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“All things appear and disappear because of theatmrence of causes and conditions.

Nothing ever exists entirely alone; everythingiisalation to everything else.”

- Lord Buddha



Abstract

This thesis uses density functional theory (DFTgxplore the electronic structure and
reaction mechanisms of open-shell transition metad and clusters. The early part of
the thesis (Chapters 2 and 3) is devoted to hidggnvanetal-oxo species, both mono-
and bimetallic, while Chapter 4 describes some cspef copper-catalysed carbon-
carbon bond formation. Finally, Chapter 5 highlglihe role of DFT in computing

magnetic and spectroscopic properties of exchangpled iron clusters. Whilst the

chemistry contained in the thesis is rather divetise underlying theme of open-shell
transition metal ions is common to all chaptersrédwer, we are primarily concerned
with the ways in which interactions between twonwore adjacent open-shells (either

two metals or a metal and a ligand radical) cordtalcture and reactivity.

After a brief introduction to relevant theoreti@apects in Chapter 1, we use Chapter 2
to establish a link between the electronic strigctof the high-valent Mn(V)=0
porphyrin monomer species and their ability to perf oxidation reactions. The
reaction profiles for oxidation of a range of suats depend critically on the electronic
structure of the isolated oxidant. Where the eteutr ground state is genuinely best
described as Mn(V)=0, the interaction between axidend substrate is repulsive at
large separations, only becoming attractive whenirtikoming nucleophile approaches
close enough to drive an electron out of oxide manifold. In contrast, where the
ground state is better described as an oxyl radaah, Mn(IV)-O”, the oxidation
occurs in sequential one-electron steps, thedfrsthich is barrierless. In Chapter 3, we
extend these ideas to bimetallic systems, where pitesence of two high-valent
manganese centres allows the system to oxidiserwspecifically, we focus on two
model systems which have been shown to oxidiserwat®ln-porphyrin-based system
synthesised by Naruta and a Mn-based system reployt®cKenzie where the ligands
contain a mixture of pyridine and carboxylate dendn both cases, we again find that
the emergence of oxyl radical character is thetkethe reaction chemistry. However,

the radical character is ‘masked’ in the electramound states, either by transfer of an



electron from the porphyrin ring (Naruta) or by rfation of a dig-oxo bridge

(McKenzie system).

In Chapter 4 we turn our attention to copper chewisand the role of copper
complexes in catalysing atom transfer radical aalust (Kharasch additions). In this
reaction, the copper cycles between Cu(l) and Cofidation states, and the result is
the formation of a new C-C bonds. This Chapter reakertensive use of hybrid
QM/MM techniques to model the environment of thepmer centre in the target
polypyrazolylborate-copper complexes {Tp). Finally, in Chapter 5 we consider the
electronic structure, magnetic and spectroscopapgities of a pair of exchange-
coupled Fe clusters, [Fg{us-O)(u-4-O,N-pz)eXs]®” (Where pz = pyrazolato, X = Cl, Br).
Our primary goal was to establish how well brokgmmetry DFT is able to reproduce
the observed Méssbauer spectroscopic parametensh vére extensively used to
identify the chemical environments of iron speaesl, in the case of mixed-valence
clusters, to establish the degree of delocalisatiothe additional electrons. In recent
years DFT has proved able to compute these paresmweith encouraging accuracy, but
it is not clear to what extent the known defici@scin broken-symmetry wavefunctions
will compromise this ability. Our work suggests ttimeither the isomer shift nor the
quadrupole splitting are strongly influenced by tiaure of the coupling between the
metal ions, suggesting that broken-symmetry satgtican be used as a basis for

computing these parameters in more complex clusters
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| ntroductory comments

This thesis presents an account of research tedtd®n conducted in the Department of
Chemistry, University of Glasgow, over the periodt@er 2006 to September 2009,
and was financially supported by the WestCHEM gedeluschool. The aim of this
thesis has been to relate the electronic structuteansition metal clusters to function,
either in the context of mechanism or magnetocheynishe major theme of the thesis
Is oxidation chemistry, and Chapters 2 and Chaptgive a detailed account of our
work in this area. The work in Chapters 4 and Secsvather different subject matter —
the mechanism of the Cu-catalysed Kharasch reacéiod the computation of
spectroscopic parameters of an exchange-couplealégters, respectively. Thus the
chemistry described in this thesis is very diveima] a detailed introduction of the
relevant experimental and computational literatuilebe presented at the start of each
individual chapter. The purpose of this brief cleaps$ to introduce the subject matter to

be covered in the thesis, and to give an overviethekey ideas that we explore.

The electronic structure of transition metal ionsl &lusters continues to be one of the
main themes of inorganic chemistry, largely becanigbe interest in the preparation of
model complexes which in some way mimic the nalyralccurring biological
processes. Our ultimate goal is to understand ¢éta@ldd electronic structure of model
systems and relate it to functions such as re&gtimagnetism and spectroscopy. The
emergence of density functional theory over thet pas decades means that these
properties can now be computed with something ambiog chemical accuracy. Thus
theory can provide both qualitative and quantimtinsights. In the majority of cases
described in this thesis, the size of the systenmtefest precludes chemical accuracy,
and our focus is on establishing underlying generathanistic principles. This thesis
consists of five chaptersChapter 1 focuses on the fundamental aspects of the

electronic structure theory as applied to the datmn of molecular properties of



transition metal complexes and clusters. The fasttion of this introduces some
fundamental quantum mechanical concepts. Follovairtyief description of Hartree-
Fock theory, electron correlation and post Harffeek methods, the foundations of
DFT and their realisation in the framework of thehki—Sham construction are
described. Finally, the computational methods that have used for this work are

briefly introduced.

In Chapter 2, we explore the link between the distribution tdc&ron density in the
low-lying electronic states of the formally Mn(Vxo porphyrin monomer complexes,
(OH)(Porp)Mn(0) and [(EHO)(Porp)Mn(O)f, and their ability to act as effective
oxidants for substrates such as,;BleCH, and GH4. The fundamental requirement for a
rapid reaction appears to be the formation of aatnetal oxyl radical species [Mn(IV)-
O7], and the rate determining step of two-electrondation reactions is therefore
highly dependent on the distribution of electromsigy in the low-lying electronic
states of the Mn(V)-oxo porphyrin complexes. Whinis oxyl character is present in
the ground state, the reaction is essentially &dess. In cases where the oxyl character
is ‘masked’ by transfer of electrons from the metabther ligands to the oxygen centre,
an energetic penalty is required to ‘unmask’ thgl @karacter. The size of this barrier
depends on the electronic structure of the metahpéex but also on the spatial
properties of the orbitals on the incoming nuclelephThe shapes of the potential
energy surfaces are also markedly dependent ondémsity functional used: the
percentage of Hartree-Fock exchamngéhe functional has a dramatic impact not just on
the multiplicity of the ground state, but on theatton density distribution within the
most important triplet state. The contents of tthapter have been published in two
papers; ‘The role of substrate in unmasking oxwyrabter in oxomanganese complexes:
the key to selectivity?’, W. M. C. Sameera and JMEGrady,Dalton Trans., 2008,
6141; and ‘On the oxidation of alkyl and aryl stéfs by [(M@TACN)Mn(V)O(OH),] ™

A density functional study’, A. E. Anastasi, P. Walton, J. R. L. Smith, W. M. C.
Sameera and J. E. McGradigorg. Chim. Acta, 2008, 361, 1079.

The focus on oxidation reactions continue<Cimapter 3, where we explore possible

mechanisms for water oxidation catalysis. The tpit of water by photosynthetic
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organisms is one of the most remarkable phenomenaaiure, where the oxygen
evolving centre (OEC), a tetramanganese clusterdon the Photosystem Il (PSII), is
central to the catalytic process. However, the itketachemical steps involved in the
oxygen evolution process and precisely how suchlyigctive species avoid oxidative
damage to the surrounding protein environment neraamystery. In developing our
understanding of the photosynthetic water oxidatisgnthetic oxygen evolving
complexes (small molecular mimics of the OEC) @dsey role because they provide a
relatively well-defined chemical environment. Insttthapter we use DFT to explore
two specific examples of Mn-based biomimetic wairidation catalysts, a Mn(1l)
porphyrin complex synthesised by Naruta and co-exekand a Mn(Ikmcbpen
species synthesised by McKenzie and co-workersh Bbtthese systems have been
shown to oxidise water, and both contain binucleanganese cores. Their electronic
structure presents a significant challenge to theecause the problems of dealing with
open-shell Mn(IV)-oxyl radical species is compouhd®y the coupling between two
metal centres, where ferromagnetic (F) or antiefieagnetic (AF) coupling leads to a
large number of different spin states. Detailedepbél energy profiles for the oxygen
evolution for these systems were developed by denisig the potential energy surfaces
connecting the most stable electronic states. GriF Balculations confirmed that the
formation of metal-oxyl radical intermediate is tbemmon denominator for the O-O
bond formation in both Naruta and McKenzie systefitee implications of this work
may guide the design of catalytically novel and rolwally significant second-
generation water oxidation catalysts. The academierest in understanding the
photosynthesis process is also critical and outirfigs offered insight into oxidative
formation of molecular oxygen at biomimatic metdlsters. This chapter is in
preparation for publishing as ‘Biomimetic water d@aiion: Some clues from

computational chemistry’, W. M. C. Sameera, C. dKehzie and J. E. McGrady.

The theme of metal-based redox catalysis contimtesChapter 4, where we explore
the structure-function relationships in atom transfdical addition (ATRA) reactions
catalysed by polypyrazolylborate-copper family ofiiplexes (TfCu). This work was

conducted during a 3-month research visit to PediuRMaseras’ group at the Institute
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of Chemical Research of Catalonia (ICIQ) and wasedm collaboration with Prof.
Pedro J. Pérez, Universidad of Huelva. The Kharaddition reaction, the addition of a
polyhalogenated saturated hydrocarbon to an alkisnan efficient route to carbon-
carbon bond formation. In the present study, weIS€ in conjunction with QM/MM
approaches to explore the electronic structuré®flig'Cu family of complexes and the
detailed chemical steps involved in ATRA of G& GH,. The intrinsic tuneability of
Tp* ligands provides an ideal platform for establigh@tructure/function relationships,

and also for opening up new synthetic pathways.

In Chapter 5, we move away from catalysis and focus insteadhenmagnetic and
spectroscopic properties of a family of all-ferfi@; clusters, [Felus-O)(u-4-ON-
pz)X3]* clusters (X = ClI, Br). This work was performed dallaboration with Prof.
Raphael Raptis, University of Puerto Rico. Thenudtie goal of this project is to
understand the nature of the mixed valency (loedli®r delocalised) in reduced
ferric/ferrous clusters. One of the key tools inisttprogramme is Médssbauer
spectroscopy which can, in principle, distinguist(IFf and Fe(lll) centres. Our goal
here was to compute Méssbauer parameters (isonfeasti quadrupole splitting) for
two exchange coupled [Hes-O)(u-4-O,N-pz)kXs]> complexes for a variety of
electronic configurations (both high-spin and brolsymmetry states) in order to
evaluate different model electronic structures rgfagxperiments. Much work has been
done on monomers, but it is not clear how well eslithe broken-symmetry
wavefunctions typically used for clusters are dmsis for computing these parameters.
Another objective here is to establish how acclyal2=T can compute exchange
coupling constants)) in these exchange-coupled systems. This chaptermireparation
for submission as: ‘Electronic structure of pyrazelsupported R&i3-O) complexes:
Prediction of Mossbauer parameters and exchangpliocguconstants using broken-
symmetry DFT’, W. M. C. Sameera, John. E. McGrdgkaterina M. Zueva, Dalice

Pifiero, Radovan Herchel, Yannis Sanakis and RaghaeaptisEur. J. Inorg. Chem.



Chapter 1

Electronic Structure Theory

1.1 Introduction

One of the most important goals of chemistry angsjs in the past century has been
to understand and predict the properties of mamigba systems using the quantum
mechanical laws of the nature. The behaviour ohsystems is governed by the non-

relativistic and time-independent Schrodinger eigualt?
H|w) = E|w) (1.1)

where H is the Hamiltonian operatoq) is a time-independemtavefunction, anck is

the observable energy. The Hamiltonian oper&ftcnf the Equation (1.1) for molecular

systems can be described as a sum of kinetic ea@djpotential energy operators;
H=T, +T, +V,_+V,_ + (1.2)

The first two terms of the above equation repredkat kinetic energy operator of

electrons fe) and nuclei (fn), while the third term is the nuclear-electron ©oob

attraction between thié nuclei and\ electrons (\7ne). The last two expressions are the
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Coulomb repulsion in electron-electrorV,) and nuclear-nuclear \,,) operators.

Then the Hamiltonian operatdﬁ for a molecular system withl nuclei andN electrons

can be written as (iatomic unit3,>*

R NM 7 NN ] MM
H = ——ZDZ——Z—DZ >y =a +ZZ—+ZZ (1.3)
2:aM A lin =E G AesA RAB

where M, mass,Z, is atomic number of nuclé, r, = |ri - RA|, N = ‘ri - rj‘, and

R =|Ra = Rgl-

The observable ener@y of the Schrédinger equation can be obtained asxpactation

value of the HamiltoniaHl :

£ =(H)= % (1.9

or in Dirac notation;

A

H

(1.5)

-(5)- 1

(vl

The solution of the Schrédinger equation includés spatial variables antll spin
variables of electrons andviBspatial variable of the nuclei (ignoring nuclepin3, and
therefore finding an exact solution is impossiblerefor small molecules. One way to
circumvent the complete solution is to construcpragimations. Such approximate
methods have been most successful in explainiagge range of chemical and physical
phenomena ranging from bonding, mechanisms in dtggmimagnetism, conductivity,

and etc.



1.2 The Born—Oppenheimer approximation

The first approximation generally made and of cantmportance in quantum chemistry
Is to separate the movement of the electrons amdublei. This separation is known as
the Born—Oppenheimer approximatirwhich is based on the fact that the mass of a
proton {H) is much higher than that of an electrony:fm ~ 1:1836), and therefore the
nuclei of the system move much more slowly thanelleetron(s). As a result, the nuclei
of the system can be considered to be fixed inesfiae. kinetic energy of the nucleus
becomes zero), and the electrons are considered ooving in the field generated by

these nuclei plus the other electrons. Then thal tdamiltonian operator can be

simplified to the electronic Hamiltoniad ., which contains only the kinetic and

e

potential energy terms that act upon the electrons;

HAe: e T Ve T Vee (16)

~ 1 N N M N N 1

R I I LN o -
2 i=1 izt A1 fia i=l j>i rij

Solution of the Schrodinger equation with the abeleetronic Hamiltoniari—]e gives

rise toE, and ¥, ;

H W (X, Xy e X [RUR v Ry ) = B (X X e X [ROR Ry ) (1.8)

where X, denotes the three spatial degrees of freedginand the spin degrees of

freedom for thé™ electron. The above differential equation (1.8) be solved at any

nuclear configuration R, |R,,.....R, for the exact eigenstates

represent the ground state and the electronicatlitesl states of the system. However,
solving the Schrédinger equation described abowiliscomputationally demanding.
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Moreover, this can only be applied for small syseand further approximations are

needed if it is to be applied to large systems sgctransition metal clusters.

1.3 Antisymmetry principle

The approximate wave function describing a singgetson is known as an orbital, and

Is a function of spatial position and spin,
x(x) with x =(F,o) (1.9)

whereT is the spatial coordinate ara is the spin function. A common procedure is to

divide each orbital into a spatial and a spin depehpart,

x(X)=1 or (1.10)

where o, =a or a_= f. The spatial (molecular or atomic) orbitals arsuased to

form anorthonormal basis
<qu (r_) ‘ g, ('7)> =0y (1.12)
The symbol g, is called theKronecker deltawhich is equal to 1 whenever the two

indicesi andj are equal, and equal to O whieandj are not equal. The spin functions

are orthonormal,

o=t (BB)=t  (@H=0  (ga)=0



where the alpha spia is referred to as “spin-up”, while the beta sfins called “spin-
down”. The Pauli exclusion principle states thattwo electrons can occupy the same
spin orbital (x), which means that two electrons may have idensipatial orbitals, but

they must differ in the spin function. This implidsat the wave functions for many-

electron system must satisfy thetisymmetry principléFor a two-particle case;
W(x, ,X,)=-¥(x, %) (1.12)

A mathematical function that follows this antisyntnmeproperty is a determinant, and
a generalizedN-electron wave function can be represented bySta¢er determinant

(SD)."®

(1.13)

1.4 Hartree—Fock theory

The Hartree-Fock (HF) theory is the foundation tacin of the electronic structure
theory, which postulates that each electron's motian be described by a single-
particle function (orbital), which does not depeexplicitly on the instantaneous
motions of the other electrofs® The ubiquity of orbital concepts in chemistry is a
testimony to the predictive power and intuitive eplpof Hartree-Fock theory. As long
as we are content to consider molecules near ¢ggiilibrium geometry, Hartree-Fock
theory often provides a good starting point for en@aborate theoretical methods
which are better approximations to the electrorghr8dinger equation (Equation 1.8).
The Hartree-Fock theory was developed to solveetbetronic Schrodinger equation
that results from the time-independent aspect afteoking the Born-Oppenheimer

approximation.



The Hamiltonian described by the Equation (1.7venés an exact solution because of
the electron—electron interaction term. If we igntris term, the Hamiltonian would be
simply a sum of one-particle contributions andeitgenfunctions would be products of

single-electron wave functions, (i.e. orbitals) the so-called Hartree Product (HP)

Wi (7. el ) = 01(7) 2, (7). 2 () (1.14)

It is important to note that the above Hartree pobddails to satisfy the antisymmetry
principle, and therefore the appropriate form fayatem of non-interacting electrons is
a single Slater determinant Moreover, the electrons can be described by an
antisymmetrised product, which is equivalent to #ssumption that each electron
moves independently of all the others except thigels the Coulomb repulsion due to
the average positions of all electrons (i.e. indeleat particle model). The single
determinant described above that gives rise toldivest energy can be obtained by
using thevariational principle!* The variation theorem is a fundamental approach in
quantum chemical methods, and this principal stditasthe approximate value for the

energy that is calculated with a trial wave funmt(&?tri‘,j1| ) cannot be lower than the true

energy of the systerk,;

A

<\Ptrial H \Ptrial>
<lPtriaI | lIltrial >

E, < (1.15)

This approach provides a criterion for the optim@aof trial wave functions. Since the
energy calculated from a trial wave function is ésvbounded by the true energy, a

better wavefunction can be obtained by varyingphemeters in terms of whicH

trial
is expressed until the expectation value for thergy is minimised. This approach
reduces the N-particle problem to a set of onegdareigenvalue problems the so-

called Hartree-Fock equations;
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(1.16)

where ¥, is an eigenfunction of the one particle Hamiltor('rﬁ%, the Fock operatoy
and the corresponding energyeis TheFock-operatorfor each electron can be defined

==t -3 20 305000 - R 117)

where ji(j) is the Coulomb operator which represents the @sitic interaction of

two electrons (charge clouds), whiléi(j) is the exchange operator, which represents

the non-classical self-repulsion. These operatansbe defined as;

3 )= v 0 @) v, 2 L.18
and
v e = (v ) E o 0) @) 119

The Hartree-Fock equations are usually solved hydioicing a finite set oM known
basis functions, and each molecular orbital is egpd in terms of these basis

functions. This linear combination of atomic ortstal(®,) procedure gives rise to

molecular orbital{¥, ) expressed in terms of atomic components.

M
¥, =) C,9, (1.20)
a=1
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The Hartree-Fock equation (1.16) can then be wraietheRoothan-Hallequations;

M M

;> C,®, =) .C,®, (1.21)
a=1 a=1

Further, thes® equations can be collectively represented by matjuations,

FC=CSe (1.22)

where ¢ is a diagonal matrix of the orbital energies and S is the overlap matrix,

Sy = <<15a‘<15ﬁ> . TheF matrix contains Fock matrix elements, = <9Da

f ‘¢ﬁ>, andC
is aM xM matrix of expansion coefficient€ ,. The Hartree-Fock equations can be

solved numerically (exact Hartree-Fock), or they ba solved in the space spanned by

a set of basis functions (Hartree-Fock-Roothan &ops). The orbital ¥; is obtained

by solving the eigenvalue equation with the coroesiing operatorfi . This ﬁ depends

on the orbitals of all the other electrons, anddf@e an iterative procedure has to be
followed for the solution of HF equations. Forstieason, Hartree-Fock is called a self
consistent field (SCF) approach. The SCF methodbeastarted by making an initial

guess for the orbitals, then the average poteatittie system can be calculated; using
this value, a new set of orbitals are obtainedddyisg the HF equation. This procedure

continues until self-consistence is satisfied.

1.5 Post Hartree-Fock methods

The Hartree-Fock approach considers the averagetadf electron-electron repulsions
but not the explicit effects (i.e. correlation effe are not counted). As a result, the
calculated energy of a system is above the exdaeyand the difference between the

exact energy and Hartree-Fock energy is defingtleasorrelation energy:*
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E. =E, .~ Eu <O (1.23)

exact
The correlation energy arises from the electrorcteda interactions that are not
covered by the mean-field approach provided in latree-Fock treatment. Thus,
addition of electronic correlation of a system #igantly improves the computed

energy. However, correlation energy treatmentscaraputationally demanding. The
current post Hartree-Fock approaches consider Hradé-Fock method as the starting
point, and attempt to improve the correlation epefithe following section describes

the commonly used post Hartree-Fock methods.

Configuration interaction (Cl) method: The configuration interaction (Cl)
method is a theoretically elegant appro&tivhich would in the limit of full basis set,
yield the physically correct energy. The Cl metlhedins from the HF wave functions,
and new determinants are included by promotingreles from the occupied orbitals to
the unoccupied orbitals. These new determinantsiefieed as singly (S), doubly (D),
triply (T), and quadruply (Q) excited determinadipending on how many electrons

have been promoted to the unoccupied orbitalseofdference determinant;

Wo ZCoWye + D CWe + D cpWp + D e Wr + . (1.24)
S D T

The expansion coefficients are then determined variationally to yield theafirfCl
function. The full configuration interaction (FCbalculations includes all possible
excitations, and gives an exact solution in thes@mee of a very large basis set, where
the difference between the HF energy and FCI eneagsesponds to the correlation
energy of the system. However, FCI calculationscamputationally demanding, and
therefore only possible for a system with a fewregoThe computational cost can be
minimised by reducing the order of the excitatiofise doubly (CISD) or triply (CIST)

excited determinants are commonly used with frozeme approximation, where the
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inner core electrons are omitted for the CI treaim8ubstantial cost of the Cl method

has encouraged the development of several relagtioahs.

Multi-configurational self-consistent field (MCSCF) method: The Multi-
configurational self-consistent field (MCSCF) madhwrites the wavefunction as a
linear combination of configuration state functicarsd varies not only the expansion
coefficients ¢but also the molecular orbitas*® The optimum MCSCEF orbitals can be
obtained by an iterative process somewhat simdathat of the SCF approach. The
most commonly used MCSF method is called the compaetive space self consistent
field (CASSCF) approach, which includes all possitéeterminants that can be formed
by distributing a set of active electrons amongeta$ active orbitals. The CASSCF
method separates the orbitals into active andiwespace. Further, the active space is
denoted as the CA&(), wheren is the number of electrons andis the number of
active orbitals. After that, a full expansion fbetCl can be obtained by considering the
defined active space. Due to the computational cbtte CASSCF approach, the size
of the active space is minimized by including oalyninimum number of orbitals for
the CASSCF treatment. However, selecting an asjpaee is a significant challenge as

this active space may yield inaccurate results.

Perturbation methods: The idea of perturbation methods is that the probleder
investigation only differs slightly from a problewhich has already been solved exactly
or approximately® This is defined mathematically by considering amtionian
operator, which consists of two parts, namely ﬁferenceﬁo and the perturbatioﬁi' .
Perturbation methods can be used for adding caorecto solutions, which employ an
independent particle model. In order to apply péstion theory to find the correlation
energy, the unperturbed Hamiltonian must be sedledke most common choice is to
take the sum of the single particle Fock operatsrshe unperturbed Hamiltonian, and

the difference between the full Hamiltonian and itleHamiltonian as the perturbation.
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This approach is called Mgller—Plesset (MP) pestidm method®?° The main

limitation of perturbation methods is the assumptilbat the zero-order wave function
IS a reasonable approximation to the real wavetiomc The poorer the HF wave
function describes the system, the larger are tmeection terms, and therefore more

terms must be added to achieve a given level afracg.

Coupled Cluster method:Coupled cluster theory (CC) is one of the most camm
approach in quantum chemistry to include electrapitelation™>%??The basic idea

of CC methods is to include all corrections of aegi type, S, D or T for instance, to
infinite order. This method is different from therpurbation methods like MP described
in the previous section, where MP theory add gletyf corrections (S, D, T) to the
reference wave function up to a given order. Thgemanction of the coupled cluster

theory is written as an exponential ansatz,

W)= € |®,) (1.25)

where @, is a Slater determinant, and is usually constdudtem HF molecular

orbitals. TheT is the excitation operator acting ¢®,), which produces a linear

combination of excited Slater determinants. Morepvbe cluster operator can be

written in the form,

>
>

~»

1
=

+

~»
N

+
w

+

(1.26)

where thef1 operator is for all the singlet excitationgg,2 Is for all double excitations

and so forth. Furthetf"l and fz excitation operators can be expressed as;
— ra At
17 Zztaaaar (1.27)
ior
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T,==> >t4,4,8 4l (1.28)

In the above formulaea’ and & denote the creation and annihilation operators
respectively, andi, b stand for occupied and s for unoccupied orbitals. The one-
particle excitation operator and two-particle extdn operatorTA1 and fz convert the
reference function|¢o> into a linear combination of the singly- and dgubkcited
Slater determinants respectively. Solving for tmknown coefficientst, andt; is

necessary for finding the approximate squti|dH>. Taking into consideration the

structure of 7, the exponential operatoef may be expanded in a Taylor series;

A

X T2 T3 R T2 .. T2
o c1aTal T 21y AT, L T T, (1.29)
2 3 2 2

However, this series is finite in practice becatis® number of molecular orbitals is

finite, as is number of excitations. In order tanpiify the task of finding the
coefficientst’ , the expansion of excitation operators is terneidait the second or

slightly higher excitations. With the coupled ¢krrswavefunctions, the Schrodinger
equation becomes;

He'|o,) = Ee" o) (1.30)

Multiplying from the left by ®, and integrating the above equation yield;

(@] F € |0g) = B, {|e” )
.. (1.40)
= ECC<(DO‘(1+ T+7,+ ---)q>o>
Then,
E,. =(®,|H € &) (1.41)

16



Abbreviations of the coupled cluster methods begth the letter CC followed by S for
single excitations, D for double excitations, T foiple excitations, and Q for
quadrupole excitations. It is important to notet ttee most popular CCSD(T) method
calculates the S and D excitations with CC methwdile the triplet excitations are
calculated by using perturbation theory. For mappliaations sufficient accuracy may
be obtained with CCSD, whereas more complicategleducluster methods such as
CCSDT and CCSDTQ are used only for high-accuracicutations of small

moleculed>?°

1.6 Foundations of DFT

The basic idea of DFT is that the energy of a systemposed of fixed nuclei and
mobile electrons can be expressed as a functich#heo electron densit§?>° This
approach allows an exact description of the intearganany-particle systems in terms
of an effective non-interacting particle system.eTéffective potential in this non-
interacting particle system (the Kohn-Sham systear) be shown to be completely
determined by the electron densbﬁf) of the interacting system. The DFT formalism
takes the electron density instead of wave funditodescribe the electronic structure,
and reduces the number of dimensions to threerdiega of how many electrons are
present in the system, and therefore significaatlifance the computational cost. The
foundations of DFT are the two Hohenberg—Kohn taew?! The first theorem states

that ‘the external potentia\l/ext(r) (to within a constant) is a unique functional p(r);

since in turnV,(r) fixes H we see that the full many particle ground state isique
functional of p(r)’. Then the ground state energyofBof the system and all other

electronic properties of the system can be caledl&om the ground state densgy.

Py = {N,ZA,RA} SH= WY, = E, and all other properties.
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Since the ground state energy)(Es a functional of the ground state electron dgns
Eolp] = TlPo] + Ecelpo] + Evelpo] (1.42)

where T[po] is kinetic energy, Eee[po] is the electron-electron interaction, and

ENe[pO] is the nucleus-electron attraction. Furthé,ne[po] can be written as;

ENe[pO] = J-pO (?)VNe d? (143)

The first two terms of the Equation 1.42 are cdilety known as the Hohenberg-Kohn

functional F, [p] , Wherep is some arbitrary density;

Fa[p] = Tlp] + E.Jp] (1.44)

The F,[p] holds the functionals of the kinetic energy ane tHectron-electron
interaction; explicit forms of both these functit;jahowever, are unknown. The

electron-electron interaction terrﬁee[p] of the Hohenberg-Kohn functional can be

written as,
Eee[p] = J[p] + Encl [p] (145)

where J[p] represents the repulsion between the electrontgearsd itself, and is non-
zero even for one-electron systems, mg[p] is the non-classical contribution to the

electron-electron interactions containing all thteas of self-interaction correlation,

exchange and Coulomb correlation. However, findirglicit expressions foff[p] and
Encl[p] is a significant challenge for DFT. Then we caplg the variational principle

to a trial density,p, using the second Hohenberg-Kohn theorem. Thisréime states
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that F,, [p], the functional that delivers the ground statergyef the system, delivers

the lowest energy if and only if the input densstyhe true ground state densfiy,

E, < E[p] = T[p] + Ey. [p] + E..[0] (1.46)

where p is the trial electron density which satisfies timundary conditions such as
p(r) = 0 and [ (F)dF = N. Then, the ground state density and ground stategy

can be obtained as;
E, = min (Flo]+ [p()Vyecr) (1.47)

Kohn and Sham introduced the concept of a ‘norraicteng’ reference system built
from a set of orbitals such that the major partha& kinetic energy can be computed
with a reasonable level of accuracy. Since the tewawe functions of non-interacting
fermions are Slater determinants, it is possiblewti@duce a non-interacting reference
system, where the corresponding Hamiltonian cansi$tan effective local potential

V,(F). It is important to note that this Hamiltonian dawt hold any electron-electron

interactions;
~ 1 N N
H = —EZDf + > V(F) (1.48)

The ground state wave function of this system magented by a Slater determinant,

and the spin orbitals are determined by;
%, = &0, (1.49)

where the one-electron Kohn-Sham opereﬁf‘éris defined as,
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fKs = —%DZ + V4(F) (1.50)

and the resulting orbitals are called ehn-Shanorbitals. Moreover, the summation
of the moduli of the squared orbitads is equal to the ground state density of the real

system of interacting electrons.

ps(1) =D > [, (7:8)] = po(F) (1.51)

The kinetic energy of a non-interacting system isagual to the real kinetic energy of
the corresponding interacting system. Kohn and Shhaerefore introduced the

following separation of the functional,

Ho(F)] = Tolp(F)] + Jp(F)] + Exc[p(F)] (1.52)

where Ec is the exchange-correlation energy, and whichbeadefined as;
Exc [p] = (T[p] - Ts[p]) + (Eee[p] - J[p]) = Tc[p] +E, [p] (1.53)

In principle, the exchange and correlation ene@)yc[p] functional holds all the

unknown components. The-Bf the above equation is the so-called residudlgfahe

true kinetic energy. The total energy of the intérac(real) system can be written as;

Elp(F)l = 2<¢\DZ\¢>+ ZZHId) %\¢,—(@)\2dﬁd@+Exc[p(f)]—

ZI Z |¢ (7)]dr (1.54)
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Then the variation theorem can be applied to fimel d)rbitals(q)i) that minimize the

energy. The resulting equations are,
1 2 p(?z) ra - S ZA _ 1 2 . _
-Su J- dr2 + VXC(rl) - Z_ ¢i = -50 +Veff(r1) ¢i - siq)i (1.55)
2 P A A 2

and this equation is comparable to the one pargdeation for the non-interacting

model [Equation 1.50]. Then,

Vi(F) =V, (F) = ( | pr(?z) dF, + Vo (F) - if—‘\j (1.56)

12

whereV,.. is defined as the functional derivative Bf. with respect t;
(1.57)

The Kohn-Sham one-electron equations (1.55) casdbeed iteratively (in the same
way as the HF equations). The accuracy of the tzka energy, however, depends on

the chosen exchange—correlation functional.

1.6.1 Exchange—correlation functionals

1.6.1.1 The local density approximation

The local-density approximation (LDA) method sinfip the exchange-correlation
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(XC) energy functional in DFT"?43%3%\where the energy of the system is obtained

from a purely local integral over the density;
Exclo] = [(exlo(r)]+ eclp(r)]) plr)dr (1.58)

The above equation contains the local exchandg(r)| and correlation terms.[o(r )]

separately, where these exchange—correlation furad8 depend only on the scalar
value of the electron density at a given point pace. The Dirac-Slater exchange

energy functiondf**can be written as;

ex[p(r)1=—§(§p(r)f (1.59)

where the exchange energy depends on the locaitylddewever, the expressions for
local correlation functionals are more complicatdthese functionals have been
parameterised to reproduce the highly accurate &l@adrlo results obtained for the
homogeneous electron gésThe combination of the Slater local exchange fionel
described above [Equation (1.59)] and the VoskolkVe8hd Nusair local correlation
functional is often referred to as the SVWMr LDA (local density approximation)
functional. In general, LDA based methods give rieegood predicted molecular
geometries, and a reasonable description of maecelectronic structure and
thermochemistry. In contrast, calculated bond eesrgre usually overestimated with
large deviations compared to experiment. The LDAdeh@f density functional theory
is exact only for systems with constant electronsitg throughout space, and has been

used in a wide variety of applications for calcuas on solids.

1.6.1.2 Gradient-corrected functionals

The LDA by itself does not contain sufficient acacy for chemical applications.
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Therefore, it is necessary to include terms thalieiXly take into account the spatial
variation of the density, and this is the formwatof functionals within the generalised
gradient approximation (GGA§. The GGA functionals contains functions of the acal
density in the integrand of Equation (1.59) and dlsnctions of the gradient of the
density. The fundamental basis to include the graditerms is that the energy
functional is expected to vary rapidly near thelaulsut slowly far from the nuclei. The
most popular exchange functionals proposed by BéBkés given below’ which is a
sum of the local exchange described in EquatioB9jland a correction term that
depends on the gradient of the density, and thistional was designed to reproduce

the correct long-range behaviour of the Coulomiepimdl;

1

ex [o]=- 3 2 2(3]3+(1 % (1.60)

41 +6 4 x, sinh™x |

where theo represents up-spin and down-spin, andis given by|Dpo|/p0% . The

parameters was considered as 0.0042 to reproduce exchanggyeokfor a rare gas

atoms. Many other gradient-corrected exchange ifumals have been developed by
considering the physical properties to which theapeeters have been adjusted, and the
physical constraints that have been applied tonttare of the solutions such as long-
range cancellation of self-interaction. With redgecthe correlation functionals, P86 is
a popular GGA correlation functiof@which holds one empirical parameter fitted for
the Ne atom. This was modified later by Perdew\atzahg (PW91¥°*° Another widely
used GGA correlation functional is LYP proposedlse, Yang and Paff:** It has
empirical parameters fitted to the He atom anditsrall performance may originate
from an efficient handling of self-interaction errim many-electron system. Typical
combinations (exchange and correlation functionml)ommon use are BLYP, BP86
and BPW91, and these GGA functionals increase tiaracy of calculated energies

compared to the LDA approach.
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1.6.1.3 Kinetic energy density functionals

The kinetic energy density functionals include liert functions of the density at each
point in space such as the Laplacian of the totaisdy (the densities of spin-up and
spin-down electrons) and the sum of the kineticcgynealensities of the Kohn—Sham
orbitals** The former term corresponds to the next term énTtaylor expansion of the

density around a given point.

occ 2
elpl =€| po . Opor 0%p0 . 3| OW,| (1.61)

An often used kinetic energy density functiona.(meta-GGA functional) is the TPSS
functional developed by Tao, Perdew, Staroverov $cuserid> The TPSS functional

is not fitted to experimental data, and therefdwie functional is referred to as a ‘non-
empirical’ functional. However, the extra complegxitf these functionals does not yield

a very large improvement in accuracy over GGA fiamztls*

1.6.1.4 Hybrid density functionals

The Hartree—Fock method described in section 1.4eneistimates the calculated
energies of a system of interest, whereas the magiange and correlation functionals
lead to significant overestimation of the computeergie<’ Therefore, combination of
the two may improve the calculated thermochemicaberties. The hybrid density
functionals calculate exchange—correlation energyngu the Hartree—Fock type
exchange energy of the Slater determinant formesxh fine Kohn—Sham orbitals, and
the LDA exchange energy of the corresponding dgASiThis approach has been
shown to give accurate results for a number ofiegbns. Over the last few years, a
number of hybrid density functionals have been e, including the most popular

B3LYP functional*®*® The B3LYP functional represents the exchange—cioel
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energy as a combination of the local exchange-letioa energy, the HF exchange

energy, and the gradient corrections to the exahang correlation energies;
B = B2+ o (B - E%%)+ o (0% - B + (B2 - E°7) (162

where the semi-empirical coefficiersis, ax andac control the relative amounts of HF

exchange, GGA exchange, and GGA correlation froenvrious sources and they are
determined empirically. TheE;**and E;* generalized gradient approximations: the
Becke 88 exchange functional and the correlationtfonal of Lee, Yang and P&
The E.™ is the VWN local-density approximation to the edation functional. Many

other hybrid functionals have been developed amdesof them have also been widely
used. The most common hybrid functionals are based@&GA and local exchange—
correlation functionals, others have been develdpedonsidering the kinetic energy
density functionals, e.g. a hybrid based on theSRfactional, TPSSh, and the TPSShO
functional is a 25% exchange version of TPSSh thelds improved energetics
compared to TPSSh but is otherwise not well teftdthe pure functional of Perdew,
Burke and Ernzerhof (PBE) was made into its hyfith as the PBE1PBE or PBED.
Truhlar and co-workers have developed a suite ofarhgbrid density functionals
including M06, MO6HF, M062X, MO05, and M052%>°The half-and-half functionals
namely BHandH and BHandHLYP are also well-knowngmhthese functionals hold

50% exact exchangé.

1.6.1.5 Extended double hybrid functionals

In addition to mixing the HF-exchange into a giveéensity functional, the extended
hybrid functionals developed by Grimme and co-waskare composed of a fraction of
the MP2 correlation energy calculated with hybriéFTDorbitals, and that can be

expressed as;
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E,. =aE +(1-a)EX™ +(1-c)EXT +cEX™? (1.63)

They recommend the B88 exchange functional, the c¥iPelation functional and the
parameters a = 0.53 and ¢ = 0.27, which givestdgbae B2PLYP functional®* The
mPW2PLYP double hybrid functional is also well-kmof#°*

1.7 Basis sets

A basis set in chemistry is a set of functions usecteate the molecular orbitals. There
are two common types of basis functions, nantlgter type orbitals (ST®) and
Gaussian type orbitals (GTGjThe STOs can be described by the following fungtion

which depends on spherical coordinates;

@,(5n),m;r,0,0) = Nr" 'Y, (6,0) (1.64)

where N is the normalisation constanf, is the ‘exponent’, and, ,¢ are spherical
coordinates, andv,is the angular momentum part, which describes tape of the

orbitals. Then, I, and m are principal, angular momentum and magnetic qumant
numbers respectively. The GTOs are more commonliisad, where we can
approximate the shape of the STO by taking a lim@anbination of primitive GTOs
with different exponents and coefficients. A GTOhdae expressed by the following

function;

g(al,mn;x,y,z) = Ne™ X y" 2" (1.65)

where a is the ‘exponent’, and, y, and z are Cartesian coordinates. Gaussian
primitives are usually obtained by quantum calcaiet on atoms, where the exponents

are varied until the lowest total energy of thenais achieved.
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The minimal basis set is the smallest possible aed, contains only one STO per
occupied atomic orbital in the ground state. Thestnpopular minimal basis sets are the
STONG, wheren is the number of Gaussian primitives in the cactton® The STO-

3G holds three primitives per function, and thigeyof basis sets is known as single-
zeta (SZ) basis sets. Further, more sophisticaseik [sets such as double zeta (DZ2),

triple zeta (TZ), quadruple zeta (QZ) are also lakde.

It is well-known that the valence orbitals of atoare more affected by the formation of
bonds than the core (inner) orbitals, and therefbris obvious to employ a more
sophisticated basis set to describe the valend&lsribhan the core orbitals. This idea
prompted the development of split-valence (SV) $asits, which can be expressed as
n-ijG or nijkG, wheren denotes number of primitives for the inner shellslij (DZ)

or ijk (TZ) represent the number of primitives for coatiens in the valence shell. A
typical example is the 6-31G basis set, where tineri orbitals are described by six
primitive GTOs, while the valence orbitals are dis by two functions, the first of
which consists of three primitive GTOs and the pthee is uncontracted. The basis sets
can be extended by adding other functions, whexertbst popular are polarization and
diffuse functions. The polarization functions ama@y functions having higher values
of angular momentuml)( than that is present in occupied atomic orbitals the
corresponding atom. Polarization functions allowitais to distort from their original
symmetry. Basis sets are also frequently augmenigddiffuse functions, which are

necessary for a correct description of anions, vieaidds, and excited electronic states.

Dunning's correlation consistent basis sets haen lokesigned to overcome the high
cost and reduced valence flexibility of atomic matwrbital (ANO) base& "*Further,
they converge systematically to the complete bsastigCBS) limit using extrapolation
techniques. For second-row atoms, the basis setste is cc-pVNZ, where cc-p stands
for 'correlation consistent polarized’, V indicatbsit they are valence only basis sets,
and N = D, T, Q, ... (D=double, T=triple, etc.). \ever, additional functions are

usually added in the case of the third-row atoms, the basis set structure is then cc-
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pV(N+d)Z. These basis sets included diffuse or aemped functions for electronic
excited-state calculations, electric field propertalculations, and long-range

interactions, such as Van der Waals forces.

In the case of relatively big systems, transitioetah complexes and clusters for
instance, a large number of basis functions araimed| and therefore computationally
demanding. It is well-known that the core (innef)itals are in most cases not affected
significantly by changes in chemical bonding, aneréfore we can replace inner-shell
electrons by analytical functions, the so-callefeafve core potentials (ECP) or
pseudopotentid®®® which allow inner shells of electrons to be trela@s some
averaged potential rather than actual particldse ECPs are described in the literature

using parameters in the following expansion;
M ) Lo

ECP(r) = ) dr"e™" (1.66)
—

whereM is the number of terms in the expansidnis a coefficient for each term,
denotes the distance from the nucleyis a power of for thei™ term, and¢ represents
the exponent for thé™ term. This approach is computationally very eéfiti in

particular for transition metal ions and clusters.

1.8 Computational details

The calculations described in this thesis have bemmied out with Gaussiand3,
Gaussian09? Jaguar 7.57 and ORCA 2.6-3%8 programme packages. The method
most commonly used for this work is DFT with hybrdnctionals, in particular
B3LYP.***® Most calculations in this thesis have utilized SH5 or LanL2DZ"#%%2
basis setand associated effective core potential for tramsiimetal ions. In the case of

simple model systems, 6-31G* or TZVP basis setsewansidered for all atoms
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bonded to metal, and 6-31G or TZV basis set wergl@mrd for other systeni&?® A

full descriptions of the computational methods @esented in detail in each chapter.
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Chapter 2

The Role of Substrate in Unmasking
Oxyl Character in Oxomanganese

Complexes

2.1 Introduction

Macrocycle ligand-complexed transition metal spe@ee found in a wide variety of
biological and inorganic reactions, where the faramaof active high-valent metal-oxo
species has been suggested as the key step foathgtic activity. Organic species
generally posses low-spin ground states and thaations proceed on a single potential
energy surface, which is referred to as singleestaactivity(SSR) (Figure 2.1&).5®
However, organometallic systems may quite oftemlves (at least) two states and the
ground state may not necessarily be the most weaotme. The phenomenon of two
different multiplicities that determine the minimegnergy pathway of a reaction can be
classified as two-state reactivity (TSR}® and is characterised by a crossing of two
potential-energy surfaces of different multipliegi(Figure 2.1b). TSR is proposed as a
fundamental concept in organometallic chemistrypanticular oxidation catalysis. The
link between electronic structure and reactivityinon-oxo compounds has been the
subject of intense debate, largely because of ntexest in unravelling the complex

reactivity of cyctochrome P458.% The primary reactive species of P450 enzymes is
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considered to be a (SH)(Porp)Fe(IV)O speié8 and most of the issues of this field
can be understood in terms of the reactivity ok thystem. The stable electronic
configurations of (SH)(Porp)Fe(IV)O involves a @dying pair of quartet and doublet

spin states (Figure 2.2).

A+B A+B

Spin
inversion

(@) C+D (b) C+D

Figure2.1 (a) A single spin surface connects reactants andugts and (b) more than

one spin surfaces connect reactants and products.
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Figure 2.2 High-lying occupied and low-lying virtual orbitalguartet and doublet

electronic states of (SH)(Porp)Fe(IV)O complex.
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Both quartet and doublet states contribute to #mctivity with different reaction

barriers and sometimes also different reaction mesms, which are characteristics of
TSR. The orbital manifold of (SH)(Porp)Fe(IV)O irdves several close-lying orbitals,
and therefore other states may also participathenreactions and give rise to multi-
state reactivity (MSRJ"®® Since curve crossing between the high- and low-spites

constitutes a distinct mechanistic step along thaction coordinates, spin-orbit
coupling is an important factor for TSR and MER% Shaik and co-workers have
shown how this complexity can be understood andl uisé rationalise a nhumber of
previously puzzling kinetic observations associatedh a number of reactions
catalysed by P450 enzymes, namely C-H hydroxylatiepoxidation, benzene

hydroxylation, and sulfoxidatiof{,%¢10310°

N \\/V,OH—|
[/ <Z> \_?_ Z/|\>

(a) (c)
Figure 2.3 Structures of manganese-based oxidants (a)s[{IM&N)Mn,(x-0)s]**, (b)
[(MesTACN)Mn(O)(OH),]" and (c) (L)(Porp)Mn(O).

In comparison to their iron analogues, high-valer@nganese oxo systems are rather
less well studied, although the recent intereshe chemistry of the oxygen evolving
centre (OEC) has encouraged a number of researtheexplore this issuf° 3
Manganese-based oxidants are increasingly becommgmportant synthetic tool
(Figure 2.3), and salen-based manganese comptéxese been used extensively in
the oxidation of both alkenes and sulfid&s''® Manganese complexes of
triazacyclononane (TACN) (Figure 2.3a) have alsenbesed extensively in bleaching
catalysist*®*?* and have been shown to be catalytically competentsulfide and
sulfoxide oxidation?>'?®The extensive oxidation chemistry based on irorplpgrin
systems has also driven research into manganeseespeith porphyrin and corrole
ligands™*"***Groves proposed the existence of Mn(V)=0 porphgpacies as early as

19831*° and subsequent spectroscopic characterisdfibh has confirmed their
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presence in solution. As for the iron analogues,tthns ligand in these complexes
appears to play a major role in controlling thepandies of the complexes, and Groves
and Spiro have recently presented spectroscopiteree for atrans dioxo Mn(V)
species®*'*? The presence of four manganese centres in ti@ $Dfgest that multiple
metal sites may be critical for effective multi-el®n oxidation of substrates such as
water, and indeed catalytic water oxidation hasnbeeported for di-manganese

porphyrin and corrole specié¥.

0 0 o* | o*
WM R e
Singlet Triplet Triplet Quintet
H—J \ _/

Mn(V)-oxo Mn(IV)-oxyl radical

(a) (b)
Figure 2.4 Possible spin states for the formal Mn(V)=0 compte

The remarkable ability of the OEC to selectivelyidise water has encouraged a
number of groups to explore the mechanism gfe@lution using theory’***°In the
context of the biological system itself, Siegbalas largued that Mn(IV)-oxyl character
[Mn(IV)-O], as distinct from the Mn(V)-oxo ‘electromer [Mu}=0], is a pre-
requisite for effective O—O bond formati&if:**° Irrespective of the precise nature of
the active species, the endergonic nature of veedieilation suggests that it must be very
potent: precisely how such a highly active spe@esids oxidative damage to the
surrounding protein environment remains a puzzlddiV) ion has two electrons in
the 3d-orbitals, making up a low-spin singlet and a hggiin triplet state (Figure 2.4a),
and these two electronic states hold Mn(V)=0 charadf one of the bonding electron
pairs between Mn and O splits, one electron goddripwhich becomes Mn(lV), and
the other to O, which becomes an oxyl radical, andalternative triplet state or a
quintet state are formed (Figure 2.4hjdé infra). Hybrid DFT calculations by

Siegbahn and co-workers indicate that the actigh-kialent Mn-oxo species prefer
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Mn(IV)-oxyl radical character in their ground staéed such species are active in water
oxidation*****However, the inactive complexes that they inveséd hold Mn(V)=0
character in their ground stdf&:*4°

The electronic structure of model systems includiaten-:>*"**porphyrin°41® and
corrole-basetf”**® manganese complexes and high-valent ruthenium esfétihas
also been extensively explored, and oxyl radicahrabter again emerges as an
important theme. In common with the iron analogués, delicate balance between
energy levels in these systems presents a signififaallenge to theory? and small
changes in computational methodology can, in somges; alter the qualitative

mechanistic picture quite dramatically.

H-CR; R3C'\ R3C\
0 OH i
(@) | S | — i
—an— —Mnlv— —Mn”l_
SR,
st- st\
0 \o b
(b) || — | —— :
—an— —Mnlv— —|\I/|n”[—

Figure 2.5 Rebound mechanisms for (a) hydrocarbon and (fidsubxidation by high-

valent Mn(V)=0 species.

In a recent communicatiori’ Eisenstein and co-workers used the electronic tstreiof

the isolated manganese porphyrin complexes asis toasxplore the potential energy
surface for the rebound mechanism (Figure 2.5apXatation of a model hydrocarbon,
toluene. In a similar vein, McGrady and co-workéave previously discussed the
electronic structure of a triazacyclonanone comp[€KACN)Mn(O)(OH),]", and its

ability to act as a two electron oxidant towardsfustbased nucleophiles [Figure
2.5b]}"* The key stationary points on the potential enengyases in these two cases

are qualitatively very similar, with the oxidatiatearly divided into two distinct one-
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electron steps (Figure 2.5). In the case of [(TARIND(OH),]", the first of these steps
proved to be barrierless, offering an explanation the rather limited influence of
electron-donating or withdrawing substituents amriite of sulfide oxidation (Hammett

p =-0.28).

O(011) + O(-0.39) + (103)0H 1+
OH OH
\ v—OH \ v~OH AN /., —OH
(1.8}I\/| (2.39M (3.06}Mn\
—N | SN— —N | SN— —N | N—
Os> Qs L
| \__|_I |
(a) (b) (©

Figure 2.6 The electron density distribution in the optimigagdlet electronic structure
for [[TACN)Mn(O)(OH),]" complex with (a) BLYP (0% HF), (b) B3LYP (20% HF),
and (c) BHandH (50% HF).

In contrast, Rajagopal and co-workers reported ahmarger substituent effect in the
oxidation of sulfides by the salen-complex (salenj¥)O (Hammettp = -1.86)>7417°
We have noted above Siegbahn’s proposal that exijtal character is critical for rapid
water oxidation, and indeed the spin densities toe triplet ground state of
[(TACN)Mn(O)(OH)3]*, [p(Mn) = 2.39, p(O) = -0.39], confirm the presence of
significant minority-spin density at the oxygen tmn(Figure 2.6b). The electron
density distribution in the triplet is, however ryesensitive to the amount of Hartree-
Fock (HF) exchange included in the functional: ttog pure BLYP functional, the oxyl
radical character is negligible(Mn) = 1.81 and(O) = 0.11 [Figure 2.6a], while for
BHandHLYP (50% HF exchange), it is greatly enhang€lfin) = 3.06 andb(O) = -
1.08 (Figure 2.6¢). Thus changing the percentagéFoéxchange appears to map out a
continuum linking the two forms, Mn(V)=0O and Mn(Mp*. Our spin densities
calculated for [[TACN)MnO(OH)" using the BLYP functional (Figure 2.6a) are rather
similar to those reported by Eisenstein and co-exior (Cl)(Porp)Mn(OY° (using
the BP86 functional), where a small but significhatrier emerged in the first step of
the rebound process (Figure 2.5a). It seems litkely/these observations are connected,
the presence or absence of a barrier may be irgiynaglated not just to the multiplicity

of the ground state, but also to the extent to Witidisplays oxyl radical character.
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2.2 ODbjectives

In this chapter, we explore the link between tharitiution of electron density in the
low-lying electronic states of the formally Mn(V}o porphyrin complexes,
(OH)(Porp)Mn(0) and [(kO)(Porp)Mn(0)] (Figure 2.3c), and then we show that the
percentage of HF exchange in the functional hasamaltic impact not just on the
multiplicity of the ground state, but on the electrdensity distribution within the most
important triplet state, and that this in turn laasignificant impact on the shape of the
potential energy surface for the sulfide oxidatiraction with a model sulfide
substrate, M&S. Critically, the first one-electron step is ordarrierless when the
ground-state triplet has oxyl radical charactercdses where oxyl radical character is
‘masked’ in the ground state, the interaction véthincoming nucleophile is repulsive
at long separations because theopbitals on oxygen are fully occupied. The intéi@c
only becomes attractive when the nucleophile ampres closely enough to drive an
electron out of the oxompmanifold, onto either the metal or the porphyrmgr Further,
we explore this issue by considering the two etectoxidation of CH and GH,
(epoxidation) catalysed by the [8)(Porp)Mn(O)] complex. The active role of the
incoming nucleophile in unmasking the oxyl radicdaracter offers a potential

explanation for the selectivity of formally Mn(V)=xidants, including the OEC.

2.3 Computational details

All calculations were carried out using densitydtional theory as implemented in the
Gaussian03 and Gaussian09 pack&dés Unless otherwise stated, the chosen
functional was either the pure functional BLY®*"®or its hybrid, B3LYP**® which
incorporates 20% HF exchange. The SDD basi< Seand associated effective core
potential was used for Mn, 6-31G(fy sulfur and for all atoms bonded to Mn (N, O),
and 6-31G for carbon and hydrodg&i? All geometry optimisations were full, with no

restrictions, unless indicated explicitly in thetteVibrational frequency calculations
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were also performed in order to establish thatdtationary points were minima or
transition states, and the nature of the transisiates was confirmed by relaxing the

transition state geometry towards both the rea@adtthe product complexes.

2.4 Results and discussion

2.4.1 Limiting descriptions of the electronic structure of

(L)(Porp)Mn(V)=0

Our starting point is a qualitative discussion dfe tlimiting electron density

distributions in the various spin-states of thenfally Mn(V)-oxo porphyrin species,

(L)(Porp)Mn(V)=0.
- ; g(Mn-O)

% Q (azy)

(a1 u)

—RTn_ r L E—,
hy,x H 4 ;ﬁ? (Mn-O)

Figure 2.7 Key orbitals and the electronic structure of thagkit state ') of
(HO)(Porp)Mn(V)=0.
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For a formallyd® Mn(V)=0 complex in an approximately octahedralievment, there
are two ligand-field states, a singl&\) and a triplet ?(Hyz) are possible; in the former,
the Mn—-O non-bondingly orbital is doubly occupied while in the lattek, and one
component of the degenerate tido—O =n* { dx,, dy;} pair are singly occupied. The key
orbitals and the electronic structure of the singtate tA) of the (L)(Porp)Mn(V)=0
are shown in Figure 2.7 and Kohn-Sham orbitals the singlet state'f) of
(OH)(Porp)Mn(V)=0 are depicted in Figure 2.8. Wadaur nomenclature of states on
Shaik’s schenfé®for the doublet and quartet states of the anal®gom system. Thus
the label of the state is determined by the idgrdftthe vacant orbital in the spin-
manifold: for examplegd,, for °II,,. In the °II,, configuration shown in Figure 2.9,
where the orbitals are separated into majority-¢@jrand minority-spin [f) manifolds.
The accumulation of a spin density on the metalreestabilizes the majority-spin
manganese orbitals relative to their minority spininterparts. In contrast, the splitting
between majority- and minority-spifi)(components of the ‘mainly O’ Mn—@orbitals

is negligible simply because the oxygen atom cautges spin density.

Energy (au)

-0.20 4

Figure 2.8 Kohn-Sham orbitals for the singlet stata)(of (L)(Porp)Mn(V)=O.

In the limit of complete localisation of the Mn-Oand=* orbitals on oxide or metal,

respectively, we would anticipate net spin densit€2.0 and 0.0 on metal and oxide,
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with <S> close to 2.0, the value for a pure triplet statewklver, covalent mixing
within the Mn—-O=* orbital will share the majority-spin electronstiween metal and
oxide, introducing a finite positive spin density the oxide. The spin-density
distribution in a representative example o%f@z state is shown in Figure 2.10a. The
qualitative description of electron density distitibons such as those ?jﬂyz has been
the source of some debate: Siegbahn has arguethivatate is typical of Mn(V)=0

§.43—154
)

specie while Eisenstein has suggested that the emergdnsgirodensity at the

oxide implies some oxyl charactg?.

'mainly Mn d,;, d,;' _r_ + 'mainly Mn d,;, d,;’ —L_'__}

Mn dxy Mn dxy

‘mainly O' f " { 'mainly O' | " {

porp « (azy) —"— -------------- + porp 7 (az,) _'_ """"""" +

1 A 3Hyz

:

;

‘mainly O' + —_—
1 s

i

porp « (az,) N
N |
main {anxy y —}—_r_*]. ~ + 'maIm:n:m;dxz' dyz' _L_L+} e
Xy
A 3
N S —+ mainly O T T *l

o B * P

31_[0 A2U

Figure 2.9 Schematic singlet and triplet electron density riistions for an
(L)(Porp)Mn=0 unit, wheréA and31‘1yZ represent ‘normal’ ligand field schemes, while

3o and®A,, are ‘inverted'.
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It is important to emphasise that the accumulatibmajority-spin density at the ligand
is an entirely general phenomenon that occurs, greater or lesser extent, in all
paramagnetic compounds. Thus although the exterthisfspin redistribution will

undoubtedly influence the real charge distributtonthe Mn—O unit, it does not change
the formal oxidation state of the metal so longhees singly occupied orbitals remain
polarised towards the metal centre. We therefogarce electron density distributions
such as3Hyz, with majority spin density at the oxygen centre, as being typatal

Mn(V)=0 ‘metal radical’ character, and quite distifrom the oxyl character that

emerges in other tripletsifle infra).

(b) (©)

Figure 2.10 Spin density distributions in the three distingplat configurations, (a)
*My, {(HO)(Porp)Mn(O)/BLYP}, (b) Mo {(HO)(Porp)Mn(0)/B3LYP} and (c)%Ay,
{[(H 20)(Porp)Mn(O)[/B3LYP}.

The situation in®,, where the metal-based orbitals lie above thearld-based
counterparts, is generally referred to as a ‘noriigdnd field scheme. In cases where
the metal is in a very high oxidation state andias a large number of unpaired
electrons, this situation can be reversed in thpmaspin manifold, leading to a so-
called ‘inverted’ schem&? This is illustrated in Figure 2.9 for the secoriglét state,
3o, where the vacant majority-spim)(Mn—O =* orbital now has dominant oxide
character. The net result is that three gporbitals on Mn are singly occupied, giving a
formal oxidation state of Mn(IV). The localisatiof the vacancy in the spimanifold
onto the oxide leads to an excess of minority-gp)nelectrons and, in the limit of
complete localisation of the orbitals, we wouldiepate net spin densities of +3.0 on
Mn and -1.0 on O, and anS>> value approaching 31§°*® reflecting the strong spin
contamination. A typical spin density plot illugira *IIo (oxyl radical) character is
illustrated in Figure 2.10b. We regard the inversetieme of*[lo, with its associated
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accumulation ofminority-spin (8) density on the oxide ligand, andS> value
significantly higher than 2.0, as being indicatfe’oxyl’ character. It is important to
emphasise, however, that the distinction betweervh(V)=0 and Mn(IV)-O' limits,

as defined by th#1,, and’[I, configurations of Figure 2.9, rests solely ondbeninant
character of the vacant majority-spir) prbital: mainly Mnd in 3Hyz, and mainly oxide

n in Mo. Given the relatively strong overlap between these atomic orbitals, we
should naturally anticipate a continuum of intermaésl situations linking these two
limiting forms. The potential for inverted ligandefid schemes is, of course, not limited

to orbitals localised on the oxide.

The presence of high-lying porphyrin-based orbitaféers the possibility of an
additional, quite distinct, triplet electron degsiistribution, *A,.. In this case, the
majority-spin metal manifold falls below the porpimyn* orbital (A, in idealised
symmetry), and the vacancy in the majority-spin riadoh (o) electron is localised on
the porphyrin ring. We should again anticipat&> values approaching 3.0, with a
total of +3.0 units of spin density delocalized iothlee Mn—O unit and -1.0 unit localised
the porphyrin. A spin density plot for a represémtaexample of dA., state is shown
in Figure 3.10c. Finally, we note that each of itheerted triplets>I1o and>A,, can be
described as containing &~ 3/2 Mn(IV) centre, antiferromagnetically coupledan
unpaired electron located on one of the ligandsn Sps at the ligand therefore
generate two quintet stat€§lo, and°A,, Where the coupling is ferromagnetic. In the
limit of weak coupling, we anticipate that tripl@hd quintet states related by a simple

spin-flip should have very similar energies.

2.4.2 Electronic structure of (HO)(Porp)Mn(O)

With a description of the limiting electron densitigtributions in hand, we are now in a
position to interpret the electronic structure dgdion that emerges from our
calculations using DFT. Optimised structural parer® net spin densities; >
values and relative energies of the various spintestaccessible to a formalty
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L(Porp)Mn(O) complex are summarised in Table 2.4lués for the B3LYP functional
are shown in plain text, those for the BLYP funotb in italics. For the hydroxy
complex, (HO)(Porp)Mn(O), calculations using theLB® functional clearly identify
the triplet as the ground state, and the net sensities p(Mn) = 3.04,p(0) = -0.89]
and<S> value (2.92) are typical of the Mn(IV)<Celectron density distributior]Io
(Figure 10b). The quintefllo where the spin vectors on Mn and O are aligned
ferromagnetically, lies only 2.8 kcal mbhigher in energy, and its structure is very
similar to the triplet. The singlet staté\] lies a further 2.3 kcal mdlabove the quintet,

and the very short Mn—O bond reflects the depojmuriaif the Mn—Or* orbitals.

Table 2.1 Optimised bond lengths (A), spin densitie§> values and relative energies
(kcal mol') of singlet, triplet and quintet states of (HO)XP®In(O) and
[(H,0)(Porp)Mn(O)[ B3LYP values are shown in plain text, BLYP iniital

Bond lengths Spin densities Relative
<S>
rMn-O)  r(Mn-L)  p(Mn)  p(O) p(L)  p(Porp) ener gy
(HO)(Porp)M n(O)
Singlet 1.55 (1.59) 1.82 (..85) 0©) 00 0 ©) 00 0 () +5.1 0.0)
Triplet 1.78 (..66) 1.85 (1.90) 3.04@17) -0.890.13) 0.11(0.09) -0.27¢022) 2.9217) 0.0 ¢-8.3)
Quintet 1.84 (1.79) 1.84 (.92) 2.86 .59) 1.09 0.96)  0.13 0.23) -0.080.21) 6.036.06) +2.8 (+19.4)
[(H20)(Porp)Mn(O)]*
Singlet 1.51 (L.55) 2.38 0.41) 0©) 0(©) 0() 0©) 0©) +9.80.0)
Triplet 1.64 1.63) 2.27 @.28) 2.48 2.31) 0.66 0.26) 0.01 0.02) -1.12 (0.55) 3.08 @.51) 0.0 ¢+4.8)
Quintet 1.64 (1.67) 2.27 @.30) 245@41)  0.660.69)  0.00 0.00) 0.880.89)  6.08 (6.04) 0.048.9)

The BLYP functional, in contrast, gives a very difint picture of the electronic
structure. Most obviously, the relative energieshef spin states are reversed, with the
singlet now lying lower than either the tripletquintet. The tendency of HF exchange
to stabilise states of higher multiplicity is w&town®° so this change in order is not

unexpected. The accumulated experimental evidemcéL{Porp)Mn(V)=0 species
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suggests that they are diamagn&tie®® in qualitative agreement with the results
obtained with the BLYP rather than B3LYP functiariBhis conclusion must, however,
be viewed with some caution in view of the closeacspg of energy levels, the
simplified nature of our model porphyrin ligand atfte uncertainty regarding the
identity of the axial ligand. More subtley, the abse of HF exchange causes a distinct
change in the character of the triplet, which n@s majority-spin density on both Mn
(+2.17) and O (+0.13) andS> = 2.17, diagnostic of th&l,, Mn(V)=0 state. The
absence of HF exchange therefore induces a switch &in open-shell Mn(IV)-O
oxyl radical to a metal radical, Mn(V)=0, arrangemerlhe different character of the
B3LYP and BLYP triplets is clearly reflected in aualh shorter Mn—O bond length for
the latter (1.66 Avs. 1.78 A). The quintet states, in contrast, have eratiimilar
structures and spin densities at B3LYP and BLYRI&\wWoth approach the Mn(1V)<O
(°Ilo) limit, and the relatively large triplet—quinteplisting for BLYP reflects the fact

that the two states have qualitatively differemicéion density distributions.

Figure 2.11 Optimised ground state structure for the (HO)(Pdm(O) complex; (a)
singlet ground staté4) with the BLYP (0% HF) functional and (b) triplgtound state
(*I1o) with the B3LYP (20% HF) functional.

2.4.3 Electronic structur e of [(H,O)(Porp)Mn(O)]"

In qualitative terms, protonation of the axial gk should reduce the-donor

capabilities of thdrans ligand, and so stabilise the orbitals localisedh@ Mn=0 unit

relative to their porphyrin-based analogues. Thisdeed the case, and the stabilisation

is sufficient that the triplet has porphyrin radi¢®,,) character (Figure 2.10c). An
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<S> value of 3.08 (B3LYP) along with the presence ofarity-spin density on both
Mn and O and minority-spin density on the porphyin= -1.12) are characteristic of
the (HO)(Porp )Mn(1V)=0 limit. The orthogonality of the orbitalsn the Mn=0 and
porphyrin units means that the quintetA4{) where the spins are aligned
ferromagnetically, is almost identical, both sturetly and energetically. The rather
short Mn—O bond lengths of 1.64 A in each caserafieative of substantial Mn(IV)=0
multiple bond character, in contrast to the long(M-O" bond length (1.78 A) in the
hydroxy case. The shift to the pure BLYP functiohat a rather predictable influence
on the overall energetics of the spin state equilib: the singlet is stabilised relative to
the triplet and quintet, such that it becomes tlueigd state. For the triplet, the absence
of HF exchange again reduces the open-shell clearastich that it lies midway
between the (bD)(Porp)Mn(V)=0 {II,,) and (HO)(PorpYMn(IV)=0 (°Ay) limits:
<S> = 2.51,p(Mn) =2.31,p(Porp) = -0.55.

Figure 2.12 Optimised ground state structure for the J@)(Porp)Mn(O)] complex;
(a) singlet ground statéA) with the BLYP (0% HF) functional and (b) triplground
state {A2,) with the B3LYP (20% HF) functional.

In summary, our survey of the electronic structah®ws that the electron density
distribution in these formally Mn(V)=0 complexesris in a complex but predictable
way as a function of both axial ligand and funcéibmhe singlet state can be identified
without ambiguity as a Mn(V)=0 species with a shstitong Mn=0 bond, regardless of

the protonation state of the axial ligand (HO eOhlor the chosen functional.

44



Table 2.2 Exact exchanges &> values, key structural parameters, and triplettelaic
structure of (HO)(Porp)Mn(V)=0 and [¢B)(Porp)Mn(V)=0T model complexes with

a variety of DFT functionals.

Exact Spin densities
DFT exchange <S>  r(Mn-O) r(Mn-L)
(%) p(Mn) p(O) p(Porp)

(HO)(Porp)MnO

BPS86 0 2.11 1.64 1.88 2.06 0.16 -0.15
BLYP 0 2.17 1.66 1.90 2.17 0.13 -0.22
PBEPBE 0 2.14 1.65 1.88 2.14 0.15 -0.19
BPW91 0 2.14 1.65 1.88 2.16 0.12 -0.20
OLYP 0 2.25 1.65 1.90 2.39 0.07 -0.32
B3LYP* 10 2.20 1.68 1.91 2.25 0.09 -0.26
O3LYP 11.6 2.85 1.74 1.85 3.01 -0.81 -0.33
B3LYP** 15 2.75 1.74 1.88 2.81 -0.68 -0.27
B3LYP 20 2.92 1.78 1.85 3.04 -0.89 -0.27
B3PW91 20 2.92 1.76 1.84 3.04 -0.86 -0.29
PBE1PBE 25 2.97 1.77 1.83 3.12 -0.92 -0.31
MPW1PW91 25 2.97 1.78 1.83 3.12 -0.92 -0.31
BILYP 25 2.97 1.79 1.84 3.08 -0.92 -0.28
M 05 28 3.01 1.78 1.85 3.19 -0.96 -0.34
BHandH 50 3.11 1.82 1.80 3.19 -1.10 -0.23
M 052X 56 3.12 1.81 1.84 3.33 -1.07 -0.34
[(H,0)(Porp)MnO]*

BP86 0 2.55 1.63 2.28 2.34 0.28 -0.60
BLYP 0 2.51 1.63 2.28 2.31 0.26 -0.55
PBEPBE 0 2.27 1.61 2.23 2.15 0.13 -0.26
BPW91 0 2.48 1.61 2.25 2.35 0.23 -0.56
OLYP 0 2.74 1.62 3.36 2.51 0.24 -0.73
B3LYP* 10 2.61 1.65 2.29 2.38 0.31 -0.67
O3LYP 11.6 3.03 1.62 2.34 2.59 0.54 -1.11
B3LYP** 15 2.73 1.66 2.30 2.34 0.35 -0.78
B3LYP 20 3.08 1.64 2.27 2.48 0.66 -1.12
B3PW91 20 3.10 1.63 2.25 2.53 0.64 -1.15
PBE1PBE 25 3.12 1.62 2.34 2.56 0.60 -1.15
MPW1PW91 25 3.12 1.62 2.24 2.55 0.62 -1.05
BILYP 25 3.11 1.63 2.27 2.49 0.64 -1.12
M 05 28 3.18 1.62 2.33 2.65 0.56 -1.20
BHandH 50 3.20 1.59 2.14 2.62 0.53 -1.15
M 052X 56 3.19 1.60 2.24 2.70 0.43 -1.13
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The electron density distribution in the tripleh, contrast, is highly dependent on
functional, tending towards the metal radical {L{PMn(V)=0} limit for the BLYP
functional but showing marked open-shell charafdethe hybrid B3LYP. The triplet
electronic structure of (L)(Porp)Mn(V)=Bystems with a variety of DFT functionals
are summarised in Table 2.2, where hybrid and ndmith functionals give very
different qualitative descriptions of spin dengitypulations. The open-shell triplet can
display dominant oxyl radical {L(Porp)Mn(IV)=Q or porphyrin radical
{L(Porp™)Mn(IV)=0} character depending on axial ligand. Given the ersishin the
literature on ‘oxyl’ character as a requirement éffective water oxidation, it seems
likely that these different limiting descriptionsilmgive rise to oxidants with rather

different characteristics.

2.4.4 Oxidation of Me,S by (HO)(Porp)Mn(O)

This section describes the oxidation of the sulfite,S, with (HO)(Porp)Mn(O)
system by defining a reaction coordinate involvthg approach of the sulfur centre
towards the oxo ligand. The computed potentiales@fB3LYP) for oxidation of M&

by (HO)(Porp)Mn(O) is summarised in Figure 2.13heve the S—O distance is defined
as a one-dimensional reaction coordinate and variee 3.5 to 1.4 A. All other
structural parameters were allowed to optimiselyresnd reactants, intermediates and
products are identified aR, | andP, respectively. The potential energy profiles are
qualitatively identical to that of complex, [(MBACN)Mn(O)(OH)]* reported by
McGrady and co-workers® At large S—-O separations, the energies of thetrelic
states reflect those of the isolated manganeseespeiscussed in the previous section:
the triplet CR) lies below the quinte{®R). Moreover, the optimised structural
parameters and net spin densities (summarised lohe TA3) resemble the isolated
reactants, with dominant oxyl radicdllp) character, (HO)(Porp)Mn(IV)-8 On the
triplet surface, the interaction with the incomingcleophile is attractive even at long
separations, and a barrierless transfer of a nyjepin @) electron from sulfur to
oxygen leads to a shallow minimurfi, 2 kcal mof* below the entry channel. The
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electronic properties of this intermediate§> = 2.83, p(Mn) = 2.92, p(0)=-0.46,

p(S)=-0.33] suggest that it should be formulatec &4n(IV)-O-S" species, analogous

to the ‘rebound’ intermediate shown in Figure 2.5.
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Figure 2.13 Singlet, triplet and quintet potential energy soef for oxidation of MgS

by (HO)(Porp)Mn(O) with (a) B3LYP functional and)(BLYP functional.
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The oxyl radical character of the free reactantmsdhat the electronic changes in the
early stages of the reaction coordinate are loadl@most entirely on the S—-O unit,
with the metal centre acting as a spectator. Assalt, both the Mn—O bond length and
the net spin density at the metal remain almossteot. Groves has previously noted
the potential importance of changes in Mn—O bomgjtle in controlling the kinetics of
electron-transfer reactions for singlet and triptgound state$’’*° Our analysis
suggests that such factors may be critical evestates with the same multiplicity.
Although the singlet state remains above the ftripteall points in Figure 2.13b, a
comparison of the long-range interaction with tluelaophile is instructive. In marked
contrast to the triplet, the singlet curve is repd at large separations. This
fundamental difference can be traced to the futlupancy of the p manifold of the
oxide ligand in the singlet, as a result of whilsl hucleophile effectively ‘bounces off'.
In terms of the overall reaction, whilst a longganrepulsion, as observed for the
singlet, implies a slower reaction, it also offdre possibility of substrate selectiviag
the shape of the repulsive wall will depend on ttineleophile. In contrast, where the
long-range interaction is attractive, as is theedas the oxyl radical triplet, the rate will

increase but there is less opportunity to discrateérbetween incoming nucleophiles.

Figure 2.14 Optimised key stationary points of the potentiakergry surfaces for

oxidation of MeS by (HO)(Porp)Mn(O) with B3LYP.

From the Mn(IV)—-O-S intermediate?, transfer of the minority-spirg) electron from
sulfur to the metal centre leads to the tripletdoic, °P, via a very low-lying transition
state,*TS. In the triplet productP, the net spin density of 2.08 on manganese isaypi

of a low-spin Mn(lll) complex. Given the weak-fietthture of the sulfoxide ligand in
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the product, it is unsurprising that the quintetfate drops below the triplet for the
products, and the properties ¥ are typical of a high-spin Mn(Ill) complex (Figure
2.14) . In the following sections, we discuss hdvartges in both functional and axial

ligand can influence the nature of the potenti&rgy surface.

Table 2.3 Optimised bond lengths (A), spin densitie§> values and relative energies
(kcal mol?) of various stationary points on the potentialrggesurface for the reaction
of (HO)(Porp)Mn(O), and [(kD)(Porp)Mn(O)] with Me,S (B3LYP values are shown
in plain text, BLYP in italics).

Structural

parameters Mulliken Spin density < Relative

r(©0-S) r(Mn-0)  p(Mn)  p(O) p(S  p(Porp) enery
(HO)(Porp)MnO

R 3.50(3.50) 1.56(1.59) 0(0) 0(0) 0(0) 0(0) 0(0) +7.6(0.00)

R 350(350) 1.78(1.67) 3.01(227)  -0.850.09)  -0.02(0.09) -0.27(-021)  2.91(2.24) 0.0(+7.2)

R 3.50(350) 1.84(1.77) 2.88(259)  1.07(0.81)  0.02(019)  -0.09(0.15)  6.05(605)  +4.1(+16.4)

3 2.39(2.60) 1.75(1.70) 2.922.43)  -0.46(-0.09) -0.33(-023) -0.23(-0.16)  2.83(2.37) 2.0(+6.4)

TS 2,050 1.78(1.80) 2.69(241)  -0.17(0.00)  -0.38(-0.26) -0.20(-0.16)  2.57(232)  -0.02(+9.2)

° 151156  2.16(219)  2.08(216)  0.00(000)  0.00(0.00)  -0.13(-024)  2.03(210)  -27.1(-4.8)

P 154(154)  217(260)  391(376) -0.01(000)  0.00(023)  0.09(-0.04)  6.06(604)  -32.7(-0.8)
[(H,0)(Porp)MnO]*

°R, 3.50 1.65 2.56 0.56 0.34 0.51 6.07 0.0
R, 3.50 1.64 255 0.57 -0.34 -0.76 3.06 +0.1
R, 3.50 1.66 2.95 -0.43 -0.29 0.21 2.80 +5.3

3 2.27 1.68 2.84 -0.16 -0.52 -0.16 274 7.3
s 2.08 1.70 2.62 -0.04 -0.46 -0.14 252 6.1

p 158 1.93 2.03 0.00 0.00 -0.04 2.01 -32.7

°p 1.55 2.21 4.03 0.05 0.01 -0.13 6.05 -48.9

In all cases, the later stages of the reaction fthenradical intermediatd to the
product,P, are very similar, involving a low barrier on thélet surface and, in the
case of B3LYP, a spin crossover to the quintetasa:f The most interesting differences

occur in the early stages of the reaction, wheeeQkS separation is large. We noted
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above that the BLYP functional gives a fundamentdifferent picture of the electronic
structure of (HO)(Porp)Mn(O): the singlet lies beldhe triplet, and the latter has
dominant metal radica?l(lyz) as distinct from oxyl radicafllo) character. The absence
of oxyl radical character in the triplet state sktes into a qualitatively different
potential energy surfaces for the reaction with ,¥Me(Figure 2.13b). Most
conspicuously, the singlet state lies lowest ajdaeparations, and the interaction with
the incoming nucleophile is again repulsive du¢hi fully occupied p manifold on
the oxo ligand. A very shallow minimum correspongito ® (Figure 2.15) again
emerges in the triplet curve, but in this caseciturs at rather longer O—S separations
(2.60 Avs. 2.39 A for B3LYP) and lies only 0.7 kcal miobelow the entry channelg

2 kcal mol* for B3LYP). Moreover, the net spin densitiggNIn) = 2.43,p(0) = -0.09]
remain very similar to those in the triplet groustdte of the free reactant (Table 2.3),
suggesting that long-range electron transfer framfus to oxygen is much less

developed than was the case with the B3LYP funation

3TS

Figure 2.15 Optimised key stationary points of the potentiakergry surfaces for
oxidation of MeS by (HO)(Porp)Mn(O) with BLYP.

The overall picture of the oxidation reaction igréfore fundamentally different from
the BLYP functional: the system remains on the Isingurface to relatively short O-S
separations (~ 2.3 A), before crossing to thedtiglrve, passing over a low barrier,
and forming the product in its triplet ground stalde intermediate on the triplet
surface is by-passed, and therefore the reactidetier viewed as a concerted two-
electron transfer rather occurring in two sequérmtre-electron steps. Throughout the

reaction, the unpaired electron density in thddtipemains buried on the metal centre,

50



with only small amounts delocalised out onto theo digand. The majority and
minority-spin electrons on the incoming nucleophdee not, therefore, strongly
differentiated as they would be in the case of xayl madical. The overall barrier of 9.2
kcal mol® is in reasonable qualitative agreement with tmetki data reported by Nam

and co-workers for oxidation of sulfid&¥:14°

We have presented the B3LYP and BLYP surfaces Bideide in this section to
illustrate the very different pictures that can egeefrom commonly used functionals.
We noted in the first section that the singlet gibistate predicted by the BLYP
functional seems in better agreement with availaplectroscopic data, and the barrier
of 9.2 kcal mol' on the BLYP surface also seems to be rather monsistent with
kinetic data than the essentially barrierless setiglereaction predicted by the B3LYP
functional. At the opposite end of the potentiakemyy surface, however, B3LYP
predicts a high-spin (quintet) state for the pradwdhile BLYP predicts a triplet. The
majority of experimental data on Mn(lll) porphyrirstiggests a high-spin (quintet)
ground statealthough the presence of very low-lying tripletteahas been notetf'%°

It is probably unrealistic to expect any single dtional to accurately describe both
Mn(V)=0 and Mn(l1)-O limits with equal accuracy’ even if the ligand environment
was modelled exactly, and therefore some imbalareens inevitable. We simply wish
to highlight here that choice of functional can éamportant implications, not just in

quantitative terms but in the qualitative descdptof the reaction pathwa§?

2.4.5 Oxidation of Me,S by [(H,0)(Porp)Mn(O)]*

The potential energy surface (B3LYP) for oxidat@rMe,S by the protonated species,
[(H,0)(Porp)Mn(O)[ (Figure 2.16) shows very different features, dllwhich are
connected to the different properties of the grogtates discussed in the previous
section. Although both (HO)(Porp)Mn(O) and p®)(Porp)Mn(O)] have triplet

ground states at the B3LYP level, their characsevery different: the former has
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dominant Mn(IV)—-O" oxyl radical character®{lo), while the latter has dominant
(PorpYMn(IV)=0 character YA,)). The consequences of this difference are most
apparent at long separations 8.1 A), where the interaction with the incoming
nucleophile on the triplet surface is repulsive foe protonated species, due to the

double occupancy of both components of the oxidmpnifold in the’A,, state.

Energy (kcal mol %)

1.40 1.80 2.20 2.60 3.00 3.40
r(O-S) A

Figure 2.16 Singlet, triplet and quintet potential energy soefa for the oxidation of
Me,S by [(HO)(Porp)Mn(O)] (B3LYP).

Figure 2.17 Optimised key stationary points of the potentiakergry surfaces for
oxidation of MeS by [(H;O)(Porp)Mn(O)] with B3LYP.
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In the region of (O-S) = 3.1 A there is a discontinuity in the teipsurface, which then
becomes attractive, leading to the triplet interimeed®l (Figure 2.17), which is
qualitatively very similar to that for the hydroxymplex. Extrapolating the attractive
segment of the curve back past the discontinuitiatge S—O separations has allowed
us to locate a second triplet stétR®,) where the electronic distribution is typical of an
oxyl radical state’Ilo. Thus the discontinuity in the triplet surface ksathe point
where the oxyl radical character of the mangangmiss is ‘unmasked’ by the
repulsive interactions between the lone pairs eniriboming nucleophile and the oxide
ligand, which drive an electron into the vacancythe porphyrin ring, opening up a
route for electron transfer from sulfur to the axidhe quintet differs from the triplet
only in the nature of the coupling of metal- arghhd based electrons, and so we see a
similar discontinuity in the quintet surface at swhat shorter O—S separation. It is
important to emphasise that Figure 2.16 represemise dimensional scan through the
potential energy surface, and so the discontinaitie triplet surface does not represent
a true transition state, but rather a lower boumdts energy. Thus there are abrupt
changes in other structural parameters (primahnigyMn—O, Mn—N and C—C distances)
that reflect the transfer of an electron from oxiolgorphyrin. In terms of the dynamics
of the reaction, this means that the incoming romde will have to approach
somewhat beyond the discontinuity before it canessdhe attractive channel of the
triplet surface. We further investigate this isslbng considering the two-electron

oxidation of CH and GHj, catalysed by [(H0)(Porp)Mn(O)] complex.

2.4.6 Oxidation of CH, by [(H,O)(Porp)Mn(0)]*

Iron-porphyrin complexes can catalyse C-H hydrotigha in cytochrome P450

enzyme$’ 18 synthetic Mn+"% Ru-1?1% and Fe-baséd"'*®> model complexes

are also well-known in C-H hydroxylation reactioi$e generally accepted catalytic

cycle (rebound mechanism) for the C-H bond oxidat®shown in Figure 2.18°%

This mechanistic proposal consists of three stiyesfirst of which is oxidation of the

(Porp)Mn(lll) catalyst to a (Porp)Mn(V)O species, hish initiates the C-H
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hydroxylation process. Then H atom abstraction ftbensubstrate C—H bond leads to a

radical intermediate and OH-rebound by OH trantfehis radical.

|O| HsC-H
Mn H-abstraction
Oxidation Oxo-intermediate
Hs;C
T o
Mn Mn
Catalyst » Hydroxo-intermediate
OH-rebound
H;C-OH Hs;C

Figure 2.18 Rebound mechanism for oxidation of £y high-valent Mn-oxo species.
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Figure 2.19 Singlet, triplet and quintet potential energy auads for the oxidation of
CHy by [(H20)(Porp)Mn(O)].

We have explored the potential energy profiles faxidation of CH with

[(H20)(Porp)Mn(O)] complex by defining a reaction coordinate invotyirthe
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approach of the H towards the oxo ligand. Calcdlgtetential energy surfaces are
depicted in Figure 2.19, which has a stable inteiaie,’l porp, Which lies 0.5 kcal mél
below the separated reactai® and CH [r(O-H) = 3.5 A]. This intermediate has
dominant (HO)(Porp )Mn(1V)=0 character g(Porp) = -1.12], and therefore the oxyl
radical character is ‘masked’. A second interrrmf’ao)(yh has a spin density on Mn of
3.02 and on O of -0.82, indicating a dominant Mp{®* character {1o), and is 5 kcal
mol* above the porphyrin radical intermedia(féporp). However, the oxyl radical
potential energy surfacellp) is repulsive at short-range separations becaudé C
bonding electrons are less diffuse than the lones pd MeS, and the discontinuity
region for hydrocarbon oxidation occurs at shos@parations [r(O-H) ~ 1.6 A], and

therefore higher energy [~ 10.1 kcal ifjol

Table 2.4 Optimised bond lengths (A), spin densitie§*><values and relative energies
(kcal mol*) of various stationary points on the potentialrggesurface for the reaction

of [(H20)(Porp)Mn(O)[ with CHa.

o Mulliken Spin density o  Reative
r(O-H) r(Mn-0) p(Mn)  p©) p(C)  p(Porp) enery
R 3.50 1.55 0.00 +9.8
SR 3.50 1.63 2.48 0.66 0.00 -1.12 3.08 0.0
5R 3.50 1.64 2.47 0.65 0.00 0.89 6.07 +0.1
* porp 2.69 1.64 2.46 0.65  0.00 112 3.08 0.5
¥l oxyi 2.59 1.68 3.02 082  -0.01 -0.20 2.84 +4.5
3TS 1.21 1.72 3.04 -0.35 -0.59 -0.17 2.91 +13.7
5TS 1.29 1.77 3.09 0.57 0.49 -0.09 6.10 +19.9
3R| 0.99 1.76 3.11 0.00 -1.06 -0.18 3.08 +8.1
5R| 0.99 1.77 3.18 0.05 1.00 -0.19 6.12 +8.4
3P 0.98 2.02 2.03 -0.01 -0.01 -0.09 2.16 -38.0
5P 0.97 2.31 4.05 0.03 0.00 -0.12 6.06 -58.4

The?| oxyl, and the corresponding radical intermedi3®, are separated by a transition
state,’TS, where the O-H bond is significantly contractéd2{ A), while the Mn-O

bond is further elongated to 1.72 A (Figure 2.20his smooth electron transfer

55



pathway gives rise to a barrier of 13.7 kcal thdrhe barrier on the quintet surface
(°TS) is further 6.2 kcal mdi higher in energy. The resultifgl has a net spin density
on Mn of 3.11, which confirms th#® configuration, and the excess of sfimlensity is

now localised on C (-1.06). This intermediate daeréfore be described as a Mn(1V)
species, antiferromagnetically coupled to a C @di€he corresponding quintet state,
°RI, arising from ferromagnetic coupling of the metahd ligand-based radicals have

been located 0.3 kcal nibhbove théRl .

Figure 2.20 Optimised key stationary points of the potentiakergry surfaces for
oxidation of CH by [(H20)(Porp)Mn(O)[ with B3LYP.

The overall oxidation process leads to the highkptieermic (-58.4 kcal md)
formation of a stable Mn(lll)-CkOH product,’P, which has a quintet ground state,
typical of high-spin Mn(lll) ¢%) [p(Mn) = +4.05] (Figure 2.20). The corresponding
triplet state of the productP, featuring a low-spin Mn(lll) centrep{Mn) = +2.03], has

also been located, some 20.4 kcal fratbove theéP.
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2.4.7 Epoxidation of C,H, by [(H,O)(Porp)Mn(O)]*

Cytochrome P-450 enzymes catalyse a number of tapommetabolic reactions

%,88,200-202
)

including epoxidation of alkené where a high-valent Fe-oxo species is

believed to be the active species for the catalgtitivity®”®® The structurally well-
characterised metal-oxo porphyrins of R2% Cr2°02% pg10-215gnd Mnl>i-163:216-217
the simple active site model complexes for the dytome P-450 enzymes, have been
identified as the active species in catalytic egation. The development of synthetic
metal-based oxidation catalysts for epoxidatiormctieas is industrially useful as well as
provide possible insights into the mechanistic ieed of selective oxidation reactions
by the cytochrome P-450 enzymes. The generally ppede mechanism for the
epoxidation of olefins by the metal-porphyrin sysseis given in Figure 2.21, where the

oxidant (OX) provides an oxygen atom, which may transfer frov@ oxidant to the

metal, and then to the alkene to form the epoXitle.

O

////,/ o
2 0 D

Figure 2.21 The catalytic cycle for the epoxidation of alkdmethe metal-porphyrin

\N
D

species.

The mechanistic nature of epoxidation of alkeneth®y Mn-porphyrin species merits
some discussions due to the lack of experimentileace of intermediates and rate
determining step. The oxidised form of the metalppgrin systems, in most cases
high-valent metal-oxo species, leads to epoxidatiman various reaction pathways

depending on the oxidation potentials of the alke(fégure 2.22§°
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Figure 2.22 Proposed intermediates (a) a concerted insertjrg €arbon radical, (c) a
metallaoxetane, (d) a carbocation, and (e) an ellderivedn-radical cation for the

epoxidation of alkene by the high-valent Mn(V)-gxarphyrin species as an example.

Experimental and theoretical work by Katsuki andolbsen led to elucidation of the
mechanism based on high-valent Mn-oxo-salen spewbasre the isolated alkenes
have been proposed to react in a concartadner (Figure 2.22a), while the conjugated
alkenes react in a stepwise radical process (FigLl22b). Both substrate classes may
involve the reversible formation of a metallaoxetaffrigure 2.22c). Formation of a
radical intermediate (Figure 2.22b) is supportedthy observed formation dfans
epoxides in the epoxidation di alkenes?°?#A recent computational study with DFT
on the relevant Mn(V)-oxo porphyrin monomer systdmm$andall and co-workers also
supports the radical reaction pathw&yHowever, the detailed chemical steps and the
nature of the rate-determining step involved in ¢pexidation by the high-valent Mn-

0Xx0 porphyrin species are still unclear.

If we accept the radical intermediate as the kegrinediate for the reaction (Figure
2.23), the olefin epoxidation by high-valent Mn(®je species may operat@a asingle
electron rate determining path way, where the falsictron transfer gives rise to a
radical intermediate and the second electron teasfds to oxygen atom transfer from
the metal to the alkene. To explain this questwa,have developed the full potential
energy profile for epoxidation of ethylene by tiidJO)(Porp)Mn(O)] monomer model

complex.
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Figure 2.23 Mechanisms for olefin oxidation by high-valent MO speciesvia a

carbon radical intermediate.

The optimised structural parameters, spin denski§s values and relative energies of
the various stationary points on the potential gpesurface for the reaction of
[(H20)(Porp)Mn(O)[ with C;H, are summarised in Table 2.5. The detailed potentia
energy surfaces are depicted in Figure 2.24, wiher€-O distance is defined as a one-

dimensional reaction coordinate in the region @f-3.5 A for the first C-O bond

formation.

Energy (kcal mol %)

Second C-O bond formation First C-O bond formation

-60

1.40 1.80 2.20 2.60 3.00 3.40
r(O-C)/A

Figure 2.24 Singlet, triplet and quintet potential energy aads for the oxidation of
CzH, by [(H20)(Porp)Mn(O)].
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Table 2.5 Optimised bond lengths (A), spin densities><8alues and relative energies
(kcal mol*) of various stationary points on the potentialrggesurface for the reaction

of [(H20)(Porp)Mn(O)[ with C;H,.

r(Mn-0)  r(O-C) Spin denities <S> Relative
p(Mn)  p(O)  p(Porp)  p(C) energy

R 1.55 3.50 0.00 +7.9
R, 1.66 3.50 2.47 0.64 -1.06 0.00 3.09 0.0
°R, 1.66 3.50 2.46 0.66 0.89 0.00 6.08 0.1
°RI 1.76 1.51/2.46 2.93 0.08 -0.12 -1.02 3.03 136
s 1.82 1.49/2.15 2.46 0.24 -0.08 -0.73 2.60 107
°p 1.99 152 2.01 -0.01 0.01 0.01 2.01 317
°p 2.29 151 3.99 0.02 -0.06 0.00 6.01 517

The alkene-complexed [@@)(Porp)Mn(V)OT system has dominant porphyrin radical
character ¥A,,0r°A,,) at long range separations (> 2.6 A). Consequetitéyresultant
potential energy surface®,, or °A,, are repulsive because the oxyl radical character
of the oxidant is clearly ‘masked’. The discontiyudf potential surfaces occur in the
region ofr(O-C) ~ 2.6 A, which is only 3.8 kcal nibhbove the entry channel, and this
region corresponds to the formation of oxyl radichéracter {Io) in the oxidantia
electron density transfer from the oxide to theavay in the porphyrin ring. The
presence of the active oxyl radical character leadmrrierless formation of the radical
intermediate’l, 13.6 kcal mof below the ground state of the reactant compleguiei

2.25).

Figure 2.26 Optimised key stationary points of the potentiakergy surfaces for
oxidation of GH, by [(H.O)(Porp)Mn(O)[ with B3LYP.
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The net spin density on theC atom (radical intermediate) of -1.02 confirménxb t
presence off-electron density on the radical carbon, which nsifarromagnetically
coupled to the Mientre, where the spin density on the metal of B@Baracteristic of
a Mn(IV). The spin crossover from triplet to quintecurs before the triplet transition
state,*TS, and leads to the quintet product. The secondretedransfer process is
barrier less in this case because the spin crossegen is very near to the triplet
radical intermediate. The spin densggMn) = 3.99 of the resultant quintet product
complex confirmed the presence of the Jahn-Teliéive high-spin Mn(lll) ion ¢*),

and the population of the met? orbital leads to a longer Mn-O bond length (2.29 A)

(Figure 2.25). In summary, a detailed survey of plagential energy surface for the
epoxidation of a gH,4 by [(H.0)(Porp)Mn(O)] system suggests that the ‘unmasking’ of
the oxyl charactevia electron transfer from the oxo ligand to the pgrphring is rate

determining, and this opens the active channdi@biidation process.

2.5 Conclusions

Our survey of the electronic structure of the maega porphyrin systems,
(HO)(Porp)Mn(O) and [(KO)(Porp)Mn(O)T, reveals the impact of subtle redistribution
of electron density between orbitals localised ogtal) porphyrin and oxide ligands.
Depending on axial ligand and chosen functionals ipossible to access three quite
distinct electron density distributions, each ofishhis compatible with a triplet
multiplicity: (L)(Porp)Mn(V)=0 (metal radical), (IPorp)Mn(IV)-O" (oxyl radical)
and (L)(Porp)Mn(IV)=0. The inclusion of HF exchange in the ftiooal favours the
inverted ligand-field states containing a Mn(IVhtre and a oxyl radical. The nature of
the triplet state has important implications fobsequent oxidation of model substrates,
dimethyl sulfide and ethylene. When the oxyl ratlid@zaracter is already ‘exposed’ in
the ground state of the isolated reactant [(HOXMN(O)/B3LYP], the reaction
proceedsvia sequential one-electron transfer steps separateda bsulfur-radical

intermediate. The interaction with the incoming leophile is attractive even at very
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long range, offering little opportunity for subgt&adiscrimination. In the protonated
analogue, [(HO)(Porp)Mn(O)], the oxyl character is masked in the ground sigtthe
transfer of an electron from the porphyrin ring,daras a result, the long-range
interaction with the nucleophile is repulsive. Thant offers a possible mechanism for
substrate discrimination: C—H bonding electronslass diffuse than the lone pairs of
Me,S or indeed water, and so the discontinuity forrogdrbon oxidation is likely to

occur at shorter separations and therefore highengees (Figure 2.26).
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Figure 2.26 Discontinuity in the triplet surfaces (porphyrirdigal and oxyl radical) for

oxidation of MeS, CH, and ethylene by [(}0)(Porp)Mn(O)[ complex.

The approaching nucleophiles, pe GH,4 and CH drive an electron from the oxo
ligand into the vacancy in the porphyrin manifotcbaygen—substrate separations in the
region of ~ 3.2 A, ~2.6 A and ~1.6 A respectivafglre 2.26), allowing the system to
access the attractive region of the potential gnexgface. The point at which the
discontinuity occurs will depend critically not jusn the relative energies of the
limiting °I1,, and®[I, configurations, but also on the spatial properiethe orbitals on

the incoming nucleophile: for the oxidation of £fér instance, the donor H needs to
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approach more closely to drive an electron intogbghyrin manifold, and therefore

has higher energy.

The choice of functional also has a dramatic immacthe oxidation reaction: for the
hydroxy species (HO)(Porp)Mn(O), a switch from B32Yo BLYP changes the nature
of the ground state (triplet to singlet) and, meexp changes the electronic distribution
in the triplet state, such that it approaches thamradical {(HO)(Porp)Mn(V)=0}
rather than oxyl radical {(HO)(Porp)Mn(IV)=Q limit. As a result, a long-range barrier
emerges, and the process is better viewed as @&nteddwo electron oxidation. Our
discussion has placed great emphasis on the sh#pe long-range part of the potential
energy surface, and in particular whether it isutgige or attractive. The active role of
substrate in unmasking the oxidising charactehefNIn(V)=0O unit offers the potential
for discrimination that is one of the defining faas of the oxygen evolving centre, and
may represent a general framework for understargtingture-function relationships in

water oxidation catalysts.
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