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and angles are in degree. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98

5.1 Selected geometrical parameters of Ground-State Reactants, Intermediates and

transition States computed for addition of H2 into Cp∗Ir(TsDPEN −H). . . 109

5.2 Selected geometrical parameters of Ground-State Reactants, Intermediates and

transition States computed for addition of H2 into Cp∗Ir(TsDPEN)+. . . . . 112

5.3 Selected geometrical parameters of Ground-State Reactants, Intermedi-

ates, MECP and Transition States computed for insertion of O2 into

Cp∗IrH(TsDPEN) to form Cp∗IrOOH(TsDPEN) along the Singlet-Path. . 116

5.4 Selected geometrical parameters of Ground-State Reactants, Intermediates and

Transition States computed for insertion of O2 into Cp∗IrH(TsDPEN) to form

Cp∗IrOOH(TsDPEN) along Triplet-Path. . . . . . . . . . . . . . . . . . . . 118

5.5 Selected geometrical parameters of Ground-State Reactants, Intermediates and

Transition States computed in order to form two Cp∗IrOH(TsDPEN) accord-

ing to Scheme 5.3(A). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 121

x



5.6 Selected geometrical parameters of Ground-State Reactants, Intermediates

and Transition States computed in order to elimination of two H2O from

Cp∗IrOOH(TsDPEN) according to Scheme 5.3(B). . . . . . . . . . . . . . . 124

5.7 Selected geometrical parameters of Ground-State Reactants, Intermedi-

ates and Transition States computed for elimination of H2O from

Cp∗IrOOH(TsDPEN) according to Scheme 5.3(C). . . . . . . . . . . . . . . 127

5.8 Selected geometrical parameters of Ground-State Reactants, Intermediates and

Transition States computed for elimination of H2O from Cp∗IrOH(TsDPEN). 130

xi



Preface

The ability to selectively oxidize organic molecules directly using oxygen gas is one of the

“Holy Grails” in catalytic chemistry. This is due to the huge energy savings possible if or-

ganic molecules can be converted directly and efficiently into other reactive molecules and

intermediates used throughout the chemical industry. As a consequence, considerable efforts

are being made to replace traditional methods by catalytic processes that use molecular oxy-

gen as oxidant, that is clean and cheap, environmentally friendly and gives no hazardous

by-products

Transition metal-catalyzed oxidation reactions with molecular oxygen in biological, industrial,

and laboratory processes involve a plethora of intermediates of various lifetimes, reactivities,

and roles. As a result, theoretical and experimental investigation of the oxygen activation

chemistry is a vibrant and extremely active field of research, aiming to remove the obstacle

represented by the inadequate understanding of the mechanistic details of the involved pro-

cesses.

The aim of this work is to study a few examples of the chemistry of dioxygen activation by

transition metal complexes and show how application of computational chemistry methods

can be used to solve real problems for which the theoretical chemist can significantly con-

tribute to find an answer.

The organization of the dissertation work will be as follows:

Chapter 1:

In chapter 1, we have introduced the history and the general concepts of catalysis with a

particular focus on the homogeneous catalysis. In the same chapter we have discussed the

electronic structure of molecular oxygen and the problem of the intrinsic reactivity and selec-

tivity challenges posed by the chemistry of dioxygen for its use in selective oxidation reaction.

Some examples of reactions between dioxygen and different transition metal complexes have

been discussed.

xii



Chapter 2:

The development of catalytic processes needs a better theoretical understanding, which has

to be confirmed by the experimental evidence. The quantum chemical calculations can re-

sult very helpful in the exploration of the mechanistic details of catalytic reactions once an

adequate computational protocol is used. In chapter 2, we have presented the basic density

functional theory (DFT) and the Continuum Solvation Model. Also we have discussed the

approach used to correct the effects of spin-contamination of unrestricted-DFT and the algo-

rithm used to intercept minimum energy crossing points (MECP).

Chapter 3:

Pd-catalyzed oxidations in homogeneous phase have emerged as a particularly promising re-

action type for selective and efficient aerobic oxidation of organic substrates by dioxygen. But

an inadequate understanding of reaction mechanism has hampered the development of new

and more efficient catalytic strategies. Our idea is to study O2 activation by the different

kinds of Pd-complexes in homogenous phase.

In Chapter 3, we have elucidated the insertion mechanism of O2 into a Pd(II)-hydride bond

in order to form a (η1-hydroperoxo)palladium(II) complex using density functional theory

(DFT) [Article I]. Also, we have presented a mechanistic study of the reaction of O2 with

trans-(IMes)2Pd(H)OAc, which yields trans-(IMes)2Pd(OOH)OAc. For our work, we have

considered two different pathways: (1) direct insertion of O2 and (2) reductive elimination of

the carboxylic acid group followed by oxygenation of Pd0. In this case we have considered

three different carboxylic acids (acetic, benzoic, p-nitrobenzoic) [Article II and III]. All the

results and the computational details about these studies are collected in the attached articles.

Chapter 4:

The insertion of oxygen into metal-carbon bonds is an important step of metal mediated cat-

alytic reactions for the oxidation of organic substrates by air. Despite the importance of this

transformation very few studies aiming to unravel the mechanistic details are available in the

literature.In this work we have carried out a mechanistic study of the reaction O2 with the

divalent chromium phenyl complex, TptBu,MeCr(IV)Ph, using DFT. For our work, we have

considered two different pathways: (1) O-O bond breaking and (2) migratory insertion of

dioxygen into the metal-phenyl bond. The outcomes of this study are reported in Chapter 4.

Chapter 5:

The hydrogenation of dioxygen by conventional homogeneous catalysts is challenging. Many

complexes that are reactive toward H2 are rapidly and irreversibly oxidized upon treatment

xiii



with O2 This is the second topic we have studied in chapter 4. We have investigated a relatively

new generation of transfer hydrogenation catalysts (Cp∗IrH(TsDPEN)) for their use as un-

conventional metal hydrides for oxygen reduction. The recent experimental studies supported

that this kind of transfer hydrogenation catalysts could be effective for both the oxidation as

well as for the reduction reaction.

The results presented in this chapter concern the hydrogenation process of the amido com-

plex (Cp∗Ir(TsDPEN-H)) followed by the reduction of dioxygen by Cp∗IrH(TsDPEN) using

DFT. All the results and the computational details about this study are reported in Chapter 5.
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Chapter 1

Introduction

The selective oxidation of hydrocarbons by homogeneous, heterogeneous and enzymatic catal-

ysis is of fundamental and industrial interest, because the use of hydrocarbons as feed-stock,

both in nature and in laboratory synthesis, typically requires an oxidation step. A transition

metal compound in turn mediates the oxidation step. Therefore, the progress with regards to

the preparation of valuable product will be facilitated by a better mechanistic understanding

of the oxidation process. The chlorine and transition metal oxides are used for this kind of

selective oxidation, but there are problems due to environmentally hazardous by-products.

On the other hand, the oxygen is a plentiful, inexpensive and highly reactive reagent. It, if

properly controlled, can effect a variety of useful synthetic transformations. Reactions of hy-

drocarbons with oxygen are among the least energy-intensive fuctionalization reactions. Thus,

the liquid phase oxidation of organic substrates using metal complexes as catalysts has be-

come a profitable means of obtaining industrially important chemicals. Stimulated by success

in the catalytic activation of other small molecules, an intensive effort has been made during

past decades to activate molecular oxygen by transition metal complexes.

The ultimate goal of this work is to understand the interaction of dioxygen with transition

metal complexes and to discuss the reactivity of coordinated oxygen. However the investiga-

tion of individual reaction steps contributes to the fundamental understanding of transition

metal chemistry and should be valuable for the design of catalytic oxidation process and gives

a general view of the catalytic strategies of selective aerobic oxidation.

1



1.1. CATALYSTS 2

1.1 Catalysts

In the study of a chemical reaction, two considerations are important. First of all it is im-

portant that: will the reaction proceed and if so how far? All the reaction must stop short of

absolute completion: at what particular equilibrium positions will the system come to rest?

All these questions can be answered by chemical thermodynamics. Secondly, how fast does

the reaction go? How quickly will the reaction attain the equilibrium? The answers to these

and related questions are the province of chemical kinetics. To design the chemical process

both considerations matter. A system with large equilibrium constant has no value if the reac-

tion rate is slow. The thermodynamics of the system will determine the maximum attainable

yield of the products under the specific conditions. If the reaction is fast but the equilibrium

constant is small, then a viable process can’t result. In almost every case, economic factors

require both favorable yields and rates.

The changes in Gibb’s free energy G, enthalpy H, and entropy S depend only upon initial and

final states of the system and not upon the reaction path. On the other hand, the chemical

kinetics parameters, (activation energy E, order of reaction and rates coefficient k) depend

sensitively on a reaction path. It is necessary to consider the reaction pathway, which is

faster and reduces the activation energy. The introduction of a catalysed pathway changes

not only the values of these parameters, but also their significance. With the development of

theories of reaction rates it became clear that catalysts in general lower the activation energy

of a reaction. A catalyst breaks down the normal forces which inhibit the reactions between

molecules.

The concept of catalyst was introduced in the early of 19th century, it was noticed that a num-

ber of chemical reactions were effected by trace amounts of substances that were not consumed

in the reaction. A catalyst, is a substance that enhances the rate at which a chemical system

approaches equilibrium, it is not consumed. Catalysis is the phenomenon of a catalyst in ac-

tion. The word catalyst comes from two Greek words, the prefix cata- meaning down, and the

verb lysin, meaning to split or break. The concept of catalyst was first introduced by Berzelius

[2]. He defined this concept as the ability of substances to awaken affinities, which are asleep

at a particular temperature, by their mere presence and not by their own affinity. As a tool

for reactions catalysis had been exploited much earlier. It has been applied for thousands of

years in processes such as fermentation. The production of sulphuric acid is an interesting

example. Russian chemist Gottlieb Sigismund Constantin Kirchhoff (1764-1833) studied the
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behavior of starch in boiling water [3]. Under most circumstances, Kirchhoff found, no change

occurred when starch was simply boiled in water. But adding just a few drops of concentrated

sulfuric acid to the boiling water had a profound effect on the starch. In very little time, the

starch broke down to form the simple sugar known as glucose. When Kirchhof found that the

sulfuric acid remained unchanged at the completion of the experiment, he concluded that it

had simply played a helping role in the conversion of starch to sugar [3].

At the end of the 18th century and beginning of 19th many scientists studied the influence

of metals and oxides on the decomposition of several substances. Humphry Devy discovered

that the oxidation of coal gas is catalyzed by platinum and palladium was also active, whereas

copper, silver and gold did not show any catalytic activity [4]. Regarding surfaces, Faraday

proposed that the reactants have to adsorb simultaneously, but he did not explain the catalytic

action. Also Berzelious did not give the explanation, but he nicely generalized many results in

a simple way. Subsequently, Ostwald gave the definition that: A catalyst is a substance that

increases the rate of a chemical reaction, without being consumed or produced by the reaction

or does not influence the thermodynamic equilibrium of reactants and products. [5].

The catalyst only has a kinetic effect. It accelerates a reaction that is thermodynamically

possible. It increases the reaction rates, because it generates new reaction routes (different

transition states), which have lower activation energies. This can be observed in the energy

profile diagram (Figure 1.1). From Figure 1.1 it is clear that, the net free energy of a reaction

is the same whether a catalyst is used or not. The chemical nature of catalysts is as diverse

as catalysts themselves. Proton acids are probably the most widely used catalysts. Zeolites

and alumina are also used as catalysts. Transition metal complexes are used to catalyse the

hydrogenenation and oxidation.

Catalysis reactions are usually categorized as either homogeneous or heterogeneous reactions.

A heterogeneous catalysis reaction is one in which the catalyst is in a different phase from

the substances on which it acts. In a catalytic converter, for example, the catalyst is a solid,

usually a precious metal such as platinum or rhodium. The substances on which the catalyst

acts, however, are gases, such as nitrogen(II) oxide and other gaseous products of combustion.

A homogeneous catalysis reaction is one in which both the catalyst and the substances on

which it works are all in the same phase (solid, liquid, or gas). The reaction studied by Kirch-

hoff is an example of a homogeneous catalysis. Both the sulfuric acid and the starch were in

the same phase a water solution during the reaction [3].

Some of the most interesting and important catalysts are those that occur in living systems:
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Figure 1.1: Potential energy profile for an exothermic reaction, showing the lower activation

energy of the catalysed reaction.

the enzymes. All of the reactions that take place within living bodies occur naturally, whether

or not a catalyst is present. But they take place so slowly on their own that they are of no

value to the survival of an organism. For example, if you place a sugar cube in a glass of water,

it eventually breaks down into simpler molecules with the release of energy. But that process

might take years. A person who ate a sugar cube and had to wait that long for the energy to

be released in the body would die. Fortunately, our bodies contain catalysts (enzymes) that

speed up such reactions. They make it possible for the energy stored in sugar molecules to be

released in a matter of minutes.

1.2 Homogeneous Catalysis

Homogeneous catalysis is among the most important areas of contemporary chemistry and

chemical technology. Homogeneous catalysis received attention after the discovery of “oxo-

synthesis” by Otto Rolen in 1938 [6]. Historically, heterogeneous catalysis is more popular

than homogeneous catalysis. However, homogeneous catalysis has many advantages compared
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to heterogeneous catalysis:

• The activity and selectivity is high.

• No diffusion problem.

• Mild reaction conditions.

• The probability of catalyst poisoning is low.

• The electronic and steric properties of the catalysts can be varied.

The challenge of homogeneous catalysis is solving the problem of separating the reactants, the

catalyst, and the reaction products (which are all in the same phase). Homogeneous catalysis

occurs in solution and involves soluble transition metal complexes. A tremendous amount of

research work and application effort were done for the development of homogeneous catalysis.

1.2.1 Historical Notes

The metallo-enzymes are the oldest catalysts in homogeneous catalysis, as examples, iron

porphyrin active for oxidation, nickel complexes in hydrogenase enzymes for hydrogen acti-

vation, etc [7]. The making of sulfuric acid via “lead chamber process” (1750) is a very old

catalytic process, in this process the nitrogen oxidise oxides sulfer dioxide to the trioxides

and nitrogen oxides is reoxidised by air to nitrogen dioxide [7]. Again NO2 reoxidised by air.

Here, NO/NO2, are the catalysts and since they all reside in the gas-phase, this should be

called homogeneous catalysis[7]. In the nineteen twenties mercury sulfate was used for the

conversion of acetylene to acetaldehyde [7]. This was the first industrially applied catalyst

working in solution [7]. It can be said that, this process is the predecessor of the Wacker

chemistry, where oxygen was used for conversion of ethylene to acetaldehyde in water in the

presence of a tetrachloropalladate catalyst [8, 9].

The oligomerization of ethene was another major process in the fifties, but in the homoge-

neous catalyzed processes remained low in the sixties. From the seventies usage of homoge-

neous catalysis has been increasing with the success of rhodium catalyzed carbonylation of

methanol (Monsanto) [10], rhodium catalysed hydroformylation (Wilkinson’s) [11], asymmet-

ric hydrogenation to L-DOPA (Monsanto) [12], and ring-opening polymerization of cyclotene

using tungsten metathesis catalysts (Huels) [7].
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Before the nineties most of the homogeneous processes were developed for bulk chemical prod-

ucts. From the beginning of nineties the development of fine chemical products took off and

a large academic effort had been set up for the development of homogeneous catalysis.

1.2.2 Homogeneous Catalysts

It was mentioned earlier that, the homogeneous catalysis has lots of advantages compared

to the heterogeneous catalysis. Homogeneous catalysis is becoming increasingly respectable,

showing in the real worlds of the chemical and petroleum industries. The goals of green chem-

istry are a synonym to environmentally benign chemicals and processes, including sustainable

development. These goals are afforded by homogeneous catalysis and most of the contribution

to “Green Chemistry” comes from the homogeneous catalysis.

The catalysts used in homogeneous catalysis are basically acid-base catalysts. The classical

and transition metal catalysts are containing one metal atom surrounded by a number of at-

tached atoms or groups which are commonly referred to as ligands [13]. Modern homogeneous

catalysis comprises more than the development of catalysts and catalyst-ligand systems. Their

interplay governs decisively the activity, productivity, and selectivity of the catalytic system.

The proper choice of tailor-made and fine tuned ligands may change considerably the behavior

of the catalytic system. Depending on the nature of the ligands and on the desired product

distribution, nearly all grades of combinations of activity ⇀↽ productivity ⇀↽ selectivity may

be chosen [14]. The construction of combinations of central atoms and ligands depends on

thermodynamic considerations and is the foundation of mechanistic studies.

Transition metal complexes deserve the special attention for their versatility. Now the ques-

tion is why the transition metal complexes, as examples, the metal complexes with ligands

such as phosphines, hydrides or amines are catalyzing reactions and accelerate the breaking

and forming of chemical bonds without being consumed in the process. There are several

reasons [15]. First of all, the reactivity of any molecule with the functional group depends

on the coordination with the metal center and there is a possibility that it could be changed

dramatically [14]. Secondly, there is a possibility to enhance the probability of a reaction if

two molecules coordinate to the same metal center [14, 15]. Thirdly, highly reactive species

can be stabilized and react further in a controlled and productive way [14, 15]. Lastly, the

presence of a ligand can control the selectivity transformation [14, 15].
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On the other hand, there are some drawbacks. All these kinds of catalysts are very sensitive.

Some times these kinds of catalysts make the reaction pathways much more difficult to under-

stand. It is established that most catalytic reactions can be described using a finite number

of elementary steps and can be explained with the help of kinetic and structural information.

Development work in the area of transition metal catalyzed reactions is a manifold and com-

prises support of running processes and improvement of their feedstock base, as well as the

search for new applications. There are lots of challenges in the development of homogeneous

catalysis. The selective oxidation chemistry remains one of the foremost challenges in the

chemical industry. Over the past decade numerous schemes have been reported regarding

selective oxidation, but their scope was limited. The recent development of “Chemical oxi-

dase” methods represents an attractive alternative strategy for the development of selective

aerobic oxidation methods. In the following sections will shed light upon the electronic struc-

ture of dioxygen, problem regarding the reaction with dioxygen and dioxygen reactions with

transition metal complexes.

1.3 Activation of Dioxygen

It was mentioned earlier that, for economic and environmental reasons, the oxidation processes

of bulk chemical industries predominantly involve the usage of molecular oxygen as the primary

oxidant. Their success depends largely on the use of metal catalysts to promote both the rate

of reaction and the selectivity to partial oxidation products. It was also mentioned that,

the traditional methods of many fine chemical oxidations involve stoichiometric quantities of

toxic inorganic reagents. These reactions generate large amounts of inorganic salt-containing

effluent along with the target products. A clean synthetic technology should proceed by

minimizing the cost of wate disposal [16]. An ideal catalyst for dioxygen (O2) oxidations would

be selective, useful for tackling a variety of substrates and chemical structures, reasonably

fast, and stable [17]. Thus, the current goal of the research and industry is the development

of effective metal catalysts that can activate the molecular oxygen at ambient conditions.

Several books and review articles have appeared, which are wholly or partly devoted to the

metal-catalyzed aerobic oxidations [18-22]. In the following we will discussed the chemistry

of electronic states of oxygen, and the problems in selective oxidation.
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1.3.1 Electronic Structure of Oxygen

The molecule of oxygen in its ground state has two unpaired electrons. The chemistry of

molecular oxygen is dominated by the fact that it is a biradical. In Fig 1.2, it’s explained

the energy level diagram of O2 due to interaction of s and p orbitals. From Fig 1.2 it is

clear that the two lowest lying orbitals result due to the interaction of the 2s orbitals and

b, 2s σ

a, 2p σ

b, 2p π

b, 2p σ

a, 2s σ

a, 2p π

Ground State

Excited State

1 2

Figure 1.2: Molecular orbital scheme: Electronic structure of O2.

the 2pσ(b) and 2pσ(a) orbitals arise due to the interaction of the two p orbitals directed

along the internuclear axis [23]. The four remaining orbitals arise from overlap of the two p

orbitals, directed perpendicular to the internuclear axis. Those orbitals are called π orbitals. In

molecular oxygen each oxygen atom contributes 6 valence electrons and the double degenerate

2pπ(a) orbitals are only half-filled. They lead to higher energies due to the greater electron-

electron repulsion and they correspond to the excited states of the molecular oxygen. It is

depicted in Fig 1.2 that the number of bonding electrons are more than number of antibonding

electrons. The electronic configurations of 2pπ(a) in excited states are also depicted in Fig 1.2.

and the spins are opposed for each and thus the arrangements (1) and (2) represent singlet

states. The total orbital angular momentum quantum number is 2 for configuration (1) and

for configuration (2) it is zero. Usually 1∆ and 1
∑

are the notations for configurations (1) and

(2), respectively. The 1∆ state lies 23.4 kcal above the ground state (3
∑

is the notation for
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ground state), and the 1
∑

lies 37.5 kcal above it (1) [23]. The spin state change takes place

from 1
∑

or 1∆ level to the 3
∑

(ground state) in some reactions. The life time of the excited

molecules in solution or in gas phase at ordinary pressure depends on the collisions [23]. In

such collisions there is then the possibility that the active species will undergo reaction.

1.3.2 Dioxygen for Selective Oxidation

It was mentioned that molecular oxygen possess triplet ground state and is diradical in na-

ture, whereas almost everything else possesses a singlet ground state. Due to the difference

in the ground state electronic structure and low activation barriers the chemical reactivity is

spin forbidden. There are some problems regarding the dioxygen activation. For the diradical

nature of dioxygen, once it is activated, then it is tough to control its reaction with organic

substrates. This uncontrollable reaction leads to formation of highly reactive and nonselec-

tive intermediates and radical-chain processes [24]. Such oxidations are thermodynamically

unstable and exothermic in nature, which leads to decreases in selectivity. On the other hand

dioxygen is the most abundant, inexpensive, energy-efficient and environmentally compatible

oxidant. For all these reason the dioxygen activation is a challenge. The design of homoge-

neous catalysts for both activation and selective use of O2 is an extraordinarily tough task.

Dioxygen has four oxidizing electron equivalents and in some reactions molecular oxygen par-

tially reduces to peroxides or other reduced species that are more active and selective than

molecular oxygen [25, 26]. Many extremely useful homogeneous systems catalyse the selec-

tive reactions of reduced oxygen compounds [27]. Sometimes electrons are coming from the

target substrate for the reductive activation of O2, such an example is the epoxidation of

alkenes by O2 alone, catalysed by a ruthenium-porphyrin [28]. In this reaction, due to the

presence of porphyrin ligand, a key intermediate RuOORu is forming, which subsequently

forms Ru(IV)=O and O=Ru(VI)=O, but not RuORu. These kind of metal-oxygen-metal

species are usualy structuraly and kinetically dead-end species in homogeneous catalysed ox-

idations. Ruthenium and other metal-oxo (M=O) species can participate in nonradical and

highly selective reactions [24]. The rates and selectivity of M=O can be changed by changing

the ligand on the metal center.

Ideally a catalyst must be stable, but in reality, most of the catalysts, from enzymes to syn-

thetic metal complexes are subject to degradation during reactions including the heterogeneous

metal oxide surfaces [24]. Most of the homogeneous oxidation catalysts are vulnerable due to
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the presence of organic ligands that are thermodynamically unstable under operating condi-

tions. The instability problems of soluble oxidation catalysts have been solved by using partic-

ular derivatives of polyoxometalates [29, 30, 31, 32], where the derivatives are defect structures

containing several oxygen atoms with some metal ions [32]. Neumann and Dahan have used a

sterically hindered Ru-containing polyoxometalate, ([WZnRu2(OH)(H2O)](ZnW9O34)2)
11−

[33], which is preventing the formation of dead-end metal-oxygen-metal species, but this poly-

oxometalate devoids of organic structure [24].

Now the question is how to achieve broader applicability, faster reaction rates and compat-

ibility with a range of reaction conditions. In the following section we describe the recent

advances in selective aerobic oxidation using transition metal complexes as a catalysts to en-

counter all these problems.

1.4 Reactions with Transition Metal Complex

The reactions between transition metal complex and oxygen are very interesting. One tran-

sition metal ion can differ from another quite dramatically in chemistry so that the reaction

of each transition metal ion reducing agent with oxygen has some distinctive and unusual

feature. Now the questions concern how the dioxygen reacts with transition metal complexes

or what factors determine the particular reaction path that the system chooses. Any reaction

of the type to be considered here begins with the interaction of an organometallic compound

with O2. This may lead to the formation of a dioxygen complex. In this section we will discuss

the available results. Several books and review articles have appeared, which are wholly or

partly devoted to the transition metal catalyzed aerobic oxidations. In this section we will

discuss the selective oxidation of the metal-hydride bond and also the dioxygen reaction with

the early transition metals and hydrogen transfer catalysts.

1.4.1 Selective Oxidation

The selective catalytic oxidation using inexpensive and environmentally friendly oxidants is of

immense interest to the chemical community and of great potential benefit to the world econ-

omy and ecology. There are lots of examples regarding the oxidative addition of alkenes C-H
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bonds to transition metal species for the fictionalization of the metal alkyl hydride products

[34, 35, 36]. On the other hand, a clean and cheap oxidant such as air (oxygen) is required

for the development of a commercially viable oxidation process [37, 38]. However, it is not

clear how the transition metal complexes activate the molecular oxygen, due to this problem

the effective utilization of this reagent in selective oxidation reactions has been limited. Re-

cently few papers have reported about the selective oxidation of the metal-hydride bond using

molecular oxygen. In this section we will discuss about the recent developments in this area.

Earlier, it was mentioned that, oxygen constitutes the quintessential terminal oxidant, be-

cause the reagent is available at virtually no cost and produces no environmentally hazardous

by-products. There are some challenges regarding the activation of molecular oxygen. The

challenges are over oxidation of the starting material (‘combustion’) or spin constraints in

these typically spin-forbidden processes. In recent years, some efforts are going on to solve

these problems.

A limited number of reports have described the selective oxidation of the metal-hydride bond

using O2. There are some early examples, regarding, the insertion of O2 into transition

metal-hydrides to form a hydroperoxo complexes for a small number of organometallic and

coordination compounds of Co(III), Rh(III), Ir(III), and Pt(II) [39-45]. Mechanisms of metal

deprotonation are followed by oxygen binding and protonation [42, 44], whereas radical chain

pathways involve hydrogen radical abstraction from the metal hydride [43, 45]. Recently,

Goldberg and coworkers have reported that, a Pt(IV) dialkyl hydride complex reacts cleanly

with dioxygen to produce a dialkyl Pt(IV) hydroperoxide species [46]. This is the first re-

port about the reaction between a transition metal alkyl hydride and dioxygen. A solution

of Pt(IV) complex TpMe2PtMe2H (1, TpMe2= hydridotris(3,5-dimethylpyrazolyl)borate) in

C6D6 exposed to dioxygen at ambient temparature and it will produce the hydroperoxo Pt(IV)

species,TpMe2PtMe2(OOH). The experimental result supported that, this reaction occurs by

a radical chain mechanism.

In another example, Theopold and coworkers also described the reaction between

Tpt−Bu,MeCo − H and O2 at room temperature [47]. The authors reported that, exposure

of a C6D6 solution of Tpt−Bu,MeCo −H to an excess of O2 gas at room temperature caused

a rapid reaction that yielded only the known complexes Tpt−Bu,MeCo(O2) and Tpt−Bu,MeCo-

OH in approximately equal amounts (Scheme 1.1). The experimental observation supported

that the formation of a reactive hydroperoxide intermediate. The authors proposed that,

the hydroperoxide intermediate is formed due to a migratory insertion of bound O2 into the
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Scheme 1.1: Reaction of Tpt−Bu,Me Co-H with O2 proceeds via cobalt(II) hydroperoxide in-

termediate.

metal-hydrogen bond. The experimental observation ruled out any radical chain mechanism.

Recent progress about the palladium catalysts for selective aerobic oxidation has emphasized

the importance of developing a thorough comprehension of reactions between palladium com-

plexes and molecular oxygen [48, 49, 50]. Still there are several questions unresolved, such as

how to insert the molecular oxygen into metal-hydride bond or the interaction of molecular

oxygen with metal(0) complexes. Stahl and co-workers have proposed that the reaction path-

way for oxygen activation in palladium-catalyzed oxidations, is the reaction of palladium(0)

with oxygen to form (η2-peroxo)palladium species, with experimental support, even if the

reaction between Pd(0) and triplet oxygen is spin forbidden (Scheme 1.2(A)) [49, 50, 51, 52].

Also, there are some other reports about the insertion of molecular oxygen into the metal-

hydride bond [46, 47, 52, 53, 54, 57, 58]. Goldberg and co-workers have reported the first

direct observation of the insertion of molecular oxygen into a palladium(II) hydride bond, to

form an (η1-hydroperoxo)palladium(II) complex (Scheme 1.2(B)) [58]. The reaction was unaf-

fected by radical inhibitors and light. It has a second-order reaction rate that is, first-order in

palladium and first-order in oxygen, and was documented that the Pd-H bond cleavage is the
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Scheme 1.2: (A) Simplified catalytic cycle for palladium-catalyzed aerobic oxidation reaction.

(B) Insertion of O2 into metal-hydride bond.

rate-determining step [58]. There are few papers, which have demonstrated density functional

theory investigation about the insertion mechanism [57, 59], but still now, there are questions

remain to be answered.

There are two proposed pathways to explain how dioxygen activation in palladium-catalyzed

oxidation proceeds (Scheme 1.3). In Scheme 1.3, oxygenation is considered as Path A and

direct insertion of O2 is considered as Path B. One of the first fundamental studies of a model

Pd0 complex based on catalyst was reported earlier by Bianchi et al at Enichem [60]. In re-

cent years several studies have demonstrated fundamental insights into the reactions between

molecular oxygen and Pd0 complexes bearing catalytically relevant ligands [49, 61, 62]. It

should be mentioned that, ligands can stabilize Pd0 to prevent catalyst decomposition and

promote efficient oxygenation of Pd0 [48]. Landis, Stahl and coworkers have demonstrated a

combined experimental and theoretical investigation about Pd(0) oxygenation for the same

kind of system [62]. According to the theoretical investigation, the authors concluded that,

this is an exothermic process and there is a spin-crossing between triplet and singlet surfaces

due to the spin-orbit coupling [62]. The NHC-Pd0 complex (IMes)2Pd
0, reacts with molecular
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Scheme 1.3: Reaction of [Pd(IMes)2] complexes with O2.

oxygen (Scheme 1.2(A)) very rapidly in solution at very low temp (-78◦C) as well as in the solid

state [49]. Also Yamashita and coworkers reported about the solid-state reaction with dioxy-

gen for the related Pd0 complex, (ITmt)2Pd0 [63]. Landis, Stahl, and coworkers performed

a computational study in order to probe electronic structural issues in the Pd0 oxygenation

reaction [64]. The authors concluded that triplet dioxygen initially approaches the palladium

center with an end-on trajectory and charge is transferred from Pd0 to O2 resulting in the

formation of a triplet biradical η1-superoxopalladium(I) species (Scheme 1.2 (A)) [57, 64].

The energy difference between singlet and triplet surfaces is very small (3 kcal/mol), because

dioxygen is coordinating with the metal center and this reduces the electronic exchange inter-

action between the unpaired spins [61]. Due to the small distance between palladium-oxygen,

triplet-singlet spin crossover occurs in order to enable the formation of the second Pd-O bond.

Landis and collaborators have concluded that, intersystem crossing will have little influence

on the rate of the overall reaction [62]. From the above discussion it can be suggested that

direct addition of O2 to a Pd0 center can be extremely facile.

Both pathways were considered viable by Stahl and coworkers in their investigation of the con-

version of a new class of N-Heterocyclic carbenes (NHCs) coordinated palladium(II)-hydride
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complex into corresponding palladium(II)-hydroperoxides complex (Scheme 1.3) [52]. In that

study, they have examined the three different carboxylic acids ( acetic, benzoic, p-nitrobenzoic)

in order to understand the ability of the carboxylic acids to catalyze the oxygenation of PdII-

hydride [52]. The experimental observation indicated that, the oxygenation process of the

p-nitrobenzoic acid is faster than the other two possibilities and that carboxylic acids can

enhance the stability of the catalyst [52]. Popp and Stahl have theoreticaly investigated the

four possible alternative pathways for insertion of dioxygen into the Pd-H bond [65], but still

many questions remain to be answered.

However till today, neither the lighter congener of Pd and Pt, i.e., nickel hydride derivatives

nor Fe-based compounds have been examined. Recently, Schlange and Schwarz have examined

the thermal reactions of molecular oxygen with structurally rather simple transition metal hy-

dride cations [M(H)(OH)]+ (M = Ni, Fe, Co) in the gas phase [66]. In this report the authors

stated that the insertion of molecular oxygen in a metal-hydride bond and dissociation of the

resulting metal hydroperoxide intermediate(s) are facile gas-phase processes for the late tran-

sition metal cation complexes [M(H)(OH)]+, with M = Fe, Co, Ni. On the other hand, for

the diatomic [MH]+ species, with M = Fe, Co, Ni, Pd, and Pt, the analogous reactions are

rather inefficient. However, the reactivity can be recovered by the addition of an inert H2O

ligand to a metal(II) hydride, as in [M(H)(H2O)]+ (M = Fe, Co, Ni) [66].

Considering all examples mentioned above, still now many questions concerning the mechanis-

tic details of the Pd-catalyzed oxidation reactions are open. In the framework of an extended

project the aim of this work is to explain the mechanistic details of the selective oxidation

of organic molecules by molecular oxygen in the presence of a metal catalyst. Here in this

thesis we have presented a detailed DFT investigation of the direct insertion mechanism of

molecular oxygen into the metal-hydride bond of different kinds of Pd-complexes. Taking

into account the kinetic measurements and rate determining steps, we have considered both

pathways demonstrated by Stah and coworkers [13] in order to explain some of the unsolved

problems regarding the mechanism of the oxygenation process of the Pd-hydride complex.

1.4.2 Early Transition Metals

The long-standing question is how does dioxygen bind and activates at metal centers in early

transition metals systems? There are several reports of dioxygen-metal complexes that have
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Figure 1.3: Principal types of presently known metal-dioxygen geometries.

appeared in the recent years. Nearly all currently known O2-metal compounds can conve-

niently be divided into two types according to the characteristics of the dioxygen ligand:

superoxo (I) and peroxo (II) complexes (Fig 1.3). The coordinated O2 shows, or at least

strongly tends to show, a constant state in either class of compounds [67]. All these two class

complexes can be categorized in according to whether the dioxygen ligand is coordinated to

one or two metal atoms. The principal M-O bonding properties of the four subclasses, relevant

to this interpretative summary, are evident from Fig 1.3. In the next few paragraphs we will

discuss the reaction with early transition metal systems.

In the above discussion it was mentioned the kind of compounds that will form after the re-

action of the transition metal with O2. All these compounds are more or less stable dioxygen

complexes. These metals are electropositive and oxophilic in nature, due to that all their

complexes will resist the transfer of oxygen atoms to carbon, up to and including release of

oxygenated products. Asselt et al reported about this kind of transformation of stable peroxo

alkyl complexes of the type Cp∗2Ta(η2−O2)R (R= Me, Et, Pr, Bn, Ph) (Scheme 1.4) [68]. In

this reaction O2 presumably oxidatively adds to the 16-electron fragments Cp∗2TaR, which are

in rapid equilibrium with the 18-electron olefin hydrides or alkylidene hydrides [69]. Accord-

ing to the X-ray diffraction observation the O-O bond distance is 1.48Å and the stretching

frequency is νO−O = 863cm−1, which are consistent with peroxo ligand (O2−
2 ), where tantalum
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Scheme 1.4: Formation of a tantalum peroxo complex

is in the highest possible formal oxidation state (+V) [69]. In the presence of triethylamine

Cp∗2Ta(η2 −O2)Me is a very stable complex, which confirms that the presence of a base will

increase stability. The reaction of chromium complexes with molecular oxygen is more inter-

esting, an example is the reaction of the divalent chromium phenyl complex TptBu,MeCrPh

(TptBu,Me = hydrotris(3-tert-butyl-5-methylpyrazolyl)borate) with O2 [3]. The end product

of this reaction results from the insertion of O2 into the Cr-C bond [3]. The experimental

observation indicated that, the product is chromium(III) superoxide complex (Scheme 1.5)

[3, 71]. This chromium(III) superoxide complex has been assigned an unusual “side-on” (η2)

coordination [71], while most of the superoxo complexes have been assigned a “bent, end-on”

coordination mode [72]. There are other examples of superoxide complexes which are struc-

turally characterized, including TptBu,MeCr(η2−O2)Cl and TptBu,MeCr(pz′)(η2−O2) [71, 69].

In all cases the metals are not in the highest oxidation state. From the above discussion it

is clear that, the organometallic derivatives of early transition metals can and will form the

dioxygen complexes and the stability of these complexes varies widely. This is because binding

of O2 depends on some degree of electron transfer.

There are many examples, where organometallic compounds containing oxygen as ligand after

the reaction with O2 [73, 74, 75]. Legzdins et. al. have described the formation of oxo alkyls
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Scheme 1.5: Formation of a chromium phenyl superoxo intermediate and a stable analog there

of.

of tungsten and molybdenum in moderate yields according to Eqn. 1.1 [74, 75].

Cp
′
M(NO)R2 +O2 −→ Cp

′
M(O2)R (1.1)

where, Cp
′

= Cp or Cp∗,M = Mo or W,R = Me,Np,Bn,CH2SiMe3, CH2CMe2Ph.

Paramagnetic chromium alkyls in the +II and +III oxidation states have been reacted with

O2. For example, treatment of Cp∗Cr(py)Me2 [76] or [Cp∗Cr(µ−Me)]2 [77] yielded a set of

oxo alkyls ranging in oxidation state from +IV to +VI (Scheme 1.6). All these alkyl complexes

are very rich in electrons, and they react very fast with O2. Bottomley [78] and Doherty [79]

reported independently about the unusual reaction of metal(III) halides with O2 (Eqn. 1,2).

2[Cp∗V Cl2]3 + 3O2 −→ 6Cp∗V (O)Cl2 (1.2)

In all these reactions, the activation of dioxygen by these organometallic compounds generates

high valent metal oxo compounds. All these metal oxo complexes may undergo oxygen atom

transfer reaction with organic substrates, which are useful as catalysts for aerobic oxidations.

The reactions between O2 and the early metal alkyls in high oxidation states are quite in-

teresting. From the early examples, the oxygenation of alkylzirconium(IV) complexes of the
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Scheme 1.6: Various chromium oxo alkyls

type Cp2Zr(R)Cl, is one yielding the corresponding alkoxides Cp2Zr(OR)Cl, which can be

hydrolyzed to the alcohols [80] and Cp2ZrR2 is another example of similar autoxidations [81].

Lubben and Wolczanski have investigated the reactions of a series of alkoxy alkyls of group 4

(M = Ti, Zr, Hf) with O2 [82]. Crossover experiments demonstrated scrambling of the methyl

groups between metal atoms during the oxygenation, and various other observations indicated

the occurrence of a radical chain process [83, 84]. Despite the radical character of the autox-

idations, they may exhibit some selectivity [85]. There are two modes of reactivity of early

transition metal alkyls with O2. When the metal is not in its highest oxidation state, then

the molecular oxygen complex of variable stability may form and the metal-carbon bond may

or may not involve its subsequent reaction. On the other hand, d0-alkyls will react with O2

through a radical chain mechanism that invariably leads to formation of alkoxide complexes.

As mentioned above the initial reaction between the early transition metal and molecular

oxygen may produce a variety of complexes, like superoxo (O−2 ), peroxo (O2−
2 ), oxo (O2−)

ligands. Further transformations, such as insertion reactions or oxygen atom transfer could

be possible due to the presence of these functional groups in the complexes. We will further

discuss about such a possibility.

There are very few examples about the migratory insertion of a coordinated O2. Earlier it
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was mentioned that, Cp∗2Ta(η2 − O2)Me is a very stable compound in the presence of tri-

ethylamine. This complex will transform to Cp∗2Ta(O)OMe in solution in the absence of any

base. This is an example of a reaction where migratory insertion of a coordinated O2 into a

metal alkyl bond takes place. Chromium complex is an another probable candidate for an O2

insertion (Eqn. 1.3).

TptBu,MeCr(O2)C6D5 + TptBuCr(O2)C6H5 −→ TptBu,MeCr(O)OC6D5 + TptBuCr(O)OC6H5

(1.3)

As it was mentioned above, the initial reaction of chromium complexes with O2 may pro-

duce a superoxo (O2) complex. Furthermore, there is a possibility of transformation such

as insertion reactions or oxygen atom transfer. The final product of the above reaction is

TptBu,MeCr(O)OPh [3]. It means that, TptBu,MeCr(O2)Ph has been transformed into the

paramagnetic oxo alkoxide TptBu,MeCr(O)OPh (Scheme 1.6) [3]. This reaction proceeds at

below room temperature. Now the question is: how is the reaction proceeding? There are two
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Scheme 1.7: Intermediate O2 insertion into chromium phenyl bond yield oxo alkoxide.

possibilities: (1) homolytic reaction and (2) the transformation would be oxidative addition of

O2 to chromium, yielding TptBu,MeCr(O)2Ph, followed by an insertion of an oxo ligand. The

authors also examined a radical chain process with the help of a crossover experiment [3]. The
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experimental observation did not establish the radical chain process. This example indicates

the feasibility of the insertion of coordinated O2 into early transition metal alkyls. It can be

concluded that the strong stabilization of the higher oxidation states of this oxophelic metal

by oxygen π−donors and the degree of charge transfer depend on the nature of the ligands [71].

LnM(= O)R −→ Ln −OR (1.4)

[TpRe(O)2Ph]OTf + L −→ [TpRe(O)(OPh)L]OTf (1.5)

where, (L = Py, Me2SO). The insertion of a metal bound oxo group into a metal-carbon is

an important step for the oxygenation of organic molecules (Eqn. 1.4) [69]. The number of

examples regarding the early transition metals is limited. Brown and Mayer have reported

about the thermal insertion of an oxo group into a rhenium phenyl bond (Eqn. 1.5) [86]. This

transformation is happening due to the high electrophilicity of the oxo ligands in the cationic

Re(VII) precursor. On the other hand, this kind of transformation is not happening for early

transition metals, due to the large kinetic barrier.

2LnM +O2 + 2S −→ 2LnM = O + 2S −→ 2LnM + 2SO (1.6)

Intermolecular oxygen atom transfer from a metal complex to an organic substrate is an im-

portant reaction step in oxidation catalysis (Eqn. 1.6) [69]. The high electrophilicity of the

complex and the weak metal-oxo bonds are faciliting the transfer of metal bound oxo ligands.

The presence of the electron-withdrawing ligands will enhance the intermolecular transfer of

the oxygen atom. Also the high oxidation state of the first-row transition metals facilitates

the intermolecular transfer of the oxygen atom. Chromium complexes are an example for

the intermolecular oxygen atom transfer. Chromium complexes are very useful for a stoichio-

metric and catalytic oxidants [87]. Leelasubcharoen et. al. have reported in detail about

the reaction of cyclopentadienyl chromium(III) chlorides with O2 to form the corresponding

Cr(V) oxo derivatives Cp
′
Cr(O)Cl2 (Cp

′
= Cp∗, Cp, CpTMS) [69].

One of the interesting features of these reactions is that, the reactants and products have dif-

ferent spin states, which indicates that these oxygen atom transfer reactions are an example of

“two state reactivity” [16, 89, 68, 91]. Due to the two state reactivity, there is crossing in the

potential energy surface (PES). The crossing between the energy surfaces is called “minimum

energy crossing point” (MECP). In the next chapter we will discuss about MECP. Further-

more, there is obviously a tradeoff between the rate of the reaction of the reduced form of the

catalyst with O2 and the reactivity of the oxidized form with organic substrates. However,
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appropriate ligand design may solve all of these problems.

Considering the potential utility of catalytic oxidations, and the need for a better understand-

ing of the fundamental reaction steps involved, in this work we have explained the reaction

mechanism of the divalent chromium phenyl complex TptBu,MeCr-Ph (TptBu,Me = hydrotris(3-

tert-butyl-5-methylpyrazolyl)borate) with O2 [3], with the help of density functional theory.

However, the results can contribute to the fundamental knowledge of organometallic chem-

istry, and they would be valuable for the design of catalytic oxidations.

1.4.3 Transfer Hydrogen Catalysts

Environmental concerns in chemistry have increased the demand for more selective chemical

processes with a minimum amount of waste (“Green Chemistry”). Catalytic hydrogen trans-

fer reactions are environmental friendly methodologies for the reduction of ketones or imines

and oxidation of alcohols or amines in which a substrate-selective catalyst transfers hydrogen

A B C

D E

Figure 1.4: Examples of metal hydride.

between the substrate and a hydrogen donor or acceptor, respectively [92, 93, 94]. There

are two main pathways that have been proposed for hydrogen transfer: (1) direct hydrogen

transfer and (2) a hydridic route is involved for transition metals (Fig 4). The latter can be
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further divided into dihydridic or monohydridic routes. On the other hand, the monohydridic

route can operate through different pathways depending on both catalysts and substrates.

Usually the transition metal catalysts follow a hydridic route. In the 1960s, Henbest et. al.

have reported about a transition metal-catalyzed hydrogen transfer with moderate rates and

turnovers [95, 96]. This is an early example of transition metal-catalyzed hydrogen transfer.

Also, Sasson and Blum have found that RuCl2(PPh3)3 can be used at high temperature with

moderate turnover frequency [97, 98, 99]. The role of a base on the RuCl2(PPh3)3-catalyzed

transfer hydrogenation was reported in 1991 [100, 101]. All these reactions proceed under

very mild conditions with alow loading of the catalyst. There are lots of examples about

the mechanistic details of the hydrogen transfer using a hydridic route, which is involved for

transition metals [102].

Earlier it was mentioned that the catalytic hydrogen transfer reaction offers a great oppor-
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Scheme 1.8: Hydrogen transfer with bifunctional molecular catalysis.

tunity to explore an attractive molecular transformation due to the low cost and operational

simplicity [102, 103, 104]. The significant feature for these catalysts is that one of the sites of

the ligand acts as a basic center. This basic center is suggested to interact with the alcohol or

amine through a hydrogen bond and thereby it facilitates the hydride transfer. If we consider

the catalyst A of Fig 1.4 then the proposed mechanism for the catalyst is involved in a con-
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certed hydrogen transfer without prior coordination of the substrate to the metal, on the other

hand there are some examples of metal ligand bifunctional catalysts that operate in a stepwise

manner or via an ionic mechanism. Noyori et al. have reported about the ruthenium(1S,2S)-N-

(p-toluenesulfonyl)-1,2-diphenylethylenediamine [(S,S)-TsDPEN] complex as a highly effective

and enantioselective catalyst in the asymmetric transfer hydrogenation of carbonyl and imino

groups [105, 6]. The dehydrogenative oxidation reaction with the related amine/amide cata-

lysts has not been investigated as much, mainly because of the lack of appropriate hydrogen

acceptors, except for the ketones, the kinetic resolution of racemic alcohols [105, 107], in-

tramolecular redox isomerization [108], and other oxidative transformations [109, 110]. Also,

there are few examples about the chiral bifunctional Ru, Rh, and Ir hydride complexes, which

can be useful for the asymmetric transfer hydrogenation of ketones [103,104,111-114]. All these

catalysts have intrinsic reversible nature, both forward and reverse reactions can be utilized as

the reduction of ketones and oxidation of alcohols, respectively. Using this reversible nature

of the catalysts, recently few papers have reported that, molecular oxygen readily reacts with

some of these amine-hydrido complexes leading to the amide complex (Scheme 1.8(A) and

1.8(B)) [5, 116].

The first observation of reduction of dioxygen using the transfer hydrogenation catalysis in
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Scheme 1.9: Proposed catalytic cycle for hydrogenation of O2 by Cp∗IrH(TsDPEN)
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homogeneous solution has been documented by Rauchfuss and Co-worker (Scheme 1.8(A))

[5]. It is a relatively new generation of transfer hydrogenation catalysts for use as uncon-

ventional metal hydrides for oxygen reduction. This is an example of the oxidative reactiv-

ity of iridium-based transfer hydrogenation catalysis in a non-aqueous solution. In acetoni-

trile/dichloromethane the 18e amino-hydride Cp∗IrH(TsDPEN) (1H(H)) reacts with molec-

ular oxygen to give Cp∗Ir(TsDPEN −H) (1) and 1 equiv of water (Scheme 1.8(A)), where

the conversion is signaled by a color change. The authors have reported that, the reaction

is unaffected by radical traps, supporting that a hemolytic pathway is not involved. The ex-

perimental observation supported that, there is present an intermediate iridium-hydroperoxo

complex (1H(OOH)). The reaction in a solid state of 1H(H) is very slow in presence of air.

The authors have also proposed a reaction mechanism for this reaction (Scheme 1.9).

1 2a

3

2b

2c 2d

4 5 6

Figure 1.5: Examples of the hydrido complexes.

Recenlty, Ikariya and co-workers have reported about, the chiral bifunctional Ir, Rh, and Ru

catalysts, where O2 serves as a hydrogen acceptor at a room temperature (Scheme 1.8.(B))

[116]. The authors have examined different kinds of amine complex reactions with O2 (Fig.

1.5). The experimental observation supported that, the hydrido complex 3 (Fig 1.5) bearing

an N,N-dimethylamino group did not catalyze the oxidation under otherwise identical con-

ditions, indicating that the metal/NH units possibly participate in the activation of O2, to
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facilitate transformation to the amido complex [116]. This kind of aerobic oxidation of alco-

hols is more appealing when applied to the kinetic resolution of racemic secondary alcohols

with chiral amido catalysts [116].

From the above discussion it is clear that facile hydrogen transfer from the amine-hydrido

complex to the oxygen molecule, generating the corresponding amide complex and O2 is a

promising hydrogen acceptor. Theoretical studies on such kind of reactions are very limited

and the reaction mechanisms are not clear. In this work, our goal is to investigate the mech-

anism of reaction with the support of the proposed pathway in the experimental paper and

experimental observations. This could further enhance the understanding and provide helpful

information for chemists for future exploration of such kind of reactions.
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Chapter 2

Theoretical Background

In first chapter it was mentioned that, recent developments in homogeneous transition metal

catalysis point toward new opportunities for selective aerobic oxidation chemistry. Theoretical

calculations could assist to understand the mechanisms of reactions and could enhance the

further understanding and provide helpful information for chemists for further exploration of

such kind of reactions. First principles computations for these type of reactions have emerged

only recently.

A decisive step towards a generally applicable first-principles treatment was made in the early

sixties with the introduction of Density Functional Theory (DFT) by Hohenberg and Kohn.

As in Thomas-Fermi theory the basic dynamical quantity is the single-particle density, yet

whereas Thomas-Fermi theory is for a locally homogeneous gas of fermions, DFT is for an

inhomogeneous gas. DFT differs from Hartree-Fock theory in that DFT uses densities rather

than the wave functions and in its inclusion of both exchange and dynamical correlations.

As formulated, Hartree-Fock treats exchange exactly but leaves out correlations (except for

those arising from the exchange). On the other hand, DFT, includes both effects but, neither

exactly. In some sense these two theories compliment each other, the DFT equations contain

more approximations and produce less information (densities rather than wave functions).

However, DFT contains more physical effects and is applied to systems with hundreds of par-

ticles, systems that would be too complicated for Hartree-Fock theory. The basic formalism,

underlying the results presented in this thesis, is the DFT of electronic structure. In order to

obtain a self-contained presentation, and to define terminology and notations, the important

features of this theory are summarized.

34
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2.1 Wavefunction Theory

Obtaining the solution of the energy eigenvalue problem has been the primary goal of quantum

mechanics. For an isolated N-electron atomic or molecular system in Born-Oppenheimer non-

relativistic approximation, this is given by,

ĤΨ = EΨ (2.1)

Where, E is the electronic energy, Ψ = Ψ(x1, x2, , xn) is the wavefunction which describes

the state of the N-electron quantum mechanical system and is a function of the space spin

coordinates, xi , of all the electrons of the system, and Ĥ is the Hamiltonian operator. The

Hamiltonian operator can be written as,

Ĥ = −
N∑
i=1

1

2
∇2
i +

N∑
i=1

ν(ri) +
N∑
i<j

1

rij
(2.2)

The symbols have their meaning. The first term is the kinetic energy (KE) T̂ operator, where

the last term is, V̂ee, the electron-electron repulsion energy operator, and the middle term is

the nuclear-electron interaction operator V̂ne, where the external potential due to the nuclei

can be written as,

ν(ri) = −
∑
α

Zα
riα

(2.3)

and so Eq.2.1 can be written as

Ĥ = T̂ + V̂ee + V̂ne (2.4)

The total energy is obtained after adding the nuclear-nuclear repulsion energy, Vnn to the

electronic energy, E after solving the Schrödinger equation. The term Vnn is a constant for

a fixed arrangment of the nuclei and could be added before or after the calculation. The

expectation value of the Hamiltonian operator Ĥ is given by,

E[Ψ] =
〈Ψ|Ĥ|Ψ〉
〈Ψ|Ψ〉

(2.5)

From each measurement we will get one of the eigenvalues of H, we have

E[Ψ] ≥ E0 (2.6)

Usually the energy is computed using the guess wavefunction in an upper bound to the true

ground state energy E0. There are different ab initio rigorous theories namely the coupled-

cluster (CC), Moller-Plesset (MP) perturbation theory, configuration interaction (CI) theory

etc, which attempt to solve the Schrödinger equantion.
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2.1.1 Hartree-Fock Theory

Hartree-Fock (HF) theory [1, 2] is based on a single-particle equation. It is the starting point

for understanding the other theories. We describe here the HF theory in detail. The electronic

Hamiltonian in the HF framework is,

Ĥ = T̂ + V̂ne + Ĵ − K̂ (2.7)

Here, the KE is written in terms of a non-interacting operator to simplify the equations, on

the other hand the electrostatic Coulomb interaction, Ĵ , is contained in average manner. The

last term, K̂, is the exchange energy term which takes into account the interaction between

electrons with parallel spin. The correlation energy contribution for the interaction between

the electrons of opposite spin is missing in the HF theory. The energy E is a functional

of a single determinant constructed using an orthonormal set of single-electron spin orbital

functions. The HF matrix eigenvalue equation for stationary value of the energy functional

is solved by Lagrange undetermined multipliers. In this process the spin-orbitals are varied

under the constraint that the spin-orbitals form an orthonormal set.∫
ΨiΨj = δij (2.8)

The Euler-Lagrange equation for a stationary value of the energy can be written as,

∂E = ∂〈Ψ|Ĥ|Ψ〉 − E∂〈Ψ|Ψ〉 (2.9)

This will give a Slater determinant corresponding to the best set of spin-orbitals and conse-

quently the minimum energy or the ground state energy of the system. An elaborate discussion

of the HF theory could be found in the chapter 3 of the book by Szabo and Ostlund [3]. The

alternative to using the 3Ndimensional wavefunction is to use methods based on the electron

density, which is a measurable quantity.

2.2 Development of Density Functional Theory

The first attempts to use the electron density rather than the wave function for obtaining

information about atomic and molecular systems are almost as old as quantum mechanics

itself and date back to the early work of Thomas in 1927 and Fermi in 1928. Thomas and

Fermi proposed the idea about using the 3-dimensional electron density as a basic variable for
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studying a N-electron quantum-chemical system. The basic idea of the model is the statistical

approximation in order to explain the electronic distribution in an atom. This model is known

as Thomas-Fermi (TF) model [4, 5, 6].

2.2.1 Thomas-Fermi Model

In this model electrons are considered as independent particles, forming a uniform electron gas.

The nuclear-electron and electron-electron contributions are treated in a completely classical

way [7]. The electron-electron repulsion energy arises solely due to electrostatic interactions

and the KE of this noninteracting system depends on electron density, ρ(r). The TF energy

functional can be written as,

ETF [ρ(r)] =
3

10
(3π2)

2
3

∫
ρ

5
3 (r)dr − Z

∫
ρ(r)

r
dr +

1

2

∫ ∫
ρ(r1)ρ(r2)

| r1 − r2 |
dr1dr2 (2.10)

The first term of the above equation is the KE, whereas the second term is the nuclear-

electron attractive potential (external potential energy) and the last term is the electron-

electron repulsive potential (classical Coulomb energy). The Thomas-Fermi model employs

the variational principle. It is assumed that the ground state of the system is connected to

the electron density for which the energy according to equation (2.10) is minimized under the

constraint of : ∫
ρ(r)dr = N (2.11)

where N is the number of electrons. Using the TF method we can get a very crude description

of the electron density and the electrostatic potential. In the past the TF model has been

used for calculations of atoms and molecules [10, 9, 10]. The early work have been reviewed

by Gambos and March [11, 12, 13]. Lieb and coworkers have done lots of work on TF method

[14, 38, 16, 17], from there it can be realized that the TF scheme is exact in the limit of infinite

nuclear charge.

There is a number of deficiencies in the TF method, some severe ones include the infinite

charge density at the nucleus. This method is unable to explain the binding of atoms to

give molecules or solids. Also, the charge density does not decay exponentially away from the

nucleus of the atom. The model has shortcomings in the case of the shell structure of the atom.

The TF model has other few defects. All these defects have to led to the modification of the

model. One subsequent modification done by Dirac [18], is known as the Thomas-Fermi-Dirac

(TFD) model. This model includes the kinetic and classical Coulomb contributions as well
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as the quantum mechanical exchange effects. The exchange term is called, KD, which can be

written as

KD[ρ] =
3

4
(
3

π
)

1
3

∫
ρ

4
3 (r)dr (2.12)

Von Weizsacker did some modification by adding a gradient term to the KE term of the TF

model. This model was called Thomas-Fermi-Weizsacker (TFW) model [19]. The TF model

came to be known as a first approximation to the exact description of the ground state of any

system in terms of density. In the density functional description all properties of a system

can be expressed in terms of the electron density, ρ, i.e. number of electrons per unit volume.

The electron density can be written in terms of the wave function, i.e.,

ρ(r1) = N

∫ ∫
| ψ(x1, x2, ......, xN) |2 ds1ds2dxN (2.13)

where, ρ(r1), is a simple non-negative function of the three variable, x, y, and z, integrating

to the total number of electrons, N.

2.2.2 The Xα Method

With the combination of the HF model and the TFD model, Slater proposed a new method

which is called the Xα or Hartree-Fock-Slater (HFS) [20]. Slater’s idea was to assume that

the exchange hole is spherically symmetric and centered around the reference electron at r1.

Slater used a numerical prefactor, α, as a semiempirical parameter for the TFD exchange

potential and employed the KE part of the HF model. Typical values of α are between 2
3

and 1. He kept the KE as in HF and applied the statistical approximation to the exchange

part of the potential. Simultaneously it corrects for the deficiency of the TFD model and

simplifies the HF model drastically. In the review articles Slater, Johnson and Connolly, have

described the techniques for solving the Xα equations, choosing α values; similar discussion is

found in the book by Slater [21, 22, 23, 24]. Slater has compared the TFD and Xα methods

in detail [25] and an article by Gasper [26] justifies the α = 1 value. The Xα method may be

regarded as a density functional scheme wich neglects of the correlation and approximates to

the exchange energy.

2.2.3 Density Matrix Theory

In general, the many body wave function ψ(q1, .....q3N , t) is far too large to calculate for a

macroscopic system. So, in many body physics we are using the ground state electron density,
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which contains all the information about the system and can determine all the properties. If

we get the first-order derivative of the density then we will get more information about the

system. The first order reduced density matrix can be written as,

γ1(x
′

1, X1) = N

∫
ψ∗(x1, x2, ......., xN)ψ(x1, x2, ....., xN)dx2dx3....dxN (2.14)

This is the one particle density matrix, γ1 is the diagonal elements of the matrix. From the

trace of the matrix we will get the number of the electrons of the system, whereas the second-

order density matrix, γ2, normalizes to the number of electron pairs and it is a two-particle

density matrix. The basic Hamiltonian has only one-electron and two-electron operators.

With the help of these two density matrices we will be able to construct the energy expression

where all the terms and the energy itself is a functional of the density matrix. The γ1 can be

obtained from γ2, it can be written as,

γ1(x
′

1, x1) =
2

N − 1

∫
γ2(x

′

1x2, x1, x2)dx2 (2.15)

On the one-particle and two particle Hilbert space, γ1 an γ2 are the co-ordinate space repre-

sentation of the operators γ̂1 and γ̂2 respectively. Eq. 2.15 is required to obtain the energy

expression and it can be integrated over spin to get the expression in terms of the spinless

density matrices [27, 28, 29] . There have been lots of research done by Löwdin(1955) [30],

Gilbert (1975) [31], Berrondo and Goscinski (1975) [32], Donnelly and Parr (1978) [33], Don-

nelly (1979) [34] , Coleman (1963, 1981) [35, 36]. These functionals have the advantages

and disadvantages. The advantages are (i) the kinetic energy is represented more directly,

(ii) exchange (and hence self energy) effects can be treated exactly, and (iii) nonlocal single-

particle potentials are also included. The disadvantages are (i) no explicit functionals for

the correlation energy in terms of the one-particle density matrix are available and that (ii)

the resulting variational equations are expected to be more difficult to handle. On the other

hand the trial γ1 must correspond to some antisymmetric wavefunctions and this occurs in

the N-representability problem for the second-order density matrix.

2.3 Density Functional Theory

Although density functional theory has its conceptual roots in the Thomas-Fermi model, it

was not put on a firm theoretical footing until the Hohenberg-Kohn theorems (HK) in 1964

[37]. While the original version of the Hohenberg-Kohn theorems relied on a number of
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restrictions such as the assumption of non degenerate ground states, the rigorous foundation

of density functional theory has since been extended to cover practically all situations of

interest, as for instance degenerate ground states, spin polarized systems, thermodynamic

systems, relativistic systems, multicomponent systems etc. A number of rigorous bounds has

been established, and the mathematical structure of the functionals has been exposed and

tied to the framework of functional analysis [38]. In this work the subject will be covered from

a chemist’s point of view without addressing its rigorous mathematical foundation.

2.3.1 The Hohenberg-Kohn theorem

The two basic theorems of the density functional formalism were derived by Hohenberg-Kohn

[37].

Theorem 1 :- Ground state (GS) properties of a system of electrons and ions in a local

external field, ν(r) can be expressed as functionals of the electron density, ρ(r), i.e. they are

determined by a knowledge of the density alone. The total energy, E, is an example.

Now we can write the energy Eν which is explicitly dependent on ν.

Eν [ρ] = T [ρ] + Vne[ρ] + Vee[ρ] (2.16)

=

∫
ρ(r)ν(r)dr + FHK [ρ] (2.17)

The last term of Eq. 2.16, Vee is containing the classical repulsion term and a non-classical

term. The exchange-correlation energy is the major part of the non-classical term. Where the

classical term J [ρ] can be written as,

J [ρ] =
1

2

∫ ∫
1

r12

ρ(r1)ρ(r2)dr1dr2 (2.18)

The last term of Eq.2.17, FHK can be written as,

FHK = T [ρ] + Vee[ρ] (2.19)

From the last equation it is clear that, FHK is independent of the external potential ν(r) and

it is a universal HK functional of ρ(r). The exact ground state energy could be determined

by the exact form of FHK [ρ], but the exact form of the universal HK functional is not known.

Theorem 2 :- The total energy functionals Eν [ρ] satisfies the variational principle, i.e. it is

always greater than or equal to the ground state energy and the density for which the equality

holds is the ground state electron density.
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Being able to express the ground state energy as a functional of the density alone allows for

much simpler electronic structure calculations than those where the many body wavefunction

is treated as the basic variable. From the above discussion it is clear that, FHK [ρ] is crucial

for the determination of the exact ground state energy. Since the exact form of FHK [ρ] is

unknown, a lot of research has been done in order to find the best approximation for obtaining

the ground state energy of a system.

2.3.2 Representability problems

There are some theoretical problems associated with the external potential ν(r) which appear

as a restriction for the densities to be eligible in the variational problem. This restriction

is known as the v-representability problem. If the ground state electron density has the v-

representibility then we can say that, the electron density can give all the electronic properties

of the system. The electron density may or may not be v-representable. If the electron density

is associated with the antisymmetric ground state wave function of a Hamiltonian of the form

in Eq. 2.2, then it can be considered as v-representable. V-representable densities can be

expressed from the second HK theorem,

Eν [ρ0] = E0 ≤ Eν [ρ̃] (2.20)

where, Eν [ρ0] is the ground state energy of the Hamiltonian with ν(r) as the external potential

and ρ0 is the ground state electron density. Levy and Lieb have been shown that many electron

densities are non-v-representable [39, 40]. This problem can be solved if any reasonable density

can be obtained from the antisymmetric wave function without connection to an external

wavefunction. Such kind of densities are called N-representable. This N-representability is a

much weaker condition for formulating the DFT in a different manner. In particular Gilbert

and Harriman could be referred for more details about the N-representability [31, 40].

2.3.3 Constrained-Search Formulation

It is very important that the variational principle is connected to the Hohenberg-Kohn the-

orem. A new problem is posing due the N-representability of the electron density. In other

words, it is necessary to find out the antisymmetric N-electron wave function, which will give

the lowest expectation value of the Hamiltonian (i.e. the ground state energy). From the

above discussion it is clear that, the ground state electron density ρ0 can be obtained from the
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ground state wave function ψ0, but it is not trivial to find out the ground state wave function

from the ground state electron density. It is possible to find out ρ0 from an infinite number

of antisymmetric wavefunctions, may be the choosen one will not correspond to any ground

state wave function. Levy’s constrained search formulation can be used to understand the

problem [41, 42, 43]. Since we know that, the external potential is a simple functional of the

density, it can be expressed as,

Eν [ρ] = FHK [ρ] +

∫
ν(r)ρ(r)dr ≥ Eν [ρ0] (2.21)

From the above it can be written that, among all the wavefunctions giving the ground state

density ρ0, only the ground state wavefunction, ψ0 will give the lowest expectation value i.e.

the energy. Then,

〈ψρ0|T̂ + V̂ee|ψρ0 〉 ≥ 〈ψ0|T̂ + V̂ee|ψ0〉 = FHK [ρ0] (2.22)

So, the universal functional of the v-representability density can be written as,

FHK [ρ0] = Min〈ψ|T̂ + V̂ee|ψ〉 . . . for ψ → ρ0 (2.23)

So, Levy’s method proves the first HK theorem, as well as it also helps to find out the limitation

of that, the density should correspond to a non-degenerate ground state. Thus the only con-

strain is on the normalization of the wavefunction. With the help of Levy’s method it is easy to

find out the ground state wavefunction. If we are able to find out the ρ0 from an antisymmet-

ric wavefunction (ground state wave function), we need not bother about v-representability

of the electron density. This method gives us the freedom for explicitly searching for a v-

representable density, with the help of N-representability. It requires nothing more than the

non-negativity, proper normalization, and continuity of the trial electron density.

2.3.4 Kohn-Sham Approach

One year after of the Hohenberg-Kohn therorem, in 1965, Kohn-Sham proposed an indirect

approach to KE functional, T [ρ] [44]. In place of FHK [ρ] we will refer to the energy functional

as F [ρ]. It’s known that, ground state density minimizes the total energy functional E[ρ] and

thus staisfies the Eular Lagrange equation,

[
∂E[ρ]

∂ρ
] = µ = ν(r) +

∂F [ρ]

∂ρ(r)
(2.24)

Where µ is the constant through all space for the ground state of a system. µ is the Lagrange

multiplier associated with the constrained of Eq. 2.11 is called the chemical potential and

also it is a measures of the escaping tendency of the electronic cloud.
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If we consider the natural spin orbitals, φi and their occupation numbers, ni, then the KE

and electron density can be written as,

T [ρ] = −1

2

N∑
i=1

ni〈φi|∇2|φi〉 (2.25)

ρ(r) =
N∑
i=1

ni
∑
s

|φi(r, s)|2 (2.26)

where, φi and ni are the eigenfunction and eigenvalue of the first order reduced density matrix

(γ1 of Eq. 2.14) respectively. According to the Pauli’s principle it can be written as 0 ≤ ni ≤ 1.

If we consider an interacting N-electron system then possibly there will be an infinite number

of expressions for the energy functional and electron density. Kohn-Sham proposed to put

ni = 1 for N orbitals and ni = 0 for the rest of them which simplifies the expression for KE

functional and the electron density to,

Ts[ρ] = −1

2

N∑
i

〈φi|∇2|φi〉 (2.27)

ρ(r) =
∑
i

∑
s

|φi(r, s)|2 (2.28)

where, Ts[ρ] and ρ(r) correspond to non-interacting and interacting systems respectively. Ts[ρ]

is the major part of the exact KE. The above expressions for the Ts[ρ] and ρ(r) fit exactly with

the determinantal form of the wavefunction for a non-interacting system of the N-electrons.

It will be possible to set up a non-interacting reference system, with a Hamiltonian,

Ĥs = −1

2

N∑
i

(∇2
i ) +

2∑
1

νs(ri) (2.29)

where, νs(ri) does not contain the electron-electron repulsion term and the ground state

electron density is ρ(r) where needs to exist a non-interacting ground state. It can be called

as an effective local potential. Now Ts[ρ] can be defined for any density obtained from an

antisymmetric wavefunction, but it is not the exact KE, T [ρ]. The F [ρ] can be separated into

the following components as,

F [ρ] = Ts[ρ] + J [ρ] + Exc[ρ] (2.30)

where the T [ρ] is the exact KE and Exc[ρ] is the exchange-correlation energy which contains

the non-classical part of the electron-electron repulsion energy and the remaining smaller part

of the KE, T [ρ]− Ts[ρ]. Now the KS potential is defined as,

νeff = ν(r) +
∂J(ρ)

∂ρ(r)
+
∂Exc[ρ]

∂ρ(r)
(2.31)

= ν(r) +

∫
ρ(r′)

|r − r′|
dr′ + νxc(r) (2.32)
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Where the exchange-correlation potential, νxc can be written as

νxc =
∂Exc[ρ]

∂ρ(r)
(2.33)

Now the Euler equation can be written as,

µ = νeff (r) +
∂Ts[ρ]

∂ρ(r)
(2.34)

where the ρ(r) also satisfies the Euler equation. Its known that, the ground state wave

function can be represented by a Slater determinant. From a given νeff (r) by solving the N

single-particle equations of the form,

[−1

2
∇2 + νeff (r)]φi = εiφi (2.35)

We determine the one-electron solutions φi. The Eq. 2.35 needs to be solved self-consistently,

because νeff depends on ρ(r).

The KS equations can be constituted by Eq. 2.32, 2.33, and 2.35 along with the Eq. 2.28. An

introduction of a basis is required for molecules in terms of molecular orbitals φi’s which can

be written as linear combination of atomic orbitals (LCAO) in terms of contracted Gaussian,

χ’s centered on atoms,

φi(r) =
N∑
µ

Cµνχµ(r) (2.36)

Now the electron density can be written as,

ρ(r) =
N∑
µ

N∑
ν

Pµνχµ(r)χ∗ν(r) (2.37)

where Pµν is the density matrix. The one-particle KS-DFT equations in Eq.2.35 now can be

transformed to the Kohn-Sham (KS) matrix equation. It can be written as,

HC = SCE (2.38)

where H is called the KS operator matrix in the AO basis, C is the coefficient matrix, S and

E are the overlap and energy matrices respectively.

To obtain the total energy, Eq. 2.30 for F [ρ] has to be substituted in that for E[ρ] below,

E[ρ] =

∫
ν(r)ρ(r)dr + F [ρ] (2.39)

Some review articles on DFT are informative and make an interesting reading [45, 46, 47].
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2.4 The Exchange-Correlation Functional

As mentioned earlier that the exchange-correlation functional constituted by the non-classical

part of the electron-electron repulsion term and a small part of the kinetic energy. The

exchange-correlation term in the energy expression determines the accuracy of the DFT cal-

culation. Its exact form is unknown and a number of approximations are available and this

makes an interesting topic of research by itself.

One approach to calculate the exchange-correlation energy is based on assuming that the

density only varies slowly and locally and it can be treated as a homogeneous electron gas

[44]. This is known as the Local Density Approximation (LDA) [48]. This is the simplest

approximation, proposed by Kohn and Sham [44], which can be computed exactly by the

exchange energy of a uniform electron gas [44]. One popular correlation functional is the

Vosko-Wilk-Nusair (VWN) functional [49]. The exchange-correlation energy functional for

the LDA can be written as,

ELDA
xc [ρ] =

∫
ρ(r)(εx(ρ) + εc(ρ))dr (2.40)

where εx, the exchange part, is given by the Dirac exchange [18]. The correlation term εc, is

given by VWN correlation functional. There is also the spin density analog of the LDA called

the Local Spin-Density Approximation (LSDA). However, while the assumed homogeneous

electron distribution works well for certain systems, it is not useful for most molecules, where

the electron distribution is far from uniform .

A major improvement to LSDA was the introduction of the Generalized Gradient Approxi-

mation (GGA), which considers not only the density in a given point, but also its derivative

[50]. The GGA can be written as,

EGGA
xc =

∫
f(ρ(r),∇ρ(r))dr (2.41)

Becke has also introduced a gradient-corrected functional for the exchange energy referred to

as B88 [8], which contains one semi-empirical parameter. This parameter was fitted to the

Hartree-Fock functional of six noble gas atoms (helium through radon) [8]. Another popular

gradient-corrected correlation functional has been developed by Lee, Yang and Parr, which

is referred as LYP [52]. The combination of B88 and LYP results in the widely used BLYP

functional [7] which constructed from the Colle-Salvetti correlation energy [53] belongs to the

category of semi-empirical functionals . Becke argued that a further Hartree-Fock exchange is

also included in the functional [54]. This leads to the so-called hybrid functionals One popular

hybrid functional is B3LYP, which has been employed for the work is this thesis.
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2.5 B3LYP

The correlation and exchange functionals introduced by VWN [49], B88 [8], and LYP [52] are

incorporated in B3LYP . Also, 20% exact HF exchange is included:

EB3LY P
xc = (1− a)ELSDA

xc + aEHF
xc + bEB88

xc + cELY P
c + (1− c)EVWN

c (2.42)

where a = 0.20, b = 0.72 and c = 0.81 are the same as in B3PW91 [7, 54]. Their values

are optimized for B3PW91 through a linear least-square fit to 116 experimentally detarmind

energies ( 56 atomization energies, 42 ionization potentials, 8 proton affinities and first-row

total atomic energies) [54].

Of all modern functionals B3LYP, has proven to be the most popular to date. To establish

the accuracy of B3LYP performance various tests have been done with respect to geometry

and energies. For the B3LYP functional an unsigned error with respect to the G2 data base

of only slightly above 2 kcal/mol was determined.

2.6 Continuum Solvation Model

In basic quantum mechanics, the emphasis is not placed on the continuity of the electronic

distribution but on the discreteness of the molecular assembly. The concepts of continuum

distribution functions to particles of different physical types, including electrons and nuclei as

well are used in continuum model. A continuum model can be defined as a model in which a

number of the degrees of freedom of the constituent particles (a large number) are described

in a continuous way [11]. In this section we will discuss about the continuum solvation model.

2.6.1 Basics of The Continuum Model

Let us consider an infinite assembly of molecules (solvent) with a solute system M in a

given temperature and pressure. The effective fixed-nuclei Hamiltonian ĤM of this system is

dependent on the the coordinates of Nel electrons q = q1, ....,qNel
and parametrically, on the

coordinates of Nnuc nuclei, Q = Q1......QNnuc [11]. Now, the Hamiltonian can be written as,

ĤM(q; Q) = Ĥ
(0)
M (q; Q) + V̂int (2.43)
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where, Ĥ
(0)
M is the electronic Hamiltonian in vacuum according to the Born-Oppenheimer

approximation, and V̂ is the interaction potential. The related Schrödinger equation can be

expressed as,

ĤM(q; Q)Ψ(f)(q; Q) = E(f)(Q)Ψ(f)(q; Q) (2.44)

where, E(f) is the eigenvalue, which contains all relevant information about the solvent effects

on the solute M. To calculate the solvent effect on solute we can consider the molecular charge

distribution %M in place of Ψ(f). Now, %M can be written as,

%M(r; Q) = %nuc(r; Q) + %el(r; Q) (2.45)

where, %nuc is the discrete nuclear charge distribution

%nuc(r; Q) =
∑
α

Zαδ(r−Qα) (2.46)

and %el is the electron density function,

%el(r; Q) = −
∫
|Ψ(f)(q; Q)|2dq2....dqNel

(2.47)

Here all the symbols have the usual meaning. On the other hand, V̂int is contains a thermally

averaged distribution function of the solvent molecules, gS [11], so that we may write,

V̂int = V̂int(q; Q;gs) (2.48)

The above expression of V̂int can be reduced to its classical electrostatic component V̂σ and gS

can be described as a linear isotropic continuum, characterized by the static dielectric constant

ε of the bulk solvent, which depends on the temperature T [11]. V̂int can be written as,

V̂int = V̂σ(q; Q, σM , ε) =
∑
α

ZαΦσ(Qα) +
∑
i

Φσqi (2.49)

where, Φσ(r) is the value of the electrostatic field generated by the polarized dielectric at

the position r. The solute-solvent interaction contribution to the total energy E(f), can be

expressed by the integral,

WMS =

∫
allspace

Ψ(f)∗V̂σΨ(f)dq1....dqNel
=

∫
allspace

%M(r)Φσ(r)dr3 (2.50)

where V̂σ is a monoelectronic operator, which is depends on the total charge distribution %M ,

on the assumed geometry of M, and on the value of the dielectric constant, ε.
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2.6.2 Cavity

There are a couple of approaches to describe Φσ and the electrostatic interaction energy

between %M and Φσ. The approaches are: (1) multipole expansion, (2) apparent surface

charge, (3) image charge, (4) finite differences, and (5) finite elements [11]. In all these

methods one thing is common: an empty cavity in the dielectric medium, in which the solute

M resides.

The shape and size of the cavity are critical factors to find out the solvent effect. An ideal solute

cavity should reproduce the shape of the solute M, which includes the whole charge distribution

%M and with the exclusion of empty spaces which can be filled by the solvent continuous

distribution. The solvation effects will be reduced if the cavity is large, whereas serious errors

may arise in the evaluation of the interaction energy for the portions of %M (atoms or bonds)

near the boundaries, due to the small cavity. A wrong shape of the cavity will introduce

distortions in the description of the reaction field and of the related solvent effects. The

cavity shapes actually employed are the following ones: (1) regular shapes (sphere, ellipsoid,

cylinder); or (2) molecular shapes, which include (a) unions of overlapping spheres centered on

the nuclei of the solute, (b) unions of overlapping spheres centered on some chemical groups

of the solute, (c) unions of overlapping spheres, some of which are not centered on the nuclei,

located so as to fill all the space not accessible to the solvent, and (d) unions of overlapping

spheres and cylinders, connected with portions of concave solids, to fill the space not accessible

to the solvent [11].

Not only the shape of the cavity is important for the solvent-solute interactions, but also

cavity volume and surface area are also important [56, 57]. Also, dispersion, repulsion, and

cavitation are playing a role in the continuum model. All these additional terms require

cavities of different size, and the excluded volume is related to the sum of the solute and

solvent radii. Miertiis, Scrocco, and Tomasi suggested a definition for the cavity radii in

there the original version of the polarizable continuum model (PCM) [58]. According to their

proposed definition, the cavity is described in terms of spheres with radii Rα proportional to

the van der Waals radii:

Rα = fRvdW
α (2.51)

where, the factor f must be slightly larger than 1. Bondi has given the most popular set of

reference atomic radii, which is obtained from crystallographic data [59]. There is a lot of

work about the f factor [60, 61, 62]. A complete discussion about this topic is beyond the
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scope of this thesis.

2.6.3 Polarizable Continuum Model (PCM)

In the last section we have discussed how the cavity of the solute is influencing the solvent-

solute interaction. In this work we have used the PCM model. In this section we will discuss

the Polarizable Continuum Model (PCM).

According to classical electrostatics, the reaction potential Φσ can be described, everywhere in

the space, in terms of an apparent charge distribution σ spread on the surface of the cavity. A

σ-charge distribution appears at each surface of discontinuity between different regions of the

dielectric medium and can be expressed in terms of the difference of the respective polarization

vectors ~Pi and ~Pj, so the charge distrution can be expressed as,

σij = −(~Pj − ~Pi)~nij (2.52)

where ~nij is the unit vector at the boundary surface pointing from medium i to medium j,

whereas the polarization vector can be written as,

~Pi = −εi − 1

4π
.~∇Φ(~r) (2.53)

Here the regions are two, inside the cavity and outside the cavity. Inside the cavity, εi = 1

and ~Pi = 0, on the other hand outside the cavity, εj = ε and ~Pj = ~P . Now, the Eqn. 2.52 can

be written as,

σ = −~P .~n =
ε− 1

4π
~∇Φout(~r).~n =

ε− 1

4πε
~∇Φin(~r).~n (2.54)

The potential Φ, is composed of two contributions, Φ = ΦM + Φσ and the Eqn 2.54 can be

expressed as,

σ =
ε− 1

4πε

∂(ΦM,in − Φσ,in)

∂~n
(2.55)

with

Φσ(~r) =

∫
∑ σ(~s)

|~r − ~s|
d2s (2.56)

where,
∑

is the cavity surface, the vector s defines a point on
∑

and ~n indicates the unit vec-

tor perpendicular to the cavity surface and pointing outward [12]. After its first formulation,

the PCM, has been modified many times both in its theoretical aspects and in its numerical

implementation [64, 65]. We have used this method for this work.
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2.7 Spin Contamination

The one-electron Hartree-Fock (HF) and Kohn-Sham (KS) wave functions may exist in two

forms: restricted and unrestricted with respect to the spin wave function. The application of

unrestricted calculations is absolutely necessary for systems with open-shell configurations.

Many transition metal complexes are open-shell systems. The unrestricted Hartree-Fock

(UHF) and Kohn-Sham (UKS) calculations have, however, a serious deficiency. As a rule,

UHF or UKS wave functions for biradicals, polyradicals, and a number of small molecules are

heavily contaminated by higher spin components. This makes the calculation of the electronic

energy with a given total spin quite unreliable [25]. The degree of spin contamination is often

assessed by computing the expectation value of the Ŝ2 operator:

〈Ŝ2〉 = S(S + 1) (2.57)

where S has the usual meaning. As an example the expectation value of 〈Ŝ2〉 = 0.75 for

doublet, whereas for triplet it should be 2.00. This is a typical method for assessing the spin

contamination in ab initio methods, with the help of 〈Ŝ2〉 it is possible to calculate the degree

of spin contamination in DFT.

Ovchinnikov and Labanowski proposed a new method for correcting unrestricted HF or KS

energies to exclude contributions from the higher spin components [25]. They have considered

that, the unrestricted calculation of the singlet state is contaminated only by a triplet [25].

In this case the the unrestricted wave function of a singlet state, Ψunr,S is the sum of a triplet

and a singlet component. It can be written as,

Ψunr,S = aΨS + bΨT (2.58)

and

a2 + b2 = 1 (2.59)

where ΨS is the wave function for a pure singlet and ΨT for a pure triplet, whereas a and b are

the contamination parameters for singlet and triplet, respectively. The triplet contamination

parameter b2 can be expressed easily as an Ŝ2 matrix element,

b2 =
1

2
〈Ψunr,S|Ŝ2|Ψunr,S〉 (2.60)

Now using the Equ. 2.44, the energy in the unrestricted mode can be written as,

Eunr,S = 〈Ψunr,S|Ĥ|Ψunr,S〉 = a2〈ΨS|Ĥ|ΨS〉+ b2〈ΨT|Ĥ|ΨT〉 (2.61)
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where Ĥ has the usual meaning and ΨS and ΨT are the lowest-energy wave functions corre-

sponding to the pure singlet and triplet states, respectively. If the energy of the triplet state

can be written exactly as,

ET = 〈ΨT|Ĥ|ΨT〉 (2.62)

then, the energy of the singlet state ES can be obtained from Equ. 2.47 and 2.48,

ES = 〈ΨS|Ĥ|ΨS〉 =
Eunr,S − b2ET

1− b2
(2.63)

From the above discussion it is clear that, for a given geometry the pure singlet state energy

could be calculated in three steps: (I) unrestricted calculations of the triplet energy at a

given geometry, (II) unrestricted calculations of the singlet energy at a given geometry using

triplet orbitals [and the charge-density and exchange-correlation potential in the case of DFT

calculations] to seed the SCF procedure, and (III) calculating the uncontaminated energy of

the singlet by removing the triplet contamination b2 according to Equ. 2.49. In our work we

have used this method for the energy correction of the singlet state.

2.8 Minimum Energy Crossing Point

Many molecular systems have diversity about there isomeric structures. Usually, all the local

minima for those molecular systems are lie on the same potential energy surface (PES). On

the other hand, there are many reactions of transition metal organometallic compounds whose

spin state changes oftenly, due to the changes in spin state those molecular systems have dif-

ferent isomers that lie on different PESs. The most common example of this in organometallic

chemistry is when the reaction started in triplet state, but the end product is in singlet state.

All these interconversions are a non-adiabatic process [67]. This kind of interconversion leads

to the crossing between two energy surfaces, which is called the minimum energy crossing

point (MECP). Harvey et. al. reported about a new method of finding the MECP [68].

Usually, the MECP is strongly dependent on the relative energy of the two PESs. There are

few methods for locating the MECP [67, 70, 71]. All these methods are used for locating the

MECP between two noninteracting PESs, e.g. corresponding to states of different spin, of

different spatial symmetry, or of different number of electrons [69, 70, 71, 72]. These methods

that require analytical energy gradient, with computational resources, place restrictions on

the level of electronic structure theory that can be applied. Recently, Harvey et. al. proposed

a new hybrid method to locate the MECP [68]. This method is a combination of methods
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proposed by Bearpark et. al. [70] and Morokuma and coworkers [71, 72].

Usually, to locate MECP, the energies Ei on the two PESs and corresponding energy gradi-

ents (∂Ei/∂q) with respect to the nuclear coordinates q are combined to yield two effective

gradients, f and g. According to all previous methods for locating MECPs, using gradients

and energies are calculated at the same level, which is the main difference with respect to new

hybrid method. In hybride method f and g can be written as,

f = (Ehigh
1 − Ehigh

2 )

[(
∂Elow

1

∂q

)
−

(
∂Elow

2

∂q

)]
(2.64)

g =

(
∂E1

∂q

)
− x1

|x1|

[(
∂E1

∂q

)
.
x1

|x1|

]
(2.65)

In Equ. 2.50, the superscripts (high) and (low) refer to the level at which the corresponding

number or vector is calculated [68]. The overall shape of the two PESs could be reproduced

correctly by using the low-level gradients, even if their relative energies are not. Thus, the

difference gradient x1 should have the correct orientation, as should the gradient g. Follow-

ing the approximate gradients f and g will lead to a point where they are equal to zero. In

this method the geometry optimization is done in low-level on one of the surfaces, under the

constraint that the difference of the high-level energies is zero [68]. It can be said that, in

many ways this method is equivalent to that using calculated high-level single point energies

at stationary points optimized at a lower level. Using this method, in this study we have

calculated MECPs between singlet and triplet surfaces.

2.9 Conclusion

In the preceding paragraphs of DFT has been presented briefly and the B3LYP the most popu-

lar and most widely used functional. The good performance of the B3LYP has demonstrated

in many chemical applications such difficult areas as open-shell transition-metal chemistry.

B3LYP can be an inexpensive and useful aid for assessing the reaction mechanism of tran-

sition metal compounds. While these are general conclusions, it is important to evaluate

the results for each case individually and to analyze if known experimental properties are

reproduced correctly.
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Chapter 3

Selective Oxidation of

Palladium-hydride Bond

3.1 Introduction

Oxidation chemistry of transition metal complexes is very interesting. Oxidation reactions are

very important for both manipulation of functional group and introduction of heteroatoms in

target synthesis. Recently, development of selective oxidation reactions using molecular oxy-

gen has created great interest. There are some aspects to be considered for the development

of the oxidation reaction, such as, selection of the stoichiometric oxidant where versatility, ex-

pense, and environmental impact need to be addressed. Significant progress in Pd-catalyzed

oxidations has emerged, as a particularly promising reaction type owing to their ability to

directly couple O2 reduction [1, 2, 3, 4, 5]. In chapter 1, it was already mentioned that in Pd-

catalyzed oxidation chemistry the catalysis can be separated into two distinct ways (Scheme

1.3, Chapter 1). It was also mentioned that the reaction of triplet-state O2 with a Pd center

is formally a spin-forbidden process [6, 7, 8, 9]. Now the question is: how does O2 readily

react with Pd? In this regard, several groups have demonstrated O2 activation by different

kind of Pd-complexes.

Recently, Keith et. al. explained the reaction mechanism of O2 activation by

Pd(sparteine)(Cl)(H) system in order to get a corresponding hydroperoxide complex [10].

The first experimental observation of insertion of O2 into PdII-hydride bond to form an

(η1-hydroperoxo)palladium(II) complex have been reported by Denney et. al. [11]. The ex-

perimental observation confirmed that a radical chain mechanism is not involved and also it
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is unaffected by light. Also, Keith et. al. have explained the reaction mechanism about the

insertion of O2 into PdII-hydride bond to form an (η1-hydroperoxo)palladium(II) complex

[12], but some questions are still open.

Stahl and coworkers examined the feasibility of the both pathways for the trans-

(NHC)2Pd(H)OAc system [13]. In this study the authors have examined the three different

carboxylic acids (acetic, benzoic, p-nitrobenzoic) in order to understand the ability of the

carboxylic acids to catalyze the oxygenation of the PdII-hydride. Same group also reported

about the theoretical investigation of the same systems [14]. In that Stahl and coworkers have

examined both pathways: (1) a direct insertion pathway and (2) a slow reductive elimination

followed by fast oxygenation, but the kinetic barriers are very similar for the both apthways

[14].

From the above discussion it can be say that, experimental and theoretical evidence support

the viability of both mechanisms, but further work will be required to elucidate the details

of these pathways in which ligand and additives will most likely have a profound influence.

Many questions concerning the mechanistic details of the Pd-catalyzed oxidation reactions are

still open. In the framework of an extended project the aim of this work is to illuminate the

mechanistic details. In the next section we will present the results of our works.

3.2 Articles

In this section we would like to present the results of our work. In the first two articles we will

present results regarding direct insertion of molecular oxygen into Palladium-hydride bond

[11, 13]. In next two articles we will present the results regarding the preferable mechanism

between the two pathways and the effect of carboxylic acids [13].
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Abstract

Density functional theory (DFT) in its hybrid B3LYP formulation was applied to the investigation of the mechanistic details of the
insertion of molecular oxygen into the palladium(II) hydride bond of the (PCP)Pd–H complex (PCP = 1,3-(CH2PtBu2)2C6H3

�) to form
the corresponding Pd(II) hydroperoxide. The calculations reveal that minima and transition state through which formation of the final
product takes place are different along the singlet and triplet pathways. A triplet–singlet crossing occurs before the formation of a stable
singlet intermediate from which the reaction straightforwardly proceeds to yield the singlet hydroperoxo complex. Differences and
improvements with respect to analogous theoretical investigations are highlighted.
� 2007 Elsevier B.V. All rights reserved.

1. Introduction

The oxidative functionalization of organic molecules
utilizing molecular oxygen as a reagent remains one of
the major challenges for research in catalysis [1]. The ready
availability of O2 and the absence of environmentally
harmful by-products are among the attractive features of
such processes. However, uncatalyzed chemical reactions
between molecular oxygen and organic substrates generally
result in complete combustion of the starting materials
and, consequently, widespread use of oxygen will require
the development of catalytic strategies to produce useful
and selectively oxidized products. The recent use of homo-
geneous catalytic systems involving palladium complexes
points toward new opportunities for selective and efficient
aerobic oxidation chemistry [1–8]. Fundamental studies
of the role of transition metals in catalytic oxidation must
naturally include investigations of the reaction pathways of
organometallic molecules with O2. One pathway involves

the direct insertion of oxygen into a palladium(II)-hydride
bond to form a palladium hydroperoxide species [9–11].
The second mechanistic possibility is the formation of a
Pd(0) species through the reductive elimination of HX
from the Pd(II)–hydride complex followed by the oxygena-
tion of Pd(0) to form a g2-peroxido Pd(II) species. Upon
protonation of the peroxopalladium(II) intermediate the
same palladium hydroperoxide species is formed [12–14].
The latter mechanism has substantial experimental support
even if the reaction between Pd(0) and triplet oxygen is spin
forbidden [12–14]. Stahl and coworkers performed a DFT
theoretical study for a model ethylendiamine-coordinated
palladium(0) complex that showed as the exothermic for-
mation of the singlet Pd(II)-peroxo species requires spin
crossing between triplet and singlet surfaces mediated by
spin–orbit coupling [15].

The first direct observation of insertion of molecular
oxygen into a Pd(II)–hydride bond to form a hydroperox-
opalladium complex was reported by Goldberg and
coworkers for a Pd complex that, due to the nature of
the ligand, cannot undergo reductive elimination [16].
Benzene solutions of (tBuPCP)PdH (tBuPCP = 1,3-(CH2Pt-
Bu2)2C6H3

�) exposed to O2 were observed to cleanly react

0009-2614/$ - see front matter � 2007 Elsevier B.V. All rights reserved.
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to yield (tBuPCP)PdOOH, which is relatively stable at
ambient temperature as a solid and was structurally char-
acterized. The main information coming from the experi-
mental findings can be summarized as follows. The
reaction is unaffected by radical inhibitors and light, sup-
porting that a radical mechanism is not involved. A sec-
ond-order reaction rate, that is first-order in palladium
and first-order in oxygen, was documented as well as the
involvement of the Pd–H bond cleavage in the rate-deter-
mining step. A DFT theoretical investigation, carried out
by Goddard and coworkers, of the involved mechanism
has very recently appeared in literature that demonstrates
how an insertion mechanism is possible and plausible
[17]. In the same work is discussed the difference with
respect to a previous study of Goddard and collaborators
that underlined the subordination of the O2 insertion pro-
cess to the presence of a H-bond acceptor cis to the hydride
[18].

Both pathways, that is direct insertion of O2 into a
Pd(II)–H bond and oxygenation of Pd(0), were considered
viable by Stahl and coworkers in their investigation of the
conversion of a new class of NHC-coordinated Pd(II)–
hydride complexes (NHC = N-heterocyclic carbene) into
the corresponding Pd(II)–hydroperoxides upon exposure
to O2 [19], as experimental data could support both mech-
anisms. A combined experimental and theoretical investi-
gation of the Pd(0) oxygenation step for the same system
has been published by Stahl and coworkers [20]. Very
recently, four possible alternative pathways have been
computationally examined in detail by Popp and Stahl
to probe the reaction mechanism of the formal insertion
of molecular oxygen into the Pd–H bond of trans-
(NHC)2Pd(H)OAc [21].

The computational study of Goddard et al. [17] on that
system supports a low-energy mechanism of a hydrogen
atom abstraction. Namely, hydrogen atom is abstracted
from the Pd center by molecular oxygen to form a HOO
fragment that weakly interacts with the Pd(I) center. Rota-
tion of HO2 moiety enables formation of a Pd–O bond to
give the final Pd(II)–hydroperoxo product. A minimum
energy crossing point (MECP) between triplet and singlet
surfaces was located at the exit channel of the reaction,
whereas the rearrangement mechanism of the HOO
fragment to give the hydroperoxide product was not
individuated.

The main conclusion of the computational study of
Popp and Stahl on the oxygenation of the trans-
(NHC)2Pd(H)OAc [21] is that, among the four possible
alternative studied pathways, those involving hydrogen
atom abstraction and HX reductive elimination are both
conceivable and exhibit barriers very similar in energy.
Also in this last case the proposed steps of the hydrogen
abstraction mechanism are: formation of a HOO moiety
as a consequence of the hydrogen atom abstraction by
molecular oxygen and formation of the final hydroperoxo
product through rearrangement of the HO2 fragment. In
analogy with Goddard’s analysis [17] the MECP between

singlet and triplet PES’s was located at the exit channel
of the reaction but no one of the surmised mechanisms
for the rearrangement of the HO2 fragment was confirmed.

Here we present the results of a detailed DFT investiga-
tion of the direct insertion mechanism of molecular oxygen
into the Pd–H bond of (tBuPCP)PdH complex. The results
are relevant since, with respect to the previous theoretical
investigations [17,21], new stationary points were localized
along the optimized singlet PES and the transition state
that enables the rearrangement of the HOO fragment to
yield the hydroperoxo complex was individuated and char-
acterized. Therefore, a new description of the mechanism
corresponding to the hydrogen atom abstraction is
outlined.

2. Computational details

Geometry optimizations as well as frequency calcula-
tions for all the reactants, intermediates, products and
transition states were performed at the density functional
level of theory, employing the Becke’s three-parameter
hybrid functional [22] combined with the Lee, Yang and
Parr (LYP) [23] correlation functional, denoted as
B3LYP as implemented by GAUSSIAN03/DFT code [24].
The same computational approach was used for the theo-
retical investigations of Goddard et al. [17] and Popp and
Stahl [21]. For Pd the relativistic compact Stuttgart/Dres-
den effective core potential [25] was used in conjunction
with its split valence basis set. The standard 6-311G* basis
sets of Pople and coworkers were employed for the rest of
the atoms. For each optimized stationary point vibrational
analysis was performed to determine its character (mini-
mum or saddle point) and zero-point vibrational energy
(ZPVE) corrections were included in all relative energies
(DE). For transition states it was carefully checked that
the vibrational mode associated to the imaginary frequency
corresponds to the correct movement of involved atoms.
Furthermore, the intrinsic reaction coordinate (IRC)
method [26,27] was used to asses that the localized TS’s
correctly connect to the corresponding minima along the
imaginary mode of vibration.

To speed up calculations the tBu groups in tBuPCP
ligand of the studied complex were substituted with methyl
ones as testing calculations clearly showed that no signifi-
cant structural change is introduced. For this reason, from
now on we will indicate as PCP the model ligand 1,3-
(CH2PMe2)2C6H3

�.
Both triplet and singlet reaction paths were examined

and for all the localized stationary points ÆS2æ values were
checked to asses whether spin contamination can influence
the quality of the results. For triplet state structures ÆS2æ
values are very close to 2.0 for all the considered stationary
points. On the contrary, unrestricted calculations for sin-
glet structures revealed in some cases triplet spin contami-
nation corresponding to ÆS2æ values close to 1.0. For
example, the unrestricted calculation of the singlet energy
of O2 gave a 1Dg state too much stable due to the contam-
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ination of the singlet wave function with the triplet state
and a corresponding excitation energy of 10.5 kcal/mol,
being the experimental value 22.5 kcal/mol. Adopting the
method proposed by Ovchinnikov and Labanowski [28]
for correcting the mixed spin energies and removing the
foreign spin components, the singlet state corrected energy
and a triplet–singlet energy gap of 20.7 kcal/mol were
obtained, in very good agreement with the experimental
value. The same correction scheme was applied to the
energy of some other points, discussed in the next para-
graphs, localized along the singlet pathway that revealed
to be highly contaminated with the triplet. To locate the
minimum energy crossing point (MECP) between the trip-
let surface of reactants and the singlet one of the products
the methodology introduced by Harvey and coworkers was
used [29]. Solvent effects were included through the polar-
isable continuum solvation model, PCM, initially devised
by Tomasi and coworkers [30], performing single point cal-
culations in benzene on fully optimized geometry of each
stationary point along the reaction path. The cavity in
which the solute is placed, defined in terms of interlocking
spheres centered on solute atoms, was built up using the
Gepol procedure [31,32] and the Pauling atomic radii.
Non-electrostatic dispersion and repulsion [33] and cavita-
tion [34] contributions were also included into the solvation
free energy calculation.

For the sake of comparison with previous theoretical
results [17,21], single-point calculations for singlet multi-

plicity were carried out on fully optimized geometries of
stationary points localized along the triplet pathway.

3. Results

The B3LYP calculated PES’s for the reaction of O2 with
the (PCP)PdH complex are reported in Fig. 1, where rela-
tive energies are calculated with respect to the triplet
ground state reactants asymptote. To assess whether the
inclusion of thermal corrections could influence the shape
of the reaction profiles, also enthalpy variations were calcu-
lated and reported.

In the same way, relative free energies in benzene solvent
were calculated and reported in the same Figure for the
ground state structures. No significant change, except a
general stabilization of the stationary points, is introduced
when solvent effects are taken into account. Geometrical
structures of stationary points localized along singlet and
triplet PES’s are shown in Fig. 2 and the most significant
geometrical parameters are collected in Table 1 along with
experimental values available for the structure of the final
hydroperoxide product [35].

According to previous theoretical investigations [21], the
energy of the singlet stationary points obtained performing
single point calculations on the fully optimized triplet
structures are also reported in Fig. 1.

The first step of the reaction along the triplet pathway
involves the formation of a weakly bound van der Waals
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complex that is only slightly exothermic in gas-phase
(about 1 kcal/mol). Both oxygen atoms of the O2 molecule

are about 4.6 Å far from the Pd center. The fully optimized
structure of the corresponding complex in a singlet state is
significantly higher in energy (about 22 kcal/mol higher in
energy than the reactants asymptote). O2 molecule is ori-
ented parallel to the Pd–H bond and the closest oxygen
atom is at about 2.3 Å from the Pd center. Since the unre-
stricted calculations on this adduct showed a significant
amount of triplet contamination the method mentioned
above [28] was applied to correct the calculated too low
energy. The energy of the singlet stationary point obtained
performing a single point calculation on the optimized trip-
let structure, according to the theoretical study reported in
Ref. [21], is even higher (DE = 38.3 kal/mol).

The next step of the reaction along the triplet surface
involves the abstraction of the hydrogen atom from the
palladium center by O2 that takes place overcoming an
energy barrier of 14.3 kcal/mol for the formation of the
TS1 transition state. In going from the first adduct
(PCP–PdH Æ O2) to TS1 the Pd–H bond distance stretches
from 1.639 to 1.811 Å and at the same time the O–O bond
length increases from 1.204 to 1.278 Å. The O–H distance
is 1.297 Å indicating that the bond between oxygen and
hydrogen is forming. The imaginary frequency for TS1
transition state is calculated to be 1401i cm�1 and clearly
corresponds to the movement of the hydrogen atom
detaching from Pd and bonding to O atom. As a result a
peroxyl HOO radical is formed coordinated to the T-
shaped Pd(I) complex through a weak interaction between
hydrogen and Pd atoms. Indeed, the formation of this reac-
tion intermediate, PCP–Pd(HOO), which lies 12 kcal/mol
above the ground state reactants, is exothermic by only
1.3 kcal/mol. Along the singlet surface, instead, as molecu-
lar oxygen approaches the Pd center, at a distance
of 1.817 Å between the closest oxygen and hydrogen a tran-
sition state, TS1 0, was localized and, characterized. The
normal mode associated to the imaginary frequency, calcu-
lated to be 177i cm�1, corresponds to a in and out of plane
movement of the hydrogen atom that consequently comes
close the oxygen atom forming a new O–H bond. To form
the singlet TS1 0 transition state structure, which lies
24.9 kcal/mol above the separate reactants, is necessary
to overcome a low energy barrier of 3.4 kcal/mol. Also
for this stationary point the energy was corrected for spin
contamination. From TS1 0 the reaction proceeds to yield
a very stable singlet intermediate, indicated as PCP–
Pd(OHO), in which hydrogen is now bonded (H–
O = 0.964 Å) to the oxygen atom directly coordinated to
Pd (Pd–O = 2.2 Å). Until now the existence of this interme-
diate, stabilized by 7.4 kcal/mol in gas-phase (14.5 kcal/
mol in solvent) with respect to the reactants asymptote,
was not evidenced by theoretical investigations. IRC calcu-
lations confirmed that the TS1 0 transition state is connected
to both PCP–PdH Æ O2 reactant and PCP–Pd(OHO) prod-
uct. The analysis of the structures along the reaction coor-
dinate from the transition state to the PCP–Pd(OHO)
intermediate shows as the hydrogen atom approaches the
proximal oxygen lengthening the O–O bond, whereas the

Fig. 2. (a) Calculated structures of singlet and triplet minima and
transition states localized along the paths for the insertion of molecular
oxygen into the Pd–H bond. In part (b) are reported also the structures of
the initial (PCP)Pd–H complex and of the MECP2 crossing point.
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distal oxygen atom goes way from Pd and rotates down.
Owing the stability of the singlet PCP–Pd(OHO) species
that is more stable by about 19 kcal/mol than the corre-
sponding triplet PCP–Pd(HOO) intermediate, in this
region of the PES the system must undergo a spin inversion
that takes place after passage of the TS1 transition state.
Such a kind of spin crossover is not considered a rate-lim-
iting factor as it involves species that are formed with
excess energy and even electronically excited states become
accessible. Following the procedure outlined before, the
MECP between the triplet and singlet surface was local-
ized. Fig. 3 shows the geometrical structure of the crossing
point structure and its relative energy calculated in gas-
phase and in solvent is reported in Fig. 1.

As it is evident from both geometry and energy of this
point, the crossing occurs in the vicinity of the triplet tran-
sition state with the MECP1 structure that lies only
0.7 kcal/mol lower in energy. The main difference between
the geometry of TS1 and MECP1 is the position of the
hydrogen atom that is halfway between Pd and oxygen in
the former case and bonded yet to oxygen in the latter.

It is worthwhile to underline that all the attempts to
individuate a singlet intermediate with a structure analo-
gous to that of the triplet PCP–Pd(HOO) complex were

Table 1
Selected bond lengths (Å) and angles (�) for minima, transition states and MCP2 crossing point localized along the singlet and triplet paths leading to
(PCP)Pd(II)–OOH formation by insertion of molecular oxygen into the Pd–H bond of the (PCP)Pd(II)–H complex

Singlet

Parameter L–PdH L–PdH Æ O2 TS10 L–Pd(HOO) TS2 L–Pd(OOH) LPd(OOH) (exp.)a

Pd–C1 2.111 2.113 2.09 2.011 2.013 2.054 2.022
Pd–H1 1.64 1.643 1.671 – – – –
Pd–O1 – 2.349 3.115 2.805 2.479 2.06 2.074
Pd–O2 – 3.101 2.68 2.2 2.305 – –
O1–O2 – 1.253 1.259 1.489 1.509 1.477 1.470
O2–H1 – 3.15 1.816 0.964 0.964 0.965 1.10
Pd–P1 2.294 2.318 2.308 2.323 2.277 2.315 –
Pd–P2 2.294 2.311 2.305 2.362 2.333 2.304 –
Pd–O1–O2 – 115.5 58.5 51.1 65.4 110.6 108.5
O1–O2–H1 – 73.4 121.8 102.5 102.6 100.2 99.0
P1–Pd–P2 163.91 164.2 164.4 169.1 167.5 165.6 167.7
P2–Pd–C1 81.9 82.5 82.5 82.8 83.8 83.1 84.3
C1–Pd–O1 – – – 133.8 147.6 177.6 175.3
Pd–O1–O2–H1 – – – 119.0 117.0 134.5 –

Triplet

L–PdH Æ O2 TS1 L–Pd(OHO) TS20 MECP2 L–Pd(OOH)

Pd–C1 2.113 2.114 2.113 2.115 2.147 2.137
Pd–H1 1.639 1.811 2.29 – – –
Pd–O1 – – – 2.867 2.167 2.166
Pd–O2 – – – – – –
O1–O2 1.204 1.278 1.319 1.342 1.401 1.408
O2–H1 3.411 1.297 1.015 0.979 0.97 0.969
Pd–P1 2.297 2.306 2.329 2.344 2.422 2.416
Pd–P2 2.294 2.319 2.332 2.342 2.425 2.419
Pd–O1–O2 – – – 96.5 116.8 115.8
O1–O2–H1 – 110.9 107.1 104.9 103.5 103.2
P1–Pd–P2 163.5 165.1 165.6 164.9 162.2 162.0
P2–Pd–C1 81.8 82.3 82.7 82.5 81.4 81.5
C1–Pd–O1 – – – – 114.3 116.8
Pd–O1–O2–H1 – 1.0 2.1 43.8 103.6 105.2

L = PCP. The available experimental geometrical parameters for the hydroperoxide complex are also reported.
a Ref. [35].

Fig. 3. MECP structure (MECP1) for spin conversion from triplet to
singlet multiplicity. Selected bond lengths are in angstrom and angles in
degrees. Labels employed to individuate O, P, C and H atoms have to be
used to read geometrical parameters reported in Table 1.

S. Chowdhury et al. / Chemical Physics Letters 443 (2007) 183–189 187



unsuccessful in spite of the numerous strategies used to find
it out.

The final step of the reaction that leads to formation of
the final hydroperoxo palladium(II) complex takes place
along the singlet pathway through the detachment of the
proximal oxygen from Pd and formation of a new bond
with the distal oxygen. Triplet hydroperoxide product for-
mation involves, instead, rearrangement of the HOO frag-
ment in such a way that the terminal oxygen and hydrogen
atoms move in opposite directions towards and away from
the Pd center, respectively. Both the corresponding transi-
tion states that is necessary to surmount were localized and
confirmed by IRC analysis. The singlet TS2 structure lies
4.8 kcal/mol (11.8 kcal/mol when solvent effects are
included) below the reactants dissociation limit and is char-
acterized by an imaginary frequency of 230i cm�1. Along
the triplet PES the TS2 0 structure is destabilized respect
to reactants by 18.9 kcal/mol and the corresponding imag-
inary frequency is calculated to be 214i cm�1.

Formation of the hydroperoxide product in its singlet
multiplicity is calculated to be highly exothermic in gas
phase (25.6 kcal/mol) and in benzene solvent (31.4 kcal/
mol). On the contrary, the overall conversion process of
the palladium hydride to the Pd–OOH species along the
spin conserving triplet surface is endothermic by
14.3 kcal/mol. Comparison between theoretical and exper-
imental [34] geometries of the final singlet Pd(II) hydroper-
oxide species is very satisfactory (see Table 1).

Finally, it worthwhile to underline that the calculated
single-point energies of the singlet stationary points (see
Fig. 1) are always higher than the corresponding triplet
optimized structures. Analogously to previous theoretical
works, the MECP between optimized triplet and single-
point singlet surfaces was located and the energy and struc-
ture of MECP2 are shown in Figs. 1 and 2, respectively.
Localization and discussion of the characteristics of this
crossing point were of obvious importance in previous
works as MCP2 appears to allow the triplet–singlet sur-
faces hopping and even to play the role of the unidentified
transition state for the rearrangement of the HOO frag-
ment to form the final product. In the present study,
instead, MECP2 is can be considered a ‘fictitious’ crossing
point between a really viable triplet pathway and a singlet
surface built up using energies coming from singlet single-
point calculations.

4. Conclusions

A detailed DFT study of the mechanism for the conver-
sion of the Pd(II)–hydride complex (PCP)PdH to the corre-
sponding Pd(II)–hydroperoxide (PCP)PdOOH in presence
of molecular oxygen was undertaken. The reaction under
investigation is the first experimentally studied example of
what is assumed to be a direct insertion of O2 into a
Pd(II)–H bond. The results show that along the triplet path-
way the reaction evolves through the abstraction of the
hydrogen atom by O2 and formation of a HOO fragment

weakly bonded to the Pd(I) center. After the rearrangement
of the HOO moiety, through the corresponding transition
state, the final hydroperoxo product is formed. The reaction
mechanism along the optimized singlet PES involves as a
result of the hydrogen atom abstraction the formation of
a very stable intermediate, PCP–Pd(OHO), in which hydro-
gen atom is bonded to the oxygen coordinated to the Pd
center. Due to the stabilization of this intermediate, the
crossing between triplet and singlet multiplicities occurs in
this region of the PES’s. The crossing point optimized struc-
ture and energy appear to be very close to those of the pre-
ceding transition state. From the stabilized PCP–Pd(OHO)
intermediate exothermic formation of the final product
takes place, overcoming the low barrier associated to the
transition state for the contemporary breaking of the bond
with proximal oxygen and bond forming with distal oxygen
atom. The description of the triplet PES reported here par-
allels that of a recently reported theoretical investigation on
the same system, carried out at the same level of theory. On
the contrary, the mechanism proposed to occur along the
singlet PES is completely new as well as is new the outline
of the overall reaction mechanism. Moreover, the precise
pathway for the rearrangement of the HOO moiety along
the triplet PES was individuated, even if, in light of the
new results the role it plays is of minor importance. The
reported results are of particular interest as they contribute
to shed light on the elementary steps of the mechanism, not
yet established, of this kind of palladium-catalyzed oxida-
tion reactions.
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a b s t r a c t

Significant recent developments in homogeneous palladium catalysis for selective aerobic oxidation have
emphasized the importance of developing a thorough comprehension of reactions of palladium com-
plexes with O2. Density functional theory (DFT) calculations, employing the B3LYP exchange-correlation
functional, have been performed to probe the mechanism for the insertion reaction of molecular oxygen
into the palladium(II) hydride bond of the trans-[PdH(O2Ac)(IMes)2] complex to form the corresponding
Pd(II)-hydroperoxide. A crossing between triplet and singlet surfaces occurs before the formation of a sta-
ble singlet intermediate from which the reaction straightforwardly proceeds to yield the singlet hydro-
peroxo complex. Results appear to be different with respect to previous analogous theoretical
investigations providing a new minimum energy pathway.

� 2008 Elsevier B.V. All rights reserved.

1. Introduction

The use of homogeneous systems involving Pd(II) complexes as
efficient oxidation catalysts continue to emerge as a versatile tool
for the selective aerobic oxidation of organic molecules [1]. Two
are the major mechanistic proposals to explain how the oxygen
activation in palladium-catalyzed oxidations proceeds: (a) reaction
of palladium(0) with oxygen to form a g2-peroxo palladium spe-
cies and (b) direct insertion of oxygen into the Pd–H bond of a
Pd(II)-hydride complex to form a Pd(II)-hydroperoxo product.
The former mechanism has substantial experimental support
[1d,2] although the reaction between Pd(0) and triplet oxygen is
spin forbidden [3].

Only recently two examples of reactions of Pd(II)-hydrides with
molecular oxygen to produce the corresponding Pd-hydroperox-
ides have been reported in the literature [4,5]. Goldberg and co-
workers reported that molecular oxygen reacts with the
(tBuPCP)PdH (tBuPCP = 1,3-(CH2PtBu2)2C6H3]�) complex to yield
(tBuPCP)PdOOH [4]. DFT theoretical investigations on this system
carried out by Goddard and co-workers [6] and by us [7] have dem-
onstrated how an insertion mechanism is possible and plausible
and supported the hypothesis that the hydrogen atom abstraction
is the key step of the reaction.

Stahl and co-workers [5] have reported the preparation of the
N-heterocyclic-carbene (NHC)-coordinated Pd(II)-hydride trans-
[PdH(O2Ac)(IMes)2] (IMes = Mesityl) complex, along with that of
its benzoate derivatives, and their oxygenation reaction to yield

the corresponding hydroperoxides. Because the experimental find-
ings could support both direct insertion of O2 into the Pd(II)–H
bond and oxygenation of Pd(0), both pathways have been consid-
ered viable by the authors. Four possible alternative pathways
have been computationally examined in detail by Popp and Stahl
to probe the reaction mechanism of the formal insertion of molec-
ular oxygen into the Pd–H bond of trans-[PdH(OAc)(IMes)2] [8].
The proposed steps of the hydrogen abstraction mechanism, in
analogy with the work of Goddard and co-workers [6], are: forma-
tion of a HOO moiety as a consequence of the hydrogen atom
abstraction by molecular oxygen and formation of the final hydro-
peroxo product through rearrangement of the HO2 fragment. An
intersystem crossing from triplet to singlet surface has been found
to take place at the exit channel of the reaction but no one of the
surmised mechanisms for the rearrangement of the HO2 fragment
has been confirmed.

Here we present the outcome of a detailed density functional
theory (DFT) investigation of the direct insertion mechanism of
molecular oxygen into the Pd–H bond of trans-[(AcO)(IMes)2PdH].
The results of our computations, carried out at the same level of
theory of previous investigations [3,6,8] are relevant because sta-
tionary points with geometrical structures undisclosed until now
have been intercepted along the singlet PES and the structure of
the transition state that enables the rearrangement of the HOO
fragment to yield the hydroperoxo complex has been individuated
and characterized. Therefore, this study clearly shows that full
optimization of stationary points for both singlet and triplet multi-
plicities are mandatory to individuate the right minimum energy
pathway for reactions involving molecular oxygen. Since many
questions concerning the mechanistic details of the Pd-catalyzed
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oxidation reactions are still open [1a], the individuation of the true
pathway for the interaction between molecular oxygen and Pd(II)–
H complexes is of fundamental importance.

2. Computational details

Geometry optimizations as well as frequency calculations for all
the reactants, intermediates, products and transition states have
been performed at the Density Functional level by using the B3LYP
exchange-correlation functional [9,10] as implemented in GAUSSIAN

03 code [11]. For Pd the relativistic compact Stuttgart/Dresden
effective core potential [12] has been used in conjunction with its
split valence basis set. The standard 6-311G* basis sets of Pople
and co-workers were employed for the rest of the atoms. For each
optimized stationary point vibrational analysis has been performed
to determine its character (minimum or saddle point) and zero-
point vibrational energy (ZPVE) corrections have been included in
all relative energies (DE). For transition states it has been carefully
checked that the vibrational mode associated to the imaginary
frequency corresponds to the correct movement of involved atoms.
Furthermore, the intrinsic reaction coordinate (IRC) method [13,14]
has been used to asses that the localized TSs correctly connect to the
corresponding minima along the imaginary mode of vibration.

To save computer time we have replaced the bulky 2,4,6-tri-
methylphenyl substituents on the IMes ligands with methyl groups
to obtain a palladium hydride complex that, although less steri-
cally hindered, can give analogous results [8]. Therefore, as the
starting point for the study we have chosen the (AcO)(1,3-
di(methyl)imidazoline-2-ylidene)2PdH species, abbreviated for
the sake of clarity as (AcO)(IMe)2PdH and that from now on will
be indicated as I(1), and both singlet and triplet reaction paths
have been examined due to the addition of triplet molecular oxy-
gen. hS2i values have been checked to asses whether spin contam-
ination can influence the quality of the results. The method
proposed by Ovchinnikov and Labanowski [15] has been adopted
for correcting the mixed spin energies and removing the foreign
spin components. For triplet state structures hS2i values are very
close to 2.0 for all the considered stationary points. On the con-
trary, unrestricted calculations for singlet structures revealed in
some cases triplet spin contamination corresponding to hS2i values
close to 1.0. Unrestricted calculations of the singlet energy of O2

gave a 1Dg state too much stable due to the contamination of the
singlet wave function with the triplet state and a corresponding
excitation energy of 10.5 kcal/mol, being the experimental value
22.5 kcal/mol. Correction of the mixed spin energy of the singlet
state has given a triplet–singlet energy gap of 20.7 kcal/mol in very
good agreement with the experimental value. The same correction
scheme has been applied, as it will be underlined later on, to the
energy of some other singlet stationary points that revealed to be
highly contaminated with the triplet.

Implicit solvent effects have been calculated through the
polarisable continuum solvation model [16], PCM, performing
single-point calculations on fully optimized gas-phase geometries
of stationary points, since preliminary calculations clearly have
shown that geometry relaxation effects are not significant. The
solvation Gibbs free energies have been evaluated using the well-
known thermodynamic cycle [17], where the reaction Gibbs free
energy in solution, DGsol, is calculated for each process as the
sum of two contributions: a gas-phase reaction free energy, DGgas,
and a solvation reaction free energy term calculated with the
continuum approach, DGsolv.

DGsol ¼ DGgas þ DGsolv

The gas-phase reaction free energy is the sum of two parts: elec-
tronic plus nuclear repulsion energy (DEele) and thermal contribu-

tion including zero-point energy (DGT
gas = DH + TDS). The last

term, TDS, that is the thermal correction, is evaluated using the cal-
culated quantum mechanical vibrational frequencies.

Minimum energy crossing points (MECP) computation between
the triplet surface of reactants and the singlet one of the products
has been carried out using the methodology introduced by Harvey
[18]. For the sake of comparison with previous theoretical results
[6,8] single-point calculations for singlet multiplicity have been
carried out on fully optimized geometries of triplet stationary
points.

3. Results

The B3LYP calculated singlet and triplet PESs for the reaction
of O2 with the trans-[(AcO)(IMe)2PdH] complex are reported in
Fig. 1, where relative energies are calculated with respect to
the triplet ground state reactants asymptote (I(1) + 3O2). Relative
free energies in benzene solvent are reported in the same Figure
along with the relative energy of the singlet stationary points
obtained performing single-point calculations on the fully opti-
mized triplet structures. Geometrical structures of singlet and
triplet minima and transition states are shown in Figs. 2 and
3, respectively.

Along the triplet pathway the interaction of oxygen with the
trans-[(AcO)(IMe)2PdH] complex leads to the formation of a weakly
bound van der Waals complex, II(3), whose formation is endother-
mic in solvent and only slightly exothermic in gas-phase. Both oxy-
gen atoms of the O2 molecule are about 4.5 Å far from the Pd
center. The fully optimized structure, II(1), of the corresponding
complex in a singlet state, is by about 29 kcal/mol higher in energy
in benzene solvent. O2 molecule is oriented parallel to the Pd–H
bond and the closest oxygen atom is at about 2.3 Å from the Pd
center. The energy reported for this adduct has been properly cor-
rected since it showed a significant amount of triplet
contamination.

The gas-phase energy of the singlet stationary point obtained
performing a single-point calculation on the optimized triplet
structure, according to the theoretical study reported in Ref. [8],
is higher by about 39 kcal/mol.

Along the triplet surface the reaction evolves through the
abstraction of the hydrogen atom from the palladium center by
O2. This step takes place overcoming a free energy barrier of
18.9 kcal/mol for the formation of the TSI(3) transition state. In
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Fig. 1. Calculated potential energy surfaces for the reaction of singlet and triplet
states of O2 with (Ac)(IMe)2Pd(II)–H to yield (Ac)(IMe)2Pd(II)–OOH. Gibbs free en-
ergies changes at 298.15 K in benzene are also reported in parentheses along with
singlet single-point energies calculated on fully optimized structures of triplet st-
ationary points. Energies are in kcal/mol and relative to the ground-state reactants.
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going from the first adduct to TSI(3) the Pd–H bond distance
stretches from 1.565 to 1.763 Å and at the same time the O–O bond
length increases from 1.205 to 1.278 Å. The O–H distance is 1.237 Å
indicating that the bond between oxygen and hydrogen is forming.
The imaginary frequency for TSI(3) is calculated to be 1516i cm�1

and corresponds to the shift of the hydrogen from Pd to O atom.
As a result, an intermediate III(3) is formed in which a peroxyl
HOO radical is coordinated to the T-shaped Pd(I) complex through
a weak interaction between hydrogen and Pd atoms. Indeed, this
reaction intermediate lies 22.8 kcal/mol above the ground state

Fig. 2. Geometrical structures of singlet minima and transition states. Bonds are in Å and angles in degrees. The available experimental geometrical parameters for the
benzoate analogue of the hydride complex are also reported in parentheses.
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reactants in solvent and is as stable as the TSI(3) transition state.
Along the singlet surface, instead, once molecular oxygen ap-
proaches the Pd center, at a distance of 1.472 Å between the closest
oxygen and hydrogen, a transition state, TSI(1), has been inter-
cepted and characterized. The normal mode associated to the
imaginary frequency, calculated to be 224i cm�1, corresponds the
movement of the hydrogen atom that comes close the oxygen
atom forming a new O–H bond. Also for this singlet TSI(1) transi-

tion state, which lies 35.4 kcal/mol above the separate reactants
(28.4 kcal/mol in gas-phase), the absolute energy has been cor-
rected for spin contamination. From TSI(1) the reaction proceeds
to yield a singlet intermediate, III(1), whose formation is endother-
mic by 2.9 kcal/mol in gas-phase (endothermic by 10.3 kcal/mol in
solvent). The main feature of this intermediate is that the hydrogen
atom is bonded (H–O = 0.963 Å) to the proximal oxygen. Until now
the existence of this kind of intermediates has not been evidenced

Fig. 3. Geometrical structures of triplet minima and transition states. Bonds are in Å and angles in degrees.
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by theoretical investigations [6,8]. IRC calculations confirmed that
the TSI(1) transition state is connected to both reactant II(1) and
product III(1). The analysis of the structures along the reaction
coordinate from the transition state to the III(1) intermediate
shows that the hydrogen atom approaches the proximal oxygen
lengthening the O–O bond, whereas the distal oxygen atom rotates
upwards.

Owing to the stability of the singlet III(1) intermediate, in this
region of the PES the system must undergo a spin inversion that
takes place after passage of the TSI(3) transition state. In the
framework of the Two-State Reactivity paradigm such a kind of
spin crossover is not considered a rate-limiting factor as it involves
species that are formed with excess energy and even electronically
excited states become accessible [19]. The computed structure of
the minimum energy crossing point, MECP1, between the triplet
and singlet surfaces, is shown in Fig. 4 and its relative energy cal-
culated in gas-phase is reported in Fig. 1.

The crossing occurs in the vicinity of the triplet transition state
and the MECP1 structure lies very close in energy to the preceding
transition state.

It is worthwhile to underline that all the attempts to individu-
ate a singlet intermediate with a structure analogous to that of
the triplet complex were unsuccessful in spite of the numerous
strategies used to find it out.

The final step of the reaction that leads to formation of the final
hydroperoxo palladium (II) complex, takes place along the singlet
pathway through the detachment of the proximal oxygen from
Pd and formation of a new bond with the distal oxygen. Triplet
hydroperoxide product formation involves, instead, rearrangement
of the HOO fragment in such a way that terminal oxygen and
hydrogen atoms move in opposite directions towards to and away
from the Pd center, respectively. Both the corresponding transition
states that is necessary to surmount have been intercepted and
confirmed by IRC analysis.

The singlet TSII(1) structure lies 10.5 kcal/mol, 20.5 kcal/mol
when solvent effects are included, above the reactants dissociation
limit and is characterized by an imaginary frequency of 339i cm�1.
Along the triplet PES the TSII(3) structure is destabilized respect to
reactants by 19.6 kcal/mol in gas-phase and by 28.9 kcal/mol in
benzene and the corresponding imaginary frequency is calculated
to be 102i cm�1.

Formation of the hydroperoxide product in its singlet multiplic-
ity, IV(1), is calculated to be exothermic in gas-phase (17.1 kcal/

mol) and in benzene solvent (8.0 kcal/mol). On the contrary, the
overall conversion process of the palladium hydride to the Pd–
OOH species, IV(3), along the spin conserving triplet surface is
endothermic by 17.4 kcal/mol in gas-phase and 24.3 kcal/mol in
solvent.

Finally, it is worthwhile to underline that the calculated single-
point energies of the singlet stationary points (see Fig. 1) are al-
ways higher than the corresponding triplet optimized structures.
This means that if the singlet PES is obtained by performing only
single-point calculations on triplet optimized geometries the right
minimum energy pathway cannot be singled out and, conse-
quently, the thermodynamics and kinetics of the reaction cannot
be correctly determined.

Analogously to previous theoretical works [6,8], the MECP
structure for the crossing from the optimized triplet to the sin-
gle-point singlet surfaces in this region of the PESs (MECP2 in Figs.
1 and 4) has been computed. Computation of the structure and dis-
cussion of the characteristics of this crossing point were of obvious
importance in previous theoretical papers [6,8] as MECP2 appears
to allow the triplet–singlet surfaces hopping and even to play the
role of the unidentified transition state for the rearrangement of
the HOO fragment in order to form the final product. In the present
study, instead, MECP2 can be considered a ‘fictitious’ crossing
point between a really viable triplet pathway and a singlet surface
built up using energies coming from singlet single-point calcula-
tions on fully optimized triplet structures. It is worth to underline
that also the individuation of the region where the spin crossing
occurs and of the MECP structure relies on the proper computation
of the involved PESs.

4. Conclusions

A detailed DFT study of the mechanism for the conversion of the
Pd(II)-hydride complex, (AcO)(IMes)2PdH to the corresponding
Pd(II)-hydroperoxide in presence of molecular oxygen has been
undertaken. The results show that along the triplet pathway the
reaction evolves through the abstraction of the hydrogen atom by
O2 and formation of a HOO fragment weakly bonded to the Pd(I) cen-
ter. After the rearrangement of the HOO moiety, through the corre-
sponding transition state, the final hydroperoxo product is formed.
The reaction mechanism along the optimized singlet PES involves
as a result of the hydrogen atom abstraction the formation of a stable
intermediate, in which hydrogen atom is bonded to the proximal

Fig. 4. MECP1 and MECP2 structures for spin conversion from triplet to singlet multiplicity. Bond lengths are in angstrom and angles in degrees.

S. Chowdhury et al. / Chemical Physics Letters 456 (2008) 41–46 45



oxygen. Due to the stabilization of this intermediate, the crossing be-
tween triplet and singlet multiplicities occurs in this region of the
PESs. From this stabilized intermediate exothermic formation of
the final product takes place, overcoming the barrier associated to
the transition state for the contemporary breaking of the bond with
proximal oxygen and bond forming with distal oxygen atom. The
description reported here of the triplet PES parallels the recently re-
ported theoretical investigation on the same system, carried out at
the same level of theory. On the contrary, the mechanism proposed
to occur along the singlet PES is completely new as well as is new the
outline of the overall reaction mechanism. Moreover, the precise
pathway for the rearrangement of the HOO moiety along the triplet
PES has been individuated, even if, in light of the new results, the role
it plays is of minor importance. This work demonstrates that the the-
oretical study of the interaction of Pd complexes with molecular
oxygen has to be carried out fully optimizing stationary point struc-
tures lying on both triplet and singlet pathways. As can be inferred
from the comparison with the outcomes of the previous works on
the same subject, the strategy adopted in this Letter provides a
new reaction profile in terms of intermediates structures, activation
barriers and surface crossings. The reported results are of particular
interest as they contribute to shed light on the elementary steps of
the mechanism, not yet established, of this kind of palladium-cata-
lyzed oxidation reactions.
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Abstract: Density Functional Theory (DFT) has been applied to a comprehensive mechanistic
study of the conversion reaction of the Pd(II)-hydride complex, (IMe)2(RCO2)PdH (R)CH3, Ph,
and p-O2NC6H4), to the corresponding Pd(II)-hydroperoxide in the presence of molecular oxygen.
The calculations have evaluated the two mechanistic proposed alternatives, that are both
considered viable on the basis of current data, of slow RCO2H reductive elimination followed
by oxygenation (Path A) and direct O2 insertion (Path B). Results suggest that the mechanism
of direct insertion of molecular oxygen into the Pd-H bond of the initial complex is energetically
preferred. The activation energy relative to the rate-determining step of Path A, indeed, is
calculated to be lower than the activation energy of the rate determining step of the alternative
Path B, whatever ligand (CH3CO2, Ph, CO2, p-O2NC6H4CO2) is coordinated to the Pd center.
The calculated free activation energy of the rate-determining hydrogen abstraction step (∆G* )
24.8 kcal/mol) in the case of the oxygenation reaction of the benzoate-ligated Pd(II)-hydride
complex is in very good agreement with the experimentally determined value of 24.4 kcal/mol.
In addition, according to the experimentally detected enhancement of the reaction rate due to
the presence of a nitro group on the benzoate ligand, our calculations show that the transition
state for the hydrogen atom abstraction by molecular oxygen along the pathway for the
oxygenation reaction of (IMe)2(p-O2NC6H4CO2)PdH lies lower in energy with respect to the
analogous transition state calculated for R)Ph.

1. Introduction

The use of molecular oxygen for the oxidative functional-
ization of organic molecules is a highly attractive option
because O2 is a readily available and nontoxic reagent.
Additionally, a common byproduct of aerobic oxidations is
the innocuous substance water. However, uncatalyzed chemi-
cal reactions between molecular oxygen and organic sub-
strates generally result in complete combustion of the starting
materials, and, consequently, the synthetic advantages these
reactions possess cannot be exploited unless catalysts are

used. The homogeneously Pd-catalyzed oxidations have
emerged as a particularly promising reaction type for
selective and efficient aerobic oxidation1–7 even if the
development of new and more efficient catalytic strategies
has been hampered by an inadequate understanding of how
O2 interacts with the Pd center.7 Two are the pathways
proposed to explain how the oxygen activation in palladium-
catalyzed oxidations proceeds (Scheme 1).

One pathway (Path A) is the formation of a Pd(0) species
II through the reductive elimination of a HX species from
the Pd(II)-hydride complex followed by the oxygenation of
the Pd(0) center to form a η2-peroxo Pd(II) species III. Upon
protonation of the peroxopalladium(II) intermediate a pal-
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ladium hydroperoxide species IV is formed.8–10 The second
mechanistic possibility11–13 (Path B) involves the direct
insertion of molecular oxygen into a palladium(II)-hydride
intermediate I to form the same palladium hydroperoxide
species IV (Scheme 1) and, therefore, avoiding to proceed
through Pd(0). The former mechanism has substantial
experimental support even if the reaction between Pd(0) and
triplet oxygen is spin forbidden.8–10 Landis, Stahl, and co-
workers have investigated this aspect performing a DFT
theoretical study that showed the exothermic formation of
the singlet Pd(II)-peroxido species requiring spin crossing
between triplet and singlet surfaces mediated by spin-orbit
coupling.14

The first observation of what can be assumed to be a direct
insertion of molecular oxygen into a Pd(II)-hydride bond to
form a hydroperoxopalladium complex has been reported by
Goldberg, Kemp, and co-workers for a Pd complex that, due
to the nature of the ligand, cannot undergo reductive
elimination.15 The authors report that benzene solutions of
(tBuPCP)PdH (tBuPCP)1,3-(CH2PtBu2)2C6H3]-) exposed to
O2 cleanly react to yield (tBuPCP)PdOOH, which is relatively
stable at ambient temperature as a solid and structurally
characterizable. A DFT theoretical investigation, carried out
by Goddard and co-workers, of the involved mechanism has
recently appeared in literature that demonstrates how an
insertion mechanism is possible and plausible and supports
the hypothesis that the hydrogen atom abstraction is the key
step of the reaction.16 Namely, hydrogen atom is abstracted
from the Pd center by molecular oxygen to form a HOO
fragment that interacts only weakly with the Pd(I) center.
Rotation of HO2 moiety enables formation of a Pd-O bond
to give the final Pd(II)-hydroperoxo product. A minimum
energy crossing point (MECP) between triplet and singlet
surfaces has been located at the exit channel of the reaction,
whereas the mechanism for the rearrangement of the HOO
fragment to give the hydroperoxide product has not been
individuated. In the same work is discussed the difference
with respect to a previous study of the same authors that
underlined the subordination of the O2 insertion process to
the presence of a H-bond acceptor cis to the hydride.17

Stahl and co-workers have investigated the feasibility of
the Pd(0) direct oxygenation pathway by subjecting
[Pd(0)(IMes)2] (IMes)Mesityl) to one equivalent of a
carboxylic acid (acetic, benzoic, and p-nitrobenzoic) to
produce the trans-[(IMes)2(RCO2)PdH] hydride, which sub-
sequently exposed to O2 yielded the corresponding hydro-
peroxide complex.18 Since the experimental findings could
support both mechanisms, that is direct insertion of O2 into
the Pd(II)-H bond and oxygenation of Pd(0), both pathways

have been considered viable by the authors. Indeed, four
possible alternative pathways have been computationally
examined by Popp and Stahl to probe the reaction mechanism
of the formal insertion of molecular oxygen into the Pd-H
bond of trans-[PdH(OAc)(IMes)2].19 The main conclusion
of this investigation is that the energetically preferred
pathways, exhibiting very similar kinetic barriers, are those
corresponding to (a) hydrogen atom abstraction from the
Pd-H bond by molecular oxygen and (b) reductive elimina-
tion AcOH followed by oxygenation of Pd(0) and proto-
nolysis of the formed η2-peroxo-Pd(II) species. Also in this
last case the proposed steps of the hydrogen abstraction
mechanism are as follows: formation of a HOO moiety as a
consequence of the hydrogen atom abstraction by molecular
oxygen and formation of the final hydroperoxo product
through rearrangement of the HO2 fragment. In analogy with
Goddard’s analysis16 the MECP between singlet and triplet
PESs has been located at the exit channel of the reaction,
but not one of the surmised mechanisms for the rearrange-
ment of the HO2 fragment has been confirmed.

In the framework of a more extended project aiming to
unravel the mechanistic details of the selective oxidation of
organic molecules by molecular oxygen in the presence of
metal catalysts we have theoretically investigated the direct
O2 insertion mechanism for both (tBuPCP)PdH and
[(IMes)2(AcO)PdH] hydrides.20,21 With respect to the pre-
ceding computational analyses carried out on the same
subject16,19 the new results are as follows: the recognition
of a different pathway for the process and the determination
of the rearrangement mechanism of the OOH fragment as
the last step of the overall hydride oxygenation reaction. In
the present work we have examined the possible alternative
mechanisms of the oxygenation process of the Pd-hydride
complex trans-[Pd(H)(O2CR)(IMes)2] with R)CH3, Ph,
p-O2NC6H4 to yield the corresponding hydroperoxide, taking
into account also the influence on the oxygenation pathways
of the employed carboxylic acid. Kinetic measurements,18

indeed, have shown that the reaction rate exhibits a clear
first-order dependence on the concentration of the Pd-hydride,
and the presence of an electron-withdrawing nitro group on
the benzoate ligand significantly enhances the reaction rate
(when R)p-O2NC6H4 the oxygenation is about eight times
faster than when R)Ph). The ligand dependence could
suggest that carboxylate dissociation is the rate determining
step of the process and, as a consequence, supports the re-
action mechanism involving reductive elimination of the
carboxylic acid. Since many questions concerning the
mechanistic details of the Pd-catalyzed oxidation reactions
are still open,22 the results of our computations can contribute
to the determination of the true pathway for the interaction
between molecular oxygen and Pd(II)-H complexes.

2. Computational Details

Geometry optimizations as well as frequency calculations
for all the reactants, intermediates, products, and transition
states have been performed at the Density Functional level
of theory, employing the Becke’s three-parameter hybrid
functional23 combined with the Lee, Yang, and Parr (LYP)24

correlation functional, denoted as B3LYP, as implemented

Scheme 1
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in Gaussian03 code.25 For Pd the relativistic compact
Stuttgart/Dresden effective core potential26 has been used
in conjunction with its split valence basis set. The 6-311G*
basis sets of Pople and co-workers have been employed for
the rest of the atoms. For each optimized stationary point
vibrational analysis has been performed to determine its
character (minimum or saddle point), and zero-point vibra-
tional energy (ZPVE) corrections were included in all relative
energies (∆E). For transition states it was carefully checked
that the vibrational mode associated with the imaginary
frequency corresponded to the correct movement of involved
atoms. Furthermore, the intrinsic reaction coordinate (IRC)27,28

method has been used to assess that the localized TSs
correctly connect to the corresponding minima along the
imaginary mode of vibration.

To speed up calculations the 2,4,6-trimethylphenyl groups
of the IMes ligands have been substituted with methyl ones
to obtain a palladium hydride complex that, although less
sterically hindered, can give analogous results.19 For this re-
ason, from now on we will indicate the 1,3-di(methyl)imi-
dazoline-2-ylidene model of the ligand as IMe, and the
starting points for our study are the trans[(RCO2)(1,3-
di(methyl)imidazoline-2-ylidene)2PdH] species (R)CH3, Ph,
p-O2NC6H4), also abbreviated as trans[(RCO2)(IMe)2PdH].

Both triplet and singlet reaction paths have been examined
and for all the studied species <S2> values have been
checked to assess whether spin contamination can influence
the quality of the results. For triplet state structures no

significant contamination was found by unrestricted calcula-
tions. Unrestricted calculations, instead, revealed in some
cases triplet spin contamination corresponding to <S2>
values close to 1.0. For molecular oxygen, due to the
contamination of the singlet wave function with the triplet
state, a highly stable singlet 1∆g state has been obtained
corresponding to an excitation energy of 10.5 kcal/mol,
compared with the experimental value of 22.5 kcal/mol.29

Adopting the method proposed by Ovchinnikov and Laban-
owski30 for correcting the mixed spin energies and removing
the foreign spin components, a triplet-singlet energy gap of
20.7 kcal/mol was obtained, in very good agreement with
the experimental value. The same scheme was adopted to
correct the triplet contaminated energies of some structures
along the singlet path, as will be underlined in the next
paragraphs.

Solvent effects, both electrostatic and nonelectrostatic,
have been treated implicitly making use of the Tomasi’s
integral equation formalism for the polarizable continuum
model (IEF-PCM)31,32 as implemented in Gaussian03. All
stationary points structures obtained from vacuum calcula-
tions were reoptimized in implicit benzene with the above
IEF-PCM method.

The solvation Gibbs free energies have been evaluated
using the well-known thermodynamic cycle,33 where the
reaction Gibbs free energy in solution, ∆Gsol, is calculated
for each process as the sum of two contributions: a gas-

Figure 1. Calculated B3LYP PESs for the oxygenation reaction of (IMe)2(CH3CO2)Pd(II)-H to give (IMe)2(CH3CO2)Pd(II)-OOH.
Gibbs free energies changes at 298.15 K in benzene are also reported in parentheses. Energies are in kcal/mol and relative to
ground-state reactants. On the left the pathway that involves reductive elimination of CH3COOH (Path A) and on the right the
pathway for the direct O2 insertion (Path B) are reported.
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phase reaction free energy, ∆Ggas, and a solvation reaction
free energy term calculated with the continuum approach,
∆Gsolv:

∆Gsol )∆Ggas +∆Gsolv (1)

The gas-phase reaction free energy is the sum of two parts:
electronic plus nuclear repulsion energy (∆Eele) and thermal
contribution including zero-point energy (∆Ggas )
∆H+T∆S). The last term, T∆S, that is the thermal correction,
is evaluated using the calculated quantum mechanical
vibrational frequencies.

To locate the minimum energy crossing points (MECP)
between the triplet surfaces of reactants and the singlet ones
of the products the methodology introduced by Harvey and
co-workers has been used.34

3. Results and Discussion

Calculated B3LYP PESs for the oxygenation process of
(RCO2)(IMe)2PdH hydrides are drawn in Figures 1–3 for
R)CH3, Ph, p-O2NC6H4, respectively. Both singlet and
triplet PESs have been computed. Relative energies are
calculated with respect to the ground-state reactants asymp-
tote (I(1)+3O2). The energy profile for the steps of the
pathway that, starting from the hydride species I, involves
reductive elimination of RCOOH (R)CH3, Ph, p-O2NC6H4)
to yield Pd(0) complex (II), oxygenation of II to yield the
peroxo complex III, and subsequent protonation to form the

hydroperoxide complex IV are shown on the left side of each
figure (Path A). The calculated PESs for the direct insertion
of O2 into the Pd-H bond of the hydride species to obtain
the same hydroperoxides are drawn on the right side of each
figure (Path B). Relative free energies calculated in benzene
solvent are also reported in Figures 1–3.

The ground-state optimized structure of the reference
hydride species chosen as the starting point for our study is
shown in Figure 4 along with the optimized structure of the
final hydroperoxide complex in the case of R)Ph. Ground-
state geometrical structures of all stationary points intercepted
along the pathway for the (PhCO2)(IMe)2PdH hydride
oxygenation through reductive elimination, Pd(0) oxygen-
ation, and protonolysis of peroxo complex are reported in
Figure 5, whereas ground-state optimized structures of the
sequence of minima and transition states involved by the
direct O2 insertion pathway are shown in Figure 6. In Figures
5 and 6 are sketched also the structures of the calculated
MECPs. Labels employed in Figures 4–6 to individuate
geometrical parameters have to be used to read information
reported in Table 1 for Path A and Table 2 for Path B, which
collect selected bond lengths and angles along with dihedral
angles of stationary points and MECPs for R)CH3, Ph, and
p-O2NC6H4.

In the next two paragraphs we are going to illustrate the
outcomes of our calculations for both Path A and Path B in
the case of R)CH3. Subsequently, the results of our DFT

Figure 2. Calculated B3LYP PESs for the oxygenation reaction of (IMe)2(PhCO2)Pd(II)-H to give (IMe)2(PhCO2)Pd(II)-OOH.
Gibbs free energies changes at 298.15 K in benzene are also reported in parentheses. Energies are in kcal/mol and relative to
the ground-state reactants. On the left the pathway that involves reductive elimination of PhCOOH (Path A) and on the left the
pathway for the direct O2 insertion (Path B) are reported.
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analysis for R)Ph, p-O2NC6H4 will be pointed out for
comparison, and general conclusions on the viability of the
alternative proposed mechanisms will be drawn.

3.1. Mechanism Proceeding via the Pd(0) Interme-
diate. The first step of the mechanism that involves formation
of the Pd(0) species proceeds by reductive elimination of
CH3COOH from the initial Pd-hydride complex (Step I f
II). As shown in Figure 1 the transition state TS1(1), which
the reaction evolves through is very high in energy, with a
calculated relative energy of about 31 kcal/mol both in gas
phase and in solution. An inspection of Figure 1 clearly
shows that this is the rate-determining step of the overall
transformation. The calculated imaginary frequency is 485i
cm-1 and is mainly associated with the displacement of the

hydrogen atom from palladium to carbon atom. In the next
minimum intercepted along the PES, II ·HX(1), the car-
boxylic acid molecule still interacts with the Pd(0) formed
species, and the process results to be endothermic by 4.7
kcal/mol (4.1 kcal/mol in gas phase). Formation of final
products, upon reductive elimination of CH3COOH from the
initial Pd-H complex, is practically thermoneutral in solvent
and endothermic by 15.2 kcal/mol in gas phase. The reaction
between the formed Pd(0) complex with triplet molecular
oxygen (Step IIfIII) requires that both singlet and triplet
multiplicities are examined and leads initially to the forma-
tion of an η1-O2 adduct, II ·O2, in which the IMe ligands
retain their trans configuration. A stable closed-shell singlet
complex, III, is formed by surpassing a low energy barrier
(6.4 kcal/mol in solvent and 10 kcal/mol in gas phase)
corresponding to the transition state, TS2(3), for the IMe
ligands trans to cis isomerization. The characteristics of this
adduct III (O-O distance of 1.4 Å and O-O stretching
frequency of 978 cm-1) allow us to design it as a η2-
peroxide.35 Due to the multiplicity change, in this region of
the PES the system must undergo a spin inversion that takes
place after passage of the TS2 transition state. In the
framework of the Two-State Reactivity paradigm36 such a
kind of spin crossover is not considered a rate-limiting factor
as it involves species that are formed with excess energy,
and even electronically excited states become accessible.
Following the procedure outlined before, the MECP between
the triplet and singlet surfaces has been individuated, and
the structure at this point, MECP1, exhibits a geometry very

Figure 3. Calculated B3LYP PESs for the oxygenation reaction of (IMe)2(p-O2NC6H5CO2)Pd(II)-H to give (IMe)2(p-
O2NC6H5CO2)Pd(II)-OOH. Gibbs free energies changes at 298.15 K in benzene are also reported in parentheses. Energies are
in kcal/mol and relative to the ground-state reactants. On the left the pathway that involves reductive elimination of
p-O2NC6H5COOH (Path A) and on the right the pathway for the direct O2 insertion (Path B) are reported.

Figure 4. Ground-state optimized structures of the Pd(II)-H
and Pd(II)-OOH complexes in the case of R)Ph. Labels
employed to individuate geometrical parameters have to be
used to read information reported in Tables 1 and 2.
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similar to TS2(3). Crossing point relative energy calculated
in gas phase is reported in Figure 1. The third and final step
(Step IIIfIV) of the examined pathway involves proto-
nolysis of the Pd-O bond of the η2-peroxo complex III.
Computational analysis shows that initially CH3COOH
weakly interacts with III to give a hydrogen-bonded
complex, III ·HX, stabilized by 4 kcal/mol in solvent (9.6
kcal/mol in gas phase) with respect to ground-state reactants
asymptote. Formation of the final hydroperoxide complex
IV takes place overcoming an energy barrier of 23.6 and
21.2 kcal/mol in solvent and in gas phase, respectively,
corresponding to the TS3(1) transition state. The normal
mode associated with the imaginary frequency, calculated
to be 161i cm-1, corresponds to the concerted cis to trans
isomerization of the IMe ligands, proton transfer from acetic
acid to one of the oxygen atoms of the peroxide, and
coordination of the formed acetate to the Pd center. As a
result, the final singlet hydroperoxide product (CH3CO2)-
(IMe)2Pd-OOH in its trans configuration is obtained, and
the overall process is calculated to be exothermic by 8.0 kcal/
mol in benzene solvent and 17.1 kcal/mol in gas phase.

3.2. Mechanism of Direct Dioxygen Insertion into
the Pd-H Bond of trans-[(CH3COO)(IMe)2Pd(H)]. Along
the triplet pathway (see Path B Figure 1) the interaction of
oxygen with the trans[(IMe)2(CH3COO)Pd-H] complex

leads to the formation of a weakly bound van der Waals
complex, I ·O2(3), that is stabilized by about 1 kcal/mol in
solution. The fully optimized structure of the corresponding
complex in a singlet state is substantially different as O2

coordinates directly to the Pd(II) center. The formed adduct,
I ·O2(1), is not stable and lies about 21 kcal/mol above the
entrance channel of separated reactants in gas phase and 32.6
kcal/mol above, when solvation effects are included. The
reported energy for this complex has been properly corrected,
following the mentioned scheme,30 since unrestricted cal-
culations on this adduct showed a significant amount of triplet
spin contamination.

The next step of the reaction, that results to be the rate-
determining one, involves the abstraction of the hydrogen
atom from the palladium center by O2. This step requires an
activation energy of 15.6 kcal/mol in solution and 22.9 kcal/
mol in gas phase for the formation of the TS4(3) transition
state. In going from the first adduct to TS4(3) the Pd-H
bond distance stretches from 1.565 to 1.763 Å, and at the
same time the O-O bond length increases from 1.205 to
1.278 Å. The O-H distance is 1.237 Å indicating that the
bond between oxygen and hydrogen is forming. The imagi-
nary frequency for TS4(3) transition state is calculated to
be 1516i cm-1 and clearly corresponds to the movement of
the hydrogen atom detaching from Pd and bonding to O

Figure 5. Ground-state optimized structures of stationary points and MECP intercepted along Path A in the case of R)Ph.
Labels employed to individuate geometrical parameters have to be used to read information reported in Tables 1 and 2.
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atom. As a result, an intermediate is formed in which a
peroxyl HOO radical is coordinated to the T-shaped Pd(I)
complex through a weak interaction between hydrogen and
Pd atoms. Indeed, this intermediate is only slightly more
stable than TS4(3) both in gas phase and solution. Along
the singlet surface, instead, once molecular oxygen ap-
proaches the Pd center, at a distance of 1.472 Å between
the closest oxygen and hydrogen, a transition state, TS4(1),
has been intercepted and characterized. Also for this singlet
transition state, which is less stable than the separate reactants
by 35.4 kcal/mol in solution (28.4 kcal/mol in gas phase),
the energy has been corrected for spin contamination. From
TS4(1) the reaction proceeds to yield a stable singlet
intermediate, V(1), whose formation is endothermic by 2.9
kcal/mol in gas phase and 10.3 kcal/mol in benzene. The
main feature of this intermediate is that the hydrogen atom
is bonded (H-O)0.963 Å) to the proximal oxygen. Until
now the existence of this kind of intermediates has not been
evidenced by previous theoretical investigations.16,19 IRC
calculations confirmed that the TS4(1) transition state is
connected to both reactant I ·O2(3) and product IV(1). The
analysis of the structures along the reaction coordinate from
the transition state to the IV(1) intermediate shows that the

hydrogen atom approaches the proximal oxygen lengthening
the O-O bond, whereas the distal oxygen atom rotates
upward.

Since the singlet state of the IV(1) intermediate is more
stable than the triplet one, in this region of the PES the
system undergoes a spin inversion that takes place after
passage of the TS4(3) transition state. Also in this case the
spin crossover occurs after formation of the transition state
and, as a consequence, cannot be considered a rate-limiting
factor.35 Relative energy calculated in gas phase of the
minimum energy crossing point, MECP2, is reported in
Figure 1. The crossing occurs in the vicinity of the triplet
transition state, and the MECP2 structure lies very close in
energy to the preceding transition state. It is worthwhile to
underline that all the attempts to individuate a singlet
intermediate with a structure analogous to that of the triplet
complex were unsuccessful in spite of the numerous strate-
gies used to find it out.

Formation of the final hydroperoxo palladium(II) complex,
along the singlet pathway involves breaking the bond
between the proximal oxygen and the Pd center that makes
a new bond with the distal oxygen. Triplet hydroperoxide
product formation involves, instead, rearrangement of the
HOO fragment in such a way that terminal oxygen and
hydrogen atoms move in opposite directions toward and
away from the Pd center, respectively. Both the correspond-
ing transition states, TS5(1) and TS5(3), have been inter-
cepted and confirmed by IRC analysis. The singlet TS5(1)
structure lies 10.5 kcal/mol, 20.5 kcal/mol when solvent
effects are included, above the reactants dissociation limit
and is characterized by an imaginary frequency of 339i cm-1.
Along the triplet PES the TS5(3) structure is destabilized
respect to reactants by 19.6 kcal/mol in gas phase and by
28.9 kcal/mol in benzene, and the corresponding imaginary
frequency is calculated to be 102i cm-1.

Compared to the exothermic formation of the hydroper-
oxide product in its singlet multiplicity, IV(1), the overall
conversion process of the palladium hydride to the Pd-OOH
species, IV(3), along the spin conserving triplet surface is
endothermic by 17.4 kcal/mol in gas phase and 24.3 kcal/
mol in solvent.

3.3. Overall Mechanism for the RCO2H Reductive
Elimination Pathway with R)Ph, p-O2NC6H4. As it
appears, at a first glance, from the comparison between the
left sides of Figures 1,2, and 3 the presence of a different
ligand does not introduce any significant qualitative change
in the calculated energy profiles. We briefly comment the
quantitative description of the envisaged multistep mecha-
nism focusing our attention on those changes that could have
an influence on the determination of the most likely pathway
among the two proposed ones.

The first step of the process, that is reductive elimination
of the carboxylic acids, involves again formation of the weak
hydrogen-bonding adduct II ·HX(1) that occurs surmounting
a high free energy barrier (see Figures 2 and 3), correspond-
ing to the TS1(1) transition state, of 34.4 kcal/mol for R)Ph
and of 31.3 kcal/mol for R)p-O2NC6H4. These values are
very similar to that computed for the examined acetic acid
and confirm that this is the rate-determining step of the whole

Figure 6. Ground-state optimized structures of stationary
points and MECP intercepted along Path B in the case of
R)Ph. Labels employed to individuate geometrical param-
eters have to be used to read information reported in Table
2.
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oxygenation pathway. Formation of the Pd(0) complex is
more endothermic for both R)Ph and R)p-O2NC6H4 with
respect to the elimination of acetic acid as well as, conse-
quently, formation of the subsequent two minima and
transition state since the (IMe)2Pd(0) oxygenation step does
not depend on the employed carboxylic acid. Identical is also
the structure of the minimum energy crossing point, MECP1,
between the triplet and singlet surfaces.

The interaction of the carboxylic acid RCOOH with the
η2-peroxo complex III(1) is exothermic in solvent by -6.8
and -3.3 kcal/mol with respect to ground-state reactants
asymptote for R)Ph and p-O2NC6H4, respectively. The free
energy barrier that is necessary to surmount to obtain the
final hydroperoxide product IV is 14.6 kcal/mol for R)Ph
and 10.5 kcal/mol for R)p-O2NC6H4. Proton transfer from
the carboxylic acid to one of the oxygen atoms of the
peroxide, coordination of the formed anion to the Pd center,
and cis to trans isomerization of the IMe ligands allow
formation of the final singlet hydroperoxide complex (RCO2)-
(IMe)2Pd-OOH in its trans configuration. The overall process
is calculated to be exothermic by about 8 kcal/mol in benzene
solvent for both R)Ph and p-O2NC6H4, being that this value
is very close to that calculated in the case of the reductive
elimination of acetic acid.

3.4. Mechanism of Direct Dioxygen Insertion into
the Pd-H Bond of trans-[RCOO)(IMe)2Pd(H)] with
R)Ph and p-O2NC6H4. As it was pointed out yet in the
previous paragraph, no significant qualitative differences
emerge between the calculated energy profiles when the right
sides of Figures 1, 2, and 3 are compared. However, it is
worth highlighting some quantitative differences. The inter-
action of triplet oxygen with the trans-[(RCO2)(IMe)2PdH]
complex leads to the formation of a weakly bound van der
Waals complex, II ·HX(1), that is endothermic in solvent
by about 7 kcal/mol both for R)Ph and R)p-O2NC6H4 and
more endothermic than R)CH3. Along the triplet surface
the reaction evolves through the abstraction of the hydrogen
atom from the palladium center by O2. This step takes place
overcoming a free energy barrier of 24.8 and 22.7 kcal/mol
for R)Ph and R)p-O2NC6H4, respectively, corresponding
to the formation of the TS4(3) transition states. The
imaginary frequencies that confirm the nature of these
stationary points correspond to the shift of the hydrogen atom
from Pd to one of the O atoms. The intermediate V(3) that
is formed can be again classified as an adduct in which the
peroxyl HOO radical is coordinated to the T-shaped Pd(I)
complex through a weak interaction between hydrogen and
Pd atoms. Indeed, this reaction intermediate lies just a few

Table 1. Selected Geometrical Parameters of Ground-State Reactants, Products, Intermediates, MECP, and Transition
States Computed along Path Aa

I(1)(exp) TS1(1) II ·HX(1) II(1) II ·O2 (3) TS2(3) MECP1 III(1) III ·HX(1) TS3 (1) IV(1)

d1 2.052 2.065 2.053 2.047 2.074 2.103 2.099 2.061 2.032 2.227 2.073
2.045(2.016) 2.059 2.052 2.027 2.218 2.071
2.053 2.059 2.053 2.025 2.215 2.071

d2 2.050 2.058 2.053 2.047 2.072 2.105 2.099 2.061 2.061 2.001 2.058
2.051(2.022) 2.058 2.052 2.061 2.006 2.061
2.053 2.057 2.053 2.059 2.005 2.064

d3 1.565 1.510 2.173 - - - - - - - -
1.563(1.540) 1.510 2.154
1.559 1.510 2.102

d4 2.185 2.932 3.840 - - - - - 3.383 2.903 2.097
2.187(2.134) 3.039 3.819 3.379 3.145 2.106
2.195 3.116 3.816 3.399 3.238 2.113

d5 - - - - 2.392 2.256 2.279 2.036 2.009 1.982 2.030
2.008 1.980 2.027
2.007 1.979 2.016

d6 - - - - 1.259 1.284 1.305 1.400 1.418 1.373 1.454
1.420 1.371 1.452
1.422 1.374 0.967

d7 - - - - - - - - 1.551 1.067 0.966
1.498 1.048 0.966
1.424 1.035 1.452

d8 - 2.414 1.000 1.031 1.435 -
- 2.517 1.014 - - - - - 1.046 1.479

2.578 1.024 1.074 1.514
d9 3.218 2.572 2.312 2.036 2.084 2.539 -

- - - - 2.089 2.574
2.097 2.579

r 120.5 88.8 74.8 69.9 72.6 96.7 113.4
- - - - 72.9 98.7 113.5

76.2 99.0 101.3
� - - - - - 104.0 96.7 101.2

- - - 97.9 103.7 101.3
102.6 103.5 113.7

γ 175.9 175.1 178.5 179.9 174.6 127.2 119.8 105.8 100.8 140.5 177.6
175.3 175.1 179.2 100.2 150.8 177.2
174.5 174.8 178.7 99.8 150.6 177.4

θ 48.6 -71.1 0.0 - - - - - - - -
10.9 -67.4 0.0
0.3 -69.7 0.0

a Available experimental geometrical parameters for the benzoate analogue of the hydride complex are also reported in
parentheses.Values are reported in bold for R)CH3, in italic for R)Ph, and in regular for p-O2NC6H4CO2. Bond lengths are in Å and angles
are in degrees. θ ) N-C-C-N dihedral angle to individuate relative positions of IMe ligands.

1290 J. Chem. Theory Comput., Vol. 4, No. 8, 2008 Chowdhury et al.



kcal/mol below the TS4(3) transition state for both PhCO2

and p-O2NC6H4CO2 ligands.
Along the singlet surface, instead, overcoming the energy

barrier for the intercepted transition state, TS4(1), allows
the formation of a singlet intermediate, V(1), whose main
feature is that the hydrogen atom is bonded to the proximal
oxygen. Also in this case IRC calculations confirmed that
the TS4(1) transition states are connected to both reactant
II ·O2(1) and product V(1). Formation of the singlet inter-
mediate V(1) is more favorable with respect to formation of
the corresponding triplet intermediate by about 10 kcal/mol
in solvent, as for R)CH3. This means that the system must
undergo a spin inversion that takes place after passage of
the TS4(3) transition state. Geometrical parameters of the
computed structures of the minimum energy crossing points,
MECP2, between the triplet and singlet surfaces, are reported
in Table 2, and their relative energies calculated in gas phase
are reported in Figures 2 and 3 for R)Ph and R)p-O2NC6H4,
respectively.

Formation of the final palladium(II) hydroperoxo product
takes place, along the singlet pathway, through the TS5(1)
transition state that lies 19.7 kcal/mol for R)Ph and 21.6

kcal/mol for R)p-O2NC6H4 above the ground-state reactants
asymptote. Rearrangement of the HOO fragment, instead,
allows triplet hydroperoxide product formation through the
corresponding less stable, for both benzoate and p-nitroben-
zoate ligands, TS5(3) transition states. Energetics of the
hydroperoxide product reaction formation along both singlet
and spin conserving triplet surfaces have been reported in
the preceding paragraph.

3.5. Preferred Mechanism and Ligand Influence. The
detailed and systematic analysis of the two viable pal-
ladium-hydride oxygenation pathways carried out in this
work reveals that the free activation energies for the rate
determining-step of Path A and Path B are different
enough, in spite of the intrinsic uncertainties of DFT
computations, to determine which is the preferred mech-
anism. When the involved carboxylic acid is the acetic
acid, the calculated barrier for the CH3COOH reductive
elimination initial step (Path A) is 31.2 kcal/mol in gas
phase and 31.0 kcal/mol when salvation effects are
included. The rate-determining step barrier that is neces-
sary to overcome, instead, for the abstraction of the
hydrogen atom by molecular oxygen (Path B) is 15.6 and
22.9 kcal/mol in gas phase and in benzene, respectively.
The two examined mechanisms exhibit the same difference
in the calculated activation barriers relative to the rate-
determining step even when the ligands coordinated to
the Pd center of the initial Pd-hydride complex are PhCO2

and p-O2NC6H4CO2. Indeed, free activation energies
calculated in solvent are 34.4 and 24.8 kcal/mol for the
reductive elimination and hydrogen atom abstraction steps,
respectively when R)Ph. Analogous barriers are 31.3 and
22.7 kcal/mol when R)p-O2NC6H4. Therefore, on the
basis of our results the oxygenation reaction is more likely
to evolve through direct insertion of molecular oxygen
into the Pd-H bond of the initial hydride complex. This
conclusion is reinforced by the favorable comparison
between the experimental activation energy, determined
to be 24.4(5) kcal/mol for the benzoate ligand,18 and the
corresponding calculated value of 24.8 kcal/mol. In
addition, the experimentally detected enhancement of the
oxygenation rate due to the presence of the nitro group
on the benzoate ligand corresponds to the lower activation
energy calculated by us for R)p-O2NC6H4.

Conclusions

A detailed DFT study of the mechanism for the conver-
sion of the Pd(II)-hydride complex, (IMe)2(RCO2)PdH
(R)CH3, Ph, and p-O2NC6H4), to the corresponding
Pd(II)-hydroperoxide in the presence of molecular oxygen
has been carried out with the aim to probe the alternative
reaction pathways, both considered viable on the basis
of current data, of direct O2 insertion, and slow reductive
elimination followed by oxygenation. The outcome of
our computational analysis supports the mechanism of
direct insertion of molecular oxygen into the Pd-H bond
of the initial complex. The activation energy relative to
the rate-determining step of the direct insertion pathway
is calculated to be lower than the activation energy of
the rate determining step of the alternative pathway that

Table 2. Selected Geometrical Parameters of
Ground-State Intermediates, MECP, and Transition States
Computed along Path Ba

I ·O2 (3) TS4(3) MECP2 V(1) TS5(1)

2.051 2.063 2.093 2.075 2.074
d1 2.052 2.064 2.091 2.073 2.073

2.052 2.066 2.092 2.074 2.072
2.049 2.063 2.082 2.066 2.042

d2 2.049 2.062 2.106 2.064 2.042
2.051 2.062 2.108 2.066 2.044
1.565 1.762 2.452

d3 1.562 1.764 2.455 - -
1.559 1.764 2.457
2.186 2.220 2.226 2.070 2.066

d4 2.191 2.218 2.263 2.076 2.069
2.199 2.227 2.284 2.082 2.075
4.662 3.679 3.449 2.999 2.478

d5 4.573 3.649 3.444 3.000 2.476
4.548 3.646 3.441 2.990 2.468
1.205 1.277 1.352 1.481 1.517

d6 1.205 1.277 1.351 1.479 1.518
3.466 1.235 1.348 0.964 0.965
3.386 1.237 0.984 0.963 0.965

d7 3.488 1.239 0.983 0.963 0.965
1.205 1.276 0.983 1.478 1.519

2.735 2.086 2.258
d9 - - 2.737 2.088 2.251

2.731 2.083 2.243
48.0 39.7 63.5

r - - 47.7 39.7 63.4
47.8 39.8 63.3

111.1 106.7 101.8 101.8
� - 111.2 106.5 101.7 101.7

111.2 106.7 101.8 101.7
176.1 174.4 177.7 177.2 176.9

γ 175.8 175.2 178.3 177.6 177
175.3 174.7 178.2 178.0 177.5
47.8 48.2 17.4 6.4 10.2

θ 49.2 8.1 26.9 7.1 9.7
49.7 2.1 27.4 6.7 8.1

a Values are reported in bold for R)CH3, in italic for R)Ph,
and in regular for p-O2NC6H4CO2. Bond lengths are in Å and
angles are in degrees. θ ) N-C-C-N dihedral angle to
individuate relative positions of IMe ligands.
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involves the carboxylic acid reductive elimination,
whatever ligand (CH3CO2, Ph, CO2, p-O2NC6H4CO2) is
coordinated to the Pd center. The calculated free activation
energy of the rate-determining hydrogen abstraction step
(∆G* ) 24.8 kcal/mol) in the case of the oxygenation
reaction of the benzoate-ligated Pd(II)-hydride complex
is in very good agreement with the value experimentally
determined (∆G* ) 24.4 kcal/mol). In addition, according
to the experimentally detected enhancement of the reaction
rate due to the presence of the nitro group on the benzoate
ligand, our calculations show that the transition state for
the hydrogen atom abstraction by molecular oxygen lies
lower in energy along the pathway for the oxygenation
reaction of (IMe)2(p-O2NC6H4CO2)PdH.
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Chapter 4

Oxygen Insertion into the

Metal-Carbon Bond of the

TptBu,MeCr(IV )Ph Complex: Exploring

the Nature of Oxygen Migration Using

DFT.

4.1 Introduction

The chemical process using dioxygen are a goal of “green” or “sustainable” chemistry since O2

is a is a readily available, non-toxic reagent, and a common by-product of aerobic oxidations

is the innocuous substance water. The reactions of O2 with organic molecules are generally

thermodynamically favored, but kinetically hampered by significant barriers. Catalysis is,

obviously, the answer. As a consequence a great deal of work has already been devoted to the

investigation of metal-catalyzed oxidations of organic substrates by air [1, 2]. Nevertheless the

corresponding reaction mechanisms are very often obscure and only few of them are known

in detail. In this context the insertion of dioxygen into metal-carbon bonds is of central in-

terest since it represents an individual step of the metal-mediated oxidations by molecular.

Theopold and co-workers have reported about the reaction of O2 with a tris(pyrazolyl)borate

chromium phenyl complex in a cold (−45◦C) solution of penten (Scheme 4.1) [3]. Exposure

of a solution of [TptBu,MeCrPh] (TptBu,Me=hydrotris(3-tert-butil-5-methyl-pyrazolyl)borate)

87
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to dioxygen yields as final product a phenoxide (Scheme 4.1), whose structure has been de-

termined by X-ray diffraction [3].

Important questions pertaining to the formation of the phenoxide product concern the na-
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Scheme 4.1: Proposed reaction mechanism for the insertion of O2 into chromium-phenyl bond

inorder to form TptBu,MeCrIV (O)OPh. Scheme 4.1: (A) O-O breaking mechanism, (B) Mi-

gratory insertion of coordinated molecular oxygen.

ture of the intermediate observed at low temperature and the details of the oxygen insertion

mechanism. Indeed, the reaction of molecular oxygen with metal-alkyl complexes could pro-

ceed both by a radical chain mechanism. The authors have performed crossover experiment

to check whether the reaction proceeds by a radical chain mechanism or an intramolecular

insertion of O2 into the Cr-C bond. They have concluded that the insertion of O, starting from

the initial adduct, proceeds in an intramolecular fashion. This observation indicates that the

process involves the activation of O2 via coordination to the metal center and subsequent in-

sertion. The coordination geometries of O2 in 1:1 metal- O2 complexes fall into two categories,

η1-(end-on) and η2-(side-on) [4]. These latter adducts have been further defined as superoxo

and peroxo complexes on the basis of the O-O bond length and stretching frequency (νO−O).

Thus, compounds with an O-O distance of 1.4-1.5 Å and νO−O between 800 and 930 cm−1
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are classified as peroxides, whereas those with O-O bond length and stretching frequency of

1.2-1.3 Å and 1050-1200 cm−1, respectively are designed as superoxides.

On the basis of detected IR spectra Theopold et al. have proposed that the first intermediate

is a superoxo complex coordinated in a side-on η2 fashion. Nevertheless, they have not ex-

cluded the alternative end-on η1 coordination. Regarding the reaction mechanism they have

proposed that, after the formation of the Cr(III) superoxo complex [TptBu,MeCr(O2 )Ph], the

reaction proceeds by molecular oxygen insertion into the Cr-C bond to yield a phenyl peroxo

intermediate [TptBu,MeCrOOPh]. Through the breaking of the O-O bond and the formation

of a new Cr-O bond the final phenoxide complex is obtained.

The aim of the this work is the investigation by means of DFT of the overall mechanism

of the oxygen insertion reaction into the Cr-Ph bond of the [TptBu,MeCrPh] complex with

the support of the pathway hypothesized on the basis of experimental observations. Here we

have considered two potential insertion mechanisms of O2 into the chromium-phenyl bond:

(1) O-O bond cleavage (Scheme 4.1(A)) and (2) migratory insertion of coordinated molecu-

lar oxygen (Scheme 4.1(B)). As a result of the oxidative addition of O2 to [TptBu,MeCrPh]

we have explored the formation of both a phenyl peroxide and a dioxo phenyl complex

[TptBu,MeCr(O)2Ph] as possible reaction intermediates. All the stationary points intercepted

along the reaction pathways for the insertion reaction have been well characterized and the

calculated Potential Energy Surfaces have been compared to establish which is the preferred

pathway. Complete PESs have been characterized in a number of different electronic states

to appreciate whether spin crossings between surfaces of different multiplicity can occur and

influence the course of the reaction.

4.2 Computational Details

All calculations reported in this work were done using the Gaussian03 program [5]. All the

molecular geometries and energies in this study are optimized using the Becke3LYP (B3LYP)

density functional theory (DFT) method as implemented in Gaussian03 program package

[6, 7, 8]. All optimizations, carried out without any constraints, were followed by vibrational

analysis with the same theoretical approach to identify the stationary points located on the

potential energy surfaces. Zero-point energy corrections were added to all the absolute ener-

gies. Intrinsic reaction coordinate (IRC) calculation was performed to verify the correction of
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all transition states [9, 10]. For our work we have employed a strategy such as first we have

optimized the different geometries with a small model system using the methyl group in place

of the terbutyl substituents of the TptBu,Me ligands in TptBu,MeCrPh. With the help of the

optimized small model geometries we have reoptimized the full geometries using the terbutyl

in place of the methyl group. For this work the standard 6-31G* basis sets by Pople and

co-workers were employed for all atoms.

To, estimate the solvation effects we have done a single point calculations on the fully opti-

mized geometry of each stationary point along the reaction path, using the polarized contin-

uum solvation model, (PCM), initially devised by Tomasi and co-workers [11], as implemented

in Gaussian03. The solute is placed inside the cavity according to the Gepol procedure [12]

where the interlocking spheres centered on the solute atom and the Pauling atomic radii. Non-

electrostatic dispersion and repulsion [13] and cavitation [29] contributions were also included

into the solvation free energy calculation.

The solvation Gibbs free energies have been evaluated using the well-known thermodynamic

cycle [15], where the reaction Gibbs free energy in solution, 4Gsol, is calculated for each pro-

cess as the sum of two contributions: a gas-phase reaction free energy, 4Ggas, and a solvation

reaction free energy term calculated with the continuum approach, 4Gsolv:

4Gsol = 4Ggas +4Gsolv (4.1)

The gas-phase reaction free energy is the sum of two parts: electronic plus nuclear repulsion

energy (4Eele) and thermal contribution including zero-point energy (4Ggas = 4H+T4S).

The last term, T4S, that is the thermal correction, is evaluated using the calculated quantum

mechanical vibrational frequencies.

4.3 Results and Discussion

We have initiated our study by selecting a small model of tris(pyrazolyl)borate chromium

phenyl complex which closely resembles the experimental complex. In the potential energy

surface (PES) we have present only ground states intermediate, transition states.
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4.3.1 Mechanism 1: O-O Breaking

We have presented the potential energy surface (PES) in Fig 4.1. In the PES we have men-

tioned the different electronic states to localized the spin crossing between two potential energy

surfaces. The corresponding optimized ground state structures of reactant, intermediate and

transition states have been depicted in the Fig 4.2. In Table 4.1 we have presented the geo-

metrical parameters.

The reactant TptBu,MeCrPh is in quintet state. We have introduced the chromium phenyl com-

plex to (triplet) molecular oxygen, which leads to immediate formation of a superoxo-complex,

INTtrip (LPhCr-η2(O2)trip), with4E= -31.1 kcal/mol in gas phase. This is an exothermic pro-

cess. From Fig. 5.2 it is clear that both atoms of O2 are coordinating with the chromium

center. The corresponding fully optimized singlet species is significantly higher in energy in

the gas phase. The O-O bond distance is 1.321Å, which is little bit longer than the O-O bond

distance in O2. Cramer et. al. [4] documented that in 1:1 metal-O2 complexes the O-O bond

distance is 1.2-1.3 Å for the superoxo complex, whereas it is 1.4-1.5 Å for the peroxo complex.

Egan et. al [17] suggested that the superoxo ligand may well be coordinated in the side-on

(η2-O2) fashion. From the above discussion and the calculated O-O bond distance we can

conclude that this intermediate is a superoxo complex with a side-on (η2-O2) fashion. On the

other hand, the bond lengths between Cr-O1 and Cr-O2 are 1.964 and 1.951 Å respectively,

andthe chromium-phenyl bond length is 2.065Å, which means that the chromium-phenyl yet

to be broken.

From this intermediate we find a transition state TS1trip along the triplet surface with imagi-

nary frequency 657icm−1.The energy barrier is 28.9 kcal/mol in gas phase and it is 29 kcal/mol

in solvent. In this transition state the chromium and oxygen bond lengths are decreased to

1.623 Å for Cr-O1 and 1.881 Å for Cr-O2, indicating a strong bond formation between the

metal-oxygen. On the other hand, the O-O distances increased by 0.556Å, indicated that the

O-O bond has completely broken. Also, the imaginary frequency is clearly corresponding to

the breaking of the O-O bond. There is no significant change in the chromium-phenyl bond.

Also, along the singlet surface, a transition state was located for breaking the bond of dioxygen,

but it is energetically higher than the triplet surface. From this transition state the reaction

proceeds to yield a very stable singlet intermediate, indicated as INT2sing (LPhCr − (O)2sing),

which is -40.2 kcal/mol below with respect to the reactants in gas phase. In this intermedi-

ate state the oxygen atoms are far away (O-O= 2.488Å) from each other. Another significant

change is the reduction of the metal-oxygen bond (Cr-O1= 1.560 Å and Cr-O2= 1.561 Å). On
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Figure 4.1: Potential energy surface for the O-O breaking mechanism. Gibbs free energies

changes at 298.15 K in solvent are also reported in parentheses. Excited state structures are,

also, mentioned to locate the spin crossing. Energies are relative to the ground state reactants.

the other hand the same kind of intermediate INT2trip (LPhCr − (O)2trip) along the triplet

surface is higher in energy.

Formation of stable INT2sing (LPhCr − (O)2sing) requires intersystem crossing from the

triplet to singlet reaction surfaces. This spin crossover is most probable at the minimum

energy crossing point (MECP). This spin crossover is not considered as a rate-limiting factor.

It is worthwhile to underline that for such kind of crossover the involved species, that are

formed with excess energy, and even electronically excited states become accessible [16].

Along the reaction path at a Cr-phenyl distance of 2.159 Å, another transition state TS2sing

was located for the formation of O2-phenyle bond. The energy barrier is 7.4 kcal/mol in gas

phase, whereas it is -7.8 kcal/mol in solvent. The imaginary frequency is 328icm−1, which

corresponds to the movement of O2 and phenyl fragment. The Cr-O2 bond distance is elon-

gated to 1.606 Å from 1.561 Å. All these significant changes indicated the breaking of the
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Reactantquin
INT1trip

TS1trip

LCrIV(O)-OPHtrip
INT2sing TS2sing

Figure 4.2: Ground-state structures of the reactant, intermediates and transition states along

the O-O breaking pathway. Labels introduced to individuate geometrical parameters have to

be used to read information reported in Table 4.1.

chromium-phenyl bond and the formation of the O2-phenyl bond. At the same point in the

PES we found a transition state TS2trip along the triplet path, but this transition state is

higher with respect to the TS2sing. The triplet transition state is higher than the singlet one.

In this area we have found another crossing between the triplet and singlet surfaces and this

takes place after passage of the TS2 transition state. In the final step the reaction leads to

a phenoxide complex, which takes place along the triplet surface. Also, we noticed that the

several strategies to identify the final product state and we confirmed that the final product

is in triplet state. This is a highly exothermic process by -105.5 kcal/mol with respect to the

separate reactants in gas phase. A singlet version of phenoxide complex is possible, although

higher in energy the final product is clearly a TptBu,MeCr(O)OPh complex in triplet state,

with a Cr-O2 bond distance of 1.827 Å, which is comparable to that in the experimental

structure (Cr-O2= 1.844Å (Exp)). The O2-Ph bond distance of 1.346 Å is consistent with
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those of similar species. This indicates that the bond between chromium and phenyl bond is

completely broken and an oxygen-phenyl bond is formed. It should also be noted that the

calculated bond lengths and angles are in close agreement with the bond lengths and angles

Parameter Reactantquin INT1trip TS1trip INT2sing TS2sing LCr(O)OPhtrip(exp)

Cr-O1 - 1.964 1.623 1.560 1.553 1.576(1.576)

Cr-O2 - 1.951 1.881 1.561 1.606 1.827(1.844)

Cr-N1 2.161 2.113 2.197 2.548 2.124 2.096(2.097)

Cr-N2 2.161 2.133 2.142 2.072 2.031 2.340(2.191)

Cr-N3 2.142 2.317 2.188 2.349 3.436 2.100(2.099)

Cr-Ph 2.085 2.065 2.071 2.076 2.159 -

O1-O2 - 1.321 1.877 2.488 2.615 2.804

O2-Ph - 2.910 2.936 2.724 2.019 1.346

O1-Cr-O2 - 39.4 64.2 105.7 111.7 110.8(103.8)

O1-Cr-N1 - 145.8 155.0 170.7 106.3 126.4(130.2)

O1-Cr-N2 - 111.5 103.4 102.7 103.9 88.9(87.9)

O1-Cr-N3 - 98.9 106.6 83.8 169.9 124.5(128.7)

O2-Cr-N1 - 106.4 90.9 83.0 134.5 92.2(89.7)

O2-Cr-N2 - 150.9 167.7 95.7 106.7 159.9(168.2)

O2-Cr-N3 - 98.9 101.5 170.4 64.2 85.3(90.7)

N1-Cr-N2 106.7 102.5 101.3 78.9 87.0 78.6(81.46)

N1-Cr-N3 83.9 82.5 79.8 87.4 81.7 104.3(98.1)

N2-Cr-N3 83.9 81.9 81.8 2.0 69.8 79.7(82.95)

Table 4.1: Selected geometrical parameter of Ground-State Reactants, Intermediates and tran-

sition States computed along the O-O breaking pathway. Avaiable experimental geometrical

parameters of TptBu,MeCrIV (O)OPh are also reported in parantheses. Bond length are in Å

and angles are in degree.

of the experimental structures [3].
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4.3.2 Mechanism 2: O2 Insertion

Theopold and coworkers have proposed a reaction mechanism regarding the insertion process

of dioxygen [3]. According to the proposed catalytic cycle the reaction will go through the

formation of peroxo complex and then migratory insertion of one of the oxygen atoms into the

chromium-phenyl bond. In Fig. 4.3 we have presented the PES. In this case, also, we have

mentioned the different electronic states to localized the spin crossing between two potential

energy surfaces. In Fig. 4.4, we have depicted the optimized ground state structures of re-

actants, intermediate and transition states along the reactions paths. In Table 4.2 we have

presented the geometrical parameters.

We have initiated our study of the possible mechanism for the formation of superoxo com-
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Figure 4.3: Potential energy surface for the migratory insertion of coordinated molecular oxy-

gen pathway. Gibbs free energies changes at 298.15 K in solvent are also reported in paren-

theses. Excited states structures are, also, mentioned to locate the spin crossing. Energies are

relative to the ground state reactants.

plex by probing the interaction of triplet oxygen with tris(pyrazolyl)borate chromium phenyl
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Reactantquin
TS3quin

INT4quin TS4quin

INT3trip

LCrIV(O)-OPHtrip

Figure 4.4: Ground-state structures of the reactant, intermediates and transition states along

the migratory insertion of coordinated molecular oxygen pathway. Labels introduced to indi-

viduate geometrical parameters have to be used to read information reported in Table 4.2.

complex in the first step of the reaction. In this step our results show that INT1trip (LPhCr-

η2(O2)trip) (4E= -31.1 kcal/mol) is more stable than INT3quin (LPhCr-η2(O2)quin) in gas

phase. The O1-O2 bond length is 1.321 Å for INT1trip (LPhCr-η2(O2)trip). The O1-O2 bond

distance in this complex is more close to the O-O bond distance in the superoxo complex in

side-on (η2-O2) fashion. On the other hand, the bond distances between Cr-O1 and Cr-O2

are Cr-O1= 1.964 Å and Cr-O2=1.951 Å respectively for INT1trip (LPhCr-η2(O2)trip). This

indicates that the coordination of dioxygen with chromium and confirms the formation of

the superoxo complex. The geometrical parameters are also consistent with the geometrical

parameters of the other same kind of species.

Along the reaction path after this intermediate state we have found a spin-crossover between

the two surfaces and we have located a transition state TS3. Detlef et. al. have reported that

the spin-inversion before the transition state could play a role for the rate-determining step of
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the reaction [16]. So, we can consider that TS3 is the rate-determining step of the reaction.

This transition state, TS3 is more stable than TS1 in O-O breaking mechanism.

The transition state, TS3quin is more stable than the transition state TS3trip. In this tran-

sition state instead of breaking the bond between O1 and O2, there is a breaking of bonds

between Cr-phenyl and Cr-O2. The imaginary frequency is 412icm−1. The imaginary fre-

quency corresponds to a mode in which the phenyl and O2 are coming closer to each other

while keeping the O1-O2 bond intact. The O2-phenyl bond distance reduced to 1.850 Å,

whereas the Cr-phenyl elongated to 2.239 Å. The O1-O2 bond distance is 1.429 Å, which is

halfway between common single- and double-bond distances of 1.48 and 1.21 Å, respectively.

All these significant changes indicated that the O2-phenyl bond has yet to be formed. We have

performed an IRC calculation and the calculated result confirmed that TS3quin is connecting

both intermediates LPfCr-η2(O2)quin and LCr-(OOPh)quin.

From TS3quin the energy falls by 50.7 kcal/mol in gas-phase when forming the species INT4quin

(LCr-(OOPH)quin), which is very similar to the species in the proposed catalytic cycle. Indeed

the significant changes are the stretching of the O1-O2 distance (to 1.475 Å), which is close to

common the single-bond between the two oxygen atoms. Also, there are some other changes

like, the stretching of the Cr-O2 distance (to 2.358 Å) and the reduction of the O2-Ph distance

(to 1.371 Å). All these changes indicate the formation of the O2-Ph bond and the breaking

of the Cr-O2 bond. All these changes indicated the formation of the Cr-phenyl peroxide.

On the other hand, the INT4trip (LCr-(OOPh)trip) is energetically higher than the INT4quin

(LCr-(OOPh)quin).

This intermediate state, INT4quin reacts further through breaking of a bond and we have lo-

cated a transition state TS4quin. The imaginary frequency is 800icm−1, which is corresponds

to a mode of breaking the bond between O1-O2. The O1-O2 distance is elongated to 1.784 Å.

Another significant development is the reduction of the Cr-O2 bond length (to 2.184 Å), which

indicats that the bond between Cr and O2-Ph moiety has yet to be formed. On the other hand

the Cr-O1 bond length is reduced to 1.809 Å, which is a very strong metal-oxo bond. The

transition state TS4trip along the triplet path is energetically very high with respect to TS4quin.
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Parameter Reactantquin INT1trip TS3quin INT4quin TS4quin LCr(O)OPhtrip(exp)

Cr-O1 - 1.964 1.913 1.936 1.809 1.576(1.576)

Cr-O2 - 1.951 1.918 2.358 2.184 1.827(1.844)

Cr-N1 2.161 2.113 2.229 2.099 2.149 2.096(2.097)

Cr-N2 2.161 2.133 2.187 2.188 2.353 2.340(2.191)

Cr-N3 2.142 2.317 2.224 2.182 2.108 2.100(2.099)

Cr-Ph 2.085 2.065 2.239 - - -

O1-O2 - 1.321 1.429 1.475 1.784 2.804

O2-Ph - 2.910 1.850 1.371 1.347 1.346

O1-Cr-O2 - 39.4 43.8 38.6 52.0 110.8(103.8)

O1-Cr-N1 - 145.8 100.4 164.6 163.3 126.4(130.2)

O1-Cr-N2 - 111.5 80.8 102.0 100.3 88.9(87.9)

O1-Cr-N3 - 98.9 100.7 102.3 106.4 124.5(128.7)

O2-Cr-N1 - 106.4 116.9 126.0 111.4 92.2(89.7)

O2-Cr-N2 - 150.9 148.6 123.3 105.6 159.9(168.2)

O2-Cr-N3 - 98.9 104.8 125.6 153.7 85.3(90.7)

N1-Cr-N2 106.7 102.5 84.7 88.1 85.6 78.6(81.46)

N1-Cr-N3 83.9 82.5 80.8 88.2 88.7 104.3(98.1)

N2-Cr-N3 83.9 81.9 100.7 94.8 92.2 79.7(82.95)

Table 4.2: Selected geometrical parameter of Ground-State Reactants, Intermediates and

transition States computed along the migratory insertion of coordinated molecular oxygen

pathway. Avaiable experimental geometrical parameters of TptBu,MeCrIV (O)OPh are also

reported in parantheses. Bond length are in Å and angles are in degree.

In this region of PES we have found a spin-crossover after the passage of TS4. In the frame-

work of the Two-State Reactivity paradigm such a kind of spin crossover is not considered a

rate-limiting factor as it involves species that are formed with excess energy and even elec-

tronically excited states become accessible [16].
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From the transition state TS4, after the spin-inversion, the reaction proceeds to the triplet

state (phenoxide)chromium(IV) product [LCr(O)OPhtrip] by formation of another strong

metal-oxo bond between chromium and the O2-Ph fragment from TS4trip. This is an exother-

mic process by 105.5 kcal/mol with respect to ground-state reactants. A quintet version

of LCr(O)OPhquin is also possible, although higher in energy. The Cr-O1 bond distance of

LCr(O)OPhtrip is 1.576 Å, while the Cr-O2 bond distance is 1.827 Å. The geometrical param-

eters of LCr(O)OPhtrip are consistent with the experimental data. In Tables 4.1 and 4.2 we

have presented the geometrical parameters of LCr(O)OPhtrip together with the experimental

data.

4.4 Conclusion

In conclusion, here we have presented a detailed density functional calculations about th

conversion of tris(pyrazolyl)borate chromium phenyl complex [TptBu,MeCrPh] to a phenoxide

complex [TptBu,MeCr(O)OPh] in present of molecular oxygen. The calculations were carried

out with the aim to explore two possible alternative pathways. The above results show that

the reaction started in a triplet state and there is a formation of a stable superoxo complex

at the first step. For the first mechanism spin inversion is taking place two times, one is after

the TS1 and second one in exit channel of the reaction. On the other hand for the second

mechanism the first spin inversion occurred before the TS3 and another at the exit channel

of the reaction. The results are in contrast to proposed catalytic cycle.
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Chapter 5

Mechanistic Investigation of

Homogeneous Catalytic Reduction of

Dioxygen Using Transfer

Hydrogenation Catalysts

5.1 Introduction

The principle of “practical elegance” should always be pursued in developing chemical synthe-

sis. In this regard, to development of efficient transfer hydrogenation catalysts is an important

and substantial challenge in modern chemistry. Despite the efforts made to discover useful

transfer hydrogen catalysts, there still remains much potential for the continued development

of this area.

To produce two molecules of water (H2O), two molecules of diatomic hydrogen (H2) must be

combined with one molecule of diatomic oxygen (O2). This simple reaction is useful for fuel

cells [1]. In recent years the research is going on in order to develop efficient fuel cell using

better and less expensive catalysts. The “difficult side” of the fuel cell is the oxygen reduction

reaction, not the hydrogen oxidation reaction [2]. Until now no one has make it work in a

homogeneous solution. Most compounds react with either hydrogen or oxygen [3, 4]. It is very

tough to get a catalyst, which is reactive to both. Rauchfuss and Heiden recently investigated

a relatively new generation of transfer hydrogenation catalysts to use as metal hydrides for

oxygen reduction [5]. The authors reported about the oxidative reactivity of iridium-based

102
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transfer hydrogenation catalyst in a homogenous, non-aqueous solution. It reacts with hy-

drogen to form a hydride, and then reacts with oxygen to make water. The experimental

observation supported that the iridium complex effects both the oxidation of alcohols, and

the reduction of the oxygen. In order to understand the reaction mechanism in this chapter

we will discuss our results regarding the hydrogenation process and the reduction of dioxygen

using transfer hydrogenation catalyst previously synthetised [5].

There are two possible ways for the hydrogenation of an amide-complex: (1) the
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Scheme 5.1: Proposed Catalytic Cycle for Hydrogenation of O2 by Cp∗IrH(TsDPEN).

direct addition of H2 to the complex and (2) use of Bronsted acids for addition of

H2 to the catalyst (Scheme 5.1 and 5.2). Noyori and coworkers have recently exam-

ined the direct addition of H2 to transfer hydrogenation catalysts, to make a metal-

hydrided complex [6]. The Mashima-Ikariya system Cp∗Ir(TsDPEN-H) (1, TsDPEN =

rac − H2NCHPhCHPhN(SO2C6H4CH3)
−) slowly adds H2 to give the amine hydride

Cp∗IrH(TsDPEN) (1H(H)), which is reactive towards oxygen [7, 8]. Regarding hydro-

genation process, Rauchfuss and Co-worker have reported that, the reaction could be faster



5.1. INTRODUCTION 104

by the using Bronsted acids such as H(OEt2)2BAr
F
4 (BArF4

−
= B(C6H3 − 3, 5− (CF3)2)

−
4 ),

which converts complex 1 into the unsaturated iridium(III) amine cation [Cp∗Ir(TsDPEN)]+

([1H]+) [9].

To date, very few studies have been reported about the theoretical investigation of transition
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metal-catalyzed transfer hydrogenation reactions [10-14] and none of them concern the theo-

retical investigation of homogeneous catalytic reduction of dioxygen. In their study Rauchfuss

and Heiden proposed a catalytic cycle depicted in Scheme 5.1. There they have proposed the

reaction proceed through the formation of an iridium-hydroperoxide (1H(OOH). Starting

from the information coming from the experimental work we have undertaken a DFT analysis

of dioxygen reduction by iridium based transfer hydrogenation catalyst. The first step of the

work concerns the hydrogenation process. Here we have considered both neutral (Scheme 5.2

(A)) and protonated system (Scheme 5.2(B)). Regarding the dioxygen reduction we have con-

sider the reaction proceed through the formation of a hydroperoxide complex and in next the
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Scheme 5.3: Proposed reaction mechanisms for elimination of H2O from

Cp∗IrOOH(TsDPEN) to generate Cp∗Ir(TsDPEN −H).

elimination of H2O from hydroperoxide complex. The formation of hydroperoxide complex

proceeds by a hydrogen-atom abstraction mechanism (Scheme 5.2(C)) [15, 16, 17]. For the

elimination of water we have consider three mechanism (Scheme 5.3): (A) formation of two

hydroxy amine complexes followed by spontaneous elimination of 1 equivalent of water from

each hydroxy amine; (B) elimination of two water molecules by concerted mechanism; (C)

stepwise elimination of water molecules.

5.2 Computational Details

All calculations reported in this work were done using the Gaussian03 program [18]. Molec-

ular geometries were optimized employing the density functional level of theory by using the

B3LYP exchange correlation functional [21-23]. Frequency calculations at the same level of

theory have also been performed to identify all stationary points as minima (zero imaginary
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frequencies) or transition states (one imaginary frequency). The transition states involved

were checked by IRC (intrinsic reaction coordinate) analysis [22, 23]. The effective core po-

tentials (ECPS) of Hay and Wadt with double-ζ valence basis sets (LanL2DZ) [24] have been

used for Ir. The standard 6-31G∗∗ basis sets of Pople and co-workers were employed for C,

H, O and S. Final energies were calculated by performing single-point calculations on the

optimized geometries at the B3LYP/6-311+G(2d,2p) level.

For the reduction of the hydroperoxides complexes by the amine complexes, we have reduced

the real molecular system in order to speed up the calculations. Methyl group has substituted

the phenyl one in TsDPEN and in the other ligands. For this reason in H2O elimination

process we will indicate the ligand TsDPEN as rac-H2NCHCH3CHCH3N(SO2CH3)
−.

In the case of insertion of molecular oxygen into the metal-hydride bond both triplet and

singlet reaction paths have been examined and for all the studied species. 〈S2〉 values have

been checked to assess whether spin contamination can influence the quality of the results. For

triplet state structures no significant contamination has been found by unrestricted calcula-

tions. On the other hand we have found, the two singlet state structures are contaminated by

the triplet spin and 〈S2〉 values is close to 1.0. Here the method proposed by Ovchinnikov and

Labanowski [25] was used for correcting the mixed spin energies and removing the foreign spin

components. For example, after correction a triplet-singlet energy gap of O2 is 20.7 kcal/mol,

which is very good agreement with the experimental value.

To estimate the solvation effect we have used the polarised continuum solvation model, (PCM)

[26] as implemented in Gaussian03, performing single point calculations on fully optimized

geometry in gas phase of each stationary point along the reaction paths. The solute is placed

inside the cavity defined in terms of interlocking spheres centered on solute atoms, using the

Gepol procedure [27]. We have used the Pauling atomic radii. Non-electrostatic dispersion

and repulsion [28] and cavitations [29] contributions were also included into the solvation free

energy calculation.

To find out the minimum energy crossing point between singlet and triplet surfaces we have

used the methodology introduced by Harvey and co-workers [30].
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5.3 Results and Discussion

5.3.1 Addition of H2 to Neutral System

In this section, we will discuss the reaction mechanisms for the insertion of H2 into the complex

1. We have considered both the systems: (1) neutral Cp∗Ir(TsDPEN-H) (Scheme 5.2(A)) and

(2) protonated Cp∗Ir(TsDPEN)+ (Scheme 5.2(B)) catalysts [9].

Addition of H2 to Neutral System

The potential energy profile for this reaction of is shown in Fig. 5.1. The geometrical structures
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Figure 5.1: Potential Energy Surface (PES) for H2 insertion into Cp∗Ir(TsDPEN − H).

The values in parentheses are reported to the solvent phase. Energies are in kilocalories and

relative to the ground-state reactants.

involved in the reaction are illustrated in Fig 5.2 and the selected geometrical parameters

reported in Table 5.1. The formation of the intermediate (INT1), is due to a weakly bound
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van der Waals interaction and its energy result to be slightly endothermic (1 kcal/mol). As

shown by the geometrical structure, both hydrogen atoms of H2 are away from the Ir center.

The H-H distance (0.743Å), indicates that there is no bond between hydrogen atoms and

metal center.

In the next step a transition state (TS1), in which the hydrogen molecule is coordinating

1 INT 1 TS 1

INT 2 TS 2 1H(H)

Figure 5.2: Ground-state structures of the reactant, intermediates and transition states for

addition of H2 into Cp∗Ir(TsDPEN − H). Labels introduced to individuate geometrical

parameters have to be used to read information reported in Table 5.1

with the Ir center is found. The activation energy barrier is 26.3 kcal/mol. The imaginary

frequency for TS1 is calculated to be 477i cm−1. The Ir-H1 and Ir-H2 bond distances are

2.027Å and 2.058Å, respectively, whereas the distance between the two hydrogen atoms is

0.776Å, which is slightly longer than in its free form (0.74Å) both the hydrogen atoms are

coordinating with the metal center. As a result, in the next step, an intermediate (INT2),

which lies 16.9 kcal/mol high from the ground state reactants is formed. Now, the H1-H2

bond is broken and two metal-hydride bonds are formed (Fig. 5.2). The H1-H2 distance
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Parameter 1 INT1 TS1 INT2 TS2 1H(H)

Ir1-N1 1.907 1.908 2.032 2.051 2.082 2.137

Ir1-NTs 2.038 2.039 2.073 2.080 2.073 2.095

H1-H2 - 0.743 0.776 1.881 1.986 -

Ir1-H1 - 4.935 2.027 1.585 1.569 1.578

Ir1-H2 - 5.012 2.058 1.579 1.650 -

N1-H2 - - - 2.364 1.527 1.019

Table 5.1: Selected geometrical parameters of Ground-State Reactants, Intermediates and

transition States computed for addition of H2 into Cp∗Ir(TsDPEN −H).

in INT2 is 1.881Å and the Ir-H1 and Ir-H2 bonds become much shorter (1.585Å, 1.579Å,

respectively). Along the reaction path we have located another transition state TS2, in which

one of the two hydrogen atoms (H2) is migrated from the metal (Ir) to the nitrogen atom

(N1 in Fig 5.2). The imaginary frequency is for this TS is 1089i cm−1. In this structure the

bond between Ir-H2 is elongated to 1.650Å, the H2 becomes closer to N1 compared with that

in INT2 (from 2.364Å to 1.527Å), whereas the distance between Ir-H1 is 1.569Å, which is

smaller compared to INT2. The calculated barrier for this step is 14 kcal/mol.

Formation of the final product 1H(H), is an exothermic process. In gas phase it is 9.7

kcal/mol, whereas in acetonitrile it is 12.5 kcal/mol below the reactants. Now, the H2 is

bonded to N1 (1.019Å). Comparison between theoretical and experimental [9] geometries of

the final product 1H(H), is very satisfactory.
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Addition of H2 to Protonated System

The calculated potential energy surface for hydrogenation of reactant Cp∗Ir(TsDPEN)+
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Figure 5.3: PES for H2 addition into Cp∗Ir(TsDPEN)+. The values in parentheses are

reported to the solvent phase. Energies are in kilocalories and relative to the ground-state

reactants.

(1[H]+) is depicted in Fig 5.3. The corresponding figures are illustrated in Fig 5.4 and the

selected geometrical parameters reported in Table 5.2.

Also in this case, step 1, resulted in the formation of a weakly van der Waals complex INT1+,

that lies at 1.3 kcal/mol above the reactants. The distances between the metal center and the

two hydrogen atoms of (H2) are 4.527Å (H1) and 4.882Å (H2), respectively. From INT1+, we

found a transition state [TS1]+, in which both hydrogen atoms are closer to the metal center.

The 4E for TS1+, is 19.0 kcal/mol in gas phase. In this transition state the distance between

the two hydrogen atoms has stretched from 0.743 to 0.773 Å, while the distances between the

metal center and the two hydrogen atoms of H2 are decreased to 2.084 and 2.109Å respectively.

The imaginary frequency is calculated to be 299i cm−1.
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1+ INT 1+ TS 1+

INT 2+ TS 2+ INT 3+

Figure 5.4: Ground-state structures of the reactant, intermediates and transition states for

addition of H2 into Cp∗Ir(TsDPEN)+. Labels introduced to individuate geometrical param-

eters have to be used to read information reported in Table 5.2.

From TS1+ a INT2+ species is formed and its energy is 4.6 kcal/mol below the TS1+. The

main structural changes in this intermediate concern the H1-H2 bond (0.841 Å), the Ir-H1

(1.799 Å) and Ir-H2 (1.814 Å) distance. In the next step we have found a transition state TS2+

is formed. The activation barrier is only 2.1 kcal/mol and the imaginary frequency is 798.9i

cm−1. The distance between the two hydrogen atoms became 1.088 Å, whereas the distances

between the Ir-H1 and Ir-H2 are reduced to 1.649 and 1.656 Å, respectively. This indicates

that the metal hydride bonds are formed. In the next step a new intermediate INT3+, occurs

and its lies in acetonitrile at 10.7 kcal/mol about the reactants. In this species the distance

between the two hydrogen atoms confirm that the bond is broken (1.803Å) and that the Ir-H1

(1.578 Å) and Ir-H2 (1.602 Å) bond are formed. The final product 1H(H), is exothermic

process by 12.5 kcal/mol in solvent. In Fig 5.5 we have compared the two possibility.
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Parameter 1+(Exp) INT1+ TS1+ INT2+ TS2+ INT3+

Ir1-N1 2.127(2.096) 2.126 2.129 2.128 2.129 2.156

Ir1-NTs 1.922(1.984) 1.922 2.043 2.080 2.087 2.032

H1-H2 - 0.743 0.773 0.841 1.088 1.803

Ir1-H1 - 4.527 2.084 1.799 1.649 1.578

Ir1-H2 - 4.882 2.109 1.814 1.656 1.602

N1-H2 - - - - - 2.417

Table 5.2: Selected geometrical parameters of Ground-State Reactants, Intermediates and

transition States computed for addition of H2 into Cp∗Ir(TsDPEN)+.
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Figure 5.5: Comparision for addition of H2 into Cp∗Ir(TsDPEN − H) (dashed line) and

Cp∗Ir(TsDPEN)+ (solid line) systems. The values in parentheses are reported to the solvent

phase. Energies are in kilocalories and relative to the ground-state reactants.
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5.3.2 Insertion of O2 into the metal-hydride bond

The calculated potential energy surface for insertion of molecular oxygen into the metal-

hydride bond is represented in Fig 5.6. The singlet and triplet states optimized structures are

depicted in Fig 5.7 and 5.8, respectively. The selected geometrical parameters are reported in

Table 5. 3 and 5.4.
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Figure 5.6: PES for O2 insertion into Cp∗IrH(TsDPEN) to form Cp∗IrOOH(TsDPEN).

The values in parentheses are reported to the solvent phase. Energies are in kilocalories and

relative to the ground-state reactants.

The addition of (triplet) molecular oxygen leads to the formation of a weakly bound van

der Waals complex INT3trip (1(H)H.O2) which is slightly endothermic with 4E= 0.2 kcal/

and 1.6 kcal/mol in gas-phase and solvent, respectively. The optimized structure of the cor-

responding complex in a singlet state (INT3sing) is substantially different. In fact in this

case O2 is directly coordinating with the metal (Ir) center. It lies at 14.9 and 17.3 kcal/mol

above the reactants in the gas phase and in solvent, respectively. The reported energy for the
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INT 3sing TS 3sing

INT 4sing TS 4sing

MECP

1H(OOH)sing

Figure 5.7: Ground-state structures of the reactant, intermediates and transition states for in-

sertion of O2 into Cp∗IrH(TsDPEN) to form Cp∗IrOOH(TsDPEN) along the singlet-path.

Labels introduced to individuate geometrical parameters have to be used to read information

reported in Table 5.3

complex INT3sing is corrected using the method mentioned in section 5.2 [25].

From this intermediate state, a transition state TS3trip is found. In this transition state, the

triplet oxygen has a position for abstracting the hydrogen from the iridium center and the

activation barrier is 14.6 kcal/mol in gas-phase. As a result the Ir-H1 bond was elongated

from 1.574 to 1.685 Å and the O-O bond distance was stretched from 1.254 to 1.346 Å. The

calculated O-H distance is 1.518 Å, indicating that the O2-H1 bond has yet to be formed.

The imaginary frequency is 667i cm−1, which corresponds to the breaking of the bond between

metal and hydrogen atom. The reaction proceeds further to form an intermediate in which

a peroxyl HOO radical is coordinating with the metal center (Ir) of the complex and the

interaction between Ir and hydrogen is very weak. The energy in gas-phase lies 3.9 kcal/mol

below the TStrip. In the INT4trip, the O2-H1 bond length is 1.043 Å, which is similar to
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Parameter 1H(H)sing INT3sing TS3sing MECP INT4sing TS4sing 1H(OOH)sing

Ir1-N1 2.156 2.104 2.130 2.140 2.143 2.126 2.114

Ir1-NTs 2.032 2.072 2.062 2.091 2.087 2.064 2.074

Ir-H1 1.578 1.566 1.659 2.608 - - -

O1-O2 - 1.403 1.432 1.488 1.551 1.580 1.565

Ir1-O1 - 3.046 3.742 3.144 2.997 2.627 2.067

Ir2-O2 - 2.241 - 2.088 2.104 2.488 -

O2-H1 - 2.236 1.505 0.983 0.984 0.982 0.983

O1-O2-H1 - - 113.3 96.8 103.8 102.3 98.8

Table 5.3: Selected geometrical parameters of Ground-State Reactants, Intermediates, MECP

and Transition States computed for insertion of O2 into Cp∗IrH(TsDPEN) to form

Cp∗IrOOH(TsDPEN) along the Singlet-Path.

that of free HO2 and the O-O bond length is 1.386 Å. The Ir1-H1 bond distance increased

to 2.250 Å, which confirmed the complete breaking of this bond. On the other hand, along

the singlet pathway the transition state TS3sing has been intercepted when the closest oxygen

and hydrogen distance is 1.505 Å. The activation energy in gas-phase is 22.6 kcal/mol. In

the next step, along the singlet path, we found, the formation of INT4sing,which lies at 6.5

kcal/mol above the reactant. The significant feature of this intermediate is that the hydrogen

atom is bonded to the proximal oxygen and the bond distance between O-O has stretched to

1.551 Å. The distal oxygen atom is rotated upwards. Until now, only our group demonstrated

the existence of this intermediate [15, 16, 17].

In this region after the TS3trip it should be a crossing between the two surfaces at differ-

ent electronic system. Using the method of Harvey et. al. [30], a crossing point structure

(MECP) between the two surfaces, is located (see in Fig 5.4). The structure is very close to

the triplet state intermediate, which supports that, the crossing happened in the vicinity of

the INT4trip.

After the crossing the reaction proceeds along the singlet path. The formation of the final

hydroperoxo iridium complex 1H(OOH)sing is an exothermic process by 15.0 kcal/mol in

gasphase and 23.9 kcal/mol in solvent (Fig 5.4). In this structure the bond between proximal

oxygen and iridium center has been broken, whereas a new bond has been formed between
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INT 3trip
TS 3trip

INT 4trip

TS 4trip
1H(OOH)trip

Figure 5.8: Ground-state structures of the reactant, intermediates and transition states for in-

sertion of O2 into Cp∗IrH(TsDPEN) to form Cp∗IrOOH(TsDPEN) along the triplet-path.

Labels introduced to individuate geometrical parameters have to be used to read information

reported in Table 5.4.

iridium center and distal oxygen. On the other hand, along the triplet path, the final hy-

droperoxide is formed due to the rotation of HO2 fragment, which is an endothermic process

and 10.8 kcal/mol in gas phase and 8.8 kcal/mol in solvent above the reactant. In this species

the terminal oxygen moves towards the Ir center and the terminal hydrogen moves away. For

both cases the corresponding transition states, TS4sing and TS4trip, have been intercepted

and confirmed by IRC calculation. The activation energies are 19.9 kcal/mol for TS4sing and

23.9 kcal/mol for TS4trip. The imaginary frequencies are 340i cm−1 for TS4sing and 255i

cm−1 for TS4trip. From the above discussion, it is clear that, the reaction started in triplet

surfaces and after the spin conversion the final product is in singlet state.
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Parameter 1H(H)trip INT3trip TS3trip MECP INT4trip TS4trip 1H(OOH)trip

Ir1-N1 2.156 2.135 2.109 2.140 2.128 2.144 2.146

Ir1-NTs 2.032 2.090 2.027 2.091 2.012 2.039 2.002

Ir-H1 1.578 1.574 1.685 2.608 2.250 2.695 -

O1-O2 - 1.254 1.346 1.488 1.386 1.436 1.559

Ir1-O1 - - - 3.144 3.708 2.709 2.208

Ir2-O2 - - - 2.088 - - -

O2-H1 - 2.957 1.518 0.983 1.043 0.993 0.982

O1-O2-H1 - - 107.0 96.8 106.4 102.7 99.9

Table 5.4: Selected geometrical parameters of Ground-State Reactants, Intermediates

and Transition States computed for insertion of O2 into Cp∗IrH(TsDPEN) to form

Cp∗IrOOH(TsDPEN) along Triplet-Path.

5.3.3 Mechanism for elimination for H2O

In this section, the results concerning the reaction mechanism for iridium-hydroperoxide re-

duction reaction are represented. To reduce the computational time we have considered the

smaller model previously described.

Formation of two hydroxy amine complexes

The calculated potential energy surface for insertion of molecular oxygen into the metal-

hydride bond is explored in Fig 5.9. The illustrated optimized structures are depicted in Fig

5.10 and the selected geometrical parameters are reported in Table 5.5.

Starting from the reagent a transition state TS51st with an energy barrier of 8.6 kcal/mol in

gas phase and 16.6 kcal/mol in solvent has been located. The calculated frequency is 679i

cm−1 and corresponds to the breaking of the O1-O2 bond, and, simultaneously the transfer of

hydride from 1H(H). The bond distance between Ir2-H3 is increased from 1.588 Å to 1.722

Å, which clearly indicates the breaking of the hydride bond.

After TS51st we found an intermediate state ITN51st when two hydroxy amine complexes are

formed and its lies 62.4 kcal/mol and 61.6 kcal/mol below the reactants in the gas-phase and

the solvent, respectively. The optimized structure of ITN51st is reported in Fig 5.10. In this
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intermediate state the bond lengths between Ir1-O1 and O1-H1 are 2.091 Å and 0.992 Å,

respectively and the Ir2-O2 and O2-H3 bond lengths are 2.093 Å and 0.979 Å respectively.

The IRC analysis confirmed that the TS51stconnect 1H(OOH) and INT51st species.
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Figure 5.9: PES for formation of two Cp∗IrOH(TsDPEN). The values in parentheses are

reported to the solvent phase. Each Cp∗IrOH(TsDPEN) will separately eliminate one H2O

molecule to form a Cp∗Ir(TsDPEN − H). Energies are in kilocalories and relative to the

ground-state reactants.
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1H(OOH)+1H(H) TS51st

INT51st

Figure 5.10: Ground-state structures of the reactant, intermediates and transition states

in order to form two Cp∗IrOH(TsDPEN). Labels introduced to individuate geometrical

parameters have to be used to read information reported in Table 5.5.
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Parameter 1H(OOH)+1H(H) TS51st INT51st

Ir1-O1 2.094 1.952 2.091

Ir1-N1 2.127 2.119 2.153

Ir2-O2 - - 2.093

Ir2-H3 1.588 1.722 -

Ir2-N2 2.144 2.139 -

O1-O2 1.544 2.040 -

O1-H1 - 2.024 0.992

O1-H4 1.852 3.014 1.711

O2-H1 0.981 0.996 1.849

O2-H3 2.687 1.387 0.979

N1-H2 1.032 1.044 1.045

N2-H4 1.036 1.031 1.058

Table 5.5: Selected geometrical parameters of Ground-State Reactants, Intermediates and

Transition States computed in order to form two Cp∗IrOH(TsDPEN) according to Scheme

5.3(A).
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Elimination of 2H2O

In this section we will discuss the elimination of two water molecules by concerted mechanism

after the formation of two hydroxy amine complexes. The calculated potential energy surface

for this reaction is depicted in Fig. 5.11. The related geometrical structures are depicted in

Fig 5.12 and the selected geometrical parameters are reported in Table 5.6.

After the formation of two hydroxi amine we have found a transition state TS62nd. The
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Figure 5.11: PES for formation of two Cp∗IrOH(TsDPEN). The values in parentheses are

reported to the solvent phase. Two Cp∗IrOH(TsDPEN) molecules will react subsequently

and eliminate two H2O molecules to form two Cp∗Ir(TsDPEN −H). Energies are in kilo-

calories and relative to the ground-state reactants.

energy barrier is 22.6 kcal/mol in the gas phase and 27.3 kcal/mol in the solvent. In this

transition state the Ir1-O1 and Ir2-O2 distances have stretched from 2.091 to 2.145 Å and

from 2.093 to 2.224 Å respectively. This indicates that the oxygen and metal centers (Ir1-O1

and Ir2-O2) bond are broken. In the transition states the calculated frequency is 92icm−1,

which corresponding the transfer of the hydrogen atoms from the nitrogen atoms center (Fig.



5.3. RESULTS AND DISCUSSION 123

4.12). The bond between N1-H2 is broken and the bond distance between N2-H4 is elongated

from 1.058 Å to 1.381 Å. The bond distance between O1-H4 reduced from 1.711 Å to 1.145

Å.

Continuing along the pathway, TS62nd now relaxes to INT62nd. The energy release in this

process is 34.7 kcal/mol in the gas phase (35.5 kcal/mol in the solvent). This new intermediate

clearly shows the formation of 2H2O and two amido complexes. These two amido complexes

are far away from each other.

TS52nd

INT52nd
TS62nd

INT62nd

1H(OOH)+1H(H)

Figure 5.12: Ground-state structures of the reactant, intermediates and transition states

for simultaneous elimination of 2H2O from Cp∗IrOOH(TsDPEN) according to the Scheme

5.3(B). Labels introduced to individuate geometrical parameters have to be used to read

information reported in Table 5.6.
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Parameter 1H(OOH)+1H(H) TS52nd INT52nd TS62nd INT62nd

Ir1-O1 2.094 1.952 2.091 2.145 -

Ir1-N1 2.127 2.119 2.153 2.091 1.906

Ir2-O2 - - 2.093 2.224 -

Ir2-H3 1.588 1.722 - - -

Ir2-N2 2.144 2.139 2.139 2.080 1.910

O1-O2 1.544 2.040 - - -

O1-H1 - 2.024 0.992 0.974 0.999

O1-H4 1.852 3.014 1.711 1.145 0.984

O2-H1 0.993 0.996 1.849 - -

O2-H3 2.687 1.387 0.979 1.011 0.997

O2-H2 - - 1.780 0.976 0.970

N1-H2 1.032 1.044 1.045 - -

N2-H4 1.036 1.031 1.058 1.381 -

Table 5.6: Selected geometrical parameters of Ground-State Reactants, Intermediates and

Transition States computed in order to elimination of two H2O from Cp∗IrOOH(TsDPEN)

according to Scheme 5.3(B).
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Stepwise elimination of H2O

The calculated PES for this reaction is depicted in Fig. 5.13. The related structures are

depicted in Fig. 5.14 and the selected geometrical parameters are reported in Table 5.7.

In the first step of the reaction we have found a transition state TS53rd with an energy

-70

-60

-50

-40

-30

-20

-10

0

10

20 ∆∆∆∆E kcal/mol

  (Solvent)
 4.8

(5.1)

 -66.8

(-77.4)

 0.0

(0.0)

INT 5
3rd

TS5
3rd

1H(OOH)

∆∆ ∆∆
E
 (
k
ca
l/
m
o
l)

Reaction Coordinate

Figure 5.13: PES for the stepwise elimination of H2O molecule to form Cp∗Ir(TsDPEN−H).

The values in parentheses are reported to the solvent phases. Energies are in kilocalories and

relative to the ground-state reactants.

barrier of 4.8 kcal/mol in gas phase and 5.1 kcal/mol in solvent. The imaginary frequency

is 683i cm−1. This frequency corresponds to a mode in which simultaneously two hydrogen

atoms transfer from 1H(H) to 1H(OOH) and to the breaking of the O1-O2 bond. The bond

length between Ir2-H3 is stretched to 1.721 Å from 1.588 Å, indicating that the metal hydride

bond is broken, while the O2-H3 distance (1.505 Å) is reduced.
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From TS53rd the reaction proceeds with the formation of INT53rd that was at 66.8 kcal/mol

below the reactant in gas-phase. This intermediate state include one H2O, one amine hydroxy

complex and one iridium amido complex. Indeed, the only significant changes are the further

stretching of the Ir1-O1 distance (to 2.125 Å) and the reduction of the O2-H3 distance (to

0.986 Å). In the next step the amine hydroxy complex will eliminate another H2O molecule

to produce another amido complex. In the next section we will discuss the elimination of H2O

from amine hydroxy complex.

TS53rd

INT53rd

1H(OOH)+1H(H)

Figure 5.14: Ground-state structures of the reactant, intermediates and transition states for

stepwise elimination of H2O from Cp∗IrOOH(TsDPEN). Labels introduced to individuate

geometrical parameters have to be used to read information reported in Table 5.7.
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Parameter 1H(OOH)+1H(H) TS53rd INT53rd

Ir1-O1 2.094 2.070 2.125

Ir1-N1 2.127 2.129 2.139

Ir2-H3 1.588 1.721 -

Ir2-N2 2.144 1.945 1.913

O1-O2 1.544 2.728 -

O1-H4 1.852 0.991 0.978

O2-H1 0.993 1.001 1.016

O2-H3 2.687 1.505 0.986

N1-H2 1.032 1.049 1.051

N2-H4 1.036 2.002 -

Table 5.7: Selected geometrical parameters of Ground-State Reactants, Intermediates and

Transition States computed for elimination of H2O from Cp∗IrOOH(TsDPEN) according

to Scheme 5.3(C).



5.3. RESULTS AND DISCUSSION 128

Elimination of H2O from 1(H)OH

The calculated potential energy surface for this reaction is depicted in Fig. 5.15. The opti-

mized structures and the selected geometrical parameters are illustrated in Fig 5.16 and Table

5.8, respectively.

In the first step, we have found a transition state TS61st with a energy barrier at 5.6 kcal/mol
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Figure 5.15: PES for the elimination of H2O molecule from Cp∗IrOH(TsDPEN) in order

to form Cp∗Ir(TsDPEN −H). The values in parentheses are reported to the solvent phase.

Energies are in kilocalories and relative to the ground-state reactants.

in the gas phase and 8.7 kcal/mol in the solvent. The imaginary frequency is 754i cm−1, cor-

responds to a movement of the hydrogen (H2 Fig. 5.16) atom from nitrogen (N1 Fig 5.16)

to oxygen (O1 Fig 5.16). The significant features of this transition state are an elongation of

N1-H2 bond from 1.038 Å to 1.403 Å, decreasing of the distance between O1-H2 from 1.898

Å to 1.146 Å. Also the bond distance between Ir-O1 is increased to 2.159 Å from 2.090 Å. It

indicates the breaking of the bond between N1-H2 and yet to be formation of a bond between

O1-H2.
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The final products are iridium amide complex and H2O, and the energy falls by 4E= 3.7

kcal/mol in the gas phase and 5.5 kcal/mol in the solvent. In this species the bond between

oxygen and iridium center has been broken (Ir-O1= 2.187 Å), whereas a strong bond occurs

between hydrogen and oxygen (O1-H2= 1.030 Å). The elimination of H2O for the 3rd Mech-

anism is the same as for the 1st Mechanism.

In Fig. 5.17 we have compared all three mechanisms. From the comparison result that the

TS61st

INT61st

1H(OH)

Figure 5.16: Ground-state structures of the reactant, intermediates and transition states for

elimination of H2O from Cp∗IrOH(TsDPEN). Labels introduced to individuate geometrical

parameters have to be used to read information reported in Table 5.8.

O-O bond breaking is the rate-limiting step and that the 3rd Mechanism is favorable over the

other two mechanisms.
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Parameter 1H(OH) TS61st INT61st

Ir1-O1 2.090 2.159 2.187

Ir-NTs 2.092 2.119 2.121

Ir1-N1 2.11 2.077 2.059

O1-H1 0.978 0.991 0.999

N1-H2 1.038 1.403 1.708

O1-H2 1.898 1.146 1.030

Table 5.8: Selected geometrical parameters of Ground-State Reactants, Intermediates and

Transition States computed for elimination of H2O from Cp∗IrOH(TsDPEN).
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Figure 5.17: Energetics comparision for H2O elimination. The values in parentheses are

reported to the solvent phase. Energies are in kilocalories and relative to the ground-state

reactants.
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5.4 Conclusion

In this paper, we have investigated the mechanisms proposed by Rauchfus and coworker using

by the density functional theory (DFT) for both H2 oxidation and O2 reduction reactions

using iridium-based catalysts in homogeneous solution. For the hydrogenation reaction have

been considered both neutral and non-protonated catalysts. The outcome of the study sup-

ports that the mechanism in which the protonated system is involved is favorable compared

to the other.

Regarding the insertion of molecular oxygen into the metal-hydride bond, the reaction evolves

through the abstraction of the hydrogen atom by O2. The reaction started along the triplet

path and after the first transition state there is a crossing in the PES between singlet and

triplet pathways. In the next step a very stable intermediate is formed, in which the hydrogen

atom is bonded to the proximal oxygen. From this stabilized intermediate, the exothermic

formation of the final product takes place, overcoming the barrier associated to the transition

state for the contemporary breaking of the bond between the metal center and the proximal

oxygen.

Finally, concerning the elimination of water molecules computations show that the O-O bond

breaking is the rate-limiting step.
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