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Abstract

This thesis presents electronic structure calculations oproblems related to the
bonding in inorganic coordination compounds and clusters.A wide range of
molecules with the ability to exist in di erent structural f orms or electronic states
has been selected and density functional theory is systencatly applied in order
to gain detailed insight into their characteristics and reetivity at the electronic
level. First, we address the question of redox non-innocebhthaviour of bipyri-
dine in a series of ¥ row transition metal complexes. Complexes of the type
[M(2,2%bipyridine)(mes),]° (M = Cr, Mn, Fe, Co, Ni; mes = 2,4,6-Me,C¢H,) and
their one-electron reduced forms have been explored. Theud#s clearly show that
the anions are best described as complexes of the monoaraopipyridine radi-
cal (Sypy = =), giving a rationale for the observed structural changes thin the
ligand. Likewise, we have identi ed dianionic bipyridine m both the complexes
[Zn,(4,4%bpy)(mes)]*> and [Fe(2,2-bpy).]*> . In no case have we found evidence
for signi cant metal-to-ligand backbonding. The subject & redox-noninnocence is
further revisited in a comparative study of the two complexe [M(o-Clpap)z] (M

= Cr, Mo; o-Clpap = 2-[(2-chlorophenyl)azo]-pyridine), and their asociated elec-
tron transfer series. The results indicate that all electno transfer processes are
primarily ligand-based, although in the case of the Mo anajue these are cou-
pled to substantial electron density changes at the metal. fe ability of pap to
form radical anions nds a contrasting case in the dinucleaRh complex [Ri( -
p-Clpap).(cod)Cl,], where the two ligand bridges act as acceptors of strong d
backbonding from a formally Rh!' centre. We then direct our attention to the
endohedral Zintl clusters [Fe@Ggl® and [Mn@Ph,]® , which reveal peculiar
topologies. We have probed the electronic factors that inence their geomet-
ric preferences, and propose a model based on the shift ote&len density from the
endohedral metal to the cage to account for the observed geetmes. Subsequently,
we reassess the electronic structure of the xenophilic deis Mn,(thf) ,(Fe(CO),),
and [Mn(Mn(thf) ,)5(Mn(CO),),]{. We conclude that these are best viewed as
exchange coupled Mh centres bridged by closed-shell carbonylate fragments. In
the closing chapter the reduction of N@ to NO by the complex [Cu(tct)(NO,)]*
(tct = cis,cis-1,3,5-tris(cinnamylideneamino)cyclohexane) is studiea process that
mimics the enzyme-catalysed reaction. Two viable pathwaysr the reaction have
been traced and key intermediates identi ed. Both direct riease of NO or via de-
composition of a Cu-NO complex are kinetically and thermodyamically feasible.
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Preface

In this thesis we discuss computational investigations of wariety of chemical
systems that contain open-shell transition metals and thaare characterised by
bonding-situations which do not fall into traditional clasi cations. The projects
span a broad spectrum of inorganic chemistry, from bioinoagic and metal cluster
chemistry to the study of redox non-innocent ligands. Morepgci cally, we have
used quantum chemical methods in order to explore the poteal energy surfaces
of these intriguing molecular systems, with the aim of gaing detailed insight into
the electronic structure of the particular compound, and dating this information
to its observed properties. The de ning feature of this workhas been the close
interaction with experimentalists, both in Oxford and elsehere.

Over the last decade the rapid advances in hardware architace and algorithm
design have been paralleled by an impressive progress in muan chemical soft-
ware. Calculations can be performed with high e ciency, andhis has allowed for
the modelling of chemical systems that were considered comgtionally intractable
until some years ago, owing to their size and complexity. Dsity functional theory
has emerged as one of the most popular methods, and proves ¢oabgood compro-
mise between high accuracy and low computational cost. Matemplementations
of density functional theory form the basis for all studies igsented herein.

A general overview of quantum chemical methods will be givan Chapter 1,



setting o with the fundamental concepts and approximatiors and then introducing
the basic ab initio approaches to treat electron correlation. Density functiaal

theory and the Kohn-Sham formalism are then discussed and adf overview of
di erent functionals is given. We close this chapter with a ancise summary of the
broken-symmetry method, which has been extensively useddghout this thesis.
After this overview of theoretical methods the speci c topis covered in this thesis
are dealt with in subsequent chapters, organised as follaws

In Chapter 2 and 3 we present computational studies on the eleonic structure
of transition metal complexes containing redox non-innook ligands. These are
de ned as ligands which participate in intra- or intermolealar electron transfer
processes, and have attracted considerable attention incent years. Attributing
de nitive oxidation states to metal centres and ligands in hese systems is chal-
lenging, and generally requires extensive magnetic and spescopic data. We
have considered two distinct but closely related ligand tygs, bipyridine (Chapter
2) and arylazopyridine (Chapter 3), which form complexes Wi various transition
metals (Cr, Mo, Mn, Fe, Co, Ni, Zn). Although both ligands can acas "elec-
tron reservoirs' to some extent, the electronic structure aps a continuum between
true radical character and strong metal-to-ligand backdaation, depending on the
precise combination of metal and ligand and the coordinatioenvironment.

The chemistry of endohedral Zintl clusters has been studi@d Chapter 4. In par-
ticular, we have studied two open-shell Zintl anions, [Mn@®R,]* and
[Fe@Geg,® , both of which reveal unprecedented distortions from perte delta-
hedral symmetry. The Mn cluster has aD,,-symmetric structure, while the Fe
cluster adopts an Archimedean pentagonal prismatic topolggOur detailed anal-
ysis of their electronic structures suggests that the remiaable pentagonal prismatic

structure of the latter is the consequence of a drift of eledn density from the metal



centre into the formally vacant orbitals of the cluster cage The precise nature of
the distortion is driven not by the amount of electron densit transferred to the
cluster (as is the case in the Wade-Mingos rules) but ratheytthe number of occu-
pied orthogonal d orbitals over which electron density is siied. In [Mn@Ph,]?
the presence of three spin- 3d electrons (formally & Mn ') drives the prolate
D,n-symmetric distortion that stabilises precisely three oribals on the cluster.
Intermetallic interactions such as those discussed in themtext of Zintl ions also
play an important role in metallic clusters such as M(thf) ,(Fe(CO),),, which is
discussed in Chapter 5. This is a classic case of a "xenophitiuster, containing
both paramagnetic (Werner-type) and closed-shell organatallic compounds. The
nature of the bonding in these species remains controveitsend has, in our opinion,
been misrepresented in the literature. Some discuss the adtenic structure of
these compounds from a molecular orbital perspective, andgae in favour of
strong overlap of the metal-based orbitals, while others gune that metal-metal
bonding is entirely electrostatic, with only very minor cofribution from direct
overlap of the d orbitals on adjacent metals. This controvey tempted us to re-
investigate the bonding situation in the exemplary clustementioned above. The
DFT calculations show that this cluster is best described asn exchange-coupled
Mn, dimer, the closed-shell [Fe(CQ)?!{ fragments acting as bridging ligands.
The high-spin con guration of the Mn' ions leads to single occupation of the
Mn-Fe orbitals and therefore substantially weaker metal-metal d&nding than in
conventional low-valent organometallic clusters. The re#is obtained for the dimer
case can to a rst approximation be extrapolated to a larger it related system,

the disc-like species [My(thf) 4(CO),,] {.



Chapter 6 addresses a problem related to the mechanism foretheduction of
nitrite, NO {, in a system that models the key features of the enzyme Copper
Nitrite Reductase (CuNiR). The ligand system of the complex ipased oncis,cis-
triaminocyclohexane (tach) and provides the *N-motif, widely found in active
sites of metalloproteins. Biomimetic copper complexes diis ligand catalyse the
reduction of nitrite at high reaction rates. The ability of the substrate to un-
dergo facile linkage isomerism has been a matter of debatehmelevance to the
mechanism of the enzyme. We have performed a detailed sunaythe reaction
coordinate for this reaction, and established viable pathays for the overall cycle.
Importantly, we have found strong evidence that the coordated nitrite undergoes
linkage isomerisation during which the initially O-bound itrite changes to the N-
nitrito isomer. The latter then forms a NO complex upon protoation and releases
a molecule of water. However, a second (‘shunt’) pathway wleeprotonation of
O-bound nitrous acid releases NO directly has also evolved as option. We are
not able to di erentiate between these two based on energes and suggest that
both would be operative during catalysis.

Each chapter of this thesis is self-contained. A detailedtioduction to the par-
ticular topic is given at the beginning, embedding the proleim under study into a
wider context and providing general background informatio as well as problem-
speci ¢ details. Chapters 2 and 3 both address issues of o&don-innocent lig-
ands' and a comprehensive introduction to the topic is giveat the beginning of
Chapter 2. A methodology section follows the introduction g@rt, giving details on
the chosen level of theory for the particular system. A comgle account of the
research carried out together with the results is given in gequent sections and

subsections.



Theory

Computational chemistry is a discipline that uses quantum echanics to solve
chemical problems, thereby making use of a range of methods the mathemat-
ical description of chemical systems. Methodologies exist a large variety, and
encompass empirical, semi-empirical anab initio approaches. Methods that by-
pass solving the Schredinger equation are collectively &wn as empirical methods,
resting on the laws of classical physics. These methods, @hiinclude molec-
ular mechanics and classical molecular dynamics, requirgperimental data for
parametrisation, but are less useful for modelling chemiceeactivity.
Semi-empirical methods also take advantage from using adjable parameters ob-
tained from experimental data, but nevertheless acknowlgd the quantum aspects
of the electronic structure by using a simpli ed Hamiltonian On the other hand,
ab initio methods are based solely on quantum mechanics, and rely esolely on
the fundamental constants contained in its equations. Thejntend to solve the
electronic structure problem from rst principles without recourse to experimental
data, and therefore represent the purest theoretical appach. Methods that fall
into this class include molecular orbital theory and Hartred-ock theory. Density
functional theory is often considered as aab initio method, even though many of
the most common functionals use parameters derived from emgal data.

In this chapter | give a general overview of quantum chemicatethods, as presented



in standard text books of quantum chemistry® | will begin with an introduction
to the basic concepts and approximations of quantum mechasi The next section
will then review ab initio methods, primarily Hartree-Fock theory and electron
correlation methods based thereon. In the main section theatnod central to the
computational work in this thesis will be presented: densitfunctional theory. The
rst chapter will then be closed with a description of some irportant concepts of

basis sets as well as the broken-symmetry approach.

1.1 Elementary concepts of quantum mechanics

The primary objective of quantum chemistry is to gain detaéd insight into the
electronic structure of atoms and molecules, and relate thinformation to their
observed physical and chemical properties. For this purp@spproximate solutions
to the time-independent and non-relativistic Schr@dingeequation are soughf{*?

which is commonly expressed in the form
H=E (1.1)

The Hamiltonian H is the operator related to the total energy of the system and
represents the wave function. The wave function, synonymswvith quantum state,
is, in principle, the most complete description that can beigen to a physical sys-
tem. Within the Born interpretation the square modulus of tre wave functionj j?
is understood as a probability density, and the probabilityof nding a particle
in a volume elementd is proportional to the productj j2d . The form of the
Schredinger equation is characteristic of an eigenvalug@ation, with being an
eigenfunction oftf and the corresponding eigenvaluk. The eigenfunction corre-

sponding to the lowest energy yields the ground state of thgstem and all possible



information about its properties can be derived from it. Fora system of electrons
and nuclei described by position vectors; and R 5 the Hamiltonian operator can

be written as the sum of kinetic and potential energy operats for each particle. In

atomic units, the Hamiltonian for N electrons andM nuclei in its mathematical

notation is written as

Xog o X g

X XX o
I 2, X1 XX 2.z,
12MA

Fia

(1.2)
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whererip = jr;i Raj is the distance between théth electron and theAth nucleus,
ri = jri r;jj the distance between theth and the jth electron, and the distance
between theAth and Bth nucleus isRag = JRa  Rgj. My and Z, are the mass
and atomic number of nucleug\, respectively. The following terms can be identi ed
in the above expression: the operators for the kinetic engrgf the electrons and the
kinetic energy of the nuclei, the operators for the attractie Coulomb interaction
between the nuclei and electrons, and the repulsive intetaans for the electrons
as well as the nuclei. Thus, the Hamiltonian operator can be shinto a more

compact form

H=To+r T+ Vet Voot Vs (1.3)

The connection between theory and experimental observatias made by a fun-
damental postulate in quantum mechanics, which states thahe mean value of
an observable in a series of measurements is equal to the etagon value of the
corresponding operator. As an example, the total energy of aawe function can

be calculated as an expectation value of the Hamiltonian, g by

R

£ i = Dﬁd:hjl—’iji

d hiji (1.4)

~=me=e=4 ,=1. See also the section "Units' in the Appendix.



where the Dirac notation has been introduced for the last tar. Exact analytical
solutions to the Schredinger equation only exist for faa@ systems (e.g. the hy-
drogen atom). This is due to the existence of the pairwise ietactions between
the particles in the Hamiltonian, resulting in the inseparaliity of the variables of
motion. In other words, the motion of each particle is depermat on that of all the
others. For many-particle systems one must resort to approrate solutions. In
this context it is useful to state another fundamental theoem of quantum mechan-
ics, the so called variation principle. According to this therem, the expectation
value for the energy that is calculated with a trial wave funion °cannot be lower

than the true energy of the system

o_ h GHj 4§ _h i o
B tg5a BT Hhga (1.5)

The equality holds only when Cis identical to . The variation principle pro-
vides a criterion for the optimisation of trial wave functios: since the expectation
value of the Hamiltonian is always an upper bound to the exactrgund state en-
ergy, if an approximate wave function is used, the procedute obtain an improved
wave function is to vary the parameters in terms of which ©is expressed until
the expectation value for the energy reaches its minimal wa. Usually the com-
plete Hamiltonian operator is not employed in practice, andte Born-Oppenheimer
(BO) approximation is introduced in order to simplify the ful Hamiltonian. The
fundamental idea of this approximation rests on the fact thia due to their higher
massY the nuclei in a molecule move much more slowly than the eleotrs. Hence,
the electrons are considered to be moving in the constant a&bf the nuclei, thereby
rapidly adjusting their distribution to the changing nuclear geometry. As a result,

the motion of the nuclei and electrons can be considered segtaly. Since the

Ymp =1:67262 10 2" kg;mp = 1:67493 10 27 kg; me = 9:10938 10 3! kg.



nuclei are held xed, T, is zero and¥,,, becomes a constant. The remaining terms
are collected into the electronic Hamiltonian,
X~ XX
|4e = fe + One + Oee = ér |2 _A + - (1.6)

i=1 =1 Azt A izg gsi T

The electronic HamiltonianF then contains only those kinetic and potential en-
ergy terms that act upon the electrons. Within this framewadk, we have to solve
the electronic Schmdinger equation, which describes thaotion of N electrons in

the potential eld of M stationary point charges
|qe e(r’R) = Ee &(r;R) (1.7)

Here, . is the electronic wave function, which describes the motioof the elec-
trons and explicitly depends on the electronic coordinatas but has a parametric
dependence on the nuclear coordinaté®. That is, for di erent arrangements of
the nuclei, . is a dierent function of the electronic coordinates. In eletronic
structure calculations the nuclear repulsion energy concied to V,, is calculated
at the nal stage and added toE.(R) to yield the total energy E:(R) of the
system. The energyE (R) provides the potential for nuclear motion, or in other
words, the nuclei move on a potential energy surface obtaoh®y solving the elec-
tronic problem. This is an important point and it reveals an important conceptual
implication of the BO approximation. For a diatomic molecué E (R) will have
the form of a potential curve, while for a polyatomic systenk; (R) will in general
be a potential energy (hyper)surface (PES) of dimensionsli3M, whereM s the
number of nuclei. Many problems in computational chemistrynvolve the explo-
ration of potential energy surfaces and localisation of gianary points: minima on

the PES correspond to equilibrium structures, which are thpossible geometries a



molecule would have if the nuclei were in fact stationary; st order saddle points
correspond to transition states for chemical reactions; meover, the overall topol-
ogy of the PES is frequently interpreted in terms of reactiompaths and reaction
energy pro les. Before we proceed to the next section, in wifi we discuss methods
for solving the electronic Schredinger equation, we have testablish a reasonable
formulation of the wave function. The antisymmetry princige states that a wave
function describing a system of fermions must be antisymnret with respect to
the interchange of the coordinates of any two fermions, reqjing the wave function

to change sign

( XpiinXp X iinXn) = (X i X Xistin X)) (1.8)

By using Slater determinants in the construction of wave fustions the antisym-

metry requirement is enforced.

1(1) 2(1) i N (1)
. 91: 1(2) 2(2) i N (2) (1.9)
N! : : :
1i(N)  2(N) 20 n(N)

In this notation the columns in a Slater determinant are labled by single elec-

tron wave functions (spin orbitals), while the rows are laded by the electron

indices. The spin orbitals ; represent products of a spatial and spin function,
i= (r) (!)or (r) (!). Each of these is called a molecular orbital (MO) when

molecules are considered in the calculation.
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1.2 Hartree-Fock method

Recall that the fundamental problem behind solving the Scladinger equation is the
presence of pairwise Coulomb interactions. Within the BO ggoximation these
reduce to the electron-electron potential energy, depemdj on the interelectron
separationsr; . The underlying idea of the Hartree-Fock (HF) method is to tred
theses electron-electron repulsions in an average way. Badectron is considered
to be moving independently in a potential which is the spheral average of the
potential due to all remaining electrons. In the HF method a &ter determinant
is selected in order to span the wave function, and the varian principle is sub-
sequently applied to search for the best set of spin orbitals that minimises the
electronic energy. The minimisation procedure reduces tiN-particle problem to

a set of one-particle eigenvalue problems, known as the Ha#+Fock equations

fii=" (1.10)

An orbital ; is an eigenfunction of the e ective one-patrticle Hamiltonia f}, known
as Fock operator, with corresponding energy;. The Fock operator for each elec-
tron is the sum of the core Hamiltonian operatoﬁi and an e ective one-electron

potential operator termed the Hartree-Fock potential

X X
f=her= 22 7 247 S R
A=1 ! j
(1.11)
f= Lz o Za OHF:X J(@1) K@)
I 2 i ria i J J

A=1 j
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where the Coulomb operatorJ;, and exchange operatorK,- , are de ned as

D 1 E
Fii@i= @ o 1@
D

: (1.12)
K@i i(i= ;@) o i(2) ] (D

The Coulomb operator accounts for the Coulomb repulsion b&een electrons, while
the exchange operator represents a modi cation of this erggr that can be ascribed
to the e ects of spin correlation. Each orbital ; is obtained as a solution to the
eigenvalue equation with the corresponding operatd’r}. Sincef’; depends on the
orbitals of all other electrons, an iterative approach is ired in order to solve the
HF equations. This procedure is known as the self-consisteetd (SCF) method

and works in the following way: by initially guessing a set abrbitals, the average
potential can be calculated; using this value for the eld a ew set of orbitals is
obtained by solving the HF equations and the cycle is repeatedtil self-consistency
is reached. In practice, the di erential equations are comrted to a set of matrix
equations by introducing a nite set ofK known basis functionsf (r)g, forming

the basis set. Each molecular orbital is expanded in terms thfese basis functions,

which are commonly referred to as atomic orbitals
i= ¢ () (1.13)

Therefore this method is known as LCAO-MO (linear combinatin of atomic or-
bitals to give molecular orbitals). Adopting the above subgution for ;, the

Hartree-Fock equations can be rewritten as

X X
e =" o (1.14)

=1 =1
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Collecting all the K equations into a single matrix equation for the expansion

coe cients yields the Roothaan-Hall equations

FC = sC* (1.15)
where the Fock matrixF has the element$ = h jfj i, S contains the overlap
elements between basis function§ =h | i, CisaK K matrix composed

of the expansion coe cientsc; , and" is aK K diagonal matrix of orbital en-
ergies"i. Thus, the essence of the Roothaan ansatz is that, by introding a set
of distinct basis functions, the coupled Hartree-Fock integ-di erential equations
are converted into a matrix eigenvalue problem, which is tmesolved by standard
matrix techniques. Using a set oK basis functions to solve the Roothaan-Hall
equations for a system ofN electrons, generatesk spin orbitals in total, N of
which will be occupied (hole spin orbitals) and®R N unoccupied (virtual spin or-
bitals). The Slater determinant formed from the occupied sp orbitals corresponds
to the Hartree-Fock wave function and is the best variationahpproximation to the
ground state of the system. However, limitations to the accacy are introduced
by both the single determinantal nature of the Slater deterinant and through the
use of nite basis sets. The larger and more complete the baset is, the greater
will be the exibility in the expansion of the orbitals and the lower the expectation
value for the energy. If the expansion of the spin orbitals vgacomplete, i.e. using
an in nite basis set, the obtained energies would reach the alled Hartree-Fock

limit.
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1.3 Post Hartree-Fock methods

In the preceding section it has been shown that HF theory is bad on averaged
electron-electron repulsions, neglecting instantaneoumeractions between the elec-
trons. As a result they are allowed to move closer to each oth#ran if the indi-
vidual electron-electron interactions were taken into acunt explicitly, leading to
computed energies that lie above the exact values. This prary de ciency of the
HF methodology is often stated as the neglect of electron celation e ects. The
correlation energy is de ned as the di erence between the agt nonrelativistic

energy of the system and the HF energy at the basis set limit

Ecor = Eexat Enr <0 (1.16)

Although HF wave functions account for 99% of the total energy, given a su -
ciently large basis set, the remaining 1% due to electron correlation cannot be
ignored in the description of chemical phenomena. Frequéna distinction is made
between dynamic and static correlation. The former is soméat intuitively asso-
ciated with the instant correlation between electrons, siicas those occupying the
same orbital trying to avoid each other (e.g. in the He atom). fie static (non-
dynamical) contribution is attributed to situations where electrons avoid each other
more permanently, for example those residing in di erent dtals. Static correla-
tion becomes important for systems where a single determirtais insu cient to
represent nearly degenerate con gurations (e.g. Hat the dissociation limit).
Improving the accuracy of calculated energies and moleculgeometries is highly
desired and ways are sought to include correlation e ects. Aadequate treatment

of correlation is even more critical in cases such as trarisit metal systems, where
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the neglect of correlation e ects often leads to intolerakl errors. In order to reach
this aim one has to go beyond HF theory. The majority of electrocorrelation
(post-HF) methods use the HF wave function as a starting pointral then try to

make improvements by increasing its exibility. This is acleved by promoting elec-
trons from the occupied into the virtual orbitals of the HF reérence determinant,
generating new Slater determinants. These are classi ed amgly, doubly, triply,

quadruply, etc., excited (S, D, T, Q,...), according to the namber of electrons that

have been promoted into virtual orbitals of the HF referenceScheme 1.1).

Scheme 1.1: Reference state and various possible excited determinants
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In Con guration Interaction (Cl) methods linear combinations of these Slater de-

terminants are taken to construct a wave function

X X X X
c=6C wrt Cs s+ Cb bt Cr v+ Co ot il (1.17)
S D T Q

The expansion coe cients¢ are then determined by using the linear variational
method, yielding the nal Cl wave function. As the basis set aproaches com-
pleteness, a full con guration interaction calculation (FCI), i.e. one that comprises
all possible excitations, would yield the exact ground statenergy. In practice,

within the nite basis set limit, FCI yields the lowest energ/ value possible and the
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di erence between the HF and FCI energies corresponds to thercelation energy
within the given basis set. Unfortunately, FCI calculationsare unattainable for all
but the smallest systems, and the number of excited deternants in the CI ex-
pansion has to be truncated in order to arrive at computatioally feasible models.
Usually one includes determinants up to double and triple eiations, giving rise
to the CISD and CISDT method (con guration interaction including singles and
doubles or singles, doubles and triplets, respectively) oFmedium-sized molecules,
CISD typically recovers 90% of the correlation energy. The computational cost
is further reduced by utilising the frozen core approximatin, in which excitations
from inner shell (core) orbitals are omitted. An unwelcome ect of restricting the
excitations is that the truncated Cl methods, in contrast toFCI, are neither size-
consistent nor size-extensive. However, both of the above thheds are variational
in character.

The main principle of the multicon gurational SCF (MCSCF) method is very simi-
lar to that of the CI method, although the con gurations in the multideterminantal
wave function are limited to a smaller number. However, whil@ ClI the orbitals en-
tering the excited determinants are left unaltered, both te expansion coe cients
and the orbitals contained in the excited determinants areptimised iteratively
within MCSCF. The most frequently used kind of MCSCF methods the complete
active space self-consistent eld (CASSCF) method, in whicthe con gurations to
be included into the wave function expansion are selected Ipyrtitioning the or-
bitals into active and inactive spaces. The active space tigally ranges over some
of the highest occupied to some of the lowest unoccupied vate orbitals of the
HF reference, whereas the inactive space includes all orltstahat are considered
unimportant for the particular chemical problem, and are tlus not included in the

calculation. The CAS{,m) notation has been introduced, whera is the number
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of active electrons andm is the total number of orbitals assigned to the active
space. Within the active space a full Cl is performed, folleed by the MCSCF
optimisation. The choice of appropriate con gurations is igtical in CASSCF, with
up to 16 orbitals being the current limit that can be handled.Because a full valence
wave function becomes unmanageable for systems of real ,simually much less
than the complete number of valence electrons and orbitals incorporated into
the active space. However, choosing the important contribiains is not trivial and
largely depends on the chemical problem at hand. This is a folem particularly
in transition metal chemistry, where the situation is comptated due to the pres-
ence of a large number of critically important orbitals. Cagful inspection of the
intricate bonding situation between metal and ligands is uired. Often a poorly
selected active space leads to inaccurate results by inttwoming a bias towards a
particular bonding description.

A di erent systematic procedure, which is not variational lut size-consistent, for
recovering the electron correlation energy is perturbatiotheory (PT). Perturba-
tion theory rests on the basic idea that a small term (or perttbation) is added to
the mathematical description of a solvable problem (exagtlor approximately). In
other words, it is assumed that the solution to the already kmwn system is not far
from the correct answer of the actual problem at hand. Withirthis framework,
electron correlation is applied as a perturbation to the gund state wave function.
In M ller-Plesset Perturbation Theory (MPPT) the wave function that is being
used is the HF determinant. The unperturbed Hamiltonian opetar is taken as
a sum of Fock operators. Due to the de nition of the unperturkd system, the
perturbative treatment yields the following energies (usg the notation MPn to
indicate the total energy up to ordern): MPO (zeroth-order energy) is simply the

sum of the HF one-electron MO energies and MP1 ( rst-order cogction to energy)
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gives the correct HF energy (MP1 =E,¢). The second order correction to the en-
ergy (MP2) only involves interactions of doubly excited cogurations with the HF
reference determinant, bringing in the rst contribution to the correlation energy.
The practical limit is normally reached with the introduction of fourth-order cor-
rections (MP4). A downside of this method is the non-conveegt behaviour of the
MPn perturbation series which is often observed, and only few emical systems
show smooth monotonic convergence towards a limiting valu&he method by far
most often used is MP2, which typically accounts for 80-90% of the correlation
energy and also has the advantage of being economical in terof computational
costs. Another factor which makes MP2 attractive is the avaability of analytical
gradients and second derivatives, which are routinely imginented in standard soft-
ware packages. For transition metal systems MP2 has posedeagible correlated
ab initio method for a long time. However, due to the rapid advances in mputer
technology and improvements in algorithmic design, more ghisticated ab initio
methods like Coupled Cluster (see below) and CASSCF have bemaccessible for
systems of realistic size, and will likely become the norm the near future.
Coupled Cluster (CC) theory o ers yet another approach forte treatment of elec-
tron correlation e ects. While perturbation methods add al types of corrections
to the reference wave function to a given order, the idea of CiS to include all
corrections of a given type to in nite order. An exponential perator is de ned
that operates on the HF determinant with the e ect to express ¢ as linear com-
bination of Slater determinants that includes pr and all possible excitations of

electrons from occupied to virtual orbitals

Cc;:e-[A HE f:f1+f2+f3+:::+fn (118)

In the above expressioff is the cluster operator and thef; are excitation operators,
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which create all possible excitations up toth order. The resulting wave function is
equivalent to the exact FCI solution. In CC theory it is custanary to truncate the
expansion after the second or third term, in order to reducéne computational cost.
With the single, double or up to triple excitations includedin €', one obtains the
the CCSD and CCSDT methods, respectively. A widely used maid is CCSD(T),
coupled cluster with singles and doubles and perturbativepproximation of triple
excitations. Coupled cluster methods are currently amondé most popular high-
levelab initio methods, owing to both the fact that they recover a large peentage

of the correlation energy and their size-consistent behawir.

1.4 Density functional theory

1.4.1 Foundations

The development of density functional theory (DFT) has intoduced a di erent
methodical philosophy into the quest for a solution to the eltronic structure
problem. DFT begins with the concept of electron density iiead of the conven-
tional wave function. Taking advantage of the electron deitg as the central entity
brings along some signi cant advantages. First, the elecn density depends on
many fewer variables than the wave function: a wave functiofor a N -electron
system depends on a total of M coordinates (three spatial and one spin variable
for each of theN electrons). The complexity of such an object increases rdpi
with the number of electrons in the system. In contrast, eléon density is an
object in three-dimensional space, and is therefore only mendent on three spa-
tial coordinates, irrespective of the number of electrons ithe system. Secondly,
electron correlation is intrinsically incorporated into e electron density, and thus

accounted for. Central to DFT is the idea that the energy of amlectronic system
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can be expressed in terms of the electron densit§r). The electronic energy is
said to be a functional of the electron density and denote[ ], in the sense that
for a given function (r) there is a single corresponding energy, or in other words,
the density is directly mapped onto the energy. For a systentf & electrons, (r)
denotes the total electron density at a particular pointr in space. The concept of
using a density functional for the energy dates back to the gg days of quantum
mechanics, and prominent examples of such approaches igguhe Thomas-Fermi
modef3'# as well as the X or Hartree-Fock-Slater method, initially developed by
Slater as an approximation to the Hartree-Fock schenié. The foundation of mod-
ern density functional theory was laid in 1964, when Hohenbgand Kohn formally
proved with their rst theorem that the use of the electron dasity (r) as the basic
variable is legitimate. It states, that Vv(r) is (to within a constant) a unique func-
tional of n(r); since, in turn, v(r) xes H we see that the full many-particle ground
state is a unique functional ofn(r).® It is worth commenting on the notation
used within the original paper, and put it into context with contemporary notation
to prevent confusion. The authors use the variabla(r) for the electron density,
instead of the now usual Greek(r). Further, within density functional theory v(r)
speci es the so called external potential, which is often s written asVe. Note
that in the case of a molecular systervey is speci ed by the attraction due to the
nuclei and is synonymous with theV,. term appearing in the expression for the
molecular Hamiltonian. Hence the ground state electron demgiuniquely deter-
mines the molecular electronic Hamiltonian, and so deternes the ground-state
wave function. Consequently, the energy and essentiallyl ather observables of
a stationary quantum state can be deduced, in principle exty, from the ground

state density alone
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o)f N:Za:Rag) H) o) Eo and all other properties (1.19)

Since the energy is a functional of the function(r), it can be separated into three
parts, each of which is a functional of (r) itself

Z
E[]=T[]+ EBee I+ Enel = Fux[ 1+ (r)Vexdr
(1.20)

where Fux[]= T[]+ Eed ]

In this expression only theE,¢[ ] term, i.e. the potential energy due to nuclei-
electron attraction,” is dependent on the actual system, while the other two, the
kinetic energy T[ ] and the electron-electron interactionE¢[ ], are universally
valid. This means that their form is independent of the partular system, and the
system-independent parts have been collected into the ueigal functionalFpk [ ].*

If this functional was known exactly, the problem of nding ax exact solution to the
Schredinger equation would have been cracked. Unfortundye the explicit form
of the universal functional is completely unknown. At leastfrom the E¢ ] term
one can recover the classical Coulomb paif{ ] (the only term that is known) and

recast the universal functional into

FHK[]:T[]+‘][]+EncI[]

_ 1 (0 (9
J[ ]— é Wdrdro

(1.21)

All e ects of the self-interaction correction as well as exa@nge and Coulomb corre-
lation are absorbed intoE, [ ], which represents the non-classical contribution to
the electron-electron interaction. Having established thaall properties of interest

can be derived from the ground state density, the question lsow to verify that

ZRemember that Ve = Vie in the limit of a system of fully interacting electrons.
*Fuk [ 1is de ned independently of the external potential; this makes it an universal functional.
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a certain density corresponds to the ground state density. HE answer lies in the
second theorem by Hohenberg and Kohi§, providing the energy variational prin-
ciple. It asserts that no eligible trial electron density, ~can give a lower ground
state energy than the true ground state electron density. lother words, when
E[ ] is evaluated (by using the exact|[ ]), the Eo[ o] E[- inequality holds.
Importantly, the applicability of the variational princip le is limited to the ground

state energy only.

1.4.2 Kohn-Sham approach

The next major step in the development of DFT came when Kohn ahSham
derived a set of equations, from which the electron densityuald be obtained!’
Alternative implementations of DFT have been explored, thadirectly depend on
the electron density, as opposed to the orbital-based vantproposed by Kohn
and Sham. Yet at present these methods lack the accuracy thiatdesired, making
modern DFT tantamount to the Kohn-Sham (KS) DFT method.

To begin with, Kohn and Sham invoked the idea of setting up a fitious refer-
ence system of non-interacting electrons. Clearly the Harahian of this reference

system does not contain any electron-electron interaction

Xho o D 1
Rs= Sr 2+ ¥(r) = A*S where AKS = Sr 2+ ¥0s(r)  (1.22)
i=1 i=1
Whereﬁ}<S is the one-electron Kohn-Sham operator ands(r) describes the e ective
potential of the non-interacting reference system. After retroducing one-electron

functions in the form of Kohn-Sham orbitals' ;, the ground state wave function of

the non-interacting reference system can be constructed asSlater determinant

{This is where the subscript S occurring in the equations of tle reference system comes from.
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of these Kohn-Sham orbitals. Each ; is an eigenfunction ofikS

h 1 i
S 2+ 0s(r) " i(r) = i i(r) (1.23)

Once the KS orbitals have been determined, the total densityan be calculated

from the usual sum over the square-moduli of the orbitals;

X
(= jimi (1.24)

i=1

The connection between the arti cial reference system andhé real system is made
by adjusting Vs(r;) such that the ground state electron density s(r) of the reference
system equals the exact ground state density(r) of the real system. Although
the kinetic energy of the non-interacting reference systera not known exactly as

a functional of , it can be expressed exactly in terms of the Kohn-Sham orbiga
T[1= = 'irfy (1.25)

It is self-evident that Ts[ ] is not equal to the true kinetic energy of the interacting
system, even though it has been ensured that both share thexsadensity. However,
the advantage of the non-interacting reference system beaes clear in the fact that
by use of this concept the major part of the true kinetic eneggcan be recovered,
while the remainder is dealt with in an approximate way. To poduce the desired
separation of Ts[ (r)] as the kinetic energy component, it is convenient to rewe

the original functional as

FL(NI= Ts[ (N1+ I[ (N]+ Excl (r)] (1.26)
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where the residual part of the kinetic energy has been absexbinto an exchange-
correlation functional Exc. More explicitly, the exchange-correlation functional is

given by the expression

Exc[ 1=(T[ ] Ts[ D+(Eel 1 JI[ D= Tel I+ Enal ] (1.27)

where T[ ] and T¢[ ] denote the true kinetic energy and the kinetic correlation
energy, respectively. ThusExc[ ] incorporates all the contributions to the energy
that cannot be accounted for exactly. It therefore includesot only the electron
exchange and correlation energies, but also the correctitr self-interaction that
is incorporated into the Coulomb term, and the portion of thekinetic energy that
corresponds to the di erence between the non-interactingnd the real system. It

is now possible to repartition the total energy functionalnto the following parts

E[1=Ts[ 1+ Ene[ 1+ [ 1+ Exc[ 1=
Z (1.28)
Ts[ 1+ Nex(r) + H(r)] (r)dr + Excl ]

with the usual meanings for the classical Coulomb interacth J'(r) between the

electrons and the potential\%xt arising from the nuclei

y
_ Y o _X Z
NOE o Vext = CRe (1.29)

The variational theorem ensures that the ground state eneygcan be found by
varying , so as to minimise the functionaE[ ]. Equivalently, instead of varying
, one can vary the KS orbitals' j, which determine . The KS orbitals that

minimise the expression foE|[ ] for the molecular ground state energy satisfy the
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following expression (known as canonical KS orbital equatis)

C Lot o v
2 (1.30)
Vs(r) Ve (r) =Vex(r) + J(r) + Ve (r)

The exchange-correlation potential is found as the functhal derivative of the ex-

change correlation energy

E
Vxc = X

(1.31)

In the same way as the HF-equations, the Kohn-Sham one-elemtrequations have
to be solved in an iterative fashion. The exact form of.. (r) is dependent on the
exchange-correlation functionaEyxc. Importantly, if Exc and Vxc were known,
then the KS strategy would yield the exact energy, because rapproximations
have been introduced priori, despite the reformulations of the Hohenberg-Kohn
theorems. Unfortunately, an exact expression foEyc is completely unknown,
and the major challenge in modern density functional theorig the development of
improved approximations to this exchange-correlation fwtional. The approximate
nature of Exc really is the only source of error in KS-DFT. For practical rasons,
approximations to Exc are given as sum of exchange and correlation functionals.
It should be noted, however, that the separatiorExc into exchange Ex) and
correlation (Ec) is somewhat arbitrary and not well de ned in principle. Onj if
the KS orbitals were identical to HF orbitals, would this intepretation be justi ed.
Various schemes have been worked out to nd approximate exage-correlation
functionals of high quality, and the most important approabes will be pointed out

in the following section.
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1.4.3 Functionals

Local density methods

The simplest approximation makes use only of the density at a particular point
to evaluate the exchange-correlation energy at this poingnd is called the local
density approximation (LDA). Extending the LDA to the unrestricted case, where
and densities are not equal, one arrives at the local spin densdpproximation
(LSDA). The derivation of the exchange-correlation functinal is based on the
homogeneous electron gas. The exchange-correlation ep@&an be very accurately

expressed as the integral

Z
Ex* 1= (N)'xc( (M)adr (1.32)

where "xc (' (r)), the exchange-correlation energy per particle, is furér decom-

posed into separate exchange and correlation contributisn

"xc ((r))dr ="x( (r))+ "c( () (1.33)

The exchange term has an analytical solution in the form of & Slater-Dirac ex-

change energy functional

1=3
K= S () (134)

Since no explicit expression for the correlation part is kme, the correlation en-
ergy has been determined to a high precision by quantum Mon@arlo methods*®
Analytic interpolations of these results have been develogpdy Vosko, Wilk and

Nusair (VWN), *® and more recently by Perdew and Wang (PW%° both of which
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are widely used. Similar expressions for the exchange andretation energy exist
for the spin polarised case. The combination of the Slaterdal exchange functional
and the VWN local correlation functional is commonly referreé to as SVWN. Al-
though being based on a rather crude model, the L(S)DA in gera¢ delivers good
results for equilibrium geometries, vibrational frequenes and dipole moments,
with an accuracy comparable to HF methods. However, in moleeulsystems the
exchange energy is commonly largely underestimated, whilee electron correla-
tion is often overestimated by a factor of 2, leading to largerrors in energies.
As a result, this method is notoriously overbinding, i.e. bas are described as
too strong. Nonetheless, L(S)DA is regularly applied to exteled systems such as
solids, where the approximation of a uniformly distributecelectron density is much

more justi ed.

Gradient corrected methods

In order to advance beyond the local density approximatiorgne has to account for
the inhomogeneity of the electron density. For this reasonhe information about
the local density has been supplemented by the information about the gradieot
the density,r . Thus, in the so called generalised gradient approximatiqiGGA),

the exchange and correlation energy depend on both of theagaqtities

Z
ESSAL 1= f( (r);r (r))dr with : (1.35)

where the spin dependence is implied by the variable which runs over and

spins. The functionf depends on the densities and their gradients and is the entit
to be determined. At this time, an extensive number of excha@e and correlation
functionals exist, which are usually named after the authet initials and sometimes

augmented by the publication year. A stringent nomenclatwe, however, has not
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been introduced yet. One of the earliest and most popular GGAxchange func-
tionals (known as B or B88) was proposed by Becke in 1988 as areotion to the

LSDA exchange energy* The explicit form of the B88 exchange functional is

Z 4=3 2

EB88 = ELSDA X X dr where x = r_| (1.36)
X X (1+6 x sinh *x ) 4=3 '

The variable x is the reduced density gradient for spin , which is to be under-
stood as a local inhomogeneity parameter. The single empal parameter has
been optimised by tting to the exchange energies of the sixoble gases. This
exchange functional shows the correct long-range asymptobehaviour for the en-
ergy density. On the side of correlation functionals, the Pdew 1986 (P86) gradient
correction to the LSDA experiences much popularitf? It employs one empirical
parameter tted to the correlation energy of the neon atom. Are nement of their
correlation functional was later introduced by Perdew and \Ahg, leading to the
parameter free PW91232> Probably the most extensively used GGA correlation
functional is due to Lee, Yang and Parr (LYP)?%2” The empirical parameters con-
tained in it have been tted to data for the helium atom and its overall good
performance seems to originate from an e cient handling ofhte self-interaction
error in many-electron systems. The Perdew-Burke-Ernzesh (PBE) exchange
and correlation functional also belongs to the class of pameter-free functionals?®
In principle, any exchange functional from one source can lwembined with any
correlation functional from another, but certain pairs hae become established as
reliable and accurate for a range of systems. A complete speation of the ex-
change and correlation functional is achieved by concateivgy their acronyms in
that order. For example, BLYP and BP86 are among the widely usefunctionals.
GGA methods outperform L(S)DA methods, yielding geometrgeand vibrational

frequencies that are usually superior to MP2 results. Ocdasally problems with
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predicting accurate reaction barriers and relative energg for di erent electronic

states are observed.

Kinetic-energy density methods

Further corrections based on higher derivatives have onlgcently gained attention
and have been termed meta-GGAs. These depend on the kinetiteegy density
and can also include the second derivative of The spin-dependent form can be

formulated in a general way as

z
EXSCAL 1= f( (r)r (r);r 2 (r); Ddr (1.37)

where the kinetic energy density for the occupied Kohn-Shawrbitals, ' X5, is

de ned as
X

NI =

rKs? (1.38)

The meta-GGA correlation functional (B95) designed by Be&khas the advantage

over previous functionals that the correlation vanishes foone-electron systems
and thus is free of the self-interaction probler® Perhaps the most frequently used
out of this class is the non-empirical TPSS functional intrduced by Tao, Perdew,

Staroverov and Scuserid® The somewhat improved performance of meta-GGAs
over GGAs is outbalanced by a higher computational cost due their additional

complexity.

Hybrid methods

The HF exchange energy of a Slater determinant can be computegactly, while
DFT only provides an approximate solution to the exchange emgy. At rst

sight, the appropriate strategy to follow for arriving at a nore accurate exchange-
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correlation energy seems to be to replace the approximatechange functional with
the exact HF term and merge the latter with an approximate coelation functional.
Unfortunately, this approach provides no improvement overhlte GGA method for
atoms. Worse still, it completely fails if applied to molecles. The reason is that
the cancellation of errors resulting from the use of appraxiated expressions for
both Ex and Ec breaks down when the exact HF exchange is applied. Nonethe-
less, admixing a certain percentage of exact exchange intendity functionals, by
expressing the exchange energy as combination of LSDA, HF ané& terms, en-
hances the performance dramatically. The rst successfulyhrid functional is the

three-parameter B3PW91 functional' proposed by Becke in 1993

EE%PWQI — (1 a)E)IzSDA + aEQF + b EESS + E(l-_:SDA +C nggl (139)

The three empirical parameters were chosen to optimally repduce atomisation
and ionisation energies as well as proton a nities includedn the G2 database,
and also some total energies. This led to the values 0.20,2ahd 0.81 fora, b and
c, respectively. The amount of exact exchange (20%) is determad through the
parametera. A modi cation of this functional by Stephens et al., where he PW91
correlation part is replaced by the LYP functional, led to thefamous B3LYP func-
tional.3? This functional perhaps is currently the most popular hybid functional.
The PBE functional has also been improved by the addition ofxact exchange
(25%) to give the PBEO (or PBE1PBE1) functional®*®> Similarly, the TPSS
functional has been augmented with 10% exact exchange to give the TPSSh
method 2 an example of a hybrid meta-GGA functional. A comprehensivguite of
meta-hybrid functionals coming from the group of Truhlar, mcluding M06, MO6-
HF, M06-2X, M05-2X, has been tested on various systems and thetionals show

excellent accuracy’*? The half-and-half functionals BHandH and BHandHLYP
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incorporate 50% of exact exchange. Very recent developmeim the eld include a
new class of functionals coined double hybrid density furiohals, since they admix
not only exact exchange but also some correlation calculdtéy the MP2 method.
Within this group two examples are P2PLYP and mPW2PLYP*“¢ Inclusion of
HF exchange is often found to improve results, and hybrid DFT ethods outper-
form GGA in most respects. For a long time now, they have beextensively and
successfully applied to transition metal systems, espeltyaof the rst row, and
are usually considered to perform better than mangb initio methods/*’ Impor-
tantly, the optimal amount of exact exchange to be includecdhia hybrid functional
is normally system-dependent and careful adjustment of theptimum fraction to

the speci ¢ property of interest is required.

1.5 Basis sets

In the context of wave function-based methods such as HF thegprorbitals are
naturally used to construct the approximate wave function.On the other hand,
within the Kohn-Sham formulation of DFT, orbitals play an indirect role and are
introduced as a tool to construct the charge density. While dsis set-free DFT
implementations do exist, most quantum chemical program giages employ basis
functions to expand the KS orbitals. This section will give aoncise overview of
the main concepts and issues regarding the construction ande of basis sets.

A set of functions that is used to describe the orbitals in antam or molecule is
designated by the term basis set. Thus, the wave function, known at the start
of the calculation, is expanded in a nite set of known matheitical functions.
Commonly, basis functions are centred on atoms, and are tho$ten referred to
as Atomic Orbitals (AOs), although they are strictly speaking not solutions to the

Schredinger equation. There are two types of basis functie that are commonly
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used in electronic structure calculations, Slater-type bitals (STOs) and Gaussian-

type Orbitals (GTOs). Explicitly, Slater-type orbitals are of the functional form

ngm (65" )= NYym (5 )r" e T (1.40)

where N is a normalisation constant, andY,, are spherical harmonic functions,
describing the shape of the orbital. The quantum numbens, | and m have their
usual meaning. The radial part is given by the exponential ten and r" 1, with
being the Slater orbital exponent. On the other hand, Gausasn-type orbitals can

be written in the following form, where the cartesian notabn has been used

L(GY;2) = Nxhybze (1.41)

Ixslys

whereN again is a normalisation constant, is the Gaussian orbital exponent and
lx, Iy and |, are non-negative integers. The exponent controls the contraction of
the resulting function, where the function gets more di usehe smaller its value.
The orbital type is classi ed with help of the exponentd;, somewhat resembling
the quantum number of angular momentur (for examplel, + I, + |, =1 is a p-

orbital). The dependence on? in the exponential makes the GTOs inferior to the
STOs in two respects. At the nucleusr(=0) a GTO has a zero slope, in contrast
to a STO, which reveals a “cusp' (discontinuous derivativeand GTOs therefore
are problematic in describing the proper behaviour near theucleus. The second
problem is that GTOs in the long range ( ! 1 ) decay too rapidly compared
to STOs, and the 'tail' of the wave function is consequently gorly represented.
Despite these shortcomings, GTOs have the advantage thatei can be handled
very e ciently computationally. The product of two GTOs centred on di erent

atoms is a third GTO located in between, an important featurdor solving two-
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electron integrals occurring within SCF calculations. Tt property is absent in
STOs. In order to nd a compromise between the accuracy of STOand the
numerical convenience of GTOs, several GTOs are routinelyogiped together to
form so called contracted Gaussian functions (CGF). Each ewacted Gaussian
is a linear combination of the original (or primitive) GTOs, centred on the same
atomic nucleus, aiming to reproduce a STO as precisely as pitre.

X
CGF — ~ GTO (142)

Each CGF is de ned by the contraction coe cients of the compaent GTO and
their individual exponents. The basis set is then formed fro these contracted
functions. Gaussian-type basis sets are default in most stdard quantum chemical
programs, although there are some exceptions, such as the Aendam Density
Functional package, which implements basis sets of Slatgpe. The basis set is
classi ed by the number of functions it includes. Using onlyhe smallest possible
number of functions, i.e. one for each atomic orbital, redslin a minimal basis
set. For example, the rst row would be described by two singls-functions (1s
and 2s) and one set of p-functions (2p 2p, and 2p,). One example is the STORG
basis set, designating the expansion of an STO in terms fprimitive GTOs (in
particular, STO-3G has been a common choice, giving a set ohtracted Gaussians
including three GTOs). Minimal basis sets are often referdeto as being of single-
(SZ) quality.* However, a higher grade of sophistication is needed to actéeesults
beyond a purely qualitative level. For this reason currentdsis sets use two or more
functions for each type of orbitals, giving rise to double-(DZ), triple- (TZ) etc.
basis sets. Using the above example, a doubldasis set utilises four s-functions

(1s, 18, 2s and 2§ and two sets of p-functions (2p and 2) for rst row elements.

KThe term zeta is a reference to the exponent of the STO basis fiction.
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Chemical bonding is a physical phenomenon that is governeg the valence shell
of atoms. Thus, it has been a plausible step in basis set desitp allow higher
exibility in the valence region, while treating the core rgion in a more minimal
way. This approach led to the development of so called spiialence (SV) basis sets,
which can be viewed as a compromise between the inaccuracyniriimal basis sets
and the computational demand of DZ and TZ basis sets. A promamt example is
the series of SV basis sets developed by Pople and co-worke#sich are expressed
by the n-ij G or n-ijk G nomenclature. Heren indicates the number of primitives
used for representing the core region, whilg and ijk indicate both how many
functions the valence orbitals are split into (two and thregcorresponding to a DZ
and TZ split valence), and how many primitives are used for tir representation.
Taking 6-31G as an example, the notation implies that a corelatal is described
by a single CGF constructed from six primitive GTOs, while a &lence orbital
is described by two functions, one of which consists of thrgeimitive and the
other one is uncontracted. Contraction schemes are oftenaegsto summarise the
contractions applied for the construction of a speci ¢ basiset. Commonly, a given
basis set is extended by addition of polarisation functionswvhich are essential
for a more realistic description of chemical bonds. Theseliary functions are
always of higher angular momentum than the maximum value of the orbitals
occupied in the atomic ground state con guration (for examie, a set of d functions
is added to a carbon atom). Polarisation functions allow therbitals to distort
from their original symmetry as a response to the in uence ohdjacent atoms.
Basis sets of polarised double- and triple-quality are routinely used in modern
guantum chemistry, largely replacing the use of minimal béssets. Some problems
necessitate augmentation of the basis set with di use funicins. These functions,

having small exponents, are spatially more shallow than thstandard functions,
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and can be important when considering anions, large and ‘saholecular systems
and excited electronic states. For systems involving heavielements at the lower
end of the periodic table, such as transition metal complegeof the second and
third row, the situation is complicated because of the largeumber of electrons in
the core region. In order to arrive at a proper description ahe valence orbitals,
a large number of basis functions is needed to expand the asponding orbitals
of the core region, and in this way account for the e ects of ettron-electron
repulsion on the valence electrons. Unfortunately, this afh leads to intractable
problems, simply because of the unmanageably large numbédrbasis functions.
Moreover, relativistic e ects start to become important fo atoms with large charges
Z, further complicating matters. A solution to the above prolems is at hand in
form of e ective core potentials (ECP), also called pseudapentials. The trick is to

neglect an explicit treatment of the inner-shell electroniut instead replace them by
a parameterised analytical function that models the combad e ect of the nuclear-
electronic core on the valence region. Once derived fromawlistic calculations,

e ective core potentials can be used to model relativistic ects. Usually e ective

core potentials are expanded as a nite sum of Gaussians niplted by powers of

the electron-core distance

X 2
u(r) = Agrke K (1.43)
k

where the contraction coe cients Ay and Gaussian exponents, have to be deter-
mined by a suitable tting procedure, andny is the exponent to ther term.

An alternative to the basis sets discussed above are plane wédasis sets. These are
primarily used when three-dimensional extended (in nite)systems with periodic
boundary conditions are considered, being superior to GT(abis sets in such cases.

The electrons are described by orbitals which are expanded terms of complex
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exponential functions which depend on a wave vectér. The wave vector can be
thought of as a frequency factor, with highk values indicating rapid oscillations,

corresponding to high energies.

1.6 Unrestricted Kohn-Sham formalism and

broken-symmetry approach

It is convenient at this point to introduce the topic of unregricted determinants,
because their computation and interpretation forms a recung part of this thesis.
The wave function for an electron that describes both the altron's spatial distribu-
tion and its spin is represented by a spin orbital, usually ewstructed by multiplying
each spatial orbital by either the or spin function. A given spatial orbital can
be occupied by a single electron (or ) or by two electrons with paired spins. Such
spin orbitals and the determinants formed from them are cad restricted. In con-
trast, within the unrestricted formalism, a determinant iscomposed of unrestricted
spin orbitals. In this case, two individual sets of spatial ibitals are used for each
spin manifold. Consequently, the resulting spin orbitalsra not constrained to be
identical for and spins, but have di erent spatial parts for di erent spins, and
are thus given the freedom to localise in separate compartnte of a molecule. For
simplicity, we consider a two-spin system (e.g. a dinucletmansition metal system)
with two unpaired electrons in two nonorthogonal orbitals o sitesa and b. The
two possibilities for the spin quantum numbemg on each site gives rise to the four
micro spinstatesj i,j i,] iandj i.Bothj iandj i correspond to the
Ms =1 and Ms = 1 component of the overall triplet state for the system (i.e.
j1;1i andjl1; 1i), resulting from parallel alignment of the two site spinsS, and S,

to produce the maximum total spinS. On the contrary, linear combinations of the
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remaining two micro spinstates give rise to thés = 0 components of the triplet
(j1;0i) and singlet state (0;0i), the second of which results from a minimisation

of the total spin S. Explicitly, the singlet state is given by
j sl = P—i(l a bl ] a u) (1.44)

This expression emphasises the multireference nature ofckua wave function,
which is unsuitable for a KS-DFT treatment due to the restrition of being a
single-determinant method. In this context the broken-symmetry (BS) approach
rst proposed by Ginsberd?® and Noodlemari®®? has emerged as a powerful tool
to describe interactions between multiple spin sites, wherantiferromagnetic cou-
pling between magnetic orbitals is a frequently met case. ®@madvantage of the
BS technique is that it provides an accurate treatment of sysms with multirad-
ical character without having to resort to Cl methods. One sirts from a single
determinant wave function that re ects the antiferromagndic state, which is then

subjected to the variational principle in order to achieve mital relaxation

I I A1 N I P (1.45)
It can be shown that the nal BS wave function is a weighted liear combination
of neutral and ionic con gurations. While' ;, and ' ,, are orthogonal in their space
parts, this is no longer true for the optimised orbitals , and ,. While the BS
method yields physically correct charge densities, the sams not true for spin
densities. The occurrence of net spin density in certain regs in space is an artifact
of the method. Most importantly, having obtained solutionsfor the determinants
of maximum spin and broken spin symmetry, it is now possibletextrapolate the

energies of the pure spin states by using well-developed jaaion techniques. We
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refrain from going into detail here, but will return to this subject at a later point.
Importantly, restricted and unrestricted determinants dier in their behaviour with
respect to spin operators. In particular, while restrictedleterminants are eigen-
functions of both 82 and $,, unrestricted determinants are not eigenfunctions of
82, In this case the expectation value of? diverges from the exact valueS(S+1),

and it can be shown that the expectation value in this case isvgn by the relation

Mo
hS% = S(S+1)+ N Hyj 2 (1.46)

where N is the number of electrons (assuming\ N ) and the last term
corresponds to the sum of overlap integrals between all opted and  spin
orbitals.

It needs to be emphasised that an unrestricted wave functiatoes not correspond
to a pure spin state, but it can be expanded in terms of pure gpistates of higher
multiplicities. Thus, it is contaminated by higher multiplicity components. The
expectation value of$2 will frequently be used as a probe for the extent of spin
contamination in a computed determinant, and will be emplogd particularly in
the context of broken-symmetry DFT in order to extrapolate he energies of pure
spin states.

However, it should be noted that the expectation value o2 within the KS for-
malism has less signi cance than in the unrestricted HF forntiam, because the
employed determinants of each scheme do not parallel eaclhext In fact, it has
been argued that spin contamination is not well de ned withi DFT.%3 In all cases
where unrestricted calculations are performed, we will @sdiscuss the computed
spin densities, which arise as a result of the localisatiorf the unrestricted spin

orbitals on di erent spatial parts of a molecule.
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1.7 Computational methods

All calculations described in this thesis have been performavith the Gaussian0%*
Gaussian0F°®> Amsterdam Density Functional (ADF 2008.01-2010.02%8 Jaguar
7.62° and ORCA 2.6° program suites. Throughout this work density functional
theory has been the method of choice. The calculations typity utilised the
B3LYP hybrid functional 1%:26:31.32 or the BP86 functionaf* 22 from the GGA fam-
ily. Commonly, basis sets of triple- quality (TZ) have been used on transition
metal centres and all coordinated atoms, in conjunction wht double- basis sets
(DZ) on the remaining atoms in the molecule. For metal cents the Stuttgart-
Dresden basis set (SDD) and e ective core potential has ailtatively been em-
ployed®! Initial atomic coordinates were taken from single-crystaK-ray di rac-
tion experiments, where available. Unless stated otherwijsgeometries were fully
optimised without imposing any symmetry constraints C; symmetry). Stationary
points were characterised by analysis of their vibrationdtequencies, with minima
having no imaginary frequencies and transition states hawy exactly one. Com-
plete details of the methodology used are presented sepa&istin each chapter. The
topological properties of the electron density have beenatacterised by using the
Atoms In Molecules (AIM) theory by Bader®? For the visualisation of the elec-
tron density the AIM2000 program has been applie®f Percentage compositions of
canonical and corresponding molecular orbitals were calated using the AOMix
program 5455 Mulliken spin densities were used for analysis of spin poptibns
on ligand and metal centre$®®° All results of the quantum chemical calculations

have been visualised using the Chemcraft 1.6 softwéter ADF-GUI. "t
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2

Non-innocent complexes of the
bipyridine ligand

In this chapter we discuss examples of non-innocent behawioof two isomers of
the bipyridine (bpy) ligand family, which are ubiquitous in coordination chemistry.
This work has been done in collaboration with Dr. Goicoecheand his group
here in Oxford, and parts of the results have been jointly puished in Ref. [255]
and [256]. In the rst part of this chapter we analyse the eldoonic structures of
complexes M(2,2bpy)(mes),, where M is a rst-row transition metal and mes =
2,4,6-MgCgH,, and their one-electron reduced forms of general formula (®12-
bpy)(mes),] . The combined structural, spectroscopic and computatiohalata
unequivocally show that the reduction is a ligand-based enein all cases, and
the extra electron is located in a orbital of mainly bpy LUMO character. In
the second part of this chapter, we look at cases where bipyine is even further
reduced to its dianionic form. The two complexes [Fg2,2%bpy),]? and [Zn,(4,4>

bpy)(mes),]> serve as examples.
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2.1 Introduction

The concept of non-innocence has received wide recognitionthe last decade.
New reports on complexes showing non-innocent behaviour areekly added to the
current literature, underlining the increasing populariy of this eld of inorganic
chemistry. The potential applications of redox-active lignds in organometallic
catalysis and their relevance in biological catalytic systns are the driving force of
this fast development. Understanding the bonding and physatproperties of these
complexes is of fundamental importance for gaining insightto their reactivity. 7274
Several reviews have been devoted to the various classes @f-imnocent ligand
metal complexes, summarising the developments in this reseh area’>®?

For a long time the doctrine persisted in coordination chersiry that the central
metal ion is responsible for the redox behaviour of a complesile the surrounding
ligands are mere spectators. Indeed, this is true for the n@jty of inorganic
compounds. The assignment of oxidation states is straightivard for classical
Werner-type compounds such asis-[Co(NH,;) ,(Cl,)] or organometallic species such
as ferrocene. However, the above view experienced a dramaii@ange with the
appearance of complexes for which the convention of metantred electron transfer
processes seemed to be not valid any longer. The term “innatdegand’ was coined
in the 1960's by J rgensen and refers to situations in whichhe charge on the ligand
is well-de ned, allowing for an unambiguous determinatiorof the oxidation state
of the metal centre. The original statement from his paper e&s, \ligands are
innocent, when they allow oxidation states of the central ams to be de ned"®
Examples that fall into this class are HO and NH;. In the contrasting case of
"non-innocent' behaviour, the ligand itself can undergo ira- and intermolecular

electron transfer, thereby changing its own oxidation stat and making a de nitive
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assignment of the metal oxidation state di cult. Indeed the concept of oxidation
state itself is poorly de ned in such circumstances. Unsurfingly, the detailed
electronic structure of this type of complex is often complated, and can only be
formulated in terms of limiting resonance structures.

Interestingly, even the simplest of ligands such as NO and,@an give rise to an
oxidation state ambiguity (again quoting from Jrgensen'spaper, \The simplest
case of a suspect ligand is NO"). Indeed, the ambivalence ofetlire-NO moiety,
for example, is re ected in the ion [Fe(NO)(HO)s]?*, which may be formulated as
one of the electromeric forms Fe NO*, Fe"" NO" or Fe"" NO?2!. It has been
shown that the latter formulation is most suitable®

Examples of non-innocent behaviour in transition metal copiexes have been
known since the 1960s, when a series of square-planar dibsn@ complexes
[M(dithiolene),] of the group 10 triad (M = Ni, Pd, Pt) were isolated® 1,2-
disubstituted chelating ligands like dithiolenes are prattypical for non-innocent
behaviour, and transition metal dithiolenes arguably belny to the most studied
group within the family of non-innocent complexes. The intgretation of their
exact electronic structure and the confusion about the reiad redox and electronic
spectroscopic properties has caused much debate over desdtl In terms of a
formal valence bond picture these complexes have been disat in the limits of
delocalised covalent and localised diradical formulatigndepicted in Scheme 2.1.
As a consequence, precise oxidation states and charges on thetal centre as
well as the ligand could not unambiguously be determined fa long time. From
an experimental perspective, a combination of spectroséo@and magnetic data is
generally necessary to unravel the complexities of the band. Indeed, the develop-

ment of modern electron paramagnetic resonance (ESR) specheters, supercon-

By using the Enemark-Feltham notation,®® in this case f FeNOg’, one intentionally tries to
avoid an exact assignment of formal oxidation states withinthe Fe-NO unit.
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Scheme 2.1: Possible resonance forms for planar bis(dithiolene) compkes of nickel,
palladium and platinum.
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ducting quantum interference device (SQUID) magnetometeiend high-resolution
X-ray di ractometers has been integral to the development othe eld, and many
previously unsuspected cases of non-innocent behaviouvédeen exposed in bi-
ological and non-biological systems. The roles of ligandsepiously supposed to
be mere spectators have had to be re-evaluated, and it now aaps that tran-
sition metal complexes of radical organic ligands are keyt@mmediates in many
enzyme-catalysed transformations. First indication of neinnocence often comes
from single crystal X-ray crystallography, as the ligand's dnd lengths are di erent
at di erent oxidation levels. There are, however, cases ofiidden non-innocence'
where bond lengths change rather little and thus a structurexidation state corre-
lation does not exist® Other spectroscopic methods that are frequently used to de-
termine the electron density distribution in complexes wh non-innocent behaviour
include UV-vis, IR and Messbauer spectroscopy, as well as gsgro)electrochemical
techniques. More recently, various avors of K-edge X-ray aworption spectroscopy
(XAS) have also been applied to directly probe the bonding andealency in non-
innocent complexes. These methods have especially provenhte useful in de-

termining the oxidation states in a large range of dithiolem complexe$*° The
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information content of the experimental data is often enhared by density func-
tional theory or ab initio calculations. The interpretation of these data is often
controversial, and careful cross referencing to experintes essential if a consistent
model of electron structure is to be reached.

It has been suggested that the formal oxidation state (FO%) of a metal in
a mononuclear coordination compound should be distinguisth from the physical
oxidation state (POS)% % The former is determined as the charge remaining on
the metal after removal of all ligands in their normal closedhell electronic con-
gurations, and as such is a non-measurable integer numbe@n the other hand,
the physical oxidation state is derived from the @& electronic con guration of the
metal, which is a measurable quantity that can be determinedpectroscopically.
For that reason the physical oxidation state is sometimes s referred to as the
spectroscopic oxidation staté® In a large number of cases the FOS and POS are
identical, exempli ed by the complex [CU' (NH,),]?>* where the & copper centre
possesses a physical and formal +II oxidation state. The fdotem arises in cases
where paramagnetic organic radicals are coordinated to theansition metal ion.
The O-coordinated phenoxyl radical complex of an iron ion Wi a d° con guration,
Fe'' O Ph, serves as an illustrative example. Apparently, the formaxidation
state of +IV di ers from the physical oxidation state of +lIl , which corresponds to
a high-spin & con guration unequivocally justi ed by Messbauer and resnance
Raman spectroscopy.

The term "non-innocent' has become frequent in the last fevegrs, and the sense
in which it is regularly used is synonymous with "non-innocg¢ ligand' (NIL). How-
ever, an important aspect to be considered is the fact that thsame redox-active
ligand can behave both in an innocent and in a non-innocent maer. Thus, it

has been emphasised by Ward and McCleverty that non-innoca should not be
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understood as a function of the ligand alone, but that it is neessary to consider
a particular coordination situation as a whole and refer totias "'non-innocent be-
haviour'.8! Therefore, in this view the participation of the metal cente is naturally

integrated, and the term “non-innocent' is used for the connmation of metal and

the ligand. (In this chapter we will nonetheless use the expssion "non-innocent
ligand' (NIL), but it should be kept in mind that this expression in principle always

refers to a property of the full complex).

The possibility of non-innocent behaviour in a complex redees strong mixing
between metal- and ligand-centred frontier orbitals. Theidgand orbitals need to
be energetically raised above the metal d manifold in ordeo tactivate them for
ligand-based redox processes. The pictorial MO diagram ircl&me 2.2, originally
derived to describe the bonding in dithiolene complexes,rmmarises the important

features that contribute to the non-innocent behaviour.

Scheme 2.2: Schematic MO diagrams of normal and inverted bonding scenaos.
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Innocent coordination compounds can be described with theommal bonding
scheme, in which the redox active orbitals are based on the takand the metal-
ligand interaction is mainly ionic, with low covalency. On he other hand, non-
innocent complexes have an inverted bonding scheme, withetrdonor orbitals
largely destabilised relative to the acceptor metal orbila, resulting in activa-
tion of the ligand for redox chemistry. Multi-dentate ligards with conjugated

-systems are ideal candidates to ful ll the energetic constints, this being the

reason why chelating ligands of the "catecholate-type' daming the vicinal 1,2-
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disubstitution motif ("binding pocket’) are so prevalent anong non-innocent com-
plexes (Scheme 2.3).

Scheme 2.3: The dioxolene redox series: quinone, semiquinone, catedhte.
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The extended -delocalisation is well suited to stabilise radicals thragh conjuga-
tion. At the same time, the rigid arrangement of the -donor orbitals facilitates
ligand-ligand repulsion between the lone pairs, and thus skabilisation with respect
to the metal frontier orbitals.

The alternative coordination situations between a redoxetive ligand and a tran-
sition metal can give rise to either a resonance scenario Wwitlelocalised valences
describing one species in a single-well minimum, or an eduwilum situation be-
tween two (or more) redox isomeric (valence tautomeric) spies in a double (multi)
minimum array (Scheme 2.4%* This latter case is associated with activation barri-
ers separating the di erent minima, whereas the electron ttecalised case certainly
is barrierless. The main contribution to the resonance forermay be established ex-
perimentally or computationally. These two cases of singlend double-well curves
also form limiting formulations within the Robin-Day class$ cation scheme°* used
to categorise mixed-valence systems.

Scheme 2.4: Resonance form and valence tautomeric scenarios in redox neannocent
complexes.

resonance forms valence tautomerism
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barrierless activation barrier
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Valence tautomeric complexes form an interesting subclasghin the framework
of non-innocent behaviouf*%? Each individual electronic isomer present in the
equilibrium reveals characteristic optical, electric ansmagnetic properties. Thus,
the possibility of inducing reversible changes in the eleonic distribution makes
them ideal candidates for use in information storage and iegrated molecular de-
vices1% Moreover, they are good models for studying electron tramsfprocesses.
The cobalt bis(quinone) complex shown in Figure 2.1 serves a good example for
valence tautomerismi®* where the proximity of ligand- and metal-centred redox or-
bitals leads to a nely balanced equilibrium in solution. Clanges can be induced by
variations of temperature, and monitored by magnetic and getroscopic methods.
An increase in temperature promotes an intra-molecular elieon transfer such that
the Co"' tautomer converts into the Cd' isomer as one of the ligands is oxidised
from its catecholate to the semiquinonato form. Interestigly, the optical changes
are accompanied by a spin-crossover on the metal centre, ethchanges from low-
spin Co"' (S = 0) to a high-spin Co" con guration (S = 2). The interconversion

is driven by a large entropy gain due to population of the higlr spin state.

Bu Bu
sq sq
Bu ~o AN Bu o
(] (L]
Z N~
\Co'”/ D \Co”/
o/| \N | o/‘ \N
t t
cat sq

u - % Bu -1- + =
lowspin + + + tag highspin + + + tog

Figure 2.1. Thermal equilibrium of the tautomeric catecholate-semiqunone intercon-
version in Co(bpy)(3,5-DBQ)» (3,5-DBQ = 3,5-di- tert -butylquinone).

B
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Survey of non-innocent ligands

Many transition metal complexes of radical organic ligandare key intermedi-
ates in catalysis or important biological processes. Be#&discussing some examples
from bioinorganic and chemical catalysis, a brief survey difands with potential
for non-innocent behaviour will be given. It goes without sang that in addition to
the simplest of cases such as NO, (Figure 2.2) and O, a large number of other lig-
ands has been identi ed as redox-ambivalent. The most extsively studied are the
complexes of the -diketo compounds, especiallp-quinone$§®8+103.1051112 (|| E
=0)and -dithiolenes (la, E = S),% 113124 and phenoxyl radicalst?®> Other early
recognised candidates which exhibit non-innocent behauioinclude -diimines
such as 1,4-diazabutadienellp , E = NR), 1?5130 azo compounds I{I ),**! and
polycyano ligands such as tetracyanoethylene (TCNBEY ) and TCNQ.'%2 1,24 5-
Tetrazines (V ), 33 tetrazenes!®* 2, X2bipyridines (VI ),*35138  _iminopyridines 3% 140

-imino- ketones!*! imino- and thio-phenolate§® 14?148 can also serve as NILs.
Many of these ligands feature the "bay region' motif, whichn@bles them to form
ve-membered chelate rings when bound to a metal. In additoto the above
NILs, which can be considered as classical examples, moreengly pincer-type
chelating ligand frameworks have gained considerable atten owing to their
ability to act as cooperative ligands in homogeneous cataig!4®1*0 As an ex-
ample, the phosphine ligand PPP-H VIl ), used in its deprotonated form, falls
into this group of “non-classical' NILs. The rst family of amnyl radical com-
plexes was also reported in the chemical literature, of wiidrop,N (VIII , trop
= 5-H-dibenzo[a,d]cycloheptene5-yl) is an interesting regsentative®{1%3 Besides
the quinones and phenoxyl radicals already mentioned, aws!%* 1% tetrapyrrole
macrocycles>¢% and pterins'>® were also shown to qualify as redox NILs within

a biological context.
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Figure 2.2: Representative examples of potentially non-innocent ligads (NIL).

49



Relevance for bioinorganic chemistry

As mentioned in the previous paragraph, non-innocent behair was not only
found within synthetic complexes, but frequently recogned in a biochemical con-
text. Soon it became obvious that non-innocent ligands arehjust a spectroscopic
curiosity, but that they also play an important part in enzymatic catalysis, either
as substrates (e.g. @ NO, quinones) or as supporting ligands, modifying the prop-
erties of cofactors (e.g. porphyrins, quinones, dithiolas). Many metalloenzymes
have evolved to incorporate abundant metal ions (e.g. ironnd copper), which
preferentially react as one-electron redox couplé®. On the other hand, many
biological transformations are multielectron processe3hus, utilising redox-active
supporting ligands is an elegant way used by Nature to resoltkis paradox and
perform the desired multielectron chemistry, while at the @ame time preventing
unwanted radical side reactions.

The most extensively researched transition metal complexef radical anions
are those of semiquinone and phenoxyl radicals, and both dfese can also be
viewed as prototypes of non-innocent behaviour. Their biogical relevance is ex-
empli ed by their role in photosynthesis, respiration and rany other bio-catalytic
processes mediated by several metalloenzymes (e.g. catecidase). One of the
best understood examples is galactose oxidase (GAO), whéme oxidation of pri-
mary alcohols to aldehydes is achieved by the combined actiof a Cu'" /tyrosinyl
pair.18%:161 The phenoxyl radical forms an integral part, allowing a copgr-based
active site, which intrinsically is limited to a one-electon (Cu'/Cu ') couple, to
catalyse two-electron chemistry. The important and rate-etermining step within
the mechanistic cycle (Figure 2.3), following initial suldisate binding and deproto-
nation, is the homolytic cleavage of the alcoholic C-H bondnd abstraction of a

hydrogen atom, which is transferred to the tyrosinyl oxygemtom.
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Figure 2.3: Schematic representation of the catalytic cycle of galactse oxidase.

The oxidative phase is completed by intramolecular electnatransfer from the pu-
tative ketyl radical to Cu" followed by the loss of aldehyde, generating the reduced
form of the enzyme. The second phase of the mechanism invelexidation of the
reduced form by Q, which is converted to HO, using the protons available from
substrate. The redox event takes place at the tyrosinato knd, and not at the
copper centre. Presumably, a Cli-hydroperoxide is involved as an intermediate in
this process, although no such species has been observedngduthis last phase.
Some further examples of NILs in bioinorganic systems are shoin Figure 2.4,
including topa-quinone amineoxidasel |, molybdopterin (I1 ), the molybdenum co-
factor of oxotransferases, and the haem moieti{( ). The latter plays an important
role as a prosthetic group in the active site of cytochrome B8 enzymes, which
a ect a vast range of oxidation reactions in nature. The putdve P450 oxidant is

usually thought to be a Fé¥ O porphyrin radical cation species (\Compound I").
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Figure 2.4. Functional transition metal / NIL combinations appearing i n biological
systems.

Relevance for chemical catalysis

The design of new non-innocent ligands and their metal conges, followed
by detailed characterisation of their electronic structue is a very active eld of
chemical research. One aim is the development of functiomabdel compounds of
metalloenzymes. More recently, researchers have also tdrto systematically in-
vestigate the (catalytic) reactivity of metal complexes wh radicals on the support-
ing ligands in organometallic reactiong? 14162 drawing inspiration from biological
systems that exploit non-innocent behaviour. In this resp, redox non-innocence
0 ers a great potential for reaction control, but researchn this direction is still in
its infancy. Current research interest into NILs in catalys is twofold (Scheme 2.5).
Many transition-metal catalysed transformations involveelementary steps wherein
electrons are transferred from and to the metal centre. Rexl@active ligands may
assist in these processes and thus o er opportunities for expected reactivity,
owing to their capacity to serve as electron bu ers, which reersibly accept and do-

nate electrons. This concept is nicely illustrated in an exaple reported by Chirik
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Scheme 2.5: Approaches to exploit non-innocent behaviour in catalysis Adapted from
a review by de Bruin and co-workers!%2

Ligand redox non-innocence in (organometallic) catalysis

Directing (radical)
reactivity to ligands

R AR
Coll x< Co! .

R_H

T

and co-workers, in which a redox non-innocent derivative gyridine-2,6-diimine
(PDI) 183 is used for selective C-C coupling in [2-2 ] cycloisomerisation reactions
of ;! -dienes with iron (Figure 2.5)!%* The electrons for the oxidative addition and
reductive elimination processes related to the C-C bond foation are provided by
the ligand, whereas the oxidation state of the metal is maiatned throughout the
reaction (‘pseudo-oxidative addition / reductive eliminéon'). % Thus, the ligand
preserves the ferrous oxidation state of the iron centre, @venting formation of
unstable redox states. In terms of a more general concept ia$ been noted that
the PDI ligand confers some degree of noble character on then, implying that
it may be possible to substitute noble metals currently useth organometallic
catalysis with cheaper and more abundant transition metaf$®

A second approach, albeit less common, uses redox non-irgle to generate

reactive ligand radicals and thus force ligand-centred retvity during catalysis.®’
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Figure 2.5. Catalytic cycle of the [2 +2 ] ring-formation reaction catalysed by
("P'PDI)Fe without changing the Fe oxidation state. Electrons shuttle between the iron
centre and the 'P"PDI ligand during the cycle. The group E can be an alkyl or nitrogen-
substituted alkyl group.

An example for this type of reaction is the C8 (porphyrin)-mediated cyclopropana-
tion of ole ns with diazoesters from the group of de Bruirt®® During the reaction
a non-innocent' carbene radical is formed, which subseaqtig reacts in a radical
addition reaction to the ole nic double bond. The resulting -alkyl radical nally
collapses to the cyclopropane product.

In addition to their importance for catalytic processes, no-innocent complexes
have potential applications in materials science, where emwishes to exploit their
properties for information processing and optical materia. The spin information
associated with the ligand radical character can be utilisen metal-ligand spin ar-
rays of varying complexity or in spin-crossover e ects disissed above in the context
of valence tautomerism'®® Complexes with low and high molecular weights that
possess low-lying absorptions in the visible and near-iafed region are interesting
candidates for optical materials. Such complexes includelgnuclear complexes

with bridging ligands such as poly-dioxolen&t
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The studies presented in this and the following chapter enegpass two distinct
but closely related non-innocent ligands of the-system type, bipyridine (bpy) and
2-(phenylazo)pyridine (pap), which form complexes with w@us transition metals
(Fe, Rh, Cr, Mo, Zn). Arguably, 2,2-bipyridine and its derivatives is one of the
most versatile bidentate ligands used in coordination chastry,'’® compatible with
many main-group, lanthanoid, actinoid and transition met&aions. The chemical
and electrochemical reduction of free Zdipyridine (2,2%bpy°) to the -radical
monoanionic form (2,2-bpy !) and even dianionic forms (2,2bpy?{) has long been
established!’*{185 and all of these forms have been structurally characterisdy X-
ray crystallography!3® 186.187

A number of well-de ned coordination compounds of the 2%bpy ligand in its
di erent oxidation states have been reported in the eld of nain-group® 18 co-
ordination chemistry (e.g. [AI" Cl,(bpy),]Cl), as well as lanthanidé®®®® (e.g.
[(Cp"),Yb" (bpy {)]° Cp" = pentamethylcyclopentadienyl), and actinidé® (e.g.
[(Tp "),U" (bpy 1)]°, Tp" = hydrotris(3,5-dimethylpyrazolyl)borate) coordination
chemistry. Transition metal complexes with neutral bpy asaligand are well known,
represented for example by the octahedral complexes 'flbpy ©);]%* (M = Fe,
Ru, 0s).1997 Research on homoleptic rst-row transition metal complexe of
2,2%-bpy highlighted the possibility of bipyridyl radical coodination to transition
metal ions and several examples have now been spectrosalficharacterised via
EPR, IR, electronic and/or resonance Raman measurementsoBd metric param-
eters of a series of crystallographically characterisedatisition metal complexes
containing 2,2-bpy as co-ligand support the possibility of radical (or evedian-
ionic) character35:198(203 of which [La" (Tp *),(bpy {)]° serves as one examph&?*
However, we believe that the interpretation of the structurbdata is ambiguous,

simply because a one electron reduction of the ligand has tekame qualitative ef-
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fect as enhanced -backbonding from a reduced metal centre (Scheme 2.6). Both
result in population of the lowest unoccupied molecular oital (LUMO) of 2,2%
bpy and hence result in the same structural changes within ¢hligand skeleton,
especially contraction of the C-C bond linking the two rings Examples of N,N-
coordinated (bpy?!) are by far less common, and the few existing complexes where
the characterisation is unequivocal encompass [A(bpy 2t),] t, [2r"V (bpy ?!),] %
and [La'” (Tp *)(bpy 2{ )(thf) ,]©.189.201,204

Scheme 2.6: Ligand radical (left) and enhanced -backbonding (right).

M(dr) bpy(r*) M(dr) — bpy(r*)

+ i

Combined experimental and theoretical studies have becorm@mmon practice in
order to understand the intricate electronic structures ohon-innocent complexes.
It is interesting to note that computational evidence for tle monoanionic radi-
cal form of 2,2-bpy has existed for a long time. For example, in a report from
1979, Stucky et al% concluded from Fenske-Hall MO calculations on the complex
[Cp,Ti " (bpy 1)]° that, \the electronic structure of the triplet state of the complex
is approximately described as a titanium(lll) centre boundo a bipyridyl radical
anion."

Very recently, Scarborough and Wieghardt reported an in dép DFT survey of
the electronic structures of 20 organometallic complexe®sntaining °- and 3-

coordinated cyclopentadienyl anions and Z-bipyridine ligands at varying oxida-
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tion levels2%® These authors conclude that the assignment of the oxidatidavel of
bpy in a given coordination compound can be done on basis o&thpy bond param-
eters alone, while backbonding e ects are negligible. Theygue that bpy° acts as
a very weak - acceptor, (bpy!) is well suited for antiferromagnetic coupling with
open-shell transition metal-complexes and (bgy ) may be a strong -donor.

The 2,2-bpy (and also one example of 4%bpy) chemistry discussed in this chap-
ter was studied in collaboration with the Goicoechea groupehne in Oxford, and
involves the isolation and electronic characterisation & series of anionic rst
row transition metal complexes [M(2,2bpy)(mes),] (Scheme 2.7, mes = 2,4,6,-
(Me);CgH,); M = Cr, Mn, Fe, Co, Ni), obtained from their neutral parent com-
pounds M(2,2-bpy)(mes), by chemical reduction using potassium.

Scheme 2.7: Structural formulas and numbering of [M(2,2°—bpy)(mes)2]0= complexes

explored in this study.
— ]
N\
] N/

square-planar tetrahedral
[Cr'(2,2"-bpy)(mes),]”" (1°,17) [Mn''(2,2-bpy)(mes)2]”" (2°, 27)
[Co''(2,2-bpy)(mes),]®" (4°, 4°) [Fe'(2,2"-bpy)(mes),]% (20, 3°)

[Ni"(2,2-bpy)(mes);]*" (5°, 57)

Single-crystal X-ray di raction, Messbauer (for M = Fe) and EPR spectroscopy
as well as SQUID magnetometry have been applied to identify ¢ir electronic
structures. We have used density functional theory to obtaidetailed insight into
their properties on the electronic level. The combined phichemical measure-
ments and calculated electronic structures are consistentith the presence of a

2,2-bipyridyl radical anion in [M(2,2%bpy)(mes),] , and suggest antiferromagnetic
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coupling between the unpaired electron of the ligand radicéS,,y = =) and the

electrons on the M' centres.

1971
[Cr'(2,2"-bpy)(mes),]* [Fe''(2,2"-bpy)(mes),]%

Figure 2.6: Structures of complexes [Cr(2,£bpy)(mes),]> (1°, 1 ) and [Fe(2,*
bpy)(mes)2]°: (3%, 3 ), including key bond lengths (A). The upper and lower value
in each box refers to the neutral and anionic species, respiely.

Further work has also focused on two cases where the coordethbpy ligand has
been further reduced to its dianionic form. Two candidatesdve been synthe-
sised, [Zn(4,4-bpy)(mes)]> (72 ),Y where the assignment is unambiguous, and
[Fe(2,2-bpy),]? (62 ) where it is not. In this case F& and Fe' formulations are

conceivable. Our calculations favour the latter - the occugtion of the  antibond-

ing bpy-based orbital by two electrons.

= ]
=N 1.912 N =

1.428. 1377 82.9/<\ Fe”
rasa | 1430°N"1017N==

e 1.363 =

1425  1.364
6%
[Fe'(2,2-bpy? ),]% [Znl(4,2-bpy)(mes)a?

Figure 2.7: Structures of complexes6? and 7%= 2 | including key bond lengths (A).
The upper, middle and lower value in each box refers to the netmal, mono- and dianionic
complex, respectively.

YPart of the electron transfer series [Z5(4,4%bpy)(mes);)? (z=0;1 ;2 ).
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2.2 Methodology

2,2-bipyridine complexes All calculations on the mononuclear transition metal
complexes {-6) containing the 2,2isomer of bipyridine were performed with the
ORCA program package®® Unrestricted geometry optimisations were carried out
using the B3LYP functionaf®26:31:32 in combination with the TZVP 2% basis set of
Ahlrichs and co-workers on metal atoms (Cr, Mn, Fe, Co, Ni) andlicoordinating
atoms (N(1), N(2), N(3), N(4), C(11), C(21)), and the SVP°7 basis set elsewhere.
In the case of complex6 solvation e ects were included using the conductor-like
screening model (COSMO¥%® where the solvent water was modelled with a di-
electric constant of 80.4 and a refraction index of 1.330. IFthe computation
of Messbauer parameters of the iron complexed? and 3 , non-relativistic single
point calculations were carried out on the single-crystal Xay structures using the
B3LYP functional in combination with the CP(PPP) basis set for Fe and TZVP

for nitrogen, carbon and hydrogen atoms.

4,4-bipyridine complexes Calculations on a series of dinuclear Zn complexeg’(
7 , 7? ) having the 4,4-isomer of bipyridine as the coligand were carried out with
the Gaussian09 program packagé,employing the M05-2X hybrid meta exchange
correlation-functional developed by Truhlar and co-works.*? This functional has
been recommended for use with Zn compounds and in this studyuled slightly
better geometries compared to B3LYP. Again, the TZVP basis setag used on Zn
and all coordinating atoms (N and C(1) of mesityl groups), wike the SVP basis
set was used on the remainder. The topological propertiesadéctron densities, ob-
tained at the same level of theory, were characterised usitige Atoms in Molecules

theory (AIM) of Bader with the AIM2000 program package®? 3
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H NMR chemical shifts were calculated with the Gauge-Indepdent Atomic Or-
bital (GIAO) method, ?1%21! ysing geometries obtained at the M05-2X/TZVP/SVP
level, as described above. These calculations were donenwite B3LYP functional,
with a basis set optimised for shielding constants, aug-p<5'? (triple- quality) on
the hydrogen atoms of the bipyridine moiety and one mesitylrgup, which was used
as internal standard. For the remaining atom the same basietsas de ned above
was used (TZVP on Zn and coordinating atoms, SVP for all other atns). Rela-
tive chemical shifts () were obtained by referencing the nuclear magnetic shiehdj
constants of the probe atoms against the arithmetic mean dfi¢ isotropic magnetic
shielding constants of theortho-methyl protons. These appear as an intense singlet
in the experimental NMR spectrum with = 2.42 and 2.32 ppm for complexeg°
and 72 , respectively. Nucleus-Independent Chemical Shifts (NICSplues were
calculated at the same level using the GIAO method as recomnued by Schleyer
et al.?'321% The NICS probes (ghost atoms) were placedA above the centres of

the rings (de ned as the average of the Cartesian coordinaf the ring atoms).
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2.3 Complexes of monoanionic bipyridine

2.3.1 Preliminary calculations

The bipyridine ligand plays an important role for the electonic structure of the
complexes presented in this chapter. It is therefore reasie the begin the analy-
sis by modelling the free ligand in order to gain some insighito the basic bonding
features of this prevalent ligand system. Figure 2.8 showkd highest energy or-
bitals of the s-cis isomer of 2,%bipyridine (C, symmetry) in the frontier molecular
orbital region, optimised at the B3LYP/TZVP level. The non-planarity of the

pyridyl rings is a result of hydrogen-hydrogen and nitrogehone-pair repulsions.
The HOMO (3a) represents part of the manifold centred at the pyridyl rings,

composed of p orbitals on the carbon atoms. The LUMO (4b) of 2Bipyridine

is a antibonding orbital with an in-phase relationship betweerthe p orbitals

on the carbon atoms linking the two rings. The UV-vis ! feature observed
at 282 nm in the experimental absorption spectruf® of 2,2bipyridine has been
assigned to a HOMO/LUMO transition.?'8:217 This LUMO becomes the SOMO
in the 2,2 bipyridyl radical (bpy "{) and the HOMO in the 2,2-bipyridy! dianion

(bpy2{). The occupation of the vacant LUMO in the neutral ligand causs large
changes in the bonding parameters within the ring sca old (Gheme 2.8). The in-
phase interactions lead to a higher degree of double bond charactenanifested
in shorter bond lengths, while the out-of-phase interactits become more anti-
bonding, resulting in longer bond lengths. Consequentlyn the numbering scheme
introduced in Scheme 2.8, bonds 1 and 6 experience a contraat while bonds 2,
5 and 7 become elongatet$®218.219 The higher degree of overlap in the central

bond also enforces coplanarity of the two pyridyl moieties.
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Figure 2.8: Selected molecular orbitals of thes-cis 2,2%bipyridine ligand. [Original in
colour]

The most important orbitals for metal bonding are the in-plme HOMO-1 (3b) and
HOMO-2 (2a) with out-of-phase and in-phase combinations of-@rbitals localised
on the nitrogen atoms. These two orbitals will interact mosstrongly with a metal
centre in a -type interaction. Lower down in energy are further orbitad belonging

to di erent -type combinations within the pyridyl manifold.

62



Scheme 2.8: Di erent redox states of 2,2%bipyridine with characteristic bond distances.
Blue labels correspond to the bond numbering scheme emplogiefor discussion of bond
metric data.

(bpy)° (bpy")*

2.3.2 Fe'(2,2%bpy)(mes) , and its anion

In contrast to the free ligand, where reduction places the &a electron unambigu-
ously onto the ligand, the situation becomes less clear cuthen the same ligand
is involved in metal coordination. Thus, the population of he LUMO of 2,2~
bipyridine, that is apparent from the contraction of the cetral C-C bond in the
crystal structure of 3 could, in principle, be rationalised by either of two limitng
formulations of the reduced species: a one-electron redoct of the ligand, leading
to a radical species, [F&(2,2%bpy )(mes),] , or alternatively, metal-based reduc-
tion giving an iron(l) species, [F&(2,2%bpy)(mes),] , with strong metal-to-ligand
backbonding!3>1%° To distinguish these possibilities, the electronic struates of

both the neutral and the reduced species were analysed.

Optimised geometries

Geometry optimisations a orded the structures shown in Figre 2.9, and important
bond metric data are summarised in Table 2.1. The neutral cqutex (3°) has a

quintet (S = 2) ground state and a highly distorted pseudo-tetrahedratoordination
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Figure 2.9: Optimised molecular structures (A, °) of complex 3°, 43 and 3 , along
with plots of the total spin density (contour value 0.005). [Original in colour]
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geometry around the iron(ll) ion. The important structural features of the coor-
dination sphere around the metal centre are well reproducdsy the calculations,
with C-C, C-N, and Fe-C bond distances within 0.01A of their crystallographic
counterparts. The Fe-N distances (2.28) are overestimated by 0.04A compared
to their crystallographic counterparts, errors that are tyical of calculations with
Table 2.1: Selected optimised bond lengths A) and angles ) for 3° and 3 . Exper-
imental data are given for comparison. For the computed strictures the expectation

value of the square of the total spin angular momentum operadr (hS%i) and Mulliken
spin populations () on the iron centre and the 2,2bpy ligand are also given.

Parameter 3 (exp.) 30 3 (exp.) 43 63
Fe(1)-N(2) 2.156(2) 220  2.090(15) 2.13 2.18
Fe(1)-N(2) 2.154(2) 220  2.084(15) 2.13 2.18
Fe(1)-C(11) 2.087(2) 2.0  2.103(17) 2.14 2.14
Fe(1)-C(21) 2.083(2) 2.09  2.095(16) 2.14 2.14
C(5)-C(6) 1.481(3) 1.48 1.418(3) 1.43 1.43
N(1)-Fe(1)-N(2)  75.14(16)  74.0 77.00(6) 76.3 75.9
N(1)-Fe(1)-C(11)  95.54(7) 100.5  109.53(6) 104.7 104.0
N(1)-Fe(1)-C(21)  122.34(7) 1258  119.99(6) 123.0 123.1
N(2)-Fe(1)-C(11)  122.31(8) 1255  124.32(6) 123.0 123.1
N(2)-Fe(1)-C(21)  104.04(7)  99.9  108.35(6) 103.8 103.0
C(11)-Fe(1)-C(22) 126.74(8)  123.2  113.56(6) 119.5 120.8
a 70.2 67.5 78.6 73.8 73.0
Fel2,2%bpy 3.73 3.74/-0.86  3.79/1.07
hS2i 6.05 4.62 8.78

aDe ned as angle between the C(11)-Fe-C(21) and N(1)-Fe-N(2 planes.

the B3LYP functional. The calculated angle of 67.5between the planes de ned by
atoms Fe(1), N(1), and N(2) and Fe(1), C(11), and C(21) is in exalent agreement
with the experimental value (70.2).

Detailed bond lengths of the 2 2bipyridine moiety in free as well as coordinated
form in the neutral and anionic complexes discussed here a@mmarised in Ta-

ble 2.2. The oxidation state of the metal in3° renders the bipyridine neutral, and

its bond lengths serve to validate that this is indeed the cas most notably the

long bond length of 1.48A between the carbon bridge atoms.
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Table 2.2: Bond lengths (A) of the 2,2%bipyridine moieties in 2,2%bipyridine, the 2,2%
bipyridyl radical anion, and the optimised structures of 3%, 43 and ®3 as well as their
experimental counterparts.

bond 2,2bpy 2,2bpy- 3 (exp.) 30 3 (exp.) 43 63

1 1.4903) 1.430(av) 1.481(3) 148 1.418(3) 1.43  1.43
2 1.346(2) 1.389(av) 1.356(3) 1.35 1.385(2) 1.39  1.39

1.347(3) 1.386(2)

3 1.341(2) 1.337(av) 1.345(3) 1.34 1.354(3) 135  1.34
1.342(3) 1.357(2)

4  1.384(2) 1.376(av) 1.378(4) 139 1.371(3) 1.39  1.39
1.385(4) 1.372(3)

5  1.383(3) 1.404(av) 1.377(4) 1.40  1.400(4) 142  1.42
1.383(5) 1.400(3)

6  1.385(2) 1.364(av) 1.382(4) 1.39 1.352(4) 138  1.38
1.384(4) 1.365(3)

7 1.394(2) 1.428(av) 1.389(4) 1.40 1.420(3) 1.43  1.43
1.395(4) 1.417(3)

For the anionic complex3 , we have identi ed two distinct electronic states
with tetrahedral geometry, a broken-symmetry quartet s = ¥2), “3 , and the
corresponding high-spin sexte3 , both of which contain localised electron distri-
butions characteristic of iron(Il) and 2,2-bpy ! groups {ide infra). The adiabati-
cally excited sextet state was found to be 3.9 kcal mdi higher in energy than the
corresponding broken-symmetry solution. Botl{3 and 63 exhibit a distorted
pseudo-tetrahedral coordination geometry around the ir¢H) centre, similar to the
neutral complex, with angles of 73.8and 73.0 between the ligand planes fof 3
and 3 , respectively.

Occupation of the LUMO of 2,2-bipyridyl upon reduction leads to a notable
change in the C(5)-C(6) bond distance, which contracts froh.48A in 3° to 1.43A
in the anionic complex, irrespective of the chosen state (ke 2.2). The degree of
contraction of this C-C bond is very similar to that observedn recent studies on
the reduction of bipyridine to the corresponding anion andidnion.'862® Although

the reduction event can primarily be viewed as being liganbased, it still has a

66



signi cant impact on the iron coordination sphere. The mossigni cant di erences
between the anionic structures and the neutral complex argparent in the Fe-N
distances, which are 0.02 and 0.07A more contracted in®3 and 43 , respec-
tively, and in the Fe-C bonds, which are somewhat longer i (2.14A for both
states) than3° (2.09A). The latter structural changes is a consequence of the Fe-C

antibonding character of the @, orbital which accepts electron density from the
2,2bpy orbitalin 3 .

Finally, despite extensive e orts using various starting gometries and initial
guess densities with di erent degrees of spin polarisatipwe have been unable to lo-
cate an alternative stable minimum for 3  corresponding to the
[Fe' (2,2%bipyridine)(mes),] form. In addition to the two tetrahedral structures
described above we have also modeled the iron centre in a ggualanar ligand
environment, in either the high-spin S = %) or low-spin (S, = =) state.
However, in each case the optimisation a orded a square-plangeometry with an
electronic structure featuring a ligand radical. Thus, thdow-spin doublet state
converged to a broken-symmetry statehG?i = 1.71) with antiferromagnetically
coupled metal (g = 2:13) and ligand (,py = 0:97) radical centres. Likewise,
the high-spin state yielded the isoenergetic complementastate with ferromag-
netically coupled centres $ = 2:37, p, = 0:84). Both states, however, are
destabilised by 6 kcalmol * compared to the local minimum#3 . In order to
test the robustness of the broken-symmetry solution of thatter complex, we have
also performed complementary calculations on the tetrahesd geometry, employing
a conventional unrestrictedS = ¥ spin state. The result was the same as above:
the pure Kohn-Sham quartet state collapsed to the broken-symetry solution, due
to spontaneous symmetry-breaking during the optimisatigrunambiguously recov-

ering 43 .
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Electronic structure

Analysis of the electronic structure of3° reveals an electronic distribution typical
of a high-spin iron(ll) ion, with a Mulliken spin density of 373 electrons on the
metal and negligible elsewhere. In the anionic quartet stat*3 , the Mulliken
spin density on the metal centre (. = 3.74) is essentially unchanged from that
in 3°, diagnostic of a divalent iron, while an unpaired electronfoopposite spin is
now located on the bipyridyl ligand ( ,,y = -0.86). Strong spin contamination is
apparent from anhS?i value of 4.62 that greatly exceeds that of a pure quartet
(hS%i = S(S + 1) = 3:75) and approaches the limit anticipated for completely
localised antiferromagnetically coupledSee = 2 and Spp,y = Y2 radicals (2% =
S(S+1)+1 =4 :75). In the related sextetS = ¥2 state (63 ), the basic features of
the structure and Mulliken spin populations are very similato those in 43 , the
major di erence being that the unpaired electrons on the ino(Il) centre and the
2,%bpy ligand are aligned parallel to each other. The isodemgisurfaces obtained
from the Mulliken spin populations shown in Figure 2.9 for &lthree complexes
provide a nice visualisation of the constant spin density otie iron centre and the

ligand-centred radical??°

Corresponding orbital analysis

Identifying the magnetic orbitals of unpaired spins withinthe set of canonical
KS orbitals can be di cult sometimes, due to spin polarisaton e ects and strong
mixing with other orbitals. A more unequivocal picture is obained from the cor-
responding orbital transformation (COT) of Amos and HalP?%?2% This procedure
performs a unitary transformation of the spin-orbitals wihin each spin manifold
such that the overlap between an individual orbital from the -set with an orbital

from the -setis maximised, while leaving the BS determinant invarid. Thus, the
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individual spin-orbitals are matched up into pairs of maximm similarity. However,
the resulting schemes are purely qualitative, because infeation about orbital en-
ergies is lost. The MOs are reorganised into three groups: stt those with a
spatial overlap of essentially unity §,, = 1) correspond to doubly occupied closed-
shell MOs. Secondly, those with overlaps substantially derent from zero or unity
(0 <S4 < 1), representing the valence orbitals of overlapping nortbogonal mag-
netic orbitals of the BS determinant. Thirdly, those singlyoccupied -spin orbitals
that are unmatched by -spin orbitals (S, = 0), corresponding to the SOMOs of
the system. Qualitative MO diagrams derived from the corrgmnding orbitals of
the three complexes discussed above are summarised in Fegu2.10-2.12. The
corresponding orbital diagram for neutral complex3® (Figure 2.10) clearly high-
lights the high-spin quintet con guration at the iron(ll) centre (S = 2). The
spin- components of all ve metal-based d orbitals are occupiedsas the spin-
component of one (¢ 2 in the coordinate system de ned in Figure 2.10), fully
consistent with the Mulliken spin density (e = 3.73). For the doubly occupied
dyz 2 orbital the overlap Sy, = 1, while for the four SOMOs the overlapS,, = 0.
Turning to the anion, corresponding orbitals fof3 are summarised in Figure 2.11.
The occupation of the spin- and spin- components of the ve metal-based d or-
bitals is similar to the one in3°, indicating that the local high-spin ¢ con guration
on iron(ll) has been conserved. In contrast, only the spin-component of the 2,2
bpy LUMO is occupied, having 91% ligand character. The spatiaverlaps between
corresponding spin- and spin- orbitals are zero (SOMOs) and unity (g2 ), ex-
cept for the d, / bpy LUMO pair where Sy, = 0.39. The deviation from zero is
characteristic of antiferromagnetic coupling, and arisesom the tails on the ligand
and metal in the spin- and spin- components shown in Figure 2.11, respectively.

The spatial overlap for the nonorthogonal magnetic orbitalin*3 can be compared
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Figure 2.10: Qualitative MO diagram for complex 3°. [Original in colour]
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Figure 2.11: Qualitative MO diagram for complex 43 . [Original in colour]
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Figure 2.12: Qualitative MO diagram for complex 3 . [Original in colour]
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to the ones found for two related iron(ll) complexes withMs = ¥2 electronic
ground states, {"®PDI)FeCl with Sy, = 0:412%* and ("""PDI)Fe(CH,CMe,) with
Sap = 0:472%5 The “diradical' character of the BS solution can be relatedotthe
overlap integral between the two magnetic orbitals throughRgs = 100(1 + jSap))
(1 j Sabj),?%® thus a value of 0.39 maps onto 85% diradical character.

The situation in 63 is reminiscent of the quartet state, with the di erence that
the  orbital of bpy is now occupied by an electron of -spin, mixing more strongly
with the d,, orbital, a situation typical for a high-spin state. Both ele&tronic
structures are characteristic of a non-innocent bipyridia ligand (in line with the
observed spin densities), and account for the structural anges induced into the
ligand upon reduction. The bonding nature of the orbital ineraction between the
bpy LUMO and the d,, on Fe in*3 results in a more contracted Fe-N bond length,
compared to®3 , where this interaction is antibonding.

The hS?i value (4.62) for*3 is very close to the theoretical value of 4.75, ob-
tained with Equation 1.46 (Chapter 1). According to Dai and Wiangbo?2® the BS
state for a spin dimer with 4 unpaired spinsN1 = 4) at one centre and 1 unpaired

spin (N = 1) on the other can be decomposed in terms ¢6 Msi eigenstates as

r r
iBS =

gl N
N w
N W
+
gl |
N Ol
N W

With the calculated energy separation of the BS and the HS stes at hand, the
exchange coupling parametel can be estimated. In terms of the phenomenological
spin Hamiltonian } = 238, &, it can be demonstrated?’ that for a spin dimer
with M and N unpaired spins at site one and two, respectively, the exchga

parameter is given by
Ens Ess

J =
MN
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A modi cation to the above equation has been introduced by Yaaguchi and co-

workers?2?® resulting in the following expression

Ens Ess

J= . -
I”SZIHS h SleS

in which the expectation values of the squared total spin an¢ar momentum op-
erator appear in the denominator. The Yamaguchi approach Bahe advantage of
being valid over the whole range of coupling strengths, andlikbe used here. With
the values obtained from the optimisation of the HS and BS stat of3 ( Ens gs
= 3.9 kcalmol 1, hS?%i s = 8:78 andhS?igs = 4:62) we obtainJ =-328 cm *. The
energy separation between the adjacent sextet and (pure) ajtet eigenstate can

be calculated from Lanck's interval ruleg?®

E(S) E(S 1)= J[S(S+1) (S 1)S]= 2SJ

UsingJ =-328 cm ! from above, the splitting becomes B(2) - E(¥2) = 1640 cm 1,
giving rise to the corresponding Heisenberg spin ladder sometically shown in Fig-

ure 2.13.

p —— S=%
4]

{ — BS
J

\4 — S:%

Figure 2.13: The Heisenberg spin ladder indicating the position of the BSstate.
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The value of J indicates that the exchange coupling is antiferromagnetidut
is not as strong as in related ferrous complexes ofdiimine and iminopyridine
radicals studied by Wieghardt and co-workers, where valude between -440 and
-630 cm 1224230 The rather weaker coupling in3 probably has the same origins
as the elongation of the Fe-C bonds noted above: the key metased ¢, orbital
is also antibonding with respect to the very strong -donor mesityl groups, and so
exchange coupling and Fe-C bonding are antagonistic.

With the best t Heisenberg exchange constant of -46.2 cm (Figure 2.14), the
sextet state lies 250 cm ! (5J) above the ground state quartet and is signi cantly
populated at higher temperatures. In contrast, the compute value of -328 cm?
suggests that the sextet should remain unpopulated even abd highest accessi-

ble temperatures. From our point of view it seems thereforeniikely that the

6
5 |
4 |
2 |
14 0 T |
0 20 40
0 T I I T I I I
0O 50 100 150 200 250 300
TIK
(a) neutral (b) anion

Figure 2.14. Temperature dependence of the e ective magnetic moment, o . (a) 3,
(2{300K). Inset: The temperature dependence ofY ., (the full line corresponds to
a Curie-Weiss t of the data between 20 and 300K). (b) 3 , (2{302K). Inset: low-
temperature region of . Circles, experimental points; lines, calculated data usig
J= 462cm !, D= 106cm 1, ge =2:05.
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increasing magnetic moment in the anionic complex can be dajmed with a popu-
lation of the excited state at elevated temperatures. It is @ssible that this discrep-
ancy re ects the limitations of the theoretical method? but it is di cult to calibrate
the methodology simply because in the majority of related syems only the ground
state is occupied over the temperature range of the experiniea ording only a
lower limit to jJj.**° In one of the few cases where the measured does show
temperature dependence (a cobalt(ll) complex), the appane population of the
excited state is similarly inconsistent with the large comgted J of -794 cm 1,13°
suggesting that DFT may indeed systematically overestimatthe magnitude of the
exchange coupling in this class of system. It should be notdabwever, that it is
also possible to t the susceptibility of3 to a spin Hamiltonian involving an iso-
lated S = ¥2 state (by e ectively assuming an in nite J), in which case the rise in
mol @t high temperatures can only be reproduced by invoking a Ige temperature
independent contribution. Despite the discrepancy in comyted and experimental
values ofJ for 3 , itis clear that both approaches are consistent in suggesg that
the exchange coupling is considerably weaker 81 than in comparable systems

where strong -donor ligands such as mesityl are absefi? 230

2.3.3 °’Fe Messbauer spectroscopy

Messbauer spectroscopy is a technique which relies on thengiple of recoilless
nuclear resonant absorption and emission of gamma photons the solid state.
Associated with both these processes are energy level tréiosis in the atomic
nucleus. The energy levels of the nucleus themselves respém the surrounding

environment, both electronic and magnetic in nature. Sincsuch a ngerprint of

zStrictly speaking the Heisenberg spin Hamiltonian formalsm is only applicable to orbitally
non-degenerate systems, where the orbital angular momentu is quenched. We note this as
a possible source of error.
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the nuclear energy levels can provide information about thetom's local chemical
environment in which it is embedded?!2*?> Messbauer spectroscopy is widely used

to explore the interactions of the probe nucleus with its suounding.23223%

Fundamentals of the Mdssbauer e ect

The purpose of the following section is to familiarise the agler with the most
important aspects of Messbauer spectroscopy, and also tovg an introduction to
the computational approach for calculating Messbauer pameters, which will be
of use in the following discussion. A schematic represenitat of the hyper ne
interactions observed in the Messbauer experiment and tireorigin2%? is shown in
Figure 2.15. The isomer shift (2.15a) arises due to the intetion of the spherical

nucleus with a small but discrete volume and the charge detysbf the s-electrons.
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Figure 2.15: Observed hyper ne interactions in a Messbauer spectrum. pper panel:
schematic representation of the spectrum. Lower panel: invlved energy levels. (a)
Isomer shift; (b) electric quadrupole splitting; (c) magnetic dipole interaction.
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The non-vanishing probability of an s-electron penetratig the nucleus and spend-
ing a fraction of time inside it gives rise to an electronic nmmopole interaction
between the nucleus and the electrons at the nuclear site, iwh alters the nuclear
energy levels. The total isomeric shift is expressed as

= 2Ze’R S M JOF | SO0
where Z is the nuclear charge of the absorber the elementary charge,R the
nuclear radius, and R = Re Ry is the change of the nuclear radius in going
from the excited to the ground state. The electronic ternfj ,(0)j> j s(0)j’gis a
measure of the electronic density at the absorbing nucleusative to a given source.
Because the nuclear factor is constant for a given Messbawsom, the isomer shift
is thus only dependent on the di erences of the electron detiss between absorber
and source. The isomer shift, always given relative to a stdard, is therefore a
sensitive measure for the oxidation and spin state of the gre atom, as well as its
bond properties (covalency, ionicity).

Nuclei with a non-spherical charge distribution (requiringl > =) possess a
nuclear quadrupole moment. In the presence of an asymmeteectronic charge
distribution the electric interaction between the quadruple of the nucleus and
the electric eld gradient at the nuclear site splits the nutear energy levels (Fig-
ure 2.15b). In the absence of a magnetic interaction the quagbole splitting results

in a doublet in which the two peaks are separated by

1 2 1=2

EQ = éeQsz 1+ 3

where Q(®*’Fe) is the quadrupole moment of the Messbauer nucleus amdhe pro-

ton charge. In the above equation the electric eld gradienis described by two
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independent parameters, commonly chosen &, and the asymmetry parameter

= (Vix V)=V, Where theV; (i = x;y;z) are the principal components of
the electric eld gradient tensor with respect to a de ned axs. The quadrupole
splitting is highly responsive towards changes in the cheaal environment that
determine the electric eld gradient at the Messbauer nu@dus. This spectral fea-
ture thus holds information about the (local) molecular symetry of the compound
as well as bonding properties. Finally, in the presence of aagnetic eld (either
arising from the electronic environment or from an externamnagnet) the nuclear
spin moment (requiringl > 0) experiences a dipolar interaction with the magnetic
eld. This nuclear Zeeman e ect causes a splitting of the nuear energy states
into discrete sublevelgl m,i. Due to selectionrules (m, =0; land | = 1)
six transitions are observed, typically having intensitie in a 3:2:1:1:2:3 ratio (Fig-
ure 2.15c). The magnetic splitting Ey holds information about local magnetic
elds at the nucleus.

From a theoretical point of view the two main parameters thatan be extracted
for a given probe atom in the absence of a magnetic eld are thguadrupole-
splitting ( Eo) and the isomer shift ().299:236{238 The latter Messbauer parameter
is linearly related to the electron density at the nucleus,rad the above expression

for can be cast into the simply form

= (o O)+

The regression coe cients and are determined by a calibration procedure, in
which calculated electron densities are plotted versus emental isomer shifts.
The constantC has been introduced out of convenience. Suitable sets of graweters
yielding reliable results for a number of density functiorla have been proposed by

Neese and co-workers?:240
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On the other hand, the quadrupole splitting can be calculatedirectly from the
components of the electric eld gradient tensor (see Eq equation above), which
itself is obtained as an expectation value over the groundate electron density.
However, it is found that the quality of DFT-predicted quadrypole splittings varies
somewhat, and errors of 0.3 to 1.0 mm$ are commor?®” To complicate things,
the computed quadrupole splitting is very sensitive to thehemical environment
such as counter ion$!® Nonetheless, the sign of the computed quadrupole split-
ting is usually in agreement with experiment, and thereforat least allows for a

gualitative interpretation of the results.

+ .7 +

(a) neutral (b) anion
Figure 2.16: °’Fe Messbauer spectra of3 (a) and 3 (b) obtained at 85 K. The red

line corresponds to the reduced complex (major componentkhe blue line to the neutral
complex and the green line to a paramagnetic high-spin F¢ impurity.

5"Fe Messbauer spectra of complexe3 and 3 have been recorded between
85 K and 295 K, and the 85 K spectra are shown in Figure 2.16. Haspectrum
exhibits a major symmetric quadrupole doublet,with =0:511 mms?', Eq =

0:69 mms! and = 0:516 mms?!, Eg = 1:56mms?! at 85K for 3 and 3 ,

XThe dierence in the areas of the two components of the obsemd quadrupole doublet is a
result of texture in the absorber that results from the needk-like morphology of the crystals.
No attempt has been made to remove this texture because of thaigh air-sensivity of the
complexes and, as a consequence, the spectra have been t tvih quadrupole doublet with a
single line width but with di erent component areas.
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respectively. At higher temperature (295 K) the isomer shs reduce to 0.406 3)
and 0.408 mms?! (3 ), while the quadrupole splittings are left una ected. It
should be noted, that for3 several minor doublets are observed in the spectrum,
due to impurities resulting from the air- and moisture-sensvity of the compound
(see the gure caption for details). In contrast to the rathe similar isomer shifts
of the two complexes, their quadrupole splittings are veryi@rent, increasing by

a factor of 2to 1.56 mms?! at 85K.

Calculated °’Fe Massbauer parameters

The principal reason for measuring the Messbauer spectrd 8 was to determine
whether the reduction of3 to yield 3 led to a reduction either of the iron(ll) ion
or of the bipyridyl ligand, to form a bpy{ radical anion8® and the answer appears
to be unambiguous. The isomer shifts of the iron(ll) ion i are very similar
to those observed in sampl8, an observation that is apparently inconsistent with
a change in metal oxidation state, eliminating the [F§2,2%bpy)(mes),] valence
tautomer. To further validate this conclusion we have comped the Messbauer
spectral hyper ne parameters ( and Eg) for 3° and 3 , where our electronic
structure analysis is unambiguous in con rming the iron(l) oxidation state in
both cases. Table 2.3 compares calculated electron derestiat the iron nucleus
( o), isomer shifts () and quadrupole splittings ( Eq) of complex3°, 3 and
43 for various DFT functionals (B3LYP, BP86, TPSS, TPSSh) in cojunction
with both optimised and crystallographic geometries repted in Table 2.3.

Two di erent sets of t parameters were used, according to th protocols reported
by Sinnecker et al. (A)?%° and Remelt et al. (B).?*° It is apparent that for both
the neutral and anionic complex the hybrid density functioals yield isomer shifts

closer to the corresponding experimental values, while tipeire functionals notably
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Table 2.3: Experimental and calculated MB parameters, o (eau 3),
Eq (mms 1) for complexes3°, 63 and 3 .

[mms 1=

(o

(mms 1) and

C)+

parameters A taken from Sinnecker et al2%° and B from Remelt et al. 24°

, tting

Crystal Structure

Optimised Structure

Fit 0 a EQ 0 EQ

3 (exp.) 0.51% 0.69

0.406 0.6Z
3 (exp.) 0.516 1.5@

0.408 1.36
39 (calc.)
B3LYP A 11816.864 0.361 1.075 11816.833 0.372 0.965
B3LYP A 11816.958 0.326 2.154
B3LYP B 11816.864 0.340 1.075 11816.833 0.351 0.965
BP86 B 11828.103 0.222 -0.916 11828.029 0.254 0.968
TPSS B 11821.649 0.250 0.923 11821.584 0.277 1.010
TPSSh B 11820.111 0.328 1.068 11820.072 0.343 0.962
63 (calc.)
B3LYP A 11816.754 0.401 2.075 11816.529 0.484 1.592
B3LYP B 11816.754 0.380 2.075 11816.529 0.462 1.592
BP86 B 11828.039 0.249 -1.864 11827.736 0.378 1.406
TPSS B 11821.584 0.277 1.781 11821.311 0.392 1.355
TPSSh B 11820.016 0.364 1.904 11819.767 0.458 1.491
43 (calc.)
B3LYP A 11816.770 0.396 2.050 11816.565 0.471 1.714
B3LYP A 11816.732 0.410 1.060G
B3LYP B 11816.770 0.374 2.050 11816.565 0.449 1.714
BP86 B 11827.966 0.281 2.064 11827.757 0.369 1.509
TPSS B 11821.552 0.291 1.831 11821.336 0.382 1.401
TPSSh B 11820.031 0.358 1.884 11819.815 0.440 1.550

aexperimental isomer shifts are given relative to 295 K -iron powder.
bMeasured at 85 K
“Measured at 295 K

dMapping the neutral S = 2 state onto the X-ray structure of the anionic complex 3 .
€Mapping the anionic Mg = 3= state onto the X-ray structure of the neutral complex 3.

underestimate the isomer shift. Moreover, for the anion theesults indicate that the
isomer shift is largely independent of the chosen electranton guration (broken-

symmetry quartet or high-spin sextet). This is perhaps unsprising owing to the

82



fact that the isomer shift is mostly dependent on the immedta electron density
at the iron centre, which remains una ected by the spin-orietation of the electron
centred at the bpy ligand. Despite the better performance &3LYP with respect to
prediction of (low-temperature) isomer shifts, the valuesbtained still remain at the
lower end of expected accuracy. Published calibrations idestandard deviations of
the order 0.1 mms? for isomer shifts?9%:23%.240 We conclude that the discrepancy
is rather a result of the tting process than of complicatios with the electronic
structures of both 3° and 43 , which have been unambiguously assigned in the
previous section.

Focussing on the optimised structures for the moment, theamer shift of the an-
ion in each electronic state ( 0.48 mms!) agrees very well with the experimental
low-temperature value (0.52 mms!). In contrast, the neutral complex deviates
by as much as 0.14 mm¢g from the experimental counterpart at 85 K. Thus in
the neutral complex o is notably overestimated. This is a direct e ect from the
presence of the strong -donor groups. The Fe-C bond lengths i3 are almost
perfectly reproduced in the optimised structure (Table 2)1 while the same bond
length is overestimated by 0.0\ in 43 . Inaccuracies in bond lengths computed
by DFT optimisations are a cause of discrepancy between tlrgaand experiment,
and the importance of the geometry for calculating MB paranters has been dis-
cussed by several author®? 241242 \We assume that the high accuracy achieved
for the anionic complex is due to the fact that the di erence btween calculated
and observed bond parameters is in the same range typicallgtained for the cal-
ibration set. On the other hand, the neutral complex shows &y a very small
deviation from the crystal structure, and therefore can beigwed as an outlier
with respect to the training set. In order to gain more insighinto the in uence of

the mesityl groups on the electron density in both the neutlaand anionic complex,
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we have calculated values of, while varying the Fe-C bond distances ir8° and

43 in the range 2.09-2.2@\, without further optimisation. The result is plotted in

Figure 2.17. The electron density at the iron nucleus reveah pronounced linear
correlation with the Fe-C bond distance, and increases draatically for decreasing
Fe-C bond lengths. Importantly, the trend for3° is almost perfectly paralleled by
43 . Therefore, when using optimised structures for the calation of , an error
is automatically introduced, because the electron densts correspond to di erent
regions of the PES of the Fe-C bond stretch. In contrast, isaen shifts obtained
from projecting the corresponding electronic states ontdé crystal structures are
much more consistent with experiment, because inaccuragiiom the optimisation

are absent in these structures.

11816.85 _———optimised

11816.80—-
11816.75—-
11816.70—-
11816.65—-

11816.60 4  X-ray

p,/ eau

11816.55 -
1 optimised
11816.50
11816.45

11816.40 —

1181636 4————1F—+ 1 — 71—
2.08 2.10 2.12 2.14 2.16 2.18 2.20

Fe-C distance / A

Figure 2.17: Dependency of the calculated electron densitiesg at the iron nucleus on
the Fe-C bond distance for3° and 43 . Each point was calculated at partially optimised
geometries, i.e. only the Fe-C distances were varied. The sked area highlights the
range of experimental Fe-C bond lengths from the X-ray strutures, while bond lengths
of the fully optimised geometries are indicated by arrows.
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The crystal structures reveal that the Fe-C bond lengths reain almost con-
stant at around 2.09A in both 3 and 3 . The computed electron densities, o,
at the >’Fe nucleus for3° and 43 using the crystal structure geometries in each
case, are 11816.86 and 11816.77 electrons®auwespectively, corresponding to iso-
mer shifts of 0.361 and 0.396 mm $ using the linear regression curve [mms 1]=

(o CO+ ( = 0367 0015afmms?!, =655 025mms? and
C = 11800 electrons, ) proposed by Sinnecker et &%° Within the error limits
imposed by the calibration process, the computed values offor 3° and 43 are
consistent with the experimental (rt) data. Both isomer sHis are very similar in
3% and 43 , con rming that the oxidation state of the metal centre remans in the
+lI oxidation state after reduction. The calculated principal component,V,,, and
the asymmetry parameter, , of the electric eld gradient tensor are 0.6538 au,
0.278 and 1.2288 au, 0.413 f&° and *3 , respectively. Using these values and
the expression Eq = =eQV,,(1+ 2=3)'2, with a value of 0.16 barn forQ(®*'Fe)
and a unit conversion of 1 au = 9717 1021Vm 2 = 1.617 mms 1, the trend in

Eq is also reproduced with encouraging accuracy: Eq increases by a factor of
2 from 1.08 mms?! in 3° to 2.05 mms?in #3 compared to experimental values
of 0.69 and 1.56 mm !, respectively.

In principle, the large quadrupole splitting in*3 could arise from a more asym-
metric arrangement of the primary coordination sphere, th@resence of a strong
-donor 2,2-bpy radical ligand, or a combination of the two. To distingish these
two distinct possibilities we have recomputed the Messbau hyper ne parameters
of 3% using the geometry off3 and vice versa At either geometry, the computed
values of and Eg for the neutral and anionic species are almost indistinguis
able, providing compelling evidence that the shifts in Eq from 3 to 3 are due

to the apparently minor changes in geometry, and hence theframework (in par-

85



ticular the Fe-C bonds), and not directly to the presence orlesence of an electron
in the LUMO of the 2,%bpy ligand.

In summary, our DFT analysis of 3 and its one-electron reduced forn8 in
combination with structural, magnetic and spectroscopicata has led to an unam-
biguous assignment of their electronic structures. The neal complex 3 reveals
a high-spin S = 2 iron centre embedded in a distorted tetrahedral ligand en
vironment, a situation typically found for iron(ll) bis(mesityl) compounds?43{245
One-electron reduction of3 yields 3 , where the extra electron occupies a an-
tibonding ligand-based orbital. Antiferromagnetic couphg between the iron(ll)
centre and the 2,2bipyridyl radical anion gives rise to aS = ¥2 ground state,
and in this way formation of a Fe alkyl species, known to be relatively rare, is

avoided?225 246

2.3.4 Further members of the series [M(2,2 %bpy)(mes) ,]*

After having discussed the example of [Fg2,2%bpy)(mes),]°= complexes in the
previous section in detail, we can now proceed to examine tluer members of
the series M(2,2bpy)(mes), and their anions, where M = Cr, Mn, Co, and Ni.
Complexes of chromium, manganese, and nickel in both the il and reduced
form have been isolated and crystals have proven to be of suent quality to allow
for a structure determination. We have optimised the geomees of all of the above
complexes in their indicated electronic states, which areisimarised in Table 2.4
and Scheme 2.9 (the iron complexes are included for comptedss).

Perhaps unsurprising, their chemical behaviour is very sitar to that of their iron
congeners. We therefore refrain from a detailed review ofein geometries, but
focus on trends and di erences among the series instead. Anvsmary of the impor-

tant optimised bond metric and electronic parameters for t complexes discussed
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Table 2.4: Numbering and electronic states of complexes [M(2,°2bpy)(mes)2]°= .

Complex Mg Complex Mg

1% [Cr(2,2%bpy)(mes),]° 2 4% [Co(2,%-bpy)(mes)]® 92
41 [Cr(2,2%bpy)(mes),] 2 34  [Co(2,2-bpy)(mes),] 1
61 [Cr(2,2%bpy)(mes),] P °4  [Co(2,2-bpy)(mes),] 2
2°  [Mn(2,2%bpy)(mes)]® 2 43, [Co(2,2-bpy)(mes),]® Y2
52 [Mn(2,2%bpy)(mes),] 2 14, [Co(2,2-bpy)(mes),] 0
2 [Mn(2,2%bpy)(mes),] 3 34, [Co(2,2-bpy)(mes),] 1
3% [Fe(2,2-bpy)(mes),]° 2 5%  [Ni(2,2%bpy)(mes),]® O
43 [Fe(2,2-bpy)(mes),] 2 25 [Ni(2,2%bpy)(mes),] Yo

63  [Fe(2,2-bpy)(mes),] ¥2

in this section is given in Table 2.5 (parameters for the ironongeners are included

for comparison). Among the series, two di erent coordinatio geometries are found.

Scheme 2.9: Structural formulas of [M(2,2%bpy)(mes),]>= complexes.

[Fe'l(2,2-bpy)(mes),]® Ms =2 [Fe''(2,2-bpy*~)(mes),]” Ms = 3/2
[Mn'l(2,2-bpy)(mes),]° Mg = 5/2 Mn'(2,2-bpy*-)(mes),]” Ms =2

[Cr''(2,2"-bpy)(mes),]° Ms =2 [Cr'(bpy*)(mes)]”  Ms = 3/2
[Co"(2,2-bpy)(mes);l° Ms =112 [Co'(bpy* )(mes)s] Ms =1
NI'(2,2-bpy)(mes)I® Ms=0  [Ni'(bpy*)(mes)l' Ms = 1/2
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Table 2.5: Optimised geometric and electronic parameters for compless 1-5.

Cr

Mn

Fe Co Ni
19 1 20 2 30 3 40 4 42, 4 50 5

Ms? 2 Y2 Y2 Y2 2 3 2 ¥2 Y2 ¥2 1 2 Y2 0 1 0 Y2
SM;pryb 2,0 2,42 ¥2,0 Y2, Y2 2,0 2,42 ¥2,0 Y2, Y2 Y2,0 Y2,Y2 0,0 0,%2
coordf sgpl sqgpl sqpl tet tet tet tet tet tet @ tet tet tet sqpl sqpl sqgpl sgpl  sqpl
M-N 219 214 217 222 219 224 220 213 218 212 207 22»4 203 202 201 1.99
M-C 212 217 216 213 220 220 209 214 214 204 209 2096 198 198 193 1.95
C(5)-C(6) 148 143 143 148 143 143 148 143 143 148431.1.43 148 143 143 148 143

dje 189 20.1 200 639 760 759 675 738 73.0 695 748 7501 116.7 173 17.0 16.8
Jé¢/cm 1t -254 -246 -328 -525 +198
San' 0.33 0.36 0.39 0.47
hS?i 6.05 469 879 884 6.89 1202 6.05 4.62 8.78 380 280 6.028 01.02 2.03 0.00 0.76
S(S+1)+ N 6.00 475 875 8.75 7.00 12.00 6.00 4.75 875 3.75 3.00 6.005 01.00 2.00 0.00 0.75
M 416 419 423 478 487 493 373 374 379 263 266 2735 1216 1.21 0.00 0.03
bpy -1.00 0.95 -0.88 1.05 -0.86 1.07 -0.80 1.09 -1.03 0.92 0.98

aTotal Mg value.

bLocal spin S on metal and ligand centres.

¢Coordination geometry around the metal centre.

dDe ned as angle between the C(11)-M-C(21) and N(3)-M-N(4) panes.
€Coupling constant J.

fSpatial overlap Sa, between the two magnetic pairs of metal-ligand orbitals.



The manganese complexe®{, °2 and ’2 ) adapt a distorted tetrahedral ge-
ometry already found for the iron complexes, with dihedralrayles between ligand
planes () ranging from 64 to 76°. On the other hand, for the nickel complexes
(5° and 25 ) a distorted square-planar geometry is found ( 17°), typical of Ni"
with a d® electron con guration. Interestingly, the CrN,C, coordination polyhe-
dron in the chromium complexes 1°, 41 and °1 ) is also nearly square-planar

with dihedral angles around 20 (Figure 2.18).

220 2.12
coN? 101.4%  <«—C@21)
148—y 7424 D
cri) 4 ¢y
C(5) N(1) 219 212
10

c21)
ce)N@ 5, 247
98.4

1.43— 7624 Y
)

Cr(1

COY N1 214 217
ca)

41—
Figure 2.18: Optimised molecular structures (A, °) of complex 1° and #1 , along with
plots of the total spin density (contour value 0.005). [Original in colour]

High-spin Cr" (d*) complexes with square-planar coordination geometry areds
common than their low-spin & counterparts?4/¥%° |n addition, square-planar ge-

ometries can also be adopted by’dspecies. We will return to this point in the
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discussion of the cobalt homologues of the present seriepinllensities (Table 2.5)
for the neutral complexes unequivocally support a divaleninetal centre in each
case. Analogous t@°, the reduction of the neutral complex to yield the anion is a
ligand-based process, accompanied by the characteristantraction of the bridge
C-C bond in the ligand (going from 1.48A in the neutral to 1.43 A in the reduced
complex). Consequently, addition of an electron to the netdl complex leaves the
spin densities on the metal centre unchanged. Thus, &b , the closed-shell &
con guration of Ni'" is conserved by placing the additional electron into the bpy
LUMO, retaining a square-planar geometry.

In 41 and®2 , antiferromagnetic coupling between the ligand radical Wh Syp, =
1= and the metal radical centre §¢; = 2, Sy, = =) is dominant, stabilising
the low-spin state with respect to the high-spin state. The asulting coupling
constantsJ (Table 2.5), again calculated with Yamaguchi's formula, & slightly
smaller ( 250 cm 1) compared to the value of the iron congener (328 cm 1),
indicating that the radical centres interact more weakly inthe former.

Turning now to the cobalt members of the series, experimeritatructures of
these complexes are not accessible to this date, and thus we to predict the
most stable geometry of the neutral and anionic complex. Th8o system in this
set of complexes provides an interesting case, since it seetm lie between two
limiting structural formulations. Nickel to its right in the transition metal series
favours square-planar geometries, while iron to its left vaurs a distorted tetra-
hedral geometry. The central C8 in Co" (2,2%bpy)(mes), is one electron short
of a closed-shell # con guration, furnishing some driving force for metal-ceimed
reduction. We have considered distorted tetrahedral as weds square-planar ge-
ometries (labelled "sq’) for both oxidation states in the ekttronic states indicated

in Table 2.4. In the neutral oxidation state the square-plaar geometry (i.e. 42q)
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is preferred over the distorted tetrahedral geometry4C) by 4 kcalmol 1. Spin

densities on each metal centre (Table 2.5) con rm the assigrent of the Co"' ox-

idation state. Reduction of both4° and 42q is again a solely ligand-based event.

The square-planar geometry remains preferred in the higipia state, thus 34Sq

is stabilised over®4 by 4 kcalmol %. In contrast, in the broken-symmetry state

the energetic order is reversed and the distorted tetrahealrgeometry becomes the

ground state (-1.5 kcalmol?). By using a restricted KS formalism, we were also

able to optimise a square-planar complex with a closed-shebn guration, corre-

sponding to the Cd(2,2%bpy) description (spin densities are zero everywhere).

4

0.151

0.101

0.051

Energy (au)

-0.02

-0.04

-0.061

A\
A3

A

dx2_y2
bpy n*
d,
dXZ
______________________________ d,.
d

Figure 2.19: Selected canonical Kohn-Sham orbitals for the restricted K solution for
444 (contour value 0.05). [Original in colour]
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In the MO diagram of the canonical KS orbitals shown in Figur@.19 the presence
of boththe d,- - and LUMO of bipyridine in the vacant manifold is unequivocal
of an Cd assignment. The contraction of the bridge C-C bond (1.44) is caused
by strong d- backdonation from the low-valent metal centre. However, dut®
the high energy separation (18 kcal mot), this electronic state can safely be ruled
out.

The exchange coupling constanl for 34 is much larger (-525 cm?) compared
to the other members of the series, indicating stronger aférromagnetic coupling.
A notable periodic trend is observed for the complexé®2 , 43 and 34 , in that
J and S, increase dramatically across the series. This observatialso re ects an
increase of covalency between the metal d and ligand orbitals. Indeed, inspection
of the  SOMO reveals that the metal contribution gradually increass (Cr: 3.7%,
Mn: 4.5%, Fe: 6.8%, Co: 9.6%). Wieghardt et al. have observéfte same e ect
for a series of bis(-iminopyridine) complexest®® and our calculatedJ values are
in line with their reported values. Based on the computed enges, the neutral
Co species should adopt a square-planar coordination emmriement (i.e. structure
43,). Precedent for square-planar icomplexes is found in the literature>' %> The
energy separation betweed4 and 4, (1.5 kcalmol ') would suggest a change
of the coordination polyhedron from square-planar in the ngral, to tetrahedral in
the anionic compound. The latter would be consistent with tl structure observed
for the Co( -iminopyridine), complex of Wieghardt an co-worker$*® Nonetheless,
the energy separation is small and electronic factors maysgg be outbalanced by

steric e ects in the bulk crystal.
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2.4 Complexes of dianionic bipyridine

As mentioned above, bipyridine can be reduced even further the dianionic form.
Such a case is observed independently for the two complexes
[Fe" (2,2%bipyridine)]?> (62 ) and [Zn) (4,4%bipyridine)(mes),]?> (7% ). For each
complex this becomes most evident from the strongly contried experimental and
calculated bond lengths of the C-C bridge, indicating an ewehigher degree of dou-
ble bond character in this bond. However, much like in the casd the previously
discussed monoreduced analogues, the determination ofrect oxidation states
in 62 is again complicated by the possibility of a low-valent irorcentre strongly
backbonding into the ligand set.

A comparison of these species serves as another demonsteagxample for the
importance of quantum chemical modelling of this type of sy@m, in order to
distinguish the di erent scenarios. Here, in both cases the EX calculations un-
ambiguously show the occupation of the antibonding bpy-based orbital, already
familiar to us from the complexes discussed in the previouscdiion. We shall return
to the issue of backbonding vs. true radical character in thimrthcoming chapter,

where we investigate the electronic structure of a dinucleahodium complex.

2.4.1 [Fe"(2,2%bpy),]?

The crystal structure of 62 features the central iron atom in a slightly distorted
square-planar ligand environment, in which the two ligand lanes form a dihedral
angle of 39. Both ligands reveal bond distances between the carbon bgiel atoms
signi cantly shorter (1.38 A) than those found in free 2,2bpy !, but conspicuously
close to the ones in free 2%bpy?!. Again, two formulations are conceivable to

rationalise the observed bonding features in the ligand: amplex containing a
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ferrous iron and two dianionic ligands, i.e. [F&(2,2%bpy?!),]? , or alternatively,

low-valent iron complexed by monoanionic ligands, [Bépy {),]? , with strong

metal-to-ligand backbonding. In order to distinguish thes possibilities and nd

the correct ground state we have considered di erent elecmnic spin states.

Scheme 2.10: Important possible electronic states for complex6? .

4 . N\ /7 _T_ N/ . N\ . N\
P I I Sl P
- - 4 4
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[Fe'(2,2-bpy*).]"” [Fe’(2,2-bpy*)(2,2-bpy)]"  [Fe(2,2-bpy").I"

The optimised geometry of the triplet state § = 1), 262 , corresponding to the
lowest-energy structure, is shown in Figure 2.20, and bondetnic data of all op-
timised structures are compared to experimental data in Tde 2.6. The bond
parameters in362 are in striking agreement with the experimental data, nicgl

reproducing the dihedral angle ( = 38°), as well as the short bond distances be-

tween the carbon bridge atoms (1.39)).

N(1) 1.96 196

C() / \ N@) ¢ (11
1.39— 82.3—( >82.3 «—139
Fe(1)

c@12
c@ N L e

N(2)

Figure 2.20: Optimised molecular structure (A, °) of 362 with a triplet ground state
(S = 1), along with a plot of the total spin density (contour valu e 0.007). [Original in
colour]

94



Table 2.6: Selected experimental and optimised bond lengthsA) and angles (°) for
di erent electronic states of 62 .

Parameter 6% (exp.) 362 562 162
Fe(1)-N(1) 1.917 1.96 2.06 1.91
Fe(1)-N(2) 1.912 1.96 2.06 1.92
Fe(1)-N(3) 1.917 1.96 2.06 1.92
Fe(1)-N(4) 1.912 1.96 2.06 1.91
C(1)-C(2) 1.377 1.39 1.39 1.41
C(11)-C(12) 1.377 1.39 1.39 1.41
N(1)-Fe(1)-N(2) 82.88 82.3 80.4 81.8
N(3)-Fe(1)-N(4) 82.88 82.3 80.4 81.8
N(1)-Fe(1)-N(4) 154.65 155.3 147.5 153.8
N(2)-Fe(1)-N(3) 154.64 155.3 146.9 158.0
a 38.7 37.9 51.9 37.3
Fe/2,2%bpy 1.90 3.64 0.00
hS2i 2.07 6.07 0.00

aDe ned as angle between the N(1)-Fe-N(2) and N(3)-Fe-N(4) panes.

Analysis of the molecular orbitals (Figure 2.21) allows forraunambiguous as-
signment of the electronic structure: the intermediate-sp d® con guration is typ-
ical of a ferrous metal centre, while the doubly reduced sttof both bpy ligands
is apparent from the full occupation of the in-phase (,) and out-of-phase ( )
combinations of the bpy LUMO fragment orbitals (Scheme 2.11) in both the

- and - manifolds. The Mulliken spin density of about 2 electronsroiron and
negligible elsewhere (Figure 2.20) further supports thisssignment. Hence, this
state is distinctive of the [Fe' (2,2bpy?!),]? formulation.

In the high-spin state,*62 , occupation of the higher lying -spin d,. . orbital
leads to a local quintet on iron G = 2, g = 3:64), leaving the electronic con g-
uration of the ligand set (( ,)?( )?) otherwise unchanged. Perhaps surprisingly,
the quintet state lies only 1 kcal mol?! above the triplet state, and on this basis we
conclude that it is very di cult to assign the ground state with con dence based

only on energetic criterial

{ Magnetic measurements are not available yet.
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Figure 2.21: Selected canonical Kohn-Sham orbitals in the valence regioof complex
362 (contour value 0.05). [Original in colour]

Structural data are, in contrast, de nitive: due to the sinde occupation of the
dy2 y2 orbital, with strong antibonding character towards the ligand donor atoms,
the Fe-N bonds experience a dramatic elongation (2.@§. The obvious structural
contradiction with the experimental geometry, also manifged in a much larger
dihedral angle ( = 52°), leads us to reject the quintet state.

We have also optimised the structure of a closed-shell elemt density distribu-
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Scheme 2.11. Schematic representation of the in-phase (,) and out-of-phase ( )
combinations, corresponding to the HOMO and HOMO-1 in362 . Symmetry labels
refer to ideal square-planar geometry.

bpy ! * (b,,) bpy ! ¥ (b,,)

tion (S = 0), where the absence of spin polarisation imposes a zement iron

(Fe®. The optimised structure is also in reasonable agreementtivthe exper-

imental structure (see Table 2.6). Most notably, elongate€C-C bonds are also
observed in this structure (1.41A), although these are markedly longer than in
362 . In this case, the elongation can again only be attributed tstrong back-
bonding from the Fe&® d-orbitals to the  orbitals of the bpy groups. The MO
diagram in Figure 2.22 is characteristic of an electronic rstcture which is best de-
scribed as [F8(2,2%-bpy?{)(2,2%bpy)]2 . Four doubly occupied orbitals of mainly
metal character con rm the d® con guration on iron, while the dy2 2 is left unoc-

cupied. The HOMO corresponds to the ligand-centred orbital, and the LUMO

corresponds to the , orbital. This closed-shell state*62 lies 19 kcal mol? higher

in energy than362 , and we con dently discard the F€ formulation in favour of

the Fe"" plus two (bpy)?! alternative.

All attempts to stabilise the broken-symmetry solution with Mg = 0
(Scheme 2.10), corresponding to an antiferromagneticalyoupled ligand diradi-
cal, were unsuccessful. In each case the calculation cogesr back to a di erent
broken-symmetry singlet state containing the dianionic fon of bpy, while con-
comitantly forming a (dx.)" (dy,)* microcon guration on the metal centre. In other

words, this state represents the broken-symmetry equivaleto the triplet state
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of 362 . This latter state, i.e. 362 , is also recovered when trying to generate a
ferromagnetically coupled ligand diradical. These nding further corroborate the
preference for two doubly reduced bpy ligand moieties withithe complex, which
is also in line with the presence of two closed-shell dianiorligands in a series of
diamagnetic complexes [M(L;"')]? .22 In these complexes EP' corresponds to

a o-diiminocatecholate ligand, coordinated to M = Ni, Pd, or Pt.

0.101
— dxz_yz
0.05- o
T

0.001 —

-0.021 Ty
=
I
>
S .0.081 % A
(I A

-0.091 n’

-0.101 % ........................... R d,.
R

0.1
-0.12-
-0.131 d
-0.14-
-0.151 % ;

Xy

Figure 2.22: Selected canonical Kohn-Sham orbitals for the restricted K solution for
162 (contour value 0.05). [Original in colour]
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2.4.2 [Zn ) (4,4%bpy)(mes) 4)? (z=0;1 ;2 )

We proceed by looking at a homologues series of dinuclear zinomplexes,
[Zn)! (4,4%bpy)(mes))? (z = 0, 1-, 2-), for which the assignment of oxidation states
to the metal centre and ligand is unequivocal. The complexege largely isostruc-
tural, yet exhibit signi cant structural variations which arise because of the di er-
ences in their electronic structure. Unlike in the previous@mples, these complexes
feature 4,4-bipyridine as coligand, which lacks the ability to act as atelator, but
instead bridges between the two dimesitylzinc(ll) centres

We have optimised the geometries of complex@8 (S =0), 7 (S = ¥2), and
72 (S = 0) in the indicated electronic states. For complex7? we have also lo-
cated an excited triplet state, which has not been considetdurther because of
the high energy separation (43 kcal mot) from the ground state. In all cases, the
optimised geometries obtained using DFT were found to be imé with the crys-
tallographically determined data (see Table 2.7). A represtative example of the

overall structure of the complexes is depicted in Figure 232

Table 2.7: Selected experimental and optimised bond lengthsA) and angles (°) for
complexes7°, 7 and 72 .

neutral anion dianion
Bond 7 (exp.) 70 7 (exp.) 7 72 (exp.) 72
1 1.342 1.33 1.361 1.36 1.379 1.38
2 1.383 1.39 1.363 1.37 1.354 1.36
3 1.394 1.40 1.426 1.43 1.465 1.47
4 1.482 1.48 1.417 1.43 1.373 1.38
Zn-N 2.183 2.24 2.043 2.07 1.977 1.97
Zn-C s 1.975 2.01 1.987 2.03 2.004 2.06
torsion 35.25 38.2 2.83 0.0 0.00 0.0
N-Zn-C 103.32 100.1 111.12 109.6 114.33 117.1
C-Zn-C 153.26 159.8 137.69 140.9 131.33 125.8
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Upon reduction of the neutral species to the anionic and diammic forms, the Zn-N
distances contract from 2.24 to 2.07 and 1.9% for complexes7°, 7 and 72 ,
respectively. This is consistent with an increased degreé electrostatic character
to the Zn-N bond and has the e ect of moderately weakening theonds between
the zn" centres and the strongly -donating mesityl substituents, which is man-
ifested in a lengthening of the Zn-C bonds (2.01, 2.03, and0B.A). The second
most pronounced structural change, and the most meaningfuklates to the bond
distances between pyridyl rings of the 4%bpy moieties. The C-C bridge between
the two pyridyl rings of the ligand also contracts considetay upon reduction from
1.48A to 1.43 A and 1.38A, as a result of successive occupation of the LUMO of

the neutral ligand.

1.36 C(29)
Cl - 506 )
1.38 N 3 1.47
< 1.97 138
4
125.8 1) NQ) N@) Zn(2)
2.06 C(23)

c@7)

Figure 2.23: Optimised molecular structure (A, °) of complex 72 . Inset: LUMO of
free 4,4 bipyridine. [Original in colour]

This LUMO (see inset Figure 2.23) reveals a pattern of in-phafut-of-phase
relationships between p orbitals of the ring atoms which iseminiscent of the one
in 2,2bipyridine. Thus, the character of this central bond changs from a single

to a double bond in the dianionic species. The same trend ispgyent for bond 2
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(according to the numbering scheme employed in Figure 2.23)though the con-
traction is less pronounced compared to the interpyridyl bwd. Conversely, bonds
1 and 3 follow the opposite trend, lengthening upon reductio Concomitantly, the
optimum torsion angle between two pyridyl moieties is beingeduced from 38.2in

79 t0 0.0°in both 7 and 72 .

1H Magnetic resonance study

The *H NMR spectrum of a sample of7?> reveals a signi cant shift of the 4,4
bipyridyl resonances with respect to the values observedrfthe neutral parent
compound, from 8.57 and 7.71 ppm to 5.92 and 4.51 ppm f@rand 72 , re-
spectively. The chemical shift values observed fat* are consistent with those
previously reported for another complex of the 2%bipyridyl dianion, [fYb( »-
N,C,,Hs)(thf) ogs], which were reported at 6.54, 5.28, 5.02, and 4.01 ppft. The
lower chemical shift values of the bipyridyl resonances absed in the 'H NMR
spectrum of 72 are consistent with a signi cant reduction in the aromatic bar-
acter of the bipyridyl ring system and a greater degree of lakised ole nic char-
acter to the bond between the carbon atoms to which the protenare bonded.
This decrease of aromaticity is illustrated in Figure 2.24along with the proton
numbering scheme. To verify the link between aromaticity ath the changes in
'H NMR chemical shifts, we have computed these parameters ugiDFT, along
with the Nucleus Independent Chemical Shifts (NICS), propodeby Schleyer and
co-workers?®® This latter approach is one of the most frequently used magte
criteria and has become established as a simple and e cientaasure of the degree
of aromaticity. The NICS corresponds to the absolute magnetishielding at the
point of interest, for example at the geometric centre of amg or cluster. It is

common practice to use the negative of the calculated value order to adapt to
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NICS probe atoms
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1 1

A > e,

Figure 2.24: Shift of the aromatic character towards ole nic character upon two-
electron-reduction of 7. Labels refer to the proton numbering. Inset. position of the
NICS probes (ghost atoms "Bg") above the ring planes.

experimental convention. Negative NICS values indicate araticity, while posi-
tive values imply antiaromatic character. The positions othe NICS probes are
designated using ghost atoms ('B(Q'), and in this case havedmeplaced 1A above
the centre of the bipyridine rings (inset of Figure 2.24). Thse so called NICS(1)
values are also widely used and largely re ect the in uencef o -electrons, and are
therefore a better indicator of the ring current (aromaticiy) than the values at the
centre, where -bonding contributions are also of importance.

The calculations reproduce the signi cant shielding of tharomatic 4,4-bpy reso-
nances: cac = 8.51 and 7.40 ppm in7° and 6.20 and 4.66 ppm iv? . A full list of
computed and measured chemical shifts is given in Table 28or 7°, the strongly
negative NICS values calculated for the pyridyl rings, -9.78pm, are indicative of
substantial aromatic character, and are in fact identicald the values computed for
the free ligand at the same level of theory (NICS(1) = -9.82 ppjn The aromaticity
as measured by NICS is diminished by the addition of on& (, NICS(1) = -1.88

ppm) and two (72 , NICS(1) = +4.08 ppm) electrons to the -system of the ligand.
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Table 2.8: Experimentally determined and calculated *H NMR chemical shift and
NICS(1) values for complexes7®, 7 and 72 .

/ ppm Assignment NICS(1) / ppm
exp. calc.
8.57, d 8.51 H ortho-4,4-bipyridyl
7.71,d 7.40 H meta-4,4-bipyridyl
7° 6.73, s 6.93 i C¢H,(CH3), -9.78
242, s 2.42 4 ortho-CH,
2.21,s 2.28 H para-CH,4
7.24 H
6.71 H
7 6.28 H -1.88
2.41 H
2.15 H,
6.50, s 6.38 H
5.92,d 6.20 H
72 451, d 4.66 H +4.08
2.32, s 2.32 H
2.21,s 1.96 H

The value for 72 is in fact close to that for the free dianionic bipyridine (+494

ppm), and clearly re ects the antiaromatic character of therings of the dianion.

Topology of the electron density - AIM analysis

The topology of the electron density in7®, 7 and 72 analysed using the atoms in
molecules (AIM) methodology, provides an alternative pergetive on the changes
in the bonding of the rings. The ellipticity " at the central C-C bond (4 according
to the numbering scheme in Figure 2.23) critical point is a ssitive measure of
-character: values close to zero indicate a cylindrical synetric (i.e., ) bond,
while deviations away from zero indicate increasing-character (values in the range
0.18-0.22 are found for aromatic C-C double bonds with paali -character). The
" value for the bridging bond increases dramatically from 040in 7° to 0.34 in

72 , again strongly supporting the formulation of the central GC bridge as double

bond. Similarly, the ellipticity of bond 2 within the pyridy| rings increases from
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0.22 to 0.37 upon two-electron reduction.

Table 2.9: Computed ellipticity parameters at selected bond critical points for the com-
plexes7%, 7 and 72 .

" (BCP)
N-C (1) C-C (2) C-C (3) C-C (4)
70 0.0774 0.2155 0.1847 0.0435
7 0.0890 0.2919 0.1480 0.1802
72 0.0967 0.3684 0.1203 0.3386

2.5 Conclusions

In this chapter we have reviewed calculations on a wide ran@é complexes with
singly and doubly reduced bpy ligands. In all cases the ligdtbased reduction
occurs in preference to reduction of the rst row transitionmetal ion. In no case
have we found evidence for signi cant backbonding from mdteo ligand, as distinct
from ligand radical character. Thus we concur with Wieghaits recent statement

that backbonding is not a signi cant feature in related M(bpy) complexes.
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3

Non-innocent complexes of the
2-(phenylazo)pyridine ligand

In a complementary project performed in collaboration witiProf. Goswami at the
Indian Association for the Cultivation of Science (IACS), Ktkata, we have explored
the electronic structure of complexes of the 2-(phenylazm)ridine (pap) ligand. In
the rst part of this chapter we derive a picture of the electonic structure of the
[Cr(o-Clpap)s]" (n = 1{, 0, 1+, 2+, 3+) and [Mo( o-Clpap)s]" (n = 1{, 0, 1+)
electron transfer series from broken-symmetry DFT calcui@ns, MO descriptions
and spin density distributions. The results indicate a preodminant azo-anion rad-
ical description of the ligand in the neutral species [Ct(o-Clpap!)s]. All the
electrochemical processes are ligand-based, i.e. the Héfl (t 54)° set of the &
cr'" jon remains unchanged throughout. The description of the myddenum ana-
logue is less clear cut, owing to the more signi cant mixing diween metal- and
ligand-based orbitals. Based on variations in net spin deitiss and orbital com-
positions we argue that the oxidation events are primarilyigand-based, although
the electron density at the molybdenum centre is clearly mervariable than in the
chromium congeners.

An even more intricate situation emerges for the { at least fonally { mixed-

valent complex [Rh( 2-p-Clpap).(cod)Cl,], whose electronic structure we elucidate
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in the second part. The two azo ligands form bridges betweehéd two rhodium
centres that have completely di erent coordination enviraments. We establish
the ligand's ability for strong backbonding, a property tha is closely linked to
its tendency to form ligand radicals. Hence, the elongated @oonds of the pap
ligand observed in the structure can be attributed to strongd- backdonation
from a formally Rh{' centre towards the bridging ligands. The results presented

in this chapter have been published in Ref. [316] and [317].

3.1 Introduction

The ligand 2-(phenylazo)pyridine (pap) is formally relatd to bipyridine by the
insertion of an azo group between the two aromatic ring$! The azo group is
reducible, chemically or electrochemically, and single drdouble occupation of the
low-lying  orbital can generate either the radical anion or hydrazidoidnion re-
spectively, analogous to bipyridine. The electrochemicakries of the pap ligand is
shown in Scheme 3.1, along with typical N=N bond lengths in thdi erent oxida-

tion states?°’

Scheme 3.1: Dierent redox states of the pap ligand with characteristic bond distances.

@ : @

125130 N 140145 N©
(pap)° (pap)z'
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The changes in bond lengths within the ligand skeleton, in piacular that of the
azo bond, can again be rationalised in terms of the bondingitibonding overlaps

in the lowest unoccupied orbital of the ligand (Figure 3.1).

Figure 3.1: Lowest unoccupied molecular orbital of free (2-phenylazo)pridine.

While the radical azo anion oxidation state has been known solution for a long
time,258:2%9 jts isolation in the solid state was rst reported only in 198260262 A
number of complexes containing azoaromatic ligands in dirent oxidation states
have been reported in the literature>”:263273 Some of these undergo unexpected
electronic rearrangements through internal electron trasfer processes in response
to external oxidation. For example, this so called redox-tluced electron transfer
via internal electron transfer has been observed in the comeges [M(L),]" (M =
Ru, Os; L = 2-[(2-N-phenylaminophenyl)azo]pyridine}.’® As a result, ligand-based
oxidation of the complexes leads to partial reduction of thenetal centre.

The synthesis of neutral octahedral complexes M(pap)where M = Cr, Mo
or W, has been reported by Ackermann and co-worketf4 These compounds
were primarily characterised by their spectroscopic propges. Subsequent to this
study, the crystal structure of a related compound, Mo(4-Meap); (4-Mepap = 2-
[(4-methylphenyl)azo]pyridine), was published’® The most prominent features of
this structure are the elongated azo bonds (1.359A), an observation that would
be consistent with a radical monoanionic character of the oadinated ligands.
The authors ascribed the structural changes in the azo bontisextensive metal-to-

ligand -backbonding. Thus, the systems were described as compkegézerovalent
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group VI metal ions, and the electrochemical oxidation prosses were interpreted
as metal-based, whereas the reduction was ligand-based. eTligand radical for-
mulation of the neutral species would necessarily imply thepposite picture, i.e.
ligand-based oxidation processes. In view of this contragy we set out to reassess
the electronic structures of the trichelate complexes caaining both chromium and
molybdenum and their accessible redox series (Scheme 3.2).

Scheme 3.2: Complete electron-transfer series for the complexes CotClpap)s (1) and
Mo(o-Clpap)s (2).

Ve

Chromium
-e” -e” .
[Cr(o-Clpap)s] [Cr(o-Clpap)3]° [Cr(o-Clpap)s]
+e +e
1 10 1*
-e -e
<——= [Cr(o-Clpap)s]** =<=—= |[Cr(o-Clpap)3]**
+e 12 ‘e -
Molybdenum
e e
[Mo(o-Clpap)s] [Mo(o-Clpap)s]° [Mo(o-Clpap)s]*
> e 20 e o+

The neutral complexes Cr¢-Clpap); (1°) and Mo(o-Clpap)s (2°) have been isolated
and structurally characterised by single crystal X-ray cryllography (Figure 3.2),
along with their chemically oxidised cationic counterpas (1* and 2", isolated as
their triiodide salts, [1]I; and [2]I5). In each of these complexes the central ions
are coordinated octahedrally by threeo-Clpap ligands, revealing notable distor-
tions. Both neutral complexesl® and 2° show considerably elongated N-N bonds
of the azo chromophores compared to the free ligand, simikarthe complex Mo(4-
Mepap)s. In complex1° the three N=N bond lengths are 1.345, 1.345 and 1.341

while in 2° two of the azo bond lengths are identical at 1.358 and the third one is

The chloro-substituted derivatives of pap are utilised in the synthetic protocols, due to their
ability to yield crystals of high quality. Thus, the complex es discussed in this chapter con-
tain either the 2-[(2-chlorophenyl)azo]pyridine (o-Clpap) or 2-[(4-chlorophenyl)azo]pyridine
(p-Clpap) isomer.
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1.361A. The coordination geometries of the one-electron oxidisedmplexes 1]I,
and [2]1; are similar to those of the neutral analogues. The most stiikg di erence
between the neutrall® and cationic speciesl® is the notable contraction of the
N-N bond lengths (1.334, 1.314, 1.314), accompanied by the emergence of a small
degree of asymmetry. A similar oxidation-induced contraain of the N-N bonds is

observed in the molybdenum homologue, albeit with a largeredree of asymmetry.

| b | b
y )
N 2.017 N 2.153
1325 1.940] | (2.069 _ : :
&
Cr. Mo
| MW oINS / M TN
l = K/
% =
N7 N
1.345 1.356
19/1+ 202+
[Cr(o-Clpap)3]”* [Mo(o-Clpap)s]”’*

Figure 3.2: Structure of complexes1°=" and 2°=*, including key bond lengths (A). The
upper value in the boxes refers to the neutral, the lower vale to the cationic species in
each case.

The N=N bond length pattern in 1* is suggestive of the possibility of an internal
electron transfer process during formation of the cation. Aus, initial ligand-based
oxidation of 1° may be followed by internal electron transfer from a secondyand
radical to the metal centre, resulting in intramolecular rduction (Cr"' to Cr'")Y of
the metal centre (Scheme 3.3). Thus, the formulation df* as [Cr'" (o-Clpap),(o-
Clpap {)]* would in principle be consistent with the bond lengths obseed in the
crystal structure.

Complete electron transfer series [CotClpap)s]" (n = 1{, 0, 1+, 2+, 3+) and

YAlbeit unlikely from chemical intuition.
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Scheme 3.3: Possible redox-induced internal electron transfer duringformation of 1*.

Ve

[Cr''(o-Clpap')s] [Cr""(0-Clpap)(o-Clpap )"

+e” .
internal electron
transfer

[Cr'(o-Clpap),(o-Clpap')]*

[Mo(o-Clpap):]" (n = 1{, 0, 1+) have been accessed by cyclovoltammetry, sup-
ported by absorption and EPR spectroscopy, amongst othersWhile both the
neutral 1° and dicationic 12* complex are EPR-silent, the remaining members
of the Cr electron transfer seried (S = =), 1* (S = =) and 13* (S = ¥&)
show characteristic signals in the EPR spectrum, consistewith their indicated
ground states. For the molybdenum complexes, both the moratonic 2* and
monoanionic2 species are EPR-active, signifyin@ = = ground states in both
cases.

The homobimetallic complex [RB(p-Clpap).(cod)Cl,] (3, cod = 1,5-cycloocta-
diene) represents another interesting and challenging ewple in terms of its elec-
tronic structure, combining two separate, yet interlinked concepts. On one hand,
the presence ofp-Clpap ligands certainly brings about the possibility of rdox
non-innocence within the compound, which we have alreadymgred for mononu-
clear species in the previous section. On the other hand, tipeesence of two dis-
crete rhodium sites adds another interesting aspect, namgehat of mixed-valency.
Mixed-valence complexes are attractive targets in catalydesign, particularly those
in which the oxidation states of the metals di er by two electons. This feature ap-
pears to have a vital role in the catalysis of two-and four-ettron transformations,
such as those involved in dihydrogen and dioxygen activatie 2’67 Two recent
examples of two-electron mixed-valent Rh(-1,I) compoundeeported by de Bruin

and co-worker$®%28! are particularly relevant for the discussion of the electric
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structure of 3. Both complexes {Rh(L)g,( -bpi)] (bpi = bis(2-picolyl)imine) 282
are structurally similar and dier only in the nature of the supporting ligand
(L = nbd (norbornadiene) or cod). In these complexes, the cdmmation of hard
-donating and soft -accepting groups within the same ligand framework gen-

erates two distinct coordination environments, facilitaing the stabilisation of the
di erent oxidation states.

Complex 3 has been obtained from the reaction of 2-[(4-chlorophengBo]pyridine
with [Rh(cod)CI],, and its structure was con rmed by single crystal X-ray analgis
(Figure 3.3). The striking features within the structure ae the two N=N bonds
which are elongated appreciably (1.413 and 1.399 compared to typical values for
the free diazo ligands (1.2%\), pointing at the possibility of two azo anion radical

"' (p-Clpap ! ),Rh'(cod)] is a viable option,

bridges. Thus, a formulation as [CIRh
where the observed EPR silence of the complex necessitatefarromagnetic cou-

pling of the ligand radicals to yield an overall singlet$ = 0) state.

i
‘ d(N=N) 1.413, 1.399
X
2.008 \N 2.083
N 2165 \
2.366 \

2043 //
o2 N |
2.014 2.183
2.075

Cl
3

Figure 3.3: Structure of complex 3, including key bond lengths (A).
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Scheme 3.4: Intramolecular double hydroxylation reaction catalysed by complex3. The
complete incorporation of dioxygen in the ring hydroxylation process has been unequiv-
ocally established by isotope labelling using aiL802 atmosphere.

cl T+
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N \ l
R/h // \ h "o N }?h N
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o N | 233 K / \
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Cl N\
\ 4
Cl
3 4* (+ other products)

The above complex is highly air-sensitive and reacts rapydwith O,, leading to
double arene ring hydroxylation of the pendant phenyl grougpof the coordinated
p-Clpap ligands via C-H bond activation (Scheme 3.4). Its aliy to activate dioxy-
gen makes the above complex an interesting candidate for tsaudy of this type
of reactions, as oxidations involving @ activation at metal sites are important in
the context of both biological and industrial processes. Reed hydroxylation re-
actions of aromatic rings are known in biological systemsrfbeme-copper oxidases
including cytochrome c oxidase (CcO) and also for tyrosinase. The presence of
an electron rich Rh centre appears to be critical for the obsed double aromatic
ring hydroxylation. Similar reactions with other less eleconically rich Rh' pre-
cursors, however, failed to produce the doubly hydroxylateproduct but yielded

the mono-hydroxylated complex instead.
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3.2 Methodology

All calculations presented in this chapter were carried outsing the Gaussian03
program package® Geometry optimisations were performed without imposing
geometric constraints C; symmetry), and obtained stationary points were subse-
quently con rmed to be minima by vibrational analysis (no inaginary frequencies).
All calculations utilised the B3LYP hybrid functional.®-26:31.32

Chromium and molybdenum complexesor the complexes discussed in the rst
part of the chapter, the TZVP basis set’® of triple- quality with one set of polar-
ization functions was used on Cr and on N atoms (all except omgtrogen atoms
in each of the three azo units are directly coordinating to th metal centre). In
case of molybdenum, the def2-TZVP basis €&t by Weigend and Ahlrichs as ob-
tained from the EMSL Basis Set Library8+ 28 was used for the metal centre. This
basis set is of triple- quality with an e ective core potential (ecp-28, replacing28
core electrons) for core function& For the carbon, chlorine and hydrogen atoms
slightly smaller polarised split-valence SVP basis séé were used, that are of
double- quality in the valence region, and contain a polarising setf @-functions
on the non-hydrogen atoms.

It is convenient to adopt the BSfn,n) nomenclature introduced by Neese and co-
workers?* to denote the character of a BS determinant, which has becomedely
accepted in the eld and is common use. The system is formalgeparated into
two fragments. In the BSfn,n) notation, m represents the number of unpaired or
partially paired spin- electrons on one fragment, usually localised on the metal
centre, whilen stands for the number of unpaired spin- electrons on the second
fragment, essentially localised on the ligand set. It is net that a high-spin open-

shell solution would correspond to a B®(+ n,0) de nition. Generally the BS(m,n)

113



notation refers to the initial guess wave function, but the a&riational freedom of
the SCF cycle allows convergence to a solution of the form B&¢ n,0), i.e. the
canonical UKS determinant. In this case, then electrons from one fragment have
paired up with the m electrons from the other. To illustrate the usage of the abev
notation, we return to the example of an iron-nitrosyl compx containing a Fe-NO
moiety with otherwise closed-shell coligands. The BS(5,plution corresponds

to a high-spin Fe"

centre antiferromagnetically coupled to a NO doublet radida
while on the other hand a (somewhat arbitrary) BS(0,0) solubn would describe
a closed-shell low-spin P& centre with a coordinated nitrosyl cation in a singlet
state.

Rhodium complex For the dinuclear Rh complex discussed in the second part
the SDD basis set (Stuttgart/Dresden ecp-28) was used on Rh,and the TZVP
basig®® on all coordinating atoms (N(1)-N(6), CI(3), Cl(4), C(22), C(23), C(24),
C(25)). The remaining atoms were described by S\VA% The topological properties
of electron densities, calculated with B3LYP in conjunctiorwith the all-electron
DGDZVP basis set on Ri86:28” and TZVP and SVP as de ned above, were charac-
terised by using the Atoms In Molecules (AIM) theory of Bade¥ with the AIM2000

program package?
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3.3 Mononuclear octahedral complexes of

2-[(2-chlorophenyl)azo]pyridine

3.3.1 Electronic structure of chromium compounds

In order to perform a comprehensive search over a range of gibte spin states for
the considered complexes, we have used a number of concde/abectronic density
distributions as starting point for the optimisations. A stiematic representation
of few selected initial wave functions is given in Scheme 3.5NVe will use the
notation given in the scheme to denote the di erent electran states of a complex,
corresponding to the BSi,n) descriptor for BS determinants introduced by Neese

and co-workers.

Scheme 3.5: Important possible spin states for members of the electronransfer series
of [Cr(o-Clpap)s]" (n = 1{, 0, 1+, 2+, 3+).  [Original in colour]

1o } N 11+ /}\N T2+ K\N 13+
/\ /l\ N/|\N N/|\N
\_,N \_,N N N N
BS(3,2) BS(3,3) BS(3,2) BS(3,1) BS(3,0)
MS: 1/2 MSZO MS: 1/2 MS: 1 MS:3/2

In addition to the states above we have optimised the high-8p states and,
where possible, alternative broken-symmetry solutions. will point these out in
the context of the discussion. Optimised structural paranters for the computed
ground states of1°, 1* and1 (Mg = 0, Ms = = and Ms = 1=, respectively)
along with net spin densities are collected in Table 3.1. Qasponding geometries
of the ground states are depicted in Figure 3.4, along with & net spin densities

(isosurface contour 0.006 e ad).
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Figure 3.4: Optimised molecular structures (A) of the ground states of complex 1°
(Ms=0), 1* (Ms=122)and 1 (Ms = 1=2), along with plots of the total spin density
(contour value 0.006). [Original in colour]
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Table 3.1: Selected experimental and optimised bond lengthsA) and angles () for complexesl =% and 2 0=+,

1° (M = Cr) 1* 1 2% (M = Mo) 2" 2

Bond Exp. Calc. Exp. Calc. Calc. Exp. Calc. Exp. Calc. Calc.
M-N1 2.069(2) 2.09 2.049(4) 2.08 2.05 2.153(17) 2.17 2.143( 2.17 2.17
M-N3 1.940(2) 2.04 1.994(4) 2.05 2.05 2.017(17) 2.08 1.98)( 2.09 2.05
M-N4 2.040(2) 2.09 2.059(4) 2.08 2.09 2.160(17) 2.17 2.18%( 2.17 2.17
M-N6 1.954(2) 2.04 2.023(4) 2.05 2.09 2.017(17) 2.08 2.022( 2.09 2.05
M-N7 2.048(2) 2.09 2.059(4) 2.08 2.13 2.160(17) 2.17 2.14)( 2.17 2.17
M-N9 1.948(2) 2.04 1.979(4) 2.05 2.06 2.021(17) 2.08 2.04y( 2.09 2.05
N2-N3 1.345(3) 1.33 1.314(5) 1.29 1.40 1.361(2) 1.34 1.383( 1.30 1.37
N5-N6 1.345(3) 1.33 1.316(5) 1.29 1.33 1.356(2) 1.34 1.38%( 1.30 1.37
N8-N9 1.341(3) 1.33 1.334(5) 1.29 1.33 1.356(2) 1.34 1.38)( 1.30 1.37
N1-M-N6 168.15(9) 166.6 164.86(14) 166.6 167.4 161.33(6) 6311 161.60(15) 163.4 161.6
N3-M-N7 165.06(8) 166.4 167.90(15) 167.0 166.7 160.92(6) 6310 165.53(15) 163.5 161.5
N4-M-N9 165.32(9) 166.7 167.24(14) 167.1 164.9 161.81(7) 6219 160.11(15) 163.3 161.6
hS?i 2.48 2.08 251 1.29 0.87 0.79
M 2.98 2.81 2.99 1.86 1.46 1.13
L1 -0.99 -0.61 0.04 -0.62 -0.16 -0.04
L2 -0.99 -0.60 -1.00 -0.62 -0.16 -0.04
L3 -0.99 -0.60 -1.03 -0.62 -0.16 -0.04




Neutral complex 1°

Calculated geometries and metrical parameters are gendyaiound to be in good
agreement with their experimental counterparts. The optinsed N-N bond lengths
of 1.32A for the BS(3,3) (Ms = 0) ground state of the neutral species are marginally
shorter than those obtained from the X-ray experiment (1.343) A) but the elon-
gation relative to the free ligand (calc. d(N-N) = 1.24A) is well reproduced. Net
spin densities of 2.98 and -0.99 on metal and each ligand, pestively, in 1° are

" centre anti-

emphatically in favour of a ligand radical formulation, witi the Cr
ferromagnetically coupled to three ligand radicals (see ¢hfull spin density plot in
Figure 3.4). Successive spin ips on the ligandgH##, "##; "# ;™" ) result in almost
identical energy increases of 6 kcal mol * (Figure 3.5). The ferromagnetically cou-

pled high-spin 6 = 3) state lies 19 kcal mol * higher in energy than BS(3,3).

20
‘_'6 15
S
©
(&)
<
> 10 S
>
(0]
C
()]
o)
S 5 _
=0
0 - T T T *
ao(o) Ba(a) BB(a) BBB

Spin on ligand

Figure 3.5: Linear relationship of the relative energy on the number of unpaired spin-
electrons residing on the ligand set. The spin in brackets oithe abscissa only applies to
the neutral species,1°.

118



238, 8, Heisenberg exchange Hamiltonian using the

Mapping onto the K
Yamaguchi formula,J = (Eus Ees)ns2iys h S2igs), Yields a value of = -706 cm 2,

a value typical of Cr'"

ligand radical complexe<8® This relatively strong exchange
coupling is fully consistent with the observed diamagnetis of the compound, and
also the substantial overlapsS,,, between the corresponding orbitals (0.16-0.52,
Figure 3.6).

The Cr-N,,, bond lengths to a given ligand increase by 0.08 A when the spin of
the ligand-based electron is ipped from (antiferromagnetic) to (ferromagnetic)
and as a result the optimised structure of the high-spin statrepresents a much
poorer match to experiment (Cr-N,, = 2.10-2.14A vs. 1.95A experimentally).
These structural changes are a consequence of the slighthfionding interaction
between the ligand LUMOs and metal d orbitals in the -manifold, while these are
bonding in the -manifold. Thus, each spin ip on a ligand results in a contretion
of the corresponding Cr-N,, bond.

We have also optimised the structure of a closed-shell elert density distribu-
tion (S = 0), where the absence of spin polarisation imposes a zement chromium
[Cr%o-Clpap)s]. The optimised structure is also in reasonable agreemenitiwthe
experimental structure. Most notably, elongated N=N bonds i also observed in
this structure (1.32A), similar to those in BS(3,3). In this case, the elongation
can only be attributed to strong backbonding from the Cf d-orbitals to the -
orbitals of the azo groups. On this basis we conclude that isivery di cult to
distinguish ligand-radical character from metal-based deriction with strong back-
bonding based on structural data alone. Energetic data aregain de nitive: the
closed-shell state lies 32 kcalmol higher in energy than BS(3,3), leading us to

reject the Cr° formulation in favour of the Cr'"' plus ligand radical alternative.

It is also important to note that attempts to generate a BS(42), BS(2,2), BS(1,1)
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or a spin-unrestrictedS = 0 solution failed, and all of the mentioned states con-
verged back to the BS(3,3) solution. Thus, electronic striigre descriptions such as
[Cr" (o-Clpap {),(0-Clpap)]°, [Cr" (o-Clpap?!)(o-Clpap{),]° and [CrY(o
Clpap?{),(o-Clpap1)]° can be safely ruled out. The basic electronic ground state

featuring a Cr'""

ion (Scr = *) that is strongly antiferromagnetically coupled to
three ligand-centred -radicals (S, = =) has been proposed for related chromium

complexes?8i20

Cationic complex 1*

One-electron oxidation ofL° generatesl* in a broken-symmetry doublet Vs = =)
ground state, BS(3,2), whose geometry is also shown in Figu8.4. The spin density
at the metal is similar in the cation and the neutral species ¢, = 2:81, Table 3.1),
0 ering a strong indication that the oxidation is a ligand-based redox event. The
unpaired spin- electrons are equally distributed over three ligands ratihehan
two, evident from the spin densities of -0.60 on each ligandlhe structural im-
pact of the oxidation is therefore localised entirely in thdigand array, where the
N=N bonds contract by 0.04A (c.f. 0.03A in the X-ray data). Consistent with
the delocalisation of the two spin- electrons, the three Cr-N, (2.08A), Cr-N,,,
(2.05A) and N=N bonds (1.29A) are equivalent. The energetic cost of the small
structural distortions seen in the crystal structure is, hwever, likely to be very
small, and are probably a consequence of the solid-state gaament.

The energetic trend upon changing the ligand spinvectors sembles that de-
scribed for the neutral complex: antiferromagnetic couplg of the ligand radical
electrons leads to a strong stabilisation. Flipping spind@ng the series ##, "#;"" )
destabilises the complex by about 10 kcal mal at each step (Figure 3.5), indicat-

ing that the exchange coupling is somewhat stronger in the iokssed species. The
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ferromagnetically coupled counterpart of the ground statef 1* with Ms = = lies
20 kcalmol * higher in energy, corresponding to d value of -1052 cm?. Higher
states on the Heisenberg ladder are therefore clearly inassible in the temperature
range of the magnetic measurements, in line with the magnetdata.

It is again important to note that despite extensive e orts sing initial guess
densities with di erent degrees of spin polarisation, e.gBS(4,1) and BS(2,1), we
have been unable to locate an alternative stable minimum fdr*. Hence, states
corresponding to [Ct' (o-Clpap {)(o-Clpap),]*, [Cr'"Y (o-Clpap )s]* and [CrY(o-
Clpap?{)(o-Clpap{),]* formulations can again faithfully be dismissed.

The suitability of TD-DFT based on a broken-symmetry groundstate has been
debated, but nevertheless excellent agreement between qued ligand-ligand
charge transfer excitation energies and features in the nd®& spectrum of closely
related complexes has been reportéef 2°12%3 |n the case ofl* we compute two

absorption features at 0.7 eV (1760 nm) corresponding to transitions within the

LUMO —————
A A
1763 nm 1751 nm
HOMO i

Figure 3.7: Canonical Kohn-Sham orbitals involved in the LLCT transiti ons in 1*
calculated by TD-DFT, PCM(CH ,Cl,)/B3LYP/TZVP/SVP.

N=N array (Figure 3.7), in excellent agreement with the weak féare at
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1500 nm assigned to a ligand-ligand charge transfer (LLCT)abd in the UV-
vis spectrum ofl*. Such transitions are observed only when both oxidation lels
of the ligand are present, and are used as spectroscopic namskto identify mixed-
valency within the ligand set?®* The presence of a LLCT absorption band further

corroborates our description of the cation as [t (o-Clpap{),(o-Clpap)]*.

Anionic complex 1

One-electron reduction to form the anionic specieq, , also results in negligible
changes in the spin density at the metal (¢, = 2:99, Table 3.1) and is therefore

" ion.

unambiguously ligand-based, retaining the )® con guration of the Cr
The lowest-energy solution found forl is the BS(3,2) Mg = 1= determinant,
lying 7.6 kcalmol * below the corresponding high-spin state wittMs = 5. The
optimised ground state geometry ofl is shown in Figure 3.4.

In contrast to 1%, where the negative spin density of -1.81 is evenly dispedse
over the three ligand backbones, the situation is somewhaterent for 1 . In this
case the ligand-centred electrons are more localised, arelaaconsequence, induce
some asymmetry into the N=N bond distances. A vanishingly snliaspin density
(0.04) on one of the ligands combined with a largely elongat&=N bond (1.40 A)
indicates that this ligand is doubly reduced. One occupiedtatal of mainly ligand
LUMO character is found in both the - and -manifold, unequivocally supporting
the dianionic character of this ligand. Two unpaired spin- electrons are localised
on the other two ligands, with spin densities of -1.00 and 13, respectively (Ta-
ble 3.1).

We were also able to optimise a high-spi® = = state. Bond metric data in
combination with spin densities (¢ = 4:03 | = 2:97), unambiguously support

a [Cr'"(o-Clpap {)3] electronic description. However, this state lies 25 kcal mdl
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above the BS(3,2) ground state and therefore has not been sadered further.
Our calculations also dismiss the presence of a \Cion in the surrounding of three
closed-shell ¢-Clpap)? ligands.

Our postulated ground state for the anionic complex and itsofmulation as an
[Cr'" (o-Clpap?!)(o-Clpap !),] electromer is in excellent agreement with results
by Wieghardt et al. for two chromium complexes carrying ligads based on cat-
echol and benzene-1,2-dithidf®2°® The calculated J coupling constant for 1
(-422 cm 1) is somewhat smaller than the ones estimated for the tris(@kolene)-

chromium (-606 cm 1) and tris(dithiolene)chromium (-714 cm 1) complexes.

Dicationic and tricationic complexes 12* and 13*

The trend of ligand-centred redox processes is continuedthre last two members of
the electron transfer series. The dicatiot?* has a broken-symmetry triplet ground
state, BS(3,1), with one spin- electron delocalised over two of the ligands, while
the third ligand has an almost vanishing spin density. Thisigand is more loosely
bound to the metal centre, with Cr-N distances of 2.10 and 22A. In contrast, the
two radical anion ligands are much more tightly bound to the mtal centre. This
has already been attributed to the bonding nature of the ligad-metal interaction
within the -spin manifold. Analogous tol*, a LLCT band is observed in the
TD-DFT-calculated excitation spectrum of 12+, which is also seen experimentally.
It is important to note that such bands are not present in the omputed and ex-
perimental UV-vis spectra of1° and 13*, due to the absence of mixed valency in
the ligand manifold. Thus, the TD-DFT calculation again suports the formu-

' (o-Clpap {)(o-Clpap),]?*. In addition,

lation of the ground state of1?* as [Cr
we identi ed a local minimum on the PES corresponding to a [Cr(o-Clpap)s]?*

formulation, being destabilised by 9.2 kcal mof relative to the Mg = 1 ground
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state. The geometry of this complex reveals a strong Jahn{ler distortion.

' (o-Clpap)s]** (1%*) is a typical octahedral

The tricationic complex [Cr
chromium(l1l) species, having three singly occupied orlats in the tyy set, which
is notably stabilised due to exchange interaction. The exsg of spin density on the
metal ( ¢ = 3:31) is caused by spin polarisation e ects of metal-ligand-bonds
having metal g character. The calculated N=N bond lengths (1.2@\) clearly con-
rm the presence of three neutral ligands. The contour plotef the Mulliken spin
densities nicely demonstrate how the spin population on th@ér centre remains un-

changed throughout the redox series =0=*=2*=3* preserving the cubic spin density

ical for the (t,q)3 con guration. 220
typ g g

Functional dependence

The functional sensitivity of the Mulliken population analysis of Cr complexes has
been pointed out. Signi cantly di erent spin densities areobtained for the neutral
and anionic complexes with BP86 and B3LYP, and this has impktions for the
redox state assignment for the metal centre and the ligand3able 3.2 collects spin
densities for the complexes investigated in this work, andatecholate complexes
from work by Wieghardt?®® as well as Lay*®® Indeed, we observe similar trends
for some of the complexes that we have studied. As discussedwdy the B3LYP
calculations yield spin densities of 2.98 / -2.98 (using theotation metal/sum over
three ligands) and 2.99 / -1.99 for the neutral and anionic coplex, respectively.
This is contrasted by the BP86 calculations, which place 2 unpaired electrons
on the Cr ion in each case, resulting also in reduced spin d#éies on the ligands
(-2.08 and -1.05 for the neutral and anionic complex, respeely). Thus, the
latter (BP86) spin distributions would favour a description as [Cr'' (o-Clpap {),(o-

Clpap)]° and [Cr" (o-Clpap?!)(o-Clpap ! )(o-Clpap)].
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Table 3.2: Comparison of calculated Mulliken spin densities for the boken-symmetry
states of maximal antiferromagnetic coupling and their coresponding exchange coupling

constants.
Mulliken spin density 1a

S B3LYP BP86 J /.em
13+ 2 3.31/-0.31
12+ 1 291/-091 2.66/-0.66 -1565
1* TP 2.82/-1.81 2.00/-1.00 -1052
1° 0 2.98/-297 2.08/-2.08 -706
1 Y2 299/-199 2.05/-1.05 -422
[Cr'" (Lo 3 ® P 3.03/0.00 2.98/0.00
[Cr'™ (Led )L oa)2? ° 1 2.80/-047 2.34/-0.34 -527
[Cr!" (Led)a(L )] Y2 2.83/-1.80 1.89/-0.89 -606
[Ccr'" (LS-E )3] 0 2.93/-3.06 2.19/-2.19 -475
[Cr'" (*OLglYal° 0 3.03/-2.79 - -732

aCoupling constant according tol = 238, S;.
bl = o-catecholate, Ls;(g = o-semiquinonate.
¢33k = 3,5-di-tert -butylbenzene-1,2-dithiolate.

We favour the B3LYP results, owing to the fact that Hartree-Fok exchange is

usually important in studies addressing spin state and exahge issue$”

3.3.2 Electronic structure of molybdenum compounds

Optimised geometries

Turning to the molybdenum analogues, a comparison of the aptised geometry of
20 with that of 1° (Figure 3.8 and Table 3.1) con rms that the more pronounced
elongation of the N=N bond in the molybdenum systems is well peoduced, as
are the key trends in M-N bond lengths. Thus whilst all Mo-N bods are longer
than their Cr-N counterparts, the elongation is more promiant in M-N_, (M-N

= 0.10 A) than in M-N _,, (M-N = 0.06 A).
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Figure 3.8: Optimised molecular structures (A) of the ground states of complex 2°
(Ms=0), 2* (Ms=1=)and 2 (Mg = 1=). [Original in colour]
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Analysis of the electronic structure

The frontier Kohn-Sham orbitals of2° are shown in Figure 3.9, and their compo-
sitions, along with those of2™ and 2 , are collected in Table 3.3. The orbitals
of 2° show the symmetry breaking typical of a metal radical compie with the
spin- and spin- components of each orbital localised in di erent regions dhe
molecule. Thus the three occupied spin-orbitals (1a( ) and 1le( )) are polarised
towards the metal centre, and lie 3.0 eV below their vacant spin- counterparts
(2a( ) and 2e( )). Conversely, the three singly occupied spin-orbitals, (1a( )
and le( )) are linear combinations of N=N  orbitals (>80% L), and lie only

2.0 eV below their vacant spin- counterparts (2a( ) and 2e( )).

The smaller exchange splitting in the ligand-based orbitalre ects the more
di use nature of the singly-occupied orbitals. The composons of the la(/ )
and 1e( / ) orbitals also reveal a distinct anisotropy, in so much as thsymmetry
breaking is much less pronounced in the degenerate e orlstalle( ) and le( )
(Mo:L = 51:49 and 20:80) than in 1a()/1a( ) (69:31 and 5:95). This anisotropy
within the octahedral t,4 set has been noted by Ackermann and co-worketé, and
stems from the presence of only a single orbital of symmetry on each of the
N donor atoms of the N=N unit (as opposed to 2 in a cylindricallysymmetric
ligand such as X or CO). The result is that, despite sharing the same symmetry
(a), the Mo d,. orbital (z de ned here as the trigonal axis) is poorly oriented to
overlap with the totally symmetric linear combination of N=N  orbitals. This
distinction between the orbitals of a and e symmetry is furter emphasised by the
overlap (Sap) between the corresponding orbitals (Figure 3.10), whiclsi0.36 for

the a-symmetric pair but 0.89 for the e set.
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Figure 3.9: Frontier Kohn-Sham orbitals for 2°. [Original in colour]



Table 3.3: Compositions of the frontier Kohn-Sham orbitals for 2*, 20 and 2 . The
gray shaded area indicates the HOMO in each case.

2" 20 2

MO Mo L Mo L Mo L

3e() 48 52 39 61 34 66
3e() 56 44 31 69 31 69
2e( ) 43 57 46 54 41 59
2a( ) 65 35 62 38 58 42
2e() 30 70 24 76 38 62
2a( ) 2 98 3 97 4 96

la( ) 4 96 5 95 9 91
le() 32 68 20 80 27 73
le() 49 51 51 49 35 65
la( ) 69 31 69 31 68 32

In the chromium system1°, the assignment of oxidation state was unambiguous:
the spin density pattern, y, .  +3.0, -1.0 is clearly consistent only with a
[Cr'" (L "{);] formulation. In cases such ag® where the radical character is not
so pronounced, the oxidation state is more open to debate asnevitably involves
the somewhat arbitrary assignment of the shared electron gty to one centre or
the other. In the limit of complete symmetry breaking (i.e. vinere the spatial parts
of the two spin components are quite distinct), as they are ia® ( v, . = +3.0,
-1.0), a [Mo" fL,g* ] formulation is clearly appropriate.

However when 1e() and 1le( ) are identical, the limiting spin densities of v, |
= +1.0, -0.33 could correspond to any point on a [M&'fL,g® 1$ [Mo"fL,g* ]
$ [MoVfL,g® ] continuum, depending on whether the four electrons are vied
as being primarily ligand- or primarily metal-based. We na that the localisation
of the occupied 1a() orbital on the metal centre precludes a [M&'f L,g° ] formu-
lation. The computed values of +1.86 and -0.62 fa2° lie almost exactly midway
between the two limits identi ed above, indicating substatial but not complete

symmetry breaking in the 1e(/ ) orbitals. We return to the question of oxidation
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Figure 3.10: Corresponding orbitals for 2°, 2* and 2 .
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state following a discussion of the related cation and anion

Oxidation of 2° generates2* in an Ms = %2 ground state (Figure 3.8), and
the redox event can again be considered, at least to rst ordeas ligand-based
because the redox-active orbital, 1a(, remains strongly localised on the ligand
array (96%). However, the changes in spin density at Mo (1.46v1.86 in2°, see
Figure 3.8f° indicate that the metal is far from innocent, and the composibns
of the orbitals in Table 3.3 con rm a substantial redox-indeed redistribution of
charge. Compared to2°, the occupied spin- components of the 1e orbital are
now much more evenly distributed over Mo (32%) and L (68%), @hare spatially
rather more similar to their spin- counterparts (49% Mo, 51% L). The equalisa-
tion of the spatial parts of 1e( ) and 1e( ) is re ected in a further increase in the
overlap of the corresponding orbitals %, = 0.97 vs. 0.89 in2°). These trends
can be interpreted in terms of redox-induced stabilisationf the ligand-based or-
bitals resulting from removal of the electron in 1a(), which enhances backbonding
from Mo via the orthogonal degenerate e orbitals. Symmetryréaking is therefore
less pronounced, and metal and ligand character more eveuligtributed amongst
le(/ )and 2e(/ ).

We can again use the contrasting limits of complete symmetrgreaking and
complete delocalisation of the electrons in the le orbitats de ne the possible
range of spin densities. In the case that the spin componemitthe 1le orbital have
identical spatial components, the limiting net spin densiées would be +1.0 and 0.0.
Complete symmetry breaking (i.e. localisation of 1e( and 1e( ) on metal and
ligand, respectively), in contrast, would generate limitig spin densities of +3.0 and
-0.66, very close to the values computed fdr*. The computed values of 1.46 and
-0.16 for2* clearly lie much closer to the former limit, re ecting the ponounced

backbonding in this case.
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The net spin densities for the anion2 (Ms = ¥2 ground state) show striking
similarities to the cation ( vy, . = 1.13 and -0.04 vs. 1.46 and -0.16, see also
Figure 3.8), and are quite di erent from those of the neutrakpecies (y, . =1.86
and -0.66). The Kohn-Sham orbital compositions summarised Table 3.3 con rm
that the redox-active orbital is again the totally symmetrc ligand-based combina-
tion, in this case the spin- component 2a( ), and that this orbital remains almost
entirely ligand-based (96% L) in the anion. The degree of synetry breaking in the
occupied le orbitals is again lower than in the neutral spes: 1le(), 35% Mo, 65%
L; 1e( ), 27% Mo, 73% L, and the overlap of corresponding orbitals ppaches
unity (Sa, = 0.99). The reduced Mo character in the 1e() orbital (relative to 2°)
is 0 set by an increase in the vacant 2e() (38% Mo vs. 24% in2°), indicative of
more e ective backbonding in the anionic case.

The conclusion that a primarily ligand-based oxidation proess to form2* should
induce further transfer of electron density from metal-tdigand via a backbonding
mechanism is intuitive, and can readily be rationalised orhe basis of stabilisation
of the ligand  manifold relative to the metal d orbitals. That a one-electon
reduction should cause the same e ect is somewhat countdriitive, as we might
expect a destabilisation of the ligand manifold to reduce the e ectiveness of the
backbonding pathway. However, whilst one-electron oxidath and one-electron
reduction clearly have very di erent e ects on the total eletron density at the
ligand, both serve to reduce the net spin density, and themfe by extension the
exchange splitting between the occupied spin-and vacant spin- components of
the ligand manifold. The reduction in spin density that accompanies tier redox
event therefore enhances the ability of the ligand array todih donate electron
density to and accept electron density from the metal througthe e orbitals, where

overlap is e ective.
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In this context, the neutral system emerges as the outlier ithe series2 - 2° - 2*
because the half- lled (N=N )2 shell makes the ligand array unusually resistant
to loss or gain of further electron density from the metal.

Throughout the previous paragraphs we have avoided an agssigent of for-
mal oxidation states to the molybdenum centres, beyond natjy that the neutral
species lies somewhere along a continuum linking the thressonance structures
[Mo"™fL,g® 18 [Mo"VfL,g* 1$ [MoVfL,g® ]. The redox active orbital is almost
entirely ligand-based, and therefore does not have any rsirder impact on the
physical oxidation state of the metal. The assignment thefere rests on whether
the four electrons in the 1le orbital are allocated to the metar the ligand in each
case. In the anion,2 , 1e( ) and 1e( ) are both strongly localised on the ligand
(65% and 73%, respectively), and so a limiting Moform seems most realistic. The
same is true of the cation2*, although in this case the localisation of the le()
orbitals on L is less clear cut (49:51). Both cation and aniotherefore appear to
lie towards the Mo’ end of the [Md"fL,g® 1$ [MoVfL,g* 1$ [MoVfL,g® ]
spectrum. In neutral 2° the process is further complicated by the symmetry break-
ing in the 1le orbital: the spin- component is substantially localised on the ligand
while the spin- counterpart is delocalised over both metal and ligand (5194 We
noted above that the limit of complete symmetry breaking wold correspond to a
[Mo" fL,g® ] situation, comparable to [C" fL,g® ], 1°. The net spin densities of
20 are clearly far from this limit, but nevertheless there is a idtinct shift to the
left in the continuum, with more ligand radical character réative to either 2* or
2 . The presence of a half- lled ( )2 shell in the neutral case appears to confer a
degree of stability on the ligand array, blocking further @ctron transfer from the

metal via backbonding.
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3.4 A dinuclear mixed-valent complex containing
2-(4-chlorophenylazo)pyridine

The structural study of 3 reveals that the azoaromatic ligands host the Rh frag-
ments in two completely di erent environments separated by.15A (Scheme 3.6).
In the rst compartment, Rh(1) is octahedrally coordinatedto six strong donors:
two chloro ligands, two axial pyridines and the lone pairs ahe two azo nitrogen

atoms, N(3) and N(6).

Scheme 3.6: Possible resonance forms foB.
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Rh(2), on the other hand, features an almost tetrahedral codination sphere com-
pleted by four strong -acidic ligands: two C=C double bonds of cod and the two
azo functional groups, both coordinated in 2-fashion. The two N-N bonds are
elongated appreciably (1.413(4) and 1.399(4)) compared to typical values for the
free diazo ligands ( 1.25A), or the radical anionic form that we have reviewed
in detail in the context of the octahedral Cr and Mo complexe# the previous
section.

Thus, the structure of 3 raises a number of important questions concerning
the origin of the elongation of the N=N bonds, and related to tfs, the nature
of the mixed valency. The octahedral coordination geometrgbout Rh(1) points
to an unequivocal assignment as Rh a centre, but the assignment of a distinct
oxidation state for the Rh(2) centre is more dicult. The int eractions of the
rhodium centre with each of the unsaturated ligands can be stiussed in terms
of two di erent scenarios. The electronic structure of3 may be formulated as a
Rh'Rh"" dimer with a single unpaired electron ( or ) localised on each of the
two N=N units, antiferromagnetically coupled to give rise toan overall singlet
state (S = 0). The latter is an requirement due to the observation thatcomplex
3 is EPR-silent. Alternatively, the bond elongation might al® indicate substantial
backbonding from the rhodium centre. In this case two limitig resonance forms
might be discussed, a R diazene and a Rhmetalla-azacycle?®” the two di ering
in the extent of backbonding from the Rh-based d orbitals it the  orbital of the
ligand. The di erent resonance forms for the scenarios degmed above are shown
in Scheme 3.6, where structures A-C correspond to di erent deees of backbonding

and structure D refers to the diradical formulation.
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Optimised geometries

In order to explore the nature of the mixed valency in the dirbdium complex in
more detail we have optimised its geometry in di erent ovelaspin states. The
most stable structure proves to be a closed-shell singletag (13), shown in Fig-
ure 3.11 with optimised structural parameters fully constent with those obtained
crystallographically (Table 3.4). Importantly, the geoméry of the Rh,N, diamond

core, shown in detail in Figure 3.12, is reproduced with eng@aging accuracy.
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C(25)

2.04 N(2) 2.05
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NGB)
NE@) (%)
c(23)
13 33

Figure 3.11: Optimised molecular structures (A, °) of complex 13 (S = 0) and 33
(S=1). [Original in colour]

The N=N bond lengths are calculated at 1.3%, close to the experimental value.
The Wiberg bond index® of 1.16 for the N=N bonds in'3 is substantially reduced
from the free-ligand value of 1.77, consistent with the sutamtial backbonding ap-
parent from the structural data. Within this framework, the electronic structure
of 13 lies somewhere on a continuum described by the resonancerfeiRh"' Rh {!

(A in Scheme 3.6)$ Rh"Rh' (B) $ Rh"'Rh" (C). The situation in 3 is, in
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fact, conceptually rather similar to de Bruin's mixed-valat rhodium species noted
above, where one of the centres is approximately square panimplying a Rh'
oxidation state, while the second is approximately tetralgral with an oxidation

state of -1 or | depending on the extent of backbonding, muctike Rh(2) in 3.

C(24
N(E) N(5) (24)
238 on ~ 2.10 2.26
C(25)
80.5 2.24
923( ) 321 (...
81.0 224
Rh(1) 99.3 Rh(2) C(23)
N AN
2.38 21 2 102 22 226
NG N@) c@2)

Figure 3.12: Optimised structure (A, °) of the Rh,N, diamond core of complex!3.
[Original in colour]

The twist angles # of the coordinated -ligands are remarkably similar in all
three cases, lying in between those of a tetrahedral (9@&nd square-planar (0) ge-
ometry. The angle in3 (59.8) falls between those off[Rh(nbd)g,( -bpi)] (66.4°)28°
and [f Rh(cod)g,( -bpi)] (56.5°),28! all of which are clearly greatly distorted from
square-planar and closer to the tetrahedral geometry. In ¢hlatter two cases the
authors favoured a mixed-valent Rh' Rh' formulation on the grounds that the

2-coordinated imine unit exhibits limited pyramidalisation and elongation of the
C=N bond, both indicative of weak backbonding. In'3, the 2-N=N bonds are
more strongly elongated relative to the free ligand and theoordinated nitrogen
centres are signi cantly pyramidalised, suggesting that anetalla-azacycle formu-
lation is more realistic in this case.

Within the con nes of unrestricted (broken-symmetry) dengy functional theory,

the diradical structure D is quite distinct from the Rh'Rh"" canonical form shown

“The dihedral angle which is de ned by the planes running thraugh the centroids of the double
bonds of each ligand and the metal centre.
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Table 3.4: Selected experimental and optimised bond lengthsA) and angles (), as well
as calculated relative energies (kcal molt) for complex 3.

Parameter 3 (exp.) 132 332 BS3b
Energy’ 0.0/0.0 18.8/9.1 -17.8
Rh(1)-Rh(2) 3.149(4) 3.21 3.23 3.21
Rh(1)-N(3) 2.044(3) 2.11 2.14 2.11
Rh(1)-N(6) 2.043(3) 2.11 2.14 2.11
Rh(2)-N(3) 2.074(3) 2.10 2.29 2.24
Rh(2)-N(6) 2.083(3) 2.10 2.29 2.24
Rh(2)-N(2) 2.164(3) 2.22 2.95 2.89
Rh(2)-N(5) 2.183(3) 2.22 2.95 2.89
N(2)-N(3) 1.413(4) 1.39 1.36 1.35
N(5)-N(6) 1.399(4) 1.39 1.36 1.35
N(3)-Rh(1)-N(6) 81.22(12) 80.5 89.7 88.2
N(3)-Rh(2)-N(6) 79.57(11) 81.0 82.5 82.0
Rh(1)-N(3)-Rh(2)  99.72(13) 99.3 93.9 94.9
Rh(1)-N(6)-Rh(2)  99.47(12) 99.3 93.9 94.9
d 59.8 56.5 10.1 7.2

aStructural data obtained with B3LYP.

bOnly a minimum on the BHandHLYP PES.

¢B3LYP / BHandHLYP.

dDihedral angle between the planes de ned by Ct(1)-Rh(2)-Ct(2) and Ct(3)-Rh(2)-Ct(4), where
Ctl, Ct2, Ct3 and Ct4 are the centroids between N(2) and N(3), N(5) and N(6), C(22) and
C(23), and C(24) and C(25), respectively.

in Scheme 3.6, where the electron density transferred to &aligand is not spin
polarised. We have searched extensively for broken-symmyesinglet diradical
structures using a range of spin-polarised initial guessegsigned to mimic the
anticipated density of the diradical (i.e. a single unpaimr electron on each N=N
unit) but in all cases the system converged back to the closatiell con guration
discussed above. A diradical electron density distributiocan, however, be enforced
with a triplet multiplicity, but this state lies 19 kcalmol ! above the closed-shell
singlet. Moreover, its optimised structure, also shown inigure 3.11 is completely
inconsistent with the X-ray structure. The C=C double bonds 6 the cod ligand
rotate by 45° about the Rh-Rh axis to impose an approximately square plana

coordination about Rh(2), typical of a Rh con guration. Decoordination of the
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out-of-plane nitrogen atoms N(2) and N(5) from the Rh(2) cent increases the Rh-
N distance to 3 A. At the same time, the Rh,N, core experiences some distortion,
since Rh(2) moves outward and notably increases the distando the in-plane
nitrogen atoms N(2) and N(5) by 0.2A. We anticipated that functionals with
greater HF exchange will stabilise the radical forms relatéesto their closed-shell
alternatives, and indeed with BHandHLYP (50% HF exchange) we havbeen able
to locate the broken-symmetry singlet 1.3 kcal mol below the triplet, and with
very similar structure (Table 3.4). Contour plots of the spin density in both the
triplet and broken-symmetry singlet state are shown in Figee 3.13, con rming
the non-innocent radical character of both pap ligands. Fige 3.14 shows the
localisation of the frontier molecular orbitals on the two igands in the broken-

symmetry singlet Ms = 0).

(@) (b)

Figure 3.13: Contour plots of the Mulliken spin density for the (a) triple t and (b) BS
singlet. [Original in colour]

However, the broken-symmetry state remains 7.8 kcal mdl above its closed-shell
analogue, and the fact that the diradical state remains relavely unstable even
with the most “forcing' of functionals o ers convincing ewdence that the RH" Rh {!

formulation is more reasonable, and the computed data thdoze lead us to reject

the ligand diradical formulation shown in Figure 3.6 D as urealistic in this case.
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Figure 3.14: Singly occupied MOs of the broken-symmetry singlet minimum
(BHandHLYP). [Original in colour]

Topological analysis of the electron density

The closed-shell singlet ground state of compleXis in principle consistent with
a Rh"-Rh? formulation with a dative metal-metal bond formation. Howeer, this
appears inconsistent with the large Rh-Rh separation of LA noted earlier.

As a complementary approach we have analysed the topologipabperties of the
calculated electron density (r), using Bader's Atoms In Molecules (AIM) theory.
The essence of AIM theory is to represent the main features diet electron density
in compact form in terms of critical points, i.e. the points m space where the
gradient of the density is zeroy (r) = 0. A critical point that is characterised by
one positive and two negative curvatures, termed (3,-1), i®ferred to as a bond
critical point (BCP) and is considered to be diagnostic of th presence of a chemical
bond. Ciritical points characterised by one negative and twpositive curvatures,
termed (3,+1), are associated with the presence of rings amade referred to as ring
critical points (RCP). The topological properties of the edctron density (r) and
its Laplacianr 2 (r) at BCPs allow for the characterisation of chemical interaon
between atoms®® Large positive values of (r) combined with negative values of

r 2 (r) are indicative of shared-shell (covalent) interactionsywhile positive values
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for both (r) and r 2 (r) are identi ed with closed-shell (ionic) interactions. It
has been stated that the characterisation of bonding intecsions based orr 2 (r)
alone is insu cient. 3% Therefore, in addition to inspecting sign and magnitude of

(r) and r 2 (r), energetic aspects at BCPs need also to be considered. $ave
schemes have been suggested based on the total energy demdt ), the kinetic
energy density G() and the potential energy density V().3%°%2 Negative values
of H( ) and jV( )j > G( ) are associated with shared-shell (covalent) interactien
as opposed to closed-shell interactions for which H(is positive and jV( )j <
G( )_303{305

Characteristic topological parameters for selected crital points in complex'3
are collected into Table 3.5. Our analysis con rms that no B is present between
the Rh centres. Instead, a RCP is located at the centre of thelBN, diamond

(Figure 3.15a), and the negligible density at this point ((r) = 0:03 e au ) con rms

the absence of direct overlap between the two Rh atomic basin

Figure 3.15: Contour maps of the electron density of [Ri( 2-p-Clpap).(cod)Cl,]. (a)
Plane de ned by Rh(1)Rh(2)N(3)N(6). (b) Plane de ned by Rh( 2)N(2)N(3). Bond
critical points are represented by orange triangles, ring dtical points by red circles,
bond paths are shown by solid lines.
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Table 3.5: Electron density (eau 2), Laplacian of the electron densityr 2 (eau ®), ellipticity ", Hessian eigenvalues;, and energy densities

(au) at bond and ring critical points of 13. Values obtained using the coordinates from the crystal stucture are given in italics.

CcpP (r) r2.( 1 2 3 H( ) G() V()
BCPs

Rh(1)-N(3) 0.0930.106 0.3230.471  0.4400.083 -0.125-0.110 -0.087-0.102 0.5350.684 -0.016-0.018 0.0960.136 -0.112-0.154
Rh(1)-N(6) 0.0930.107 0.3230.476  0.4400.084 -0.125-0.110 -0.087-0.102 0.5350.688 -0.016-0.018 0.0960.137 -0.112-0.155
Rh(2)-N(3) 0.0850.100 0.3750.385 0.8180.067 -0.050-0.118 -0.028-0.110 0.4540.614 -0.013-0.018 0.1070.114 -0.120-0.132
Rh(2)-N(6) 0.0850.099 0.3750.378 0.8180.063 -0.050-0.116 -0.028-0.109 0.4540.602 -0.013-0.017 0.1070.112 -0.120-0.129
Rh(2)-N(2) 0.0840.081  0.2330.319 1.2650.244 -0.064-0.088 -0.028-0.071  0.3250.478 -0.014-0.011 0.0730.092 -0.087-0.103
Rh(2)-N(3) 0.0850.100 0.3750.385 0.8180.067 -0.050-0.118 -0.028-0.110 0.4540.614 -0.013-0.018 0.1070.114 -0.120-0.132
N(2)-N(3) 0.248 0.320 0.335-0.548 0.4050.087 -0.511-0.711 -0.363-0.654 1.2090.817 -0.167-0.300 0.2500.163 -0.417-0.463
Rh(2)-C(22) 0.0580.083 0.2350.193 1.0590.389 -0.035-0.077 -0.017-0.055 0.2870.326  -0.006-0.020 0.0660.068 -0.072-0.088
Rh(2)-C(23) 0.0620.085 0.2570.190 0.9930.356 -0.044-0.083 -0.022-0.061  0.3220.334 -0.007-0.021  0.0710.069 -0.078-0.090
C(22)-C(23) 0.3320.316 -0.925-0.872 0.1870.224 -0.701-0.662 -0.591-0.541 0.3660.331 -0.331-0.329 0.1000.112 -0.431-0.441
Rh(1)-N(1) 0.1350.112 0.4200.533 0.1820.138 -0.202-0.120 -0.171-0.105 0.7940.758 -0.027-0.019 0.1320.153  -0.159-0.172
Rh(1)-N(4) 0.1350.111 0.4200.529 0.1820.145 -0.202-0.117 -0.171-0.102 0.7940.748 -0.027-0.019 0.1320.151  -0.159-0.170
RCPs

Rh(2)N, 0.0840.076  0.2680.414 -0.057-0.079  0.0190.084 0.3050.409

RhsN> 0.0320.033  0.0970.136 -0.014-0.028 0.0470.060 0.0640.104

Rh(2)C, 0.0570.079  0.2870.307 -0.035-0.067 0.0150.042 0.3070.332




In contrast, BCPs were located between each of the nitrogemoans in the azo
groups and the rhodate centre (Figure 3.15b), along with ran critical points at
the centre of both N-N-Rh triangles, a situation characterist of strong Rh-(N=N)
backbonding. Examining the data relating to the four types bRh-N bonds, the
topological parameters at the respective BCPs re ect the lative strengths of the
interactions, decreasing in the order Rh(1)-N(1)/N(4) (pyrdine) > Rh(1)/Rh(2)-
N(3)/N(6) (azo) > Rh(2)-N(2)/N(5) (azo). This trend is paralleled by the bond
lengths, which increase along this series. The small negativalues of H() and
jV( )j > G( ) associated with all of the Rh-N interactions suggest thatlaof them
have some degree of shared-shell interaction despite thespiwe values for the
Laplacian. For example, small positive values of(r) ( 0.08 eau®) and r 2 (r)
(0.233 and 0.375 e aw?) for the BCPs between Rh(2) and the azo N atoms com-
bined with a negative H() (-0.014 au) reveal some covalent character in these
interactions. The substantially reduced values of H( for the interactions between
Rh(2)-C(22) (-0.006 au) and Rh(2)-C(23) (-0.007 au) are indative of weaker inter-
actions of the Rh centre with the C=C groups of cod than those ith the pap N=N
groups. Interestingly, while (r) (0.332 eau?®), r 2 (r) (-0.925 eau®) and H( ) (-
0.331 au) at the C(22)-C(23) BCP are unequivocal of a strongwalent interaction
between the carbon atoms, as one would expect, the Laplacianthe N(2)-N(3)
BCP is positive (+0.335 e au®), which is somewhat counterintuitive. Nonetheless,
the large value of (r) (0.248 eau?®) and the pronounced negative value of H{
(-0.167 au) strongly favour a covalent interaction.

The bond path curvature is frequently used to identify the naure of atomic in-
teractions. As an example, the interpretation of bond pathsof a silver(l) acetylene
complex has been debated in the literaturg?®E%® |n the limit of a purely ionic in-

teraction a T-shaped bond path geometry would be expectedtivia BCP between
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Rh(2) and the N-N bcp. The presence of some degree of covalegoyes rise to
the observed concave cyclic structure and the correspondiBCPs and the RCP
at the ring centre3%® The concave curvature of a bond path decreases as the co-
valency of the interaction increases, eventually leading ta true metallacycle. The
curved nature of the Rh(2)-N bond paths suggests that whilehared-shell charac-
ter is present in the interaction, a metalla-azacyle formation has not been fully
approached, which would result in a triangular bond path gevetry with straight
lines for the Rh-N bond paths. The electron densities(r) at the Rh(2)N, RCP
and Rh(2)-N BCPs do not di er signi cantly, and are indicative of a rather at
charge density distribution inside the Rh(2)N(2)N(3) cycle. This atness is also
re ected in the high bond ellipticities at the Rh(2)-N BCPs (1.26 and 0.82). It is
well known that (r) is sensitive towards small changes in the geometry or theah
sen method to model the electron density. As a consequence Brobanges in the
electron density of the Rh(2)N(2)N(3) bonding region have a @ni cant in uence
on the bond path pro le.31°

We have thus also analysed the topology of(r) using the coordinates of the
experimentally determined structure of compleXd. These results have also been
included in Table 3.5, which are given in italics to di erentate them from the com-
putational model. While most topological parameters are tgely left una ected,
the most signi cant change occurs i 2 (r) of the N(2)-N(3) bond, which has now
adopted a large negative value (-0.548 e at), expected for a covalent interaction.
Perhaps most strikingly, the bond path pro le of the Rh(2)N(2N(3) ring shown
in Figure 3.16a is now less concave, compared to the pro letamed from the op-
timised geometry of3. Thus, the triangular shape suggests a somewhat increased
covalent character to the Rh(2)-N bonds, indicating a furtler advanced transition

towards a true metalla-azacycle formulation.
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(a) (b)

Figure 3.16: Contour maps in the Rh(2)N(2)N(3) plane for [Rh,( 2-p-Clpap)2(cod)Cl,]

using the X-ray structure. (a) Electron density. Bond criti cal points are represented by
orange triangles, ring critical points by red circles, bondpaths are shown by solid lines.
(b) Negative Laplacian of the electron density, L) = -r 2 (r). Positive contours are
represented by solid lines, dashed lines correspond to nega contours.

Examining the plot (Figure 3.16b) of the negative of the Lapalcian®
in the Rh(2)N(2)N(3) plane further corroborates this assertin. The deformation
of L(r) on the N atoms indicates some substantial charge concertican directed
towards the metal centre along the Rh(2)-N bond vectors.

Comparable topological ngerprints to the one of3 have been reported in the
literature for Ni(cod), and W(COg)(C,H,), for both of which a -complex has
been found°%:311.312 The energy density characteristics for the Rh(2)Nunit are
very similar to the one for the WG, unit in W(CO ¢)(C,H,). In both cases the
energy density H() at the M-L BCPs are rather small (weak covalency), while
H( ) for each intraligand bond has a large negative value (strgncovalency). In
contrast, in the complex W(Cl,)(C,H,), which is considered as metallacycle with

covalent W-C bonds, the energy density at the W-L BCPs is clelg more negative.

Xt is convention to use plots of L(r) = -r 2 (r) instead of the Laplacian itself, because of the
more intuitive association of charge depletion and concemation with L( r) < 0 and L(r) > 0O,
respectively.
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Moreover, by visual inspection, the distortion of the Lapleian eld in the the
Rh(2)N(2)N(3) plane seems to lie somewhere in between the of@snd for Ni(cod),
and W(CO;)(C,H,), but is clearly less pronounced than in W(G))(C,H,).3%%:311
Thus, based on the asymmetric energy densities at the Rh-N &imN-N BCPs, as
well as the Laplacian eld, the data appear to favour a donoacceptor interaction
between Rh(2) and the azo group.

In summary, despite the fact that the presence of bond critéd¢ points between
Rh(2) and each of the four nitrogen centres is consistent Wita metalla-azacycle
structure, the electron density distribution in'3 appears to lie somewhere between
the Rh'Rh"" and Rh"' Rh"' canonical forms shown in Scheme 3.6. The transfer
of substantial electron density to each of the diazene ligda according to the
classical Dewar-Chatt-Duncanson mod&f 34 is fully consistent with the observed
elongation of the N=N bond lengths. The situation in the closgshell complex
may be compared to a series of Rhradical complexes, including [RA(cod),] ", for
which signi cant delocalisation of spin density towards tle ligands has been found,
leading to the notion that, \none of these compounds shouldebregarded as true

Rh® d° metal centred radicals nor as Rhcomplexes of ligand centred radicals®.®

3.5 Conclusions

A comprehensive survey of redox isomers along the [dAClpap)s]" (M = Cr. n
=1{, 0, 1+, 2+, 3+, M = Mo: n = 1{, 0, 1+) electron transfer series has been
carried out, using the broken-symmetry DFT formalism. The lectronic structure
of the neutral chromium complex [Cro-Clpap);]° has been unequivocally estab-
lished. It contains a high-spin chromic ion $; = *) coupled to three ligand-
radical anions, leading to anS = 0 ground state, and is essentially identical with

the well-characterised neutral chromium complexes with techolate ligands. The
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four redox events that connect the electron-transfer sesagCr(o-Clpap)s]" (n =
3+, 2+, 1+, 0, 1{) correspond to entirely ligand-based redoxprocesses, with the
central chromium ion remaining invariantly in the +I1l oxid ation state throughout
(Scheme 3.7). As a result the N=N bond lengths contract upon scessive oxida-
tion, and those in the trication (Ms = *) approach the values for the free ligand
( 1.24A). The robustness of the CH' centre results largely from the very high

exchange energies associated with th%)3 con guration.

Scheme 3.7: Electron transfer series of1.

[Cr'"(o-Clpap™™),(0-Clpap® )]™ [Cr"(o-Clpap')3]°
+e”

Si=1/2 S¢=0

[Cr'(o-Clpap *)z(o-Clpap)]** [Cr''(0-Clpap)z(o-Clpap™)J**
+e° +e

St:1/2 SI:]-

[Cr'(o-Clpap)3]**

+e-
Si=3/2

The electronic structure of the molybdenum systems is moremplex because
of extensive mixing of metal- and ligand-based orbitals of &mmetry. The three
redox isomers [Mo¢-Clpap)s]" (n = 1+, 0, 1{) lie on a continuum connecting
the resonance forms [MUfL,g® "] $ [Mo"VflL,g* "] $ [MoVfL,g® "], with the
orbital compositions and spin densities being most consestt with the higher-
oxidation-state end of the spectrum. While the electron desity distribution in
the cation and anion2® and 2 is remarkably similar (di ering only in the oc-
cupations of the totally symmetric combination of ligand-lased orbitals) and

is close to the [MJ'f L,g® "] limit, the intervening neutral species has much more
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extensive ligand-radical character.

The assignment of distinct oxidation states within the dinglear complex
[Rh,( 2-p-Clpap).(cod)Cl,] is di cult, owing to the possibility of several valence
resonances. Certainly there is no evidence for the liganddieal character we ob-
served in the Cr and Mo complexes. An analysis of the topology the electron
density con rms the presence of bond critical points betw@&eeach pair of atoms in
the RhNN entity, suggesting substantial covalence withinghe bridge. This data
is most consistent with a model involving two limiting resoance forms for each
individual RhNN entity, a Rh {!' diazene and a Rh metalla-azacycle, although
backbonding from the Rh{' is extensive and the latter metalla-azacycle resonance
appears more appropriate. Nonetheless, the two metal cerdran the complex can
formally be considered as RA Rh'"" .

The implications of the electronic model, however, are clefthe delocalisation
of electron density over the Rh(NN) unit stabilises a highly reducing environment,
apparent from the complex’'s capability to activate Q, ultimately leading to the
activation of a total of two C-H bonds. Hence, the reactivity 6 3 can be viewed
to truly fall into the concept of "non-innocence in catalysi, as the ligands store
and release electrons for the hydroxylation reaction. Fohe reaction itself it is
insigni cant whether the metal ion is a genuine rhodate in a lpysical sense, or
not, as long as the reducing equivalents are provided by anewall electron-rich
metal-ligand unit.

The mechanistic details of the hydroxylation reaction rema unsolved, but a
complex reaction coordinate including multiple hypersudces (spin crossover) is
likely to be involved. Thus, in future work we are seeking tostablish a direct
causal link between ground state electronic structure, anthis remarkable reac-

tivity pattern. The above examples demonstrate that redox an-innocence is a
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complex phenomenon, and is not necessarily synonymous wlitiand radical char-
acter. Establishing patterns in the behaviour of apparengl very di erent classes

of molecules is one of the key roles for computational chetnys
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Endohedral Zintl lons

The chemistry of Zintl clusters has long attracted the integst of theoreticians, but
has been rejuvenated in the past decade by the disovery ofgarendohedral clusters
containing transition metals, which may act as quantum dotsA number of novel
species have been isolated to date, revealing a rich struclvariety with surpris-
ing electronic con gurations. In this chapter we develop aetailed description of
the electronic structure of unprecedented open-shell ertiadral Zintl anions, in-
cluding the 12-vertex species [MN@RJ® , as well as the two 10-vertex clusters
[Fe@Gg,)® and [Fe@Snp,® . This research is done in collaboration with the Goic-
ochea group, who have synthesised and structurally characised these clusters.
The [Mn@Ph]® cluster shows strong distortions from perfedt, symmetry along
a Do,-symmetric coordinate. The [Fe@Gg]® species adopts an archimedian pen-
tagonal prismatic geometry encapsulating an isolated iroatom core, while the
isoelectronic tin homologue, in contrast, contains a delteedral cage typical of elec-
tron de cient clusters. This structural chemistry is di cu It to rationalise in terms
of any existing bonding theory for clusters, and our aim is tanderstand the factors
that in uence the stability of a particular geometry and the interactions between
the main group metals within the cages and the ions at the cem®t of these cages.
The results of the rst part have been reported in Ref. [430}while those reported

in the second part have been submitted td. Am. Chem. Socrecently.
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4.1 Introduction

Historical development

Polyatomic anions of the post-transition elements have be&nown since the early
work of Joannis in 18988320 who discovered that the reduction of elemental lead
with sodium in liquid ammonia gave green solutions containg a yet unknown type
of lead anion. Following contributions by few other authorg?X®?* the compositions
of anionic species such as [BB{, [Sny]*t, [Sb,]3! and [As,]3{ were nally estab-
lished by Zintl,3?532% who investigated their chemistry in the early 1930s. Becagis
of his seminal work in the eld, bare anionic cluster compouts became subse-
guently named in his honor. Since their discovery some 100ays ago, a plethora
of new Zintl compounds has been isolated and characteriseaid the developments
in the eld have been covered in a number of reviews33s

Major improvements in Zintl cluster synthesig®*® and crystallisation techniques
facilitated their structural characterisation by means ofX-ray di raction methods,
making it possible to establish the inter-atomic connectities within the clusters
for the rst time. As a result, the existence of Group 14 and Grop 15 polyanions
was nally veri ed by the crystal structure determination of a number of clusters,
including [Eo]3!, [Eg]*! and [Es]?! (E = Ge, Sn, Pb), [Pn.]3{ and [Pn,,]3! (Pn=
As, Sh), as well as [S§?{ and [Bi,]?! (Figure 4.1)3%2334.335,337 Thjs development,
driven forward by the studies of Corbett and his co-workersiithe 1960s, heralded
the dawn of modern Zintl and post-transition element clustechemistry.

With the crystal structures at hand, it was soon realised thiathe cluster bond-
ing could not easily be explained in terms of 2-centre-2-eteon bonds, and a
delocalised model was required. Attempts to establish theslationship between

geometry and electronic structure of the polyhedra resuliein the development of
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Figure 4.1: Some early examples of Zintl clusters, including [Py]%{ (Pn = Sb, Bi),
[E<]?! (E = Ge, Sn, Pb) and [Pn,]3{ (Pn = As, Sh).

several concepts. Perhaps the most successful of these sdeaginated when the
analogy between the topologies of the bare post-transitianetal clusters and the

cage-like boranes was recognised.

Wade-Mingos electron counting rules

The Wade-Mingos rules for electron counting®®#4! originally designed to ratio-
nalise the electronic structure of electron de cient borages, were extrapolated to
Zintl clusters. Applied to boranes, the quintessential asg@n of the Wade-Mingos
formalism is that closed deltahedral ¢losg boranes with n vertices are stabilised
in case that 21 + 2 valence electrons are available for occupation af+ 1 skeletal

bonding molecular orbitals. Importantly, the number of boding skeletal molecu-
lar orbitals is not explicitly dependent on whether all verices of the deltahedral
structure are occupied or not. As a consequenagatomic nido and arachno clus-

ters (derived from theclosodeltahedra by removal of one or two vertices) require
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2n + 4 and 2n + 6 skeletal electrons. The origin of these rules can be under
stood from MO arguments, and the octahedron and square-pyred (nido octa-
hedron) serve as illustrative examples in deriving the relant molecular orbital
schemeg?#2:343

Each vertex (boron atom) of the deltahedron provides a set divo sp hybrid
orbitals and two p orbitals. Partitioning these into radial (sp) and tangential (p)
components yields two subsets for skeletal bonding. One dietsp hybrid orbitals
is used for external bonding (B-H bonds), leaving one radialp hybrid and two
tangential orbitals but only two electrons to participate n the cluster bonding.
The molecular orbitals for cluster bonding can be construet from this basis set
of three orbitals per vertex. The skeletal cluster orbital®btained from the radial
subset is shown Figure 4.2a. The important point to notice ishat exactly one
strongly bonding linear combination (a or a4, for the square-pyramid and the
octahedron, respectively) of radial orbitals is formed, wdreas all the others are
anti-bonding. Interaction of the capping orbitals and the m-plane orbitals within
the tangential component of the octahedron (Figure 4.2b) selts in a set of four
triply degenerate orbital manifolds (bg, t1u, tau, tig)-
Likewise, for the square pyramid the orbitals obtained fronthe three pairs of
doubly degenerate (e) orbitals contributed by the cap and # square split into
three sets of doubly degenerate orbitals (e), two of which@bonding and one anti-
bonding. It is apparent from the scheme that a total of six lowying tangential
orbitals are always present when the square is capped fromoak and below to
give the square pyramid and the octahedron. Combining the deal and tangential
components of the individual molecular orbital diagrams gids a total of 7 (in
generaln + 1) bonding skeletal molecular orbitals characteristic fobonding in

closoand nido octahedral borane cluster compounds ([Bi¢]?{ and B.H,).
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Figure 4.2: Schematic molecular orbital diagrams, built from (a) radial and (b) tangential fragment orbitals for the square pyramid (on the
left side in each diagram) and the octahedron (right side). The tangential orbitals form two types, those parallel (k) and those perpendicular
(?) to the principle axis of rotation in the molecule. Adapted from Albright, Burdett and Whangbo. 342



In other words, adding the 5th or 6th vertex does not increaseée number of bond-
ing/nonbonding orbitals, but rather the extent to which they are bonding, leaving
the optimal electron count una ected. Extending the Wade-Nhgos rules to the
homoatomic post-transition metal clusters (we only consed Group 14 element
clusters in the following) is achieved by means of the isolabanalogy, and each
BH vertex is replaced with an isoelectronic bare Si, Ge, Sn Bb atom. Therefore,
the four valence electrons of each tetrel atom are dividedtacnone lone pair placed
in the exo-polyhedral molecular orbital, in analogy to the xernal B-H bonds in
boranes, and two electrons that participate in the skeletddonding. A comparison
of the valence MOs of Group 14 Zintl anions [§2{ with those of their valence-
isoelectronic boranes [BH,]?{ shows that their molecular orbitals are very similar,
but the relative energetic ordering of the orbitals is genally di erent. In [E ,]?!
the MOs with lone-pair character correspond to [BH,]2! MOs with B-H bonding
character. While in the boranes the B-H bonding orbitals arenergetically sta-
bilised with respect to the surface bonding valence MOs, th®rresponding MOs
in the [E, ]?{ anions with lone-pair character are energetically shiftedpwards and
are found among the highest occupied orbitals.

Besides the Wade-Mingos counting rules, so called sphelicedels are also used
to predict the stability of cluster compounds, including tfe jellium modef*434¢ and
tensor surface harmonic theory?’ These approaches yield cluster wave functions
(spherical harmonics) which can be characterised by quamunumbers similar to
the ones for atomic orbitals, and their energetic orderingads to a shell structure.
The stability of a cluster results from reaching closed-shelectronic con gurations,

corresponding to so called magic numbers.
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Overview of cluster compounds

Empty homoatomic clusters of Group 14 elements

Having established the counting rules of Wade and Mingos, weggeed by review-
ing empty homoatomic clusters of the Group 14 elements, [F, with a focus on
those anions withn = 9, 10 and 12 vertices (Figure 4.3). These clusters are rel-
evant to our later discussion of endohedral clusters, due their ability to act as

receptacles for interstitial transition metals or f-blockelements.

[E)]"/ D,,and C,, [E.J/D,,

Figure 4.3: Empty cage structures of []"{ and [E,,]?{ clusters.

Currently, the largest empty cluster with more than nine vetices that has been
isolated in solid state and crystallographically charactésed is [Ph,]2{, which has
been obtained as [K([2.2.2]crypt)] salt by oxidation of [Phy]*{ with PPh,Au'Cl
in ethylenediamine (en)3*® More recently, a [Gg,]?! cluster has been captured
in the complex [Gg,Mn(CO),]3{, where it acts as -donor ligand coordinated to
the [Mn(CO),]t fragment34° Both clusters satisfy the Wade-Mingos rules (2+ 2
= 22), adopting a bicapped square antiprismatic shapel(zy) expected for acloso
ten-vertex cluster. Likewise, applying the Wade-Mingos tas to the [E,]2! anions
leads to an icosahedrall() closocluster (2n + 2 = 26), analogous to [B,H,,]?{.

Although both [Pb,,]?{ (plumbaspherene) and [Sp]?! (stannaspherene) have
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been identi ed by photoelectron spectroscopy (PES) in theag-phase®® 3! and
their stability anticipated by theoretical methods, strudural data for these com-
pounds are still unavailable. Nine-atom clusters [ff"{ are most regularly found
as tetraanionic clusters in the intermetallic phases A4 (A = Na, K, Rb, Cs; E =
Ge, Sn, Pb)323% which are frequently used as reagents in Zintl cluster syngisis.
These clusters have 12 + 4 = 22 skeletal electrons required for am = 9 vertex
Cy4 nido polyhedron, which corresponds to the capped square antigm.

Interestingly, distorted polyhedra other than the expecté capped square an-
tiprism are also found for the [E]*{ ions in the solid state. For example, the struc-
ture determination of the alkali cryptand or crown ether sdk of [Eg]*! clusters
revealed that an almost perfecC,, geometry is adopted for E = Si ([Rb[18]crown-
6]Rb,;[Sig(NH;) )37 and Pb ([K[18]crown-6}[Pbg]),>%® whereas for [Sgl*!
([K[18]crown-6EK[Sng]) the symmetry is closer toD3,.>*° On the other hand,
Corbett and Edwards have found the predicted capped squaratgprismatic geom-
etry for the same cluster anion in the compound [Na([2.2.2]qut)][Sn,].3*° This
demonstrates the structural exibility of the E4 cage. The rearrangement of cluster
atoms follows the diamond-square-diamond mechanism, whicepresents a low-
energy pathway for the interconversion between the di erénconformers of the
empty E, cages®®*3%

The one-electron oxidised homologues JE{ (E = Si, Ge, Sn, and Pb) of the
above tetraanions are interesting species from the point wew that the loss of one
electron from the degenerate HOMO in the closed-shell{E{ clusters gives rise to
a Jahn-Teller distortion. Further, due to their odd skelethelectron count the struc-
tures cannot cleanly be explained by the Wade-Mingos ruledll [E¢]3{ anions are
paramagnetic and have been isolated as [A([2.2.2]crypt)hdducts 61362 revealing

distorted tricapped trigonal prismatic structures with agoroximate C,, symmetry.
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Clusters [E,] 2! with a twofold negative charge have 2 + 2 = 20 skeletal electrons
for cluster bonding, and can buildclosodeltahedra in the form of tricapped trigo-
nal prisms D3;). Interestingly, in the only example of such a cluster knowso far,

where the charge assignment of -2 is unambiguous, [K([1&en-6)L[Si](py) (PY

= pyridine), 363 the structure of [Sp]?! clearly deviates from this geometry. The
cluster is rather a C,,-symmetric distorted tricapped trigonal prism. Only very
recently was acloso[Ge,]2{ cluster with Dz, symmetry crystallographically iden-
tied in [K([2.2.2]crypt)] 2[G&], and its topology con rmed by electron localisation

function (ELF) analysis.3%

Endohedral clusters [M@H?* with n = 9, 10, and 12

Having existed as a eld of largely academic interest for manyears, research into
Zintl anions has taken an interesting new direction with therecent discovery of
endohedrally lled Zintl clusters, in which a (transition) metal atom is encapsulated
by the cluster cage (Figure 4.4). The emergence of this newbslass of Zintl ions
and their great potential for interesting future applicatons has led to a revival of

Zintl chemistry, gaining notable attention during the lastfew years.

@) (b) (c)

Figure 4.4: Structures of some typical endohedral clusters. (a) [Cu@SiF , (b)
[Ni@Pb,,]?> and (c) [M@Pb,,]> (M = Ni, Pd and Pt).

In order to distinguish the metal-centred clusters from thie empty cage counter-
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parts, the [M@E,]* notation has been introduced for the endohedral clusters here
M represents the interstitial metal atom, E, the surrounding Group 14 element cage
and z the cluster charge.

The intermetalloid character of the endohedral Zintl clustrs makes them ideal
candidates for use as models for doped materials. Some ofsthepecies have good
prospects of being utilised as building blocks for clustérased nano materials with
tailored electronic, magnetic or chemical properties. Inhis context the term “su-
peratom' has emerged as an intriguing new concef; 3¢ based on the idea that
an atomic aggregate contributes free electrons to an orbitananifold chemically
mimicking an element. Naturally, this idea is strongly intelinked with the Jel-
lium model brie y introduced above. The classic example of auperatom is Al
which mimics the chemical behaviour of halogen atoms ('supalogen’). Clusters
that incorporate open-shell transition metals are of spediinterest, as these could
function as magnetic superatoms being able to support highagnetic moments.

While gas-phase and theoretical studies cover a wide rangkecotuster sizesn,
those clusters [M@F* obtained from synthetic protocols in solvent phase are
found to have cluster sizes oh = 9, 10, 12. These metal-centred clusters ap-
pear to form in reactions between Group 14 Zintl anions [f*{ (E = Ge, Sn, Pb)
and transition metal reagents with labile ligands, acting & a source of a "naked'
metal atom. The rst example of a molecular species of this pe, the icosahedral
cluster [Pt@Ph,]> was reported by Eichhorn and co-workers, and was obtained
by reaction of [Phy]*{ and Pt(PPh,), (Ph = phenyl).3¢" Likewise, related syn-
thetic protocols employing di erent transition metal reagents have since given rise
to a homologues series of isoelectronic icosahedral clustef the Group 10 triad,
[M@Phb,]> (M = Ni, Pd, Pt). % A comparison of their solid state structures

revealed that the larger the transition metal is, the less t distortion of the Pb,,
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skeleton, suggesting some stabilising e ect of the intersal ion on the periphery.
There have been no reports of a germanium analogue with a mietantred Gg,
cage to date, but recently an isoelectronic twelve-vertexrt cluster, [Ir@Sn,]*
has been isolated®® This icosahedral cluster is obtained from a stepwise reamti
starting from an ethylenediamine (en) solution of KSn, and [IrCl(cod)], (cod =
1,5-cyclooctadiene). The sequence is initiated by the foation of a Ir(cod)-capped
Sny cluster, which is transformed into the product [Ir@Sp]® upon heating the
solution.

Endohedral Zintl ion clusters with nuclearities lower thartwelve have also been
isolated and structurally characterised. The smallest exaples of Zintl clusters ac-
commodating an interstitial transition metal atom are [Ni@®,]* and
[CU@E]® (E=Sn, Pb).3"%372 Both are obtained from standard procedures, where
the rst cluster has been isolated from an en solution of }Ge, and Ni(cod),, the
second formed in dimethylformamide (dmf) solutions of Cu(es) (mes = mesity-
lene) and K,Ey. Two conformers are accessible to the Cu-containing clusdewith
E = Sn and Pb, both of which have been identi ed by X-ray crystalstructure
analysis. In the rst isomer the cage atoms form an endohedraicapped trigonal
prism with D3, symmetry, while the second corresponds to an endohedrato
cluster with C4, symmetry (a monocapped square antiprism). The uxional be-
haviour in solvent within the E, cages of the [Cu@$ anions has been illustrated
by NMR measurements, which yield single resonances for botfises. The endohe-
dral ten-vertex cluster [Ni@PR,]? was accessible through the reaction of Ni(cog)
with K ,Pbg in ethylenediamine3”® The zero-valent Ni atom occupies the centre of
a bicapped square antiprismD 4q).

Larger non-spherical clusters containing more than one Btstitial metal atom

such as [Ni(Ni@GQZ]A' ,371 [sz@G@8]4 ’374 [Pd2@8q8]4 ’375,376 [Ni2@8q7]4 ,377
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and [Pt,@Sn,]* 3® have also been reported in the literature.
It is important to note that all of the centred 10- and 12-verex clusters pre-
sented above possess closed-shell electronic con gunasi@and can be rationalised
as [M*@(E,)2{] species that contain & + 2 skeletal electron [E]%{ (n = 10,
12) units with closo structures. The central transition metal atom does not con-
tribute to the skeletal electron count, and maintains a clasd-shell d° con gura-
tion, thus z = 0 for the interstitial Group 10 atoms Ni, Pd, and Pt. The lled
subshell can also be reached in case of [Ir@$h, where thecloso[Sn,,]?{ cage
encapsulates an iridium centre in the -l oxidation state = 1). Likewise, the
gas-phase ion [Cu@$j] has been described as a Cuion trapped inside stan-
naspherene, [Ci@Sn,]> .3"° Indeed, King has referred to these endohedralt
atoms as pseudo noble gases, analogous to endohedral noddegin fullerenes such
as He@G,.>®°

Consequently, deltahedra would be expected for any new emgaral clusters
of Group 14. It came as a surprise when two unprecedented gamum clusters
were reported almost simultaneously, revealing pentagdnaismatic (Dsy) geome-
tries. The rst structure, closed-shell [Co@Gg]® (22 skeletal electron count = 22
SEC), was isolated by Fassler and co-worker8! and shortly thereafter Goicoechea
et al. reported the structure of the open-shell Zintl ion [F@Geg,]* (21 SEC, Fig-
ure 4.5a)382

The bond parameters of both compounds are strikingly simiiathe interatomic
Ge-Ge distances linking the two pentagons vary over a narrovange between
2.60 to 2.62A, the intra-ring distances are slightly shorter (2.50-2.53 and 2.53-
2.55A for Co and Fe, respectively), while the distances betweethé interstitial
metal atom and the Ge atoms are 2.48-2.58 for [Co@Gg,* and 2.51-2.54A

for [Fe@Gg]® . The intra- and inter-ring Ge-Ge-Ge angles are very close to
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Figure 4.5: Structures of the three paramagnetic members of the endohedl Zintl
cluster family. (a) [Fe@Gg,)® , (b) [Fe@Sn® (c) [Mn@Pb,,J° .

108 and 90, required for a perfect pentagonal prism. Therefore both rstc-
tures are almost ideal Archimedean polyhedra, in stark corast to the Platonic
deltahedral structures found in the other endohedral clusts3® The topologies
of [Co@Gg® and [Fe@Gg]® may be compared only to theDsy pentagonal
antiprismatic ion [Pd@Bi,]**,*®* and the organometallic tin compound SpR;,
(R = 2,6-diethylphenyl),3® also sharing theDs, pentagonal prismatic structure.
Surprisingly, the geometry of the cluster [Fe@$4]® (Figure 4.5b), also recently
isolated in the Goicoechea group and isosteric with its geamium congener, again
falls into the regime of deltahedral structures. Its geomet is marginally distorted
away from a bicapped square antiprismlf4q), and is best described as tetracapped
trigonal prismatic.

In addition to the paramagnetic 10-vertex clusters [Fe@F*® (E = Ge, Sn),
the range of endohedral lead clusters was also extended byuatlfer member,
[Mn@Phb,]® (Figure 4.5c), the rst example of a synthetic open-shell etohedral
12-vertex lead cluster. Although the cluster su ers from natble disorder, the crys-
tallographic data allowed for identi cation of a marked lowsymmetry distortion
from the idealised icosahedral;, symmetry that is characteristic of related endo-
hedral clusters. Thus, the [Mn@PR]® cluster is D,-symmetric, and is reached

via compression and elongation along two 2-fold rotationalxis of the icosahedron.
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Theoretical studies on cluster compounds

The experimental data summarised above have been completeghby a large
number of theoretical studies, which included both empty ahendohedral cluster
anions350:386{399,399{402. The structures of numerous lled main-group clusters de-
tected by mass spectrometry have been deduced on basis obtiegical calculations.
The results of the quantum chemical calculations are commigranalysed by means
of electron localisation functions, NBO charges and MO intactions diagrams. An-
other concept which is often employed is spherical aromati quanti ed in terms
of the nucleus-independent chemical shifts 4% at the centre of the cluster, called
NICS(0) values. Aromatic, and thus stable clusters, exhibit egative NICS(0) val-

ues, whereas antiaromaticity is re ected in positive value

Empty [E,]? cluster anions with n = 10, 12

DFT calculations on the [E,]?! series (E = Si, Ge, Sn, PI*#4%8 are consistent
with the notion that these ions possess 22 skeletal clustdeetrons, and they have
shown that the bicapped square antiprism invariably corrggnds to the global
minimum in all cases. King et al. have conducted a comprehéves DFT study on

bare ten-vertex [Gg,]? (z=6 ;4 ;2 ;0;2+;4+;6+) clusters.**® For [Ge, )% it

was found that the Ds, structure also corresponds to a minimum (+41 kcal mot

above D4q). However, this result seems to be strongly dependent on théc:

sen method!®* It has generally been found that the lowest energy structuseof
bare germanium clusters in the electron-poor or -rich limiare often low-symmetry
polyhedra not readily recognisable by the Wade-Mingos rdé® For example,
the global minimum found for the electron-rich cluster [Gg]®! corresponds to
a slipped pentagonal prism Cs symmetry), which is favoured over thearachno

pentagonal antiprism (2 + 6 = 26) by 17 kcalmol *. In the slipped pentagonal
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prism the rectangular sides of the ideal pentagonal prismapartially turned into
triangular faces, thereby retaining the pentagonal faces.

The presence of,-symmetric minima for the [E,]?! series as predicted by the
Wade-Mingos rules was con rmed by DFT geometry optimisatios. However, the
icosahedron only corresponds to the ground state for [Si¢{ and [Pb,,]2{, while
the situation is more complicated for the lighter congenersf Group 14, where less
symmetric structural motifs become the ground state. Thisase illustrates the
delicate balance of electronic e ects that direct the clustr geometries and how the
electron counting rules become unreliable for certain regis of the cluster confor-
mational space. The di erences between the [E2! ions also become apparent in
the NICS(0) aromaticity criterion, which reveales a changeaivn the group from
antiaromatic [Si;,]?{ to aromatic [Pb,,]%{.3%® The stability of the D 44-symmetric
closo[E,,] 2! cluster anions, on the other hand, is clearly mirrored in lgie negative

NICS(0) values, indicating high aromaticity which decreasedown the group.

Intermetalloid endohedral clusters [M@B?* with n = 9, 10, and 12

Theoretical studies on [M@(E,) 2{] clusters typically yield | ,-symmetric geome-
tries as the ground states, although there are exceptions tbe rule (E = Si), for
which non-deltahedral aggregates are energetically faved. Indeed, DFT geom-
etry optimisations con rmed the endohedral icosahedral stictures found experi-
mentally for the closed-shell species [Ir@st ,**° and [M@PR,]> (M = Ni, Pd,
Pt). 368405 The calculated bond parameters compare well with those olited from
single crystal structure determination. A natural charge D-1.07 has been found
on Irin [Ir@Sn,]® , justifying the formal description as [Ir!' @(Sn,) 2{ I . Inter-
action between the interstitial and cage atoms primarily azurs through mixing of

empty metal s and p orbitals with suitable cage orbitals, leang the d manifold
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5-fold degenerate®’

In the context of the current study, the recent work by Deng ad co-workers on
neutral M@Ph, complexes of the rst row transition metal series is particlarly
relevant. Mn@Ph, was reported to have a sextet ground state with 4.34 unpaired
electrons on the Mn centre, consistent with a Ml@PK{ formulation.*®? Indeed,
Kumar and co-workers have referred to the germanium and timalogues, MN@E,
(E = Ge, Sn) as ‘'magnetic superatoms$9! where the high local moment at the
metal centre is shielded from the environment by the E cluster.

The neutral nickel analogue, Ni@PJ, formally isoelectronic with [Mn@PR,]® ,
was reported to have a triplet ground state and only minor deations (within
0.06A) from icosahedral symmetry. The very weak Jahn-Teller disttion in
Ni@Pb, contrasts dramatically with the strong prolate distortion observed in
[Mn@Ph,]® . An icosahedral structure has also been postulated for the ian
[Co@Ph,] , also isoelectronic with [Mn@PR]® , which has been generated in
vacuum by laser ablation*!® Endohedral stannaspherene [M@$Sh of rst row
transition metals have also been characterised in gas-pkasxperiments’’® The
results of DFT calculations on these species match those abted by Deng and
co-workers, i.e. while [Cu@Sg| (lled sub-shell) and [Cr@Sn,] (half- lled sub-
shell) both have perfectl;, symmetry, the other members of the set (including
[Co@SK,] ) reveal only negligible Jahn-Teller distortions.

Turning to the E,, cluster compounds, the centred,y bicapped square an-
tiprism has been computed to be the ground state geometry ffiNi@E;,]*> (E =
Ge, Sn, Pb), [Pd@E)*> (E = Sn, Pb) and [Pt@Pb,)? , all of which have been
correlated with the cage's aromaticity’® Endohedral 10-vertex germanium clus-
ters [M@Gg,)* have been studied in great detail by King and co-workers at &

hybrid B3LYP level.3%:3% Preferences for di erent structures were explored as a
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function of both the central metal and cluster charge. Consient with the Wade-
Mingos rules, [Ni@Gg]?> adopts aD4y minimum energy structure, which is also
a local minimum for [Pd@Gg)]? , but collapses to aC;-symmetric mushroom-like
structure for [Pt@Gg,)*> . The centred pentagonal prism Ds,) represents a local
minimum for [Ni@Gg]*> (6 kcalmol ! above D4g), but importantly, is the en-
ergetically most favourable structure for the heavier commers Pd (13 kcal mol*
below D4q) and Pt (>15 kcalmol ! below other structures). For the neutral clus-
ters M@Geg, (M = Ni, Pd and Pt) the global minimum corresponds to the singlé
(S = 0) bicapped square antiprism in all cases. Ideal pentagonprisms are sta-
bilised in the triplet state, owing to the doubly degenerateharacter of the HOMO
and LUMO in these species, and they become increasingly stedgd with respect
to the ground state on descending Group 10. A number of singlew-energy un-
symmetrical structures are found for the tetraanions [M@Gg* . However, for
M = Pd the ground state corresponds to an ideal pentagonal min with S =
1, but perhaps surprisingly, for platinum the sameDs;, structure lies more than
30 kcal mol * above the global minimum. Based on an analysis of Mulliken atges
for all compounds, the authors argue in favour of an [Gg**? cage encapsulating
a central M!" anion, with a d'°s? con guration.

In the 20 skeletal electron clusters Ni@Gg [Cu@Gg,]* and [Zn@Gg)** the
ground state tetracapped trigonal prism Cs,) and the bicapped square antiprism
are very close in energy with a maximum separation of 4.6 keabl * for the nickel
derivative. In fact the relative energies are somewhat depeéent on the chosen
functional. Ahlrichs et al. have found aD 44-symmetric ground state with the BP86
GGA functional for the cluster series Ni@E and [Zn@E,]** (E = Ge, Sn, Pb)
having the same electron courft!! For [Zn@Gg,]** and [Cu@Gg,]* pentagonal

prismatic structures have also been obtained as local minign 23 kcal mol * above
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the respective ground statesCs, minimum energy geometries are adopted by 24
skeletal electron clusters, and again a pentagonal prisnmatstructure has been
located for zinc (+12 kcalmol 1), albeit somewhat distorted from the idealDs,
symmetry.

For the clusters [Cu@Gg]°® and [Zn@Gg,)]* (26 skeletal electrons) theDsq
pentagonal antiprism predicted by the Wade-Mingos rules athe C;, tetracapped
trigonal prism at a somewhat higher energy have been calctdd to be lowest in
energy overall. For [Ni@Gg]® , however, the energetic order is reversed.

The e ect of the electron count on the geometries of di erentsymmetry has
been explained in terms of the bonding/antibonding charaetistics of the frontier
molecular orbitals. King has reasoned that interactions lween the interstitial
atom and the surrounding environment are most pronounced ioases when the
ns orbital of the central metal functions as an electron donoio the cage. For
instance, the nickel atom in Ni@Gg formally retains a lled d° shell, whereas
zinc in [Zn@Gegy]** is formally ionised to Zr¢* and interacts strongly with the
cluster fragment orbitals, leading to stabilisations, asupnti ed by MO interaction
diagrams. Beryllium as source of two extra cluster electrarhas very recently been
shown to have little e ect on the structures of several [Be@d#z]* clusters, thus
the same polyhedra were found for isoelectronic pairs ofelll [Be@Gg]* / empty
[Geyo)? cagesti?

As a general result, King and co-workers argue that the inteah cage volume
available to the interstitial atom can override electronicconsiderations. Conse-
quently, the Wade-Mingos formalism is most applicable whethe E,, unit has a
large a cavity as possible, e.g. when E is a heavy element sashPb. However,
if the cavity is too small, particularly in the case of Ge, maixnising the internal

volume of the polyhedral cavity can dominate over electrooie ects.
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DFT calculations (B3LYP/cc-pVTZ(-NR), PCM) on [Co@Ge,]* by the
Fassler group have con rmed that theD 5,-symmetric pentagonal prism indeed cor-
responds to the ground staté€®* The HOMO-LUMO gap is a substantial 2.27 eV,
and a natural charge of -1.05 on cobalt supports the notion afd'® closed-shell con-
guration on this centre. The Ds,- and D 44-Symmetric stationary points of the iso-
electronic anions [Co@Gg®* and [Ni@Gg,? dier by +13.3 and
-5.33 kcalmol !, respectively. Thus the energetic separations are smallnd a
change in the preference for one or the other symmetry seenosdccur between
Groups 10 and 9. It is worth noting that the D44 stationary state of [Co@Gg]?
revealed a small (degenerate) imaginary frequency48.0 cm ). The electronic
structure of the Ds,-symmetric cluster has been further analysed by means of the
electron localisation function (ELF), indicating the pregnce of three types of va-
lence basins. One type is localised on the Ge vertices of tHaster, representing
the lone pairs, another was found between neighboring Ge ate within the 5-
membered rings, and nally, smaller basins were located &g the ve inter-ring
bonds. No basins were found for the Co-Ge bond vectors, sudgyesof a highly
delocalised character of the bonding between the Co and Geoats. From the
experimental and theoretical data it has been concluded th§Co@Gg,]* should
best be regarded as intermetalloid cluster with highly detalised bonding. It is
interesting to note that [Co@Geg,] with 20 skeletal electrons has been generated
in the gas phase by laser vaporisation as early as 2063 and the minimum energy
structure was calculated to be the bicapped square antipris*'4

Most of the known synthetic endohedral clusters representosed-shell systems.
The trianionic clusters [Fe@Gg)® , [Fe@Sn,]* and [Mn@Ph,]* from the labo-
ratories of our collaborator Dr. Goicoechea and his co-wais are the rst examples

that contain odd numbers of electrons, and as such are not dily interpreted in
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terms of Wade-Mingos rules. In this chapter we will attempt @ address the sub-
tle electronic factors which give rise to the observed striugal di erences between
otherwise isoelectronic species, i.e. [Mn@BB vs. Ni@Ph, and [Fe@Gg]*
vs. [Fe@Sp)® . Fassler has noted that it is surprising that [Fe@Gg]®* and
[Co@Geg® are both isostructural, as the latter features a degenerafedy HOMO
set, and therefore removal of one electron might be anticifgal to induce a Jahn-
Teller distortion.3° In this context we also hope that our electronic structure

analysis will shed some light onto this issue.

4.2 Methodology

All calculations described in this chapter were performed ti the Amsterdam
Density Functional package (ADF2010.02%%58 The TZ2P Slater-type basis set of
triple- quality, extended with two polarisation functions, was usgto describe the
1st row transition metals (M = Mn, Fe, Co, Ni, Cu, Zn) as well as he Group 14
elements (E = Ge, Sn, Pb). Electrons in orbitals up to and inciding 2p for the
transition metals and 3p, 4p and 4d for Ge, Sn, and Pb, respéatly, were consid-
ered part of the core and treated in accordance with the froaecore approximation
(M.2p, Ge.3p, Sn.4p and Pb.4d). All calculations employed th Local Density
Approximation (LDA) & to the exchange potential, along with the local exchange-
correlation potential of Vosko, Wilk and Nusair (VWN)*® and gradient corrections
to non-local exchange and correlation proposed by Becke aRdrdew (BP86)2%22
All calculations were unrestricted. Relativistic e ects wee incorporated using the
Zeroth Order Relativistic Approximation (ZORA).*%%7 The presence of cations
in the crystal lattice was modeled by surrounding the clusts with a continuum
dielectric model (COSMO)?%® The chosen dielectric constant = 78.4 corresponds

to that of water, although structural parameters are not stongly dependent on this
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choice. All structures were optimised using the gradient abdgithm of Versluis and
Ziegler*® For the discussion of the cluster [MN@PBb]* , we note that I, point
symmetry is not supported in ADF, but by using an appropriate gb-group (in this
caseDsq) and imposing a symmetric electron density distribution wh 1 spin- and
¥s spin- electrons in each of the ve highest lying orbitals with the gmmetries
of the 3d set (aq, €14, &), it iS possible to converge on the-symmetric geome-
tries discussed below. Stationary points were charactests by analysis of their
harmonic frequencies: true minima and transition states wa 0 and 1 imaginary
frequencies, respectively. Frequencies were computed lymerical di erentiation

of energy gradients in slightly displaced geometries.

4.3 The endohedral cluster [Mn@Pb ,]3

4.3.1 Optimised geometries

Given the rather low quality of the X-ray data, we have condu@d an exhaustive
survey of the potential energy surface of the [MNn@RJ)® anion to identify all
possible isomers. This analysis reveals two almost isoayedic low-lying stationary
points (Figure 4.6 and Table 4.1), one wittD 3y symmetry, the other D,,, both of
which have a triplet multiplicity (S = 1). The most stable quintet, in contrast,
lies 11.3 kcalmol?! higher in energy and can therefore be eliminated as a candi-
date for the ground state. Both theD,,- and D 33-symmetric triplets show strongly
prolate distortions from the idealised icosahedron, and ifact the D,,-symmetric
structure bears a striking resemblance to the X-ray data: th&n-Pb distances
split into three distinct sets of 2.91, 3.15 and 3.3B (c.f. 2.90, 3.10 and 3.3®\
from X-ray), while the computed Pb-Pb separations range fror.16 to 3.76A (c.f.

3.10-3.75A from X-ray). In the Djzg-symmetric structure, in contrast, there are
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only two distinct Mn-Pb bond lengths, 2.94A and 3.33A (in a 6:6 ratio) while the

Pb-Pb bond lengths range from 3.16 to 3.6A.
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Figure 4.6: Optimised geometries of [Mn@Ph,]® (I, D2y and D3q Symmetries). Mn-
Pb bonds and distances Q) in purple, Pb-Pb bonds and distances in grey. The orienta-
tion of the principal axis of rotation is indicated. [Original in colour]

Despite the subtle di erences between th®,,- and D3zy-Symmetric structures,
the gross features of the prolate distortion are very similathe span of Pb-Pb and
Mn-Pb distances is almost identical, as is the average Pb-Reparation ( 3.30A
vs. 3.22A from experiment). The second orientation of theDd 33-symmetric cluster
anion shown in Figure 4.6 emphasises the point that structal di erences between
the D3y and Dy, structures are minimal. TheD3sy isomer proves to be the global

minimum although the D,,-symmetric alternative lies only 0.5 kcal mol* higher in
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energy, well within the anticipated accuracy limits of the omputation. In fact, the
D ,n-symmetric structure is not a true minimum but rather repregnts a transition
state (118 cm 1) which connects two equivalentD 33-symmetric geometries. The
magnitude of the imaginary frequency is, however, very snhabnd we conclude
only that the potential energy surface is very at in the regbn connectingD ,p-
and Dsg-symmetric structures. NoC,,-symmetric minima were located - all at-
tempts converged on the nearedd ,,-symmetric alternative. We have also located
a perfectly icosahedral stationary point (Mn-Pb = 3.11A, Pb-Pb = 3.27 A), which
lies 15 kcalmol ! above the Dsg-symmetric global minimum. The large energy
gap indicates that the crystallographically observed prate distortion has a strong
intrinsic electronic driving force.

Also included in Table 4.1 are the structural parameters, spidensities and en-
ergies of the corresponding stationary points for the isagtronic species Ni@Bb.
Deng and co-workers have previously reported that the distitons from icosahedral
symmetry in this species are smaff?> and our own calculations con rm this to be
the case: the shortest and longest Ni-Pb distances di er by §n0.07 A and the
D,n- and D sg-symmetric structures are only 2.3 kcal mol more stable than the

perfectly icosahedral reference point.
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Table 4.1: Calculated bond lengths @A), relative energies (kcalmol ) and Mulliken spin densities of [Mn@Ph,]® and Ni@Ph,,. Values in
parentheses indicate the number of symmetry equivalent bods of a given length.

[MNn@Pb,,]? Ni@Pb,,
I D2n D3d Dsq In D2n D3qg Dsqg
M-Pb 3.11 2.91, 3.15, 3.35 2.94, 3.33 2.92, 3.15 3.10 3.06, 3.10, 3.08, 3.12 3.09, 3.13
(12) (4:4:4) (6:6) (2:10) (12) 3.13 (6:6) (2:10)
(4:4:4)
3.27 3.16, 3.17, 3.18, 3.16, 3.18, 3.26, 3.18, 3.28, 3.36 3.26 3.23, 3.25, 3.24, 3.26, 3.27 3.25, 3.27
Pb-Pb (30) 3.22, 3.46, 3.76  3.64 (6:6:12:6) (6:6:6) (30) 3.28, 3.29 (6:6:18) (20:10)
(2:8:2:8:8:2) (2:18:8:2)
Spin densities
M 3.21 3.35 3.33 3.18 0.63 0.68 0.71 0.66
Pb,, -1.21 -1.35 -1.33 -1.18 1.37 1.32 1.29 1.34

Rel. energy +14.8 +0.5 0.00 +7.4 +2.3 0.00 0.00 +0.9




4.3.2 Analysis of the electronic structure

Having established that DFT reproduces the key experimentabbservables for
[Mn@Ph,]® (viz. the strong prolate distortion and the non-singlet grand state),
we are in a position to explore the electronic origins of thastortion. The perfectly
icosahedral closed-shell species [Ni@Fb , the Kohn-Sham orbitals of which are
shown in Figure 4.7, provides a natural reference point fohé discussion. Eichhorn
and co-workers have previously discussed the electronicusture of the platinum
analogue, which is very similar, qualitatively and quantiatively.*®” The HOMO
and HOMO-1, 2h, and 1ty,, are localised primarily on the PQ, cage, the latter
lying just above the ve-fold degenerate orbitals with donrmant Ni 3d character
(1hg). The LUMO and LUMO+1 (1g4 and 3h,, respectively) have almost exclusive
Pb 6p character, and their spatial properties prove to be dical to the discussion of
the low-symmetry distortion in [MNn@Ph,]® : the LUMO is a linear combination of
tangentially oriented 6p orbitals on Pb ("surface-only' dsitals in the nomenclature
of King and co-workers)9-420 |n contrast the hg-symmetric LUMO+1 can in prin-
ciple have both radial and tangential character, but the caour plot in Figure 4.7
con rms that the radial component is dominant.

The removal of two electrons from the frsymmetric HOMO of [Ni@Ph,]?
generates a Jahn-Teller instability, and thus distortion fom the I, symmetry of
the closed-shell systems is to be anticipated. We note, howge, that while this
statement is equally true for both [Mn@Pb,]® and Ni@Ph,, the nature and
magnitude of the distortion is very di erent. The Kohn-Shamorbitals for Ni@Ph,,,
in both I, and D, symmetry, are shown in Figure 4.8. The two holes are localése
in a primarily Pb-based HOMO and the majority of the spin dengy is therefore

distributed over the Pb,, cage (ppn,, = 1.37) with only a small amount transferred
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onto the Ni centre (i = 0.63). The presence of same-spin (i.e. spin)} density
on both metal and ligand (in this case the Pb, cage) is typical of cases where the
dominant interaction is between the d orbitals of the metal ad an occupied ligand-
based donor orbital. TheD,,-symmetric form is only marginally more stable,
and the frontier orbital domain and spin density distribution are not substantially
a ected by the distortion: the degeneracy of the 2horbital is lifted such that a
3-below-2 pattern emerges, but the magnitude of the splittg is less than 0.01 au.
The frontier Kohn-Sham orbitals (Figure 4.9) and net spin desities (Table 4.1)
for [Mn@Phb,]® (I and Dy) indicate a very di erent electronic situation from
the isoelectronic Ni@Pb,. The net spin density on the Mn centre (+3.21 inly
symmetry) is much greater than that in Ni@Ph, (+0.66) and even exceeds the
limiting value of 2.0 for an entirely metal-centred triplet To compensate for this
high spin density at Mn, a negative (i.e. spin-) density of -1.21 is delocalised over
the Pb,, cage. The accumulation of minority-spin density on the ligad is very
typical of ligand-centred radicals, which are most commoylfound in combination
with rst row transition elements near the middle of the d black (Mn, Fe, Co).
The dramatically di erent electron density distributions in the Ni and Mn species
can be traced to the relative stabilisation of the 3d orbita on moving left to right
across the transition series. Thus the jassymmetric HOMO in |, symmetry lies
considerably higher in [Mn@PR]® than in Ni@Pb,,, and moreover has dominant
Mn 3d rather than Pb 6p character. The complementary Pb 6p chiacter is now
localised in the lower-lying 1§ orbital. As a result the holes in the valence shell
(and therefore the unpaired electron density) are localideon the Mn centre rather
than over twelve Pb atoms, and the exchange splitting betwaespin- and spin-
components of the 2p HOMO is much more pronounced. The combined e ects of

(i) the lower e ective nuclear charge on Mn and (ii) the greatr exchange splitting
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of the HOMO serve to push the spin- component up, such that it lies in the same
energetic window as the LUMO (1g) and LUMO+1 (3hy) of the [Pb;,]*> cage.

Symmetry-allowed mixing between the latter and the Mn 3d oiitals therefore

results in partial transfer of spin- electron density from the metal to the cage.
The resultant build-up of spin- density on the metal means that y,, exceeds the
value of 2.0 for a pure metal-centred triplet.

The impact of allowing the structure to relax froml, to D, symmetry is energet-
ically much more signicant in [Mn@Ph,]* compared to Ni@Ph,
(14.3 kcalmol ! vs. 2.3 kcalmol '), and the perturbations to the frontier orbitals
are similarly magni ed. Thus three components of the spin-2h; HOMO are sta-
bilised by more than 0.02 au while the other two are destalsked by 0.02 au. The
origin of this much enhanced splitting, and hence much morergnounced asym-
metry of the cluster, lies in the energetic proximity of the UMO and LUMO+1 of
the cage (1¢ and 2hy, respectively). The two orbitals are spatially very di erent:
the former has exclusive tangential Pb 6p character while ¢h6p orbitals in the
latter are aligned primarily in the radial direction. In I, symmetry, sharing of
d-electron density between the metal and the cage occurs ksively through the
hy orbitals, and the result is the presence of radial Pb 6p chaster in the partially
occupied 2R( ) orbital (Figure 4.9). Low-symmetry distortions, howevey allow
second-order mixing of one or more components of the clossgparated iy and
gy Sets, the net e ect of which is to introduce some strongly PBb antibonding
tangential character from the g manifold into the highest lying occupied spin-
orbitals. A comparison of the contour plots of the spin- HOMOs shown in Fig-
ures 4.9a and 4.9b highlights the tangential nature of the Rb-based components
of the HOMO in Dy, symmetry. The net e ect of this second-order mixing is

to further enhance charge transfer from the endohedral maagese centre to the
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[Pb,,]> cage, increasing the magnitude of the spin densities by0.14 (y, =
+3.35, pp,, = 1.35) and allowing the Mn centre to approach more closely ehlimit
of the half- lled shell. The descent in symmetr§?* summarised in Table 4.2 also
highlights the fact that the D, and D 3g-symmetric distortions allow for stabili-
sation of three of the ve components of the frsymmetric orbital, precisely the
situation required for a formal & electron count with three spin- electrons. A
Dsq-symmetric distortion, in contrast, allows only for the stdilisation of two (ei-
ther e,y or &) or four (both e;y and &) components but not three, and indeed
the corresponding optimised structure is stabilised by onl0.32 kcal mol ! relative
to the 1,-symmetric reference state. In the isoelectronic Ni@RBhbanalogue, where
transfer of electron density from the endohedral metal to # Pb,, cage is much
less pronounced, the energetic distinction betweén, Dsq and Do,/ D34 Structures
is much more marginal.

Table 4.2: Descent in Symmetryl, ! Dgg! D3ag! Don.

I'n Dsq D3qg D 2n
Oy €9 + e2g € taig + Az ag + big + bag + b
hg €9 t €29 T Ayg 2 + ajg 23 + b1g + bog + bag

The “broken-symmetry' nature of the wave function for [Mn@®.,]® , where
spin- and spin- orbitals di er spatially, is very typical of ligand-centred radicals,
which, as noted above, are most common for transition metatear the middle of
the 3d block. The reason for this is that the high exchange emges associated
with half- lled (or nearly half- lled) shell disfavour the sharing of electron density
between metal and ligand. We can therefore identify the dring force pushing
spin- electron density onto the PR, cage as the increased exchange stabilisation
associated with the accumulation of spin- density at the metal. The limit of

complete transfer of the three electrons to the cage correspls to a [Mn"' @P) J°
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distribution with a stable half- lled Mn d shell, consistert with the proposals of
Dengf®? and Kumar®®? for [Mn" @EZ . Alternatively, and by analogy to Fassler's
iridium system 3% the cluster could be formulated as [MA' @PI{ P . The net spin
densities of +3.21 and -1.21 on Mn and the Bb cage, respectively (Table 4.1), lie
approximately mid-way between the values anticipated forhte two limiting forms:
IMn"@PES R ((mn = +5.0, pb, = -3.0) and [Mn'@PIES B ((mn = +2.0,

Pb, — OO)

4.4 The clusters [Fe@Gg,]® and [Fe@Sn,]®

As noted in the introduction the approximately deltahedral sructure of the title
species [Fe@Ss1® is, in isolation, unremarkable, being only marginally disirted
from the ideal bicapped square antiprismatic structures fyical of the closed-shell
group 10 analogue, [Ni@PKJ?> . However, the contrast with the Ge analogue
[Fe@Geg,)® , with its pentagonal prismatic geometry, is striking, and pesents an
opportunity to explore the electronic origins of the struatiral di erences within
a well-characterised isoelectronic pair. King and co-wagks have argued that the
adoption of this Ds,-symmetric structure in [Pd@Gg,]> and [Pt@Gg,]> but not
the nickel analogue simply re ects the larger size of the 4dhd 5d elements relative
to the cage, which can only be accommodated in the larger pagbnal prism34% 3%
A similar argument can be invoked for the [Fe@Gg® / [Fe@Sn,]® comparison:
the larger volume of a deltahedral S cage might be able to accommodate a
formally Fe!' ion where a Gg, cage cannot. However, the fact that qualitatively
similar trends are observed in the isoelectronic [Mn@B / Ni@Pb,, pair, where
di erent degrees of electron transfer from metal to the cageroves to be the deter-
mining factor, suggests that a similar mechanism may be ogive here. In this

section we aim rst to establish that density functional theory can reproduce the
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observed structural chemistry (i.e. a preference for Bs,-symmetric geometry in
[Fe@Geg,® but not its tin analogue), and then go on to explore the electmic
origins of the structural di erences.

With a view to the second of these goals, it is useful to considvarious limiting
formulations of the [Fe@E,]* species and their implications in terms of electron
counting. An empty closo[E,(]?! cage would require 42 (i.e. @+ 2) valence elec-
trons, so one possible formulation of the 51-electron Fe sjs is as [Fé' @B J° :
i.e. a formally anionic Fe centre with a 8 con guration. A similar model has been
proposed for [Co@Ggl]® , where the calculated natural charge of -1.05 on the Co
ion points towards a [Co' @G&{]® formulation with a closed-shell d° con g-
uration. Alternatively, a closed-shell d° con guration at the Fe centre could be
achieved by transfer of one electron from the cage to the métgiving a limiting
[Fe!" @E{ ]® formulation. Conversely, electron transfer from the metato the
cage leads to an [Fd @E{]® formulation wherein the Fe centre attains a stable
half- lled shell (high-spin d®) con guration. Whilst such a high degree of charge
separation is unrealistic, we have argued previously thabé exchange stabilisa-
tion associated with high spin densities at the metal (the timate limit of which
is the half- lled shell noted above) contributes to the drivng force for the highly
distorted structure observed in [Mn@PR]® . A rather di erent perspective comes
from noting that the three-connected pentagonal prism is # typical structure for
an electron-precise 10-atom cluster, [§]°{ with a total cluster electron count of
50 electrons. As highlighted by Fassler, such a con guratiois precisely analo-
gous to the well-known group 14rJprismanes, ER,,38% 422428 glthough in case of
[Fe@Gg® it would imply an extremely polarised limiting [Fe"" @E{]®  for-

mulation. We return to a discussion of the electronic structre in terms of the

This total valence electron count (TVEC) includes the 2n external lone pair electrons.
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continuum de ned by these limiting formulations followinga survey of the poten-
tial energy surfaces for the two clusters, [Fe@GF and [Fe@Sp,]® , computed
using density functional theory.

In order to explore the potential energy landscape of bothtte clusters we used
the following strategy, proposed by King and co-worker8* The polyhedra shown
in Scheme 4.1 with 3-, 4- and 5-fold symmetry provide a convent starting point
for the optimisations. All of these represent common host cag that accomodate
interstitial metal atoms. During the initial geometry optimisation of the clusters
the indicated symmetries were kept xed. Symmetry-breakig was then allowed in
subsequent optimisation runs, using imaginary vibratiorlamodes to converge to
the nearest local minimum. This protocol allows us to probe Erge part of the
con gurational spaceY

Scheme 4.1: 10-vertex polyhedra used as starting geometries for the ofrnisations. The

central metal ion is not shown.

pentagonal bicapped square tetracapped
prism (Dsp) antiprism (Dg4q) trigonal prism (Csy)

4.4.1 Optimised geometries

The doublet potential energy surface for the [Fe@G# cluster features a number
of stationary points, illustrated in Figure 4.10. The most &ble quartet lies more
than 20 kcalmol ! higher in energy and can therefore be safely ruled out as a
possible ground state. Bond lengths and Mulliken spin detigis for the various

minima are also summarised in Table 4.3.

YRemaining imaginary frequencies are indicated throughouthe text and within gures.
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Table 4.3: Calculated bond lengths (A), relative energies (kcal mol 1) and Mulliken spin densities of [Fe@G§0]3 and [Fe@S@O]3 . Values in
parentheses indicate the number of symmetry equivalent bods of a given length.

[Fe@Ggy* [Fe@Sn,]°
Dsh D 44 Csay Cay Dsh D44 Csy Cay Cz
M-E 2.54 244,255 243,244, 242,242,245, 2.88 2.67,3.13 2.60,2.69, 2.65,2.69, 271, 2.64,2.70,
(10) (8:2) 2.46, 2.48 2,51 (10) (8:2) 2.80, 2.85 2.89 2.70, 2.71,
(1:3:3:3) (2:2:2:4) (1:3:3:3) (2:2:2:4) 3.09
(2:2:2:2:2)
255,265 267,268, 260,265 257, 268,271, 2.89,6 298 3.04,3.06, 297,298 293, 3.02, 3.05, 2.94-3.42
E-E (10:5) 3.12 2.72,2.78, 271,273,277, (10:5) 3.35 3.11, 3.11, 3.07, 3.10, 3.11,
(8:8:8) 3.03, 3.86 2.90, 3.16 (8:8:8) 3.27, 4.50 3.20, 3.40
(3:6:3:6:3:3) (4:2:4:1:1:4:4:2) (3:6:3:6:3:3) (4:2:4:1:1:4:4:2)
imag freq. / cm 1 { i38 i757 { { i27 i554 i37 {
Spin densities
M 1.45 0.65 0.36 0.53 1.96 1.16 1.05 1.22 1.28
Eio -0.45 0.35 0.64 0.47 -0.96 -0.16 -0.05 -0.22 -0.28
hs?i 0.84 0.77 0.76 0.77 1.09 0.80 0.99 0.94 0.88
Rel. energy 0.0 +8.5 +8.3 +5.9 +7.6 +0.7 +4.5 +0.9 0.0




The global minimum proves to be &AY state with a pentagonal prismatic struc-
ture (Dsy, symmetry), and the calculated structural parameters are irexcellent
agreement with their crystallographic counterparts. The én symmetry-equivalent
Fe-Ge separations are 2.54 (c.f. 2.51-2.53A from X-ray) while the inter-ring
(vertical edge,v) and intra-ring (horizontal edge,h) Ge-Ge bond lengths are 2.65
and 2.55A, respectively, (c.f. 2.61-2.6A and 2.53-2.54A). The ratio V/h between
the lengths of the vertical and horizontal edges is 1.04, cparable to values of
1.05-1.06 computed for the series [M@GE (M = Ni, Pd, Pt) 3% and 1.06 for the
[Co@Geg® cluster 38 all of which exhibit a total valence count of 52. The Ge-Ge
bond distances in [Fe@Gg]® are however substantially shorter than in the Group
10 analogues, where the edge lengths range from 2478v) and 2.61A (h) for Ni
to 2.83A (v) to 2.68A (h) for Pt.

Fassler has previously noted that the isostructural relabnship between
[Fe@Geg,)® and 52-electron [Co@Gg]® is dicult to reconcile with the dou-
bly degenerate nature of the HOMO in the latter (8°symmetry) which, in the
absence of electronic rearrangement, would imply a Jahnileg active 2ES°ground
state for the Fe compound3® Our calculations indicate that this 2EQ°state lies
17 kcalmol ! above the2A? equilibrium structure. Amongst the alternative struc-
tural motifs, only the C,,-symmetric structure represents a true minimum, lying
6 kcal mol ! above theDs,-symmetric ground state. The Fe-Ge separations in this
case range from 2.42 to 2.5A while Ge-Ge bond distances vary between 2.57 to
3.16A, substantially longer than those in the pentagonal prism.

The C,,-symmetric structure is very closely related to the deltaldral bicapped-
square antiprismatic structure Q.q), which lies only 2.5 kcalmol?! higher in en-
ergy. The Fe-Ge bond distances in this case split into two disct sets, 2.55A

and 2.44A in a 2:8 ratio, while the Ge-Ge bond lengths range from 2.60 8.12A.
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The D 44-symmetric structure is in fact not a minimum but rather a seond order
saddle point, and following either of the doubly-degeneratimaginary frequencies
(i38 cm 1) leads to the more stableC,,-symmetric species.

Scheme 4.2: Imaginary modes of theD 44- and Cz,-symmetric structures. Viewed along
highest axis of rotation.

i38 cm’(e,) i757 cm’(e,)

Likewise, optimisation of the tetracapped trigonal prismac geometry (C3, symme-
try) also yields a second order saddle point, almost isoegetic to the D 44 Structure
and +8.3 kcal mol ! above theDsy, global minimum. Following either of the doubly
degenerate imaginary modes 757 cm 1) again leads to theC,,-symmetric struc-
ture.

Turning to the [Fe@SR,]®* homologue, a corresponding range of stationary
points can be located on the potential energy surface, but éhglobal minimum
is now a C,-symmetric structure with bond lengths remarkably similarto those
in the crystal structure. As anticipated in the discussion othe structural data,
the C,-symmetric global minimum is also closely related to the dahedral D 44-
symmetric structure (1 imaginary frequency) which lies ogl 0.7 kcal mol  higher
in energy, con rming the view that the tin cluster can be vievd as essentially
deltahedral. The pentagonal prismatic Dsp) structure is also a local minimum on

the potential energy surface, but lies 7.6 kcal mot above the global minimum.
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4.4.2 Trends along the series Mn Fe Co Ni Cu Zn

The discussion in the previous paragraph establishes thdté computed potential
energy surfaces faithfully reproduce the known structuralhemistry, in so much as
the global minimum is approximately deltahedral for [Fe@Ssl® but pentagonal
prismatic for the Ge analogue. Some insight into the undeiilyg electronic origins
of this trend can be gained by considering the variation in tative energies of the
various geometries across a more extended isoelectronigesecontaining the rst
row transition metal series, [M@E]" (Fe: n=3 ;Co:n=2 ;Ni: n=1 ;
Cu: n=0; Zn: n = 1+, E = Ge, Sn), all of which have a total valence electron
count of 51 (Figures 4.11b and 4.11d). We also consider theme-electron reduced
homologues with 52 valence electrons (Figures 4.11a and14)] some of which
have previously been discussed by Fassi&r and by King.2%33% The members
of these two isoelectronic series are simply related by thacgessive addition of
protons to the endohedral transition metal centre, so crosg the series from Fe to
Zn involves a progressive shift in electron density away frothe Ge,, cage towards
the endohedral metal as well as a decrease in size of the latt®ne immediately
striking feature is that the trend lines for theD 44, C,, and Cz,-symmetric structures
lie approximately parallel to each other (note that the refeence point is always the
Ds,-symmetric structure), con rming the fact that all three are closely related
electronically as well as structurally (as marginally disirted deltahedra).

For the [M@Gg,]" group with 52 skeletal electrons (Figure 4.11a), a singlet
state with a closoD 4y bicapped square antiprism (the structure anticipated by tkb
Wade-Mingos rules) is unambiguously the global minimum fahe later transition
metals, M = Ni, Cu and Zn. However, the energetic separation b&tenD 4- and

Ds,-symmetric isomers decreases steadily on moving left from bwards Fe, and
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a crossover occurs between Ni and Co, where the global minimismow the Dsp,-
symmetric structure. Korber has previously noted that, \sme kind of border
seems to have been crossed when moving from Group 10 to Groupn@ohedral
atoms, and the encapsulated transition metal atom clearlysinot as innocent a
template as it was assumed to be from the earlier resulté® In this case, the
"border' involves a switch in stability of the Dg, and D44 Structures, such that
the former is the global minimum for Fe and Co. The crossovertweenDs, and
D4q structures also coincides with the emergence of imaginameduencies in the
latter: these imaginary frequencies lead to marginally merstable C,,-symmetric
structures, but these still lie well above theDg, global minimum. Our results for
this 52-electron series are fully consistent with earlietculations 345381, 393,394,412

Turning to the 51 electron clusters (Figure 4.11b), [M@Gg", the overall picture
is very similar, except that the crossover betweeDs, (early transition metals)
and D4y (late transition metals) equilibrium structures is shiftel one position to
the left, now occurring between Co and Fe. The data in Figure 81 are consistent
with all available experimental evidence: both [Fe@Gg® and [Co@Gg]® adopt
the pentagonal prismatic structure but an approximately dikahedral geometry is
favoured for [Fe@Sp]® .

We highlighted previously that the ground state for [Fe@Gg]®* has2AJ symme-
try, and hence is not susceptible to rst-order Jahn-Telledistortion. For all later
transition elements, however, the ground state iBs, symmetry has?E3’symmetry,
and hence is prone to distortion. The singly occupied orbitan [Fe@Geg,]® (34,
Figure 4.12) has signi cant metal d. character whereas the Borbital is localised
by symmetry on the Ge cage. Thus the switch in ground state fno 2A9 to 2E2°
re ects the relative stabilisation of the d orbitals on crosing the period, and the

fact that the d*° shell does not participate strongly in bonding from [Co@Gg®
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onwards. The plots for the 52 and 51-electron Sn analogueM@Sn,]", shown
in Figures 4.11c and 4.11d are qualitatively similar to thasin Figures 4.11a and
4.11b, but the Dg,-symmetric structures are now uniformly destabilised by ca
20 kcal mol ! relative to the approximately deltahedral alternatives D4 , C3, and
C,y). The result is that in no case is theDsy, structure predicted to be the global
minimum, and most importantly, the [Fe@Sp,]* anion prefers the deltahedral

D4q geometry.

4.4.3 Analysis of the electronic structure

The trends within the isoelectronic series shown in Figure#l establish a clear
preference foD s,-symmetric structures in cases where the metal centre is foally
electron rich (or, more precisely, proton-poor), towardshie middle of the transition
series. The same trend is apparent in the shift in the crossavpoint from Ni/Co
for 52 electron [M@Gg]" species to Co/Fe for the less electron rich 51-electron
analogues, and also in the switch from B 44-symmetric structure for [Ni@Geg,]?

to Dsy for the more electropositive [Pt@Gg)? .

It is, of course, dicult to separate arguments based on the lectropositivity
of the endohedral metal from the steric arguments put forwdrby King and co-
workers: the more electropositive early transition metalare also the largest, the
two phenomena (size and electropositivity) simply being dirent consequences of
the variation in e ective nuclear charge across the serie¢lowever, the computed
spin densities and values dfS?i summarised in Table 4.3 o er strong evidence for
a link between structural preference (3-conneds, vs. deltahedralD,4q) and the
distribution of electron density between the endohedral nt&l and the cage. The
D 4-symmetric doublet state of [Fe@Gg]® shows negligible spin contamination

(nS?%i = 0.77) and has majority spin density ( ) on both metal and ligand, the spin
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delocalisation being typical of paramagnetic transition mtal complexes where elec-
tron transfer from ligand to metal dominates the bonding. Inthe Ds,-symmetric
isomer, in contrast, the net spin density on the Fe centre £ = 1.45) exceeds the
expected value for a metal-centred doublet (1.0), the suy being o set by an ac-
cumulation of minority spin ( ) density on the Gg, cage (-0.45). Spin polarisation
of this type is commonly found in complexes of non-innocengands. The spatial
distinction between spin- and spin- manifolds is indicative of signi cant spin con-
tamination, as evidenced by the value dfiS%i = 0.84 (>0.75 = S(S + 1), the value
expected for a pure doublet). At its extreme limit, the shiftof spin- electron den-
sity onto the cage would lead to the limiting formulation [Fé' @Ge; ]* discussed
in the introductory comments. The spin densities suggest #t the true situation
lies much closer to the [Fé' @Géo{ ]? limit, but the tendency to lose spin- elec-
tron density to the cage, and hence enhance the exchange diahtion of the metal
centre, is nevertheless clear. In the previous section wevhargued that the strong
prolate distortion observed in the [MNn@PR]® cluster is driven by a similar shift
in electron density transfer from the endohedral metal to #h cage. Thus the struc-
tural and electronic contrast between the highly distortedMn@Ph,]® and the
approximately deltahedral (and isoelectronic) Ni@PJ discussed above appears to
have similar underlying origins as the [Fe@Gg® / [Fe@Sn,]® comparison of
interest here.

It remains to be resolved why a rather marginal shift in elecbn density results
in such a dramatic change in structure, from an approximatglcloso deltahedron
typical of a 42 electron count on the cluster [Gg]?! to a pentagonal prism which
is, as noted above, the archetype for an electron precise [Jé°{ cluster with
50 valence electrons. A limiting formulation as [Fé' @G¢g0{]® is clearly totally

unrealistic, so why do the more electron-rich clusters notdapt a somewhat less
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distorted nido structure that would seem more appropriate for the more mainggal
accumulation of electron density on the cage suggested byetlspin populations?
The answer to this question lies in the fact that the electrowlensity is transferred
to vacant cluster-based orbitals not as “free' electrons etectron pairs (the basis of
the Wade-Mingos rules), but rather through covalent overla with occupied metal
d orbitals. Thus in cases where backbonding from metal to theage is signi cant,
the optimal structural form will be that which best stabilises the most available
electron density on the metal. In the case of [Fe@GF the four spin- electrons
are the most readily available (as they are destabilised ative to the spin- set by
exchange) and indeed the distortion from deltahedralX,4) to pentagonal prismatic
(Dsp) structures has the e ect of stabilising precisely four clster-based orbitals.
Thus the structural change is exactly the same as that req@d to accommodate
the four additional electron pairs in an electron-preciseSe, o] °¢ cluster, although
the degree of charge transfer to the cage is very much less.

In an exactly parallel argument, the prolate D,,-symmetric) distortion in
[Mn@Ph,]® discussed above stabilises precisely three vacant cagsdthorbitals
(relative to the closoicosahedral reference) exactly as required to accommodate
the three spin- electrons of the formally Mn!' centre.

These concepts can be placed on a more formal level by refegrio the Kohn-Sham
orbital array for the Dsy-symmetric isomer of [Fe@Gg* shown in Figure 4.12.
A symmetry analysis shows that the fteen Ge-Ge bonding orkals transform as
a2 +a%%+ e? + e+ ed + eY%intra-ring) and a? + e + €9 (inter-ring) while the ve

metal d orbitals transform as § + e3 + e%° giving the twenty valence orbitals shown
in the Figure. Of the Ge-Ge bonding orbitals, eleven are apmximately doubly oc-
cupied in the 2A? ground state while the other four (38 and 2€ are unoccupied

but overlap strongly with four of the Fe-based 3d orbitals (Ackbonding).
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This backbonding mechanism will be most signi cant in the sp- manifold, and
so the transfer of minority spin density to the cage and the dgation of hS?i from
0.75 are both clear indications of a ow of electron densitydm the metal to the
cage. Based on the distribution of electron density we argtieat the nature of the
distortion of the cage is determined not by theotal electron density transferred
to the cage via backbonding, but rather by thenumber of orbitals over which it
is distributed - we should anticipate the sameDs,-symmetric structure for any
cluster where electron density needs to be accommodated ouff distinct cage-
based orbitals. This model neatly rationalises the structe of [Fe@Gg]®* where
there are four high-lying occupied spin- orbitals, but it is perhaps less obvious why
the same structure is adopted by [Co@G#® where there are ve doubly occupied
d orbitals, not four (and therefore no spin polarisation). n principle it would be
favourable to distort in such a way that ve cage orbitals, réher than four, were
stabilised but the only way in which this could be achieved wid be to expand the
cluster while retaining an approximately spherical deltaiédral structure. Indeed
we note from Table 4.3 that the average E-E bond lengths in thB 44-symmetric
structures are longer than those in the pentagonal prisms. his global breathing
motion is strongly resisted by the underlying sigma bondinffamework that binds
the cage atoms, and as a result thB s,-symmetric structure where only four of the
ve components of the d orbital participate in backbondingjs the best compromise.

How then can we rationalise the di erent structural preferenes for [Fe@Gg]®
and [Fe@Sp,]® ? King and co-workers have argued that the transition from de-
hedral to pentagonal prismatic geometries is sterically ntrolled, the larger en-
dohedral metals requiring the larger but intrinsically les stable Dg,-symmetric
cluster architecture. The electronic structure model deleped here suggests that

where the metal is relatively electropositive th® s, structure is strongly stabilised
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by backbonding, and this plays a signi cant role in overcomig the intrinsic pref-
erence for a deltahedral geometry. Nevertheless the tranesit from deltahedral
(D4g) to pentagonal prismatic Os,) architectures is undoubtedly associated with
a reduction in strain in the Ggj clusters that is less signi cant in their Sn, ana-
logues. Thus, although the extent of backbonding (as measar by the spin-
density on the E, cage and by the deviation ofiS? from 0.75) is actuallygreater
for [Fe@Sp,]® than for [Fe@Geg,]® (Table 4.3), the absence of steric strain is
su cient to displace the equilibrium in favour of the deltahedral structure. Thus,
the di erences between [Fe@Gg® and [Fe@Sp]® therefore re ect the interplay
between backbonding from the electron-rich Fé centre to the cage and the in-
trinsic stability of the deltahedral cage: the former domiates for Ge, the latter for

Sn.

4.5 Conclusions

In this chapter we have discussed the electronic structurd a new class of open-
shell endohedral clusters, which adopt highly distorted genetries not readily inter-
preted in terms of the Wade-Mingos rules. In both [Fe@Gg#*® and [Mn@Ph,]®
backbonding from the encapsulated metal ion to the E,, cage plays a central role
in determining the overall topology. As a result of spin-polésation, backbonding
is most prominent within the spin- manifold (orbitals are higher in energy), and
so includes three electrons in the case of manganese and felactrons for iron.
The nature of the distortion (Do, for [Mn@Ph,]® and D, for [Fe@Geg,]® ) is
precisely that which stabilises the corresponding numberf dormally vacant or-
bitals on the cluster: three for thel, ! D, distortion and four for the Dyg ! Dy
distortion. Thus, the structure is controlled by the numberof orbitals over which

spin- electron density is distributed, rather than by the total density transferred.

197



5

Xenophilic Clusters

The electronic structure of so “xenophilic' clusters, whic contain both
organometallic fragments and Werner-type paramagneticdnsition metal centres,
presents a challenge to simple theories of bonding. Denditynctional theory shows
clearly that the cluster Mn,(thf) ,(Fe(CO),), is best described as an exchange-
coupled Mn} dimer, the closed-shell organometallic [Fe(CQJ?! fragments acting
simply as bridging ligands. The high-spin con guration of he Mn" ions leads to
single occupation of the Mn-Fe orbitals and therefore substantially weaker metal-
metal bonding than in conventional low-valent organomet&ct clusters. The transi-
tion metal fragments are e ective mediators of superexch@e Jcac = 44 cm 1),
leading to the measured e ective magnetic moment of5 g at 300 K, considerably
lower than the limiting value of 8.37 g for two uncoupledS = 52 Mn" centres.
The results obtained for the M’ dimer can be extrapolated to the hexagonal clus-
ter [Mn,(thf) ((CO),,] {. The overall cluster can be represented by an exchange-
coupled tetrameric M} subsystem. E ective superexchange communicated by
[Mn(C0),]3! fragments leads to large antiferromagnetid coupling within the
magnetic tetramer, and to a rst approximation these pathwgs can be broken
down into those of the dimer. Parts of this study presented ithis chapter were

published in Ref. [451].
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5.1 Introduction

The interactions between metal centres in clusters span adad spectrum of bond
types, from the strong covalent bonds present in low-valerarganometallic sys-
tems through to the very weak exchange coupling characteics of collections of
high-valent Werner-type paramagnetic centre&! In the rst class, exempli ed by

homoleptic carbonyls such as MJ{CO),, (a in Scheme 5.1), the bonding is typi-
cally discussed within the framework of molecular orbitaliteory, with an emphasis

on the direct overlap between d orbitals on adjacent centrg4’

Scheme 5.1: Various types of transition metal clusters.
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In contrast, the interactions between the paramagnetic met centres in Werner-
type clusters ([FgCly]3{, for example, b) are typically mediated by bridging lig-
ands, with direct overlap between the metal-based orbitalshaking only a minor
contribution. In such circumstances, ligand- eld-based wdels are a more natu-
ral reference point for describing the bonding?? The distinction between the two
classes is, of course, not clearcut, and a number of cased s@an the boundary
have been discussed in the literature. The nonahalides oktishromium triad are a
case in point: the chromium system, [GIClo]3{, clearly lies in the exchange coupled
regime, with a Cr-Cr separation in excess of 3A, but the larger 5d orbitals in the
tungsten congener allow more e ective overlap and hence aetit W-W triple bond
(W W =2.42 A).“® In certain cases, changes in counterion (e.g.;jMo,Clg], A =
NH,; , K*, Na", Li*)** or even simple crystal packing e ects (e.g. (CERUCI),( -
Cl),)*354%6 can cause a shift from one paradigm to the other. These exaresl
elegantly illustrate the innate exibility of the metal-metal bond/interaction.

The term “xenophilic' was coined to describe paramagnetidusters that con-
tain both low-valent organometallic and Werner-type trangion metal centres, and
their properties have been reviewed in some detail by both @e&f*” and Whittle-
sey?® Examples of such clusters include Mthf) ,(Fe(CO),), (Scheme 5.1c}3*
Fe,(py) 4(Fe(CO),), (d),**° Mn(thf) ,(Mn(CO)s), (e) and [Mn][Mn;(thf) ¢(CO) 4],
(f).#** The crystal structure of the latter compound is remarkableas it contains
two [Mn,(thf) ((CO),,] { anions, each of which is coordinated to an isolated Mn
cation via three carbonyl oxygens to give an octahedral cabnation geometry
about the cation. The framework of each [Mi(Mn(thf) ,),(Mn(CO),)g]{ frag-
ment contains a six-membered ring of Mn atoms, built from a#rnating Mn(CO),
and Mn(thf) , units, surrounding a seventh manganese at the ring centre torm a

planar Mn., disc.
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These clusters clearly fall between the two traditional bating paradigms, and
S0 present an intriguing challenge to theories of bondingt ik clear that xenophilic
clusters contain highly polar M-M bonds, but it is less clear what the most appro-
priate reference point is for a discussion of their electranstructure: should they be
viewed in the context of molecular orbital theory as polar asmogues of low-valent
clusters like Mn,(CO),, or rather as Werner-type clusters of paramagnetic centres,
where the low-valent metal centre acts as a ligand? In this apter, we discuss the
nature of the metal-metal bond in the manganese cluster M(ihf) ,(Fe(CO),),,
reported in 1996 by Whittlesey and co-worker&® This compound has an e ective
magnetic moment of 5.0 g at 300 K, close to the spin-only value of 4.47g
expected for a quintet state. It is important to emphasise, dwever, that no
temperature-dependent measurements were reported, sostnot clear, a priori,
whether this measured moment re ects the properties of andkted ground state
or of thermally populated excited states.

The electronic structure of this compound has been previdysdiscussed from
a molecular orbital perspective, and it has been argued thatrong overlap of
Mn- and Fe-based orbitals destabilises one of the ve Mn d oithls, such that
each manganese centre adopts a lo®l= 2 con guration.**? A narrow band of
orbitals formed through overlap of the remaining four d orltals on each manganese
centre (mixed to some extent with those on the iron centres} ipopulated by the
10 valence electrons, yielding a quintetA4 con guration (Figure 5.1), consistent
with the available magnetic data.

Similar arguments have been used by the same authors to pretdihe electronic
structure of the heptanuclear cluster [Mr(thf) ((CO),,]{. Each Mn atom in the

Mn(thf) , fragments again adopts the same loc&8 = ¥2 con guration, while two

The actual calculation has not been performed due to computonal limitations.
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bonding in Mn,(thf) ,(Fe(CO),),, according to Xu and Lin.*4? Note that the d, orbital
has been used for forming Fe-Mn bonds and has been omitted.
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valence electrons are used to form Mn-Mn bonds with its ring neighbours (Fig-
ure 5.2). The central Mn atom, which has been tentatively agmed the extra
electron due to the negative charge, possesses a Idgat Y2 con guration. The

Mn(CO), fragments are assumed to be inactive, being involved in formg three
bonds with adjacent Mn sites. On a qualitative basis, it has déen concluded that
interaction of the three sets of ¢ 2, dy, and d,. orbitals from the Mn(thf) , frag-

ments with the orbitals of the central Mn atom, d., p, and p,, could give rise to a
set of weakly bonding, non-bonding and antibonding molead orbitals. Depend-
ing on the distribution of the available 10 electrons (3 froneach Mn(thf),, 1 from

the central Mn atom), ground states betweers =2 and S =5 may result.

More recently, Akita and co-workers have reported the closetelated xenophilic
bimetallic complex 'P?TpMn Co(CO), (g in Scheme 5.1), along with its Fe, Co
and Ni analogues, and argued that the interaction between nadtcentres is largely
electrostatic, with only a very minor contribution from the direct overlap of the
d orbitals on adjacent metals®*® In this sense, the [Co(CQ)]{ fragment acts as
a diamagnetic ligand, completing the tetrahedral coordirteon sphere about the
manganese centre. The key di erence between these two bamglimodels lies in
the population of the Mn-M antibonding orbitals: in the earler model (Xu and
Lin“42), they are vacant (as in typical organometallic clusters)while in the Akita
model?*? they would be singly-occupied, as in typical exchange coepl clusters
of high-spin Mn"'. The contrast between these two models has encouraged us to
reassess the electronic structure of M(thf) ,(Fe(CO),), and [Mn,(thf) ((CO),,] {,
which is the subject of this chapter. Our revised conclusiors that these sys-
tems should be viewed, to a rst approximation, as exchangssupled Mn'" dimers
and tetramers, with the closed-shell [Fe(CQ]?{ and [Mn(CO),]3{ fragmentg4445

playing the role of bridging ligands. The computed value oft4 cm * for the Heisen-
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berg exchange parameter], is large for a Mr' dimer, but fully consistent with
the reduction in magnetic moment compared to the value of 83 g expected for
two non-interacting Mn"" centres. Likewise, in the M tetramer a J constant of
ca. -135 cm? is indicative of strong antiferromagnetic coupling betweethe four

Mn'' centres and results in an overalf = 5 ground state for the system.

5.2 Methodology

All geometry optimisations presented in this chapter were caed out using Gaus-
sian09>* Both complexes Mn(thf) ,(Fe(CO),), (1) and Mn,(thf) ,Cl, (2) are char-
acterised by two magnetic metal centres (Mh) with site spins of S; = S, = 92,
giving rise to total spins ofMs =5 for the high-spin (HS) state andMs = O for the
broken-symmetry (BS) state due to ferromagnetic and antifeomagnetic coupling
of the individual spin sites.

Scheme 5.2: Clusters analysed in this chapter.
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Geometry optimisations of the complexes in their broken-aymetry (Ms = 0)
states were performed without any geometrical constraintSC,; symmetry). The
stationary points obtained were con rmed to be minima by theabsence of imag-
inary frequencies. All calculations utilised the B3LYP® 26:31:32 hyprid functional,
in combination with the TZVP 2% triple- basis set of Ahlrichs and co-workers on
Mn and all coordinating atoms (: Fe(1), Fe(2), O(1), O(2), O(7), O(8), C(9)-
C(12), C(21)-C(24); 2: CI(1), CI(2), O(1)-O(4)) and the SVP?*’ basis set on the

remaining atoms. Using the Heisenberg-Dirac-van Vleck spin Hdtonian formal-
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ism (A = 238, $)), the exchange coupling constant), can be calculated from
the energy di erences between the high-spin and broken-symetry states according
to the approaches of Noodleman or YamagucPi.??® The energies of both broken-
symmetry (Egs) and high-spin states Ens) were calculated at the optimised ge-
ometry of the former. Corresponding orbital transformatias were performed using
the ORCA programme®°

Computations on complex [Mn(thf) ((CO),,] ! (3) were performed as single point
SCF calculations, using the corresponding unit extracteddm the single crystal X-
ray structure of [Mn][Mn,(thf) ;(CO),,],.*** These calculations also employed the
B3LYP functional in conjunction with the TZVP basis set on all @oms. Complex
3 is characterised by four magnetic metal centres (MY with site spins of S
= Y2 (i =1 4). The total number of distinct con gurations for an n centre
systemis 2 1, which in the present tetranuclear array translates into 8alculations.
Parallel and antiparallel coupling of the individual spinsyields e ective spins of
Ms = 10 for the high-spin (HS) state, as well as broken symmetry ates with
Ms =5 and Ms = 0. Since the system as de ned by the above Hamiltonian is,
in principle, overde ned, the set of linear equations was bed by singular value
decomposition?*® This approach guarantees the best possible solution in a $#a
square sense. However, due to the presence of Id@akymmetry we arrived at the

same result analytically.

5.3 Electronic structure of Mn ,(thf) ,(Fe(CO),),

5.3.1 Optimised geometry

The optimised geometry of the broken-symmetryM s = 0) state of Mn,(thf) ,( -

Fe(CO),), (1; thf = tetrahydrofuran) is depicted in Figure 5.3, and seleted struc-
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tural parameters are summarised in Table 5.1. The singleystal X-ray di raction
data are also shown for comparison, as are Mulliken spin déres on the man-
ganese centres,v,, and the expectation values of the squared total spin angula

momentum operatorhS?i.

om 2.65 C(11) o)
Fe(2)

Mn(1) Mn(2)
26g C(10)
Fe(1)
c(12) o)

C(9)

o)

o(1) o)

Mn(1) Mn(2)

0(3)

2

Figure 5.3: Optimised geometries and net spin densities of the brokenysnmetry singlet
state (Ms = 0) of complexes1 and 2, including selected bond lengths A).

The important structural features of the coordination sphee around the metal
centres are well reproduced in the broken-symmetry(s = 0) state, although the
Mn-O bond distances are overestimated by 0.10A, an error that is not untypi-

cal of calculations performed with the B3LYP functional. Moe importantly, the
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Table 5.1: Selected bond lengths A) and angles (°) for the Mg = 0 states of complexesl
and 2. The expectation value of the square of the total spin angulamomentum operator
(hS2i) and Mulliken spin density ( mn) on the manganese centres are also given.

Mn,(thf) ,(Fe(CO),), (1) Mn,(thf) 4(C), (2)

Exp. DFT DFT

Mn(1)-Fe(1) 2.63 2.68 Mn(1)-CI(1) 2.44
Mn(1)-Fe(2) 2.60 2.65 Mn(1)-CI(2) 2.43

Mn-O (thf) (av.) 2.10 2.20 Mn-O (thf) (av.) 2.07

Mn(1) Mn(2) 2.90 291 Mn(1) Mn(2) 3.35
O-Mn-O 91.4 91.3 O-Mn-O 108.2
Mn-Fe-Mn 67.2 66.2 Mn-CI-Mn 86.8
Fe-Mn-Fe 112.8 113.8 Cl-Mn-ClI 93.2

hS?i 4.97 hS?i 4.99
Mn 4.85 Mn 4.82

structure of the rhombic Mn,Fe, core is well reproduced, and the Mn Mn separa-
tion of 2.91A is in excellent agreement with the X-ray value of 2.98. The rather
acute Mn-Fe-Mn angle of 67.2is also well reproduced by theory (calc: 66’2 The
Mn-Fe separations are slightly asymmetric (2.68 and 2.6%), causing a distortion
of the diamond core that is also apparent in the crystal struare. The Fe(CO),
units also reorientate such that one of the carbonyl ligand® the Mn,Fe, plane
lies approximatelytrans to the longer of the two Mn-Fe bonds (Mn(1)-Fe-C(10) =
145.9, Mn(1)-Fe-C(11) = 112.7°). The net spin densities for the broken-symmetry
state of Mn,(thf) ,(Fe(CO),), are typical of an exchange-coupled MbYMn " dimer,
as is thehS?i value of 4.97.

The Kohn-Sham orbitals shown in Figure 5.4 are characteristof an “inverted'
ligand eld scheme, where spin polarisation strongly stalises the majority spin
orbitals ( on the left-hand Mn centre, on the right), such that the occupied and
vacant metal manifolds span the ligand-based levels. Thuke ve occupied spin-

orbitals localised on the left Mn centre are 169-172 and 17¥aile the vacant

spin- components (on the right) are 188-192a.
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Figure 5.4. Molecular orbital diagram for the broken-symmetry (Ms = 0) state of
complex 1. The orbitals of the isolated [Fe(CO)4]2{ ion are shown in the inset.
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The corresponding spin- orbitals are mirror images and are not shown in the gure.
The band of ten occupied orbitals 178-187a is made up of limemmbinations of the
well-documented frontier orbitals of the two [Fe(CQ)]?{ fragments (Figure 5.4,
inset).3*> The highest lying of these is an s/p/d hybrid (2a) aligned along the
bisector of the C-Fe-C angle, and a strongly Fe-CO antibonding orbital in the
equatorial plane (1R). The remaining three orbitals (per fragment) are relatedd
the octahedral 4 set and lie at a substantially lower energy. Our analysis ohe
electronic structure of 1 suggests that the [Fe(CO)]?{ units act as diamagnetic
ligands, mediating the exchange coupling between two higipin Mn' ions. All
Fe-Mn  orbitals are therefore singly occupied, leading to weakewohding than
in conventional low-valent organometallic clusters. Muclof the superexchange
literature has focused on conventional ligands containingain group elements, but
interactions mediated by diamagnetic transition metal ios are well known in the
context of ligand biradical complexe®* and also in linear chains of transition metal
iOI’lS.447{449

Following the procedure developed by Noodleman and co-worgkewe can map
the energies of the broken-symmetry and high-spin statesh@ latter computed at
the broken-symmetry geometry) oflL onto the diagonal elements of the Heisenberg
exchange Hamiltonian @ = 2JS, §,) to calculate the exchange coupling con-
stant, J.Y The resulting value ofJ = 44 cm ! indicates that the [Fe(CO),]?!
bridges support moderately strong antiferromagnetic exeimge between the man-
ganese centres. The prediction of a singlet ground state cha reconciled with the
measured . of 5.0 g at 300 K by incorporating the computed value ofl into
the Bleaney-Bowers equation for two exchange-coupl8d= ¥ 2 centres (Figure 5.5),

which predicts a highly temperature-dependent magnetic meent. Thus, a . of

YUsingJ = (Eus Ess)ss;s,).
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5.0 g at 300 K is consistent with aJ value in the region of -30 cm! { we note in

this context that the B3LYP functional used here typically owerestimatesJ.

Figure 5.5: The simulated e ective magnetic moment, . , of 1 in the temperature
range 0-300 K using the Bleaney-Bowers equationg(= 2.00). Values of the isotropic
exchange coupling constantd (H = 238, &) are taken at 10 cm ! intervals in the
range -10 to -100 cm 1.

The corresponding orbital$?® for 1 are collected in Figure 5.6: deviations from
zero are a measure of the e ectiveness of the superexchangthways. The overlaps
indicate that the Jy2 y2-y2 y2 (Sap = 0.199) and Jyy-yy (Sap = 0.104) pathways,
both of which lie in the plane de ned by the Mn,Fe, core, dominate the exchange
coupling. In order to make a direct comparison with a more ceantional (i.e.
main-group) ligand set, we have also analysed the exchangeipling in 2, a direct
analogue where the bridging [Fe(CQ)?! ligands have been replaced by €l

The general features of the optimised structure a2 are very similar to those
of 1 (Table 5.1), and the calculated] of -14 cm * at the optimised geometry sug-
gests that the exchange coupling is considerably weaker than 1. However, the

magnetostructural correlation shown in Figure 5.7 indicas that the values ofJ
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are highly sensitive to the bridgehead angle, and at any giveangle (in the range
60 < < 90), the CI! ligand is in fact a better mediator of superexchange than
[Fe(CO),]%{. Thus, the relatively strong exchange coupling id is a direct conse-
guence of the geometric preferences of the bridging ligarahd, in particular, the
acute bridgehead angle. The origin of the acute angle can braded to strong re-
pulsions between the CO and thf ligands that increase dramiaally as the Fe(CO),
units are pulled towards the centre of the cluster at smallesngles. Similar steric
factors are likely to be a general feature of xenophilic cligss, imposing narrow

bridgehead angles and hence unusually strong superexchang

Figure 5.7: The dependence ofl on the bridgehead angle forl and 2. Arrows indicate
the equilibrium structures of the two systems.

In conclusion, we have shown that the xenophilic clustet is best regarded
as an exchange-coupled Mhdimer, with the closed-shell [Fe(CQ)]?{ fragments

playing the role of bridging ligands: Each of the Fe-Mn  orbitals is therefore

“\We arrive at the same result for the related cluster Fg(py) ,(Fe(CO),),, where two Fe'' cen-
tres (Spc = 2) are antiferromagnetically coupled. The optimised structure with a broken-
symmetry ground state (Mg = 0) is also in excellent agreement with the X-ray structure.
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singly-occupied in a typical high-spin M ligand- eld scheme. The steric bulk
of the bridging metal unit imposes a rather acute Mn-Fe-Mn bdgehead angle,
which in turn leads to relatively strong superexchange beten the manganese
centres. The computed Heisenberg exchange coupling constah of -44 cm ! is
fully consistent with the rather low e ective magnetic momat measured at 300 K.
The model of electronic structure that emerges is fundamealty di erent from that
developed in earlier work, where the measured moment wasareously assumed

to be characteristic of the ground state.

5.4 Electronic structure of [Mn (thf) (CO) ,,] {

The crystal structure of complex [Mn][Mn(thf) ;(CO),,], is depicted in Figure 5.8,

showing the position of the di erent fragments in a sandwiclike arrangement.

[Mn;,(thf),(CO)..]

fragment 2

Figure 5.8: Single crystal X-ray structure of [Mn][Mn ,(thf) ;(CO),,],, indicating the
arrangement of the single Mrl' atom between the two disc-like fragments,3. [Original in
colour]
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Since we are only interested in a qualitative bonding analigsfor the cluster 3,
we have performed single-point calculations on fragment ising cartesian coor-
dinates obtained from the single-crystal structure analys. As in the case ofl,
we can build the spin Hamiltonian by dividing the system into pramagnetic and
diamagnetic fragments. Thus, the Mn(thf)} fragments and the central Mn atom
form a tetranuclear subsystem of magnetic Mh centres with local spin ofS = =.
The Mn(CO), units are treated as closed-shell carbonylate ions, i.e. ffCO),]3{,
bridging between the Mr' (thf) , fragments. In this way, the charges of the three
[Mn(CO),]3{ fragments, three Mr' (thf) , fragments and one M ion sum up to
an overall charge of -1 for the cluster. We proceed by settingp the coupling
scheme for the system in the usual way for tetranuclear spesj where a central
magnetic atom interacts with three peripheral ion$>® Under the assumption that
all pathways are inequivalent (essentially neglecting anipcal C3 symmetry), the
coupling is characterised by sixJ; constants, depicted in Scheme 5.3.

Scheme 5.3: Coupling scheme for the Md' subsystem within the cluster 3.

@
Mn(thf)z

(CO)MV \Mn(CO)4

(thf)zMnA 2 rMn(thf)2
Mn(CO)4

P
The spin Hamiltonian (1 = J;i & &) describing the isotropic interaction thus

becomes

H = JlZSlSZ J13sls3 J23SZSS Jl4sls4 J24SZS4 J34SSS4 (51)
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It is anticipated that the “outer' J coupling along the periphery will be much
smaller, owing to the large separation (4.8 A) of the magnetic centres, while the
‘inner' coupling between the Mn atoms of the ring and the ceral magnetic atom
will be dominant (Mn-Mn  2.78A). The 4 spin centres give rise to 8 unique spin
con gurations, which we have considered. The di erent podsilities are illustrated
in Scheme 5.4, where each arrow symbolises a local spir¥ef There exists one
HS state with Ms = 10, where all spins are parallel, while antiparallel aligment
of one or two spin sites gives rise to four BS solutions wittis = 5 and three with

Ms = 0, respectively.

Scheme 5.4: Possible HS and BS spinstates fol3. The magnetic centres (whereﬁ
symbolises the localS = = spin) correspond to the peripheral Mn(thf), units and the
central Mn ion, while diamagnetic centres are Mn(CQO), units.
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All SCF calculations converged smoothly to the desired staggand calculated net
spin densities,hS?i values and total energies of all spin states are summarised i

Table 5.2.
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Table 5.2: Calculated Mulliken spin densities ( yn) on the manganese centres, expecta-
tion values of the square of the total spin angular momentum perator (hS?i) and total
energies.

>
Mn1 Mn2 Mn3 Mn4 Mn5 Mn6 Mn7 hS<i E (au)

HS 483 023 483 026 483 027 4.67 110.07 -10812.7067
BS1 -478 0.10 484 025 484 011 4.66 34.96 -10812.7151
BS2 484 0.09 -479 011 484 0.26 4.65 34.96 -10812.7154
BS3 484 023 484 010 -479 012 4.66 34.96 -10812.7150
BS4 479 005 479 005 479 0.05 -4.63 34.80 -10812.7300
BSS -478 -0.05 -479 0.11 484 010 464 9.86 -10812.7231
BS6 -4./8 0.10 484 0.10 -47/9 0.05 4.65 9.87 -10812.7227
BS7 -484 -0.09 479 005 479 -011 -4.64 9.87 -10812.7230

The HS state reveals a spin -density on all four Mn centres, with values of the
Mulliken spin density close to 5, typical of high-spin MH ions (Figure 5.9). In the
broken-symmetry states BS1-4 one Mn carries a negative ngirs density (spin- )
close to 5, indicative of antiferromagnetic coupling, wheas in BS5-7 a negative
spin population is found on two Mn centres. In all cases the spdensities on the
remaining metal ions in the Mn(CQO), fragments is negligible, con rming the closed-
shell character of these units. Representative contour pgoare shown in Figure 5.9.
The calculated hS?i values are close to the ideal values for the ferromagnetigal
coupled state fS%  110), and states in which one and threeh?  35), and

two and two centres {S%i  10) are antiferromagnetically coupled.

HS BS4 BS7

Figure 5.9: Contour plots of the total Mulliken spin density of the HS, BS4 and BS7
states.
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The diagonal elements of the spin Hamiltonian can be calcukt from the computed

total energies of the di erent states. The following equatins can be set up:

Envs = 2=(Jpo+ Jiz+ Jua)  2=4(Jaa + Jos + Jag) (5.2)
Egsi= 2%=( Jiz Juz+ Jua) 2%( Jug+ Jog+ Jza) (5.3)
Egso = 2=( Jio+ Jiz Jua) 2=(Jua Joat J3za) (5.4)
Egsz= 2=(J12 Jiz Jia) 2=(Juat+ Joa Jza) (5.5)
Egsa = 2=(Jio+ Jiz+ Jua)  2=:( Jus Jos Jz) (5.6)
Epss = 2=(J12 Jiz Jua) 2=( Jua Jaa+ Jag) (5.7)
Egse = 2=4( Jiz+ Jiz Jua) 2%=( Jua+ Joa Jag) (5.8)
Eps7= 2=( Jiz Jiz+ Jua) 2=(Jua J2a Ja4) (5.9)

The di erences between the above expressions yields thddaling set of equations,
relating the J;; coupling constants to the energy di erences of the individal states,

which are obtained from the computed single point energies:

Envs Egsi= 2=(Ji2+ Jiz+ Jua) (5.10)
Ens Ess2= 2=2(Ji2+ Joz+ J2) (5.11)
Ens Egszs= 22=2(Jiz+ Joz+ Jag) (5.12)
Envs Egsa= 22=2(J1a+ Josa+ Jza) (5.13)
Ehvs Egss = 22=2(Jiz+ Jig+ Joz+ Jog) (5.14)
Ens Esse = 2=2(Ji2+ Jia+ Joz+ Jaa) (5.15)
Ens Egs7= 2=2(Ji2+ Juz+ Joa+ Jag) (5.16)
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A single value decomposition procedure yields the follovgvalues for the individual

Jj values:

Jo,= 587cm?! Jy,= 13416cm‘t
Jz= 576cm?! J,y= 13954cm‘t

543cm?t! Jg= 13212cmt

J23

The obtained values con rm our predictions made above. Theuter' coupling
constants are negligibly small, owing to the large separati of three magnetic Mn
atoms lying on the ring, while the “inner' coupling between gripheral magnetic
Mn ions and the central ion is strongly antiferromagnetic. Mreover, the local
symmetry intrinsic to the system is re ected in the values, WwereJ;, Jiz3  Jas
and Jis Jos  Jss. Hence, we would have arrived at the same result if we had
considered symmetry and used two coupling constanfsand J° Direct “through
space' magnetic coupling between Mhd electrons tends to be negligible, and thus
cannot account for the rather large value of about -130 crh. To a rst approx-
imation however, the coupling within the magnetic M tetramer can be broken

down in terms of e ectively di-bridged Mn" dimer interactions (Scheme 5.5).

Scheme 5.5: Possible superexchange pathways present in clusté.

/Mn2+  ~ 60° /Mn\
(CO)MS }Mn(CO)Lt (CO).Mn Mn(CO),
\Mn2+ Mn
Mn Mn Mn™ @~ 120c_Mn”"

s
Mn(CO), Mn(CO),

218



The hexagonal symmetry enforces a bridgehead angle of abb@0° for which

one would expect large negative coupling constants from theagnetostructural

correlation (Figure 5.7). Thus, this exchange pathway is pdominant. Likewise,
for the outer Mn'" Mn(CO) ,Mn" coupling, 120, so a small coupling constant
would be expected and this is indeed what is observed ( -5 cm 1). The energies
of the dierent possible states § = 0 10) are obtained by diagonalising the
spin Hamiltonian matrix. By using the calculatedJ values we obtain the energy

spectrum shown in Figure 5.10.

Figure 5.10: Energy spectrum for the spinstates in3.

The dominating in uence of the antiferromagnetic couplingpetween a single spin
centre and the three other Mn atoms leads to a8 = 5 ground state for the system,

whereas the HS state$ = 10) is highly unfavourable.
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5.5 Conclusions

In this chapter we have reassessed the electronic structwka class of “xenophilic
clusters’, exempli ed by the rhomboidal cluster Mn(thf) ,(Fe(CO),),. Contrary

to previous models in the literature, these are best viewed @&xchanged coupled
clusters of Mn", with the closed-shell units Fe(CO§! acting as e ective bridging
ligands. The larger Mn, cluster can be analysed similarly as an aggregate of four
Mn" (S = =) and three Mn(CO)2! units. The dominant exchange pathways
again pass through the Mn(CO§! units and the bridgehead angle imposed by
the hexagonal structure determines the values df. In this case coupling between
the central and peripheral Mrn' ( = 60 °) dominates over coupling around the

circumference of the ring ( = 120°).
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Study of a model complex of
Copper Nitrite Reductase

In this chapter we explore the ability of model copper compkes based ortis,cis-
1,3,5-tris(cinnamylideneamino)cyclohexane (tct) to acas both structural and func-
tional mimics of copper nitrite reductase (CuNiR). The ligad's architecture allows
for 3N face-capping coordination to a copper centre, mimicking éhHis, envi-
ronment of the type-2 copper active site in CuNiR. This work icarried out in
collaboration with the group of Prof. Walton at the University of York.

Speci cally, two complexes are of interest, [Ciftct)( N -NO,) (1) and its cationic
Cu" analogue,2*. The former features an N-bound nitrite coordinated to a
cuprous metal centre. In the latter case, the crystallogrdypc structure remains
unknown, but density functional theory predicts an O,0-boud geometry for the
NO, group. Both 1 and 2* catalyse the reduction of NG to NO with ascorbate,
involving the transfer of an electron and two protons to the strate. A detailed
survey of the reaction coordinate has been performed, reliag possible pathways
for the catalytic cycle. The results shed some light on the mbanistic details of

the reaction, as well as the electronic structures of the inwed intermediates.
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6.1 Introduction

6.1.1 Copper NiR

Copper-containing proteins are key players in many biologal processes involving
electron transfer, dioxygen transport as well as the actitin of small molecules
such as dioxygen and nitrite®>>453 Dissimilatory denitri cation, the enzymatic
reduction of nitrate (NO§) and nitrite (NO }) to gaseous NO, NO and N,, is an
anaerobic respiratory proce$®* playing a central role within the global nitrogen
cycle, which is solely sustained by prokaryotic organism® 4% The denitri ca-
tion cascade passes through four distinct stages to nallyigld dinitrogen, thereby
removing ~ xed' inorganic nitrogen from the terrestrial bbsphere and returning it
into the atmosphere.

The reduction of nitrite to nitric oxide by the enzyme nitrite reductase (NiR) is
a critical step within this stepwise reduction process. Twdistinct classes of NiRs
have been identi ed, one being multi-copper nitrite reduases (CuNiRs) and the
other being cytochromecd; NiRs, the two types di ering in the prosthetic groups
employed at the catalytic site (copper or heme and d; respectively)°7:4%8 Very
recently, a new class of nitrite reductases from the xanthénoxidase enzyme family
has been proposet® Cytochrome cd; NiRs are soluble enzymes, present in the
periplasmic space. Crystal structures from isolated NiRs .@ from Pseudomonas
aeruginos&®) reveal a homodimeric topology built from two 60 kD subunitseach
of which contains one heme cofactor and one hemel; group.

CuNiRs have been isolated from a number of denitrifying org&ms includ-
ing Alcaligenes xylosoxidan®! Alcaligenes faecalig®? and Achromobacter cyclo-

clastes?®3464 all of which show a high degree of sequence similarity. X-rajudies

222



of CuNiR from various sources have shown that the enzyme feads a typical
110kD homotrimeric quaternary structure (Figure 6.1), cotaining two di erent
copper sites (type 1 and type Zf° in each monomer, each with a characteristic
spectroscopic ngerprint. Depending on the spectral absption region of the type
1 copper, CuNiRs can be further classi ed into blue or greendactases. The for-
mer (e.g. fromP. aureofacieng exhibit a very intense absorption band at 590 nm
and an axial EPR signal, while the latter (e.g. fromA. cycloclasteg has two intense

bands at 460 and 600 nm and rhombic EPR signai®

Figure 6.1: Three-dimensional crystal structure of AfNiR (pdb code 1AS5). [Original in
colour]

The type 1 copper site is positioned close to the surface ofetlprotein and is
involved in an electron shuttle, accepting electrons from small electron donor pro-
tein (e.g. pseudoazurin) and transferring them to the type 2opper. Four amino

acid residues from the peptide backbone (His95, His145, Cy8lahd Metl50, re-
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ferring to the AcNIiR numbering scheme) are ligated to the type Topper in a
strongly distorted tetrahedral coordination geometry (Fgure 6.2). The type 2 site
is separated by 12.5A from the type 1 centre and located at the interface between
two proximate monomers. The two copper sites are interlinkeby a Cys136-His135
dipeptide bridge which ensures e ective electron shuttlip between the two site$5¢
The Jahn-Teller-distorted tetrahedral type 2 site is formd from three histidine
residues (His100, His135, His306). In the oxidised resting t&dhe fourth coordi-

nation site is completed by a water or hydroxide molecule.

Figure 6.2: Organisation of the T1 and T2 copper centres in the active sie of CuNIiR
(pdb code 1AS6). Non-histidine Hydrogen atoms are omitted ér clarity.  [Original in
colour]

Combined X-ray crystallographic and spectroscopic studiésive established that
the “non-blue’ type 2 copper is the site of nitrite binding ad reduction,*64 467470
Three highly conserved active site residues (His255, Asp9&257) are situated in
close proximity to the type 2 copper and their critical role dr the catalytic activity
of the enzyme has been implied by both structural and mutagesis studieg.%:471
The His255 and Asp98 residues participate in a hydrogen bondtwerk involving

the bound substrate and water, and eventually mediate prototransfer to nitrite.
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The role of hydrophobic and bulky 1le257 is less obvious: Blamger et al. proposed
that 11e257 directs the binding mode of the nitrite such thatcatalytically essential
hydrogen bonds with the side-chain of Asp98 are maintainéé? Alternatively, the
role of a "gatekeeper' has been ascribed to lle257, discriating substrate from
other small molecules that might access the type 2 copperesft®4’* In contrast,
Lehnert and Merkle have recently proposed that a steric cladetween lle257 and a
coordinated NO ligand may force the adoption of a generally €svourable side-on
coordination mode*"®

Although both NiR types catalyse the same reaction, NO+e{ +2H* I NO+
H,O, their proposed mechanisms of action di er signi cantly. In the consensus
catalytic mechanism for the cytochrome NiRs, the initial stp is the binding of
nitrite to ferrous d; heme. Reduction of the nitrite then leads to cleavage of an N-
O bond and formation of a heme iron-nitrosyl intermediate wih NO coordinating
to the metal centre in an end-on fashion via the nitrogen atomrhe product then
di uses out of the active site and an electron transfer fromhe c heme restores the
enzyme to its resting state!’®

For the CuNiIR function it is generally recognised that nitrie reduction involves
coordination of NOf at the type 2 site followed by protonation and electron trans
fer events which trigger loss of kD to yield a possible (labile) copper nitrosyf/ "7
which then releases NO (Scheme 6.1). In addition to their phypdogical role, a sec-
ond process catalysed by CuNiR is the slow formation of,® at high levels of NO,
supposably by reaction of an enzyme-bound intermediate \WitNO or NOJ 478479
However, while the mechanistic details of the cytochromed; NiR are well estab-
lished, the pathways involved for CuNiRs remain somewhat ctioversial.

A range of questions has emerged in this context, which neemllie addressed for

a full comprehension of the detailed molecular motions inke@d in the mechanism
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Scheme 6.1: General mechanistic cycle for nitrite reduction by CuNiR (E = enzyme)
[Original in colour]

E-Cu'-OH,
H,O e H,O
E-Cu'-NO’
¢ E-Cu-OH, E-Cu'-NQ;
E-Cu'-NO
H,0 NO,
H,O e
E-Cu-NQ;
2 H

of nitrite reduction. As highlighted in the previous section the question of the
distinct role of the hydrophobic 1le257 residue remains thgubject of debate. An-
other question concerns the catalytically active mode of ding of the substrate at
copper. Nitrite shows a variability of binding modes (linkag isomerism) and may
coordinate to a mononuclear metal centre in one of the waysasiin in Scheme 6.2.
Monodentate coordination of nitrite may occur through eitler nitrogen, *N (A)
or oxygen, 'O (B). Binding of nitrite in a bidentate fashion to a metal ion woud
yield either an oxygen-bound species,?0; 0% (C) or a mixed nitrogen/oxygen-
coordinated complex ?N;O (D). Additionally, the possibility of an asymmetric
0,0%bound moiety (C% must be considered, which contains only one formal M-O
bond and a second longer M-O interaction (generally with a GO bond length
>2.5A).

On the basis of the hard-soft acid-base (HSAB) theory one woufitedict a pref-
erence for N-ligation by Cu, while the harder Cu' would prefer O-ligation. Crys-

tallographic structures of nitrite-soaked CuNiR&%482 and spectroscopic studi¢g?

226



Scheme 6.2: Bonding modes of copper nitrite and nitrito complexes.

0 0 N
\N/ (i/ \O
Cu Cu
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Cu Cu" Cu
C k20,0 C' k20,0 D k?N,O

con rm the binding of nitrite to the oxidised type 2 copper sfe inthe 20; 0“mode.
The structure also suggests that the CuNQunit in the enzyme is not planar, but
rather that the dihedral angle between the N@Q and CuQ, planes is approximately
75°. Consequently, owing to the binding situation found, one isonfronted with
the paradox of how a presumed N-bound nitrosyl can subsequnbe generated
from a O,0%coordinated substrate. One possibility is that reductiorof the Cu
centre facilitates isomerisation of the nitrite to an N-boud form. Related to this
issue is the question of the exact electronic structure an@gmetry of the proposed
Cu-NO intermediate. Under normal conditions coordination oNO occurs through
the nitrogen atom, and either of the metal binding modes shawin Scheme 6.3 can

be adopted when NO binds as a terminal ligantf

The binding mode is predominantly determined by electronidactors, i.e. it
depends on the availability of low-lying metal-based orkeils for accepting an elec-
tron pair from NO. For electron poor systems NO functions as anps donor
with -backbonding from the metal, leading to linear NO, while in cses where the

metal-centred orbitals are lled, the nitrogen has to accomodate a lone pair, re-
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Scheme 6.3: Bonding modes of nitrosyl to copper.

i o
T N/ N\—_—-/O
Cu Cu Cu
linear bent
end-on side-on

quiring sp? hybridisation and bending. While side-on Cu O, complexes have been
characterised structurally*®5#8” complexes featuring the 2-M(NO) side-on bind-
ing mode are relatively rare. A ferric side-on heme-NO compl@as been identi ed
in nitrophorin, 4 and some examples are also known from non-biological system
e.g. photolytically induced generation in Fe and Ru nitrodycomplexes*®® These

ndings have been further supported by DFT calculations on mdel specieg?°:4°!

6.1.2 Mechanistic studies

Two distinct models have been proposed for the detailed meatism. The rst
of these is rather similar to that for cytochromecd; NiR, in that nitrite binds
to reduced copper of the type 2 centre through the nitrogen am to form an N -
nitrito isomer and an N-bound NO is generated subsequently aft protonation and
dehydration*®? This view nds support in model studies, where copper(l) com
plexes with N-bound nitrite, e.g. the complex [CuPrstacn)( N-NO,)] (tacn =
1,4,7-triazocyclononane) from Tolman's groupvide infra),**® evolve NO gas (and
water) under acidic conditions. A recent report by Murphy ad co-worker$® sug-
gests that the NO in the active site may be coordinated to the pper centre in an
unprecedented side-on fashion (cf. Scheme 6.3), evideninfr an X-ray structure
of the NO-soaked native enzyme. Although additional crystaltsictures have con-

rmed this result, %4 it is not clear whether such a structure is part of the catalyit
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pathway or a dead-end. The electronic structure of this spies has been subject
of much debate, and contradictory ndings have been made.

On the basis of EPR measurements on solutions of ascorbatelueed CuNiR
and NO under anaerobic conditions, the crystallographicallobtained f CuNOg*!
species (using Enemark-Feltham notation was assigned an unusual CuNO ¢
electronic structure®®* However, Solomon and co-workers have disproved this
conclusion by demonstrating that the solution species olteed by Murphy and
co-workers is in fact a ClY{-NOS complex?®®> They concluded that the crystallo-
graphically observed side-on species most likely has noexgnce for the catalytic
cycle, owing to the fact that it is only generated in the crysl but not in solution
phase. Moreover, they argued that the electronic structuref the Cu-NO moiety
in the crystal structure is best described as CuNO .

In a separate study, Scholes and co-workers have shown thatsalution phase
f CuNOg!! species can in fact be generated by CuNiR by using a fully redat
enzyme in the presence of limited amounts of N° but the binding-mode of NO
to the Cu atom remained unclear.

Evidence for a strongly bent Cu-NO unit ( 135) present in the enzyme was pre-
sented by Lehnert and co-workers, based on the correlatioretiveen the Cu-NO
bond angle and theg tensor®’ DFT treatments of Cu-NO model complexes as
well as active site models indicate that boti CUNOg'® and f CUNOg?! species may
exhibit side-on coordination of NO}">:495.49 glthough this mode is generally ener-
getically disfavoured with respect to the end-on isomershewing some dependence
on the choice of ligand set. The calculations also stronglpmoborate a Cu-NO

description of thef CuNOg*! species in both the side-on and end-on forms.

The Enemark-Feltham formalism®! treats the metal nitrosyl as a single unit, f MNOg", where
the superscript n represents the total number of electrons associated with t metal d and
(NO) orbitals.
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In a detailed study of the decomposition of Tolman's complex
[Cu( Prstacn)( *N-NO,)] to nitric oxide and [('Prstacn)Cu" (H,0)] with tri u-
oroacetic acid (TFA), Kujime and Fujii*®® were able to detect two distinct in-
termediates in a stopped- ow experiment with absorption m@ma at 350 and
423nm in the UV-vis absorption spectrum. The time course for ththree-step
reaction was tted to a biexponential function with k¢ast and Kgjow. While the ini-
tial step was too fast to be measured, the rate constant for éhsecond step,Kast =
6.54 10°M 's 1), was found to be linearly dependent on the TFA concentratio
On the other hand, the third step rate constant kgow = 6.82 10 s 1) is indepen-
dent on the TFA concentration. Kinetic isotope studies usig deuterium-labelled
TFA indicated a KIE of ky/kp 1.4 for the fast step at 203 K while no KIE was ob-
served for the third step, con rming that TFA is not involved in the nal step of the
mechanism. Activation parameters obtained from Eyring plat for T = 193-223K
(Kiast:  *H =28.4 3.2kdJmol *and 2S=-27.1 2.4Jmol 'K %, Kgow: 2?H =
18.9 1.5kdJmol *and 2?S=-151.0 24.7Jmol 'K 1) indicated associative tran-
sition states in both cases. Further, the oxidation statesfahe rst and second
intermediate have been con rmed to be Cliand Cu", respectively, by trapping the
intermediates with oxygen. On the basis of these experimeihe authors proposed
a stepwise proton transfer mechanism where an initial' frstacn)Cu' (NO,H)]* in-
termediate subsequently reacts with a second equivalent ®FA, inducing N-O
bond cleavage and formation of the second intermediate, a CUNO™* complex.
The latter then decays to the nal product and nitric oxide.

A second pathway for CuNiR, has been proposed by Suzuki and workers:'?
where nitrite displaces a water ligand at the type 2 coppertsi and binds via
the two oxygen centres in a 20;0%mode. The released water then protonates

the nearby Asp98 residue, generating an OHmoiety. One-electron reduction of
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the type 2 centre then triggers a linkage isomerism reactipnvherein the NO§
rearranges from O,Bcoordination to N-coordination. Donation of a proton from
the His255 residue to the oxygen of N-coordinated nitrite leadto the formation
of a nitrous acid complex which is reduced by 1-electron trafer from the reduced
type 2 copper. Transfer of a second proton then induces N-O lbrleavage to
produce NO via a Cd NO™ intermediate. The cycle is closed by release of NO
and aquation to regenerate the initial aqua complex. It hasden argued that the
proximity of the nitrogen atom of the NO{ ligand to Cu due to the 75-tilt in the
native enzyme facilitates the rearrangement of the nitriteafter electron transfer
has occurred®

Siegbahn and co-workers proposed a subtly di erent mecham based on models
of the CuNIR active site including the rst and secondary codatination sphere and
solvent water® In their proposed pathway, coordination of the nitrite ligand
again occurs via oxygen, but now in a monodentat®-nitrito mode rather than
the 20;O%alternative suggested by Suzuki. Coordination of the nitie induces
protonation of an Asp92 residue, increasing the redox poteal of the type 2 copper
and so inducing electron transfer from the type 1 copper sitéJptake of a second
proton then yields two distinct isomers of a nitrous acid coplex, one of which
shows a signi cant elongation of the N-OH bond, reducing thecéivation barrier
for the bond cleavage. Protonation occurs at the oxygen bodno the metal centre,
so cleavage of the N-O bond which follows the transfer of a sedgproton results
in direct release of NO without formation of an intermediate itrosyl complex.

In a related study®°* Burton and co-workers proposed that a change of substrate
coordination mode from O- to N-bound occurs upon reduction anprotonation,
due to the increased stability of N-bound protonated nitritecompared to the O-

bound isomer (2.4-8.0 kcal mol). This process is associated with a very low barrier
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(4-13 kcal mol 1), and hence is not rate limiting. The N-coordination of the rrite

means that the NO molecule produced on N-O bond cleavage is tpga by the
metal centre, generating a transient ve-coordinate nitreyl complex, in contrast
to Siegbahn's model where NO was released directly.

Solomon et ak% have also recently reported a combined spectroscopic and DF
study of the geometric and electronic structure of the nitte bound type 2 copper
site at high and low pH in nitrite reductase. For the computaibnal survey of the
potential energy surface for nitrite reduction, a model oftte active site taken from
a pdb structure of the native enzyme was employed, incorpdnag critical second
sphere residues (Asp98, His255, lle257) and water. The authqropose bidentate
nitrite binding to copper which facilitates the reductive ¢eavage of the nitrite bond
though backbonding combined with stabilisation of OH by coordination to Cu?*.
Di erent binding modes of HNO, towards the metal centre were investigated with
respect to their in uence on the energetics of electron trafier and ON-OH bond
scission. The authors pointed out that the single proton tnasfer does not lead
to spontaneous HO-NO bond cleavage, but the activation energyrongly depends
on the coordination mode of HNQ. It was lowest ( ?E = 16 kcalmol 1) for the
bidentate O,0-bound case and highest (’E = 50 kcal mol 1) for N-bound HNO,.
The authors give evidence that the bidentate coordinationllws good con gura-
tional interaction between the donor Cu dy. . orbital and the acceptor HO-NO

orbital. The availability of both oxygen atoms of the HNQ, enables e cient
backbonding and thus electron transfer. The authors conded that the overall

reduction step is best described as a proton transfer trigggel electron transfer.

232



6.1.3 Model studies

The controversies surrounding the mechanism in the enzymeself have driven
an extensive body of work investigating structural and furtconal mimics of the
CuNIiR type 2 copper site. A range of structural and spectrospec CuNO, and
CuNO models for both cupric (Cu')%0%514 and cuprous (Cu)#96497,504,507,508,515{521
forms of copper nitrite reductase have been reported. The garimental data has
been complemented by a number of computational studies on de complexes
of type 2 copper sites as well as on type 2 sites embedded in #&zymatic en-
vironment.#75:500803,522524  gome typical structures of CUNQ model complexes
are summarised in Figure 6.3, which have also been includedrecent review arti-
C|es'_525{527

The rst structurally characterised mononuclear CuU' complex was
[(Tp *®*H)Cu" (NO,)] (Tp = tris(pyrazolyl)hydroborate (tpzb), | in Figure6.3),
in which the scorpionate ligand mimics histidine binding. Te crystal structure re-
veals that nitrite coordinates as theO; O%isomer to the copper ion, in line with the
ndings for the oxidised enzyme. In fact, the majority of knevn crystal structures
of inorganic Cu'NO,J model complexes contain a®; O%bonded nitrito moiety. It
is also interesting, that the coordination geometry of the GNO, unit is in uenced
by the surrounding ligand environment® Depending on the steric bulk of the sub-
stituents R in [(Tp *R*)Cu(NO,)], one either nds a trigonal-bipyramidal (R = 'Bu,
R%= H) or square-pyramidal (R = Me, R°= Me) coordination geometry. As a re-
sult the Cu-O bond lengths are asymmetric in the former, whalthey are symmetric
in the latter. Remarkably, all cupric model complexes are monimetic®?® as exem-
pli ed by the reaction of [(Tp '®"")Cu(NO,)] with either (PPN)CI or Me ,SiOTf

("OTf = "O,SCF;). These reactions a ord the respective [(TH®*H)Cu" (Cl)] or
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Figure 6.3: Selected synthetic CU- and Cu''-NO, model complexes featuring di erent
ligand systems.
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[(Tp 'B*™)Cu" (OTf)] complexes, indicating that the nitrite ligand is quite labile
in the parent complex®'* On the other hand, the rst structurally characterised
Cu' nitrite complex with biomimetic activity was the previously mentioned com-
plex [(Prstacn)Cu( *N-NO,)] (11),4® in which nitrite binds through the nitrogen

atom. Indeed this compound reacts with acetic acid or Lewiscal Me,SiOTf to

yield [('Prstacn)Cu(OAc),] and nitric oxide (and water), via an oxidised CU -

nitrosyl complex that dissociates NO. A somewhat unusual diclear Cu'Cu'-

complex (lla ) is formed at the initial stage of the synthesis ofll , in which a
nitrite bridges two metal centres as ,-NO,- N : O ligand. Therefore, nitrite ex-
hibits both monodentate O- and N-coordination to the metal catres within the

same complex. This binding mode has also been noted for anatkdimeric complex,
although in this case containing two copper(ll) ion$?° Interestingly, the O and
N atoms of the bridging nitrite involved in binding occupy ajcal positions of the
two square-pyramidal copper centres. Subsequent reactiohthe dimer with PPh,

a ords the monomeric complexes [Prstacn)Cu(PPh;)] and [('Prstacn)Cu(NO,)].

Moreover, the CUCu' dimer may be converted to the mixed-valent CLCu" species
(Illb ) by electrochemical oxidation or chemical oxidation usinfgrrocenium, upon
which nitrite switches from monodentate O to bidentate 20O;Q° coordination
mode.

The complex [{Pr,tacn)Cu( *N-NO,)] can be viewed as the prototype for a func-
tional biomimetic complex of CuNIR, and its discovery has tggered the synthesis
of a range of Cu- N -NO, compounds, all of which reveal nitrite reductase reactiv-
ity. 504.507.526 These results underline the inherent reactivity of theN -coordination
in these complexes and the potential role as key reaction @mmediates of CuNiR.

In contrast, mononuclear Cd model complexes which feature O-coordinated ni-

trite are rare. The only three known examples reported to dat include
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[(PPh;),Cu(NO,)],>*  [(2,6-(Ph,P(0-C4H,)CH N),C-H;N)Cu(NO,)],*** and
[(Ph,PC4H,(0-OMe)),Cu(NO,)] (V),%® all containing soft-base phosphine ligands.
In these complexes, the binding of nitrite ranges from symmi& to asymmetric

20; O° (structures C and C°in Scheme6.2). The latter two complexes are of
interest, because both generate NO from the reaction with a@ee acid, therefore
representing models for potential intermediate reactants the nitrite reduction
cycle. Thus, these examples seem to provide some supporttfe proposed impor-
tance of bidentate nitrite binding for the activation of the nitrite bond, 5°? although
the character of the reaction intermediates remains unknewso far.

Despite the apparent preferences for O- or N-binding of nitg, the energetic
di erence between the various binding modes is relativelyngll. This is illus-
trated in an example by Tanaka et al., who have demonstratedhat solvent-
dependent interconversion between N- and O-ligation modesaurs for the complex
[(tmpa)Cu " (NO,)]* (tmpa = tris(2-pyridylmethyl)amine, 1Va andIVb ).5!* Inthe
context of the enzymatic reaction, these results stronglyuggest that modulations
of the nitrite binding mode by the protein environment play & important role
within the mechanistic cycle.

In light of the mechanistical signi cance of a copper-nitreyl intermediate, it is
surprising that only a few biomimetic complexes featuring £u-NO moiety have
been reported so far. The majority of these complexes falltinthe f CUNOg'!
regime, and contain TFR® as the coligand (cf. VII in Figure 6.4), where R =
34Bu, Ph, CF;, or mesityl (Mes), and R = 5-H, Ph or CH,.521:530.531

Their adducts with NO have been studied in detail by means of FIR, EPR,
NMR and UV-vis spectroscopy. In contrast to the comprehensivaraunt of spec-
troscopic data, the number of crystallographically charderised complexes within

this series is limited to three, including [(TE®"")Cu(NO)], and the more recent
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Figure 6.4: Synthetic Cu'- and Cu"-NO model complexes featuring di erent ligand
systems.

[(Tp B P")Cu(NO)] and [(Tpm B P")Cu(NO)]* complexes’®” The latter contains
a tris(pyrazolyl)methane (Tpm) ligand (VIII ), the neutral congener of Tp. These
complexes exhibit nearly linear copper-nitrosyl units (127 and 176), while in
[(Tp ®H)Cu(NO)] the Cu-N-O angle is signi cantly smaller (163). Although elec-
tronic e ects usually predominate among the factors that iduce nitrosyl bending,
the authors hold steric e ects responsible for the di erenes in bond angles. All
three complexes have short Cu-N bond lengths (1.76-1AX9 and are considered
to have a Cu-NO" electronic structure.

Synthesis and structural characterisation of a rare examplof af CuNOg'° com-
plex, [(CH;NO,)sCu(NO)]?>* (IX ), has been achieved by Hayton and co-worketr¥.
The structure reveals a Jahn-Teller-distorted octahedrajeometry around copper,
with a bent NO ligand \ Cu N O = 121.0°) coordinated at an equatorial site.

The Cu-N bond length (1.95%\) in this complex is signi cantly longer than in
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the previous examples. To account for the observed Jahn-Texl distortion and the

bond metric parameters of the NO ligand, the authors favour a@'-NO " descrip-
tion of the electronic structure. Evidence for antiferromgnetic coupling between
the Cu'" ion and NO ligand has been obtained from EPR measurements.

The chemistry of model compounds has focussed largely on rigking the rst
coordination sphere of the copper, and attempts to replicat more remote re-
gions of the enzyme active site have been limited to coppertnite and nitro-
syl complexes of the hydrotris(pyrazolyl)boraté®353° tris(pyrazolyl)methane, and
tris(imidazolyl)carbinol series®’ Some examples of dinuclear model complexes
exist, which either exhibit nitrite reducing functionality®3® or aim to reproduce
the \CuHisCysCu" array in the enzyme's active site by utilishg organic linkers to
arrange the copper atoms at distances close to 1253

The work in this chapter is based on a di erent model system deloped by
Walton and co-workers. They reported the synthesis and chagterisation of a series
of copperN -nitrito complexes (VI , Figure 6.3) which are based on theis,cis-1,3,5-
triaminocyclohexane ligand system?!® >3 The face-capping N motif is common
in bioinorganic chemistry, making the tach family of ligand an ideal candidate for
use in small molecule metalloenzyme models. Complexes & igandcis,cis-1,3,5-
tri-[( E,E)-cinnamylideneamino]cyclohexane (tct) with zinc as the etal centre have
been previously used as mimics of carbonic anhydrasé while the copper-based
redox chemistry of a benzylideneamino derivative of tach Bdbeen explored in the
context of galactose oxidase mimicr}?’ One of the major advantages of the tach
architecture is that it can be easily modi ed to introduce fatures that mimic the
second coordination spheres of active sites. For example,the tris-(3,5-di-tert -
butyl) derivative, the bulky groups in the 3-positions of tre aromatic rings lie in the

region of space occupied by the alkyl chain of the isoleucinesidue of the native
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enzyme. The experiments show that all of the biomimetic cogp complexes of
the above tct ligand system catalyse the reduction of nitré at high reaction rates,
dependent on the ring substituents. However, the mechanistic details remain
unknown. We thus used density functional calculations in der to unveil possible
reaction pathways, using complexes of the unsubstitutedtttigand as model. In
doing so we hope to shed some light on the basic underlying maugistic details.
In future work we aim to consider the perturbations caused bthe introduction of

'Bu groups.

6.2 Methodology

All geometry optimisations described in this chapter were pfrmed without sym-
metry constraints (C; symmetry), and stationary points were con rmed to be
minima (no imaginary frequency) or transition states (onemaginary frequency)
by vibrational analysis. The calculations employed the hyiid B3LYP exchange-
correlation functional 1%26:31.32 This functional was chosen for its recognised good
accuracy for a variety of chemical systems, including trait®n metals.53853 |n
the context of CuNiR model chemistry, B3LYP has been succeshyuused by a
number of authors. Ahlrichs' triple- valence basis set (TZV) was utilised for Cu,
N and O extended by one polarisation function (p-function foCu, d-function for
O and N).2% A slightly smaller basis set (SVP) was employed for C and K/ This
basis set is of double- quality in the valence region, and is supplemented by one
polarisation function (d-function for C, p-function for H). All calculations utilised
a model complex containing the unsubstituted tct ligand (Seme 6.4).

Solvation energies, s, G , were computed by means of the self-consistent reac-

tion eld scheme (SCRF). The solvent was approximated by théntegral equation

YPersonal communication.
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Scheme 6.4: Model ligand used in this study, L = cis,cis-1,3,5-tri-[( E,E)-cinnamylidene-
amino]cyclohexane (tct).
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formalism of the dielectric continuum model (IEF-PCM)%4%43 with a dielectric
constant for methanol of* = 32.63, together with UAHF radii. For the larger cop-
per complexes, sowG was taken from single point calculations (using tight SCF
convergence and an ultra ne integration grid) on the gas pls® optimised struc-
tures. Small molecules (N®, NO, H,0, H,O", ascorbic acid, dehydroascorbic
acid) were fully optimised in the continuum solvent model.

For the catalytic cycles, the Gibbs free energies are reped for methanol solution
at a standard state of 1M and 298.15K, denoted G°. Ascorbic acid was used in
order to provide the proton equivalents as well as the elecin equivalents, and so
the energies of the reduction steps are referenced to the qarted energy of the
two-electron oxidation of ascorbic acid (AA) to dehydroasctate (DHAA), the
potential of which has been established experimentally (AA DHAA+2H ™" +
2el,E =0.390V vs. SHE at pH = 0).

For protonation steps, the gas phase Gibbs free energy of tpeoton was taken
to be -7.76 kcalmol! + 5/2 RT = -6.28kcalmol ! at 298K and 1 atm pressuré,
where the rst term represents the entropic part of the free mergy obtained with

the Sackur-Tetrode equatior?** and the second term comprises the translational

ZThe energies obtained with the “free' proton are congruent \th results obtained using the
hydronium ion as proton donor, yielding one molecule of wate as the corresponding base
(thereby using fully SCRF-optimised structures in combination with UAHF radii for H ;0"
and H,O in order to obtain good approximations to the free solvatimn energy). We chose the
former method of “free' H for calculating protonation energies.
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energy plusRT.>* For the free solvation energy of the proton in methanol we ude
the value determined by Hwang and Chung (sovG = -263.4 kcal mol 1).5% The

Gaussian03 prograi? has been used throughout in the present study.

6.3 Molecular structures of nitrite adducts

6.3.1 Copper(l) complexes

Geometry optimisations of the model complex [Cl{L)( N -NO,)] (1) yielded the
structure shown in Figure 6.5, and relevant bond lengths anangles are collected
in Table6.1, where data for their experimental counterpast are also shown for

comparison.

1.24
1.26 l

N(4)
2.02
2.14

2-14\}A 2.13

N(2)
N(1) N(3)

1

Figure 6.5: Optimised molecular structure of complex1. [Original in colour]

The calculations reproduce the principal features of the oodination spheres
complex with encouraging accuracyl has a closed-shell singlet ground state, with
optimised Cu-N bond lengths only marginally larger than theexperimental values
(Table 6.1). The copper centre inl shows the apical nitrite in the N-coordination
mode, with the tridentate basal ligand completing the Cu cadlination sphere in a

3N face-capping fashion. Small basal intraligand NCu-N, angles (L = coligand
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nitrogen, 89.0-93.6 exp. 91.6-95.8 and large N -Cu-N(4) angles around 12%
(exp. 120.0-125.39 are characteristic of aCs,-distorted tetrahedral (i.e. trigonal-
pyramidal) geometry at the metal centre. The Cu-NQ bond length is 2.02A. The

bond parameters for the CuNQ unit are also in faithful agreement with experi-

Table 6.1. Selected structural parameters for nitrite complexes.

bond lengths @)
Cu-N,  Cu-N(4) Cu-O(1) Cu-O(2) N(4)-O(1) N(4)-0(2

1 2.13-2.14 2.02 2.83 2.90 1.26 1.24
1 (exp.) 2.05-2.10 2.01 2.78 2.88 1.24 1.22
2* 2.03-2.21 2.52 2.07 2.10 1.26 1.26
bond angles )
N, -Cu-N, N, -Cu-N(4) 0O(1)-N(4)-0(2)

1 89.0-93.6 123.6-124.0 118.0

1 (exp.) 91.9-94.4 120.0-125.8 119.1

2* 91.7-94.8 - 111.1

mental data reported for other CU(N-NO,) model compounds, for which Cu-

N bond lengths of 1.9%\*°® and 1.89-2.03°!" have been found, although a

nitrite
somewhat longer Cu-lN,i. bond length (2.09A) has been reported by Suzuki and
co-workers®* for a copper(l) nitrite complex with bis(6-methyl-2-pyridylmethyl)-
amine as coligand.

The cinnamylidene arms form a cavity in which the CuNQ unit is tightly em-
bedded. In the crystal structure ofl, one of the oxygen atoms points directly
towards the central C-H bond of the propeny! unit of one cinmayl group, giving
a rather short O H C contact of 2.30A (N C distance of 3.2%).58 The nitrite
anion is slightly tilted as a result, with Cu O distances of 2.78 and 2.88. As
indicated by the similar N_-Cu-N(4) angles, the nitrite anion adapts a more sym-

metric position in the computational model ofl than in the X-ray structure, in

which the three angles are unequal (120-12&nd nitrite is tilted towards the N(3)
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cinnamyl arm. The slightly unsymmetrical Cu O distances found in the crystal
structure are reproduced by the calculations (2.83 and 2.9), as well as the short
contacts between nitrite and the propylidene residue (OH C =2.13A,N C =

3.73A). The conformational preference of the N©group is well reproduced by the
calculations. In summary, the calculation accurately remduces the experimental

geometries with deviations lying in the normal range expeetl for the method.

6.3.2 Copper(ll) complexes

Addition of NOJ to a solution of copper(ll)tri ate in methanol yielded crystals
of 2", but these have proved to be of insu cient quality to allow a s$ructure de-
termination. However, the optimised structure of the doubleground state of 2*
shown in Figure 6.6 con rms that the basic features of the3N face-capping archi-
tecture are retained, but the two oxygens of the nitrite ligad are now coordinated
to Cu'" (Cu-O distances of 2.07 and 2.18) completing an approximately square-
pyramidal coordination sphere about the metal centre. Thensall value of the
geometry descriptor * for this complex (0.09) is indicative of a symmetrical coor-
dination geometry around the copper atom. The calculated GO bond lengths are
in the range of experimental and calculated bond lengths reged for copper(ll)
nitrite models of same coordination symmetry (2.03 / 2.08 and 2.02 / 2.13A,%%
2.02 / 2.03A,%%3 2.03 / 2.03A519),

The frontier molecular orbitals of 2* are typical of a square-pyramidal Cll
complex with the single vacancy in the Cu g . orbital, giving a net spin density
of 0.63 on Cu and an apical Cu-N distance (2.2 substantially longer than its

basal counterparts (2.03\). A similar electronic situation has also been reported

XThe structural parameter = ( )/60°, where and are the largest angles (> ) around
a ve-coordinate metal centre. For an ideal trigonal-bipyramidal geometry is equal to 1,
while for an ideal square-planar geometry it becomes 8%’
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Figure 6.6: Optimised molecular structures of complex2*, 2b* and 2c*. [Original in
colour]

for related copper(ll) models with a NO, ligand environment>02.593.537 The N(4)-
O bond lengths of 1.2&\ resemble those of the free nitrite anion (1.250.02A5%%3),
but the chelating bridging mode clearly introduces some stin as the O(1)-N(4)-
O(2) bond angle is more acute (111°Lthan in the free ligand (117.5 2.0°%%9). It
has been reported that the nitrite ONO plane is tilted by 73relative to the OCuO

plane in the structure of nitrite soaked native CuNiR, promping suggestions that
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the -system of the NG ligand may interact with the metal centre®® We see
no evidence for a similar distortion here: the copper, N(4), @) and O(2) atoms
are almost coplanar in2, and any attempts to optimise a structure starting with a
tilted CuNO,, unit reverted back to this structure.

The possibility of facile linkage isomerism has been extevely discussed in the
context of the nitrite reductases because it is clear that #hdi erent Cu oxidation
states involved in the cycle demand rather di erent coordiation modes. This is
neatly illustrated by the comparison ofl and 2*, where the preferred coordination
mode in the ground state switches from N to O,0. In the Cti complex, however,
the N-bound isomer,2b*, lies only 3.2 kcal mol? higher in energy. The structure
is somewhat similar to the ground state ofl, although the coordination geometry
is distorted from ideal C3, symmetry and the Cu-N(4) bond length is decreased
from 2.01A to 1.95A.5° The two minima are connected by an intermediatérans
O-bound nitrite complex (2c*), with a barrier of 5.1 kcalmol 1. On this basis, we
conclude that linkage isomerism between the O- and N- boundrfies of nitrite is
kinetically and thermodynamically facile at Cu', and is therefore unlikely to be
the rate-limiting step in the overall one-electron reductin of nitrite to NO. We
return to the question of linkage isomerism in the Clisystem in the discussion of

the reaction mechanism.

6.4 Reaction pro le for the catalytic cycle

Having discussed the electronic structures dfand 2* previously, we now take these
two complexes as a basis for constructing a catalytic cyclerfnitrite reduction.
Here we focus on the simpli ed ligand systeml(and 2*) to map out the basic
possible pathways available to the system.

The free energy surface for the reduction of nitrite to yielditric oxide and water
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is shown in Figure 6.7 and the overall reaction, NO+e{ +2H* | NO+H,0,
is exergonic ( G° = -23.5kcalmol 1) at this level of theory.

Optimised structures of all key stationary points are illugated in Figure 6.8. By
analogy to previously proposed mechanisms for the enzymestm copper nitrite
reductase, and also to related computational studi€8? we take the diaqua com-
plex [Cu" (L)(H ,0),]?*, 3%, as the starting point for the catalytic cycle. We note
that the experimental conditions involved methanol as thedavent, for which water
is an appropriate substitute. Like2*, 3 has a doublet ground state $ = =)
and a distorted square-pyramidal coordination geometry Wi the apical Cu-N dis-
tance (2.16A) rather longer than the other two (Cu-N: 2.00A). The two oxygen
atoms (Cu-O: 2.14 and 2.2@) form part of the distorted basal plane. All attempts
to obtain a stable molecular structure for a triaqua complexvith an octahedral
coordination geometry failed, as the additional water moteile was expelled into
the secondary solvation sphere, further con rming the diaga complex as a rea-
sonable starting point in the cycle. The rst phase of the calytic cycle then
involves coordination of the nitrite ion to form 2%, with the nitrite bound in the

20;0%NO, mode as discussed above. The reaction is highly exergonicq°
= -37.2kcalmol ) due to the very favourable electrostatic component, and in
deed substantiallymore exergonic than the overall reduction of N® to NO ( G°
= -23.5kcalmol ). The remainder of the catalytic cycle must therefore be en-
dergonic by +13.7 kcalmol?!, the necessary driving force being provided by the
reducing agent (ascorbate in this case). This energetic cparison highlights an
important point: if the initial Cu " (NO,) complex is too stable, it may become a

thermodynamic sink, retarding the catalytic reduction.
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Coordination of the nitrite could, in principle, be followel either by protona-
tion or by one-electron reduction of the copper(ll) centre.Both possibilities are
shown in Figure 6.7 (phase 2) from which it is clear that protwation of nitrite O(1),
yielding the tetrahedrally distorted Cu'-HONO complex @H?*), is strongly dis-
favoured ( G° = +21.3kcalmol 1), due to the electrostatic repulsion between the
positive charges in the complex and the proton. The large va for the Gibbs
free energy equates to akp, value of 16, which underlines the low basicity of
2* 1 In contrast, the reduction of the copper(ll) complex to give4 (corresponding
to the reaction 2* + %AA I 4+ %DHAA +H %) is considerably less endergonic
( GO%=+11.1kcalmol 1), and therefore provides a more viable pathway.

Intermediate 4 is, of course, simply a linkage isomer of the N-bound global
minimum, 1, discussed above, and the subsequent step (phase 3) in theleyin-
volves a change in coordination mode. In fac# lies only 0.9 kcalmol! above
1, suggesting that the soft Cl centre does not di erentiate strongly between N-
and O-donor coordination modes. Although examples for therfoer are far more
numerous?93504.517 an O-coordinated nitrite has been reported in the dinuclear
complex [(Prstacn),Cux( 2- N: O )-NO,]PF4 of Tolman et al.>*° reported above,
where the bridging nitrite ion coordinates to one Clicentre via its N atom (bond
distance 1.899\) and to the other Cu' atom via a single O atom (1.968). 1 and
4 are interconverted via a second O-nitrito isomer5, where the non-coordinated
oxygen is now directed away from the copper along the pseu@g-axis. Details
of the copper coordination environment are otherwise verymsilar to those in 4.
Transition states linking 4 with 5 (TS1) and 5 with 1 (TS2) (the latter fea-
turing an 2-NO bound nitrito group) are relatively low-lying, and the maimum

barrier for the linkage isomerism process is?G° = 6.8kcalmol 1. The activa-

{The calculated free energy of this protonation step represas an upper bound to the true value,
as the presence of an ionic atmosphere will stabilise the dition somewhat.
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tion barrier can be compared to the one reported by Burton etla for a copper
tris(imidazolyl)carbinol complex®°! Interestingly, in this case the barrier shows a
dependency on the protonation state of the substrate and iarlyer in the unpro-
tonated case (13 kcal mol*) compared to the protonated one (4 kcalmol). The
rearrangement from O- to N-bound form should therefore be katically facile as
well as thermodynamically feasible (G° = -0.9 kcal mol 1).k

Following the initial sequence of the catalytic cycle, pramnation of Cu'-bound
nitrite to generate a nitrous acid complex appears to be a lmgl step forward within
the mechanism. These HONO complexes are of particular imponee, owing to
their role as precursors for the N-O bond breaking step. Fronhis perspective,
they can be seen as a mechanistic junction. Geometries of igais nitrous acid
adducts with Cu' are summarised in Figure 6.9. As for the nitrite complexes, tw
coordination modes for binding of nitrous acid need to be csidered. Following
rearrangement of4 to 1, protonation generates the nitrous acid complextH ™", in
which HONO is N-coordinated. We have in fact optimised two distict structures
of 1H™, one where the proton liegis to the non-protonated oxygen and is directed
into the centre of the cavity, the other where it liestrans to the O and is directed
between two of the cinnamylidene arms. The N-OH bond length monsiderably
longer in the latter (1.43A), probably due to the absence of intramolecular hydrogen
bonding. The lower Wiberg bond order (1.002 vs. 1.031 for tlues isomer) suggests
that the trans isomer is more activated towards N-O bond cleavage. Thas-
form is slightly more stable than itstrans-isomer, but the energetic di erences are
very small and have negligible impact on the overall shape tife potential energy

surface.

KWe have also considered the possibility that linkage isomésm occurs at the Cu' stage (i.e.
before the reduction). At this oxidation level, isomerisation to the N-bound form is endergonic
by 3.5 kcalmol 1, suggesting that equilibrium concentrations of the latter will be very small.
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Figure 6.9: Optimised geometries @) of nitrous acid adducts relevant to the catalytic
cycle. The bulk of the ligand has been removed for clarity. [Original in colour]

Considering O-bound coordination of nitrous acid, the freenergy change for
the protonation of 4 at O(1) to yield 4H1* ( G©° = -3.4kcalmol ) equates to a
pK 5 of 4.25, a value that is similar to that for the rst dissociaion of ascorbic acid
(4.17), suggesting that protonation at this stage of the p&iway is reasonable. In
fact, the more favourable protonation ofl relative to 2" is simply a consequence
of the additional positive charge in the latter, and so it is pssible that protonation
could occur at any stage following the initial reduction oR* to 4.

In Figure 6.7 (phase 3) we show linkage isomerism pathways flooth unpro-
tonated (4 to 1) and protonated @H* to 1H™) forms, and it is clear that the
presence of the proton does not change the free energy pradeany great extent.

The linkage isomerism is marginally more exergonic for thegionated species sim-
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ply because the oxygen atom that bonds to H carries a formal negative charge in
the N-bound isomer, but the surfaces remain approximately palel, with no sig-
ni cant barriers. Another possible target of protonation isO(2) in 4, which leads
to the formation of 4H2*, almost isoenergetic to4H1* ( G©° = -3.2kcalmol 1).
The optimised structure of4H2* shows an even more activated HO(2)-NO bond
(1.53A) compared to the N-coordinatedlH * , suggesting easy formation of NO and
a cupric hydroxo or aqua complex. The same trends, althougésls pronounced, are
observed for5H1* and 5H2*, which simply represent rotameric forms ofiH1*
and 4H2* (Figure 6.9). Consistent with experimental results, N-coalination is
thermodynamically favoured over the O-coordination modefor both nitrite and
nitrous acid. Thus regardless of exactly which point in phas3 the protonation
event takes place, this region of the potential energy suda is unlikely to be rate-
limiting. Moving on now to the NO generation step, several soarios for the

transfer of the second proton can be envisaged.

NO generation in the N-coordination mode

From 1H™, further protonation at O(2)H (phase 4, G° = +13.3kcalmol 1),
leads to spontaneous cleavage of the N-O bond, generating fBa' species6®*.
The distorted tetrahedral environment of the copper centrdeatures an NO lig-
and and a weakly coordinated water. At this point, our surfag resembles that
proposed by Burton et al. for the enzyme system, in so much aset NO species
generated by N-O bond cleavage is trapped by the metal centrdhe electronic
structure of formally Cu'-NO* species such aé%* has been debated extensively,
as they could, in principle, be described as a biradical, ®aNO". We favour the
Cu'-NO* formulation in the case of6?* because it has a closed-shell singlet ground

state although we note that a broken-symmetry singlet with Mlliken spin densi-
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ties of 1.0 on Cu and NO, respectively, lies only 2.7 kcal md! higher in energy.
Thus a de nite assertion cannot be made. The Cu-N-O unit is digctly bent in
62" (N(2)-Cu-N(4) angle = 156°) but this is a consequence of the interaction of
the loosely bound water with the orbital of the NO rather than any biradical
character. Finally, exchange of the water and NO ligands (pka 5) is exergonic,
forming rst the monoaqua Cu" complex with weakly bound NO in the second
coordination sphere 7?*, GP° = -3.2kcalmol 1) and then the starting complex
72, with complete release of NO (G° = -3.8kcalmol ). We denote this route

as pathway A.

NO generation in the O-coordination mode

It is not unreasonable that the cleavage of the N-O bond takedgze before link-
age isomerism has set in, and therefore could also occur fréme O-coordinated
speciesAH2* or 5H2*. The energetic pro le for the former case can be used to
exemplify this point, shown in the inset of Figure6.7. Indek proton transfer to
O(2)H leads to bond breaking, and interestingly, the optingation converged to a
broken-symmetry singlet state (S?% = 1.00), with spin densities indicating forma-
tion of a Cu" aqua complex and released NO0.56 and -0.97 on Cu and NO,
respectively). Having said that, the strongly elongated HO({2NO bond could also
facilitate formation of a Cu" hydroxo complex, with subsequent protonation of the
OH group to yield the agua complex. The triplet state § = 1) of 4H2* forces
bond rupture and release of NO, and the resulting Cu hydroxo complex with
loosely bound NO lies only 5.2 kcalmol above the starting structure. In com-
parison with the longer pathway A, including the linkage isorarisation sequence
to form the N-coordinated Cu-(H)NG, isomer, this pathway (denoted B) can be

viewed as a shunt, as it bypasses the formation of a copperrogyl intermediate.
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Hence, release of NO and recovery of the starting complex areedt.

Unproductive proton attacks

The second protonation could, in principle, occur at the unptonated oxygen
atom in any of the Cu-HONO complexes presented above (e.g. O(Bther than
0O(2) in 1H™"). However, this leads to energetically unfavourable compies with
protonated nitrous acid, H,NO, , and therefore proton transfer to the unproto-

nated oxygen is not productive.

Formation of isonitrosyl

Transfer of the additional proton to the O(1)H group in eithe of the isomeric
complexes4H1* (i.e. before linkage isomerism) obH1* does lead to N-O bond
cleavage, but in each case the reaction is unlikely to occws the products being
formed are highly destabilised (E 20kcalmol ') copper isonitrosyl complexes
(Cu-ON). Therefore this route does not represent a viable plavay, and a pro-
posed®? 551 Cu'-ON™ transient species appears to be highly unlikely and without
chemical precedent.

The catalytic cycle described above involves initial subsite coordination fol-
lowed by one-electron reduction to generate the intermedeéa4. The remainder of
the cycle involves a complex sequence of steps including tpration, linkage iso-
merism, cleavage of the O-N bond, dissociation of the NO ligdmand coordination
of two further water ligands leading to the nal products. Thereby the nature of
the activation products crucially depends on the point on tb energy surface at
which the bond scission is initialised. While some of the pawvays pose to be a
dead-end to the cycle and can almost certainly be excludedaded on thermody-

namic arguments, it is di cult to discriminate between the two pathways A and
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B, which lead to product formation. From our analysis it is aar that both cat-
alytically productive pathways, leading either to direct elease of NO via O-bound
HONO (B) or a copper nitrosyl intermediate via a N-bound HONO (A), ae ther-
modynamically feasible. A distinct di erentiation, howe\er, is only meaningful
when being based on activation barriers. Because of the diuty associated with
locating transition states for proton transfer reactionsn our chosen model, it is not
possible to give a nal answer to the question which mechamisis operative, and
we leave both options open. Nonetheless, we have devised Makaction channels
for the catalytic reduction of nitrite. Our results closelyparallel the ndings of
previous computational studies®°%2 and are also consistent with experimental
data.499.504.517.553 Both catalytically productive pathways have been discusdein
the literature. Pathway A is identical to the reaction sequece proposed for the
mechanism by Suzuki and co-worker€:5% The nal steps in this mechanism
(phase 4-6) match well with the experimental ndings by Fuji and Kujime*®°® and
Suzuki et al.?®* who have reasoned for a stepwise two-proton transfer mechsm,
involving formation of a N-bound HONO intermediate and a tentaive Cu-NO
complex during the catalytic cycle. A copper-nitrosyl intemediate has been pro-
posedi®?5%* to account for the ability of the enzyme to form NO. The recent
report of Wright and co-worker$®? on the isolation of a Cd'-NO complex provides
more support for the possibility of such an intermediate. Hoawer, we note again
that our calculations do not allow for an exact electronic sticture determination
of the CuNO complex. The low barriers associated with the lirlge isomerisation
from O,0- to N-coordinated nitrite imply that traversing from one to the other is a
fast process at room temperature. On the other hand, sevemlthors have argued
in favour of direct release of NO and formation of a ClyH,0) complex, thereby

regenerating the metal centre for further catalysi$>®
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6.5 Conclusions

We have mapped out the potential energy surface for the redian of nitrite to
nitric oxide, which is catalysed by Cu complexes of the tctgand. A series of com-
plex reaction steps is found to lie on a at surface. In one phtvay one-electron
reduction of [Cu" (tct)( 2-O; O%NO,)]* is followed by a sequence of linkage iso-
merisation, resulting in N-bound nitrite. Subsequent twodld protonation of the
nitrite ion leads to N-O bond scission and formation of an intenediate Cu' NO
complex and water. Replacement of NO by water closes the cy@ad restores
the initial state. Alternatively, protonation of an O-coordinated nitrous acid com-
plex, [Cu'(tct)( O-HONO)]*, leads to direct release of NO and formation of an
cupric aqua complex. Both the former (Cindirect’) and latte (‘shunt’) pathways
are thermodynamically and kinetically viable, and we argu¢hat both would be
operative during the reaction. In future work we aim to invesgate the in uence
(steric and/or electronic) of substituents attached to thdigand's benzyl rings (e.g.
tert-butyl) on the mechanism, ultimately hoping to obtain somerisight into the

possible role of the 1le257 residue present in the native gnze.
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Appendix

7.1 Units

Table 7.1: Atomic units (from IUPAC, I. Mills, Quantities, Units and Symbols in Phys-
ical Chemistry, Blackwell Science, Oxford, 1988.)

Physical quantity Name of unit Symbol and de nition Value in Sl units
Mass electron rest mass Me 9.1094 10 31 kg
Charge elementary charge e 1.6022 10 19C
Action Planck constant/(2 ) ~= h=(2 ) 1.0546 10 34 Js
Length Bohr ag =4 " o~?=(mee?) 5.2918 10 11 m
Energy Hartree En = ~°=(mea3) 4.3598 10 181J

Table 7.2: Conversion factors for energy units (from IUPAC, I. Mills, Quantities, Units
and Symbols in Physical Chemistry Blackwell Science, Oxford, 1988).

Name of unit Conversions

Hartree 1E, 27.21 eV 2.1947 1P cm ! 627.51 kcalmol 1
Electronvolt leV 3.675 10 2E,, 8065.54cm? 23.06 kcalmol 1
Wavenumber lcm?t 4556 10 ®E, 1.240 10 *eV 2.859 10 3 kcalmol *

Kilocalorie / mole 1kcalmol 1 1.594 10 8E, 4.336 10 2eV 349.76 cm !
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7.2 List of Acronyms

Table 7.3. Abbreviations and ligand names used in this thesis.

AA
AIM
AO
Asp
BCP
BO
bpi
bpy

2,2%-bpy, 4,4-bpy

BS
CASSCF

CC (CCSD, CCSDT)

CcCcsD(T)
CGF

CI (CISD and CISDT)
o-Clpap, p-Clpap

cod
COSMO
CcoT

CP

Cp

Cp’
[18]crown-6
[2.2.2]crypt
CuNiR
Cys
3,5-DBQ
DFT
DHAA
Dz

ECP
ELF
ESR
FOS
FT-IR
GGA
GIAO
GTO

HF

His

HK

IH NMR
HOMO
HS
HSAB
IEF-PCM
lle

IR

ascorbic acid
atoms in molecules

atomic orbital

aspartic acid

bond critical point

Born-Oppenheimer

bis(2-picolyl)imine

bipyridine

2,2%bipyridine, 4,4%bipyridine

broken-symmetry

complete active space self-consistent eld

coupled cluster (including singles and dobles or

singles, doubles and triples from a perturbative treatment)
contracted Gaussian function
con guration interaction (including do ubles and doubles and triples)
2-[(2-chlorophenyl)azo]pyridine, 2-[(4-chlorohenyl)azo]pyridine
1,5-cyclooctadiene

conductor-like screening model

corresponding orbital transformation

critical point

cyclopentadienyl (C5Hs)

pentamethylcyclopentadienyl (C;Me;)
1,4,7,10,13,16-hexaoxacyclooctadecane
1,10-diaza-4,7,13,16,21,24-hexaoxabidp¢8.8.8]hexacosane
Copper Nitrite Reductase

cysteine

3,5-ditert -butylquinone
density functional theory
dehydroascorbate

double-zeta

e ective core potential

electron localisation function

electron spin resonance

formal oxidation state
Fourier-transform infrared

generalised gradient approximation
gauge-independent atomic orbital

Gaussian-type orbital

Hartree-Fock

histidine

Hohenberg-Kohn

proton nuclear magnetic resonance

highest occupied molecular orbital

high-spin

hard-soft acid base
integral equation formalism of the polarizable continuum model
isoleucine

infrared
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Table 7.4: Abbreviations and ligand names used in this thesis (contined).

KIE

KS
LCAO-MO
LLCT
LS
L(S)DA
LUMO
MB
MCSCF
4-Mepap
mes
Met
MO
MP2, MP3, MP4
nbd
NICS
NIL
OTf
pap
PCM
PDI
PES
Ph
POS
(PPN)CI
PT

py

RCP

rt

SCF
SCRF
SEC
SHE
SOMO
SQUID
STO
Sz

SV
tacn
TCNE
TCNQ
tct
TD-DFT
TFA

thf
tmpa
Tp

Tp"
tpm
TVEC
TZ
UAHF
UV-vis
XAS
ZORA

kinetic isotope e ect

Kohn-Sham

linear combination of atomic orbitals to give molecular orbitals
ligand-to-ligand charge transfer

low-spin

local (spin) density approximation

lowest unoccupied molecular orbital
Messbauer

multi-con gurational self-consistent eld
2-[(4-methylphenyl)azo]pyridine

mesityl (2,4,6-MgCgH,)

methionine

molecular orbital

M ller-Plesset perturbation theory up to seco nd, third, fourth order
norbornadiene

nuclear independent chemical shift
non-innocent ligand

tri uoromethane sulfonate
2-(phenylazo)pyridine

polarizable continuum model
pyridine-2,6-diimine

potential energy surface

Phenyl (C4H5-)

physical oxidation state
bis(triphenylphosphine)iminium chloride
perturbation theory

pyridine

ring critical point

room temperature

self-consistent eld

self-consistent reaction eld

skeletal electron count

standard hydrogen electrode

singly occupied molecular orbital
superconducting quantum interference device
Slater-type orbital

single-zeta

split valence

1,4,7-triazacyclononane

tetracyanoethylene
tetracyanoquinodimethane
cis,cis-1,3,5-tri-[( E,E )-cinnamylideneamino]cyclohexane
time-dependent density functional theory

tri uoroacetic acid

tetrahydrofuran

tris(2-pyridylmethyl)amine
hydrotris(pyrazolyl)borate ([HB(C 3N,H3)5]{)
hexamethylhydrotris(pyrazolyl)borate ([HB(C ;N,Me,H);] {)
tris(pyrazolyl)methane

total valence electron count

triple-zeta

united atom for Hartree-Fock

ultraviolet/visual

X-ray absorption spectroscopy

zeroth order regular approximation
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