHOSPHATE DIESTER HYDROLYSIS BY

POLYOXOMETALATES

Abstract

Between the diverse applications of polyoxometalates, the anticancer activity

of POMs stands out as it can be comparable to available drugs. The mech-

anism by which polyoxomolybdates inhibit tumour growth has been related

to its interaction with key biological phosphate esters. Experimental stud-

ies showed that heptamolybdate catalysed the hydrolysis of phosphate diester

models BNPP and HPNP through an unknown mechanism which kept the hep-

tamolybdate structure through the reaction. In this computational work, we

propose a consistent reaction mechanism that explains the phosphodiesterase

behaviour of heptamolybdate compared to the non-catalysed reaction. In ad-

dition, a topological analysis of the most important structures shows that the

phosphate increases its electrophilicity due to the interaction with the polyox-

ometalate structure. This mechanism is also coherent with the lack of activity

of the more rigid wolfram analogue, also studied in this work.
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5.1 Introduction

Polyoxometalates (POMs) are oxide clusters formed by early transition metals

like V, Nb, Ta, Mo and W in their highest oxidation state. These species are

assembled by condensation from oxometalate species in acidic solutions. They

constitute an extensive and broad family with different chemical and physi-

cal properties derived from their different structures and compositions.[259]

Due to their diversity, they have applications in many fields, such as cataly-

sis, new materials, photochemistry, electrochemistry and medicine.[18–20, 150,

218, 260–263]

For instance, some POMs have been found to possess antiviral or antibac-

terial activities.[264, 265] POMs have been proven to be active against Gram-

positive and Gram-negative bacteria, being more effective than common an-

tibiotics. Their antibiotic effect can be rationalised by the inhibition of specific

enzymes through specific interactions with the polyoxometalate species. More-

over, they also present great synergy with some of this conventional antibiotic

agents, which is important in the treatment of highly resistant bacteria. Be-

sides that, certain POMs also interact with some surface proteins located on

viral envelopes, sabotaging their virus replication .[266]

Besides these antibiotic and antiviral activities of POMs, some POMs also

have antitumoural activities.[40, 267] Some years ago, [Mo7O24]6– was proven

to be effective against different cancer cells with an activity comparable with

available drugs.[6, 39] The interaction of heptamolybdate with key phosphate

ester biomolecules like DNA and RNA—usually through their phosphate moi-

ety, as it is known—[268–270]has been pointed as a key factor of its antitu-
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moural activity.[166]

The formation and cleavage of the phosphoester bond in biomolecular mod-

els is a hot research topic since this bond is used as a structural motif as well as

for energetic storage in biological systems. The fundamental property of this

bond for such essential tasks is the slow kinetics for its cleavage, as it guaran-

tees excellent stability and allows great control using enzymes.[128–130]

During the last years, molybdenum species have been discovered to pro-

mote the hydrolysis of the phosphoester bond. Among these hydrolysis pro-

moters, we can find a variety of structures: molybdocene derivatives,[14, 157–

160] dioxomolybdates,[13, 15] molybdates[161–163] and polyoxometalates.[9–

12, 164–166]

Absilis et al. showed an improved activity in the phosphoester cleavage of

different models of ATP, DNA and RNA (NPP, BNPP, and HPNP, Figure 5.1)

in solutions of molybdate at different pH.[9–11] The POM species identified

as active in the hydrolysis of phosphodiester models was [Mo7O24]6– . The

heptamolybdate was an unexpected catalyst, being the first negative charged

and coordinately saturated species to show activity towards phosphate ester

hydrolysis. This species should overcome a significant barrier to approaching

a negatively charged phosphate before hydrolysis occurs.

The characterisation of the intermediates and transition states in those re-

actions involving polyoxometalate structures is hard to accomplish through

experimental work. Because of that, different techniques have been used

to identify some intermediate species in their mechanisms as in the works

of Absilis et al.[9–12], but still, there is a lack of understanding of the
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Figure 5.1: Model substrates. From left to right: 4–nitrophenylphos-
phate (NPP), bis(4–nitrophenyl)phophate (BNPP), and 2–hydrox-
ypropyl–4–nitrophenylphosphate (HPNP).

catalytic mechanism. Using computational methods can help unveil the

catalysis of these complex reactions..[SalazarMarcano2023Feb] Computa-

tional studies have been very useful in the study of the hydrolysis of dif-

ferent phosphate ester model substrates, like 4–nitrophenylphosphate (NPP),

2–hydroxypropyl–4–nitrophenylphosphate (HPNP), pyrophosphate (PP), and

bis(4–nitrophenyl)phophate (BNPP).[167, 271–273]

The preferred reaction mechanism for phosphate ester hydrolysis can vary

considerably depending on the substrate nature, the catalyst, and the medium

(pH, solvent, etc.). Because of that, some aspects of this reaction remained
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controversial and have been matter of discussion during the last years.[128,

167–171, 274, 275]

Recent studies of Duarte et al.[44, 180] showed a differential behaviour of

the cleavage of phosphoester dianions as a function of good and bad leaving

groups in basic media. Good leaving groups showed a preference for a pathway

with a loose transition state. In contrast, bad leaving groups preferred a

substrate-assisted pathway, in which a phosphorane formation was coupled

with a proton transfer to the phosphate to increase its electrophilicity. In other

works in a more acidic media, the monoanionic phosphates seem to activate

the cleavage of the phosphoester bond by transferring its proton to the leaving

group.[181–183] In the case of the phosphodiester molecules, the cleavage is

more difficult, pointing to tighter transition states.[172–174, 177–179, 184]

With such a complicated picture, the specific pathway of a catalysed phos-

phate diester hydrolysis is very sensible to the ability of the catalyst to stabilise

one transition state or the other. In this context, theoretical models are critical

to elucidate the ongoing mechanism in every case.

In previous chapters we discussed various dinuclear molybdate species as

promoters of the phosphoester bond hydrolysis .[276–279] These similar com-

pounds could be obtained by i) nucleation processes of molybdenum(VI) com-

plexes or ii) by breaking up processes of polyoxometalate structures. Although

these dinuclear species are good candidates for phosphoesterase activity, ex-

periments of Absilis et al. on phosphodiesters suggested that these substrates

hydrolyse through different mechanisms than monoesters in presence of POMs,

keeping the polyoxometalate structure intact during the course of the reac-
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tion.[9, 11]

This work uses computational methods to elucidate key aspects of the

mechanisms by which the [Mo7O24]6– heptamolybdate structure catalyses the

hydrolysis of BNPP and HPNP, and to explain the different results obtained

in the works of Absilis et al.[9, 11] We expect that this work will help to under-

stand and rationalise how the negatively charged polyoxometalate structures

can catalyse phosphodiester hydrolysis to optimise such catalysts for improved

performance.

5.2 Computational Details

Calculations were carried with the Gaussian 16 Revision A.03 simulation

software.[188] These calculations were made with the B3LYP DFT hybrid

functional, that uses the Becke’s three parameter exchange correlation that

mixes Hartree-Fock exact exchange with Slater’s and Becke’s exchange func-

tional;[84] whereas the local correlation functional corresponds to the non-

local VWN functional with the Lee, Yang and Parr correlation functional.[87]

The Los Alamos National Laboratory 2 effective core potential with double

zeta (LANL2DZ) and f polarisation functions was used for the molybdenum

atoms,[192–196] and the double-zeta split valence basis set including d and p

polarisation functions and s and p diffuse functions for non-hydrogen atoms

6-31+G** was used for the rest of the atoms. Polarisable Continuum Model

was used to take into account the implicit solvent.[123] Transition state geome-

tries were optimised and characterised by frequency calculations. The intrinsic

reaction coordinate was followed to obtain the reactants and products geome-
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tries, followed by unconstrained optimisations.[197] Energies of mechanistically

relevant results were refined using the 6-311++G(3df ,2p) basis set.[199] Dis-

persion effects were included using the third version of Grimme correction with

the Becke-Johnson damping.[98]

The wavefunctions corresponding to the transition states have been anal-

ysed through the Quantum Theory of Atoms in Molecules (QTAIM) to explore

the topology of the electron density.[112] This methodology allows us to exhibit

the bonding scheme and the evolution of the electron density in the transition

states to gain insight into the mechanistic process of the hydrolysis. Such

analyses have been performed with the AIMAll software.[202]

5.3 Results and Discussion

As discussed previously, experimental results showed that the hydrolysis reac-

tions of BNPP and HPNP were accelerated in presence of heptamolybdate.[9,

11] However, in contrast with the hydrolysis reaction of NPP—in which the

heptamolybdate structure was not maintained—the [Mo7O24]6– structure is

kept until the end of the hydrolysis of these phosphodiester substrates.

Both BNPP and HPNP are phosphodiester models, but HPNP has a mo-

bile hydroxy group—like RNA—that can affect to its reactivity. We expect

both hydrolysis mechanisms to diverge as the acting nucleophiles differ. With

BNPP, an external water molecule acts as the nucleophile, whereas with HPNP,

the substrate attacks the phosphorous atom intramolecularly. Details of both

reaction mechanism are shown in separate sections.
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Table 5.1: Relative energies (in kcal/mol), relevant distances (Å) and angles
(degrees) for the species involved in the non-catalysed BNPP hydrolysis mech-
anism

Species ∆Eelec ∆G P–O(LG) P–O(Nu) O(LG)–P–O(Nu)
Reac 0.0 0.0 1.666 3.754 110.3
TS1 35.8 36.6 1.688 2.284 168.5
Int 24.1 27.1 1.828 1.738 170.6
TS2 25.8 28.3 2.194 1.701 169.5
Prod −9.9 −6.5 3.566 1.631 145.4

Of course, if we want to determine the catalytic ability of these mechanisms,

we have to compare them with the non-catalysed mechanisms for the hydrolysis

of both substrates.

Hydrolysis of BNPP

To prove any catalytic effect, we must first study the non-catalytic case. As

shown in Table 5.1 and depicted in Figure 5.2, the first transition state resulting

in a phosphorane formation is the rate-determining step with a high energetic

barrier (∆G=36.6 kcal/mol). On the contrary, the second transition state is

only 1.2 kcal/mol over the phosphorane intermediate, located 27.1 kcal/mol

over the reactant state.

Next, we analysed the catalytic mechanism for BNPP hydrolysis by hepta-

molybdate, which confirmed the tight associative mechanism. This mechanism

is depicted in Figure 5.3, where we can appreciate that a transient phosphorane

intermediate is reached, located only 22.1 kcal/mol over the reactants. The

transition state for its formation is located very close in energy to the phos-

phorane itself, being only 0.4 kcal/mol higher in free energy. The transition

state for the leaving group departure is the highest point in the mechanism,
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(28.3)

(-6.5)

(27.1)

Figure 5.2: Calculated free energy profile for non-catalysed BNPP hydrolysis
with two extra water molecules. Relative free energies are in kcal/mol.

25.0 kcal/mol over the reactant complex. The occurrence of the phosphorane

and the short P–O distances to the nucleophile and leaving group at the tran-

sition state structures (see Figure 5.4 and Figure 5.5) confirm the associative

character of the mechaninsm. After its departure, the negatively charged leav-

ing group will ultimately be protonated through concatenated proton transfers

involving the solvent and the previously protonated oxygen of the polyoxomet-

alate structure. After this exergonic hydrolysis—∆G = −10.3 kcal/mol—a

structure containing the NPP—a phosphate monoester—is obtained as a prod-
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Figure 5.3: Calculated free energy profile for BNPP hydrolysis in presence of
heptamolybdate. Relative free energies are in kcal/mol.

uct. This species is known to hydrolyse through a different—less associative—

mechanism. A detailed description of the energetic and geometric data are

shown in Table 5.2.

Now we can compare the energy values of this mechanism with the data

for the non-catalysed hydrolysis, shown in Figure 5.2. By doing so, we can

observe a catalytic effect, as the energetic barrier of this process is lowered

by 11.6 kcal/mol. We can see a major stabilisation of both the phosphorane

intermediate by 5.0 kcal/mol, and the transition state leading to its formation

by 14.1 kcal/mol. By stabilising this transition state, the polyoxometalate
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Figure 5.4: Transition state structure leading to the formation of the phospho-
rane in the BNPP hydrolysis mechanism in presence of [Mo7O24]6– . Distances
are in Å.

Table 5.2: Relative energies (in kcal/mol), relevant distances (Å) and angles
(degrees) for the species involved in the catalysed BNPP hydrolysis mechanism.

Species ∆Eelec ∆G P–O(LG) P–O(Nu) O(LG)–P–O(Nu)
Reac 0.0 0.0 1.633 3.434 162.1
TS1 22.8 22.5 1.748 1.878 174.7
Int 21.1 22.1 1.775 1.786 174.4
TS2 24.6 25.0 2.198 1.701 175.1
ProdH∗ 11.0 8.9 4.796 1.624 159.9
Prod −8.2 −10.3 4.266 1.610 144.2

* Product before proton transfer to leaving group.
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1.198
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Figure 5.5: Transition state structure leading to the breaking of the phospho-
rane in the BNPP hydrolysis mechanism in presence of [Mo7O24]6– . Distances
are in Å.

structure changes the rate limiting step, with important consequences, as the

nature of the leaving group could now significantly influence the overall kinetics

of the reaction.

Hydrolysis of HPNP

As we stated previously, the mechanism by which HPNP is hydrolysed is qual-

itatively different as the nucleophile is part of the substrate. This intramolec-

ular attack leads to an energetically lower pathway in which we obtain a sta-

bilised ring structure that complicate any posterior hydrolysis.

Like before, we studied the non-activated mechanism before the catalysed

121



Table 5.3: Relative energies (in kcal/mol), relevant distances (Å) and angles
(degrees) for the species involved in the non-catalysed HPNP hydrolysis mech-
anism

Species ∆Eelec ∆G P–O(LG) P–O(Nu) O(LG)–P–O(Nu)
Reac 0.0 0.0 1.662 3.344 139.7
TS1 31.4 27.5 1.695 2.257 159.3
Int 20.8 21.4 1.830 1.744 166.3
TS2 20.5 21.3 2.283 1.668 166.6
Prod −3.1 −3.4 3.810 1.647 129.2

Reac 

TS1

Int TS2

Prod(0.0)

(27.5)

(21.3)

(-3.4)

(21.4)

Figure 5.6: Calculated free energy profile for non-catalysed HPNP hydrolysis
with two extra water molecules. Relative free energies are in kcal/mol.
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(16.2)

Figure 5.7: Calculated free energy profile for HPNP hydrolysis in presence of
heptamolybdate. Relative free energies are in kcal/mol.

case. The energetic and geometric data for the non-catalysed hydrolysis of

HPNP are listed in Table 5.3 and depicted in Figure 5.6. As expected, we

observe an energetically lower path compared to the BNPP one, in which the

first transition state (∆G=27.5 kcal/mol) is still the rate determining step in

absence of the polyoxometalate structure.

The POM-activated mechanism depicted in Figure 5.7 shows that reaching

the phosphorane structure (∆G=16.2 kcal/mol) require surpassing a transition

state (Figure 5.8) located at only 15.1 kcal/mol over the reactant state. The

rate-determining step is the leaving group departure, proceeding through a

transition state at 20.6 kcal/mol over the reactant state.
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1.866 1.731

1.232

Figure 5.8: Transition state structure leading to the formation of the phospho-
rane in the HPNP hydrolysis mechanism in presence of [Mo7O24]6– . Distances
are in Å.

In comparison with the BNPP phosphorane, this associative intermediate

is closer to the reactant state, with a shorter bond to the leaving group (1.745 Å

compared to 1.775 Å) and a longer bond to the nucleophile (1.816 Å compared

to 1.786 Å). On the contrary, the transition state for the phosphorane rupture

is displaced to the products, with a P–O distance to the leaving group of

2.478 Å(see Figure 5.9). Again, the leaving group will accept a proton from

the protonated polyoxometalate through proton transfers with the solvent.

Energetic and geometric details are reported in Table 5.4.)

Once again, a catalytic effect is clear, as the energetic barrier of this pro-

cess is lowered by 9.1 kcal/mol compared to the non-catalysed hydrolysis in
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1.670

2.476

Figure 5.9: Transition state structure leading to the breaking of the phospho-
rane in the HPNP hydrolysis mechanism in presence of [Mo7O24]6– . Distances
are in Å.

Figure 5.6. We can see similar patterns to the BNPP case: a big stabilisa-

tion of the phosphorane formation—the first transition state is lowered by 12.4

kcal/mol and the intermediate by 5.2 kcal/mol—as well as an induced change

in the rate determining step to the second transition state.

These results highlight the strong effect of the presence of [Mo7O24]6– ,

which leads to the catalysis of the hydrolysis of phosphodiester substrates.

The findings of our research are in agreement with the experimental results

of Absilis et al.[9, 11] that suggested this catalytic activity. Moreover, it also

agrees with our previous theoretical work, which highlighted a similar struc-

ture to promote the hydrolysis of phosphate monoester substrates. This din-

125



Table 5.4: Relative energies (in kcal/mol), relevant distances (Å) and angles
(degrees) for the species involved in the catalysed HPNP hydrolysis mechanism

Species ∆Eelec ∆G P–O(LG) P–O(Nu) O(LG)–P–O(Nu)
Reac 0.0 0.0 1.635 3.361 141.1
TS1 15.6 15.1 1.731 1.866 167.2
Int 15.6 16.2 1.745 1.816 166.9
TS2 21.8 20.6 2.478 1.670 172.3
ProdH∗ 17.9 11.1 4.543 1.629 151.4
Prod 0.6 −1.5 3.727 1.618 108.5

* Product before proton transfer to leaving group.

uclear dibridged molybdate motif—a little looser in the case of phosphate

monoesters—could be important in the catalysis of phosphoester bonds by

molybdenum species.

Mechanisms with Wolfram Species

Experiments with the same substrates (BNPP and HPNP) and an analogous

[W7O24]6– cluster yielded no significant differences in cleavage rates to the

experiments without promoter. The inactivity of polyoxowolframates towards

phosphate ester catalysis was explained with its stiffness and inability to partial

detach the WO4 units through the W–O bonds, which will ultimately impede

the formation of the initial heptawolframate structure including the phosphate

moiety.

Nevertheless, we also wanted to compare their mechanisms once the

substrate is incorporated into the polyoxometalate scaffold to see if a less

favourable hydrolysis process can explain its lack of activity. In presence of

this wolfram species ([W7O24]6– ), BNPP hydrolysis goes through an intermedi-
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1.472

Figure 5.10: Phosphorane structure for the BNPP hydrolysis in presence of
[W7O24]6– . Distances are in Å.

ate which is located 25.8 kcal/mol over the reactant state. This phosphorane

is almost 4 kcal/mol higher in energy than in the molybdenum case, which

could result in higher transition states and a lesser catalytic activity than the

molybdenum case.

Structural data also show that the intermediate is slightly more displaced

to the reactant state. P–O distances to the leaving group and nucleophile

are 1.748 Åand 1.778 Å, respectively, as seen in Figure 5.10. Those distances

are also smaller than in the molybdenum case, showing a more associative

character. The global reaction with wolfram species is also exergonic but less

favourable than with the molybdenum analogue, releasing 8.4 kcal/mol of free

energy.
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To summarise, wolfram polyoxometalates are known to be less prone than

molybdenum POMs to suffer intramolecular exchange, in contrast to polyox-

omolybdates. Because of that, phosphate molecules are less likely to interact

and be activated by these wolfram species. In addition to that, the energet-

ics of the phosphorane intermediates also suggest that heptawolframate could

have a lesser catalitic activity than its analagous heptamolybdate.

Topological Analysis

The catalytic process promoted by the molybdate structures has been studied

with the QTAIM methodology. This procedure allows us to explore the elec-

tron density topology and it is extremely useful to describe chemical bonds.

We can get important insights by using the Bond Critical Points (BCPs) of

the breaking and emerging bonds in the transition states and comparing the

situation between the catalysed and non-catalysed mechanisms.

In Figure 5.11, we can see a depiction of the bonding schemes and the

corresponding properties of the bond critical points for the involved transition

states of both non-catalysed and catalysed BNPP hydrolysis reaction. This

figure also presents the integrated charges for the P atom and the surrounding

O atoms. It is observed that the heptamolybdate slightly increases the charge

on the P atom from 3.58 to 3.62 au (highlighted in orange). This change

indicates that the heptamolybdate increases the electrophilicity of the P atom,

making him more prone to a nucleophilic attack.

In addition, we can observe differences in the electron density on the BCPs

between the catalysed and non-catalysed transition states for the nucleophilic
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Figure 5.11: Bonding scheme properties for the BCPs involved in TS1 for the
BNPP hydrolysis and the integrated charges for the P atoms and surrounding
O atoms. The contour maps for the ∇2ρ are plotted in the plane containing the
BCPs involved in the reaction mechanism. Black dotted lines represent charge
depletion zones, while red lines represent charge concentration zones. Up, non-
catalytic process, down, catalytic process in presence of the heptamolybdate.
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attack. In presence of heptamolybdate, the the electron density value (ρ) for

the emerging bond grows from 0.052 to 0.110 au, indicating a stronger union.

Moreover, the electron energy density (Ed) change (from −0.014 to −0.082 au)

points to the stabilisation of this emerging bond due to the polyoxometalate

presence. This result is corroborated by the contour map for the laplacian

of the electron density ∇2ρ, plotted in the plane containing the nucleophylic

O atom, the P atom and the O atoms of the leaving group. Also, we can

observe—emphasised using a green arrow—a negative zone for ∇2ρ between

the nuchelophylic O and P atoms manifesting a charge concentration zone.

Moreover, it is observed that one H atom of the nucleophile is forming a bond

with the polyoxometalate structure, raising the nucleophilicity of the O atom.

Similar results have been obtained regarding the HPNP hydrolysis (Fig-

ure 5.12). The coordination of heptamolybdate to the phosphate group yields

more positive integrated QTAIM charges for the P atom. For the non-catalysed

process, we obtain a value of 3.56 au, while for the catalysed reaction, this value

increases to 3.61 au. Regarding the values of the BCPs, a stabilisation of the

forming bond between the nucleophile and the P atom is observed, with higher

values for the ρ and Ed: 0.013 and −0.086 au, respectively. The charge concen-

tration area in the ∇2ρ contour map of the catalysed TS—again, accentuated

with the green arrow—confirms this stabilisation due to the polyoxometalate

presence. In addition, the H atom of the nucleophilic OH group is creating a

bond with the polyoxometalate structure and increasing the nucleophilicity of

the oxygen atom.

The study for the second transition state in both hydrolysis (BNPP and
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Figure 5.12: Bonding scheme properties for the BCPs involved in TS1 for the
HPNP hydrolysis and the integrated charges for the P atoms and surrounding
O atoms. The contour maps for the ∇2ρ are plotted in the plane containing the
BCPs involved in the reaction mechanism. Black dotted lines represent charge
depletion zones, while red lines represent charge concentration zones. Up, non-
catalytic process, down, catalytic process in presence of the heptamolybdate.
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Figure 5.13: Bonding scheme properties for the BCPs involved in TS2 for the
BNPP hydrolysis and the integrated charges for the P atoms and surrounding
O atoms. The contour maps for the ∇2ρ are plotted in the plane containing the
BCPs involved in the reaction mechanism, black dotted lines represent charge
depletion zone, while red lines represent charge concentration zone. Up, non-
catalytic process, down, catalytic process in presence of heptamolybdate.
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HPNP) have been also performed (see Figure 5.13 and Figure 5.14). If we

compare both of them with their non-catalysed cases, we can observe higher

integrated charges on the P atom, and the ρ and Ed values suggest a weaker

bond to the leaving group.

These results indicate that the presence of the heptamolybdate attached

to the phosphate groups results in a more positive P atom and an increase

in the nucleophile strength due to the proton transfer to the polyoxometalate

structure. This gives a more reactive O atom and a favoured phosphorane

formation.
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Figure 5.14: Bonding scheme properties for the BCPs involved in TS2 for the
HPNP hydrolysis, and the integrated charges for the P atoms and surrounding
O atoms. The contour maps for the ∇2ρ are plotted in the plane containing the
BCPs involved in the reaction mechanism, black dotted lines represent charge
depletion zone, while red lines represent charge concentration zone. Up, non-
catalytic process, down, catalytic process in presence of heptamolybdate.
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5.4 Conclusions

Our results confirm that the valence-saturated and negatively charged hepta-

molybdate catalyses the hydrolysis reaction of the studied phosphate diester

models: BNPP and HPNP. We have described in detail both catalysed mech-

anisms in this study, obtaining pathways with lower energetic barriers than

the non-catalysed reactions by 11.6 and 9.1 kcal/mol for BNPP and HPNP

hydrolysis, respectively. These results support the available experimental data

and are coherent with some recent theoretical studies which point towards a

structural motif involving dibridged molybdates with octahedral coordination

to be key in the catalysis of these kind of phophoester hydrolysis reactions. An

analogous mechanism with a more rigid wolfram species was also analysed and

proved to proceed through less accessible intermediates. We also performed a

topological analysis that confirms that the molybdate structure increases the

electrophilicity of the phosphorous atom, lowering the energy needed for the

rate-limiting step.
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Chapter 6

FURTHER WORK: THIS IS NOT OVER

6.1 Overview

This thesis addresses relevant aspects that explain how molybdenum species

can catalyse the hydrolysis of phosphoester bonds. Although this ability has

been linked with antitumoural activity, applying this information to the med-

ical world is far from simple and direct. Phosphoester models used in this

work (NPP, BNPP, HPNP) are very different from the DNA, RNA, and ATP

biomolecules, key targets in this approach. Their difference not only is ex-

plained by size—biomolecules are considerably larger—but also qualitatively,

as the nature of the groups linked to the phosphorous atom can affect greatly

to their reactivity. These differences could influence in the phosphoesterase

activity of the polyoxometalate structures discussed previously in this thesis.

To undertand the implications of our models in the biological world, we need

to perform more realistic and costly simulations.

One step in that direction would be to use actual phosphoester biomolecules

instead of smaller, more rigid and easier to hydrolyse models. By increasing

the number of atoms and the degrees of freedom of the system the compu-

tational cost increases greatly. Nevertheless, we cannot simplify the method-

ology without sacrificing the accuracy needed to describe these mechanisms
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Figure 6.1: Representation of the ’5-AC-’3 dinucleotide.

correctly. With all this in mind, we continued our studies using an adenine

cytosine dinucleotide (Figure 6.1) as a small fragment of the DNA chain.

Apart from modifying the substrate, we must consider other types of poly-

oxometalate structures. The kind of species studied in this thesis are known to

be toxic in biological environments. Nevertheless, properties of the POMs can

be modified by functionalising them with biological building blocks—as, for

example, aminoacids—to tune their biological properties. This approach have

been tried experimentally by testing the phophoesterase activity of a function-

alised octamolybdate against ATP,[12] but no following attempts have been

made on DNA-like substrates. These modifications could also affect the catal-

ysis of the hydrolysis reaction, so further studies are needed to get a broader
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view of the implications of the polyoxometalate functionalisation.

6.2 Partial Results

Using the ADF program package, we applied Density Functional Theory to

perform geometry optimisations. Our methodology included the BP86 func-

tional and a triple zeta slater-type basis set with two polarisation functions and

the COSMO model to include solvent effects. Following these approaches, we

scrutinised the potential energy surface to find key structures in the hydrolysis

mechanism of the ’5-AC-’3 dinucleotide attached to alanine- and glycylglycine-

functionalised octamolybdate structures (Figure 6.2).

As we stated chapters before, phosphodiester molecules usually hydrolyse

through compact pathways, specially when bad leaving groups are present.

Furthermore, polyoxometalate structures are known to favour associative

mechanisms, in which phosphorane intermediates are formed. So it is easy

Figure 6.2: Representations of the octamolybdate structure functionalised with
alanine (left) and glycylglycine (right).
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Figure 6.3: Partially optimised structures for the phosphorane intermediates
with ala-octamolybdate (up) and glygly-octamolybdate (down).
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to infer that this reaction will proceed through tight associative mechanisms

involving phosphorane structures. In Figure 6.3 we can see an estimation

of the structure of these intermediates. This structures were obtained using

constrained optimisations keeping the P–O distances to the nucleophile fixed

at 1.79 Å—value obtained after scanning this coordinate—,while relaxing the

rest of the system. These phosphorane intermediates are around 30 kcal/mol

over the reactant state, but they are in process to be refined with relaxed

optimisations.

Transition state structures and the rest of the key stationary points will be

obtained through further energy optimisations and connected trough intrinsic

reaction coordinate calculations to obtain a complete and thorough description

of the reaction mechanism.

6.3 Follow-up Studies

Apart from this ongoing theoretical work, which could illuminate the appli-

cability of the functionalised polyoxometalates on biological phosphate ester

targets, we could improve this approach by combining it with experimental

studies. Another bioavailable dinucleotide, like nicotinamide adenine dinu-

cleotide (NAD), could be tested as a phosphoesterase target by heptamolyb-

date. The combination of a experimental work and computational characteri-

sation of the underlying mechanism would give very insightful information and

a confirmation of the theoretical predictions.

It could be also riveting to deepen our knowledge by addressing the

previous steps by which flexible polyoxometalates—like POMos—incorporate
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phosphates in their structure, comparing it with the rigid polyoxometalate

analogues—like POWs—which fail to have phosphoesterase activity. This ap-

proach could be tricky, since the detachment of molybdate units could lead

to multiple mechanisms of heteropolyoxometalate formation. This topic is far

from easy due to the multiple possible structures and configurations that can

emerge, being the most stable ones also dependant on different conditions as

pH or molybdate and phoshphate concentrations.
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Chapter 7

CONCLUSIONS

This thesis aimed to use computational theoretical chemistry to explain how

different molybdenum species have phosphoesterase activity. Of course, test-

ing the catalytic activity of every imaginable molybdenum species with ev-

ery molecule containing a phosphate ester bond was impossible. However, we

have explained the potential catalytic activity of various molybdate structres—

from small molibdenum complexes to polyoxometalate clusters—with different

model substrates—phosphate monoesters in chapters 3 and 4 and phosphate

diesters in chapter 5.

We started in chapter 3 with the MoO2Cl2(DMF)2 complex. Since in the

experimental works there was no clear catalyst candidate, we studied its specia-

tion before trying to guess the active species that acts as the catalysis initiator.

Our results supported the experimental findings reported in previous studies

that pointed to DMF release and Mo–Cl bond breakage. After that we found

a species that was ready to proceed through nucleation processes which—

depending on the conditions—could end up giving polyoxometalete structures.

We proposed two different pathways depending on the complex concentra-

tion. Experiments with lower concentrations of the initial complex, showed

a slower catalysis. In those conditions, the formation of polynuclear species

is disfavoured, and our proposed mechanism proceed through less favourable
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mononuclear intermediates. With enough MoO2Cl2(DMF)2 concentration,

exergonic nucleation processes are favoured, giving polynuclear species. We

choose dinuclear species from the wide range of polynuclear species that could

catalyse the NPP hydrolysis since their interaction with phosphate molecules

is more favourable than its succesive nucleation processes. After an exergonic

inclusion of the phosphate to the molybdate structure, the nucleophilic attack

and the consequent NPP hydrolysis showed lower energetic barriers than the

uncatalysed reaction.

We found that, generally, the molybdate structure yielded a more elec-

trophilic phosphorous and is able to activate the nucleophile by removing one

of its protons. As a result, more compact associative mechanisms are favoured

over dissociative ones. This behaviour is common to the different substrates

and molybdate species treated in this thesis.

In Chapter 4 we considered the opposite approach to Chapter 3. Thus,

whereas in Chapter 3 we started with a small complex that could nucleate

to a polyoxometalate species, in Chapter 4 we depart from a polyoxometalate

species ([Mo7O24]6– ) known to hydrolyse NPP while its nuclearity decreased.

Experimental works proposed a pentanuclear intermediate as the possible ac-

tive species in the hydrolytic process. Nevertheless, our studies suggested that

the activation barrier for this pentamolybdate species is too high, and there-

fore, it can not be considered as a catalyst. Instead, we propose a dinuclear

compound as the catalytic species, which decreased the energetic barrier and

yielded an exergonic NPP hydrolysis with respect to the non-catalysed reac-

tion.
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In summary, the main conclusion of Chapters 3 and 4 is that dinuclear

molybdate species are efficient catalysis for the hydrolysis of model phosphate

monoesters. These dinuclear species can be formed through nucleation of

molybdate species or through the fragmentation of polyoxometalate structures.

Next, in Chapter 5, we analysed the possibility that [Mo7O24]6–

heptamolydbate could catalyse DNA and RNA models, repre-

sented by bis(4–nitrophenyl)phophate (BNPP) and 2–hydrox-

ypropyl–4–nitrophenylphosphate (HPNP). Our calculations clearly showed

associative mechanisms through phosphorane intermediates with lower ener-

getic barriers than the non-catalysed analogues. Contrary to the phopshate

monoester cases, the hydrolysis of phosphodiesters can be achieved without

the fragmentation of the heptamolybdate sructure. This can be explained

as the hydrolysis of phosphate diesters proceeds through more compact

transition states that could fit within the heptamolybdate structure, whilst

more reactive phosphate monoesters need less associative transition states.

Although the dinuclear species and the heptamolybdate species could ap-

pear to be very different at first glance, both structures provide with a struc-

tural motif that is properly designed to catalyse the hydrolysis of these phos-

phates. This could be useful in designing effective catalysts, which could also

be tuned by functionalisation to lower their toxicity or improve its activity

towards actual biological targets.
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Appendix A

ESI-MS OF THE HEPTAMOLYBDATE

AND NITROPHENYL PHOSPHATE

REACTION MIXTURE

A.1 Experimental Details

All MS data were collected by our colleagues using a Q-trap, time-of-flight

MS (Maxis Impact MS) instrument supplied by Bruker Daltonics Ltd. The

detector was a time-of-flight, micro-channel plate detector and all data was

processed using the Bruker Daltonics Data Analysis 4.1 software, whilst simu-

lated isotope patterns were investigated using Bruker Isotope Pattern software

and Molecular Weight Calculator 6.45. The calibration solution used was Ag-

ilent ES tuning mix solution, Recorder No. G2421 A, enabling calibration

between approximately 100 m/z and 3000 m/z. This solution was diluted 60:1

with MeCN. Samples were dissolved in H2O/MeOH (20:80) and introduced

into the MS via direct injection at 180 µL/h. The ion polarity for all MS scans

recorded was negative, at 180 °C, with the voltage of the capillary tip set at

4000 V, end plate offset at 500 V, funnel 1 RF at 300 Vpp and funnel 2 RF at

400 Vpp.
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A.2 ESI-MS Results

The ESI-MS studies were performed in water/methanol (20:80). The specia-

tion and fragment rearrangements were investigated as follows:

Equimolar amounts of sodium heptamolybdate, Na6[Mo7O24] and NPP

(100 mM, pH = 5.4) were dissolved in aqueous solution and stirred at 50

°C for approximately 30 h. Aliquots were removed at noted time intervals

throughout the reaction, diluted with methanol, and analysed using ESI-MS

(the parameters for which were consistent throughout all runs). It is important

to note at this point that no precipitation has been observed during the course

of the catalytic reaction. The first spectrum was recorded upon mixing the

starting materials (t = 0) and after the reaction mixture had been stirred at 50

°C for 1, 3 and 30 h, respectively. In all cases, the observation of distribution

envelopes of higher m/z values are due to the existence of the heptanuclear

moiety, resulting from the combination of protons, counterions and solvent

molecules. Additionally, transition metal clusters are generally susceptible to

redox processes. The observed change of the oxidation state of the metal cen-

tres is due to the ionisation and consecutive ion-transfer process of the charged

species and have been observed previously on numerous occasions.[280–282]

In this case, the region of higher m/z values is populated by a series of dis-

tribution envelopes assigned to 1 charged species and can be assigned to the

{Mo7} intact cluster (Figure 4.5, Table A.1) with the corresponding distribu-

tion envelopes centred at ca. 1103.27, 1225.25 and 1249.24 m/z. The intensity

of the envelopes corresponding to the intact Mo7 cluster can be detected clearly

the first 3 h of the reaction while their relevant intensity gradually decreases to
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Table A.1: Representation of the experimentally identified and simulated m/z
values of distribution envelopes corresponding to the species in the reaction
mixture.

Exp. Theor. Charge Chemical formula
218.00 217.98 −1 [NO2C6H4PO4H]–

304.77 304.77 −1 [Mo2O7H]–

448.66 448.70 −1 [Mo3O10H]–

470.64 470.65 −1 [Mo3O10Na]–

510.72 510.70 −1 [MoIVMoV
2O9Na(H2O)3H2]–

592.65 592.75 −1 [Mo3O15(H2O)3H11]–

614.54 614.56 −1 [Mo4O13Na]–

654.73 654.64 −1 [Mo2O7(NO2C6H4PO4)Na5(H2O)H]–

671.64 671.71 −1 [Mo2O7(NO2C6H4PO4)Na5(H2O)H2]–

882.40 882.31 −1 [Mo5P2O21H5]–

904.29 904.39 −1 [Mo5P2O21NaH4]–

999.35 999.36 −1 [Mo5P2O23Na3(H2O)H3]–

1017.47 1017.37 −1 [Mo5P2O23Na3(H2O)2H3]–

1046.22 1046.35 −1 [Mo5P2O21Na5(H2O)3]–

1082.30 1082.37 −1 [Mo5P2O21Na5(H2O)5]–

1103.27 1103.34 −1 [Mo7O24Na(H2O)H7]–

1225.25 1225.20 −1 [Mo7O24Na5(H2O)3H]–

1249.24 1249.20 −1 [Mo7O24Na6(H2O)3H2]–

the point where cannot be detected any more (t = 30 h). As expected, the peak

centred at 217.90 m/z can be assigned to the singly charged organic molecule of

[NO2C6H4PO4H]– . The relevant intensity of the free organic ligand fluctuates

during the course of the study due to the formation of intermediate catalytic

organic-inorganic adducts followed by their subsequent decomposition after 30

h.

Interestingly, the lower region of m/z values (ca. 300−1100) revealed ad-

ditional information regarding the building block units that can be generated

insitu during the course of the catalytic reaction. The distribution envelopes

centred at 304.77, 448.66, 470.64 and 510.72 m/z values have been identified as
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Figure A.1: Expanded isotopic distribution envelope of the main singly charged
moiety observed in the catalysed reaction centred at m/z ca. 510.72, associated
to the [MoIVMoV

2O9Na(H2O)3H2]– species. Black line: experimental data,
Red bars: simulation of isotope pattern.

dimeric {Mo2} and trimeric {Mo3} (Figure A.1) units associated with differ-

ent number of counterions and solvent molecules while the envelope at 614.54

m/z (Figure A.2) could be assigned to the tetrameric molybdenum moiety,

[Mo4O13Na]– . Interestingly, two envelopes centred at 654.73 and 671.64 m/z

values (Figure A.3) have been identified as the Mo2 dimeric NPP adducts re-

vealing the ability to the lower nuclearity species to form hybrid complexes

with the organic moiety.

The higher m/z region (800–1000 m/z) revealed the formation of penta-

molybdodiphosphate-based, [Mo5O15(PO4)2]6– , derivatives which typically

form in mildly acidic solutions containing molybdate and phosphate ions.[283]

However, it has been reported that the [Mo5O15(PO4)2]6– anion does not

induce the cleavage of the phosphoester bond in NPP, even after prolonged

reaction times[229] which is an indication that the species forms in situ due to

the presence of free PO4
3– anions originating from the cleavage of phosphate

groups.
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Figure A.2: Expanded isotopic distribution envelope of the singly charged
moiety observed in the catalysed reaction centred at m/z ca. 614.54, associated
to the [Mo4O13Na]– species.

Figure A.3: Expanded isotopic distribution envelope of the singly charged
moiety observed in the catalysed reaction centred at m/z ca. 671.64, associated
to the [Mo2

VO7(NO2C6H4PO4)Na5(H2O)H2]– species.
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Table A.2: Representation of the experimentally identified and simulated m/z
values of distribution envelopes corresponding to the species of the uncatalysed
reaction mixture.

Exp. Theor. Charge Chemical formula
439.67 439.66 −2 [Mo6O19H]2–

511.61 511.62 −2 [Mo7O22]2–

592.57 592.56 −1 [Mo3O15(H2O)3H11]–

655.58 654.51 −2 [Mo7O24Na8(H2O)4]2–

799.94 799.93 −2 [(Mo5O16)2Na4(H2O)2]2–

880.34 880.35 −1 [Mo6O19H]2 –

943.87 943.80 −2 [(Mo6O19)2Na3(H2O)3H5]2–

Overall, the higher nuclearity species identified during the first hours of the

reaction (t = 0−3), degrade over time, including the {Mo7}, {Mo5} and {Mo4}

observed during the first hours, and only dimeric and trimeric species can be

identified after 30 h. In an effort to investigate the fragmentation processes that

might take place during the course of the ESI-MS studies, we have recorded the

ESI-MS of the {Mo7} starting material under the same conditions but in the

absence of NPP moiety. In the case of the uncatalysed system the main peak

can be assigned as the intact {Mo7} species along with a {Mo6} species due

to limited fragmentation (Figure 4.6, Figure A.4, Figure A.5, Figure A.6 and

Table A.2). This is in marked contrast to the extended speciation observed in

the case of the catalysed reaction where we were able to observe a variety of

species ranging from {Mo2} all the way up to {Mo7} upon addition of the NPP

moiety (Table A.1). These observations collectively increase our understanding

of the rearrangement processes taking place in the reaction solution.

In summary, several peaks were observed for {Mo5} related species (m/z =

882.40 to 999.35) that incorporate either one or two phosphate groups. These
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Figure A.4: Expanded isotopic distribution envelope of the main doubly
charged species centred at m/z ca. 511.62, associated with the Mo7 cluster.
The observed species originates form the starting material [Mo7O24]6– after
the loss of two oxygen atoms occurred during the ionisation process. Black
line: experimental data, Red bars: simulation of isotope pattern.

Figure A.5: Expanded isotopic distribution envelope of the singly
charged species centred at m/z ca. 799.94, associated to the
[(MoVMo4

VIO16)2Na4(H2O)2]2– fragment.

Figure A.6: Expanded isotopic distribution envelope of the singly charged
species centred at m/z ca. 592.57, associated to the [Mo3O15(H2O)3H11]–

fragment.
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species have been identified and reported previously in the literature.[255] In-

terestingly, none of the identified species corresponds to an adduct of {Mo7}

(1103.27 < m/z < 1249.24) or {Mo5} type fragment associated with the NPP

anion.[229]
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