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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



Acknowledgements

| would like to express my sincere gratitude to sapervisor, Prof. John E. McGrady,
for his guidance, support and encouragement towatdeesting research projects, and
for giving me the freedom to pursue it. It is agdere to thank our collaborators, Prof.
Raphael Raptis (University of Puerto Rico), Prohri€tine McKenzie (University of

Southern), Prof. Feliu Maseras (Institute of ChexinResearch of Catalonia) and Prof.
Pedro J. Pérez (Universidad of Huelva), whose dmriton has immensely benefited
me in assorted ways. | would like to acknowledggonal service for computational

chemistry software (NSCCS) for enabling me to as¢heir computational chemistry

resources.

| gratefully acknowledge Pulasthika Bethmini (Unsiey of Glasgow) and Nihal
Dharmapriya (Ceylon Shipping Corporation) for themluable comments and
suggestions for preparation of this thesis. | aatejul to present and past members of
the computational chemistry group in the Glasgowehsity, particularly Dr. Hans M.
Senn, Dr. Dimitrios A. Pantazis, Dr. Ekaterina Za@nd Tobias Kramer for interesting

science discussions and the pleasure working tegetlthe beam line.



Contents

DECIAratION ...ttt e
ADSTIACT ...ttt e e
ACKNOWIEAGEMENTS ... et e e e e e et
S 0 T

IS o) B 1= o] (=T T
Introductory comments

1. Electronic Structure Theory

00 I g 1 o T 3o 1o ) I P
1.2. The Born—Oppenheimer approxXimation ................covommmecennennne.
1.3. Antisymmetry prinCiple .......c.vieuir i e
1.4.Hartree—FOoCK theory .......cooiiiiii e,
1.5.Post Hartree-Fock methods ..o e
1.6.Foundations Of DT ... e e e
1.6.1. Exchange—correlation functionals .............cccceeiviiiiiiiiinnnn.
1.6.1.1. The local density approximation .............cccecvvivinennn.n.

1.6.1.2. Gradient-corrected functionals ...........ovcomameeiieiiniiiinn.

1.6.1.3. Kinetic energy density functionals ...........coeeveeiiiinnnn..

1.6.1.4. Hybrid density functionals .............ccoovvi i e e e,

1.6.1.5. Extended double hybrid functionals ............................

L. 7 BaASIS SIS .o

1.8.Computational details .........c...cooviiiiiiiii i e

Vi

Xvili

© 0 N o

12
17
21
21

22

24

24
25

26

28



2. The Role of Substrate in Unmasking Oxyl Charactern Oxomanganese

Complexes

2.1
2.2.
2.3.
2.4,

30

INtrOdUCHION ... e e e e e, 30

(@] 0] =01 1A= 36
Computational details ..........ccooiiiiiiiii e 36
Results and diSCUSSION ....c.uiuiieie it e e e e 37

2.4.1. Limiting descriptions of the electronic structurfe @)(Porp)Mn(V)

S0 o e 37
2.4.2. Electronic structure of (HO)(Porp)Mn(O) ..oveeeevvrieiiinineineenn. 41
2.4.3. Electronic structure of [(FO)(Porp)Mn(O) .......cooviviiiniinennn, 43
2.4.4. Oxidation of MeS by (HO)(Porp)MNn(O) .......coeviiiiiiiiiiiienn. 46

2.4.5. Oxidation of MeS by [(HO)(Porp)Mn(O)] .......ccovvvvvvveeeeennnnn.. 51

2.4.6. Oxidation of CH by [(H20)(Porp)Mn(O)] ....coveviiiiiei i, 53
2.4.7. Epoxidation of GHz by [(H20)(Porp)Mn(O)] ...evevneeiiiiinnnne 57
2.5, CONCIUSIONS ..eittie e e e e e e e e e e 61

3. Biomimetic Water Oxidation: Some Clues from Computaéional Chemistry 64

3.1 INrOAUCTHION ..o e e e e e e e e 64
3.1.1. PhotOSYNtNESIS ...cvoiriii i e e e e e e e 65
3.1.1.1. The oxygen evolving centre (OEC) ..........ccoveeveiiinnn. 67

3.1.2. Proposed mechanisms of oxygen evolution at the OEC.......... 70

3.1.2.1. Coupling of two Mn-bridging oxo ligand&utterfly or double
PIVOt MEChaNISM ... ..o e e et e e 70
3.1.2.2. Attack of a terminally bound water odhgxide upon a
terminal MN(V)=0 ... . 71
3.1.2.3. Tyrosine-Z (¥) and the hydrogen abstraction model ........... 2
3.1.2.4. Coupling reactions involving an oxylicad .................... 73
3.1.2.5. Summary of the proposed mechanism 40O bond

(0] 08011110 ] o HU TP 4 o |

vii



3.1.3. Functional models to the OEC ..........c.ccceeiiiiiiiiiiiienn, 80
3.1.3.1. Oxygen evolving ruthenium family commsex................ 81
3.1.3.2. Oxygen evolving manganese family comgsex............... 83
3.1.3.3. Heterogeneous oxygen evolving systems................... 87

G © o] =T o 1Y = ¥ 4

3.3. Computational details ..........cccooiiiiiii i e s 88
3.4. Results and diSCUSSION ..ot e e e e e 88
3.4.1. Oxygen evolving [{(Porp)Mn(l1))}-(u-phe)f* complex ............. 88

3.4.1.1. Electronic structure of [{(Porp)Mn(lI)¥u-phe)f* complex 89
3.4.1.2. Electronic structure of [{(HO)(Porp)Mn@®}2-(u-phe)]

(00] 1 01 0] 1= QT 90
3.4.1.3. Electronic structure of [{(8)(Porp)Mn(V)OL-(p-phe)f*

COMPIEX oo e, 93

3.4.1.4. The O-O bond formation ..........cooveeeiiiiiiiiiaaaeen.. 95
3.4.1.4.1. The O-0O bond formation: direct mechanism ......... 96
3.4.1.4.2. The O-O bond formation: two-step mechanism ....... 101

3.4.1.5. CoNCIUSIONS ....ceviiiiiiiiiiiie e e e e e 107
3.4.2. Oxygen evolving [Mn(Il}(mcbpen)(H,0)]** complex ............ 108
3.4.2.1. Whatis the structure of 47 ... ...oooiiiiiiii e 114
3.4.2.2. Possible structure of reactive intermsdi in agueous solution 121
3.4.2.3. The O-O bond formation ............c..cccoevievviieninnnenn.. 124
3.4.2.3.1. Proton migration to the carboxylate arm ............... 125
3.4.2.3.2. A proton migration to the bridging oxygen ............ 126
3.4.2.4. Oxygen evolution ..........ccceiiiiiiiiiiiiiiiiie i ieiiene 128
3.4.2.5. CONCIUSIONS ...oiviii ittt et reneeens 131

4. Copper—Homoscorpionate Complexes as Active Catalygstfor Atom Transfer

Radical Addition to Olefins 134

g I [ {0 o [ 8o T o R C 7
4.2, ODJECHVES ... e e e e e e 137



4.3. Computational methodology ..........cooeiiiiiiiiiiiiii e e, 138

4.4. Results and discussion

........................................................ 138
4.4.1. Electronic structure of T€u(l) andTp*Cu(l)(MeCN) ............... 140
4.4.2. Electronic structure of TEu(I)Cl and TECu(Il)CI(MeCN) ...... 142
4.4.3. CatalyliC CYCle ... e 148

4.4.3.1. Atom transfer radical addition of G& GH, by Tg'Cu(l) 148
4.4.3.2. Atom transfer radical addition of GGb GH4

catalysed by FIMCU(l) ..o, 151
45, CONCIUSIONS ..ot e e e e e e e e i 1583

5. Electronic Structure of Pyrazolate-supported Fe(us-O) Complexes: Prediction
of Mdssbauer Parameters and Exchange Coupling Corastts using Broken-

symmetry DFT 154

5.1. Introduction

.......................................................................... 154
5.2. Computational details ...........c.cooviiiiiii e, 156
5.3. Results and DiSCUSSION ........civtie it et e ee e e e e eenes 156

5.3.1. Electronic structure of [R€us-O)(u-4-ON-pz)X3]® wevvvveeeeannnn. 156

5.3.2. Evaluation of exchange coupling constants ................ce.... 160

5.3.3. Evaluation of 'Fe Méssbauer parameters ........................ 168

5.3.3.1. The Mdssbauer effeCt ...........ccoviiiimmmeeiie e, 170
5.3.3.2. Calculateléssbauer parameters ..............c.cocevvevevnnnnns 172

B5.A.CONCIUSIONS o.eoe e e e 174

Appendix A

RO O BN CES . ..o 178



List of Figures

2.1 (a) A single spin surface connects reactamisproducts and (b) more than
one spin surfaces connects reactants @UIES ...........cccovceeviienn e, 31

2.2 High-lying occupied and low-lying virtuallotals, quartet and doublet

electronic states of (SH)(Porp)Fe(IV)O@meX ...........ccvvevvveevverieennnnnns 31
2.3 Structures of manganese-based oxidantéMayTACN)Mn(u-O)s]**, (b)

[(M&TACN)MN(O)(OH),]* and (c) (L)(POrp)MNn(O) ......ceevevevevnnnnnnnn. 32
2.4 Possible spin states for the formal Mn(V)edbnplexes ..............cccue... 33

2.5 Rebound mechanisms for (a) hydrocarbon bnsulfide oxidation by high

-valent MN(V)=0 SPECIES .....iuuieiieiie it it e e e 34
2.6 The electron density distribution in theimsed triplet electronic structure

for [(TACN)Mn(O)(OH)]" complex with (a) BLYP (0% HF), (b) B3LYP

(20% HF), and (c) BHandH (50% HF) ..o e 35
2.7 Key orbitals and the electronic structuréhef singlet state'f) of (HO)

(POIPIMN(V)=0 e e e e e e e e e e e e e e ees 37
2.8 Kohn-Sham orbitals for the singlet sta#g) ©f (L)(Porp)Mn(V)=0 ........... 38
2.9 Schematic singlet and triplet electron dgrdistributions for an (L)(Porp)

Mn=0 unit, wheréA and®l,, represent ‘normal’ ligand field schemes,

while® o and®Azy are ‘inverted’ ........c.ocooeeeeeeeee e 39
2.10 Spin density distributions in the three distingblgt configurations, (6131'1yZ

{(HO)(Porp)Mn(0)/BLYP}, (b)o {(HO)(Porp)Mn(0)/B3LYP} and (c)

3A5u {[(H 20)(POrp)MN(O))/B3LYP} .vveveiiieee e, 40
2.11 Optimised ground state structure for the ((PO)p)Mn(O)complex; (a)

singlet ground stat&) with the BLYP (0% HF) functional and (b) triplet

ground statél{o) with the B3LYP (20% HF) functional .....c.............. 43
2.12 Optimised ground state structure for the@}Porp)Mn(O)] complex;

(a) singlet ground state\] with the BLYP (0% HF) functional and (b)

X



triplet ground statéA,,) with the B3LYP (20% HF) functional ............. 44
2.13 Singlet, triplet and quintet potential enesgyfaces for oxidation of M8

by (HO)(Porp)Mn(O) with (a) B3LYP functiahand (b) BLYP functional .. 47
2.14 Optimised key stationary points of the pasdm@nergy surfaces for oxidation

of MeS by (HO)(Porp)Mn(O) with BALYP ......ccviiiiee e 48
2.15 Optimised key stationary points of the pasmnergy surfaces for oxidation

of MeS by (HO)(Porp)Mn(O) with BLYP .........ccccviiiiiiiiivee ... 50

2.16 Singlet, triplet and quintet potential enesgyfaces for the oxidation of @

by [(HO)(Porp)MN(O)] (B3LYP) ..vveieiee e e 52
2.17 Optimised key stationary points of the pasdmnergy surfaces for oxidation

of MeS by [(HO)(Porp)Mn(O)] with BALYP .......cccvvvvivieeieeeeeeneenn. 52
2.18 Rebound Mechanism for oxidation of £y high-valent Mn-oxo species ... 54

2.19 Singlet, triplet and quintet potential enesgyfaces for the oxidation of GH

YA (GO [(RLel1e) 1Y a1(C) ) R 54
2.20 Optimised key stationary points of the pasdm@nergy surfaces for oxidation

of CH by [(H20)(Porp)Mn(O)] With B3LYP .......ovciviieeiieiiieee e, 56
2.21 The catalytic cycle for the epoxidation dfesde by the metal-porphyrin

5] 01011 - ¥ 4
2.22 Proposed intermediates (a) a concerted iosg(b) a carbon radical, (c) a

metallaoxetane, (d) a carbocation, an@itedlkene derived-radical cation

for the epoxidation of alkene by the higlient Mn(V)-oxo porphyrin

SPECIES @S AN €XAMPIE ..vieie e e e e 58
2.23 Mechanisms for olefin oxidation by high-vdl&m(V)=0 specievia a

carbon radical intermediate .............ccoiiiiiiiiiiii . D9
2.24 Singlet, triplet and quintet potential enesgyfaces for the oxidation of

GH4 by [(H20)(POrp)MN(O)] wvvveeiie i e e e e, 59
2.25 Optimised key stationary points of the pasdm@nergy surfaces for oxidation

of GH by [(H20)(Porp)Mn(O)f with B3LYP ........cccvveeeeeeeeeeevnnenn. 60
2.25 Discontinuity in the triplet surfaces (porpghyradical and oxyl radical) for

oxidation of Mg5, CH,and GH4 by [(H20)(Porp)Mn(O)jcomplex .......... 62

Xi



3.1 Oxygen evolving (a) [{(Porp)Mn(Il1}(u-phe)f* complex by Naruta

and co-workers, and (b) MHh)-mcbpen species by McKenzie and

CO-WOTKET ot e e e e e e e 65
3.2 Protein subunits, chlorophylls (gregiiarotenes (orange), lipids (black),

haems (blue), oxygen evolving centre gelderes) of photosystem 1l (PSIl) 66

3.3 The main cofactors involved in electron sfen process of PSII. The arrows

(red) show the electron transfer StepsS..ecc.oovviii i 67
3.4 Possible arrangements of the four Mn ioneénOEC ......................eeee. 68
3.5 X-ray structure of the OEC with its surroungdligands ........................ 68
3.6 The Kok cycle (S state CYCle) ......coviiriiri i e e e e 69

3.7 Electronic structure of the Manit within the MnCaQ, cluster for the first

three S sStates, B anNd S o 70
3.8 The butterfly or double pivot mechanism adrBukes and Christou ........... 71
3.9 The O-O bond formation mechanistic proposaVydrzynski and co-

0] (] £ PRSPPI (724
3.10 The O-O bond formation mechanistic propos&8aicock and co-workers .. 73
3.11 The O-O bond formation mechanism proposeddmhandra and coworkers 74
3.12 The O-O bond formation mechanism proposeddyand co-workers ....... 74
3.13 Nucleophilic attack of a Ca bound substrageewonto Mn(V)=0 species

(Messinger and CO-WOTIKEIS) ......cuuiiiieiii it e e e s e e e e 75

3.14 The O-O bond formatiowia a radical coupling of a terminal oxygen atom

with au-oxide ligand of the cuboidal cluster (Messinged &o-workers) ... 76
3.15 The $— S transition of the S-state cycle (Siegbahn and od<ers) ...... 77
3.16 The $— S, transition of the OEC (Batista and co-workers) .............. 78

3.17 Suggested routes for O—O bond formation neéshmat the OEC; (a) nuc-

leophilic attack in Sstate, (b) radical inState (3Y,) and coupling of two

oxo and (c) hydroxo groups inthestate ..., 79
3.18 (a) The oxygen evolving [(bp§i-0)Ru(l)(x-O)Ru(Il)(H.0)(bpy)]** com-

plex, (b) proposed mechanisms for the ®e@d formation .................. 81
3.19 Oxygen evolving (a) ([Ru(Mu-OAc)(bpp)(tpy}]** complex and (b) a

ruthenium monNOMEr SYSIEM ...ttt e e e e e e 82



3.20 (a) Oxygen evolving [(terpy)#@)Mn(l11)(x-O)Mn(Il)(H 20)(terpy)f*

complex and (b) proposed reaction pathway for tHe Bbond formation .......... 84
3.21 Possible O-O bond formation reaction based on D#tdudations ............. 85
3.22 The [{(Porp)Mn(l1))}L-(u-phe)f* complex(1) and the proposed reaction path-

way for the @eVolution ..o 85
3.23 Proposed mechanism of water oxidation by-{M)mcbpen}(H,0),]**

(070 10110 1= QPP =1 ¢
3.24 The key intermediates of the proposed meshafor Q evolution .......... 89
3.25 Optimised singlet electronic states of{aand (b)'1, complexes ............. 90
3.26 Coupling of the keglectronic states of the (HO)(Porp)Mn(V)O

3.27

3.28

3.29

3.30

3.31

3.32

3.33

3.34

3.35

to generate spin states for the [{(HOy@®INn(V)O}2(u-phe)] dimer
)Y (=] 11 PP 91
(a) Optimised structure statgh labelling of the fragments and (b) total spin
density distribution of the singlet groustate(*21) ............ccoeeeeeeeeennane. 93
Coupling of the key electronic states of{){{Porp)Mn(V)O] monomer

to generate spin states for [{®J(Porp)Mn(V)ObL(u-phe)f* dimer ........ 94
(a) Optimised structure with labelling of fregments and (b) total spin

density distribution of the singlet grostate'3; ..............cccouvveeeeennn.. 94
Possible O-O bond formation mechanisms;dapling between the two
Mn(V)=0 groups (direct mechanisraipd (b) by attack of the Mn(V)=0

groups on a solvent water molecule (tvgpsnechanism) .............cc..... 96
O-0 bond formation through the coupling & &xo ligands (direct
MECNANISIM) L.ttt e e e et e e e em et eeeeeeeaenes 97
Singlet potential energy surfaces for the ®e@d formatiorvia coupling
between the two MNn(IV)-Ogroups (B3LYP) ....cccocvvveveeeeeeecee e 97
Optimised singlet ground state structureh \aibelling of the fragments of
(a) active metal-oxyl radical spec{&), and (b) transition sta{éTS,) ..... 98
Optimised ground state structures with |labglbf the fragments of (a)
peroxo intermedia(é5) and (b) the product compl€36) ..............ooee..... 99

The @formation mechanism through the direct couplinghef oxo ligand .. 100

Xiii



3.36 Potential energy surfaces for thef@mation through the direct coupling
oftheoxoligands ............ccooviiiii i e e 100
3.37 Two-electron oxidation of (a) M®& (O-S bond formation), (b) GKO-H
bond formation), and (c) four-electronaation of water (O-O and O-H
bond formation) .........oiiiir i 101
3.38 Optimised open-shell singlet ground statecsires with labelling of the
fragments of (a) reactd8(H-0)] and (b) oxyl-radical intermediate
COMPIEX ) e e s 102
3.39 Singlet potential energy surfaces for the ®e@d formation or by attack of the
one Mn(V)=0 groups on a solvent water roole (B3LYP) .................... 103
3.40 Optimised structures of open-shell singletesof hydroperoxo speci€8)
with (a) B3LYP (20% HF) and (b) BLYP (0%-MHfunctionals (calculated
Spin densities are iN red) ........iiiomere e e e e e 105

3.41 Oxygen evolution: attack of the®Mn(V)O groups on a molecule of

3.42 Potential energy surfaces for thef@mation mechanism through the two-

SEEP MECNANISIM ..ot e e e e e e 106
3.43 Summary of the overall potential energy swg$afor oxygen evolutionia

the both ‘direct’ (blue) and ‘two-stepe@) mechanisms .................... 107
3.44 The first four intermediates of the propossgttion mechanism ........... 109
3.45 (a) Crystal structure of [Mn(3(mcbpen)(H20),](ClO4), (1) and (b) the opt-

imised open-shell singlet stét#) structure of [Mn(Ily(mcbpen) (H,0),] 109
3.46 Optimised (a) singlét2) (b) triplet (32) and (c) quintef2) electronic states

of [Mn(I11)(Mcbpen)OH]ComMPIEX(2) ....uevveee e e 111
3.47 (a) Spine HOMO of the quintet stat€2) of [Mn(lll)(mcbpen)OH], (b)

spine HOMO and (c) sping LUMO of the singlet ground stafé3) of

IMN(IN2(MEBPEM(O)] . e e, 112
3.48 Optimised structures of (a) singlé8) and (b) nonet’3) electronic states of

IMNNAMEBPEM(O)]Z (B) v e, 113
3.49 Final steps of the proposed reaction mechanisrthéooxygen evolution

proposed by McKenzie and co-workers .......comeiieiiiiiiiiiiinnnn... 114

Xiv



3.50 (a)’'Unmasking’ metal oxyl radical character of M¥i(u-O),-Mn(1V) diam-
ond-coré4) via disproportionation of a MnzO) bond, and (b) total spin
density plot for the singlet ground €6 ...............c......ceeevvevenn.... 115

3.51 Possible isomeric forms for the proposed Mn(I)3&).-Mn(IV) diamond
COTBA i e e e, 110

3.52 Molecular structure of the Mn(IV\HO).Mn(IV) diamond-core complexes .. 118

3.53 Singlet potential energy surfaces for dispropotioraof the symmetric
Mn(IV)(u-O), intermediates (relative energy is in kcal fol................. 119

3.54 Possible redox species for the unsymmetric Mn(H3)-Mn(1V)-O™*
complex and calculate@values .............ccccoeviiii i enn,. 122

3.55 Total spin density distributions of the sing{&8H), and the triplef°6H)
electronic states of the singly protonatdlll)-(x-O)-Mn(IV)-O™* system 123

3.56 Possible isomers for the singly protonated..............cccovvei i, 123

3.57 Possible O-O bond formation mechanisms involvirganm transfer to either
to the bridging oxygen or to the carbosglarm ................................ 124

3.58 Potential energy profile for the O-O bondration; a proton migration to
the carboxylate arm (blue), and a protagration to the bridging oxygen
(=0 ) 126

3.59 Fully optimised structures of (a) S17, (b) *TSy7, (c)*17, and (d)*17 for
the O-O bond formationa a proton transfer to the carboxylate arm ...... 127

3.60 Fully optimised structures of (&)'S;gand (b)'18for the O-O bond form-

atiorvia a proton transfer to the bridging oxide .............ccomceevveennnnnn. 127
3.61 Proposed mechanism for thefOrmation ................cooiiiiien, 129
3.62 Potential energy surfaces for thefOrmation .....................cooien. 129
3.63 Fully optimised structure of (819and (b)°20 .........covvevviiieeieeis 130
3.64 Key isomeric forms for the proposed diamond-cosgaps .................. 131

3.65 Proposed mechanism for the oxygen evolution basemioDFT calculations 132
4.1 Addition of a polyhalogenated saturated bgdrbon to an alkene substrate

toforma 1:1 adduCt ..........coooiiiiiiiiii e 134
4.2 Key steps involved in the atom transfercaldaddition (ATRA) of a poly-

halogenated saturated hydrocarbon tokemal .................................. 135

XV



4.3 Homoscorpionate ligands (TP......ccvuviiiieiee e e 135
4.4 Proposed catalytic cycle for the ATRA of €@ CHCE to olefins catalysed

by TPCu complexes in the presence of an added donor.L................ 137
4.5 The TP ligands considered in this work (a) simplified*Tgnd (b) TF"Me 139

4.6 Kohn—Sham orbitals for the singlet electrastate of THCu(l) (orbitals are

labelled according to theygoint group) .......ovvvvvvvievie i ciieeieiiennen.. 139
4.7 Kohn-Sham orbitals for the singlet electrastate of TBCu(l)(MeCN)

(orbitals are labeled according to the @oint group) ..........cccceeevnennn e, 140
4.8 Optimised structures of (a)"@u(l), (b) TE*“MeCu(l), (c) T'Cu(l)(MeCN)

and (d) TB“MCu(l)( MeCN) (structural parameters are in A) ............ 141

4.9 Optimised doublet electronic states’fg)b) A" and (c)?A™ of

TB'CUICI COMPIEX . e, 142
4.10 Kohn—Sham orbitals for the optimiséd electronic state of TfCu(I)Cl ... 143
4.11 Kohn—Sham orbitals for the optimiséd electronic state of TiCu(I)Cl ... 144
4.12 Kohn—Sham orbitals for the optimiséd' electronic state of TiCu(ll)Cl ... 145
4.13 Optimised doublet electronic states’g)b) A" and (c)?A™ of

TPP“Mecu(I1)Cl and the corresponding unoccupied mdital

orbital at the spiFmanifold ............ccoooviii i 146

4.14 Kohn-Sham orbitals for the doublet electr@tate, key structural parameters

(A) and spin densities of TRU(INCIMECN) .......coevivveiiiiiee e, 147
4.15 (a) Structural parameters (A), spin dens(ties) of the optimised structure,

and (b) unoccupied metht orbtal of the spin? manifold manifold in the

doublet state of TIMECUINCIIMECN) ......oiviieece e, 147
4.16 Potential energy diagram for the ATRA of €®IGH, by Tg'Cu(l) .......... 149
4.17 Potential energy diagram for the reactioiC@f; with C;H,4 to form the

second radical speci€#,CH,CCl; (energy values are in kcal rfohnd

spin densities are shown in italics) ........cooiiiiiiiiiiiiiii 150

4.18 Potential energy diagram for the ATRA of £®lethylene by T"MCu model

complex (energy values are in kcal mahd spin densities are shown in

122 0=

XVi

153



5.1

5.2

5.3

5.4

5.5

5.6

5.7

5.8

Crystal structure of (a) [fes-O)(u-4-O,N-pz)%Cls]* and (b)
[Fe(us-O)(u-4-O:N-pz)Brs]>complexes .............ccccceceeeeissvaesnnnnn... 155
Keystructural parameters (A) of the crystal structurie®) [Fe(us-O)

{1-4-O,N- pz)Cls]* and (b) [Fe(us-O)(u-4-O.N-pz)Brs]* complexes ....... 157
Possible spin configurationdg = 15/2 andMis = 5/2) for [Fe(us-O)
(1-4-O,N-pz)X3]> complexes containing three’¢d°) ions (G-symmetry) 157
Total spin density distributions in the K8 state s = 15/2) and the (b)

BS1 stateVs = 5/2) for the crystal structure of [{gs-O)(u-4-O,N-pz)

B3] e . 159
Temperature dependence of the effective stagmoment and magnetisation
for [Fe(us-O)(u-4-OoN-pz)Cls](BUaN)2 . oevneniiii i, 162
Calculated exchange coupling constants agdtkuctural parameters (A)

of the crystal structures of fge-0)(u-4-O:N-pz)Cls]* and [Fg(us-O)
(1-4-OoN-PZ)Bra]® COMPIEXES ..., 167
Mossbauer spectra of jfe-0)(u-4-ON-pz)Cls](BusN), and (b)[Fe(us-O)
(t-4-O:N-pz)Br3](BusN)2 at 293, 78, and 4.2 K ..o 169
The three important parameters, namely isamié (IS ord), quadrupole

splitting (QS oAEg) and hyperfine splitting (for magnetic materiafdy) ... 170

Xvil



List of Tables

2.1

2.2

2.3

2.4

2.5

3.1

3.2

Optimised bond lengths (A), spin densit®’> valuesand relative energies
(kcal mol) of single, triplet and quintet states of (HO)(@Mn(O) and
[(HO)](Porp)Mn(O)] (B3LYP values are shown in plant text, BLYP

= 1) P < 924

Exact exchangeS®> values, key structural parameters, and triplettelec
nic structure of (HO)(Porp)Mn(V)O and E®)(Porp)Mn(V)O] model

complexes with a variety of DFT functionals ................ccumeeeeevivieeiinnnnns 45

Optimised bond lengths (A), spin densitie§?> values and relative
energies (kcal md) of various stationary points on the potential rggie
surface for the reaction of (HO)(Porp)Mn(O) and fTH(Porp)Mn(O)f

with Me,;S (B3LYP values are shown in plain text, BLYP wlits) ......... 49

Optimised bond lengths (A), spin densities>< values and relative
energies (kcal md) of various stationary points on the potential rgge

surface for the reaction of [(@)(Porp)Mn(O) with CHy  .....vcevvvvennnenne. 55

Optimised bond lengths (&), spin densitie§> values and relative
energies (kcal md) of various stationary points on the potential rgge

surface for the reaction of [(@)(Porp)Mn(O)] with GHs ..o, 60

Mulliken spin populations, bond lengths (AF* values and relative energi-

es (kcal mof) of the key electronic states fbrand1,complexes ................ 90

Possible electronic states of [{(HO)(Porp)Mn(\}}u-phe)f* and [{(H.0)
(Porp)Mn(V)O}(p-phe)f dimer SyStems ..........ccuuveeveeeieeeieeieeen, 92

XVili



3.3 The optimised structural parameters (A), spinsitees, <> values and rel-
ative energies (kcal m9lof the key electronic states of the singlet poten

tial energy Surfaces .......coii it 99

3.4 The optimised structural parameters (A), spinsitees, <> values and
relative energies of the key electronatest of the singlet potential energy

YU [ = (o < 103

3.5 The experimental and calculated structural patars®f the [Mn(11}(mcbpe

NY(H20)2] 25 COMPIEX(L) ..o 110

3.6 Structural parameters (A), spin densitie€>values and relative energies
(kcal mot) for the optimised structures of [Mn(Ill)(mcbpe®{ monom-

er(2) and [Mn(Il1)},(mcbpen)(O)]?* dimer(3) ......cccueeeeeiieeeeeieeeeen, 112

3.7 Structural parameters (A), spin densitie¥>=values and relative energies

(kcal mot) for the possible isomeric fornts14 of the [MnCsaNgH4206)>" 117

3.8 Optimised structural parameters, net spin diessitS> values and relative

energies of the key stationary pointsS ....eeceeeeivvii i iviiiiiiiineeeee. 120

3.9. Calculated structural parameters (A), spimsites, <> values and relative

energies (kcal md) for the possible redox speciesédnd7 ................. 122

3.10 The optimised structural parameters, net spin tiesks*> values and rel-
ative energies of the key stationary pooftthe most stable single and tripl-

et potential energy surfaces for the Oe@dbformation step .................. 125

3.11 The optimised structural parameters, netdeitsities, 8> values and rel-
ative energies of the key stationary mooftthe most stable single and trip-

let triplet potential energy surfacestfug G, formation step .................. 130

5.1 Computed net spin densitie§><values and total energies of HS, BS1, BS2,
and BS3 states for the crystal structofd&es(us-O)(u-4-ON-pz)Cls]* and
[Fe(us-O)(u-4-O:N-pz)sBrs]* complexes ............cccoeeevvviivcceeeeeeneenn... 158

Xix



5.2

5.3

5.4

Key structural parameters of the crystalcitires and the optimised HS

Ms = 15/2), BS1 s = 5/2) states for R@us-O)(u-4-O,N-pz)sX3]> comple-

Experimental and calculated exchange cogmamstants;) ...................

Comparison of experimental and calculatedd¥auer parameters of the

[Fa(us-O)(u-4-OaN-pz)sX3]> COMPIEXES ..vvvvveeieeiii e

XX



To my wife Bethmini ...

XXi



| 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)
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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

18



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,
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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
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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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Chapter 3

Biomimetic Water Oxidation: Some

Clues from Computational Chemistry

3.1 Introduction

DFT calculations on (L)(Porp)Mn(V)=0 complexes ddsed in the previous chapter
confirmed that the rate determining step of twateta oxidation reactions is highly
dependent on the distribution of electron densitthe low-lying electronic states of the
Mn(V)-oxo porphyrin complexes and spatial properiid the orbitals on the incoming
nucleophile. The fundamental requirement for a dapgaction appears to be the
formation of active metal oxyl radical species [MHEO*]. In order to further our
understanding of oxidation catalysts, this chafteuses on two specific examples of
Mn-based biomimetic water oxidation catalysts, @§rp)Mn(l11)}.-(u-phe)F* complex
synthesised by Naruta and co-workété** and a Mn(Il}-mcbpen species synthesised
by McKenzie and co-worke?sS#?® (Figure 3.1). Metal-based biomimetic metal cluste
have been studied as simple active site model amapl for well-known electron

transfer enzymes such as nitrogenase (iron-sulpfitid’ catalase (dimangane&y >3

235 235
)

methane monooxygenese (diirdti ribonucleotide reductase (diirom);

tyrosinase (dicoppeff°?*’and photosystem Il (tetramanganeS&f** The presence of
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more than one metal centre in these biologicaljynificant metal clusters generates
multiple electronic states, which may play an intgot role in the catalytic activity.
Therefore, a detailed understanding of the elewrand structural features of these

biomimetic metal clusters will be a vital step todsunderstanding their functionality.

Figure 3.1 Oxygen evolving (a) [{(Porp)Mn(lI)}-(x-phe)f* complex by Naruta and

§23224 and (b) Mn(ll}-mcbpen complex by McKenzie and co-workété?®

co-worker
This chapter contains three sub-sections; we firssent a brief review of current
models for biological and biomimetic water oxidaticatalysts. The next two sections
describe the link between the electronic strucame detailed chemical steps involved

in the oxygen evolution by Naruta and McKenzie sys.

3.1.1 Photosynthesis

Photosynthesis occurs in many organisms like higgeren plants, algae and
cyanobacteria, all of which convert the energy wilight into chemical energy in the
form of carbohydrates and molecular oxygen throwghsequence of chemical
reactions*® Photosynthesis created an oxygen-rich atmosphatéas been critical for
the development of higher life on the earth. Therall chemical reaction of oxygenic

photosynthesis is given by Equation 3.1.
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6C02 + 6H20—> C6H1206 + 602 (1 1)

The splitting of water by photosynthetic organismasone of the most remarkable

phenomena of nature, where a large enzyme, Photosy8 (PSI1)242243

performs
light-induced water-splitting in higher green pknalgae and cyanobacteria (Figure

3.2). The PSII exists as a dimer of two almost fidah monomers, each of which has

protein subunits D1 and D2, many cofactors andaxygen evolving centre (OEC).

Figure 3.2 Protein subunits, chlorophylls (greep}carotenes (orange), lipids (black),

haems (blue), oxygen evolving centre (red sphexeghotosystem Il (PSII).

Light absorption bychlorophyll and carotenoid containing proteins hie PSIl supply
energy for the electron transfer processes (Fi@u8& This photonic energy initiates
oxidation of Rgo (chlorophyll, Chl) to Bgs* and the ejected electron is transferred
towards the final electron acceptor plastoquino@g) (through Chd;, pheophytin
(Phe®1), and Plastoquinone (R After accepting two electrons and undergoing
protonation, @ is released to the membrane matrix. Then oxidabbmwater at the

oxygen evolving centre (OEGY a tetramanganese cluster found in Photosystem II,
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provides electrons to reduce thgd® radical cation through the redox active tyrosine

(Y2).

| Thylakoid
Thylakoid Mefnbrane
Membrane
O,

2H,0 4H"

Figure 3.3The main cofactors involved in electron transfexgass of PSII. The arrows

(red) show the electron transfer steps.

3.1.1.1 The oxygen evolving centre (OEC)

The OEC contains four manganese ions which has bRewn to be essential for
photosynthetic oxygen evolutidft **® Based on EXAFS (extended X-ray absorption
fine structure) measurements, Yachandra and Sauvepoged several possible
arrangements of the four Mn ions in the OFCincluding two or three di-oxo-
bridged MnO, moieties (Figure 3.4). According to the recentstallography of
Ferreira and co-workers, the OEC is a cubane-likeQ4Q, cluster’®® and each metal
ion in this structure is connected hyoxo bridges (Figure 3.5), which is similar to the
structurei (Figure 3.4) suggested by Yachandra and SaueerR&XAFS and pulsed
EPR (electron paramagnetic resonance) spectroseofence confirmed the location
of the C&" ion within the OEC, which is an essential cofadtroxygen evolutiod*>

#0and removing the calcium ion from the OEC cleatbcks the water oxidatioft>2%*
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Figure 3.5 X-ray structure of the OEC with its surroundingaligls [Manganese (pink),
calcium (yellow), oxygen (red), carbon (grey) aritdagen (blue)F*®
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The calcium may be important as a substrate watatiry site, and it may also
influence proton transfer processes. A chloridelionnd to the OEC has been proposed
to influence proton-transfer away from the OBCRecent spectroscopic evidence
suggested that the chloride is not absolutely ¢sddor water splitting, and chloride
can be substituted by alternative anions such as NBp;, NO,, and 1, without

disrupting the water-splitting proce$4:2>°

Water oxidation at the OEC is known to ocuia four successive oxidations, which can
be described by the Kok cycle (Figure 38)This S state cycle transits from the most
reduced $state of the OEC through the, &, S and finally to the active Sstate, and
these transitions are induced by absorption of gi®at the antenna pigments of the
light harvesting proteins in the PSIl. Then the &volution takes place during the
spontaneous (light-independeni}-55, transition. However, many of the structural and
mechanistic details of the Kok cycle remain unclednderstanding the detailed
electronic structure of the OEC during the S statele becomes critical in terms of

establishing the oxygen evolving reaction pathway.

hv hv hv hv

Sp —» Sy — > S S; — » Sy

¥\

0O, H,O
Figure 3.6 The Kok cycle (S state cycléy

In general, removing electrons from the OEC givies to paramagnetic species, and
therefore EPR has been an important tool. Thetfirgstoxidation steps of the Kok cycle
have been extensively studied by spectroscopicadstrand Figure 3.7 summarises the
electronic structure of the Mrunit within the MnCaQ; cluster for the first three S

states, where the bot-SS; and S—S, transitions involved metal-based oxidatiGhs.

268
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Figure 3.7 Electronic structure of the Mmunit within the MnCaQ cluster for the first

three S statesySS; and S.

Metal-based oxidation for both transitions wouldsdlve oxidation of Mn(lll) to
Mn(lV). However, the detailed chemical steps inwadlvin the last two oxidations

remain a mystery, and a number of proposals hase tade by several authéfg?"

3.1.2 Proposed mechanisms of oxygen evolution aet®EC

Detailed knowledge of water-splitting in photosyedls is very useful in terms of
developing biomimetic artificial catalysts for l@&gcale applications of water-splitting.
Over the last two decades, a number of mechanisave tbeen proposed for
photosynthetic water oxidatici®?’® and the following section summarises the

currently favoured mechanisms.

3.1.2.1 Coupling of two Mn-bridging oxo ligands: Btterfly or double

pivot mechanism

The butterfly or double pivot mechanism was beapgpsed by Dismukes and Christou
(Figure 3.8fF"* According to this proposal, the OEC has a cubikee-fjeometry
composed of alternating metal and oxo units, aedQRO bond formation occursa
coupling of two Mn-bridging oxo ligands across flaee of a cuboidal cluster during
the § — & transitions. This hypothesis is supported by trenftion of Q from the

Mn4O4 cuboidal model complexes (gas ph&se)However, recent isotope exchange
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measurements suggested that ikhexo groups in the Mn model complexes exchange
much more slowly/® and therefore the butterfly or double pivot meds@nmay be
disfavoured for photosysnthetic water oxidation.

OH, H2O\—| =

Mn I\/m . Mn mnl 8+ Mn Mn
\O w-Mn. O/ \ ~Mn, / ZHQ? \O ~-Mn, O/
\ 1 O\\\ ‘/,,O N ‘y
S S e T N T
S H e S ¢ .8

H y
Mn (0] [ Mn O—H| 8
|
o/i Mn/‘ HO/ Mn/‘
O*‘an ‘7i O*‘an
Mn/ O/ 2H"‘ Mn/ O/
S4 SS

Figure 3.8 The butterfly or double pivot mechanism of Dismsik&d Christot{*.

3.1.2.2 Attack of a terminally bound water or hydrxide upon a

terminal Mn(V)=0

Wydrzynski and co-workers have studied water s$pyttat the OEC using rate
exchangek.,) measurements of water molecules in the S-statd@hey suggest that at
least one substrate water molecule is bound t@tE throughout the catalytic cycle,
and a second water molecule may be bound at ttstag& (Figure 3.9)® They found
that HO exchange rates of the OEC are too fast to bastenswith manganese-oxo
exchange for some other metal-oxo model compl&Xemnd this finding implied that
two substrate water molecules are bound as termgaaids to the manganese cluster.
Based on the above implications and consideringeitpeerimental evidence, Pecoraro
and Brudvig have postulated that the calcium bowater or hydroxide may form the
0-O bond by attacking the oxygen of a terminal M@ species in the Staté®* 2%

Mass spectrometry measurements by Hendry and Wiyskzprovided direct evidence

from *%0-exchange that calcium is involved in binding ofi¢he substrate watef&’
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Figure 3.9 The O-O bond formation mechanistic proposal of VWydski and co-

workers?’’

3.1.2.3 Tyrosine-Z () and the hydrogen abstraction model

Babcock and co-workers proposed that tyrosine-¥gLdf the D1 subunit of PSII may
be the redox active oxidant of the OB¢?®’ The basis for this interpretation is
spectroscopic evidence, where ENDOR (electron-mnclelouble resonance)
spectroscopy suggests that ¥ very close to the manganese cluster (at antistaf
less than 5 Aj® while EPR spectroscopy indicated that the dis@udienydrogen-
bonding environment of Xmay allow the flexibility required for X to dispose of its
acquired proton to bul®®?% They noted that the O-H bond energy in the phenoli
tyrosine side chain is quite similar to that of thhnganese-based synthetic model
compound$®*?* These findings suggested that ther#dical may remove a hydrogen
atom from water or hydroxide coordinated to higlema manganese during the S state
transition (Figure 3.10). Then, ligand-based oxatatt the $ — S transition gives
rise to a peroxide species bound to manganese.tfEmsition involves two reactions,

the first of which is a hydrogen atom transfeg @Way abstract this hydrogen atom as in
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the other transitions) giving rise to a Mn-bound/lmadical, and the second reaction is

an addition of the oxyl radical to the terminal digand of a second Mn ion.
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02’_\\_/ 2 /k +
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M \ Mo\
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o) <7i o)
k 0 /
v H* \V/ (0]
Mr——O / Mn—O._//
- AN
SO o
S4 S3

Figure 3.10 The O-O bond formation mechanistic proposal of Bakcand co-

workers2®*

3.1.2.4 Coupling reactions involving an oxyl radicla

Some authors have proposed ligand-based oxidadiothé last two transitions £S-
Sz and § — &) of the Kok cycle, and this idea inspired a numbkeproposals with
radical-based reaction pathways. The general ide#hie reaction scheme is the
formation of fully deprotonated terminal oxo groapthe later state of the Kok cycle,
and this species is then involved in O-O bond fdaiomathrough nucleophilic attack of
bulk water molecule, a water/hydroxo bound to th&*Qon or bridging oxygen

between C& and Mn ions.

Yachandra and Co-workers: According to Yachandra and co-workers, the last two
oxidation of the Kok cycle, S— S and § — S, are centred on metal-bound oxygen

atoms. Consequently, two oxyl radicals may be farrdaring these transitioise%?’
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The second oxyl radical §S— S, transition) has been suggested to be a bridging or
terminal oxygen. Then the resulting metal-oxyl catlispecies leads to O-O bond
formation via a number of manganese-bridgesdxo species at the,State (Figure
3.11). The overall picture of this mechanistic peg has a precedent in the delicately
balanced equilibrium between the pis(xo)dicopper(Ill) and the un*5> peroxo-

dicopper(ll) of dimeric copper chemistry proposegdTinlman and co-workers?
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Figure 3.11 The O-O bond formation mechanism proposed by Yadizarand
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Figure 3.12The O-O bond formation mechanism proposed by Dalca-workers™.

Dau and co-workers: Dau and co-workers suggested that the O-O bondrimefd
through the reaction of a hydroxyl radical witheantinal oxyl radical species at thg S
state (Figure 3.12%° Further, ai-oxide of the MgCaQ, may abstract a hydrogen atom
from the substrate water molecules and the regultydroxylradical may interact with

the Mn(IV)-O™ species to form the O-O bond. Then H atom abstradty the second
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Mn-u-oxide moiety induces dioxygen loss. The overatitysie of this mechanistic
proposal suggested that the Mhioxide moieties act as bases for the O-O bond

formation.

Messinger and Co-workers:Messinger and co-workers have proposed two possible
mechanisms for the O-O bond formatifin the first proposal, there are two substrate
water molecules, namely ¢\ and W,on, bonded to the Ca and one of the Mn ions of
the OEC respectively in theoSstate (Figure 3.13). They assumed that the fast
exchanging water molecule bound to the Ca iodAnay form a H-bond with the
redox active tyrosine (. During the first oxidation, §— S, deprotonation of the Mn
bound W,,, occurs and after single electron and a protorstesurprocesses, theg S»

S, transition involves H-atom abstraction fromgdy, leading to the formation of a
Mn(V)=0 species in the s$tate. As a result, O-O bond formation may ochtwugh a

nucleophelic attack of W (OH bound to Ca) onto the high-valent Mn-oxo speci
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Figure 3.13Nucleophilic attack of a Ca bound substrate watdo dn(V)=0 species

(Messinger and Co-worker&).

The second proposal (Figure 3.14) included soméfioation to the first mechanism to
be consistent with new experimental findifgs>®* According to substrate exchange
experiments, it seems most probable that-@H bridge between Ca and Mn(lll)
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represents W, (substrate) in they,State, and this bridge becomes deprotonated during
the first oxidation & — S;. This mechanistic proposal involves a ligand ashtr
oxidation in the 5— S; and § — S, transitions before the O-O bond formation, where
they favoured a radical mechanism, in which the ®@dnbd is formedvia a radical

coupling of a terminal oxygen atom withaxide ligand of the cuboidal cluster.

\ (5 Y N
~ z z +
OH “oH “on |
H H H ; H
o N o
. Wsiow C\l M W é Vo Wy \
\@’\mo . AN O WIS ) N C
< ST }\ O
il o) { H O |/O ‘ f H™ O~ Jn }/O ‘
. 1)
Wfast } er\]/ Wiast \er\]/ Wiast \MIX
So $4 S;
Y,
2H,0 N oH
> OH H
0,, HY ! H__H
H\O,H O\’
e NV Weow
v Vool A Mo Bk
v
// = |v\/o |\ i/o
@ \ ||| -0 ’
||| Wi v
\ |v = O/,Mn
S4 s3

Figure 3.14The O-O bond formatiomia a radical coupling of a terminal oxygen atom

with ag-oxide ligand of the cuboidal cluster (Messinged &vo-workers)™.

Siegbahn and co-workers:Quantum chemical methods, in particular with DFT,
have been shown to be useful in studying clusteastufing multiple electronic states,
and the detailed chemical steps involved in the Ge@d formation. Siegbahn and co-
workers applied DFT to explore the mechanism ofewaplitting at the OE&*>*°
Further, they applied DFT to the electronic struetof the MnCaQ, cluster in the
recent 3.5 A resolution structure of the OHBeir DFT results suggested that there are
no major problems involved in oxidising the Mn ioas the OEC from Mn(lll) to
Mn(IV). However, the Mn(IV) oxidation state is ndiighly reactive towards production

of Oy, and therefore achieving higher oxidation statthsas Mn(V)=0 may be critical.
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On the other hand, not all the formally Mn(V)=0O elgs are active in oxidation

reactiong-*?14°

OH H\dH OH
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Figure 3.15The $ — S, transition of the S-state cycle (Siegbahn and od<ers)***

145

By considering the above issues, Siegbahn postuldtat the formation of electron
deficient metal-oxyl radical species [Mn(IV)‘Q) as distinct from the metal-oxo
[Mn(V)=0] form, is possible (Figure 3.15). Thenwater molecule bound to the €a
ion may interact with this Mn(IV)-oxyl radical t@fm the O-O bond. Moreover, their
DFT calculation suggested that cross-over betwésessof different multiplicity (e.g.
high-spin to low-spin states orice versa reduces the barrier for the O-O bond
formation*>?**In this case, finding the minimum energy crossimints (MECP) is
critical in terms of estimating an accurate barf@rthe O-O bond formatioff> The
calculated barrier for the O-O bond formation fapfosynthetic water-splitting is about

15 kcal mott.142-14°

Batista and co-workers: Batista and co-workers also investigated photogtitth
water splitting by using combined quantum mechadmeagecular mechanics
(QM/MM) calculations®® They used the crystal structure of PSIl with 3.5 A
resolutior’®® to make their computational models. The DFT regidntheir models
consisted of the MyCaQ, clusters and the directly ligating carboxylate up®
containing residues, Cand OH ions, while the molecular mechanics (MM) layer was
described by the Amber MM force field paramet&fsThey validated their models for

the possible S states through a direct comparis@mulated high-resolution EXAFS
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with the spectroscopic dal®>'* Similar to Siegbahn, their QM/MM calculations
supported ligand based oxidation in the final oiatastep (3 — &) of the Kok cycle,
which gives rise to a metal oxyl radical electrofiom, [Mn(IV)-O™], before the O-O
bond formation (Figure 3.16). This Mn(IV)-oxyl radi undergoes nucleophilic attack

by a substrate water molecule initially coordinai@the calcium ion.
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Figure 3.16The $ — S, transition of the OEC (Batista and co-workefS§).

3.1.2.5 Summary of the proposed mechanism for the -O bond

formation

The literature on PSII is quite complex and it @sgible to find some experimental
evidence supporting all of the mechanistic proposiaiscribed in the previous section.
The O-0O bond formation described above can beatetlanto three categories, namely

nucleophilic attack on Mn(V)=0 or Mn(IV)-Oin the § state, radical in the;State

(S5, ) and coupling of two oxo or hydroxo groups in estate (Figure 3.17).

(a) Nucleophilic attack in the § state: The basic idea of this approach is to generate a
terminal or bridging oxygen to Mn(V)=0 or Mn(IV)-:Ospecies (Figure 3.17a).
Further, this active species is attacked by a mptidic bulk water molecule or a
water/hydroxo bound to Ca or bridging between Ga lélim. This mechanism requires
the formation of a Mn(lll)/Mn(lV) species duringdls — S;, transition, and another
metal-based or ligand-based oxidations (S» S, transition) giving rise to

Mn(IV)/Mn(V)=0 or Mn(IV)/Mn(IV)-O™" species respectively. The O-O bond
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formation mechanisms proposed by Messinger (exgeriah studies) and Batista

(computational studies) support for this approach.

(a) Nucleophlic attack in S, state

H
I
OH O-Ca
¢ O s
I 7
MnY Mn'Y
Mnswv,lv,lv Mnslv,lv.l\/

(b) Radical in S5 state (O-O bond formation in S, or S3Y,)
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Figure 3.17 Suggested routes for O—O bond formation mechamsiine OEC; (a)

nucleophilic attack in Sstate, (b) radical instate ($Y,) and coupling of two oxo and

(c) hydroxo groups in the;State

(b) Radical mechanisms:The radical mechanism assumes the formation ofimakh
species at thesStatevia a ligand-based oxidation. One of the principle ponents of
this mechanism is the oxidation oftaxo bridge during the S— S transition, which
gives rise to an oxyl radical. In general, two @iént options are proposed for the O
bond formation; (1) during thesS~ S, transition the second (bridging) oxyl radical is

formed and the O—O bond is created between tweakdat this $state, (2) the O-O

bond formation is triggered by theYs state formation. In that case a peroxidic

intermediate may be formed between the oxygen ahd@dind a water (hydroxo/oxo)
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molecule bound to Ca and/or Mn, which can be oeidiby Y- and molecular oxygen
is formed. The O-O bond formation mechanistic pegddoy Yachandra is a good

example for this category.

(c) O-0O bond formation in the S state: In this proposal, the O—O bond formation is
favoured at the $state that may include an oxyl radical and/or IMiV,1V,IV) state.

Further, redox equilibrium between various forms pEroxide complexation is a

common feature, and such species are assumed donaging an electron tozYand
liberate Q. A good example is the O-O bond formation mechan@oposed by

Babcock.

Understanding the key features of the OEC, itsosunding, and proposed mechanisms
for the S-state cycle that fit with the experimém@tad computational studies is critical
in terms of developing computationally tractabledels of the OEC and designing

biomimetic water oxidation catalysts.

3.1.3 Functional models to the OEC

In the absence of definitive evidence to suppaetrtiechanism of Oformation at the
OEC itself, studies of catalytically active syntibhetnetal-based water oxidation
catalysts become critical. Current biomimetic oxyga/olving complexes are usually
metal dimer systems, and these systems undergatmidin the presence of active
oxidant or under electrochemical conditions. Howeveo visible light driven
homogeneous water oxidation catalyst has been @@l Over the past decade, a few
metal-based oxygen evolving complexes have beeerlaleed, and these biomimetic

complexes are very useful in developing industéihlysts for large scale applications
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of water-splitting in the future. The following ¢@m is a summary of chemically

significant and catalytically active metal-baseggen evolving model complexes.

3.1.3.1 Oxygen evolving ruthenium family complexes

Until recently, a dinuclear ruthenium complex, ¥H-O)Ru(lll)(u-O)Ru(l1)(H20)
(bpyy]**, synthesised by Meyer and co-workers was one ef féw well-defined

biomimetic water oxidation catalysts (Figure 3.184)"
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Figure 3.18 (a) The oxygen evolving [(bpyH-0)Ru(ll)(x-O)Ru(Il)(H0)(bpy)]**

complex, (b) proposed mechanisms for the O-O bonddtion.

This system has performed water-oxidation in tres@nce of primary oxidants such as
Co(ll),** ce(IV)**>3® or electrochemical oxidatiott’!° Formation of a Ru(V,V)
dimer complex has been proposed to be the actitegnediate for the O-O bond
formation3?° Mixed-isotope experiments implied that the intei@tibetween the single
oxo group bound to Ru and a solvent water molesutesponsible for the O-O bond

formation (Pathway A, Figure 3.18f): However, the full reaction pathway for the
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catalytic water oxidation by the above speciediisusder active discussion, and three
other mechanistic proposals have been suggestédef@®-O formatiori?? The detailed

oxygen evolution mechanism was comprehensivelyistuddy Baik and co-workers

using DFT, where they have considered both reagtaths A and B in some detail
(Figure 3.18b¥?® Their DFT calculations suggested that the fundaaidrasis for the

catalytic activity of the oxygen evolving Reomplex lies in the formation of active
Ru(IV)-O™ species rather than the Ru(V)=0 form, and thiscaldspecies acts as a
strong oxidant to cleave the H-OH bond. This corapobhal work emphasises the
potential importance of Ru(IV)-O species as distinct from the Ru(V)=0 form in
oxygen evolution, where the calculated barriertfa O-O bond formation (mechanism

A) is about 25 kcal mdl

Figure 3.190xygen evolving (a) ([Ru(1)u-OAc)(bpp)(tpy}]** complex and (b) a

mononuclear ruthenium system.

The second family of ruthenium-based oxygen evglvicomplexes, [Ru(lbu-

OAc)(bpp)(tpy}]?*, was synthesised by Benet-Buchholz and co-work@igure

3.19a)***3%® where bpp = 3,5-di(2-pyridyl)pyrazole and tpy =2'%,2"-terpyridine.
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This system has been shown to oxidise water astarfaate than the first species in the
presence of Ce(lV) as an oxidant. The third dinarcleuthenium system is a
[Ru(I1)2(OH)x(3,64-Buquinone)(btpyan)f* complex, where btpyan = 1,8-bis
{(2,2:6,2")-terpyridyl}anthracene. This system wacatalytically active in water-
splitting under electrochemical oxidatitfi:**® However, unlike the first two species,
this system is not catalytically active in the grese of a chemical oxidarthumel and
co-workers have synthesized a Ru mononuclear waxétation catalyst (Figure
3.19b)*3%*3which has been shown to evolve Gsing Ce(lV) as an oxidant with good

oxygen-evolving activity.

3.1.3.2 Oxygen evolving manganese complexes

In terms of developing large scale fuel cells ia fhture, Ru-based biomimetic water
oxidation catalysts are not good as the industrblysts because the metal is rare,
expensive and toxic. Mn-based water oxidation gatalare important as industrial
water oxidation catalyst as manganese is cheapreadly available. Over the past
years a few catalytically active Mn-based water dakpbn catalyst have been

synthesised.

Cubane models:A few biomimetic tetramanganese complexes contgiifiMn,Oy]
core have been reported. Dismukes and co-workerslaiged a cubane-like complex
LeMn4O, [L = diphenylphosphinate anion (H#C7], *393*and this system has been
shown to release LQunder gas phase conditions. The O-O bond formatiay involve
coupling of the two oxygen atoms across two corradrshe cubane complex in a
manner reminiscent of the ‘double pivot mechaniproposed for the oxygen evolution
at the OEC"*The [MnO.Ls)?" ‘butterfly’ complex of Robin and co-workers releds
O, upon photo excitation of the Ma O charge transfer barith***but non-cuboidal
Mn-based models containing [MB], [Mn,O;] and [MnsOs] cores failed to evolve

02'337-339
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[(terpy)(H 0)Mn(IV)( u-0) ,Mn(Il1)(H ,0)(terpy)]*" complex: Brudvig and co-
workers have characterised a [(terpy@HMNn(IV)(p-O):Mn(Il)(H -0)(terpy)f*
complex, and this system was the first reported ldsed homogeneous water-
oxidation catalyst (Figure 3.20&f3%*Based on the experimental findings, this metal
dimer has been proposed to carry out the fourselecbxidation of water through a

high-valent [Mn(1V,V)] species (Figure 3.20b).

OH,

0
(terpy/)Mn(IV)<O>Mn(IV)(terpy)

H,0
J — ox
H,0 ox
0
(terpyMn(IV)< >Mn(IV)(terpy)
0
H,0
.
o)

o) /y
(terpy/)Mn(|V)< >Mn(V)(terpy)
0

H,0
|~ H,0
H OOH

0
(terpy)Mn(IV)< >Mn(l|l)(terpy)
0

H,0

(@) (b)

Figure 3.20 (a) Oxygen evolving [(terpy)(ED)Mn(lI)(p-O)}Mn(lI1)(H ,0)(terpy)f*

complex and (b) proposed reaction pathway for th@ tond formation.

The high-valent Mn-oxo of the active [Mn(IV,V)] cgtex undergoes nucleophilic
attack by a water or a hydroxide ion in solutiopreposal reminiscent of the Ru-based
complex (Figure 3.18b, mechamism %J.Due to strong structural correspondence
between this biomimetic manganese dimer and the, @@lvig argue that the O-O
bond formation of the OEC may also proceed throagivn(V)=0O intermediate.

However, some well characterised Mn(V)=0 model clexgs are not active in the O-
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O bond formatiort*?*4° Siegbahn and co-workers studied the nature of ligaly
oxidised [Mn(IV,V)] form of the above oxygen evahg dinuclear Mn system with
DFT3* Their calculations suggested that the activeesgain fact a Mn(IV)-O rather
than the Mn(V)=0 form for O-O bond formation (Figu8.21). Then reaction between
the active metal-oxyl radical with a molecule giCHleads to O-O bond formation, with
a calculated barrier for the O-O bond formatior28fkcal mof* **2*> By considering
the structural analogy between the pisxo bridged Mn(llI/IV) terpyridyl species and
the OEC and comparing the DFT results with theevious work on models of the
OEC**sjegbahn concluded that the formation of the Mn{®/)radical is the key

component for the O-O bond formation in photosysithe

ot H,0 H OOH

o] 7 ¢} /
(terpy}Mn(lV)<O>Mn(V)(terpy) —_— (terpy/)Mn(IV)<O>Mn(|V)(terDY) AN (terp)?Mn(lV)<o>M/n(III)(terpy)
o
H,O H,O H,O

Figure 3.21Possible O-O bond formation reaction based on Ddtdutations.

Bis-porphyrin model: A [{(Porp)Mn(l1)} o-(u-phe)f* complex by Naruta and co-
workeré?*?**is a well-known biomimetic water oxidation catalydthe proposed

reaction pathway for the oxygen evolution is degaldn Figure 3.22.

m-CPBA &N
OH/H,0 SMi—N_4
RN

Mnvn!

- o

o,
Figure 3.22 The [{(Porp)Mn(ll)},-(u-phe)f* complex (1) and the proposed reaction

pathway for the @evolution??®%2*

A stable dinuclear Mn(V)-oxo compldR) is formed by reacting the [{(Porp)Mn(l11)}
(u-phe)f* complex (1) with m-chlorobenzoic acid nCPBA) under strongly basic
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conditions; labelling experiments suggest thatadke and hydroxo axial ligands @2)
may derive from KO or OH. In the presence of a small amount of acid, i©
generated, presumably through a dinuclear Mn(V)agqoa specieq3). Naruta
proposed that the O-O bond formation could occtlreevia coupling between the two
Mn(V)=0 groups or by attack of a Mn(V)=0 aqua graup watef?* This system is

the subject of section two of this chapter.

[Mn(l1) x(mcbpen)(H,0),]** complex: McKenzie and co-workers have synthesized
a catalytically active dimanganese complex [Ma(ijcbpen)(H»0),]**, where mcbpen
=N-methyl-N’-carboxymethyl-N,N'-bis(2-pyridylmethyéthane-1,2-diamin&>2%° This
system performs water oxidation in the presencembutylhydroperoxide (TBHP) or
cerium nitraté®>??° According to their proposed mechanism, the O-Odbisnformed
across the Mn(1\g+(u-O). unit through au-peroxo intermediate, but without forming an

active Mn(IV)-O" species or highly oxidized Mn(V)=0 form (Figur@3).

/Ié\< Py/ 1Bu0OH M’\( w PN/
nl- Nz

||* m ||| N
EN In\ /| ] 4\> [ I\I/In —OH l; r\llln —0— Mn”'Nj
Py "\ Py- A tBUOH L/Py HO TPy of Py~
HQ
H--© 0
1) (2) (3)
02‘”\ tBuOH F//r’ tBuOOH
O
SRR I
MU 0. ) 0]
EN.Mnll / Mn'ﬂ N:| E— EN Mn'v\ —wmnY N]
N (e} O N N (e} °N
[Py Py Lpy P/
é
(5) (4)

Figure 3.23 Proposed mechanism of water oxidation by [Ma(fcbpen)(H-0),]*

complex.

This proposed reaction pathway for the O-O bondn&dion is similar to that of the

butterfly or double pivot mechanism for oxygen enmn at the OEC suggested by
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Dismukes and Christou (Figure 3.8). However, basedhe recent studies @foxo
exchange rates of the substrate waters in the OE@Yalrzynski and co-workers, it
seems unlikely that nucleophilic oxygen originatesn brigdes*’® A detailed survey of

the mechanism of this reaction is presented inthind section of this chapter.

3.1.3.3 Heterogeneous oxygen evolving systems

In addition to the above homogeneous water oxidatetalysts, a number of less-well-
defined systems such as oxides of metals (iridicuthenium, and manganese) are
known to evolve oxygen under certain conditionspanticular with Ce(IV) or oxone
oxidants***3*> pPermanganate solutions are well-known to evolve gery when
dissolved in water, where the MgOon acts as the oxidarft® The ‘ruthenium red’,
[(NH3)sRUORU(NH).ORu(NH)s]®*, is known as a highly active heterogeneous oxygen
evolving systeni?’3*° However, heterogeneous oxygen evolving systems nate

reliable for large scale fuel cells to produce gigen.

3.2 Objectives

We aim to explore possible mechanisms for watedation by the Naruta and
McKenzie systems [Figure 3.22 and Figure 3.23].iMlnuclear Mn species are
electronically complex because the problems ofidgakith open-shell Mn(IV)-oxyl

radical species is compounded by the coupling betwevo metal centres, where
ferromagnetic (F) or anti-ferromagnetic (AF) couplileads to a large number of
different spin states. Detailed potential energyfifes for the oxygen evolution were
developed by considering the potential energy sadgaconnecting the most stable
electronic state(s). The implications of this wonky guide the design of catalytically

novel and chemically significant second-generatiater oxidation catalysts.
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3.3 Computational details

All the gas phase optimisations were carried oinguthe Gaussian 03 programfhe
with the hybrid B3LYP®“® functional and the LanL2DHasis sef’®*®? Vibrational
frequency calculations were also performed in ordeestablish that the stationary
points were minima or transition states. The amtidmagnetic spin states were
obtained by using the broken symmetry approatfr? where manual adjustments of
the initial guess functions were made by examinimglliken spin populations and

frontier orbitals or using the Jaguar 7.5 progranite

3.4 Results and discussion

3.4.1 Oxygen evolving [{(Porp)Mn(I11)},-(z-phe)** complex

complex

This section describes how the [{(Porp)Mn(I¥u-phe)f* complex(1) (Figure 3.24),
developed by Naruta and co-worké7$?** successively mimics the four-electron
oxidation of water to evolve molecular oxygen. Treposed catalytic cycle for the
water oxidation has been discussed in section .2.1This catalyst can also mimic
epoxidation of olefins, cyclooctene for instarice,like the cytochrome P-450
enzymes’® The active component for the catalytic oxidatidnavater or olefins has
been proposed to be a high-valent Mn(V)-oxo spedibe proposed key intermediates
for the water oxidation (catalytic cycle) are dépecin Figure 3.24. First, oxidation of
[{(Porp)Mn(Il)} »-(u-phe)f* complex 1 with mCPBA as an oxidant yields a high-
valent Mn-oxo complexX2. On the basis of chemical and magnetic studiesutia
proposed that the Mn centresére low-spin Mn(V) ionsd?). When a small excess of
trifluoromethanesulfonic acid (GEO;H) was added to the Mn(V)=0 speci&s

dioxygen evolution was observed through a dinuclebn(V)-oxo-aqua systen8.
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Further, Q evolution was followed by mass spectrometry (M&hich confirmed

quantitative incorporation of oxygen atoms froCHor OH in the solution.

Mn"vn'"

Figure 3.24The key intermediates of the proposed mechanisf®@fevolution®?%2*

According to Naruta, O-O bond formation occurs bypling either between the,8-
Mn(V)=0 units of3 (direct mechanism) or by attack of theQdMn(V)=0O group of3
on water (two-step mechanism). However, the detaileemical steps involved in the
catalytic cycle of oxygen evolution have not beegltyfconfirmed to date. Therefore, we
applied DFT to explore the possible mechanismsHercatalytic water oxidation by

using the available experimental evidence to p@adramework.

3.4.1.1 Electronic structure of [{(Porp)Mn(I11)] 2}-(p-phe)** complex

Our first goal was to understand the detailed sj@nsity distributions of various spin
states of key intermediatds 2, and3. We have considered two model complexes for
the reactant complek [{(Porp)Mn(l11)} o-(u-phe)f* (11) and [{(H.O)(Porp)Mn(lI1)]2}-
(u-phe)f* (1), in both of which the mesityl groups have beenlasgd by H for
simplicity (Figure 3.25). Botli; and 1, complexes contain high-spin Mn(lll) ionS €
2) on the individual metal sites, and therefore twiportant spin states, namely an
open-shell singlet (antiferromagnetic) and a ndffetromagnetic) are possible. The
optimised structural parameters (A), spin densit&&&> values and relative energies of
the optimised electronic states ifand1, are depicted in Table 3.The ground state
of both systems are broken-symmetry singlet eleatro states with
antiferromagnetically coupled high-spin Mn(lll) ®ifp(Mn) = +3.97 or £ 3.99]. The
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energy difference between the stable singlet amd dbrresponding nonet state is

negligible for the both systems, which indicateattthe magnetic coupling of metal

centres (S = 2)ia theu-phe bridge is weak.

Figure 3.250ptimised singlet electronic states of'faand (b)'1, complexes.

Table 3.1 Mulliken spin populations, bond lengths (A)S% values and relative

energies (kcal md) of the key electronic states forand1, complexes.

Structural parameters Mulliken Spin density e Relative

r(Mn-Mn) r(Mn-L) p(MnY)  p(Mn?  p(Porp)  p(Porp?) energy
1, 7.18 -—-- -3.97 3.97 0.03 -0.03 4.11 0.0
1, 7.18 -—-- 3.97 3.97 0.03 0.03 20.10 +0.1
1, 6.24 2.24-251 -399 3.99 0.04 -0.06 4.10 0.0
1, 6.24 2.24-2.50 3.99 3.99 -0.03 -0.06  20.10 +0.1

3.4.1.2 Electronic structure of [{(HO)(Porp)Mn(V)O},-(u-phe)]

complex

The detailed electronic structure of (HO)(Porp)My@Vv mononuclear system is

discussed in the second chapter. Our DFT calculstiB3LYP) on this complex
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confirmed the presence of a triplet ground stateere the net spin densities on Mn of
+3.04 and O of -0.89 are characteristics of the IMaQ ™" spin density distribution
(llo). The corresponding quintet stafdl§) has spin vectors on Mn and O aligned
ferromagnetically g(Mn) = +2.86, p(O) = +1.09]. The dinuclear system
[{(HO)(Porp)Mn(V)O},-(u-phe)] (2) holds two (HO)(Porp)Mn(V)O mononuclear units
connected through j@&phe bridge. Therefore, the key electronic statehis dinuclear
system can be considered as ferro- or antiferroetagaily coupled triplet or quintet
states of (HO)(Porp)Mn(V)O units (Figure 3.26). téerand antferromagnetic coupling
of triplet spin density distributiort[lo) of the individual (HO)(Porp)Mn(V)O units give
rise to singlet #2;) and a quintef®2) electronic states respectively. Two other possible
configurations, a single(*2;) and a nonet(®2) can be formedvia ferro- and
antferromagnetic coupling of quintet spin densitstribution fIlo) of the monomer
units. Calculated Mulliken spin populations, boeddths (A), €> values and relative

energies of the key electronic states of the diemerdepicted in Table 3.2.

‘o o to o
— —
. L W Lo

@ — Singlet ('24) C@ — Singlet ('2,)

OH OH
Vo ) ‘ ot o 0

OH O OH OH O OH

Quintet (52) Nonet (92)

A

Figure 3.26 Coupling of the keyelectronic states of (HO)(Porp)Mn(V)O to generate
spin states for [{(HO)(Porp)Mn(V)Q}(u-phe)].

The ground state electronic structure of [{(HO)@&n(V)O}.-(u-phe)] is an open-
shell singlet'2;, where spin densities on Mof +2.90, G of -0.89, Mrf of -2.91 and
O? of +0.89 indicate triplet Mn(IV)-oxyl charactetllp) at the both Mn-oxo moieties,
which are antiferromagneticaly coupled the u-phe bridge. The optimised structure

and total spin density distribution of the groumate'2; are shown in Figure 3.27. The
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corresponding high-spin quintet stagis structurally and energetically similar to the
ground staté2; but two Mn sites are ferromagnetically coupled, #retriplet Mn(IV)-
O™ spin density distribution of2 and2 states yields relatively shorter Mn-O bond

lengths (1.80 A).

Table 3.2 Possible electronic states of [{(HO)(Porp)Mn(V)&u-phe)] and
[{(H ,0)(Porp)Mn(V)O}-(u-phe)f* systems.

Structural Mulliken Spin density

parameters Relative
<S> Energy
r(MnO)  r(MnL)  p(Mn*) p(Mn?  p(O")  p(O)  p(Porp)  p(Porp?) (kcal mol™)
[{(HO)(Porp)Mn(V)Q} o-(u-phe)]

2, 180 185 290 -291 -0.89 0.89 -020 -0.20 3.9 0.0
2, 18 1.8 274 -273 114 -114 -0.05 0.05 4.1 +7.3
2 180 185 290 290 -0.89 -0.89 -020 -020 7.9 +0.2
2 186 184 273 273 114 114 -005 -0.05 201 +7.3

2ks 157  1.82 - - - - - - 0.0 +15.9

[{(H 20)(Porp)Mn(V)O} »-(u-phe)f**

3, 166 219 241 -241 070 -0.70 -1.02 102 4.10 0.0
3, 166 219 240 -240 070 -0.70 082 -0.82 4.10 0.0
°3 166 219 241 241 070 070 -1.07 -1.07 820 +0.5
°3 166 219 240 240 070 070 0.88 0.88  20.2 +0.6

13.ks 153  1.53 - - - - - - 0.0 +29.0

The computed spin density distribution of the selc@amtiferromagnetic open-shell
singlet state'2, indicates that the spin vectors at the individdal-oxo sites are now
parallel p(Mn) = +2.74, p(O) = +1.14 andp(Mn?) = -2.73, p(O%) = -1.14], in
agreement with quintet Mn(IV)-oxyl radical charac(dlo). The ferromagnetic nonet
state®2 is structurally and energetically similar to ti#, and these two configurations
are 7.3 kcal mal above the ground staf&;). The closed-shell singlet statBxks is
further 7.6 kcal mot higher in energy, and which has much shorter Middd

distances (1.57 A). The most significant electrdeture of the proposed intermediate
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2 is metal-oxyl radical [Mn(IV)-O] spin density distributions in the stable elecicon

states.

Figure 3.27 (a) Optimised structure with labelling of the fragmbs and (b) total spin
density distribution of the singlet ground sté).

3.4.1.3 Electronic structure of [{(HO)(Porp)Mn(V)O} ,-(u-phe)F

complex

The proposed active species for the O-O bond foaomaf{(H.O)(Porp)Mn(l11)},-(u-
phe)f*, has two [(HO)(Porp)Mn(V)O] units, which are connected through thehe
bridge. The electronic structure of K®)(Porp)Mn(V)O] mononuclear system has
been comprehensively discussed in Chapter 2, anddip electronic property of this
system is porphyrin-radical character in the energlty significant electronic states.
The key electronic states of the corresponding dear system,
[{(H -,0)(Porp)Mn(Il)}>-(u-phe)f*, are summarised in Figure 3.28, where we
considered ferro- or antiferromagnetic couplingwesn triplet {A,.) or quintet {A2y)
states of two [(HO)(Porp)Mn(V)O] units. The ground state of this systel®, has
majority spin density on both Mn and O of each &k unit p(Mn) = +2.41, +0.70
(or -2.41, -0.70)] and minority spin on the porpghyfr0.82 (or +0.82)] indicating triplet
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porphyrin radical charactefAs,), where the spin vectors of the Mn-oxo unit ane th
porphyrin ring are aligned anti-parallel. The opsied structure and total spin density

distribution of the ground stat8, are depicted in Figure 3.29.

0] O

o]

(0]
o) OH2 . OH2 [e) OHZ OHZ
C@ — singlet ('3,) @;"@ ] singlet ('3,)

OH
OH, o o g o o}
Triplet 'm % Quintet I m %
OH, OH, OH, OH,
Quintet (°3) Nonet (°3)

Figure 3.28 Coupling of the keelectronic states of [#D)(Porp)Mn(V)O] monomer
to generate spin states for [{{8)(Porp)Mn(V)Ok-(u-phe)f* dimer.

Figure 3.29 (a) Optimised structure with labelling of the fragnts and (b) total spin

density distribution of the singlet ground st‘8e

The second open-shell singlet statd;, is almost identical both structurally and
energetically to that of the ground std8e. The ferromagnetic quintét3) and nonet
(°3) states are only 0.5 kcal mfoknd 0.6 kcal mai above the ground state respectively.
The closed-singlet staig3rks) is 29 kcal mol above the ground stafé3;), and has
relatively shorter Mn-O and bond distances (1.53 dbnsistence with the triple bond

character on the Mn-oxo unit in this case. The wated electronic states of
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[{(H -,0)(Porp)Mn(V)OL-(u-phe)f* complex confirmed that the most significant
electronic property of the stable configurationsdhsignificant porphyrin radical

character.

With a description of the limiting electron densdistributions in the key electronic
states ofl, 2 and 3 in hand, we are now in a position to interpret & bond

formation mechanisms using DFT.

3.4.1.4 The O-O bond formation

If we accept the [{(HO)(Porp)Mn(V)OL-(H-phe)f" complex(3) as the precursor for
the oxygen evolution, the O-O bond formation magusceithervia coupling between
the two Mn(V)=0 groups (direct mechanisraj,by attack of the one Mn(V)=0 groups
on a solvent water molecule (two-step mechanisthg direct mechanism can be
described as a two-electron transfer reaction givise to a peroxo intermediate (Figure
3.30a), whereas the two step mechanism involvesfeaof two electrons and a proton
(2€/H"), leading to the formation of a hydroperoxo intediate (Figure 3.30b). We aim
to develop detailed potential energy profiles fug both mechanisms, and compute the
active barrier for the O-O bond formation, where lgve considered the potential
energy surfaces connecting the most stable electrstate(s) of the reactant,

intermediate and product complexes.

We have established potential energy profiles iar-¢électron oxidation of M&, CH,
and GH4 by [(H.0)(Porp)Mn(O)] in Chapter 2. At long range separations, the agsct
complex has dominant @@)(Porp)Mn(IV)O character YA, or *Ay, ), where
interaction with the incoming nucleophile on thiplet (or quintet) surface is repulsive
because oxyl radical character of the oxidant isked. The oxyl radical character can
be ‘unmaskedVia transfer of an electron from oxide to the vacaimcyhe porphyrin

ring, thereby opening up a route for electron tianfrom the substrate to the oxide.
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The next section describes similar features thargenin the water oxidation chemistry

of the corresponding system [{§8)(Porp)Mn(V)OL-(u-phe)f.

(@)

(b)
Figure 3.30Possible O-O bond formation mechanisms; (a) cogpiietween the two
Mn(V)=0 groups (direct mechanismgnd (b) by attack of the Mn(V)=0 groups on a

solvent water molecule (two-step mechanism).

3.4.1.4.1 The O-O bond formation: direct mechanism

Detailed electronic structural analysis of the wgd key intermediate3,
[{(H ,0)(Porp)Mn(V)OL-(u-phe)f* complex, shows dominant porphyrin radical
character in its open-shell singlet ground state[p(Porp) = -1.02,p(Porpyf = 1.02],
and therefore the Mn(IV)-oxyl character is maskeidwever, repulsive interactions
between the lone pairs on the oxide ligand (agvtleeMn=0 units approach each other)
may drive an electron from the oxide ligand to tleancy in the porphyrin ring,
opening the active channel for the O-O bond foramatiDirect coupling of oxide
ligands in this way leads to a peroxo spede@-igure 3.31). The potential energy
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profiles for the O-O bond formation through theedir mechanism are depicted in

Figure 3.32.
VY
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Figure 3.31 O-O bond formation through the coupling of the digands (direct

mechanism).
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Figure 3.32Singlet potential energy surfaces for the O-O bfamthationvia coupling
between the two Mn(IV)-O groups (B3LYP).

At long range separations (> 2.45 A), the porphyadical surface is repulsive as
metal-oxyl character is maskethg,) (Figure 3.32). In addition to the ground state we
have located’3,), a second stable minimufd with a metal-oxyl radical electronic
distribution {I1o) was found 9.3 kcal mdlabove the entry channel (Figure 3.33a). The
open-shell singlet of this oxyl radical systél#) contains spin density on Mif +3.00,

O'of -0.91, Mrf of -3.01 and ®of +0.91 indicating significant metal-oxyl characts
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both Mn-oxo units (Table 3.3). Consequently, thegldt metal-oxyl radical potential
energy profile {[lo) is attractive at long range separations (> 2.45Adiscontinuity of
porphyrin radical ¥A,) and oxyl radical’{Io) surfaces occurs in the regionr¢®-O)

~ 2.4 A, which is 9.5 kcal mdlabove the entry channel. In this region, an eecis
transferred from oxide to the vacancy in the Mressitunmasking’ the oxyl radical
character. It is important to note that Figure 38@resents a one dimensional scan of
the potential energy surface, and the discontinuitythe triplet surface does not
represent a true transition state, but rather aidvound to its energy. However, the

stationary points we report were obtained withawt eonstraint.

Figure 3.330ptimised singlet ground state structures with llaigeof the fragments of

(a) active metal-oxyl radical specigd), and (b) transition staf&@'S;.

Beyond the discontinuity, coupling of two oxyl redis of'4 is almost barrierless,
leading to the peroxo product (Figure 3.348), via a very low-lying transition state,
TS, (Figure 3.33b) 9.6 kcal mdlabove the entry channel. Thus the total barrighéo
reaction (~9.6 kcal md) is associated almost entirely with the energyiregl to drive
the electron out of the oxide ligand onto the pgrph In the resulting singlet peroxo
species5, net spin densities on Mmof +3.07 and M of -3.07 are typical of Mn(IV)

(S = 3/2), where the individual Mn sites are amtdenagnetically coupled (Table 3.3).
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Table 3.3 The optimised structural parameters (A), spin iiess <&> values and
relative energies (kcal md) of the key electronic states of the singlet poarenergy

surfaces.

Structural parameters Mulliken Spin density

<> Relative

(M0 r(Mn’0%) 0'0Y p(MnY pMnd) p(O) pO) p(PorpY)  p(Porp) energy
131 1.66 1.66 4.18 2.40 -2.40 0.70 -0.70 -1.02 1.02 4.09 0.0
4 1.74 1.74 3.37 3.00 -3.01 -0.91 0.91 -0.01 0.10 3.88 +9.3
1T81 1.75 1.75 2.34 3.01 -3.01 -0.89 0.89 -0.10 0.10 3.85 +9.6
5 1.86 1.86 1.45 3.07 -3.06 -0.09 0.09 0.03 -0.02 3.07 -12.8
1T82 1.89 1.89 1.44 3.23 -3.23 -0.15 0.15 -0.09 0.09 3.47 -12.4
16 3.66 2.71 1.27 3.95 -3.96 0.00 0.00 0.01 -0.01 4.09 -33.0
36 3.75 2.80 1.26 3.96 -3.97 1.01 0.97 0.02 0.00 6.10 -43.5

Figure 3.34 Optimised ground state structures with labellingtlod fragments of (a)

peroxo intermediat€’5) and (b) the product comple€36).

Starting from the peroxo syste(fs), the second two-electron transfer process may

yield molecular oxygen (Figure 3.35), which isldbibund to the catalyg6). This two
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electron transfer process gives risebtaia a low-lying transition stat&TS,, which is

only 0.4 kcal mof above the peroxo intermedigt8).

O0—0O ™\ 0=0 o OH, OH,
KA/ v A S N ’ I i ‘ i
—I\|/In—\_/—l\|/ln— —I\|/In—\_/—l\|/ln— (v —I\|/In—\/—Mn—
OH, OH, OH, OH, 2H;0 OH, OH,
(5) (6) (12)

Figure 3.35 The @ formation mechanism through the direct couplingtloé oxo

ligands.

0—0Q
15 (0.0) --—— TS, (+04) ,
) ; —I\|/Inan— + 2H,0
S OH, OH,
/|v \ v N
_an_hfn_
OH, OH,
+ 2H,0 V—— 15 (-20.2) O=Q
i //||| b
—|\|/In—\J—MnL
%6 (-31.3) OH, OH,
+ 2H,0
reoq
m m
3
_'\l"”—\/_'\/'”_ + 70, 12, + %0, (47.1)
OH, OH,

Figure 3.36Potential energy surfaces for the formation through the direct coupling

of the oxo ligands.

The 6 state has spin density on Mif +3.95 and Mf of -3.96 indicating the
formation of high spin Mn(lll) ions (S = 2). The rtesponding triplet state of this
system(®6) has Q in its triplet ground statep[O") = 1.01 ,p(0? = 0.97], and is 11.1
kcal mol' lower than the'6, and therefore spin crossover singlet to tripdetequired
during the second two-electron transfer processhiatstage, association of two solvent
water molecules may return the catalyst to itsidhistate(*1,), and yield molecular

oxygen {1, + %0,) further 15.8 kcal mdl lower than®6. In summary, the ‘direct’
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mechanism can be described as a four electronférapsocess, where ‘unmasking’
metal oxyl radical character [Mn(IV)-0Q at both Mn-oxo sites is essential to open the
active channel of the catalytic cycle, and theibafor O-O bond formation is about 9.6

kcal mol*.

3.4.1.4.2 The O-O bond formation: two-step mechams

As emphasised above, the isolated,{@){Porp)Mn(V)OT system has porphyrin radical
character in its stable spin states, and the keg ef the oxidation process again
involves ‘unmasking’ metal oxyl character througiinsdensity transfer from the oxide
ligand to the porphyrin ring at the ‘discontinuityggion of the potential energy
surfaces. In the sulphide oxidation case, the distoity region was found at r(O-S) ~
3.2 A and about 3.1 kcal mbhbove the entry channel of the porphyrin radicalase.
For the oxidation of Ck the discontinuity region was found at relativeligorter
distance [r(O-H) ~ 1.6 A], and therefore highereimergy (10.1 kcal md). The two-
step mechanism of the Naruta system can be expldpeombining the two-electron
oxidation of MeS and CH (Figure 3.37), where the two-step mechanistic psapdn
principle, has two discontinuity regions, the first which is for the O-O bond

formation and the second is for the O-H bond foromat

Me, CHj O-H bond
formation

0O-S bond
formation

O-H bond
formation

0-0 bond
formation

Figure 3.37 Two-electron oxidation of (a) M& (O-S bond formation), (b) GHO-H
bond formation), and (c) four-electron oxidation whter (O-O and O-H bond

formation).
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Assuming that the interaction between one of the-dMoa groups of the
[{(H -,0)(Porp)Mn(IV)OL-(p-phe)** complex (3) and HO leads to O-O bond
formation, a molecule of water was incorporatedfdom an intermediate8(H.0)
(Figure 3.38a). Addition of this water moleculebeén the two Mn=0 units does not
showa significant influence on the electronic structued spin density populations of

the open-shell singlet stat&(H,0) are similar to those it8 (Table 3.4).

2y
Jﬁgos

Figure 3.38 Optimised open-shell singlet ground state strustwveh labelling of the

fragments of (a) reactafi3(H,0)] and (b) oxyl radical intermediate compigx).

The optimised structure d8(H,0) indicates that the two hydrogen atoms of the water
molecule form hydrogen-bonds with the terminal digand at longer O-O distances
(Figure 3.38a). The singlet potential energy sw$afor O-O bond formation are shown
in Figure 3.39 and Table 3.4 summarises the fuyttynoised structural parameters, spin
densities, &> values and relative energies of the key statiopaigts. At long range
separations (> 2.4 A), the singlet potential swefés qualitatively identical to the
potential energy profiles of the direct mechanisgsaidibed in the previous section (i.e.
repulsive), and the first discontinuity of the daetgsurfaces was found in the same
region [r(O-O) ~ 2.4 A], which is about 4 kcal rifahbove the singlet ground state of

the 3(H.0) complex. However, in the case of the direct memanboth oxo ligands
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are bound to the metal sites and due to this ainstthe discontinuity region is

relatively higher in energy (9.4 kcal ni9l

15.0
Drive an electron into the
i vacancy in the porphyrin ring
10.0 i
i 1 1
P'._ 5.0 4 ., 3 (")
o
1S
E
g 0.0 -
P 1 1
aE; 3(H20) ("Azv)
& -5.0
LLl
-10.0 A
'8
-15.0
1.40 1.60 1.80 2.00 2.20 2.40 2.60 2.80 3.00 3.20

r (O-O)/A

Figure 3.39Singlet potential energy surfaces for the O-O bfamchation or by attack

of the one Mn(V)=0 groups on a solvent water mdiee¢B3LYP).

Table 3.4 The optimised structural parameters (A), spin iliess <&> values and

relative energies of the key electronic statefiefdinglet potential energy surface.

Structural parameters Mulliken spin density )
<> Relative
energy
rMn'0")  r(Mn?0% r(©'0% p(Mn!) p(Mn® p(0OY) p(©O) p(O}) p(Porp’)  p(Porp?)
13(H,0) 1.67 1.67 2.83 2.47 -247 0.62 -0.63 0.00 -1.03 1.03 4.08 0.0
7 1.71 1.67 2.15 2.97 -250 -0.60 -0.63 -0.27 0.02 0.94 3.92 +2.4
8 2.07 1.77 1.44 3.79 -298 -0.37 -0.01 -0.10 0.01 0.08 3.83 -9.7
ITs; 2.27 1.83 1.38 3.93 -3.01 -0.22 -0.08 -0.04 0.02 0.01 3.89 -5.3
9 245 222 1.30 3.95 -399 0.08 0.02 0.02 0.08 -0.014.09 -35.5
%9 2.90 227 1.27 3.94 -399 090 0.03 1.05 0.02 -0.036.10 -43.9
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In the first discontinuity region of the two-stegeamanism, majority spin density of the
O' transfers to the minority (Porp)site, and therefore metal oxyl character is
‘unmasked’ at the MRO! site. Then the oxyl radical potential energy steféllo) is
attractive, and yields a stable intermediatéFigure 3.38b). This stable intermediate is
however 2.4 kcal mdi above the entry channel of the porphyrin radicalase {tA,.).
The calculated spin densities on Mf +2.97 and ®of -0.60 indicate a triplet Mn(IV)-
O" spin density distribution'{Io), and therefore MRO" bond length is elongated (1.71
A). It is important to note that the spin densitigtdbution at the other Mn-oxo-
porphyrin site does not significantly change durihig processg(Mn?) = -2.50,p(0")

= -0.63, p(Porp) = 0.94], which indicate that the second Mn-oxoghyrin unit

behaves as a spectator during the first spin detraitsfer process.

The second discontinuity region (for thé-B bond formation) was found at aba(®"-
0% ~ 1.9 A (Figure 3.39), which represents ‘unmagkiMn(IV)-oxyl character at the
Mn%O? moiety, leading the formation of the hydroperoxamplex '8 via H atom
abstraction. The second discontinuity lies only l&c8l mol* above the entry channel,
which is quite similar to the barrier for the oxida of CH; by the
[(H20)(Porp)Mn(V)O] system we discussed in Chapter 2 (~10 kcajndihe total
spin density distribution of the resulting hydropes specie$8 merits some discussion
due to a rather surprising electron density distidn on the MA-O™-O® unit and
significant spin contaminationS=> = 3.83 [ideal value is 3.00] (Figure 3.40a). Tt
spin densities ofp(Mn?) = +3.79, p(OY) = -0.37, andp(O® = -0.10 indicate the
formation of Mn(Il1)-OO" radical species, whereas the calculated spin tyeosiMrf
of -2.98 is typical of Mn(IV) ion (S = 3/2). Thecelgation of MA-O" bond distance
(2.07 A) clearly shows that the Jahn-Teller axighaf high-spin M(l1l) ion is along
the Mnt-O" direction. In order to gain a better understandifithe electronic structure
of '8, the structure optimisation was repeated withBh¥P functional (0% HF). The
optimised'8 state with BLYP functional yields spin densitigs Mn* of +2.64, O of
0.02 and G of 0.00 confirming the presence of Mn(1V) ion ($£2), and the calculated
<S> = 3.09 approaches its ideal value (3.00) (Figdi#0b). As a result, calculated

Mn-O' bond distance decreased to 1.87 A. Thereforeekhetronic structure of the
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hydroperoxo intermediat) appears to depend critically on the identity a thosen

density functional, in particular the amount of ebkchange.

<S2>=3.09

<S2>=3.83

J

('8) - B3LYP ('8) - BLYP
(@) (b)
Figure 3.400ptimised structures of open-shell singlet statkyafroperoxo specigs8)
with (a) B3LYP (20% HF) and (b) BLYP (0% HF) funmtials. Calculated spin

densities are in red.

Starting from the stable singlet state of the hperoxo specie§'8), the next step is a
single electron and proton transfer (&) to the Mif site. After accepting an electron,
the Mrf centre of the resulting complg®) becomes Mn(lll) andO, is generated

(Figure 3.41).

H* H
H /_\ O\/ H H O\
o /= o* o ol o, OH, OH,
| W (" [ Com /A | mn ‘ mn
—I\|An—\fh|/ln— —I\|/In—\/—l\|/ln— Vs —I\|/In—\/—l\‘/ln—
OH2 OH2 OH2 OH2 HQO OH2 OH2
(8) (9) (12)

Figure 3.41 Oxygen evolution: attack of the,8-Mn(V)O groups on a molecule of

water.
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The calculated singlet state of this systé®) has spin densities on Mof +3.95 and
Mn? of -3.99 indicating the high-spin Mn(lll) (S = 8ature at the both metal cores, and
this system is formed throudfi'Ss. The corresponding triplet staf®) is further 8.4
kcal mol* lower in energy (Figure 3.42), where the net spénsities on ®of +0.90
and on G of +1.05 confirm the formation of molecular oxygerits triplet ground state
(0,), and this state is formed due to spin-crossox@n fsinglet to triplet. As the final
step, association of a water molecule to the" Mileases molecular oxygen, and the

product [1, + 30,] is a further 16.0 kcal mdllower thar’e.

-0
TSy (+4.4)  H g --HTTTN
7’ \‘ | |
'8 (0.0) =—— : —I\|Anw—Mn— + H0
H OfH OH, OH;
/ Yoo+ N\
o) o
I v I mn
_|\|/|nv|\‘/|n_
OH, OH,
W O
+ H.O | = 19 (-26.8) H.o-H Ne)
) . .
¢ [ 1]
i =—Mn==_==Mn=—
%9 (-342) |
OH, OH,
+ H,0
OH, OH,

— Ry 3
I\|/In—\/ Mn + "0, 12, + 30, (-50.2)

OH, OH,

Figure 3.42Potential energy surfaces for the fOrmation mechanism through the two-

step mechanism.

The overall picture of the two-step mechanism W electron and two proton (4e
[2H") transfer process [proton coupled electron tran@RCET)], and there are two
important discontinuity regions involved in the ObOnd formation. The overall barrier
for the Q formation is about 6.8 kcal mblwhich is lower than the ‘direct’ mechanism

(9.6 kcal mat).
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3.4.1.5 Conclusions

In summary, our DFT calculations proposed thatettae two energetically significant
mechanisms, namely the direct mechanism and thest®gw mechanism, for oxygen
evolution by the Naruta system. The potential epegygpfiles that connect the key
stationery points of the direct (blue) and the step (red) mechanisms are summarised

in Figure 3.43.

Energy (kcal mol'1)

0---0
? - 0 + 2H,0 =—Mn==__~Mn== + 2H,0
\% v
—Mn=—_—Mn=—
| DIS'(+9.3) CH, OH;
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L - . > _ n (o) v
14(+9.3) mensTTTTTT (T Lo
. \ i N —|\|Jln—\/—Mn—
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1 0 H (o} : \
3(H,0) (0.0) o . - y ! ‘TS, (55
DIS(+4.0) O 0 . . — 2 (5.9)
( ) v | k \?8('9'7),»’/ 5
—Mn—__ =M n—— _—
- I!\‘/IN IUIIV “+ | )
A OH 1 )
| | OH, 2 ! e TSy (H124)
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Figure 3.43Summary of the overall potential energy surfacesokygen evolutiorvia

the both ‘direct’ (blue) and ‘two-step’ (red) mecisns.

The key intermediaté3 or '3(H,0) of the proposed reaction pathway has significant
porphyrin radical character, and is not reactive @O bond formation. Metal-oxyl
radical character can be ‘unmaskeda transfer of an electron from oxide to the
vacancy in the porphyrin ring, and opening up aedor electron transfer from the
substrate to the oxide, the so-called discontintegion of porphyrin radical and oxyl
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radical surfaces. The O-O bond formation reactioofiles of the Naruta system
critically depend on the discontinuity regions ¢fettwo singlet potential energy
surfaces. For the direct mechanism, the discorgimeigion (DISY) is about 9.3 kcal
mol™ above the entry channéi3) and overall barrier for the O-O bond formation is
about 9.6 kcal mdl. In the case of the two-step mechanism, two disicoity regions
exist. The first of thes€DIS?), is about 4 kcal mdlabove the reactant complex (the O-
O bond formation) and the second discontinuityorgiDIS®), is further 2.8 kcal mdi
higher in energy (O-H bond formation), which is ttae limiting for the two-step
mechanism. Therefore, our DFT calculations sugtiegtthe more realistic mechanism
for the oxygen evolution of the Naruta system ie ttvo-step mechanism. Further,
incorporation of a solvent water molecule is a fameéntal chemical step in the two-
step mechanism, and therefore this proposal remiese classical biomimetic water

oxidation reaction.

3.4.2 Oxygen evolving [Mn(lIx(mcbpen(H,0),]** complex

The [Mn(Il)2(mcbpen)(H20),](ClIO,), complex developed by McKenzie and co-
workers is a well-known biomimetic water oxidati@atalys??>??® This system is
known to perform water oxidation in the presenceamfexternal oxidant such et
butylhydroperoxide (TBHP) or cerium nitrate. Memimainlet mass spectrometry
(MIMS) has been used to measure the evolvedc@ncentration in solution, and
labelling experiments have revealed that one oxyam in the evolved dioxygen
comes from water, whereas the second oxygen atatariged from the oxidant. The
proposed mechanism for the water oxidation has bdesmussed in section 3.1.3.2. The
intermediates of the proposed mechanism (Figurd)3¥ave been characterised by
using electron spin resonance (ESR), UV/Visibleecebspray ionisation-mass
spectroscopy (ESI-MS) and electrochemical metiotf$® We used DFT to explore
possible mechanisms for the catalytic water oxahatieported by McKenzie and co-

workers using the available experimental evidengardvide a framework.
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Figure 3.44The first four intermediates of the proposed reactnechanism.

The mechanistic hypothesis put forward by McKeneas based on the premise that the
species observed in the ESI-MS spectra are strandidates in the proposed catalytic
cycle, specificallyl, 2, 3 and4 (Figure 3.44). However, it is important to notattthe
ESI-MS experiment is a gas-phase measurement, helevater oxidation reaction
occurs in aqueous solution, although the former wigr important clues to stable
species, the participation of these in the reactio@mistry is not certain. Even more
fundamentally, the ESI-MS experiment provides theigical formula of the species
present, but no information on structure. Therefatthough the structures shown in
Figure 3.44 seem chemically reasonable, it is ptesshat alternatives isomers with the

same formula may exist.

Figure 3.45 (a) Crystal structure of [Mn(Hjmcbpen)(H20),](ClO4), (1) and (b)
optimised open-shell singlet staté)(structure of [Mn(I}(mcbpen)(H-0),] %*.
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As a starting point to this investigation, we exaed the electronic structures of species
1, 2, 3 and4 in the cycle proposed by McKenzie. Of these, taiity of1, the starting
compound, is certain as it has been characterigstatiographically (Figure 3.45a), but
2, 3 and4 are proposed on the basis of ESI-MS evidence tlaar@fore their structures
are uncertain. We show here tRand3 correspond to stable gas-phase minimabut
does not, and we propose alternative formulationshiis species. With this information
in hand, we then considered possible mechanismghéofvater oxidation reaction in

agueous solution.

Table 3.5 The experimental and calculated structural pararsetof the

[Mn(11) o(mcbpen)(H20);] ¥ complex(1).

Experimental (A) Calculated (A)

11 111

Mn-Mn 4.0914(9) 4.10 4.11

, 2.2313(16) 2.31 2.31
Mn-O 2.5908(16) 2.56 2.53
Mn-N* 2.419(2) 2.51 2.50
Mn-N? 2.329(2) 2.31 3.31
Mn-N? 2.290(2) 2.28 2.28
Mn-N* 2.246(2) 2.45 2.45

The reactant complex (1), a  crystallographically  well-characterized
[Mn(Il) 2(mcbpen)(H20),](ClIO,), species holds two seven-coordinate Mn(Il) atoms
with the carboxylate arms of the ‘mcbpen’ ligandgiging the metal centres through
one of the oxygen atoms. Further, this air stablgIydimer complex contains non-
coordinated carboxylate oxygen atoms, which aredgeh-bonded to the water ligands
on the adjacent Mn ions (Figure 3.45a). The opeuhiground state]) structure is
depicted in Figure 3.45b, and calculated structupdrameters are summarised in
Table 3.5. The crystal structure and the calculatedcture contain relatively long
metal-ligand bond distances due to the presentigbfspin Mn(ll) ions,d°. Magnetic
studies showed a decrease in magnetisation at dowpdrature, confirming that the
exchange coupling interaction is weakly antiferrgmetic?*#** Consistent with this,
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the ground state of the isolated [Mn{(thcbpen)(H,0)]** system is an open-shell
spin single(*1), (<$*> = 5.0) with the net spin densities on Mn iop@n) = -4.89 and
+4.89 typical of two antiferromagnetically couplddgh-spin Mn(ll) ions. The
corresponding high-spin stat¥l, (<> = 30.0), is structurally and energetically very
similar to the singlet ground state, but the nét siensities on Mn iong(Mn) = +4.89

indicate ferromagnetic coupling.

() (b) ()
Figure 3.46 Optimised (a) singlef*2) (b) triplet (°2) and (c) quinte(*2) electronic

states of [Mn(Il)(mcbpen)OH]complex(2).

Oxidation of [Mn(llx(mcbpen)(H20),](ClO4), complex with t-butyl hydroperoxide
(TBHP) gives rise to a mononuclear hydroxide sge2igMn(lll)(mcbpen)OHT, via
cleaving the bridging carboxylate-O ligands IofESI-MS studies confirmed that the
oxygen atom ir2 is derived from water but not from the oxidantcdnese the major ions
generated with BD and H*®0 are, [Mn(lI)(mcbpen)OD] (m/z = 386.5) and [Mn(lll)-
(mcbpenI®OH]" (m/z = 387.3), respectively. Optimised structysarameters of the
singlet, triplet and quintet electronic statesha fMn(l1l)(mcbpen)OH] are depicted in
Figure 3.46 and Table 3.6 summarises calculated dphsities, &> values and

relative energies of the key electronic states.
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Table 3.6 Structural parameters (A), spin densitie§><values and relative energies
(kcal mol*) for the optimised structures of [Mn(lIl)(mcbperB monomer(2) and

[Mn(l11) (mcbpen)(0)]?* dimer(3).

Multiplicity p(Mn) <S>  Relative energy

[Mn(lIl)(mcbpen)OH] *

Singlet(*2) 0 +26.7
Triplet (°2) 1.98 2.01 +6.5
Quintet(°2) 3.86 6.06 0.0

IMn(Ill) x(mchpenk(0)]**
Singlet(*3) -3.78/3.78 4.00 0.0
Nonet(°3) 3.90/3.90 20.13 +4.5

(Y

Figure 3.47 (a) Spina HOMO of the quintet stat€2) of [Mn(lll)(mcbpen)OH], (b)
spine HOMO and (c) spi# LUMO of the singlet ground stat€'3) of
[Mn(l11) (mcbpen)(O)?.

The calculated electronic states of the [Mn(lll)efspen)OH] system clearly show that
the ground state is a quinté®, with a net spin density on Mn iop(Mn) = +3.86, is
essentially corresponds to the high-spin Mn(llljp,iovhich has a Jahn-Teller axis

orthogonal to the carboxylate arm due to populatbthe Mnd,;2 orbital @-HOMO)

(Figure 3.47a). The corresponding triplet s{&® lies 6.5 kcal mot above the quintet

ground state, where the net spin density on Mn pgiWn) = +1.98, indicates the
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presence of low-spin Mn(lll) ion. The closed-shsiliglet electronic staté?, is 26.7

kcal mol* above the quintet ground state.

The next possible step in the catalytic cycle isydeation of [Mn(lIl)(mcbpen)OH] to
give a short-lived dinuclear mono-oxo bridged [MB@mcbpen)(O)]** complex(3),
which has been identified by using ESI-MS and U¥iblie spectroscop?>#*
Labelling experiments suggest that the bridginggexy atom of this species is also

derived from water.

Figure 3.480Optimised structures of (a) singiéB) and (b) none®3) electronic states

of [Mn(111) o(mcbpen)(0)]**(3).

For the dinuclear syster8 containing high-spin Mn(lll) ions withS = 2 on the
individual metal sites, and two distinct configumats, a broken-symmetry singlet and a
nonet, are possible (Figure 3.48). In the singteund staté'3), the Mn(lll) ions are
antiferromagnetically coupledia the u-oxo bridge, and the Jahn-Teller axis remains

orthogonal to the carboxylate arm due to populatibthed,? orbitals of both Mn ions

(Figure 3.47b and 3.47c). The nonet stag With ferromagnetically coupled Mn(lll)
ions, lies only 4.5 kcal mdlabove the singlet ground state. The computatidas

presented thus far on speci2snd3 are therefore fully consistent with the structural
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assignments proposed by McKenzie, and both cornesfmn stable minima on the gas-

phase potential energy surface.

3.4.2.1 What is the structure of 4?

According to the proposed catalytic cycle, the retep is oxidation o8 with TBHP,
giving rise to a dimeric [Mn(I\O)x(mcbpen)]®>* complex (4) with two ‘dangling’
carboxylate arms (Figure 3.49). This species wastified in solution of1-(ClOy),
treated with TBHP in acetonitrile, and the basistfe proposed chemical structuredof
was the ESI-MS evidences¥g = 384.2). This diamond-core type complex has been
proposed as the precursor for the oxygen evolutioough spontaneous collapse4of
followed by the release of dioxygera a peroxo specie€s (Figure 3.49). However, the
structure of4 immediately raises suspicions, because the ovehalge of +2, in
combination with two ‘dangling’ anionic arms, imgé a strongly zwitterionic structure
with a Mn,O,4 core carrying a +4 charge. Such a large chargaragpn is likely to be

highly unstable in the gas phase.

0
|\Aé\1( P BuoOH /by 100 P [\Aé\/(
NZ 5
EN"YIn”I g, Mnlﬂﬁ] k\ gNl\fl - O\M V- J E ||| M ||| :]
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o d 2H20
0 o)
(3) (4) (5)

Figure 3.49Final steps of the proposed reaction mechanisnthiroxygen evolution

proposed by McKenzie and co-workéfs.

Magnetic coupling of two Mn(lV) ions in a Mn(IM¥O).Mn(lIV) diamond-core
system, in principle, leads to S = 0 (antiferrometgn) or S = 3 (ferromagnetic) states,
with singly occupied non-bonding metd}y, metal-oxygenn*y, and n*y, orbitals.
Despite several attempts, we have been unableabel@ minimum for the singlet state

!4 with the Mn@-OMn diamond-core. Instead, the structure convergesar
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unsymmetric Mn(ll)(1-O)Mn(IV)-O™ complex(6) (Figure 3.50a). The singlet ground
state'6 of this system has net spin densities ont lh-2.43 and on ©of -0.67 (Table
3.7) highly reminiscent of the Mn(IV)-Ospecies described in previous chapter. The
net spin density of +3.87 on Miis characteristic of a Mn(lll) ion. Significant isp
density onO® of -0.41 also indicates that charge transfer fthendangling carboxylate

arm to the metal core has occurred (Figure 3.50b).
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Figure 3.50 (a)'Unmasking’ metal oxyl radical character of MWJi(-O)-Mn(1V)
diamond-cordg4) via disproportionation of a MngcO) bond, and (b) total spin density

plot for the singlet ground stat).

In light of the work described in the previous deapit seems likely that an oxyl
radical species, if present in aqueous solutionyldvbe a highly active oxidant towards
water 42150167189 5\vever, the ESI-MS signal corresponding to theieical formula

of 4 [and isomeri®] is observed in the gas-phase, where no solvetdgniapresent. It
seems rather unlikely that such a potent oxidispgcies would have a significant
lifetime, particularly in the presence of an orgahgand such as mcpben. We have
therefore considered alternative structures, isamerboth4 and6, which might arise
from the latter through an intramolecular oxidatiozaction. Various isomers for

[Mn,C34NgH420¢]%* are shown in Figure 3.51, while optimised strraityparameters,
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possible isomers are summarised in Table 3.7.

net spin densities, &> values and relative energies of the key electrstates of the
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Figure 3.51Possible isomeric forms for the proposed Mn(IM)&)).-Mn(1V) diamond-

core4.

The first of these alternative structurgsalso has a Mn(l11)-O-Mn(IV)-O oxyl radical
core, but in contrast 16, the pendant carboxyate arm is now coordinateddgdin(IV)
centre while one of the pyridyl arms has been detdcThis alternative isomer relieves
some of the unfavourable charge separation, arekeththe singlet ground state fs
some 10.7 kcal mdl lower in energy thar6. The corresponding diamond-core
structure, 13, which differs from4 in that two pyridyl arms, rather than anionic
carboxylates, are detached, lies a further 7.5 ka#f' lower in energy. However, the
most stable isomers (a further 20 kcal thbigher) correspond not to metal-oxo species
(either terminal or bridged) but rather to N-oxid&s10, and 12 which could, in
principle, be formed from oxyl species such@sr 7 by nucleophilic attack of the

amine or pyridyl lone pair.

116



Table 3.7 Structural parameters (A), spin densities><8alues and relative energies

(kcal mol%) for the possible isomeric fornts14 of the [MnCssNgH4206]>".

Isomer r(Mn'OY)  r(Mn20%  r(Mn'0%  r(Mn'Mn? oD p(i/lprir:)denj?gf) ey <S> iﬂ::g’;
6 1.68 1.83 1.87 3.51 -243 3.87 -0.67 -0.45 3.97 0.0
% 1.67 1.85 1.85 4.36 -249 3.87 -055 0.26 5.00 +4.1
8 1.67 1.84 1.89 3.49 251 391 058 -0.35 12.01 +1.2
% 1.67 1.87 1.87 3.48 248 395 062 040 20.11 +3.2
7 1.78 1.81 1.77 3.58 -259 383 -094 -039 393 -10.7
7 1.76 1.79 1.76 3.55 -2.73 3.80 091 -0.14 447 -4.4
7 1.80 1.83 1.80 3.57 299 388 -092 020 13.09 -36
%7 1.79 1.91 1.78 3.67 265 392 094 057 20.00 -45
'8 1.94 1.78 1.82 3.53 -3.85 376 0.02 0.02 4.02 -7.5
°8 1.94 1.80 1.85 3.50 396 389 -005 0.09 2013 -55
19 2.34 1.78 1.77 3.50 -3.77 378 -0.03 0.00 399 -40.0
%9 2.22 1.80 1.81 3.49 389 391 003 0.09 2012 -37.2
10 2.22 1.78 1.70 3.52 -3.76 3.76 -0.04 -0.01 399 -39.7
°10 2.33 1.82 1.80 3.47 388 390 003 013 20.11 -36.5
11 1.89 1.79 1.79 3.55 -3.71 379 001 004 399 -179
11 1.89 1.83 1.81 3.54 380 390 -001 0.16 20.11 -145
112 1.98 1.77 1.81 3.44 -3.78 3.76 0.03 0.03 401 -37.7
12 1.98 1.79 1.84 3.41 388 3.89 0.03 004 2012 -37.0
113 1.87 1.86 2.28 4.49 -398 396 0.09 0.07 418 -18.2
13 1.90 1.90 2.89 4.30 408 409 -0.17 -0.15 20.23 -255
15 1.86 1.86 1.82 2.23 -298 298 001 -0.01 312 -204
5 1.82 1.82 1.74 2.82 3.04 3.04 006 007 1200 -17.6

Nucleophilic attack by a carboxylate ligand is aldeasible, leading to
peroxycarboxylate species such&slthough the weakness of the O-O bond renders
these species rather less stable than their N-ozaleterparts. Finally, we have
considered the bridging peroxide speckesproposed by McKenzie and co-workers in
their original cycle (Figure 3.49). Although morealde than eithe6 and7, and this
structure is considerably less stable than thedmeiN-oxides. On the basis of these
computed energies, we propose that the speciesrabpe for the ESI-MS signal at
m/z = 384.2 is not, but rather a pyridine-N-oxide such&er 10. We noted above that
all of the isomeric products shown in Figure 3.%uld, in principle, be derived from

oxyl radical intermediates such & or 7. In the presence of solvent water,
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intermolecular O-O bond formation could be compatitwith these intramolecular
oxidation, leading to water oxidation. This hypdtserequires that the oxyl radical
species are present in sufficient concentratioralkow the reaction to proceed at a
reasonable rate. The oxyl radicals are in equilibriwith (amongst other species) the
Mn(IV) O, diamond-core structures, which are well-known Ist&ntities in manganese
coordination chemistry, and are generally not ndbedheir oxidising character. Indeed
none of the several hundred such species in thetstal database have, to the best of
our knowledge, been reported to oxidise water. Tdbservation suggests that the

mcpben ligand confers rather unusual activity enrtietal core.
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Figure 3.52Molecular structure of the Mn(1\}¢O).Mn(1V) diamond-core complexes.

To explore this issue, we have compared the digptiopation of the diamond core

structure4H,, its modified ‘open’ counterpaitH, (where we protonate the ‘dangling’

carboxylate arm(s) ofi and 7 to support convergence) with the corresponding two

model ligands shown in Figure 3.52. The first cfsh models(a), simply has the two

carboxylate arms of mcpben removed by sQ@#hile the secondb), is a well-known

bipyridine ligand that gives the well-known and bd¢éa complex [(bpyyMn(IV)( -

0),Mn(IV)(bpy),]**, which is not active in water oxidation.

The ground state in each of the diamond Mn({MX).Mn(IV) core species hold

antiferromagnetically coupled Mn(IV) ions. For thapyridine ligand (b), the

corresponding open Mn(lII)-O-Mn(IV)-Ostructure(lbp) is 14.1 kcal mot less stable,



while for the model'a the separation is somewhat smaller at +7.5 kcal*mo
respectively. For the full mcpben ligand systéisi and*4H,.p are -4.9 and -5.4 kcal

mol™ below the diamond cores (Figure 3.53).
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Figure 3.53 Singlet potential energy surfaces for dispropotiomaof the symmetric

Mn(IV) 2(u-O), intermediates.

The origin of this difference lies in the preserafethe fifth arm in the pentadente
mcpben ligand, which can coordinate to the Mn@ihtre to compensate for the loss of
one of the oxo ligands, retaining the octahedrahygtry about the metal centre. In the
model systemgb) and(c), stabilisation of the Mn(lll) centre is not podsibleading to
the highly endothermic disproportionation. The $i#on states for the
disproportionation reaction reflect the thermodyi@nwith very ‘late’ transitions
states for both model systems that resemble thdupts very closely, both structurally
and energetically. The transition state for the lpecpligand system is much earlier

(reactant-like), and lies at much lower energy.i@sed structural parameters, net spin
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densities, &> values and relative energies of the key statippaints for the singlet

potential energy surface are depicted in Table 3.8.

Table 3.8Optimised structural parameters, net spin dessiti&> values and relative

energies of the key stationary points.

r(Mn'0Y)  r(Mn20%  r(Mn'0?  r(MnMn? (M) pﬁ\zl:z)d ens;zigf) (09 <S> Sﬁé?g;e

7'H, 1.91 1.84 191 2.87 -3.10 311 0.00 0.00 310 0.0
T'H, 1.90 1.85 1.91 2.88 3.15 3.10 0.04 0.02 12.20 +3.1
7'H.g 1.77 2.13 1.81 3.30 -2.65 3.90 -0.70 -0.50 399 +7.8
7'H 1.79 1.81 1.83 3.56 -2.70  3.89 -0.94 -0.30 3.98 -49
57T'H 1.74 1.87 1.77 3.58 -2.84 3.79 0.83 -0.09 488 -3.2
4H, 1.84 1.83 1.87 2.88 -3.11  3.09 0.00 0.00 316 0.0
"4H, 1.85 1.85 1.88 2.88 3.16 3.18 0.08 0.08 1223 +2.7
4H,1s  1.78 2.10 1.83 3.31 267 408 -072 -058 399 +6.8
"4H,., 1.75 1.88 1.82 3.54 -2.61 397 -0.96 -0.48 4.00 -54
3'4H2_p 1.74 1.87 1.77 3.58 -2.80 3.91 084 -0.16 487 -34
'a 1.86 1.86 1.86 2.87 -3.10  3.09 -0.01 -0.01 3.15 0.0
a 1.88 1.87 1.87 2.89 3.17 3.16 0.08 0.08 1223 +2.4
ars 1.80 1.93 1.82 3.40 -2.76 4.01 -0.88 -0.45 4.02 +12.7
1ap 1.78 1.87 1.82 3.62 -2.65 3.93 -1.00 -0.37 399 +7.5
%a, 1.74 1.86 1.80 3.52 -2.82  3.90 0.79 -0.10 4.82 +59
B) 1.84 1.84 1.84 2.84 -2.94 2.94 0.00 0.00 3.06 0.0
o 2.06 2.06 2.06 3.82 3.14 3.14 -0.06 -0.06 12.22 +8.8
ors 1.71 1.89 1.81 341 -2.60  3.90 -0.95 -0.41 3.97 +15.3
1bp 1.78 1.86 1.80 3.59 -2.55 3.85 -1.03 -0.34 395 +14.1
%0, 1.77 1.84 1.78 3.55 -2.76  3.82 0.87 -0.10 4.88 +15.6

In summary, the coordinative flexibility of the gadentatencbpenligand appears to
play a key role in this case, where the carboxyéate of the resultant complex&&H
and l4H2_ID provides a flexible donor to the Kil) ion, stabilising the octahedral
environment which ultimately lowers the barrier tbe disproportionation process. The
result is that the open Mn(IV)-oxyl radical formrrauch more accessible in the mcpben

system than in ‘standard’ Mn(I¥{)p, diamond cores with tetradentate ligands. The
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‘carboxylate shift’ is a common feature in a variet coordination modes offered by
carboxylate ligands in metal carboxylate proteinsgeneral, where the carboxylate
shifts allows for a change in coordination geometng coordination numbé&t>*°|t

may therefore be important for increasing the agbégy of different redox states (e.g.
opening coordination sites for dioxygen bindinghietr may also play a role in electron
transfer eventBased on the analysis of the gas-phase ESI-MSdistassed above,
we believe that the species corresponding to stredtin the original cycle proposed
by Mckenzie and co-workers is in fact a pyridineside, formed by intramolecular
attack of a pyridyl nitrogen on a transient oxydlical species such &sor 7. We now

turn to the reaction chemistry in aqueous solutwhere the key difference is that

oxidation of solvent water may compete with theantolecular processes described

above, leading to oxygen evolution.

3.4.2.2 Possible structure of reactive intermediasein aqueous solution

Our gas-phase calculations, guided by ESI-MS dhetee identified oxyl radical species
such as or 7 as likely intermediates in the process. Howeves, @ evolution was

823224 nder

observed not in the gas-phase but rather in aquealuson at pH 4.7
such conditions, protonation of the carboxylate saohthe mcpben ligand is possible.
In this section we consider the electronic struetirthe protonated forms of isomers of
6 and'7, and compute theirka values®>">**(see Appendix A) to establish which are
likely to dominate under the given experimental dibans. Calculated structural
parameters (A), spin densitiesS’ values and relative energies (kcal Mofor the
possible redox species are depicted in Table $18. dlectron density distributions of
singly protonate®H and doubly protonate@H, are rather similar to those of isonter
which also contains a Mn(llEO)-Mn(IV)-O* core (Table 3.9). Our DFT
calculations confirmed that the ground stat®&,dH and6H, are all open-shell singlet

electronic state. Therefore, we considered theletiggound state of these systems for

our Ka analysis.
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Table 3.9Calculated structural parameters (A), spin dessitk$> values and relative

energies (kcal md) for the possible redox specieséoénd?.

Spin densities .
«<F> Relative

r(Mn'0Y)  r(Mn20?% r(Mn'0?  r(MnMn?

p(Mn?)  pMn?d)  p(0)  p(0O?) energy

'6H 1.74 1.94 1.80 3.58 -250 397 -095 -059 4.03 0.0

*6H 1.72 1.95 1.74 3.49 -2.60  3.95 076 -0.27 480  +0.3

6H 1.71 1.99 1.74 3.50 267 399 -071 027 12.83 +23

%6H 1.73 221 1.79 3.84 250 394 091 076 2012 +96

7H 1.77 1.86 1.75 3.61 249 389  -093 -050 396  +0.2

7'H 1.79 1.81 1.83 3.56 270 389 -094 -030 398 494

7"H 1.78 1.83 1.80 3.59 -251 388  -093 -046 3.99  +9.1

'6H, 1.75 1.88 1.82 3.54 -261 397 -096 -048 4.00 0.0

%6H, 1.74 1.87 1.77 3.58 -2.80  3.91 084 -0.16 4.87  +05

6H, 1.74 1.91 1.79 3.55 291 400 -0.82 021 1296 +34

%6H, 1.76 1.97 1.82 3.70 266  4.00 095 058 2013 +4.4

Y HC/OH pka=-4.8 i/ Cféo pka = +28.3 Ry Cfo

ST R N S B

N +O'/p|@NL ’NL,', 0 UNL N s |
(1 Py COOH y Py COOH Py Py COO0-
(6Hy) T (8H) (8
H* H*

Figure 3.54 Possible redox species for the unsymmetric Mr(l1HO)-Mn(IV)-O™

complex and calculatedkja values.

The computed g, values (Figure 3.54) indicate that the dissoamtbthe first proton

of 6H; is favourable (K, = -4.8), but dissociation of the second protomas (K, =
+28.3). Therefore, the most abundant redox speatiggH of 4.75 will be the singly
protonated Mn(ll)--O)-Mn(IV)-O™ complex6H. Total spin density distribution of
stable singlet(*6H) and triplet (°’6H) states are depicted in Figure 3.55, and both

electronic configurations show marked oxyl radidadracter.

122



Figure 3.55Total spin density distributions of the sing(&H), and thetriplet (°6H)
electronic states of the singly protonated Mn((lH©O)-Mn(IV)-O" system.

There are three isomers possible for the analogoggy protonated? (Figure 3.56).
Calculated open-shell singlet states of these is®ifid, 7'H and 7"H confirmed the
presence of active Mn(IV)-O character (Table 3.9), where the most stable isasne
7H. CalculatedpKa values -1.99 of 7’H and -2.28 of7"H indicated that the
dissociation of the proton is favourable. Howevér, 7'H and 7"H isomers are
relatively less stable thadH. We therefore use th&H as the precursor for our studies

of the O-O bond formation pathway.
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Figure 3.56Possible isomers for the singly protonafed
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3.4.2.3 The O-O bond formation

The active intermediatéH has dominant metal-oxyl radical character [Mn(IV)i0O

and therefore interaction with a molecule ofCHmay lead to O-O bond formation.
During this process, the water molecule must lopeoton, and so the reaction will be
accelerated by the presence of an internal bagbelnontext obH, this base could be

either the bridging oxygen or the carboxylate alfigijre 3.57).

g H
H---0, o
(0] o N [e) H \
s i ! i
\
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Mn—O—Mn Mn"——O——NMn
N /N \N
(18)
TS
(TS19) HOOC) HOOC)

(II) A proton transfer to bridging oxygen

Figure 3.57 Possible O-O bond formation mechanisms involvimgtgn transfer to

either to the bridging oxygen or to the carboxykate.

In the following section we consider both possil@i, and compute the potential
energy profiles for the O-O bond formation in thttbcases. We focus on the most
stable singlet and triplet electronic states inheaase. The optimised structural
parameters, net spin densitie§>< values and relative energies of the key statipnar
points for the O-O bond formation mechanisms amarsarised in Table 3.10. The
addition of a water molecule to the outer coordorasphere at a fixed ‘@® distance

of 3.0 A does not change the electronic structdrthe active intermediatésH), and
the open-shell singlet state is still the grouratestor the resulting complédH(H,0).
The energy profiles for the most stable singlet tipllet potential energy surfaces are

shown in Figure 3.58 (proton transfer to carboylatm in blue, to bridging O in red).
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Table 3.10 The optimised structural parameters, net spin tiessi<> values and
relative energies of the key stationary points led tnost stable single and triplet

potential energy surfaces for the O-O bond fornmasiep.

Structural parameters Mulliken Spin density

<P Relative

(Mn'0Y)  Mn0) rMn'0) O'C) p(MnY p(Mn3) pOY p(0) p(OY enerey

6H(H,0) 1.75 1.93 1.8 3.00 -2.50 397 -096 -056 0.00 4.0 0.0

36H(H,0) 1.73 1.92 1.75 3.00 -2.65 393 080 -0.24 0.00 4.83 +1.1

TS, 1.86 1.83 1.80 1.87 -327 3.85 -0.34 -0.09 0_'30 4.14 +16.1
TS, 1.76 1.81 183 176 -220 3.84 001 001 024 421 +14.3
TS 1.70 2.30 194 187 -236 400 -0.24 0.01 053 458 +24.0
117 2.07 1.80 182 151 -3.83 3.80 0.09 0.06 004 402 +1.2
517 1.90 1.80 185 154 -1.96 3.80 001 0.04 0.03 3.99 +2.1
118 1.89 1.94 2.38 150 -396 3.94 0.00 0.01 0_'04 4.13 +3.4
%18 1.86 2.23 199 152 -2.01 4.00 -0.06 0.04 0.00 4.11 +14.1

3.4.2.3.1 Proton migration to the carboxylate arm

This reaction starts at the singlet potential epengrface’6H(H-0), and spin cross-
over from singlet to triplet may occur at an eatgge of the reaction. As a result, the
O-O bond formation proceedsa *TS;;, which is 14.3 kcal mdil above the entry
channel of the singlet potential energy surfacee Thrresponding singlet transition
state,'TSy7, is further 1.8 kcal mdi higher in energy. Then the reaction undergoes a
second spin cross-over between A8, and the productl?, a Mn(lll) hydroperoxide
species. Spin-orbit coupling at the metal sitebkisly to make both spin crossovers
rather facile’’ %2 The fully optimised structure df'S7, *TSy7, 117, and>17 are shown
in Figure 3.59. The hydroperoxide produtt7, has a high-spin Milll) ion (d*
[p(Mn?) = -3.83] with the Jahn-Teller axis aligned aldhg Mn-O" bond (2.07 A). The
second Mn site, Mn has a high-spim* configuration p(Mn*) = +3.80], in this case
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with the Jahn-Teller axis along the weakly boundCGEOligand. The key triplet
transition state®>TS,-, is rather product-like, with the proton almostiesty transferred

to the carboxylate group (O-H = 1.05 A) and a samusally formed O-O bond (1.76 A).

H
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Figure 3.58Potential energy profile for the O-O bond formatiarproton migration to

the carboxylate arm (blue), and a proton migrat@the bridging oxygen (red).
3.4.2.3.2 A proton migration to the bridging oxygen
The gross features of the potential energy surfacegjualitatively similar to that of the

proton migration to the bridging carboxylate caséh a low-lying triplet transition

state necessitating spin crossover before readhiedhydroperoxide product (Figure

3.58).
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~. 1874

(d)

Figure 3.59 Fully optimised structures of (&JS17, (b) *TSu17, (c) '17, and (d)*17 for

the O-O bond formatiowia a proton transfer to the carboxylate arm.

Figure 3.60 Fully optimised structures of (8Sis and (b)'18 for the O-O bond

formationvia a proton transfer to the bridging oxide.
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However, the product is less stable than the ismmBarm with a protonated
carboxylate ligand, and the corresponding transititate lies 24 kcal mdlabove the
entry channel. The relatively low stability 818 can be traced to the rather weak
bridging afforded by thg-OH ligand. In fact, protonation of the bridge casishe Jahn-
Teller axis of one of the Mn centres to align alotig x-O bond rather than
perpendicular to it (as is always the case fge®@ species), causing a substantial
elongation of one of the Mn-O bonds (2.23 A). Thiyfoptimised structure ofTSyg

and*18 are shown in Figure 3.60.

In summary, the gross features of the O-O bond dtion are rather similar in the two
cases: both involve two electron transfer to the' Mite and a single proton transfer,
either to the carboxylate arm or to the bridgingdex2¢/H"). The barrier in the former
case is 14.3 kcal mblwhile in the latter it is over 24.0 kcal miplsuggesting that the
carboxylate ligands are more likely to act as a@mamolecular base. The rather high
barrier for protonation of the bridging oxides isn#gar to the work of Siegbahn on
[(terpy)(HO)Mn(IV)(p-O)aMn (I (H 20)(terpy)F* complex (23.4 kcal mdl for the
triplet surface)***° With a detailed description of the O-O bond forimatstep in

hand, now we are in a position to describe thd brgigen evolution step.

3.4.2.4 Oxygen evolution

The final steps of the catalytic cycle are depidtedrigure 3.61. Starting frorfL7, a
single electron can be transferred to a’(Mh ion with concomitant transfer of the
hydroperoxide proton to the bridging oxygen, anig thé/1H" transfer process gives
rise to a superoxo intermedial®. Then a single electron transfer from O the
Mn*(Ill) ion leads to dissociation of OThis scheme is analogous to that proposed for
the final stages of oxygen evolution in the diruilnen complex reported by Yang and
Baik.*®° The optimised structural parameters, net spinitiess<> values and relative

energies of the key stationary points of the paaeminergy surfaces (Figure 3.62) are
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summarised in Table 3.11. This reaction starthatsinglet potential energy surface
117, and 181H" transfer yields to a peroxy specii® through'TS;e which is 13.3

kcal mol* above thé17.

P=0
/om SR
Mn'”—O U N,\/;n I o— Mn'” X_M‘n”—O—Mp”
2 @ (1) ) / ) H,0 / )N
HOOC HOOC HOOC

(17) (19) (20)

Figure 3.61Proposed mechanism for the formation.
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Table 3.62Potential energy surfaces for the fOGrmation.

The optimised"19 has net spin densities of +4.87 onMwonfirmed the formation of
Mn(ll) ion (d°), and Mr ion is still Mn(lll) [p(Mn?) = -3.93]. The computed spin

densities on ®of -0.50 and &of -0.61 on19 imply super-oxo character. However, the
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corresponding triplet staté19, is 13.7 kcal mét more stable tharf19, and spin
densities on ®of +0.67 and on ®of +0.79 of 319 confirm the presence of one

unpaired electron on the,Qunit, which is antiferromagnetically coupled to Mite.

Table 3.11The optimised structural parameters, net spin tleasi$> values of the
key stationary points of the most stable single tpdet potential energy surfaces for

the @ formation step.

Structural parameters Mulliken Spin density
<S>
r(Mn'0% r(Mn?0?% r(Mn'0?% r(0'0° p(Mn?) p(Mn?) p(0Y) PO p(©?)

1T819 1.96 1.78 231 1.44 -3.82 4.40 -0.33  -0.14 -0.14 4.45
19 2.15 2.27 1.89 1.38 -3.93 4.87 -0.50 0.00 -0.61 5.05
519 2.04 2.16 2.00 1.32 -4.42 4.89 0.67 0.00 0.79 6.40
20 5.77 2.07 2.16 1.26 -4.85 4.87 0.00 0.00 0.00 4.99
320 5.79 2.07 2.16 1.26 -4.85 4.87 0.93 0.00 1.07 7.00

Figure 3.63Fully optimised structure of (&19 and (b)*20.

The O-O bond distance 1.38 A 4£9 and 1.32 A of 19 are consistent with the
experimental value for £(1.35 A), and thi$19 systemmay form due to spin cross

over from singlet to triplet. The calculated spendity on @ of 0.93 and &of 1.07 in
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320 confirmed the formation of an oxygen molecule ntitplet state, and this species is
13.8 kcal mol below 319. Optimised structures ofl9 and *20 are shown in Figure
3.63. Finally, condensation of two water molecudesl a single deprotonation may

return the catalyst to its initial staf¥) with association of two water molecules.

3.4.2.5 Conclusions

Our DFT calculations indicated that the specieparsible for the ESI-MS signal at
m/z = 384.2 (gas phase) is a pyridine-N-ox{@eor 10 or 12), which may be formed
through the intramolecular attack of a pyridyl ogen on an oxyl radical species such
as6 or 7 (Figure 3.64), and not the proposed active inteiate4 in the original cycle

of Mckenzie and co-workers.
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Figure 3.64 Key isomeric forms for the proposed diamond-gy&eny.

The water oxidation, however, occurs in aqueoustsol, and thus oxidation of solvent
water may compete with the above intramolecularcgsses, leading to oxygen
evolution. This process may procegi oxyl radical intermediate$H which are
present in sufficient concentration to allow theaateon to proceed because the
carboxylate arm of the mcpben ligand provides xsilfle donor to the Mn(lll) site and
stabilises the asymmetric Mn(llI)+{O0)-Mn(IV)-O™ species. Then the active Mn(IV)-

oxyl radical intermediaté6H) may react with a molecule of,8 (solvent), leading to
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O-O bond formation through two possible pathwaystgn transfer either to the
carboxylate arm (barrier of 14.3 kcal riplor to the bridging oxygen (barrier of 24.0
kcal mol?). The former pathway is more realistic for the Gy@hd formation as it has a
low barrier, and so the carboxylate arms of the ppabligand have a secondary role as

internal base (Figure 3.65).
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Figure 3.65 Proposed mechanism for the oxygen evolution basedoar DFT

calculations.

Starting from'17, the hydroperoxo intermediate, a single electrandfer and a proton
transfer give rise to a superoxo intermedidi® with a barrier of 13.3 kcal mdl The
overall barrier for the oxygen evolution is therefaefined by the first state, the OsO
bond formation, with a barrier of 14.3 kcal Mplvhich is the same order of magnitude
as the model complexes for the OEC by Siegbah (@&l mol").**?***This barrier is

relatively smaller than that of the Brudvig oxygewolving Mn-dimer compleX?*4°
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(23.4 kcal mol), where the proton transfer occurs to th® unit; in the case of the
Mayer oxygen evolving Ru-dimer syst&th the barrier for the O-O bond formation is

26.9 kcal mof (proton transfer to the Ru(V)=0 unify’
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Chapter 4

Copper—Homoscorpionate Complexes
as Active Catalysts for Atom Transfer
Radical Addition to Olefins

4.1 Introduction

Generation of carbon-carbon bonds is a fundamgntalbortant chemical step in organic
synthesis. The Kharasch reaction, the addition pblghalogenated saturated hydrocarbon

r%-2%3\which is known

to an alkene, is an efficient way of carbon-carbdrond formatio
to occur in the presence of a free radical precuasothe promoter or a transition metal

complex as a catalyst (Figure 433§3¢’

ClL,XC Cl

CXCl; + :\ . \_<
Ph

X = H, Cl Ph

Figure 4.1 Addition of a polyhalogenated saturated hydrocartman alkene substrate to
form a 1:1 adduct.

134



For the metal-based catalysts, two types of meshamiave been proposed; atom transfer
radical addition (ATRA) and atom transfer radicalymerisation (ATRPJ*®3"° The
ATRA targets the formation of 1:1 adducts of allhdlides and alkenes catalysed by
transition metal complexes. The key steps invoiveithe ATRA are depicted in Figure 4.2.
The reaction proceedsa a metal induced homolytic cleavage of the carbaloden bond,
which gives rise to a metal-halide complex and b@a-centered radical. Then the latter
species interacts with the olefin to form the secoadical species, which induces the
abstraction of halogen from the metal-halide compl€he metal catalyst therefore
participates in both initiation and chain propagatsteps. Over the past few decades, a
number of metal-based synthetic catalysts have pegposed for the ATRA, including

ruthenium-, nickel- and copper-based syst&fhs’

M" + CXCl;, =—= [M™'|CI + ‘CXCl,
CH,=CRR' + 'CXCl, —> CIL,XC-CH,-CRR'
CLXC-CH,-CRR' + [M™']CI === CLXC-CH,-CRRCI + "
X=H,Cl
Figure 4.2 Key steps involved in the atom transfer radicatlison (ATRA) of a

polyhalogenated saturated hydrocarbon to an alkene.

Tp* R! R? R® \ Ry
Tp* Me H Me Ry B \
Tp'B Me Me H tBu . / 'I\l IL Ry }\j\ R,

TpSer H Br CeHia 2 =N \
Tp®?® Br Br Br Rs Ny/ Rz Rs
TpMs H H CsHoMes

Figure 4.3 Homoscorpionate ligands (fp
135



In the present study, we focused on the role ofpiblgpyrazolylborate-copper family of
complexes (TfCu) in ATRA reactions (Kharasch additiol{§,where the availability of a
number of TP ligands offers an opportunity to gain a better ustdading of mechanistic
details and to tune such systems for syntheticqaep (Figure 4.3). The catalytic activity
of these systems has been proposed to be enhantleel presence of bulky and electron
donating Tp ligands®’® A recent study by Pérez and co-workers providedeskinetic and
mechanistic details for addition of CGChnd CHC} to olefins catalysed by the TQu
family of complexes in the presence of a donorddysuch as MeCN, which induces
ATRA.3"®The best conversions have been observed for taf/set containing Tp*Mand
Tp'®'ligands. In contrast, Tp* or T} ligands provided low conversions and théf@u
system was ineffective even at higher temperatdres.nature of the Tdigands appears
to play a significant role on catalytic activitytre@r for donor or steric reasons. The
presence of electron donor groups, in principlergases the electron density at the metal
site and such species may easily be oxidised. Atsdme time, the steric bulk of the
substituents at the Tgigand may prevent the formation of dinuclear*;0u species.
Therefore, electronic and steric effects of the ligands may dramatically control the

catalytic activity of TBCu complexed!’3"®

Pérez and co-workers have proposed a catalytie dgelthe ATRA of CCJ or CHCE to
olefins catalysed by T@u(l) complexes in the presence of an added dore€W(Figure

4.4). In this cycle, the homolytic cleavage of tterbon-halogen bond gives rise to a

carbon-centered radicaCXCl,), and concomitant oxidation of Cu(l) to Cu(ll) geates a
metal-halide complex T@u(ll)CI, which is believed to be the rate deteriminstep. In the
presence of the donor MeCN, the *Tp(ll)Cl intermediate may give rise to a

Tp*Cu(I)CI(MeCN) species. The carbon-centered radictdracts with the olefin to form

the second radical species LOCCH,CHR), which may abstract the halogen from either
Tp*Cu(IDCl or TP‘Cu(INCI(MeCN). Subsequently, the metal is redudedthe initial
oxidation state and the addition product is formBdere are, however, still uncertainties
concerning the detailed chemical steps involvedthia proposed catalytic cycle, in
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particular the rate determining step, role of th& llgands and proposed metal-halide

complexes TfCu(I)Cl and TFCu(I)CI(MeCN).

CCly n

Tp‘Cu(l) =——= Tp*Cu(l)L

)/ :

Tp*Cu(ll)Cl——CCl, ClsC cl

x L x
S Tp*Cu(hCI(L)

/\R

Figure 4.4 Proposed catalytic cycle for the ATRA of G@F CHCE to olefins catalysed by

Tp*Cu complexes in the presence of an added dori6t L.

4.2 Objectives

In the present study, we use DFT in conjunctionhvat quantum mechanics/molecular
mechanics (QM/MM) approadf?3* to explore the electronic structure of *Qo
complexes in the proposed catalytic cycle (Figu4).4With a description of the key
electronic features of the fpu systems in hand, we compare the potential ersngsices
for ATRA of CCly to GH, by Tg'Cu(l) and TF"MCu(l) complexes with the added donor
MeCN. The intrinsic tuneability of Tpligands provide an ideal platform for establishing
structure/function relationships of T@u complexes in ATRA (Kharasch addition)

reactions, and also opens up new synthetic pathways
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4.3 Computational methodology

Gas phase optimisations were carried out using BR@ hybrid ONIOM(QM:MM)
approacf®3®®as implemented in the Gaussiafid@ackage with the B3LYP functiond.

*8 The LanL2DZ basis set and associated effective potential was employed for €§*

82 and 6-31G(d) for the other atomall geometry optimisations were full with no
restrictions and vibrational frequency calculatiovese also performed in order to establish
that the stationary points were minima or transitistates. In the ONIOM(QM:MM)
approach, the full system, PpMCu(ll), is divided into two different regions, eashthem
with a different computational description. Theatdenically sophisticated environment is
treated with DFT, while the interactions relatedhe bulk of the TF“M¢ligand , +Bu and
—Me, are treated with much more affordable MM apphy where UFE® was employed in
the MM region. The total energy of the QM/MM modE&k.(QM,MM)] can be obtained

by the following formula;
Erol(QM,MM) = Equ(QM) + Eum(QM,MM) — Exm(QM) 4.9)

where the first termEom(QM), represents the total energy of the modelesysfQM). The
next two terms consider the MM contribution witlire MM region and between the QM

and MM regions.

4.4 Results and discussion

In the present work, we considered the ATRA of L@ GH, catalysed by TiCu
complexes in the presence of MeCN (L). Two typedig#nd systems for the Tpvere
considered, namely Tpligand, where we replaced all the bulky substitsaf Tg' by H
for simplicity, and the TF"M¢ligand (Figure 4.5).
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(@) (b)

Figure 4.5The TP ligands considered in this work; (a) simplifiep*Tand (b) TF"“Me.
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4--0.24 ¢

Figure 4.6 Kohn—Sham orbitals for the singlet electronic estaf Tg'Cu(l) (orbitals are
labelled according to th€;y point group).
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4.4.1 Electronic structure of Tg'Cu(l) and Tp*Cu(l)(MeCN)

Both Tp‘Cu(l) and TPCu(l)(MeCN) complexes hold fully occupied methorbitals ¢,
and therefore the electronic structure of theséegys can be described by using the spin-
restrictedKohn—-Sham formalism (RKS). The Kohn—-Sham orbitalsthe singlet state of
the pyramidal TBCu(l) complex are summarised in Figure 4.6. Ur@igr symmetry, the
metal d,2 orbital of this system has; aymmetry while the four othed orbitals form
degenerate orbitals & symmetry (1e and 2e). The empty non-bondwagrbital of the

metal centre forms the LUMO.

ev

-+ 0.00

LA\
\\

-1 -0.20

—+ -0.22

+-024

Figure 4.7 Kohn—Sham orbitals for the singlet electronic estaf Tg'Cu(l)(MeCN)

(orbitals are labelled according to f@g, point group).
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(c) (d)

Figure 4.8 Optimised structures of (a) fpu(l), (b) TE®MeCu(l), (c) TP'Cu(l)(MeCN)
and (d) TF“MCu(1)( MeCN) (structural parameters are in A).

Coordination of the MeCN ligand on the "Qu(l) complex gives rise to a tetrahedral
Tp™Cu(l)(MeCN) species, and the electronic structdrthis system is quite similar to that
of the TP'Cu (Figure 4.7), where the metk orbital (1a) and the degenerate methl
orbitals (1e) are closer in energy. In the preseote stronger ligand such as’,Cl

[Tp"Cu(l)Cl] complex @) for instance, the metal2 orbital (1a) may approach the
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HOMO (2e). In the presence of the MeCN ligand, mjged TPCu(l)(MeCN) systems
have slightly longer Cu-N bonds (Figure 4.8). Thaculated Cu-N(L) bond length of
Tp®"MeCu(l)(MeCN) complex (1.96 A) is relatively highdran that of TBCu(l)(MeCN)
system (1.95 A), which indicates steric effectstaf tBu groups of the T§"™¢ ligand. In
the presence of MeCN (in solution), *Qu(l) complex is in equilibrium with the
Tp*Cu(l)(MeCN). The former species is believed to be fctive component for the

catalytic activity.

4.4.2 Electronic structure of TECu(Il)Cl and Tp *Cu(l)CI(MeCN)

Transition metal ions witll® configuration, notably Cu(ll) ion, are Jahn-Teltamtive and
the structural distortion of the metal coordinatgphere is severe. In general, Miype
complexes containing® configuration are in between square-planer (diamatigd®) and
tetrahedral (paramagnetif or d'°) shape. For the T@u(l1)Cl complex @°), three doublet
electronic states can be generated by removingngleselectron either from the doubly
degenerate metal orbitals (2e) or from the metak> orbital (1a) of the [TP'Cu(l)CI]

(anionic form).

©:21)
c-cu-B =170.2° Xm"

0.0 keal mol-1 +1.0 keal mol-1 +14.3 kcal mol-1
<§2>=075 <8§2>=0.75 <8§2>=0.75

(@) (b) (c)

Figure 4.9 Optimised doublet electronic states &) (b) A" and (c)?A™ of Tp"Cu(Il)Cl
complex.
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We optimised three possible doublet electronigest&r the TBCu(I)Cl complex (Figure
4.9). In the first doublet stafd' (Figure 4.9a), the ground state, holds the B@l@ngle

of 155.1°, which indicates a highly distorted tb&dral coordination sphere at the metal
centre. The net spin densitipéCu) = 0.59 anth(Cl) = 0.21 suggests that the radical
character is mainly on the metal. The Kohn—Sharitaisbfor the’A’ state are summarised
in Figure 4.10, where the orbitals are separatexspin«a and spingd manifolds. One of the
2e orbitals, 73 of spina and 72 of sping, are doubly occupied, and therefore Cu-N
antibonding character of this orbital leads to taeg Cu-N bonds (2.11 A) and one short
Cu-N bond (1.99 A) (Figure 4.9a).

ev

—
T 0260 [HONIO}—l,— 73

=T -0.265 .
Q (HOMO) 74 _1_

-T -0.270

Figure 4.10Kohn—Sham orbitals for the optimiséd' electronic state of THCu(ll)Cl.

The second doublet electronic stat&!, was obtained by altering the occupation of the
spin manifold of the’A’ state 2 and74 orbitals), and the optimised" is only 1.0 kcal
mol’ above the ground stafd' (Figure 4.9b). Kohn—Sham orbitals of th&" state are
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depicted in Figure 4.11, where the doubly occujpied of 2e orbitals73 of spin« and72
of sping], has significant Cu-N antibonding character airggle Cu-N bond, which leads
to one long Cu-N bond (2.22 A) and two short Cudwidis (2.01 A). The B-Cu-Cl angle of
the optimised®A" state is 170.2°, indicating a distorted tetdrae metal coordination

sphere (Figure 4.9b).
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-T -0.265

(HOMO) 74 1,

- -0.280

= -0.285

-+ -0.290

Figure 4.11Kohn—Sham orbitals for the optimisé&l" electronic state of THCu(I1)Cl.

The optimised third doublet electronic state of TpeCu(ll)Cl complex,’A™, has CI-Cu-B
angle of 188 and is symmetric (§) (Figure 4.9c). The Kohn—Sham orbitals for the
optimised®A™ state are summarised in Figure 4.12, wherertald,2 orbital of the spirg
manifold (74) is unoccupied. However, this doublet electronitests 14.3 kcal mdlabove

the ground stateA".
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Figure 4.12Kohn—Sham orbitals for the optimiséd" electronic state of T{Cu(ll)CI.

The optimised doublet electronic states of thé®™MFCu(I)Cl complex are shown in
Figure 4.13. In the computed geometries, the patiEtwo long and one short Cu-N bond
distances (2.13, 2.12, and 1.97 A) are clearly gmesn theA' state (Figure 4.13a),
whereas one long and two short Cu-N distancesrpate27 and 2.04 A) is found in the
A" state. The X-ray structure of FpMCu(ll)CI has Cu-N bond distances of 2.07, 2.07,
and 1.93 A corresponds to the calculdtatstate. The calculated Cu-Cl bond length 1.19
A of the ?A" state agrees with the X-ray structure (1.18 Bgth A’ and ?A" states hold
rather equivalent CI-Cu-B angles (172.8nd 171.8, which deviate from the X-ray
structure (159.3. The optimisedA™ state holds a symmetric metal coordinationesph
(CI-Cu-B = 179.8), and this state is 12.2 kcal rifahbove the energetically equivaléat
and®A" states. Despite the recording of two stablebfietuelectronic states’A’ and?A")

in the solid state, a mixture of both should odowolution, and the complex may convert

from one doublet state to the other.
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0.0 kcal mol-1 0.0 keal mol-1 +12.2 kcal mol-1

<§2>=0.75 <$2>=0.75 <§2>=0.75

(a) (b) (c)

Figure 4.13 Optimised doublet electronic states (&' (b) A" and (c) °A™ of
Tp®“MeCu(Il)Cl and the corresponding unoccupied mdtatbital at the spiggmanifold.

Coordination of MeCN to the T@u(ll)Cl species gives rise to penta-coordinated
Tp*Cu(ICI(MeCN) @°). Kohn—Sham orbitals for the doublet state of
Tp"Cu(ll)CI(MeCN) are summarised in Figure 4.14. Mpsticeably, the metal,2 orbital
of the sping manifold (85) is unoccupied in this case, and leads a longeCIlChend
distance (2.31 A) (Figure 4.14). The net spin d@ssbn the Cu-Cl site remain very similar

to those in théA' state of TPCu(IN)CI.
In the corresponding full model, FyMCu(ll)CI(MeCN), the metadl,2 orbital of the spin-

£ manifold is still unoccupied (Figure 4.15b), anelgs a longer Cu-Cl bond distance (2.38
A) in this system (Figure 4.15a).
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Figure 4.14Kohn—-Sham orbitals for the doublet electronicestaey structural parameters
(A) and spin densities of Tigu(Il)CI(MeCN).

Figure 4.15 (a) Structural parameters (A) and spin densitiesi)( of the optimised
structure, and (b) unoccupied metigl orbtal of the spig manifold in the doublet state of
Tp®*MeCu(Il)CI(MeCN).
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4.4.3 Catalytic cycle

With a description of the detailed electronic stame of TFCu(l) and TPCu(ll) systems in
hand, this section compares potential energy sesfdor ATRA of CC) to GH4 by
Tp™Cu(l) and TF*“MCu(l) complexes with the added donor MeCN.

4.4.3.1 Atom transfer radical addition of CCl to C,H4 by Tp"Cu(l)

The potential energy diagram for the ATRA of @ GH,4 by Tg'Cu(l) is shown in
Figure 4.16. The active component for the catalgtitivity is believed to be the TEu(l)
complex, which is in equilibrium with the TgEu(l)(MeCN). Our calculations indicated
that the former species is 17 kcal thbiigher in energy. Therefore, the first step of the
catalytic cycle is to remove MeCN from the "Qu(l)(MeCN) species, which opens the
active channel of the ATRA process. The"Tp(l) complex has a closed-shell singlet
ground state (RKS), which interacts with G@ form a neutral TPCu(l)CI-CChk

intermediate, only 3.7 kcal mbbelow the THCu(l). Then the homolytic cleavage of the

C-Cl bond gives rise to a [TEu(l)Cl]...[ CCl] species at the C-Cl bond dissociation
limit, which is 12.5 kcal mét above the TPCu(l)CI-CCk intermediate.

At the beginning of the C-Cl bond cleavage, then gf@nsity on each metal centre must be
zero as dictated by the closed-shell singlet (RI€®ctronic state, and this constraint

remains as the C-Cl bond lengthens if the RKS sehismetained. However, it is clear that

each of the fragments *@u(ll)Cl and' CCl; have a single unpaired electron (non-zero spin

density), so the calculations at the bond dissioeialimit is preferred with the UKS

method. For the [TRCu(I)Cl]...[ CCly] limit, two energetically and structurally similar

spin states, a singlet (UKS) and a triplet, are siids depending on ferro- or

antiferromagnetic coupling of the individual T@u(I1)Cl and CCl; fragments. The singlet
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potential energy surface lies lower than the higlelyulsive triplet profile at shorter C-Cl

separations.
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Figure 4.16Potential energy diagram for the ATRA of G& GH, by Tg'Cu(l) complex.

(energy values are in kcal mfohnd spin densities are shown in italics).

The radical characteristics of tl@&Cl; fragment appear at a rather early stage of theeting
(UKS) surface. Therefore, transfer of thespin density fromCCls to the GH,4 leads to the

second radical specié8H,CH,CCl; via a low-lying transition state, only 5.7 kcal rifol
above the carbon-centered radical (Figure 4.17&. fBisulting TBCu(I1)Cl species is 6.8
kcal mol* above the entry channel, and the distorted tetrah€l coordination sphere of
this complex provides more space for the ligand @M association, which is therefore
barrierless and yields Tgu(ll)CI(MeCN) species only 6.1 kcal mblbelow the
Tp™Cu(I)CI (both systems can be described with theSUfsrmalism).
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Figure 4.17 Potential energy diagram for the reaction ©@€l; with C;H4 to form the

second radical speci@H,CH,CCl (energy values are in kcal rfo&nd spin densities are

shown in italics).

In the presence of the activeH,CH,CCl; radical, a halogen atom can be abstracted from
both Tp'Cu(Il)Cl and Tp'Cu(ll)CI(MeCN). For TH'Cu(ll)Cl, the addition product is
formed via a stable intermediate T@u(l)-CICH,CH,CCl;, a closed-shell system found
20.2 kcal mot below the entry channel. Then, Cu-Cl bond dissimriayields the product
CICH;CH,CCl; with a barrier of 5.2 kcal mdl In the case of the Tigu(ll)CI(MeCN)

system, despite several attempts, we have beenleutablocate a minimum for the
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corresponding (MeCN)THCu(l)-CICH,CH,CCl; intermediate, and this system dissociates
spontaneously into CIC}€H,CCl; and Tp'Cu(l)(MeCN). In terms of the overall reaction,
the dissociation of the MeCN ligand from "Qu(l)(MeCN) to form the active TiCu(l)
complex has a barrier of 17 kcal mphlnd the C-Cl bond dissociation limit is furthe8 8
kcal mol® higher in energy. These steps lead to the higheist of the potential energy
surface (Figure 4.16), and therefore both conteltat the overall barrier of the ATRA

process.

4.4.3.2 Atom transfer radical addition of CCl to C,H, catalysed by
TptBu,MeCu(I)

The computed potential energy profile for the ATRACCL to GH,4 catalysed by the
Tp®“MeCu(l) complex is depicted in Figure 4.17. In qualite terms, the overall reaction
pathway is similar to that of the simplified T@u(l) system. The MeCN ligand dissociation
from Tp®"MeCu(l)(MeCN) to form the active TH"M¢Cu(l) complex has a barrier of 19
kcal mol* (experimentalAH = 20.1 kcal mot),**®° and the C-Cl dissociation limit of the
neutral TF*MCu(l)CI-CCk intermediate is further 9.7 kcal nichigher in energy, leading
to the TPP“MeCu(l1)Cl species.

The most interesting differences occur in the cimatibn of MeCN to the TB*M¢Cu(I1)CI
intermediate, which has a barrier of 6.9 kcal Toland the resulting
Tp®*MeCu(ll)CI(MeCN) species is 5.5 kcal moabove the TE“MeCu(Il)CI. This indicates
the importance of the steric effects of the®™f}J® ligand on the approaching ligand
(MeCN). Consequently, the Cl abstraction procesd wecur preferably from the
tetrahedral TH"MeCu(ll)CI complex, and the corresponding closed4sfg®""Cu(l)-
CICH,CH,CCl; intermediate lies 20.9 kcal mbbelow the entry channel. Due to the steric
hindrance of the bulky tBu groups of the™'" ligand, the Cu-Cl bond length of the

intermediate is 2.64 A, which is significantly l@rgthan the analogous T®u(l)-
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CICH,CH,CCl; species (2.45 A). Therefore, dissociation of Clp@id is quite easy in this

case (barrier is 3.1 kcal mbl

9
. Singlet (UKS)
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Figure 4.17 Potential energy diagram for the ATRA of G@b ethylene by TB*MCu

model complex (energy values are in kcal fnahd spin densities are shown in italics).

If the Cl abstraction starts from the penta-coaatinsystem, TP"““Cu(ll)CI(MeCN),
product formation is again barrierless, and we htebeen able to find a minimum for the
(MeCN)Tp®“MeCu(ll)-CICH,CH,CCl; intermediate. The most important feature, however,
is that the overall barrier for the ATRA processtidl the initial MeCN ligand dissociation
from Tp®"MeCu(l)(MeCN) to form the active TB"M°Cu(l) complex (19 kcal md) and

the C-Cl bond dissociation limit (further 9.7 keabl™).

152



4.5 Conclusions

We have presented extensive use of hybrid QM/MMhrigues to model the electronic
structural features and mechanistic information hoimoscorpionate-Cu complexes in
ATRA of CCl, to GH,4. Our survey of the electronic structure of Tp(l) and TPCu(Il)Cl

complexes confirmed that the former species arenstnc Csy) and the latter species

hold three distinct spin doublet electronic states.

In the overall reaction profile for the ATRA of Cb GH,, the dissociation of MeCN
from Tp‘Cu(l)(MeCN) to form the active Tu(l) complex and the C-Cl bond dissociation
lead to the highest point of the potential enengyase, and therefore these steps contribute
to the overall barrier of the ATRA process. For #implified system Tp, the overall
barrier is 25.8 kcal md| and for the full system TP the overall barrier is 28.7 kcal
mol™. Both metal-halide complexes *Qu(ll)Cl and TFCu(ll)CI(MeCN) may participate
in the Cl abstraction process of the proposed yitatycle. In the case of the TEu(Il)Cl,
coordination of MeCN is barrierless, and the resulffgCu(l1)CI(MeCN) is 6.1 kcal mét
lower in energy. Therefore, the CI abstraction stefmy be prefered for the
Tp*Cu(ll)CI(MeCN) species. In contrast, coordinatidieCN to the TF"MCu(ll)CI has

a barrier of 5.9 kcal mdl Consequently, Cl abstraction may be prefered tfa
Tp®“MeCu(ll)Cl species, which may imply the active roletbe Tg®"™® ligand and the
added ligand MeCN in ATRA reactions.
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Chapter 5

Electronic Structure of Pyrazolate-supported
Fes(us-O) Complexes: Prediction of MOssbauer
Parameters and Exchange Coupling Constants

using Broken-symmetry DFT.

5.1 Introduction

Magnetically coupled iron clusters have been extehsstudied due to their relevance
to biology: the iron-sulfur cubane complexes & are well-known in biological
electron-transfer processes, and therefore they stidnodel complexes containing
Fe,Ss-cubane cores has been one of the central thentaisinbrganic chemistry?* 3%

In the study of redox activity, spin or charge dgnsdistributions of these synthetic
metal clusters are very useful in probing our ustderding of structure-function
relationships of Fe-based clusters in electronsfieanproteins. The magnetic properties
of transition metal clusters have been importanhendevelopment of the field of single
molecular magnets (SMMJ>3%* SMMs are proposed as the key candidates for future
technological applications such as high-densitprmfation storage at the molecular
level and quantum computifitf*°?This chapter focuses on the electronic structure of
pyrazolate-supported Kgs-O) systems, in particular [B@s-O)(u-4-O.N-pz)eXs]*

complexes (where pz = pyrazolato, X = CI, Br) prepaby Raptis and co-
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workers??34%* Crystal structures of the both Hge-O)(u-4-O:N-pz)Cls)*” and [Fe(us-

O)(u-4-O,N-pz)Brs]*” systems are given in Figure 5These model systems have been

shown to be precursors for the synthesis of highetearity Fe clustef®>*%"

Figure 5.1 Crystal structure of (a) [RBeu-O)(u-4-O:N-pz)Cls]* and (b) [Fe(us-O)(u-

4-O,N-pz)sBrs]* complexed 404

The Fg clusters of interest here have been charactetised) spectroscopic methods
such as X-ray, infrared, electron paramagneticrasce (EPR), Mossbauer (MB) and
electro chemical method®*“% The purpose of the work in this chapter is to cotap
the electronic structure of [K@s-O)(u-4-O:N-pz)Xs]? clusters, and use this as a basis
to enhance the information content of the physio@asurements, particularly the
magnetic susceptibility data and the Mdssbauertspelm both contexts, the nature of
the interactions between Fe ions and their chengoalronment are the key issues.
Theoretical exploration of magnetic phenomena e bargely focused on dinuclear
transition metal complexes, although extensiondatger clusters have emerged in
recent yeard? 39498412 The Mgssbauer parameters can be used for invéstgde
mixed-valent nature of Fe-based systems, and a ewurob studies have recently
emerged, where Mdssbauer parameters of single riieesehave been calculated with
some success>*?°The problem of extending these ideas to polynuclgstems is that

the broken-symmetry wave functions typically usedaléscribe the electronic structure
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are not eigenvalues of the spin Hamiltonian. Iha$ therefore clear that they form an
adequate basis for comparison of spectroscopicrpess. Our goal here is to compute
Mossbauer parameters for two exchange coupleds(fF©)(u-4-O.N-pz)sXs]*

complexes for a variety of electronic configuraido establish the extent of which the
computed values are sensitive to the chosen caatiga. In this way we can evaluate

different models of electronic structure againgiegkments.

5.2 Computational details

All the gas phase single point energy calculationsstructure optimisations were
performed using the ORCA programfhevith the hybrid B3LYP functionaf®® and
geometry optimisations were full, with no restiocts. The TZVP basis set was
considered for Fe and for all atoms bonded to teamand TZV basis functions were
employed for the remaining atofis’® Méssbauer parameters for the crystal structure
or the optimised structures were computed with ®P)Pbasis s&t for Fe and TZVP

for the remaining atoms.

5.3 Results and discussion

5.3.1 Electronic structure of [Fg(us-O)(u-4-O,N-pz)sX3]*

The crystal structures of [H@s-O)(u-4-O.N-pz)sX3]*> complexes considered in this
work contain one short [Fe(1)-Fe(3)] and two longknost identical [Fe(1)-Fe(2) and
Fe(2)-F(3)] metal-metal bond distances (Figure .5IR)s important to note that the
halogen substituent does not affect the Fe-Fe llistednces, which are equivalent for

chlorinated or brominated species.
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Br(3)

Fe(3)

.883 3.281

Figure 5.2 Key structural parameters (A) of the crystal structuk) [Fe(us-O)(u-4-
O,N-pz)Cls]* and (b) [Fe(us-O)(u-4-O:N-pz)sBrs]* complexes.

BS1|-5/2)| 5/2)|5/2) =|Baa)
HS:[5/2) |5/2)|5/2) =|aaa) BS2|5/2)|-52)|52)=|apa)
BS3(5/2) [5/2) |-5/2) =|aap)

Figure 5.3 Possible spin configurationM§ = 15/2 andVis = 5/2) for [Fe(us-O)(u-4-

0,N-pz)X3]> complexes containing three ¥¢d°) ions C;-symmetry).
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The most striking difference is the metal-halidendbdengths, where the Fe-Cl bond
lengths (average length is 2.282 A) are relatiwtlgrter than the Fe-Br bond distances
(average length is 2.424 A), and these changebeofrtetal coordination sphere may
significantly affect the Mdssbauer parametersi€ infra). We have considered four
possible spin configurations for each of the twastdrs, namely HSs = 15/2], and
BS1, BS2 and BS3 states, each of which s+ 5/2] (Figure 5.3). ThéMs = 15/2

state can be written asHS:‘aoroQ while the Mg = 5/2 states are:
BS1=|Baa),BS2=|oBa), and BS3=|aaB). Computed net spin densitiesS’s

values and total energies of HS, BS1, BS2, and #&88s are depicted in Table 5.1.

Table 5.1Computed net spin densitiesS’ values and total energies of HS, BS1, BS2,
and BS3 states for the crystal structures of((ze0)(u-4-O:N-pz)%Cls]* and [Fe(us-
0)(u-4-O,N-pz)Brs]*> complexes.

o Computed net spin densities
Multiplicity <S>  Energy (eV)

plFe(l)] plFe()] plFe(3)] p[O] p[CI(L)] p[CI2)] p[CIB3)]

[Fes(us-O)(u-4-O.N-pz)sCly]*

HS Ms=15/2)  4.25 4.25 425 0.61 0.21 0.21 0.21 63.77 -21297BB46
BS1Ms=52) -4.18 4.21 421 018 -0.19 0.18 0.20 1358 -217Z%936
BS2 Ms=5/2) 4.21 -4.18 421 0.18 0.20 -0.19 0.20 13.58 -212rPAQ
BS3 Ms=5/2) 4.25 4.25 -4.17 0.20 0.20 0.19 -0.19 13.58 -21Z9939

[Fes(us-0)(u-4-O,N-pz)eBrs]*

HS (Ms = 15/2) 4.22 4.22 422 0.62 0.24 0.23 0.23 63.77 -38553881
BS1 Ms=5/2) -4.16 4.19 419 020 -0.21 0.22 0.22 1357 -385BEH1
BS2 Ms=5/2) 4.19 -4.16 419 0.19 0.23 -0.20 0.22 13.57 -3853EH38)
BS3 Ms=5/2) 4.18 4.19 -4.16 0.18 0.23 0.22 -0.21 13.57 -385E#D

The HS state of [Réus-O)(u-4-O,N-pz)Cls]* features the majority spin-density on
all three Fe centreg(Fe) = 4.25, which isypical for high-spin F& ions (S = 5/2), and

the metal cores are ferromagnetically coupled ftinothe x3-O atom (Figure 5.4a).
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Moreover, thecoordinating atoms, in particular Cl angs-O) also hold significant
positive spin densities, demonstrating the spimaiisation from metal to the ligands.
In the broken symmetry state BS1, the net spinilean Fe, p(Fel) = -4.18p(Fe2) =
4.21, p(Fe3) = 4.21], indicate anferromagnetic nature (Figure 5.4l8)alculated &>
values for the HS state of 63.77 and the BS staifteds3.58 are close to the ideal values
ferromagnetic (8> = 63.75) and anti-ferromagnetic§& = 13.75) respectivelyThe
single point energy calculations on the crystaidtire clearlyidentify the BS states as

being more stable than the HS state.

Figure 5.4 Total spin density distributions in the (a) HStst@Ms = 15/2) and the (b)
BS1 stateNls = 5/2) for the crystal structure of [fes-O)(u-4-O:N-pz)sX3)*.

One important question that we wish to address latthis chapter is how sensitive the
calculated Mdssbauer parameters are to changesomaegry. In particular, we wish to
establish the degree of error that could be intteduif we had to rely on optimised

rather than X-ray coordinates. To that end, we haémised the structure of the HS
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and BS1 states of the two clusters. Optimised &traktparameters are compared to the
crystal structure in Table 5.2. Optimisation of H® states (with 15 unpaired electrons)
of both complexes give rise to highly symmetriCs\{) structures, which feature
relatively longer metal-ligand and metal-metal boddtances. In contrast, the
optimised BS1 state of [B@s-O)(u-4-ON-pz)sXs]®> complexes exhibit relatively
shorter Fe(1)#3-O) bonds due to the antiferromagnetic nature efkk(1)-Fe(2) and

Fe(1)-Fe(3) interactions, which gives riseq symmetry.

Table 5.2Key structural parameters of the crystal strucfiifé®*and the optimised HS
(Ms = 15/2), BS1Ns = 5/2) states for Rus-O)(u-4-O.N-pz)sX3]* complexes.

Optimised structures

Crystal structure

HS (Ms = 15/2) BS1 K= 5/2)
[Fes(us-O)(u-4-0,N-pz)sCl]*

Fe...Fe 3.267(1), 3.280(1) 3.35 3.32,3.33
Fe-O 1.885(4), 1.894(2) 1.94 1.93,1.89
Fe-N 2.129(3)-2.152(4) 2.16-2.17 2.15-2.16
Fe-Cl 2.280(2), 2.284(2) 2.36 2.36, 2.46

Fe-O-Fe 120.4(1), 119.1(2) 120 119.0, 1205

O-Fe-Cl 177.7(1), 180.0(1) 179.9 179.8

[Fes(uz-O)(u-4-O,N-pz)eBr 3]~

Fe...Fe 3.27(2), 3.28(1) 3.35 3.32, 3.33
Fe-O 1.88(5), 1.90(5) 1.95 1.89, 1.93
Fe-N 2.11(8), 2.14(8) 2.18-2.19 2.15-2.16
Fe-Br 2.43(1), 2.44(2) 2.48 2.49, 2.50

Fe-O-Fe 119.6(3)-120.3(3) 120 118.8, 1205

O-Fe-Br 177.4(16), 178.3(18) 179.9 179.6

5.3.2 Evaluation of exchange coupling constants

Theoretical and experimental studies of the magnetioperties of polynuclear

transition metal clusters have received much attendver recent years due to their
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critical role in designing new molecular magnetiaterials®®"3%4%41rhe interaction
between the localised single particle magnetic masef the majority of these systems
can be described by an effective Hamiltonian coimgi a number of terms [Equation

(5.1)]4%8

A A

ﬁ = ﬁ Heisenberg + HAnisotropy + HZeeman (51)
Iquisenberg = _z 'Jij Si |:Sj (52)
ij
|:|Anisotropy = z S [D; 5, + z d; 0§, xS, (5.3)
ij ij
Hieeman= OHe Y BIS (5.4)

The simplest effective Hamiltonian contains onlg theisenberg operator [Heisenberg—
Dirac—van Vleck (HDVV) spin Hamiltonian - Equati@b.2)], and is isotropic, wheid

is the exchange parameter between spins atisitedj, which measures the ‘strength’
of the interactions between local spins. Positlyendicates ferromagnetic coupling,
while the negative sign represents antiferromagr&iupling. The vector operato8
and § in Equation (5.2) are single-particle spin opemtoknisotropic terms (non-
Heisenberg exchange interactions) in the total Hamioperator [Equation (5.3)]
contain the asymmetric (pseudodipolar) interacti@;) and the antisymmetric
interaction(d;). Finally, the Zeeman term [Equation (5.4)], desesi the interactions
with the external magnetic field B. Experimentalgxchange coupling constants are
typically estimated by fitting simultaneously thentperature and field dependence of
the magnetisation to an effective Hamiltonian o¢ tlype described above. In the
analysis of the [Fgus-O)(u-4-O,N-pz)Xs]> systems, the fitting was done with the

following constraintg$34%4
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(a) The best-fit fordyo/hc =Jx/hc = -80.1 crt andJig/he = -72.4 crit.
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T/K B/T

(b) The best-fit forJ,o/hc =J,g/hc = -70.6 crit andJ;z/hc = -80.8 crit.

Figure 5.5 Temperature dependence of the effective magnetianend and
magnetisation for [F€us-O)(u-4-ON-pz)Cls](BusN).. The open circles represent

experimental data and solid line shows the bedofi{a) Ji2| = P23l > P13 and (b)Ji2|

= 23| < P1gl.
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(1) Based on the symmetr€4,) of the [Fg(us-O)(u-4-ON-pz)X3s]* systems, Fe(1)-
Fe(2) and Fe(2)-Fe(3) bond distances are almosticdd, and thereforelip|= Pos| #

|J13].

(2) Theg factors for Fe(lll) are fixed & = gy =g, = 2.0.

(3) Asymmetric exchange is neglectéd; = 0).

(4) The antisymmetric exchange vector is equakfrh pairdi, = dx3 = d3; = d, and

only thez-component was assumed to be non-zerogi=®d, = 0.

The experimental exchange coupling constants fes(f50)(u-4-O:N-pz)Cls]* were
estimated by considering the temperature dependsrtbe magnetisation at an applied
field of B= 0.1 T and the field dependence of the magnetisati 1.8 and 4.5 K (Figure
5.5).

Table 5.3Experimental and calculated exchange couplingteots (experimental data

shows the best-fit fod{,| = o3| > P3| and Ji2| = Pag| < Pag).

Experimental fits Computed Jj Computed J’;;

[Fes(us-O)(u-4-0,N-pz)sCls)*
Ji/hc = -80.1 cnit

ﬁﬂg _ :gg'zlt gﬂ Jihc =-108.1 cn Jidhe =-90.1, cril
lelh : 706 it Joghc = -108.7 crl J,o/hc =-90.1 crit
e Jig/hc = -104.9 cril Jig/hc = -87.4 crit

Jog/hc = -70.6 crit
Jig/hc = -80.8 crit

[Fes(us-O)(u-4-0N-pz)sBrs]*

Ji/Jhc=—82.7 cnit

ﬁ;‘gi—_%?%“; Ji/hc = -103.8 crit Jihe = -86.6 crit
lelh T Jyfhc = -102.8 cnt Jghc = -85.7 crit
1/hc =-80.8 ¢ Jighc = -105.2 crt Jighe = -87.6 cnit

J,ghc = —80.8 el
Jighc = —97.5 e
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It is important to emphasise that the presencewf parameters leaves the system over-
parameterised, and it is often possible to idemtifyre than one set that provides a good
fit to the data. In the RB&iz-O) clusters of interest here, two quite differpatameter
sets were found for both X = Cl and X = Br (Tabl8)5% In one caseJ{| = Pas| > 14|
while in the otherJo| = Pog| < [J13. In terms of the interactions between metal idimes,
difference has important implications: ;| = [Jo3] > 13|, the coupling between irons
Fe(1) and Fe(3) is less antiferromagnetic than eetwFe(1) and Fe(2) and between
Fe(2) and Fe(3), while fodip| = P23| < |J13| the opposite is true. Given that the Fe(1)-
Fe(3) distance is smaller than Fe(1)-Fe(2) and)He€23), it is important to establish
which of these two sets of values is correct. lis gection, we calculated exchange
coupling constants){) as defined through the Heisenberg Hamiltoniarufign (5.2)].
Recent computational studies of dinuclear and pallgar complexes, in particular with
DFT using hybrid functionals, indicated that thisa good approximation to predict
exchange coupling constants and magnetic propewids a reasonable level of
accuracy. The HDVV spin Hamiltonian for the j&e-O)(u-4-O,N-pz)X3]* systems

can be written as;

)

Heisenberg = — 91291 [By = Jp3 S, [5; —J45 S, [B, (5.5)
The parameters describing the interactions beth@salised electron spins namely,

Jo3, andJys, can be estimated by using the broken symmetry é@@groach developed
by Noodleman and co-workets*'® This method establishes the one-to-one mapping
between diagonal elements of the HDVV spin Hamidionmatrix computed in
products of single-centre spin functions and diajoslements of the exact non-
relativistic Hamiltonian matrix computed in singlieterminant wave functions for a
state with HS s = 15/2) and a BSs = 5/2) stateThe energies of the HS, BS1, BS2,
and BS3 spin configurations (Figure 5.3) are reddy straightforward to compute with

DFT. The diagonal elements of the HDVV Hamilton@n be computed as follows:

HS:|5/2) |5/2)|5/2) =|aaa)
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EHSZ(_Z%_)[J12+‘]23+‘]13 (5.6)

BSL|-52)|5/2)|52) =|Baa)

(2%) —Jptdy - 13] (5.7)

BS2|5/2)|-5/2)|5/2) =|apa)

BSZ - ( A)[ ‘J12 ‘J23 +'J13] (58)

BS3|5/2)|5/2) |-5/2) =|aaB)

= (_ 2%) [‘]12 —Ja - J13] (5.9)

Then, the differences between these energies carelated directly to exchange

coupling constants:

(5.6) — (5.7)
Eus— Ega = (_ 5%) [le +J55 (5.10)
(5.6) — (5.8)
Eve~ Ea = (729) [0, + 3..] (5.11)
(5.6) — (5.9)
EHS - EBS3 = (_ 2%) [‘323 + J13] (5.12)

The exchange coupling constadts J,3, andJ;z can be calculated by solving Equations
(5.10), (5.11), and (5.12). It is important to wetithat the projection implicit in the
Noodleman scheme typically overestimates the caledlexchange coupling constants.

Ruiz and co-workers have suggested that this iausecthe spin-projection implied in
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the mapping of BS-state energies onto the diageleahents of the isotropic exchange
Hamiltonian accounts for non-dynamical electronreatiorf'”**3 which is already

accounted for to some extent in the UDFT-BS sohgioBased on this idea, Ruiz
proposed an alternative expression [Equation (b.18)obtain exchange coupling
constants for dinuclear systems. This method haen Ishown to yield much better
agreement between calculated (in particular DFThwite B3LYP functional) and

experimental values of exchange coupling constartis empirical approach can be
extended to polynuclear systems by consideringantmns between metal ions in a

pairwise mannet?*
Ens —Eps= _Ji; (28|Sj +Sj) (5.13)

In the Noodleman approach described above, thesmonding expression for a pair of

interacting centres is;
Ens —Egs= —J; (2SS)) (5.14)

Then, a relationship betweed; and J; can be established by combining equation

(5.13) and (5.14).

3 (288,+S,) = 3, (2SS)

(255

r=3 — 17 5.15
ij ij (ZSIS]_l_S]) ( )

In the case of [F#us-O)(u-4-O:N-pz)sX3)> complexes containing Ee(d®) core ions

S=5/2 , and substituting this value to the above equatielus,
Ji = (6/6) J; (5.16)
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Therefore,J; values using the Ruiz approach can easily be gertefrom those using
Noodleman’s model, and in this work, we comparehbd} and J;. Calculated and

experimental exchange coupling constants are suisadlain Table 5.3. It is important
to notice that the experimental fits considefgg symmetry of both chlorinated and
brominated complexes, and therefdig = Jp3. In contrast, we made no assumptions
about symmetry in our UBS-DFT approach. The catedlavalues confirm the
dominant antiferomagnetic nature of the Fe centfethe both [Fg(us-O)(u-4-O,N-
pz)X3]> complexes. The absolute values obtained with Nendh's approach
[Equation (5.14)] were significantly higher thanethexperimental fits, but the
suppression of long-range correlation effects & BBLYP functional in the Ruiz
approach [Equation (5.13)] results in a good agesgnwith the experimental results.

Therefore, we continue the discussion with thewdatedJs from Ruiz’'s method.

cl3) Br(3)

2.284 2.437‘

b Fe(3) Fe(3)
=-90. -1 J2s/hc=-85.7 cm-?
J23/hc=-90.1 cm 119,29 23

3266 1.804] 2% 529
0 i
Ji3/hc=-87.4cm’ 1204 J13/hc=-87.6 L

Fe(1)

.883 3.281

120.9°

Fe(1) Fe(2)

Ji12/hc=-90.1 cm' Ji12/hc=-86.6 cm"’
(a) (b)

Figure 5.6 Calculated exchange coupling constants andskeigtural parameters (A) of
the crystal structures of (a) [fes-O)(u-4-O:N-pz)Cls)* and (b) [Fe(us-O)(u-4-O:N-

pz)Brs]> complexes.

The symmetry of the crystal structure of Jfg-O)(u-4-O.N-pz)Cls)* leads to
identical Fe(1)4s-O)-Fe(2) and Fe(2)u6-0)-Fe(3) angles of 1204Figure 5.6), as a
result of which the calculate#l, andJ,s are equivalentJ/hc = Jghc = -90.1 crif].

The coupling between Fe(1) and Fe(3) is rather Ismél,7hc = -87.4 crit), so our
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calculated exchange coupling constants supporexiperimental fitting wherel{,| =

[J23l > Mig|. At first sight, this seems surprising as thell-&e(3) distance is the shortest
of the three. However, the magnetic coupling betwéed electrons in these systems
does not occur directly ‘through space’ but rathier superexchange mediated by the
u3-0 p of [Fes(uz-0)(u-4-O,N-pz)X3]* . This superexchange is highly dependent on the
Fe-u3-O)-Fe angles: according to the Goodenough-Kanamoules?*4%*
antiferromagnetic exchange is favoured in linear-O-Ee geometries, while
ferromagnetic coupling is favoured where the ked)-Fe angle is 90 Thus the
marginally smaller Fe(1)-O-Fe(3) angle reduces tmgiferromagnetic exchange
between these centres. The situation is less cldafor the [Fe(us-O)(u-4-O:N-
pz)Brs]> complex, where the absence of symmetry elemen@nsn¢hat all three

coupling constants are different. In this case,ttitee calculated; are rather similar,

and it is difficult to establish a clear magnetasstural correlation.

5.3.3 Evaluation of’’Fe Mdssbauer parameters

Mdssbauer spectroscopy is associated with the aescgmission or absorption of a
gamma photon by the atomic nucleus, where the gnefrggamma radiation causes
energy level transitions in the atomic nucleuslfits€éhese energy levels can be
influenced by both the electronic and magnetic mmvnent of the atomic nucleus, and
such changes in the energy levels can providenmdton about the local environment
within a systenf>****Therefore, Méssbauer spectroscopy is a very useitroscopic
technique to explore interactions between the mscind its environment. Méssbauer
spectra of [Feuz-O)(u-4-O:N-pz)X3](BusN),, recorded in the 4.2-300 K range and
zero magnetic field, are shown in Figure 5.7. Egapkctrum contains a symmetric
quadrupole doublet with = 0.43(1) mm § andAE, = 1.02(2) mm 3 at 78 K% At
higher temperature, 293 K, the isomer shift is cedutod = 0.32(1) mm $, but there is
no significant change observed #Eq. Changes in the isomer shift upon oxidation or

reduction have been used extensively to estalismature (localised/delocalised) of
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mixed valent systems. However, these methods ratirety on the existence of
unambiguous assignment of the peaks in the presuvgaere all iron centres have the
same oxidation state. In the systems of interesé ke assignments are indeed
unambiguous, but this is not the case in, for exantpe Fe cluster reported by Raptis

and co-workeré?® where two chemically distinct types of iron cestege present.

Our purpose here is to establish the accuracy df DEthods in computing Mdssbauer
parameters in exchange-coupled clusters, with & & using DFT to establish
definitive assignments of peaks in cases whereetleesuch ambiguity. Over the last
few years DFT has been used for predicting Mdssbpaeameters in a range of
mononuclear iron complexes, but has not yet begiieapto cluster§”“** In the
previous section we emphasised that the broken-g&tmrwavefunctions are not eigen
states of the full spin Hamiltonian, and as sug# iitot obvious that they provide a good
foundation for the computation of spectroscopi@paeters. Thus we particularly aim to

establish the extent to which the parameters departtie coupling between the metal

centres.
i, 293 K

[0‘5%
E 12.0% R _
3 3
a) 2
< <

[2'0% 42K

ST 3 2 -1 0 1 2 3

w

-3 -2 -1 0 1 2

v (mms™) v (mms’)
(@) (b)
Figure 5.7 Mo6ssbauer spectra of (a) Fge-O)(u-4-O:N-pz)Cls](BusN), and (b)
[Fes(uz-O)(u-4-ON-pz)Brs](BusN), at 293, 78, and 4.2 K.
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5.3.3.1 The Mdssbauer effect

Mossbauer spectra are described by three impgrtaameters, namely isomer shift (IS
or 3), quadrupole splitting (QS aXEg) and hyperfine splitting (for magnetic materials
only) (Figure 5.8f*3In the transmission spectrum for the simplest ¢bhee), the shift
away from zero velocity is due to the fact that sleeirce and the absorber atoms are in
different local environments and this shift is getlg called isomer shift &).
Interaction of the nuclear quadrupole moment whid ¢lectric field gradient splits the
transmission spectrum dfFe into doublets (red), where the 1/2 and 3/2 Rbspresent
the nuclear spin quantum numbelrs(or intrinsic angular momentum), and the
separation between the two component peaks of bletois defined as the quadrupole

splitting (QS orAEy).

%T
I<—0OS —> I IS
—IS —
0 0
Relative Velocity
Yy X +3/2
3/2 __
— _@\ +3/2, -3/2 3/2 N yy +1/2
" AN v 112, 112 Y,y A 172
A A 92
1/2 1/2 -1/2
....... +1/2, -1/2 %
— +1/2
Free IS IS with QS Hyperfine splitting
ion no QS

Figure 5.8 The three important parameters, namely isomer @idfor ), quadrupole

splitting (QS orAEg) and hyperfine splitting (for magnetic materiafgy).

170



In the presence of a magnetic field, Zeeman spjitis possible, which gives rise to a
sextet pattern (green) with the line ratio 3:2:2:3: Moreover, this hyperfine splitting is
caused by the electrons around the Fe atom(s) hwineate a magnetic field, and then
the energy levels in the Fe nucleus split into gossible nuclear transitions. It is
important to note that the transitions shown irygna = -1/2 to +3/2 andn = +1/2 to -
3/2, are forbidden as they do not follow the sébectule (Amj| < 1). The positions of
the peaks in the sextet are defined as the hygespitting of the nuclear energy levels.
Under zero applied magnetic field, the MOdssbauearpaters, specifically isomer shift
(6) and the quadrupole splitting\Eg) of a given iron centre are related to the total
electron density of a given iron centre it$&ff*** Therefore, Méssbauer spectroscopy
reveals valuable information about the electrorelsing, bond hybridisation and
symmetry (structure) of’Fe complexe&> The isomer shift critically depends on the
local environment of the Fe nucleus in the absodner is shown to be proportional to

the electron density at a Fe nuclewug,(@nd which can be expressed as,
5=2 nz8(z)el R (5—;] [02(0)- 5 0) (5.17)

where Z is the nuclear charge of the MdssbauerrbbsoS(Z) is the relativistic

correlation factor, @s the elementary charge,is one-half of the sum of the radii of the
Mdssbauer nucleus in the ground and the exciteadssti is the difference of the two
radii, po(0) is the non-relativistic electron density at thecleus for the Mossbauer
absorber, po>(0) is the same quantity for a given standard. dbeve equation can be

simplified as,

s=al p2(0)-C|+b (5.18)

The constants andb can be estimated by plotting calculated valuep,&0) versus
experimental isomer shifts. The fit parametarend b can the be used to estimate
isomer shifts for calculatedy*(0) values. Neese and co-workers have established

suitable fit parameters for Fe using the hybrid BBLfunctional**’
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1 1
AE, :EeQVZ ,/1+§n2 (5.19)

The second important quantity, quadrupole split{hBg) provides information about
the asymmetry of the electron density in the vigiif the MB atom E(7Fe).AEQ can be
calculated from the electric field gradiewit(i = x, y, z) and asymmetry parameies

(Vx — W)/Vz, whereVy, Vy andV; are the principal components of the electric field
gradient tensors in a coordinate system, arid the electric charge, ar@(*'Fe) is
defined as the nuclear quadrupole moment. The gpatl splitting derives from the
asymmetric occupations @f, d-, andf-electron orbitals, and thereforeEg is related
directly to the geometry of the compoutid Many studies demonstrated that the sign
and the magnitude of quadrupole splitting can Hdeutated accurately at the B3LYP

level 425-431

5.3.3.2 Calculated Méssbauer parameters

In Table 5.4 we compare experimental Méssbauempetexs for [Fgus-O)(u-4-O:N-
pz)sX3] with computed values. The calculations have h@amormed for the HSMs =
15/2) and the BS1Ms = 5/2) states. We have also compared values forctysal
structure and optimised structure in order to éstalthe magnitude of the possible
error if we had to rely solely on a computed geaymnel he calculated isomer shifts for
the HS (average 0.39 mrif)sand BS1 (0.40 mm™ states of the crystal structure of
[Fes(us-O)(u-4-O,N-pz)Cls]* system are very similar, and both are in good exgent
with the experimental value (0.43 dnreported at 78 K. The calculated isomer shifts
for the brominated system [Kegs-O)(u-4-O.N-pz)Brs] are rather similar to those for
chlorinated species, whereas the experimental sate rather different (0.47 and 0.43
mm s%). This may reflect inadequacies in the computaiatrategy but it is important
to note that the experimental values are strongiymperature dependent, which
complicates comparisons with computed values. Muopbrtantly, our results indicate

that the isomer shift is not strongly dependenttloe chosen configuration. This is
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perhaps unsurprising as the isomer shift dependslesiron density at the nucleus,

which should be rather similar for both configuoas.

Table 5.4 Comparison of experimental and calculated Méssbaaeameters of the

[Fes(us-0)(u-4-O,N-pz)X3]> complexes.

Calculated parameters

Experimental 'S
i Crystal structure Optimised

structures
78K 203K (M5}2815/2) (M? f 15/2) (Mslislsm) (M? f 15/2)
[Fes(us-O)(u-4-0:N-pz)sCla]*
8 (mm s? 0.43(1) 0.32(2) Fe(1) 0.39 0.39 0.43 0.43
Fe(2) 0.39 0.39 0.43 0.43
Fe(3) 0.39 0.40 0.44 0.43
Average 0.39 0.40 0.43 0.43
JAEo| (mm s%) 1.02(2) 1.02(2) Fe(1) 0.99 1.00 1.08 1.25
Fe(2) 1.10 1.04 1.06 0.95
Fe(3) 0.99 0.92 1.08 0.96
Average 1.03 0.99 1.07 1.05
[Fes(uz-0)(u-4-0,N-pz)eBrs]*
8 (mm s?) 0.47(1)  0.35(1)  Fe(1) 0.39 0.39 0.44 0.44
Fe(2) 0.39 0.39 0.44 0.44
Fe(3) 0.39 0.39 0.44 0.44
Average 0.39 0.39 0.44 0.44
IAEo| (mm s?) 0.87(2) 0.85(2) Fe(l) 0.93 0.92 0.94 1.10
Fe(2) 0.93 0.91 0.95 0.83
Fe(3) 0.96 0.95 0.93 0.81
Average 0.95 0.93 0.93 0.91

The computed isomer shifts for the correspondingnoped HS and BS1 states were
slightly higher (difference is ~ 0.03 mniY)s but again no significant differences
between the configurations emerged. Calculatiegd values for the crystal structure of
the chlorinated system (HS or BS1 states) aresttangly similar to the experimental

values (78 K). However, computetEg values for the optimised structure showed
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stronger deviations from the experimental valudse &verage value is ~0.1 mif s
larger in the optimised structures, and the indigid/alues show a much greater spread.
The variation within each set is a direct conseqaeof the much shorter Fe(1)-O
distance in BS1As we noted previously, this shortening simply eefs the fact that
BS1 is not a true eigen state, and the real streicepresents an average of the three
broken-symmetry states, BS1, BS2 and BS3, wherectmraction occurs along
different bonds. The variation is therefore anfadearising from the use of a broken-

symmetry wavefunction to optimise the geometries.

5.4 Conclusions

Detailed electronic structure analysis of {f#g-O)(u-4-O:N-pz)Xs]> complexes
revealed that there are four key spin configuratioamely HS, BS1, BS2 and BS3,
where the HSNIs = 15/2) state contains five spinelectrons on each Fe centre, while
the BS Ms = 5/2) states contain five spihelectrons mostly localised on one iron
centre and the remaining 10 spirelectrons on the other two Fe sites. In the pEsen
of C,y symmetry there are only two unique broken symmstayes (i.e. the BS2 and
BS3 states are almost identical), and these B8sstaie clearly more stable than the HS

configuration.

Calculation of the exchange coupling constants [Bes(is-O)(u-4-O:N-pz)sX3]*
complexes employed an extension of the computdtiatategies proposed by
Noodleman and co-workers or Ruiz and co-workergrehwve considered the isotropic

Heisenberg Hamiltonian for calculatingg (or J;) values through the UBS-DFT

approach. Even with this approximation, calcula&dhange coupling constants are in
good agreement with the experimental fits, in patér with Ruiz's approach. Our
calculated exchange coupling constants for 3(fze0)(u-4-O,N-pz)%Cls]* system
confirmed thatdiz| = Pagl > |Ji13|. In contrast, for the brominated systetig| | o3| <

| Ja3).
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Theoretical prediction of Mossbauer parameters WighB3LYP hybrid method for the
[Fes(us-O)(u-4-ON-pz)X3]> systems showed accurate estimation of both thmeso
shifts (&) and the nuclear quadrupole splittimgEg). Our DFT results clearly indicate
that different spin density distributions, in padlar Ms = 15/2 andMs = 5/2
configurations have no significant impact on thiewated Méssbauer parameters for a
given structure. However, structure optimisatiohs/arious electronic configurations
significantly affect the geometry of metal coordioa spheres, as a result of which the
calculated AEg values can deviate substantially from the expemtally predicted
parameters, in particular for the optimised brokgmmetry states. This condition may

be a significant challenge in computingq in cases where the geometry is unknown.
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Appendix A

The K, values reported in this thesis were calculateccdnysidering the acid (AH)

dissociation process as a sum of several interrreediaps as shown in the following

thermodynamic cycl&’ 3>

AGg(AH)
AH(g) > A’(g) + H'(9)
AGL(AH) AGL(A) AGg(H")
Y Y Y
AH(aq) » Aaqg) + H'(aq)
AG. (AH)

All calculated gas-phase free energies employenieal gas at 1 atm as the reference
state, which is denoted by the superscript degyp®asl. Free energies that employ in

the standard-state definition are denoted by arsappt asterisk>® The free energy of
acid dissociation in solution G;q(AH), can be calculated by considering the Hess’s

law;

AG,,(AH) = AG(AH) +AGg(A™) +AGg(H")- AGg(AH)-AG¢~° (1)

Then,Ka and jKa can be obtained through the following thermodyicaeiationships;

AG.(AH) =-RTIN(Ky) )

AG,,(AH) = 2.303RT (pKa) (3)
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TheAGg(AH) of the Equation (1) was obtained by performing plagse optimisations

followed by frequency calculations fékH and A". Solvation free energies &H
[AGL(AH)] andA” and AG¢(A )] were calculated by a self-consistent reactiotufie

(SCRF) approacft®*® where these calculations were performed at the plese

optimised geometries with dielectric constantvalue of 78.35 (water). We have used

solvation free energy of the protonG (H*)= - 265.9 kcal mot, reported by

Tissandieret al.***andA G~ ° has been reported to be 1.9 kcal TaBf
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