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PROLOGO

El extraordinario desarrollo experimentado por la quimicacomputacional en
las Ultimas décadas ha motivado un progresivo incremento en € nimero de
estudios basados en un andlisis tedrico de los sistemas. El optimismo
presente no es en vano, sino fruto una creciente experiencia y de la
validacion de los métodos empleados A pesar del claro progreso y de las
Optimas perspectivas futuras, no se debe olvidar la complegjidad de los
sistemas reales. En mi opinidn, hay que tratar de evitar la sensacion de que
un estudio computaciona ahorratiempo y dinero ala ciencia.

La posibilidad de un estudio smultaneo y conjunto entre el trabao
experimental en e laboratorio y € andlisis tedrico es un triunfo presente
para quimica computacional. No obstante, la especial complicacion de
muchos sistemas reales los hace todavia inabordables computacionalmente
en su totalidad. Nos vemos obligados a trabagjar con sistemas modelo que
nos apartan en cierta medida de la realidad. Estos sistemas modelo pueden
reproducir fielmente los sistemas reales, pero se pasa a estar a expensas de
poder reproducir los valores experimentales para estar completamente
seguro de que el sistema esta correctamente enmarcado.

Nuestro planteamiento para esta memoria implicé desde un principio un
trabajo de colaboracion conjunta con un grupo experimental, corroborando
las suposiciones experimentales y siempre como apoyo a las posibles dudas
0 sombras que no se pudiesen aclarar facilmente sin el necesario andlisis
tedrico. En la estructuracion de esta tesis se ha intentado presentar |0 que ha
sido nuestra forma de trabajar durante estos cuatro afios, o 1o que deberia
haber sido. La mayoria de los distintos apartados empiezan por un resumen
de los datos experimentales de que disponiamos antes de empezar los
calculos; apoyandonos en estos datos, se modelizaban aquellos sistemas que
més interés, o dudas, despertaban tanto a nivel experimental como tedrico,
paraasi completar su estudio.

Evidentemente la quimica tedrica tiene la ventaja de poder proponer
sistemas todavia no sintetizados, y ese podia ser uno de nuestros grandes
objetivos, ir mas alla de las personas que trabgjan en e laboratorio. No
obstante, ese no ha sido € objetivo de este trabajo. Practicamente todos los
resultados presentados aqui se basan en sistemas sintetizados, o no
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observados, pero de los cuales su sintesis ha sido probada de forma
infructuosa, e igualmente se puede estudiar e motivo. Evidentemente, esto
supone gue sabemos que nos estamos dejando muchos posibles compuestos
por tratar.

El resultado del trabajo se presenta realmente fructifero. Por un lado se es
capaz de reproducir los sistemas, obteniendo los datos experimentales y
partir de ahi aportar otros nuevos. El aporte de informacion extra es
evidentemente bidireccional y nos ayuda a conocer 1o que podemos 0 no
tratar. Como egemplo diré nuestra grata sorpresa en la reproduccion de
espectros RMN, lo cual nos ha llevado a intentar abrir nuevas vias de
trabajo en este campo debido a los buenos resultados obtenidos.

El trabgjo multidisciplinar ayuda tanto a ver tus posibilidades como las del
resto de grupos implicados, de tal forma que a mi me resulta dificil pensar
en otra forma de trabgjar mas efectiva. Esto significa a su vez, que todavia
nos gque da mucho trabajo por hacer, los avances no han sido pocos y en
muchos casos nos permiten discutir sobre la veracidad de los datos
experimentales. No obstante, todavia queda lgjos la irrefutabilidad de los
datos teodricos. Tratar de que un estudio tedrico sea un paso preliminar
obligatorio a trabajo en € laboratorio congtituye para mi €l objetivo idea y
la evolucion mas |6gica de nuestro trabajo.

Tarragona, Marzo 2004 J. Gracia
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I ntroduction and scope

The overall framework of this report aims to summarize the work we have
done over the past four years. Conceptually, this thesis is divided into three
well differentiated parts. The nucleus is based on a joint project with prof.
Mena, of the University of Alcala (Alcala de Henares, Spain), whose group
is involved in the synthesis and characterization of new aza- and oxo-
titanium cubanes. These families of compounds are basically obtained from
preorganized titanium tridentate ligands which can incorporate almost all
the metals of the periodic table and yield the corresponding heterometallic
cubanes. In this respect the theoretical study is based on and adapted from
the progress in the laboratory work. Practically every section in this part
starts by describing the experimental data available for the specific system
studied when we began the analysis. Then we go on to describe the
theoretical study and attempt to involve the reader in the problems
discussed. As a consegquence of the advance in the experimental work, NMR
spectra are used to characterize the new compounds. This leads us to
initiate studies in the computational simulation of NMR chemical shifts. The
most theoretical part of this report is basically an assimilation of these
studies. The excellent results obtained for the cubane compounds enabled us
to extend the knowledge acquired to other interesting fields and our group
has started a study of the NMR shielding tensors in polyoxometal ate
compounds. The third part of the thesis focuses on some molybdenum-
sulphide clusters and their activity as catalysts.

The present chapter introduces the metal aggregates studied and their
related chemistry, and describes the general scope of the thesis. The chapter
is organized as follows: Section 1.1 gives an overview of the metal
aggregates studied, of the computational procedures used and the layout of
the thesis. Section 1.2 familiarizes the reader with cubane compounds, the
great family of the first compounds studied, titanium cubanes. The
important role in catalysis of molybdenum clusters, the second species
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examined, is explained in section 1.3. The scope of the work is reserved for
section 1.4.

1.1  Introduction

1.2  Cubic aggregates

1.3  Molybdenum catalysts
1.4  Scope of thework

1.1 Introduction

The enormous development of density functional theory (DFT) methods for
chemical applications,® along with powerful computer hardware during the
1990s, has enabled theory software for modelling real systems to be widely
and efficiently used. This paralel evolution has made it possible to deal
with more and more complex systems, and the constant progress has meant
that computational chemistry is not merely a good tool but an alternative for
studying molecules. The objective of the next step was to make a joint
theoretical and experimental study.

Molecular metal clusters may provide insight into the mechanism of
important processes, and act as potential models for more complicated
biological or industrial process.? The great variety and versatility of the
applications of these compounds has created considerable interest in their
theoretical study. The usual size of metal aggregates and the importance of
electron correlation means that DFT methods are practically the only
reasonable alternative for studying these systems. In these terms, DFT
methods have proved to be excellent at treating medium-sized metal
aggregates at a good level of approximation. So molecular structures,
stability and thermochemistry, chemical reactivity, vibrational frequencies,
and magnetic, eectric and other important gs)roperti&s have been
systematically explored with impressive accuracy. 34°°

In the past decade, it has become possible to carry out calculationson NMR
chemical shifts” with increasing precision. It is fair to state that the use of
DFT has been decisive in obtaining accurate computations of NMR
parameters in compounds containing heavy elements. The second chapter of
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this thesis briefly compares DFT methods with other computational
schemes, and goes on to describe the peculiarities of calculating NMR
parameters with DFT at greater length. NMR measures are commonly used
for characterizing compounds in the laboratory. NMR parameters have only
been theoretically computed fairly recently, which has meant that our group
has had to make a particular effort to understand the theoretical and
practical background. The second chapter reflects our efforts to understand
the computation of NMR parameters from the first step, with particular
referenced to the projects of our work group.

This report is essentidly a theoretical study of two different families of
metal clusters. Chapters 3 and 4 are a multidisciplinary study, very closely
connected with the experimental part, which focuses on the electronic
structure of the new titanium cubane compounds recently synthesized by
Mena et a. We work paralel to an experimental group to compare and
contrast the theoretical and experimental data, and so establish the base
chemistry of these new compounds. In this sense, the various reaction
energies were studied, and the compounds and their possible isomers were
characterised by means of DFT methods. Particular emphasis is paid to the
properties of incomplete Tis core cubane tridentate ligands (precubanes) as
bases for obtaining cubanes. The electronic structure, bonding energies,
electron transfer processes and reactivity in the titanium Tiz core of the
metal clusters are studied.

Chapter 5 summarizes the work carried out during a six-month stay in Dr.
John E. McGrady's group, which uses density functional theory to explore
problems of structure, bonding and reactivity in inorganic compounds. The
main focus of the research is metal- metal bonding in cluster compounds.
Transition metals have a prominent position in catalysis, both in industria
and biological contexts, and the ultimate goa is to understand the part
played by the metal and its ligand environment in facilitating a particular
chemical transformation. Chapter 5 studies the electronic structure of the

Mo,S, core catalysts and the mechanism of their, unresolved, catalytic

activity. The various possible isomers with the generic formula Cp,Mo,S,

were studied, and the energy of the electron transfer between the metallic
centres and the sulphide ligands, so important in the catalytic process, was
investigated in depth. Subsequently, the mechanism of the hydrogen
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activation reaction promoted by these bi-molybdenum compounds was
studied, and the nature of the different reaction pathways was el ucidated.

1.1.1 Computational details

All calculations were carried out by means of DFT calculations including
gradient corrections. Most of them were carried out with the ADF package®
by using the program’s standard frozen core TZP basis sets. The basis set
includes a triple-z and polarization Slater basis set to describe the upper

valence electrons, double-z in the subvalence region, and single-z in the
core region. We used the local spin density approximation, characterized by

the electron gas exchange (Xa with a :2) together with Vosko-Wilk-

Nusair parameterization® for correlation. Becke's nonlocal corrections™® to
the exchange energy and Perdew’s nonlocal corrections** to the correlation
energy were added. Relativistic corrections were made by using the ZORA?
formalism with corrected core potentials. The relativistic frozen core shells
were generated with the auxiliary program DIRAC.}® DFT-GIAO-based
NMR calculations were performed with the auxiliary program NMR.* The
contributions to the shielding tensor were also analysed with the EPR/NMR
program,*° from single calculations of the previously optimized geometries,
but using the PAULI*® formalism for the relativistic corrections (the ZORA
formalism was not implemented). For bi- mol%/bdenum compounds,
supplementary calculations using the Gaussian 98" program were made
with the B3LYP functional.'® The 6-31G(d) basis set was used for the
carbon, while the 6-31G basis set was used for hydrogen. The LANL2DZ*®
basis set and effective core potential were used for molybdenum and sul phur
atoms, supplemented with a set of d-polarization® functions for the sulphur
atoms and f-polarization?* functions for the metals.

1.2  Cubic aggregates

The molecule from which cubane compounds take their name is the cubic
hydrocarbon CgHg.??> This molecule consists of a cube of carbon atoms,
which are joined to hydrogen atoms orientated towards the outside (Figure
1.1).
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HC

Figure 1.1. Cubane C;H,

Most cubic aggregates have two types of atoms (M and X) arranged
dternately in the vertexes. M X, cubanes consisting entirely of metal
atoms, like the [Mo{m,-HgMo(CO),(h°-C.H.)}], compound, hawe been
characterized.?® Nevertheless, they typically involve a metal atom ensemble
(M,) and a second group of nonmetal atoms (X,), both of which may
have additional ligands in their coordination sphere. The M, and X,

subgroups each form atetrahedron. The cubic structure can be considered to
be the interpenetration of both tetrahedrons (Figure 1.2).

Figure 1.2. Cubic aggregate as two alternate M, and X, tetrahedrons

There are abundant experimental data on the solid state of these compounds.
Cubanes generadly form a compact packing and one unit has exact or
approximate Tq symmetry, which produces an efficient crystalline packing.
The distances M-X, X-X and M-M are related;?* for a given cubane, any
attractive interaction between the M atoms increases the X-X distance and
vice versa. Additionaly, the polyhedron has flat faces only when
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M-X-M=X-M- X = 90°, and the relative value of the
aforementioned angles is a clear indication of the lengthening of a cubic
regular structure due to the difference in size of the M, and X,

tetrahedrons.

1.2.1 Bonding considerations

The structural stability and electronic versatility of these compounds is
considerable and they involve many meta and non-metal elements.
Depending on the nature of the metal, the non-metal atoms and their
respective ligands, there will be a different number of valence electrons and
electrons on metal-based orbitals (see Table 1.1).

The electron distribution in these compounds plays a very important role in
their rationalisation. In the construction of the complexes, the M-X
interactions basically hold the cubane structure. So non-metal and metal
elements need to provide the necessary electrons to form the cubane
skeleton, along with the electrons required by their respective ligands. Once
these requirements have been fulfilled, if the metal atoms have any extra
valence electrons, we shall find electrons that can form metal- metal bonds
(see Figure 1.3). These last metal electrons are directly involved in the
possible structural distortions, redox properties, etc.

For a cubane of general formula [ML(m,-X)], the adapted combinations of
Tq symmetry for the metal s and d valence orbitals are

Metal Electrons (M)

(n-l)d 2> a+ 2e+ 2t + 36
ns—>a;+ty

where n is the number of the period in the table of the elements. Non metal
elements use their np valence electrons, while the nature of the electrons
contributed by the metal ligands depends on the type of ligand. Below we
show examples with ligand types s and p.
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Non Metal Electrons( X )
p9a1+ e+t + 20
Ligand Electrons (L)

Ligands =2 a; +t»
Ligandp 2> e+ t1+ b2

In the cubane formation, every one of the non-fulfilled orbitals of the
metal’s ligands (L) combines with an orbital with the same symmetry
belonging to the metal, thus forming a metal- ligand bond. In turn, every one
of the nonfulfilled orbitals of the nonmetal element combines with an
orbital with the same symmetry belonging to the metal to form the cube
skeleton, while the non-metal fulfilled orbitals go on to form the cube
skeleton without requiring any great contribution from the metals. Finally
we have to take into account the remaining electrons in the metal orbitals. In
this way, the valence orbitals in the cubane cluster are divided into three
subgroups, which from smallest to largest energy are usualy

) Orbitals externa to the cluster, used, for example, to form p- or
S - bonds with the ligands.

i) Orbitals used by the twelve M-X bonds that form the skeleton of
the cube.

i) Metal- metal orbitals.

Figure 1.3 presents an orbital’ s interaction diagram for the general case of a
cubane [LM(m,-X)], (L = s - ligand) assuming a hypothetical Ty geometry.
With these genera orbital interactions, several attempts have been made to
try to rationalize the structural properties of the cubanes.?® We observe the
three orbital subgroups: first, a sequence of orbitals corresponds to that of
the metal-ligand bond; then, we found the twelve M-X bonding orbitals and
finaly the orbitals corresponding to the metal- metal bonds. For these last
metal- metal orbitals a set of bonding orbitals, a, e and t,, are found to have
lower energies than the consequent antibondings, t; and t, leading to a total
metal bond order of 1.0 for clusters with 12 metal electrons. The possible
addition of 12 extra electrons would occupy the antibonding orbitals and
increase the bond distance, consistent with a meta zero bond order.
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Between these two extremes, several types of deformations can be
rationalized in terms of a Jahn-Teller distortion, as a function of the partial
occupation of the orbitals (see Table 1.1). An extension of this model for all
kind of ligands enables us to rationalize the properties of many cubanes.

Metal Orbitals Cubane Orbitals L and X Orbitals
Atomics Symm. Adap. Symm. Adap. Symm. Adap. Atomics
oy T ti Antibonding Metal-Metal orbitals
EN t2 - t
dx-y . 1-/ Bonding Metal-Metals orbitals
e ,,,//”’/’::::j:__ t2 -
ra / t2
dz* > 2 a1 -
al M -X Skeleton Orhitals e T T €xp
/ [ orbitals
dxz

dyz 2 /
- / / —o
/

orbitals

s >

- 2 Metal Ligand Orbitals 2
al al <L, s
2 _/ LIGAND
al

Figure 1.3. Orbital interaction diagram for a general aggregate
[ML(m-X)], of Tq symmetry without fulfilled metal-metal orbitals

Notwithstanding, this model cannot rationalize the distortions observed in
the complex [(C4H;)CrO], . Green et. al. ?® observed that the electrons in the

chrome compound were weakly matched, so the previous model of
dislocated electrons proved to be inadequate because the electronic
correlation was annulled. A different model with n separated and localised
electrons per metal centre can be used to rationalize the structure of the Cr
compound.?’ It was established that the energy difference between a
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localised and delocalised structure is given by the energy balance between
the stabilisation due to the formation of meta-metal (Ey-m, delocalisation)
and the spin polarisation energy (Es, localisation). The greater tendency of
the heavier metals to form metal- metal links is interpreted simply in terms
of a bigger actual overlay. The fact that the orbitals 4d and 5d are large
leads to a delocalisation. For the metals with the less diffuse 3d orbitals,
however, it is necessary to take into account the associated stability that is
the result of the antiferromagnetic coupling in the localized systems.

Table 1.1. Electron distribution in some cubanes

Complex Metal electronsin M-M orbitals
[PtMe,(m-CI)], *° 24
[PtMe, (m-OH)], ** 24
[CoCp(m,-9)],* 24
[FeCp(m-CO)],** 20
[TiMeCp(m-S)],** 4
[CoCp(m,-P)],* 20
[TiCp(m-N)],* 0

1.2.2 Metal dement

The meta ligands orientated outwards do not form part of the cubane
skeleton. However, they make it soluble in organic solvents and also prevent
clusters from aggregating to the bulk metal. Non metal elements form the
cubane edges by sharing their electrons or ceding a free pair, if its
coordinating octet is already complete. On the other hand, the versatility of
metal elements means that they are responsible for much of the richness of
the structure found. Also, metal electrons are responsible for the interesting
catalytic and structural properties of the compounds.

Alkaline and akaline earth metals only possess s electrons in the valence
shell, so they need non-metal elements that can cede electrons to form the
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cubane edges. This is the general case of the cubanes [M(m-OYMe,)],*
M = K, Ro,or Cs; Y = Cor S,or [BeMem-OR)],.*® A very
interesting case is that of by the eectronicaly-deficient [Li(m-Me)],*’
cubane; it needs a further 2e for each meta to complete the edges. These

alkaline cubanes always lack metal-metal bonding orbitals, because their
only stype electrons are involved in the M-X bonds.

Alcoxides of thallium (l) have been known now for a century. X-ray studies
have shown that the constituent molecules of these compounds have a cubic
structure.®® The mere presence of p orbitals means that only very weak
metal- metal interactions can be present.®® Al, TI, Pb, Sn are the most
representative metals of this family in the formation of tetramers. Given the
large number of cubane cluster compounds which have been characterized
for d-transition metals, it is surprising that more have not been identified for
the s and p- block elements. However, this may reflect the inherent
structural preferences of these two branches of inorganic chemistry.

Transition metals use valence occupied d orbitals for the first time. The
metal interactions now involve bond distances between metas. The
biochemical role of several Fe-S proteins has been discussed and it has
been suggested that electrons embody cubane centres {Fe,S,}.*° Fe-S
proteins are an important group of biological materials, which are probably
present in al forms of life. The main feature of Fe-S proteins is their ability
to transport one or two electrons. The studies on attributable oxidation states
for the complexes [Fe(SR)(m-S)], have been of great value and interest and

have established a correspondence between the operative oxidation levelsin
ferroxines and HiPIP proteins.

The geometry of the cubic structure is sufficiently flexible to accommodate
constructions imposed by the bonding and antibonding interactions among
the atoms at the vertices of the cubane for a wide range of compounds. For
example, complexes  containing only the  meta atoms

[Nis(co)s(ml'PPh)e] 141 [MO{”B'HQMO(CO)s(h 5'CsHs)}]4 have been
characterized.*® A study of the series of compounds [M(Ph,Y)X],,** where
M= Cuor Ag, Y=Por Asand X = CI, Br or |, shows the effects of
the antibonding interactions on the structure of the cubane. Those tetramers

10
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for which the antibonding interactions on the cubic structure are too big
include a chair conformation (Figure 1.4). Severa factors influence the

relative stability of the structures.*®

i) The magnitude of the nonbonding interactions
i) The relative stability of the tri- and tetra-coordinated metal
i) The relative stability of the atom X in m- or m- coordination

V) Interactions of the crystalline packing

Cubane Steric Repulsions

[PAQCl]4
[AsCUuCl]s
[PCUCl]s

Steric
Repulsions

PPhy

[PAgBr]4 [PAgI]4

[AsCuBr]4 [AsCul]4

[PCuBr]4 [PCul],4
Chair

Figure 1.4. Cubic and chair conformations in terms of the cubane.

Examples on [Ag(PPh,)I],*

11
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1.2.3 Incomplete cubane structures

The M,S, core (M = Fe, Mo) systems were the first time that a metal
fragment had been added to preorganized Ms3X,; ligands to form
heterometallic cubanes of the M'M.S, core.*> They were to be a reference
for subsequent studies on the formation of these monomers. In addition, the
Rhenium complex [Re,(CO), (m-OH),(m,-OH)] acts as a ligand type in the
formation of dicubanes®® We are taking the first steps towards a
comprehensive understanding of the chemistry of metalic cubane
formation, starting from the formation of preorganized organometallic

ligands (precubanes) (see Table 1.2) that can incorporate a wide variety of
metals in very different oxidation states.

Table 1.2. Precubane structures

Precubane Charge . M_etal N°of metal
oxidation state  eectrons
[Fe,S,]*° +1 +3 15
[Cp:Mo,S,]% +1 +4 9
[Re,(CO), (MOH),(m,-OH)] *® +1 +4 9
[Ti,(m-CR)(m-0,)] * 0 +4 0
[Ti(h®-CMe)(MNH)} (m-N)] > 0 +4 0

Titanium nitride is used in a variety of industrial applications because of its
important properties.®® When [TiN] layers are grown, the presence of
ammonia is crucia for eliminating significant quantities of carbon from the
precursors. Thus the understanding of the reaction of metal nitrides and
halides with ammonia proves to be very interesting.>* In this context, Mena

et d. used the anmonolysis of the [Ti(h°-C,Me,)Me,] complex to get the
aza-compound [{ Ti(h*-CMe,)(mNH)},(m-N)] (1) as a yellow solid,*? in
asimilar processto the one used by Roesky et al.>3 (Scheme 1.1).

12
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N

[T|] [Ti]

-9CH, ‘/\ /\

D H
[Ti] = TiCp*

|

3Cp*TiMe; + 4NHj4

Scheme 1.1. Reaction of [Ti(h°-C,Me, )Me,] with NH3

On the other hand, when a toluene solution of [Cp* TiEt(p-O)]s (Cp* = h®-
CsMes) was heated at 195 °C for 12 h (Scheme 1.2), the colour of the
solution changed from yellow to dark orange. When the solvent was
removed the oxo- compound [{ TiCp* (m-O)},(m-CMe)] (3) was yielded in

quantitative yield and high purity.>*

Et
R

[Ti] m—O C
7 D\ Tol/195°C/12h y\
o [Ti] . [Ti] T] [T|]
St—o”” | 2CH ‘/\

| Et 2Fg

Et [Ti] = TiCp* (3)

Scheme 1.2. Formation of the [{TiCp*(m-O)}(m-CMe)] compound

Successive works on the relatively more innovative oxo- TisO3CR and aza-
TisN4 core systems have expanded their chemistry towards cubane®® and
dicubane®® compounds. The eaction of the azatitanium compound with
some titanium derivatives leads to nitrocubane formation (see Scheme 1.3).
This reaction forms a cubane compound by adding the fourth vertex to a
structure that becomes a precubane.

13
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N N
//[!'L i Toluene, 110-160° <r'”/r‘”]
W< AL+ miech RINMe) - S

N W / NN
. w, M “3NHMe, \!
2

n

Scheme 1.3. Reaction of [{Ti(h°-C.Me,)(mNH)L(m-N)]  with
[Ti(h®*-CsH R )(NMe, ) ]

These aza- and oxo- structures can move labile ligands such as carbonyls or
methylsilanes, coordinated to gro sP 6 metals, to give the corresponding
cubane compounds (Scheme 1.4).>® Should there be other highly reactive
metal ligand bonds, dicubanes may form. Thus dicubanes are obtained from
the aggregation of akalinemetas (Scheme 1.5).>" Al
[{TiCp*(mO)},(m-CR)] (R = H (1), Me(2)>® systems show their
coordinating capabilities on unsaturated molecules like carbon monoxide,
isocyanates and acetones, or on metal carbonyl hydrides in a chemistry that
has no direct metal- metal bond (Scheme 1.6).

. R

I /C\

C

| [Ti]<_ [T [Ti]
o R N

N/ + -

I
Ig oo oc\\VMo\ y \ |/

= H, Me Cco -
ocC __<§zzz§% ()Cﬁ\‘( \\

R=H, Me

Scheme 1.4. Synthesis of the heterometallic cubane complexes
[Mo(CO),{TiCp*(m-O)},(m-CR)] , R=H, Me

14
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+ 2[MN(SIM [Ti] N
N N '\'<J[ = N—'V'< S
m Ml M Toluene, 20°C , ’ N ‘
2 1A XI A /irri]\
NH N
-2 NH(SMey), SN \[Ti]
M =Li, Na, K

Scheme 1.5. Synthesis of the edge-linked double azaheterometallocubane
complexes [M{TiCp* (m-N)};(m,-N)], M = Li, Na, K

NtBu H O

"\ N4

7:—0 tBUNC // CO(excess) /T—C\
?}m] [T T RT,2n //& \/[Tll }}[Tu Py
& o / \ /

Scheme 1.6. Reactivity of complex [{TiCp*(m-O)}(m-CH)] with tBuNC
and CO

From the electronic point of view, ligands are molecules with non metallic
elements that can act as electron donors. It is difficult to establish a
universal classification for ligands, because there are two main aspects to
emphasize: electronic and structural. When studying ligand complexes it is
important to know the number and basicity of their electrons. Structural
aspects include the number and arrangement of the donor atoms. Both
aspects together, the number of electrons and their arrangement, have
considerable repercussions on the final geometry of the complexes. Aza-
and oxo precubane compounds have a ligand structure with three electron
pairs oriented outwards. Unlike other ligands, they have the peculiarity of
possessing empty d-titanium orbitals that can look for a meta-meta
connection with the additional metal fragment.

15
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A wide range of metal fragments have already been discovered that make
good use of one or severa interactions to coordinate to the precubane
ligands. As the cubanes are being formed, the free electron pairs of the
precubane ligand and the interaction with the oxidized titanium atoms mean
that electron density is accumulated in the atoms that form the tripod. The
fragments incorporated make good use of this electronic density, and there
are three possible effects:

a The incorporated metal fragments look for an electrostatic
interaction leading the positive part (central atom) toward the
negative charge of the trident (alkaline metals, C=0, ...).

b) The empty orbitals of the metal fragment tend to stabilize the free
pair electrons of the ligand.

c) The electrons of the fragment are stabilized by interaction with the
virtual orbitals of the ligand. The metal may even be oxidised and
anionic precubane ligands generated.

Additionally, when studying the direct metal- metal bond, it proves to be
impossible not to explore the qualities of the precubane ligands like
tridentate donor ligands on metallic fragments in an attempt to find a metal-
metal connection among units. In this respect, [M(CO),] (M = Cr, Mo,

W) addition on the oxo- [Ti,(m-CR)(mO,)] as on the nitro-
[Ti(h°-C,Me,)(mNH)},(m-N)] trimmers crystallizes in heterocubanes,

where the M-Ti interaction becomes clear. DFT theoretical studies show
that theg/ can be useful for this kind of task for examining the interaction in
detail.®

1.3 Molybdenum catalysts

The original reason for studying the catalytic capabilities of sulphido-
bridged dimolybdenum complexes was to develop an understanding of the
important yet complex world of heterogeneous catalysis. It was soon evident
that valuable insight into the structure and function of heterogeneous
catalysts composed of small metal particles could be obtained by using the
powerful techniques of X-ray crystallography, NMR spectroscopy, and
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other spectroscopic methods for studying the fine details of the structure,
bonding, and molecular dynamics of small organic molecules bonded to
polynuclear metal centres. However, the complexity of the systems
sometimes makes it difficult to elucidate key mechanistic points. More
recently, theoretical computational methods have emerged as an efficient
and attractive aternative for understanding and solving problems that are
difficult to address with experimental methods.

Sulphur-containing compounds have long been known for their strong
coordinating and adsorptive properties.®® Many nonmolecular transition
metal sulphides have intriguing catalytic activity; hydrogenations of
unsaturated and aromatic hydrocarbons and hydrogenolysis of molecules
with carbonsulphur, carborntoxygen, and carbon-nitrogen bonds have been
catalyzed. These catalytic properties have been extensively used in fuel
processing. The semiconductor properties of metal-sulphide surfaces mean
that they also have other catalytic applications:®® for example, WS, hasbeen
used as a photocathode and photoanode,®* and zinc and cadmium sulphides
have been extensively studied as photocatalysts.°? Also in biochemistry,
sulphide ligands have been identified in the coordination spheres of the
metal centres of several metalloprotein and metalloenzyme systems. %

One or more sulphide atoms bonded to a transition metal provide
considerable electronic and structural flexibility. This versatile coordination
behaviour has been used to develop synthetic routes to metal-sulphur cluster
compounds.®* A large number of molecular transition metal complexes have
been synthesized. As a result of the ability of metal-sulphide complexes to
retain their structural integrity, the electrontransfer processes for these
complexes often show some degree of reversible character. Moreover,
sulphur donor ligands tend to favour the lower oxidation states of metal
ions, and the relatively positive reduction potentials of the sulphide
complexes provide a favourable situation for the many catalytic reduction
reactions that have been characterized. It is aso interesting to explore the
extent to which this catalytic activity paralels that of nonmolecular
sulphides or that of biological systems.

The largest sulphide-containing cluster to be studied for its catalytic
applications is [Rhi7S,(CO)x]*. This cluster was found to catalyse the
reduction of phenylglyoxa to (2- hydroxyethyl)benzene in the presence of
hydrogen,®® or the conversion of CO/H, (1:1) to ethylene glycol and
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methanol.®® Several examples of sulphide clusters and complexes with

noble-metal ions have been found to show catalytic activity under hydrogen.
Besides, other complexes of groups 810 have been used as catalysts for
reactions with hydrogen.®” Iron-sulphur cubane clusters of the genera
formula [FesSs(SR4)]™ have been widely investigated as catalysts for
reducing a variety of substrates by hydride or electron donors Motivation
enlarges by the presence of these clusters in the ferrodoxin proteins, which
function in many biological electrontransfer processes.®® Other mixed metal
Mo-Fe-S clusters have been compared with the iron-sulphur cubanes.®®

Of gpecid interest are molybdenum meta sulphides. In the large-scale
commercial  hydrotreating processes, sulphided molybdenum-cobalt
catalysts supported on alumina are generally the systems of choice
Dinuclear cyclopentadienyl molybdenum complexes with bridging sulphide
ligands have been found to activate molecular hydrogen. Reaction of
[(CPMO)2(mS)2(mS,)] with H, yields the cleaved hydrogen bond and a
product [(CpMo)(mS)(m SH)]. with two hydrosulphido ligands was formed
(see Equation 1.1).”* Additionally, this last compound and the structurally
related [(CpMo(mS)),S,CH,] do not add hydrogen, but they serve as
cataysts for the formation of HD from a mixture of hydrogen and
deuterium.”® Hydrogen activation by these neutral derivatives has been
found to be useful in the catalytic hydrogenation of organic molecules. For
example, the [(CpMo)(mS)(mSH)], complex catalyzed the hydrogenation
of N=N to hydrazines or C=N bonds in imines, isocyanates, and
isothiocyanates to form amines, formamides, and thioformamides.

[(CPMo(m S))2(S,CHy)] promotes the hydrogenation of akynes to cis
akenes, allenes to alkenes, and ketenes to aldehydes”® and the
hydrogenolysis of carbon disulphide to hydrogen sulphide and
thioformaldehide.” The mechanisms of hydrogen interaction with these
complexes have not been established. It is apparent that the sulphide ligands
play a role in hydrogen coordination, and this ligand reactivity was a
dominant characteristic throughout the study of these dinuclear
molybdenum systems.
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2 & MoCp = ~Mocp
COMG/ tH —— CpMo/
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Equation 1.1

The cations [(CpMO0)(S;CH2)(mS)(MSR)]" aso undergo an unusual
reaction with molecular hydrogen. Final reaction products in these systems
have been found to depend on the nature of R.” The cation
[(CPM0)2(SCH2) (mS) (mSR)]* undergoes a complex reduction chemistry,
both with electron donors and with molecular hydrogen, when R is a
el ectron withdrawing substituent (thiophene R = C4H3S). When R = Mg, the
reaction does not reduce the substituent,’® but to products shown in
Equation 1.2.7°2 The synthesis and characterization of the SH compound
[(CPM0)2(S2CH.)(m SCH3)(m SH)] have been reported.’” The obtained SH
complex [(CpM0)2(S,CH2)(m SCH3)(m SH)] proved elusive. It is extremely
air senditive and is rapidly oxidized to give the neutral radical
[(CPM0)2(S:CH,)(m SCH3)(m S)]. In the presence of hydrogen, the solution
of this SH complex appears to be quite stable.

Me /SE & y Me™ %\\\\\\\\\)S\ H
z S >mocp) * = >MoCp]
[CpMo/ base [MOCV .
y “, + H, _é/ /”//,/// + Hbase
N N

> Ny
LA
_—
e

Equation 1.2.

The mechanistics of the hydrogen interaction with these cation complexes
have not been established, but it is apparent that the sulphido ligands play a
role in the hydrogen coordination. In all cases, it is proposed that hydrogen
addition to the cation promoted by base resulted in the formation of a
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reduced SH product (see Equation 1.2). The kinetic data for Equation 1.2
are consistent with the second-order rate law=K[cation][H.] and suggest that
the cations interact directly with the hydrogen. The data also support the
conclusion that the reactions of the cations with hydrogen involve an
interaction which results in the heterolytic cleavage of H,.”® Severa possible
modes of hydrogen addition to the cations, which are consistent with the
kinetic data and with the molecular orbital description of the cation were
considered (see Figure 1.9).”°

H----- H
R/S\ S\H /S, \S
Mo/ A \M/

H 0}
S/ \S S/ \S

H

S
R/S\ /S\/H Mo/ \Mo
AR NS

S

Figure 1.9. Considered H, addition modes to [(CpMo0)2(SCH2)(mS(m
)] * cations

Other structures for hydrogen-addition products have been proposed, but
reviewers have suggested that they are unlikely.®% End-on addition of
hydrogen to a sulphide ligand in the cation is one potentia description of the
hydrogen addition process.' Addition of H, to the sulphur sites would
produce a mercaptanbridged structure, which would readily deprotonate in
the presence of a base. The analogous reversible addition of ethane to the
sulphur sites of an akanethiolate cation has been characterized recently.®
An aternative mechanism for the initia interaction of the cation with
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hydrogen could be a stepwise addition of hydrogen across a molybdenum-
sulphide bond or across a molybdenum- molybdenum bond. Attempts to
spectroscopically detect a hydrogen addition product have been
unsuccessful.

One indirect nmethod of assessing the relative stabilities of the protonated
structures may be to identify the protonation site(s) in related neutral
dimers. Protonation studies have provided data to suggest that in most cases
molybdenum ions are the most basic sites in these structures. In this sense,
the tendency of electronwithdrawing substituents to undergo R-S bond
cleavage upon protonation is somewhat unexpected. A rationae for this
reactivity suggests that the inductive effect of the substituent may increase
electron density in the S and R atoms in the thiolate ligand of the dimer. It is
interesting to speculate about whether the site of initial protonation in these
systems is therefore atered. However, there is no spectroscopic evidence to
suggest that intermediates in the protonolysis reactions have been obtained,
and the mechanism of R-S bond protonolysis therefore remains
unestablished.

1.4 Scope of thework

This thesis consists of two well differentiated parts. a study of the new
family of titanium cubane compounds and a study of the molybdenum-
sulphide catalysts. In both cases the main goad is to help to rationalise the
chemical properties of the species. The treatment is based on density
functiona calculations, which have proved to be appropriate for studying
metal clusters.

The study of the titanium cubanes is the central core, and the original idea
that prompted this thesis. A joint study with synthesis in the laboratory was
always the am. The study of the synthesised species tries to extend the
results to new possihilities of laboratory work. The main results are:

- The description of the structural features and the electronic properties of
the adducts. The preorganized ligands (precubanes) of general formula
[{TiCp (mO)} 3(m-CR)] and [{ TiCp } (mNH)} 3(mN)] act as macrocyclic
tridentate six-electron donor ligands and provide an effective route to
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cubanes with a [MTiz(m-Y)(mX)3] core. Fragments of almost al metal
groups are expected to interact with these ligands. Changes in the nature
of the interaction ligand behaviour and molecular structure are analysed.

- A study of the stability of the compounds and of the energy processes
involved (reaction energies, isomerization processes, etc.). The
circumstances that lead to obtaining cubic structures are analysed. The
displacement of metal fragment labile ligands by the precubanes, or the
activation of ligand proton bonds by interaction with the metallic
fragment are examined. Additionally, some compounds show that they
have more than one isomer, or experience a dynamic behaviour in
solution. These situations are al so described.

- The influence of the solvent is also evaluated in some cases because the
thermochemistry of the processes in the gas phase is difficult to explain.
A continuum model is used to show the effects of the solvent. For asingle
family of compounds, only in some cases does interaction with precubane
ligands lead to the formation of the corresponding cubane compounds, or
in very specific conditions. Solvent effects are important factors in
obtaining cubanes from alkaline and alkaline earth salts.

- The description of some important chemical properties. The contribution
of the nuclear magnetic resonance chemical shift results are decisive for
the characterization of the compounds. The peculiarities of calculating the
NMR shielding tensors are described in detail, especialy for the DFT
methods. The activation of the apical carbon proton bond in the oxo
ligand [{TiCp (mO)}3(m-CH)] during the formation of dimeric
structures was followed by *C NMR spectroscopy. The considerable
changes produced in the chemical shift between protonated and
unprotonated structures was perfectly described and rationalized by
theoretical calculations. As a result of the the description of the NMR
values for cubane conmpounds, these studies have been extended to other
topics of interest in our work group. This gives rise to a separate section,
included at the end of Chapter 2, on DFT's abilities to compute the NMR
shielding tensor of the *¥3W nucleus in polyoxometal ate compounds.

The important catalytic properties of molybdenum:-sulphide compounds are
studied in the second part of the thesis. The theoretical study attempts to

22



UNIVERSITAT ROVIRA I VIRGILT
DFT STUDY OF TITANIUM CUBANE AND MOLYBDENUM SULPHIDE COMPOUNDS.
Autor: José Manuel Gracia Budria
ISBN: 978-84-690-6751-2 / DL: T.1196-2007
Introduction and scope

elucidate some of the aspects of their reaction mechanics that are unclear.
Dinuclear cyclopentadienyl molybdenum complexes with bridging sulphide
ligands are one of the families that has considerable structural flexibility.
The ability of sulphide complexes to activate molecular hydrogen and
catalyze substrate reduction by hydrogen is particularly relevant to the
chemistry. Those aspects related to the electronic structure of the catalyst
and of the reduced substrate are emphasi sed.
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Density functional methods. The cal culation of NMR shielding tensors

2
Density functional methods.

The calculation of NMR shielding tensors

Current chemistry often seeks support from accurate theoretical predictions.
The application of quantum mechanics to chemical problems, such as
molecular structure, adduct’s stability, species behaviour..., has made
enormous progress via the Density Functional Theory (DFT). For instance,
speak about theoretical studies of metallic aggregates imply speak about
DFT methods. Theoretical studies involve the calculation of important
properties like the NMR shielding tensor, one of the diservables most
frequently used in chemical applications.

This overview makes an effort to present DFT based methods respect other
widely employed computational procedures; and additionally, DFT peculiar
abilitiesfor the computation of the NMR shielding tensor. In Section 2.1 an
introduction to the current situation of DFT based methods and b the
calculation of NMR shielding tensors is presented. Dr. John MacGrady of
the University of York, during a stay in his group, planted a comparative of
DFT methods with the rest of computational schemes in terms of electron
correlation; Section 22 is an assimilation of this lesson. In Section 2.3,
general aspects of the evaluation of the NMR spin-Hamiltonian parameters
from the exact eectronic wave function are considered, unravelling the
physical contributions to the shielding tensor based on Ramsey description.
Section 2.4 shows the evaluation of NMR parameters from approximate
wave functions, and Section 2.5 reports the particularities for the DFT
methods. A resume of the diverse factors that affects the final result in the
evaluation of the NMR parameters are exposed in Section 2.6. Finally,
Section 27 is dedicated to show some example systems treated during the
realization of this memory, and studied from the acquired knowledge.
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21 Introduction

2.2  Electron correlation and DFT

23 TheNMR spin Hamiltonian

24  Variational perturbation theory for the calculation of NMR
parameters

25  Densty functional calculations of NMR chemical shifts

26 Review of the factorsto take into account in the computing of
shielding tensor s from approximate wave functions

27 W NMR shielding tensor in polyoxometalate compounds

2.1 Introduction

Most of our calculations, for the chemical problems planted during this
thesis, have been made by means of DFT methods™? with pure functionals.
Density functiona theory is a tangible and versatile computational nethod
that has been employed successfully to obtain thermochemical data,
molecular structures, force fields and frequencies, assignments of NMR,
photoelectron, ESR, and UV spectra, transition-state structures, as well as
activation barriers, dipole moments, and other electron properties.® This
suitability motivates an increasing genera interest in DFT, founded in the
accuracy and computational experience of the method.*>

The computing time in DFT, for a system of many atoms with no geometric
symmetries, grows roughly like N4? or Ng4*. This is much better than
traditional methods, where computing time grows as eM=(a =1).
Favourable scaling yields a computational cost comparable to a self-
consistent field (SCF) calculation, with quality of results equalling second-
order Moller-Plesset (MP;) calculations® in areas ranging from closed-shell
geometries of molecules and transition states,” heats of formation,®
spectroscopic properties,® and gas-phase acidities. *°

In this sense, DFT methods allow accurate calculations on systems that
cannot be eadly treated by standard nethods beyond Hartree-Fock. In areas
requiring extensive electron correlation, such as structures involving
transition metals or open-shell species, the results from DFT calculations are
often in better agreement with the available experimental data and highly
correlated molecular orbita (MO) caculations than HF or MP,
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caculations.!* This makes DFT an attractive alternative to very costly-
coupled cluster (CC)*? and quadratic configuration interaction (QCI)*
methods. Another, equally important feature is the inclusion of relativistic
effects. Relativistic effects become important for any chemical feature of
heavy elements'* or for light atoms bonded directly to a heavy atom.

Progress in the last five years on modelling such difficult problems, as
metal- mediated enzyme kinetics, has been faster than it was imagined
because of DFT for large ligand saturated systems is more reliable than
could have been expected from results on small unsaturated metal centres.'®
Today, computational transition metal chemistry is almost synonymous with
DFT for medium-sized molecules, and is the only viable approach to
understanding reactions with redlistic ligands.*®

Not al is good in DFT methods, we should keep in mind that although DFT
has a rigorous base, in application is semi-empirical and there is no way to
systematically converge to exact results.*” This contrasts with conventional
ab initio approaches, for which we can estimate a priori the quality of a
calculation by improving the correlation treatment.

DFT does have some problematic areas,’® perhaps most notably is a
tendency to overestimate delocalisation.*® This bias is usually quite benign
for neutral species, yielding energies of formation 1-2 kcal mol* too low,
as compared to experiment. In some cases, this is enough to overcome a
small steric influence and thus, predict an erroneous geometry as the
minimum energy conformer instead of the correct.?! DFT usually does not
treat properly systems with only one electron (exchange correlation energy
is different than cero),?? systems with weak bonds like van der Waals
complexes, or charge transfer complexes.?®

Ab initio calculations of the electronic, magnetic, and optical properties
associated with the responses of a molecular electronic system to
perturbations such as magnetic and electronic moments have been
efficiently considered in recent years. The shielding tensor of nuclear
magnetic resonance (NMR) spectroscopy is probably one of the most
important second-order properties.?*%° At the same time, it still representsa
test to theoretical methods.
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Nuclear magnetic resonance (NMR) shielding tensors are known to be
sensitive to everything. On the experimental side, this appears to be the
reason that NMR may be considered the single most important spectroscopy
technique for chemistry and beyond.2® Indeed, information regarding, e. g,
the molecular structure (geometry), chemical environment, intra and
intermolecular bonding, composition, or dynamic processes is routinely
extracted from experimental NMR spectra.

This same sensitivity to everything has considerable challenges for the
theoretical chemistry if it attempts to describe NMR parameters based on
first principle quantum mechanics. The theoretical description of NMR
chemical shifts based on ab initio techniques has seen a tremendous
development;?’ thus, in the past two decadesiit has become possible to carry
out accurate NMR shielding cal culations routinely.?

In particular, the application of density functional theory to the shielding
tensor of nuclear magnetic resonance spectroscopy has recently seen a
strong interest.?® The combination of accuracy and speed makes DFT the
only available first principle method for the important field of NMR in
metal complexes.*°

The rising interest is also conceptual, motivated because approximate
quantum chemical methods need performance tests for their validation. This
is particularly true for the modern tools of density functional theory, as the
extent of success or failure of a given density functional is hard to estimate
beforehand. Experience regarding the performance and reliability of the
various flavours of DFT is being accumulated rapidly.3! The present-day
gradient-corrected (GGA) or hybrid functionals are robust enough>2
structures and energies, as well as vibrationa and NMR spectroscopical
properties of transition metal complexes can be computed and predicted
with reasonable accuracy. Transitionmetal NMR chemica shifts have
proven to be quite sensitive to the specific density functional employed, and
are thus a particularly stringent test for the quality of the latter. Regarding
metal complexes, NMR calculations have been done both on light ligand
nuclee and on the heavy nuclei proper. Examples in the latter category
include studies on the metal NMR shieldin%s and chemica shifts of
compounds containing the chromium (>3Cr) and molybdenum
(**M0/*"Mo),*® iror®* (°"Fe), cobalt® (*°Co), selenium® g”s.e), Zirconium®’
(®'zr), rhodium®® (*%Rh), tellurium® (**Te), lead®® (*°’Pb) and tungsten
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3w),* platinum®® (**Pt), mercury®® (*Hg), and uranium** (*°U) nudei
among others.

Cdculations shal be used to rationalize certain trends in the NMR
shieldings. This will be achieved by using an analysis of the chemical shift
in terms of the calculated electronic structure. The ability to perform such an
analysis is ore particular strength of theory, and of the DFT-GIAO method
in particular.

The direct result of a theoretica NMR calculation is the absolute shielding;
the transformation between absolute shieldings and the experimental
chemical shifts involves the computation of the shielding of areference
compound for the given nucleus (e.g., tetramethylsilane, for *H, **C, and
29G)). Especial attention requires the reference; hence, any error made in the
calculation of the reference compound is carried through to the chemical
shifts.

2.2 Electron correlation and DFT

The crucia complication in all electronic structue calculations is the
presence of the electron-electron potential energy. If we suppose an ideal

system of independent electrors that would be obtained if this complicating
feature were neglected; the system wave function Y © canbe solved and isa

solution of
i o - e’ zU
Heye=EoYe; - —g N2- —§ —yY°=E°YC.
T 2m75 dpe, fag

This n-electron equation can be separated into n one-electron equations,

Ho= é h, , SO we can immediately write Y ° as a product of one-electron
a=l

wave functions, the Hartree product,

Q
vo=Qrt..
a=1
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By using variatioral theory we can obtain the best solution for the real
Hamiltonian, including the electron-electron potential energy, for a given
form of the wave function. In the Hartree method,* a Hartree product of
spin orbitals is proposed as solution for the real Hamiltonian The best one
minimizes the electronic energy

Jon? ya 1 N 1
E°=§ fa-h—N;-ié\—Afa ¢ adlff.l=rf )
A 2m dpe, A Ta 24pe0 2 b b

and the best spin orbital for this equation is solution of the Hartree
differential equation

h? R2. e’

2m1 dpe,

b8 Gt e s g = & 2ey
4pe U aa’e AFH'

obta@ >0

simplifying

g?l'*fi Jb H a =€ éf '

Here h, includes the electron kinetic energy plus the nucleus electron
attractions, and J,_ is the Coulomb operator; which represents the classical

b
Coulombic interactions between electrons
. * . € L. &l 0 .
Jo=Ga (32 (Wdt, = . (1Y, (g, (I, (Dbt
4peo el @

For the Hartree method, we can identify for all contributions to the energy a
classica interpretation of the corresponding implicated interaction, so we
associate

Hartree ECIa$|caI
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If we now take into account that the electronic wave function must obey the

Pauli principle, from the Hartree products, the overall wavefuntion is the

following Slater determinant
Yo=(n!)

1
2

det

F.(DF,(2)-1, (n):

in the Hartree-Fock (H-F) method*®#’ the best n-electron determinanta
wave function is sought for the nortrindependent electronic Schrédinger
equation. The Hartree-Fock equation for a spin orbital f_ occupied by

dectron 1is

bt a

(48 (% K5 @=es 1)

Relative to the Hartree model appears the exchange operator, K,
.+ . e ., ., 0
Koo = G2 (D Kof 2 (D, =—— 52 (1, (2) . (2)F, (1) ot .
4peo el g

This operator takes into account the effects of the spin correlation, a nor
classical interaction between same spin electrons.

It will be useful for our analysis to divide the HF energy into the classical
kinetic energy plus coulombic interactions, and the non-classical exchange
energy, E,

Evr = Ecassca + Ex -
Taking as reference the H-F model, Léwdin in 1959* defines the

correlation energy, E., as the difference between the HF energy and the
lowest energy for afull basis set*®

EC = EExact - EHF :
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We now introduce and establish a formal separation of the exact energy,
E..q, like sum of a classica energy term, exchange and correlation
contributions

Eeer = Eciassea T Ex + Ec-

This energy description is a useful definition to compare not only same
origin molecular quantum methods but Hartree model based methods,
Perturbation Theory and DFT methods.

2.2.1 Comparing methods
2.2.1.1 Models based on Hartree method

From Lowdin definition, it is clear that for methods based on Hartree model
going beyond H-F method implies treating correlation energy. We can
identify two different effects in electron correlation, Sinanoglu, 1964.%° The
first is the influence of other configurations which are low-lying in energy,
and that mix strongly with the H-F configuration. This givesriseto the non
dynamical correlation, which can be wusuadly dedt with by
multiconfigurational SCF techniques. Non-dynamical correlation is often
small in closed-shell molecules near their equilibrium geometry, but
increases enormously in importance as a molecule is distorted and bonds are
formed or broken. It can also be important in opentshell systems like excited
states or transition metals. The second, d/namica correlation arises from
the r_" term in the Hamiltonian operator. This term is singular as r,, ® 0,

and mathematical studies of the properties of exact wave functions show
that they must contain cuspsin r,, to cancel this singularity. Hence treating

dynamical correlation requires describing this cusp behaviour.>?

It should be understood that there is no sharp dividing line between
nondynamical and dynamical correlation, and methods for treating one will
undoubtedly account in some part for the other; but it is usualy most
efficient to use different techniques for each, however.
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Non-dynamical correlation

Multiconfigurational SCF

There are two popular ways of accounting for non-dynamical correlation.
The first is to explicitly include several configurations in the SCF
procedure: multiconfigurational SCF (MCSCF) methods.>? The user selects
a set of chemically important active MOs and the MCSCF configurations
are defined as a full configuration interactionwithin that space.

UHF

The second approach is to ignore the spin symmetry of the wave function
and use unredtricted Hartree-Fock (UHF) as the single configuration
description® (the UHF comprises one spin-orbital for each electron).

There is an attractive ssimplicity about UHF, no active orbitals to identify,
and so forth. However, where nontdynamical correlation would be
important in an RHF-based treatment, the UHF method will suffer from
severe spin-contamination, while where non-dynamical correlation is not
important the RHF solution may be lower in energy.

Dynamical correlation

Cl

Configuration interaction is probably the oldest treatment for recovering
dynamical correlation®* We simply generate a list of configurations and use
them in alinear variational calculation. A common way of constructing the

configurations is to classify them relative the H-F configurationY

U

Yo =CY,+aavict+aavic’

i a i> a>

here i, j ... index MOs occupied in Y, while a b ... index MOs

unoccupied in Y ,and Y ?jb denotes a configuration obtained by exciting
two electronsin MOsi and j to MOs aand b.
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If al levels of excitation up to N-fold are used for an N-electron system we
have a full Cl wave function. If this is done for a complete (infinite) one-
particle basis we have a complete Cl expansion of the exact wave function.
In practice the expansion must be truncated.

Perturbation theory

There ae several different approaches to the use of perturbation theory in
treating dynamical correlation. Maller-Plesset (MP) perturbation theory has
been doing dominant.

The simplest level, MP;, is probably the cheapest available treatment of the
dynamical correlation. A comparison between perturbation theory and
truncated Cl methods is not easy, because the latter include some terms
effectively to infinite order, but obviously omit some other terms in lower
orders.

Neither MP, nor superior MP; are entirely satisfactory; these implicitly
require the first order wave function, which involves only double
excitations. MP;, is carried out until quadruple excitations. MPs and higher
orders are lithely to be impractically expensive.

One area in which CI methods appear to be thoroughly superior to
perturbation theory is in the treatment of multireference problems:. problems
with substantial non-dynamical correlation effects.

Coupled-Clusters methods

Coupled-Clusters methods> are infinite order nonlinear treatments that can

be related to Cl methods as follows. We rewrite the CI expansion formally
us

Yo =QA+CG+Ct )Y,

employing not the linear formulation, but the following exponential
approach

Y =expMY,
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which we can expand as
Yoo = T+ T+ T +TT,+ T +T,)Y .

If we employ all levels of excitation, up to N-fold, the wave function is
equivaent to afull Cl wave function.

The formulation is corsiderably more complicated because of the nonlinear
terms. However, it is more practical to truncate at some finite order. A fixed
excitation level of couples cluster treatment is not substantially more
expensive than the same excitation level of Cl calculation, but the results are
generally superior because of the inclusion of the effects of disconnected
clusters (T,>,T,T,,T,%, coefficients products of amplitudes of connected

clusters).

Coupled-Clusters methods can also be related to perturbation theory, it is
possible to obtain MP, and MP; energies as a by-product of a CCSD
calculation (CC including ssimple and double excitations). For example we
note that taken all degrees of excitation in Cl and CC, or infinite order of
perturbation theory all three approaches will give the same answer.

The CI energy is obtained from a variational calculation and is thus an upper
bound to the exact energy. Since neither the perturbation theory energy nor
the coupled-cluster energy is variational, neither is an upper bound.

CC treatment of any number of non interacting subsystems of any size will
give an answer that isthe sum of the subsystems. Thisis true of perturbation
theory too, but it is not generaly true of truncated Cl. This suggests caution
in the application of Cl methods to systems with more than a few electrons;
the scaling errors grow rapidly.

2.2.1.2 DFT based methods

DFT is a theory, in principle exact, of electronic structure based on the
electron distribution, r (r). We shall now sketch the fundamentals of
DFT.*® We limit ourselves here to the simplest class of systems, n
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nonrelativistic, interacting electrons in a nonmagnetic state with
Hamiltonian in atomic units

H=T+V+U;

10 ~ [e] 10 1
T=-Z3f2,v=3 v(),U=--8§ —.
2aa : aa (%) Ze?bra'rb|

The starting point of DFT is the rigorous, smple lemma of Hohenberg and
Kohn (HK).®” The specification of the ground state density, r(r),

determines the external potential v(r) uniquely (to within an additive
constant (C)

r(r)® v(r) (Unique).

Since r(r) aso determines N by integration, it determines the full
Hamiltonian H. With the help of this lemma, a variatioral principle for the
energy as functional of r (r) can be derived. We can express the energy
value for an electron and N nuclel system as function of the first order
density matrix and of the pair density g.

- 1- 0 , 1..9,(r,r
E, = r‘glge- EN2(1) +v(1)§r (r,r 1)drl+§®79|2rl(-l r22|) drgdr, .

The exchange correlation hole r . (rl, r2) it is defined from the expression

O (R ) =1 (r)r () +r (r)rxe(rn).

the r (r,)r (r,) termisthe probably of finding an electron in r, and other in
r,, considering the electrons as independent particles, not correlated;

I« (f,1,) is a correction term of the no conditional probability to obtain

the conditional one. It is a region around the electron in which the presence
of other electronsis more or less excluded.
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The par densty is the sum of four contributions,

g2(I?L’r2) :gga (rl’ r2)+g§b (rl' r2) +gaa (rl’ rz) +92bb (rl’rZ)’ SO our eXChange
correlation hole is also divided in four terms

0" (o) =r(r)ro(n)+r®(n)ric(rnr)
0 (rur) =r (r)r°(r)+r2(r)rie(rn.n)
0" (rr) =r () ro (n)+r° (n)rd (rr,)
g, ()= (r)r " () +r® (n)rd(rr,)

where 3¢ (r,r,) and 12 (r,r,) ae the Fermi Hole and represent the

space region in which the presence of an electron of the same spin is more
or less excluded.

rse(r,r,) and r 2 (r,r,) are the Coulomb holes and they would give us
the region in which the presence of a b (a ) electron is favoured or
excluded if we have areference a (b ) electronin r,.

Now we define a variational principle
Ev(r)[r (r)] 3 Ev(r)[r o(r)] =E

where r (r) and E are the density and energy of the ground state. We
extract the largest and elementary contributions

Ed=E3+E3,
_ A. a(b) Ny 1T A a(b)pry, N, a(b A a b A A b
=E & ()H—Tgr ()H+d ()(r)v(r)dr+Jgr JTPH+E BT g

T[r(r)] isthekinetic energy,

¢ (r)v(r)dr istheclassica interaction with the external potential v(r),



UNIVERSITAT ROVIRA I VIRGILI
DFT STUDY OF TITANIUM CUBANE AND MOLYBDENUM SULPHIDE COMPOUNDS.

Autor:

ISBN:

José Manuel Gracia Budria
978-84-690-6751-2 / DL: T.1196-2007

Chapter 2

J gr ar bEI isthe classical coulomb repulsion betweennot correlated
electron clouds,

E. gr arh H isthe so-called exchange correlation energy.

The system can be transformed into a new set of self-consistent, s-called

Kohn-Sham or KS, equations® defining r (r) = § |c, (r)[°
i=

(- SR+ U0) + G+ () e)e, () =0

r-r’|

E,[r (r)]
)

Vye (1) =
The only error in the theory is due to approximations of E,.. The ground
state energy is given by

a(b)

— Ar 2 () = A a(b) e e alb 4. a ~ o a N
S =E & =T & "0+ g O (r)v(r)dr + I g * r PR+ E gt r 0

where
T.& a(v) U= n%i <cI - %NZ ci>,
L R
Ec B2 " (R gy e (1) drgr, +
2 -1,
a0 () oy ité'“:‘f (rj, "2) drear,
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It is striking, f E,. is ignored, the physical content of the DFT model

becomes identical to that of the Hartree approximation. Continuing the
comparison, at H-F level for which the wave function is represented only by
one dater determinant

rea(nn)=re(rr,)t0and ri(rr,)=r2(rr,)=0,

we do not have electronic correlation between same spin electrons. So we
can identify

aa(bb)
4 alb)yo 1 s alb) e ()
E & ™" H‘EU b (rl)drlo—xc|rl_ r21| 22 drdr,

as the exchange energy, and

ab(ba)
Ecéra,rbEF%c‘I a(b)(rl)drl\rxc (ryrz)

|r1- r2| drdr,

as the correlation energy.

DFT methods take into account, at least in part, the most difficult electron
correlation energy

DFT _— DFT DFT DFT
EExact - lassical + EX + .

The approximation is made starting from a singledeterminantal density and
adapting the Hamiltonian to obtain the real density, like MP, or UHF
methods. We are including mainly the dynamical term to the correlation
energy and the precision depend on the E,[r (r)] approximation.

The simplest, and at the same time serviceable, E,.[r (r)] approximation, is
the LSDA

Ec [ (N1= Beclr (NIr(ndr,
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where e, is the exchange-energy per particle of a uniform interacting
electron gas of density r (r) .

The KS orbitals in the LSDA are usualy very close to HF orbitals. The
severe overbinding character of the LSDA is a disappointing extension of
the LSDA. Include local spin-density gradients is the next logical step, the
so-called generalized gradient approximations

Evo = Of (r (r),|Nr (r)[)dr .

To summarize, the LSDA generdly glv&s %)ood molecular structures,
vibrational frequencies, and charge densities®®®° in strongly bound systems.
It is not useful, however, for thermo-chemistry. GGA, on the other hand,
yield good thermo-chemistry, with average errors of order 6 kcal mol™ in
standard thermochemical test.®® It is at the level of the weskest chemical
interactions, namely VVander Waals interactions that GGA apparently fail.®?
Also, both the LSDA and the GGA leave much room for improvement in
predicting reactions barrier heights.53%4

Exchange energy

The exchange energy takes the ssimple asymptotic form

An exchange GGA has been found®® that exactly reproduce this asymptotic
exchange energy behaviour

2

?wl s

C.
(1+6bc sinh*c )

3,330 .1 INr, |
ELPA = _ 2 3 p 3dI‘,C =L sli
X 2( 1 ) é} st S r

b semiempirica fitted parameter.

B =B b3 ¢

?wl s
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This functional is effectively an interpolation formula between the small—
and large- ¢ limits of the exchange energy density.

Correlation energy

Correlation energy is a very difficult problem; ground state density
functional approximations have traditionally made serious errors in the
correlation energy for redistic inhomogeneous systems. The LDA
approximations overestimates, the correlation energy by 100%. At GGA
level, the most popular “dynamica correlation” functionals presently are
those of Lee, Yang, and Parr®, Perdew 1986°", and Perdew and Wang
1991.%8 Fortunately, the chemical consequences of gradient corrections for
correlation are relatively small compared to their exchange counterparts.®
The specific choice of exchange and correlation functiona is much less
important than the differences between the LSDA and GGA themselves.

Both the LSDA and the GGA are based on localized model echange-
correlation holes. Only local density information (or local density gradient
information) is utilised at each reference point. Ordinary chemical bonds,
exchange correlation holes undoubtedly have a small nonlocal component.
Proposals to incorporate nonlocality into DFT chemistry’® have spawned a
new class of Hybrid HF/GGA theories with precision surpassing that of pure
GGA. They are motivated by the adiabatic connection for the exchange-
correlation hole in Kohn-Sham DFT

e (r,17) = l(\j1l><c(r’ r)dl )

Where the hole generates E, . though the following double integration

L On (. rydrar
I.

E..=
XC 2 "

This hi.(r,r) equation connects the Kohn-Sham independent-particle
reference system (I =0) with the real, fully interacting system (I =1)
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trough a coupling strength parameter | . At | =0 in this independent
particle limit, hi.(r,r") is the pure and exact exchange hole of the Kohn-
Sham Slater determinant (no r (r) dependence). This hole is poorly

represented by localized LSDA or GGA models in molecular bonds, and
hence the smal-1 region of the coupling strength integration is
problematic. A simple but effective cure for the | =0 problem is
replacement of the model GGA hole at | =0 with the exact hole, resulting
in the following exchange-correlation expression’

Exe =B +a (BT - EXT),

the parameter a, reflects the importance of nonlocality in the real exchange-

correlation hole. In current practice, it isfit to experimental thermochemical
data, taking values of 20% or higher depending on the choice of correlation
GGA. This kind of exact-exchange mixing reduce average bond energy
errors from about 6 kcal mol for pure GGAs to roughly 2 kcal mol™.
Improvements are particularly striking in nonhydride and multi Ple bonds,
where GGAs suffer overbinding errors as high as 20 kcal mol~. Reaction
barrier heights are also improved by exact-exchange mixing,®* thought a
thorough study of this important area remains to be undertaken. From the
presented overview, DFT isformally exact formulation take into account all
the contribution to the energy but into an approximate way that depends on
the XC functional.

2.2.2 Comparativetable

The rea objective of this summary of different methods is to place and to
establish a reference for the utilised theoretical schemes. We can compare
different procedures if we have common starting points; a knowing of what
we are treating in a determinate theoretical procedure respect these common
starting points shall let us compare the model with the rest of treatments.

Mostly we are interested into helping to situate DFT based methods respect

the other approximations. A comparative scheme between the features
included for the different exposed methods is presented in Table 2.1.
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Table 2.1. Comparative table of the treated energy terms for some
fundamental theoretical schemes

Method Edineic  Ecouom Ex Ec
Non-dynamical Dynamical
Hartree ++ ++ - - -
ROHF ++ ++ ++ - -
UHF ++ ++ ++ + -
MCSCF ++ ++ ++ ++ -
Cl ++ ++ ++ + +
MPy ++ ++ ++ + +
CcC ++ ++ ++ + +
PUREDFT  ++ ++ + + +
HYBRID DFT  ++ -+ ++ + +
FCI, CCy, ++ ++ ++ ++ ++
MPy

++ Energy termincluded completely
+ Energy term partially treated

- Not treated

23 TheNMR spin Hamiltonian

2.3.1 Shielding tensor

At a nucleus is applied an external magnetic field B**, this is shielded by
the electrons moving around the nucleus. The effective field that the nucleus
experiences can be written as’?

Beffzse’“(l-s_),

where s isthe nuclear magnetic shielding tensor.

The energy levels studied in NMR spectroscopy are the spin eigenstates of
chemically bonded nuclel in the presence of an external magnetic field. In
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practice one usually measures the chemical shift d , whichis related to the
resonance frequencies of the sample n, and of areference sample n

d O aﬂs _rhd 9

_ 106 z
m_l g”ref 5

The resonance frequencies are determined by the Zeeman splitting caused
by the interaction of the B* with the nuclear magnetic moment. Since a
resonance frequency n is linear with 1-s , where s is the isotropic
shielding Tr(s )/3, the chemical shift will be, for small shieldings (s 1),

Lzloﬁ(s,ef -ss).

ppm

The molecular properties responsible of the generation of NMR spectra,
were identified over 3 years ago by Ramsey.”>’* The obtained physical
contributions to the NMR shielding tensor remaining valid independently of
the computational method.

The main features of NMR spectra may be satisfactorily accounted for by
the solution of the energy equation of an effective spin- hamiltonian” where
the electrons do not appear at al, and where the nuclei are represented by
their intrinsic spins and their associated magnetic moments

- 1 -
H :'égKhBT (1'SK)|K +§é gKthzll(DKL-'-KKL)lL
K

Kt L
where

0x = huclear magnetogyric rétio;
|, = nuclear spin operator; nuclear magnetic dipole moment M, =g, 7l ;
s: = nuclear magnetic shielding tensor, describe the magnetic sielding

conseguence of the electrons;
B" = applied magnetic field (T :: Transpose);
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D_KL = dassical dipolar interactions, describe the direct couplings of the
nuclear magnetic dipole moments;

K, = indirect nuclear spin-spin coupling tensor, describe the indirect
couplings of the nuclear dipoles, mediated by the surrounding electrons.

For a rapidly tumbling molecule, we must carry on a rotational average of
the spin Hamiltonian. Then it turns out that the direct spin-spin coupling

constants, D_KL , vanish but that the indirect couplings, K_KL do not. So for a

rotating molecule in an isotropic medium, the NMR spin Hamiltonian may
thus be written in the form

Hiso :'é. MK (1'SK)B+1é. MKMLKKL;

K KL

where the nuclear shielding constants s, and the reduced indirect nuclear
spin-spin coupling constants K,, link to the corresponding tensors as

Sk =%Tr§ and KKL:%TrK_KL. These parameters contain valuable

information on the nature of the chemical bonding, and so on. In the
experimental work, the numerical values of the shielding and indirect spin-
spin coupling constants are determined so that the solutions of the nuclear
spin equation with the effective Hamiltonian reproduce as accurately as
possible the observed NMR spectrum.

2.3.2 Spin-Hamiltonian parameters asenergy derivates

At a more fundamenta level, we should be able to determine the nuclear
shielding constants ab initio from knowledge of the electronic wave
function.

The perturbations introduced in the electronic system by the NMR
transitions are exceedingly small; the smallest of the effects permits the
application of perturbation theory to the calculation of the NMR parameters
from the electronic wave function. We find that the NMR spectrum for a set
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of bare nuclei represents transitions of the order of 10°° atomics units.
These interactions are indeed small compared with those responsible for
chemical bonding, all of which are of the order of unity.

When a molecular electronic system is modified by a perturbation x, its total
energy changes

E(x)=E® +EWx +%XTE(Z)X +..

The coefficients of this expansion are characteristic of the molecular system
in a given quantum state and are known as molecular properties. When the
perturbation is static (that is, time-independent, as for the NMR properties
studied here for a homogeneous magnetic field) the molecular properties
may be calculated by differentiation

dE
g0 ==
dx

x=0 dXz x=0
From the electronic energy of the unperturbed system E(x) =(0[H|0), in

nondegenerate time-independent perturbation theory’®, we have the
following expressions for first and second-order molecular properties, where
the derivatives are taken at x=0,

n> < n O>

E-E !

dH

dE(x) <0‘ dH|o>, PE(x) _ <0| o |0>_ 2§0<0‘d>§

dx dx | dx? | |dxdx|

aH
dx

i

0

the first derivative or the first order property is simply the expectation value
of the first order Hamiltonian and requires only knowledge of the

unperturbed reference state |0). The second derivate or the second-order
property contains an expectation-value term analogous to the first-order
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properties but also a sum-over-states contribution form each excited state
|n) of energy E, .

We expand the electronic energy in the magnetic induction B and in the
nuclear moments M, , around zero field and zero magnetic moments

1 1
E(B,M)=E+E™B+§ E§°1)MK+EBTE‘2°’B+§1 B'E"M, +Eé MIE®M,
K

K KL
M={M};
) = dE(B,M ) oy - 9E (B.M) _
=) ,E® = ,
dB B=0,M =0 dM K B=0,M =0
e _9°E(B.M) w _ IE(B.M)
dB? ’ dBdM '
B=0,M =0 B=0,M=0
£02) d’E(B,M)
KL ’
dMdM |

higher than second-order terms may be neglected due to the smallness of the
perturbations.

2.3.3 The molecular electronic Hamiltonian

To arrive at explicit expressions for the nuclear shielding, we must consider
the form of the electronic Hamiltonian; its dependence on the magnetic
induction, B, and on the nuclear magnetic moments M, .

The electrons interact with these perturbations: (1) because of the orbital
motion of the electrons and (2) because of the permanent magnetic moment

of the electrons, m,

53



UNIVERSITAT ROVIRA I VIRGILI
DFT STUDY OF TITANIUM CUBANE AND MOLYBDENUM SULPHIDE COMPOUNDS.

Autor:

ISBN:

José Manuel Gracia Budria
978-84-690-6751-2 / DL: T.1196-2007

Chapter 2

m=-gmsS=S5§ }g=2,m3 = matomlcunlt
[

In the presence of these magnetic perturbations, the non-relativistic
molecular electronic Hamiltonian may in atomic units be written in the form

H(BM)=24p - A mB" (n)- § 2428 =

i i K e 20 T
lé. Ll é. MKBtOt(RI<)+é. My D M,.
2. R K K>L

We have introduced the operators for the Kkinetic momentum
=-iN +A%(r.), where A®(r) is the vector potential at the position of

electron i. The vector potential and the magnetic induction may each be
decomposed into one contribution from the externa field and one
contribution from each nucleus

At°t(ﬁ):pb(ra)+§KAk(ﬂ)’ BM(F):B’féK B (r)-

The relation between the magnetic induction and the vector potential is
given as for the total potential and fieldin B (r,)= N~ A*(r,).

2.3.4 Interaction terms

From the explicit expression of the Hamiltonian, we can derive the first and
second-order properties. Beginning from first order properties, for the
external magnetic field we find

S =g g vith K= 28 1, and P =Am =45,

The first term couples the external field to the orbital motion of the electron
by means of the orbital angular-momentum operator
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lo=-ir,” N; (imaginary);
the second term couples the field to the spin angul ar- momentum operator
m=-5.

From these results, we can derive the effect of these operators on a closed-
shell wave function

hg”|0) ® imaginary singlet,
hg"'|0) ® vanishes.

For the nuclear magnetic moments, we find three terms

dH

T

h* =a zé l'—'; paramagnetic spin-orbit operator,
i T

h™, couples the nuclear magnetic moments to the orbital motion of the
electrons (hyperfine operator),

2 - . .

h¥ =a?g fic ™ 3(5mr,K)r,K , spin-dipole (SD) operator and
i ik

fc — 8p€iz 2 ; .

he = -5 a d (r, ) m , fermi-contact (FC) operator;

both couple the nuclear magnetic moments to the spin of the electron.

More helpful is to observe the global effect for closed-shell states with total
Spin zero

he*|0)®  imaginary singlet
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h'|O)®  red triplet
ho|0)®  real triplet.

At this point, let us comment on the first order magnetic properties of
closed-shell systems. The first-order terms, which represent the permanent

magnetic moment of the molecule M,,, and the hyperfine coupling tensors

A of the nuclei, vanish
dH
MMOL =- <O‘d—B O> =0

Ak:<o‘ cH o>:o;

dM
the reason that these terms vanish is now seen to be the absence of real
singlet components. So the electronic energy is reduced to

E(B,M) =E, +%BTE(2°)B+§1 B'EM™M, +%é_ MIECIM, .
K

K
KL

The comparing with the NMR spin-hamiltonian for a rotating molecule in

an isotropic medium, the E® tensor represents the molecular
magnetizability and does not enter the spin-hamiltonian,

[o] 10
Hiso =-a MK (1'SK)B+_a MKMLKKL’

K KL

let us identify
s, =1+EM.

We have reduced the ab initio evaluation of NMR shielding and coupling
constants to a special case of the more general problem of evaluating total
derivates of molecular electronic energies
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) <O|dH|n><n| dH |0>
ew JGEEM) ) atn ) g \TdBT /A [av]
“ dBaM, | .. dBdM o E - E, ’
d’H a vda _ a2 o (Koh )1-rer
=-1+ d|a; hd|a - io’iK iK "io )
dBdM < T =5 a 2

Substituting the expressions for the interaction operators, discussed in the
preceding sections, into the general expression for second-order properties
we obtain Ramsey’ s expressions for the nuclear shielding tensor

) (e )o)

O>)- 2&01 <0 hg®

s, =+1(- 1+ (ofng .
nto Ng

where |n,) denotes asinglet excited state.

The expression is divided in a diamagnetic part, which correspond to an
expectation value of the unperturbated state, and a paramagnetic part, which
represents the relaxation of the wave function in response to the external
perturbations.

2.3.5 Physical contributions

For adetailed analysis of the obtained terms in the shielding let us isolate
the main physical contributions to the absolute displacement and to the

experimental relative displacement d, =S, - S .
Diamagnetic part

o 1
a—

i T

(ot

o>=a—;<o

O> (isolated atom in a 'S state)
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Inversely proportional to the position o the electrors with respect to the
nuclel, represent the classical idea of nucleus shielding by the surrounding
electrons. Its specific weight in the chemica shift goes down when the
atomic number grows up.

Paramagnetic part

orb
hg

) {n

E, - E,

-Zé <0 thSO|O>

n*o

main feature is that is inversely proportional to the energy gap between

states The h®
(ong®[n, ) :<o‘%é l, ns>

iscommonfor al atoms in the molecule. It couples the orbital motion of the
electrons with the externa field. And the h™ term

(n,|n2|0) :<ns o>

couples the nuclear magnetic moment to the orbital motion of the electrons.
It is inverse proportional to the distance of the electrons to the central
nucleus.

orb
hB

28 liK

i K

A very important general idea can be extracted from this analysis, for the
absolute shielding all the electrons and specially the closely placed to the
atom (core electrons) mark mainly the shielding value. But the relative shift,
if the core eectrons keep frozen, is a valence electrons property, and thisis
very important especially for the theoretical scheme available for computing
the electron wave function.
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2.3.6 Rdativistic effects

The operators that determine the nuclear magnetic shielding and spin-spin
coupling constants sample the regions close to the nuclei. For this reason,
changes in the electronic structure due to relativistic effects are important
for these properties. As an example, we note that the relativistic correction
to the hydrogen shielding in hydrogen iodide is about 12 ppm,”’ an effect
that exceeds the normal shielding range of protons. For the shielding of
heavy elements, the neglect of scalar relativistic effects leads to an
underestimation of the tungsten shielding by almost a factor of 3. Thus, in
cdculations of the shieldings of molecules containing heavy elements,
relativistic effects must be taken into account to obtain even qualitative
agreement with experimentally observed trends."®

Relativigtic effects on molecular properties are often classified as direct or
indirect. The direct effects arise directly from relativistic corrections to the
electronic structure, at a fixed molecular geometry. The indirect effects, on
the other hand, arise from the changes in molecular geometry caused by the
changes in the electronic structure when the effects of relativity are taken
into account.

In the Breit-Pauli approximation,?’ the dominant relativistic effects on

nuclear shielding and spin-spin coupling constants arise from three
Hamiltonian corrections. The mass-velocity operator

azo
hnw -_ = .4,
88ilp'

where p; isthe kinetic momentum, the Darwin operator

ar a’ o
ho =P2-8 d(r,)
iN

and finally the spin-orbit operator
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b _gaeaz 51 9 'ij(51+251)

|A ij nj
where we have introduced the two-electron angular momentum operator
Iij =T “p;.

All of these operators yield contributions of second order in a, fine
structure constant, ”® to the energy. The different terms have well-established
interpretations, with the mass-velocity and Darwin corrections being the
main relativistic corrections to the kinetic energy and to the nuclear-
atraction energy, respectively. The spin orbit correction describes the
coupling between the electron spin and the orbital angular momentum of the
electrons.

It is common to refer to effects arising from the mass-velocity and Darwin
operators as scalar relativistic effects, as these do not involve the electronic
spin. In the vicinity of the nucleus, these scalar relativistic effects dominate.
Still, it is difficult to know a priori whether the scalar relativistic corrections
or the spin-orbit correction will dominate the relativistic effects on shielding
and spin-spin coupling constants.

To investigate the main relativistic corrections to the nuclear shielding
starting from a nonrelativistic framework, we may consider the wave
function correct to first-order in the mass-velocity, Darwin, and spin-orbit

operators
(o1l

+hDar|0>

)-8 ).

Inserting this wave function into the Ramsey equations for the nuclear
shielding, we obtain the following equation for the relativistically corrected
nuclear shieldings, where, in the spin-orbit contribution, a sum over the spin
components should be performed
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o (OR"|ne)(n.|(he=)|0
<O| dal > Zal_ < rI]EZ<_nEE )| >
o|hd'a )| (h™ +h°)|o)
nslo E E0
23 (o]re®| m, < ‘h,f’”) ns>< ™+ ho*| o)
(E.-&)(E.- E)
. (ol m){m(h)+(n?) |m, ) {m |n=|o)
2 § .
et (E.-E)(5- &)

In this expression, we have included al contributions bilinear in the external
magnetic field induction and the nuclear magnetic moments, and we have
taken the spin symmetry of the different operators into account when
determining the nonvanishing contributions.

As the mass-velocity and Darwin operators can perturb the electronic wave
function significantly if heavy elemerts are present in the molecule,
perturbation theory may not be adequate for the study of scalar relativistic
effects. In the literature, this potential instability of the perturbation
approach has been circumvented in three different ways: (1) using quas-
relativistic effective core potentials (RECP),®° (2) using the frozen-core
approximation,® and (3) using the spinfree relatvistic Hamiltonian
obtained from the no-pair approximation. %

In the quas-relativistic effective core potentials (RECPs), the scaar
relativistic effects are included in the effective core potential. However,
because NMR parameters depend critically on the electron density in the
nuclear regions which may not be accurately modeled by the RECPs, this
approach cannot be expected to perform well for the shielding of the heavy
atom itself. For this reason, RECPs have been used in molecular
calculations to study only the chemical shifts of the ligands.®
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In the frozen-core approximation, the core dengity is determined from four-
component atomic Dirac-Fock calculations. It is then assumed that the
electron density of the core orbitals remains unchanged when the atom is
embedded in a molecule, the bonds formed being determined only by the
valence electrons. It has been shown that the use of the frozen core
approximation performs well for the calculation of nuclear shieldings, and
in particular that a relativistic atomic density may be used to investigate
scalar relativistic effects of the shieldings of the heavy atoms. Regarding the
case of heavy-atom effects on the nuclear shielding of lighter elements,
severa investigations have shown that these effects are often governed by
spin-orbit interactions.?*

24  Variational perturbation theory for the calculation of NMR
parameters

Although conceptually important in that they elucidate the different physical
mechanisms at work, the Ramsey expressions are not useful for practical
calculations since they require an explicit representation of the excited
states. We must therefore approach the calculation of the NMR spin
Hamiltonian parameters for the energy functionals of approximate
electronic wave functions; we present the general theoretical framework
within which NMR parameters are calculated: variational perturbation
theory.®® The principles underlying the calculation of NMR parameters are
independent of the wave function model chosen for a particular calculation
and their understanding is relevant and useful for the application of existing
methods, as well as for further development.

For a variational wave function, we write the electronic energy function in
the presence of the magnetic induction B and the nuclear magnetic dipole

moments M, in the formE(B,M;l ), where | isthe set of parameters that

determine and characterize the wave function. The electronic energy may
then be calculated from the expression

E(B,M)=E(B,M;| *)
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where | * represents the optimal values of the electronic parameters | and
where the optimized energy function E(B,M;l *) satisfies the variationa

conditions

w =0, foral vauesof B andM .
I =I*
To ensure that the variational conditions are always fulfilled, the electronic

parameters | must change in a very specific manner with B and M . For
the first derivatives, for variational wave functions, we consider the gradient
of the electronic energy E(B,M) with respect to the nuclear magnetic

moment M, . Using the chain rule, we obtain

dE(B,M) _efE(B.M:I) TE(B.M;I) 1 d
M, & M, T ™.
TEB,M;I )

combining with =0, we obtain the following simple

| | :I *
expression for the gradient of the electronic energy with respect to the
nuclear magnetic moments

dE(B,M) _ TE(B,M; ! *)
dM ™M, '

We note in passing that for zero field and zero magnetic moments, this last
expression corresponds to the hyperfine coupling tensor

TE(B,M;I *
p oEEMI)
ﬂMK B=0,M=0

Clearly, to obtain the hyperfine coupling tensors, we need not evaluate the

response of the wave function % This is an important result which, as

K

we shall shortly see, simplifies the calculation of the shielding tensor. As
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aready discussed, the nuclear hyperfine coupling tensor itself vanishes for
closed shell systems and is of no interest to us.

An expression for the shielding tensors is obtained by differentiating the
dE(B,M) _ TE(B,M;| *)
M ™M,

gradient with respect to B

d’E(B,M) _€T°E(B,M;1) T°E(B,M;1 )i U
dBdM g iBIM ™, ﬂBAI:I*-

For zero field and zero nuclear magnetic moments, we recover according to

s = EM +1 the nuclear shielding tensors

4472 ' 2 . N

. :1+g‘ﬂ E(B.M;1) TEBM:I)q ¢
e ﬂBﬂMK ﬂMKﬂ] ﬂBAB:O,M:O,I =l *

L TE TE M

TBIM, M, T 1B

in the following, we shall always assume that the derivatives are taken at
zero fiedld B=0, for zero magnetic momentsM =0, and for the optimized
parameters | =1 * .

We conclude that, for a fully variational wave function, only the first-order

response of the wave function with respect to the externa field, 11118 5

required to calculate the nuclear shieldingss .

At this point, we note that we may derive an expression for the shielding
tensor also by differentiation first with respect to B and next with respect to
M . We then obtain the following alternative expression for the shielding

tensor
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TE , TE 1
BM, BT ™M,

=1+

K

Although mathematically equivalent, this expression requires the calculation
of three responses for each shielded nucleus, the first one requires the
calculation of only three responses, irrespective of the size of the molecule.

Finally, we must consider the evaluation of the first order responses of the
wave function. We have already noted that the variational conditions

TE(B.Ml )

ol | =I*
and M . Differentiating these conditions with respect to B and invoking the
chain rule, we obtain the conditions

=0 determine the dependence of the wave function on B

d fE_TE ,TETN _

B 1B 1B

which may be writtenin the form of a set of linear equations:

TET _ TE

Mz B

These equations are known as the response equations since they determine
the first derivative (i.e., the first-order response) of the wave function with
respect to the applied magnetic field. To determine the response of the wave
function to the nuclear magnetic moments, we proceed in the same way
obtaining

TEM _ TE

MM, T,

Clearly, the response equations have the same general form for al
perturbatiors the only differences between the linear sets of equations in
their right-hand sides.
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The following notation for the electronic gradient and the electronic Hessian
of the optimized wave functionis used

2
e TE .TE

7 9

Naively, one would think that the response equations should be solved by
first inverting the electronic Hessian and then obtaining the solutions by
simple matrix- vector multiplications according to the expressions

ﬂZE +ﬂ2FTG_lE'
BIM, M, 1B

=1+

K

25 Densty functional calculations of NMR chemical shifts

In DFT electron correlation effects can be included at a relative low cost,
allowing its application to large systems. Instead of the impossibility of
systematically improve the results, DFT schemes provide abig versatility in
the calculation of NMR chemical shifts thanks to the use of severa
exchange correlation functionals, frozen core and/or GIAO orbitals. Also,
one important feature is the inclusion of relativistic effects that has, so far,
been achieved for DFT only. Relativistic effects become important for any
chemical feature of heavy elements compounds®® and NMR and ESR are no
exception. The relativistic effects are not only important for the NMR
shielding of the heavy atoms themselves but also for light ligands. For the
chemical shift of the ligands especially, the spin-orbit coupling turned out to
be important.®’

25.1 ZORA relativistic approximation

The one electron Dirac equation may be written as

aV G p ('_j&F('_j_EaEi_j
§sp V-2pcy &g
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here, V isthe electrostatic potential energy, c isthe speed of light, s isthe
three-component Pauli spin matrix, p is the three-component momentum
operator, E is the energy, and F and c are large and small components.

Each of the large and small components arerelated by ¢ = XF where

1 E-V§'
=1+ ZSsp.
ZC? ¢

Accordingly, the small component can be formally eliminated to give the
following eigenequation for the large component

(V +cs pX)F =EF ;

however, the Hamiltonian in this equation is not Hermitian, and the
resulting eigenfunctions F are not normalized. These problems can be
circumvented by introducing the Hermitian Hamiltonian which affords
normalized states

1

h:(1+X*X)%(V +cs pX ) (1+ X* X)2.

In the familiar reativisic Pauli approximation® to simplify this
Hamiltonian, we can assume that p® << 4c® and we get the relativistic Pauli
approximation

2 p* . Dv _s(NV p)

auli  — p
hPI_V+7'8c2 T T T e

This expansion is, however, only valid if the velocity of the electrons is
everywhere small compared to the velocity of light (E- V) <<2mc’. This

condition is not satisfied for a Coulombic potentia like the nuclear
potential.®® This makes al-electrons caculations on heavy systems
impossible, because the Pauli Hamiltonian has no lower bound and the
necessary tight functions will lead to variational collapse. The quas-
relativistic method can therefore only be applied with a frozen core
approximation that avoids variational collapse by the orthogonality
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constraint on the core. In addition the basis set needs to be restricted, in the
sense that, in a heavy metal complex for instance, tight functions are to be
avoided at the metal nucleus as well as large flexible basis sets on the
ligands. Keeping in these restrictions relative displacements have been
obtained with similar precison than the newer ZORA relativistic
approximation *°

An dternative approximation to the above Pauli approximation can be

obtained by rewriting :i(1+ E_ZV)'ls p as
2C 2c
c E
X = 1+ s p. If we assume E<<(2c*-V], then the
eV M) oP ( )
equation can be expanded to zero order in e to give the zero-order
C -
regular approximation (ZORA)%*
K VS
h“*=s p—s p+V , where K = Zl- —29 :
2 2c

In this case the assumption that E << (202 - V) in the core region remains

vaid. As a result, the Zora Hamiltonian does not suffer fom variational
instabilities and can be used in all eectrons caculations. Zora orbital
energies can be improved further by introducing a simple scale factor.% If

h**Y . =EY thenthe scaled energies E*** =x,E*™ , where

e C2
X =51+ Yisp

——~  _sply
(2c2-v)Zs g

o1
(0]
]

are in much better agreement with the one-electron Dirac energies. For a
system the total energy in the scaled Zora formalism is given by

N
S :ga&ded ) % oy (1)r (2) d1d2+EXC[r ]_ 3 (1) dExc[r]dl

I, dr (1)
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2.5.2 Calculation of NMR parameters

The basic DFT theorem of Hohenberg and Kohn was formulated for a
system in the absence of a magnetic field. Taking the latter into account
leads to further complications, because the exchange-correlation functiona
should depend on the magnetic field.%® Thus, one would need current-
dependent (or magnetic-field dependent) exchange-correlation functionals.
An implementation of such a current-density®* functional theory (CDFT)
has been carried out by Handy and co-workers.®® Within the model used,
they found that the current dependent contributions to chemical shifts were
very small and did not improve the results. Two other models have been
suggested, a gradient-corrected current-density functional has recently been
suggested by Becke® and by Capelle and Gross,®” but we are not aware of
any implementation or results of these new models. More work is needed in
this area. Now to find the ZORA NMR shielding tensors, we include the
magnetic field in the Hamiltonian by means of minimal substitution

h*™(p) =sp§sp +V , where

p= p+§%gA, A isthe magnetic vector,
1_. - T,
A=A +A, A =BT, An:(%r—g‘?)
Q

m, is the nuclear magnetic moment attached to nucleus Q at position R,,
and ry=r- R,.

Via the Hellmann-Feynman™® theorem, the NMR shielding tensor can be
derived from the scaled energy using

ﬂhZOW\(n»

i, | V()

my =0 B=0

N
o~
MBIy, B, =1Bca | Yi(B)
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It should be noted that when a magnetic field is introduced, the total energy
will be a functional of both the density and the current density. In deriving

1B, Tm,, Ex™ - equation from E;2*, is assumed that the total

energy is indeperdent of the current, and that the first-order change in the
density vanlsh Thus we are using uncoupled DFT to determine the NMR
shieldings.*

In order to evaluate the second order property we also need to know the
spinors Y, (B) up to first order in the magnetic field. So we first solve the
ZORA equation, without magnetic field

K I
hZORAYi :gé p—S p+V 9Y| = EiZORAYi )
2 2
This solution can be written in terms of real atomic basis functions j |

&
Y.=a

Next we calculate the solutions of the ZORA equation including the external
magnetic field B up to first order

h*(B)y, (B)=E(B)y,(B),

where h**™(B) up to first order in B is

K K K

=V +s p—s p+—B +B =
I02 P 4c ( p) ( ID)40
:—sB+sBaEr3N—_19-sr NK—_lo
8 4c g 8 4c ¢
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2.5.3 DFT shielding tensor

By means of the generalized Hellmann-Feynmart™® theorem we had written

ﬂhZORA ( B, m)

Scaled _ ﬁyﬂ
TBAm, B, 0 =B Vi (B) =

Y.(B)

M =0 B=0

where the Hamiltonian now contains the applied external magnetic field B
and the nuclear magnetic moment of the atom under consideration m,.

Y (B@“) depends only on the external magnetic field and it is the ground-
state eigenfunction of

H(B™)Y (B™)=¢(B*)Y (B*).

Where there is no term dependent on the nuclear magnetic moment onthe
Hamiltonian.

Making use of the back expressions, he NMR shielding tensor can be
written as a sum of three contributions®

— d p SO
SKT_SKT+SKT+SKT’

the diamagnetic and paramagnetic shieldings match with obtained in the
Ramsey expresson and as we will show they keep the same physica
signification.

Diamagnetic shielding

The diamagnetic shielding depends on the zero-order electronic density only

5|| m>.
r.N

d 1 ?)cc <’)\I
SsUEaniadm Yi
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Diamagnetic term is a consequence of produced shielding by the electrons
close to the nuclei. It contribution is always positive (shielding) and bigger
as many electrons are next around the nuclei. It absolute value grows up
with the atomic number, but it relative weight on the chemical shifts goes
down. For heavy atoms, the diamagnetic shielding change is redly
negligible respect the total chemical shift range. This result is readily
understandable from the fact that the core MOs, 1s, 2s, in particular,
contribute by far the largest part of the diamagnetic shielding. That is a
conseguence of the localized nature of the NMR shielding/chemical shift.
Such core effects are largely independent from the chemical environment of
the nucleus. They cancel out in relative chemical shifts 101192103

Table 2.2 presents *H NMR shielding constants and chemical shifts, respect
to HF that were calculated by Wolff and Ziegler for the hydrogen halides:
HF, HCI, HBr, H1.%° The absolute experimental shielding for the hydrogen
of HF is reported in the literature as 28.72 ppm,'®* this value agrees well
with the caculated value of 31.5 ppm From Table 2.2 it is clear that in
chemical shifts differences among the hydrogen halides all contributions are
significant. Thus, although diamagnetic posses the bigger absolute value,
paramagnetic and spin-orbit coupling show bigger relative sensibility to the
chemical environment. So for nuclei with higher s and s 3 tensors in

absolute value, these determine the main chemical shift differences between
aoms.

Table 2.2. '"H NMR shielding constants and shifts (in ppm)

HX g P s d s o) Scal dcal dee daal_dexp

HF 8.64 22.74 0.09 31.47 0 0 0
HCl 2.95 29.22 0.73 3290 -143 -2.58 1.15
HBr 2.27 29.48 5.06 36.81 -534 -6.43 1.09

HI 161 3053 1111 4326 -11.79 -1534 355
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Paramagnetic shielding

The paramagnetic shielding however is determined by the magnetically
perturbed MOs. The leading contribution couples occupied and virtual MOs,
and one can write, at least approximately

occ o rN i l\,l
S uzanaua. il&63 PQYa
erN u

y , and y, describe virtual and occupied MOs (with occupation number

n, ), respectively; r, is the electronic position operator relative to the NMR
nucleus N, and p is the electronic momentum operator. The leading

contribution to the first order coefficient u;® is given as

)

Paramagnetic shielding contribution depends on the electronic structure and
S0 is senditive to the XC functiona. In the GIAO formulation see section

2.5.3.1, there are contributions to s P from both occupied-occupied and
occupied-virtual couplings. While the former is not negligible, the maor
contribution of bothto s ? and to the difference between XC functional
stems from the occupied-virtual terms. The coupling between occupied and
virtual orbitals is due to the external magnetic field. For an energy gap, the
leading contribution stems from integrals of the type

2 R o,

(239

This operator rotates the orbital | round its position R ; eg., the y

component rotates orbitals in the imaginary xz plane, etc. It can be then
rationalized in terms of the form of the orbitals

s 1 < —
U U - ——mrly . |M
ai U ei(o) _ e&(lo) y i ‘ Sy

L N[ )k p)-
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For instance, the °>’Fe NMR shielding and chemical shift in ferrocene,
Fe(CsHs)2, was studied by Schreckenbach® It is shown that the chemical

shift is entirely determined by paramagnetic contributions (s ? =- 4924)
which in turn ae dominated by metal based occupied-virtual

d® d couplings. In particular, the HOMO-1 (58,) S fi... =- 3542 and the
HOMO (e,) couple with the LUMO ( 4e ). As we can observein Figure 2.1,

operator M, working on the 4e" LUMO result in an orbital, '\//'\y84e|‘il

with a strong magnetic interaction, through the common lobes with 5a, .

5a; (HOMO-1) e, (LUMO) M, 11,1

Figure 2.1. Schematic representation of the 5a (HOMO-1) and 4e
(LUMO) orhitals. Also shown is the result of the ‘*magnetic’’ operator K/I\y

working on the 4e LUMO. The result is a strong magnetic interaction,
through the common lobesin 5a, and K/I\yg4eH

Similar picture is found for F, or CO.'% For instance in F, case, large s P
contribution is essentially due to just one single term, name the p ® s *
transition, out of a whole sum over al possible transitions. As we show in
Figure 2.2, the rotation results in a strong interaction betweenp and s *.

Paramagnetic contribution, s *, is dways a leading contribution for heavy
atoms. For computed, U atoms (Table 2.3),% the diamagnetic shielding,

s ¢, does not vary by more than about 20 ppm. This change is redly
negligible, given a total calculated shielding range of over 21000 ppm. The
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spin-orbit shielding posses a modest athough not negligible nfluence on

the chemical shifts; one can seethat s ® varies within arange of some 1500
ppm, about 6.5% of the total calculated chemical shift range.

o) Ce—@—

Figure 2.2. Representation of thep ® s * coupling for the F, molecule

Table 2.3. Contributions to the U NMR shifts (in ppm) for UF,, UFCI
and UFCI, compounds

MO'&Ule S p S p,0C- Vir S d S D S total d cal
UF, -18896  -15380 11610 7964 678 0
UFCI -21306  -18180 11615 7758 -1934 2612

UFCI, -29211  -27888 11627 7308 -10275 10954

The largest contribution to the calculated >*°U shieldings and chemical shifts
is due to the paramagnetic shielding. In Table 2.3 it has been included the

caculated values of s P°“Y . One can perceive that the remaining
(occupied-occupied) contribution to s * is neither small nor negligible, and
it can have either sign. Nevertheless, s "°“"" s responsible for the largest
part of the paramagnetic shielding, as well as for the various trends in the

shieldings and chemical shifts. For a qualitative discussion, one can focus
on this contribution.
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The occupied-virtual paramagnetic contribution grows up from UFs to
UFCls considerably; the occupied-virtual shielding, s P°“"", is, in turn,
dominated by magnetic interactions between uranium 5f-based occupied
and virtual orbitals. The strength of the interaction is inversely proportional
to the occupied-virtual energy separation and also is sensible to the Uranium
5f-character of the implicated orbitals. Indeed, the first member of the
series, UFg, has a HOMO-LUMO gap that is amost twice as large as for
any other molecule. Earlier studies’®” showed that the percentage of §
character of the remaining six 5f type virtuals decreases along the fluoride
chloride series, from 82.0% for UFg to 78.5% for UCk. This decrease in
virtual f character will be accompanied by an increase in 5f-character for the
corresponding occupied MOs. Both factor orbitals energy gap and orbital
compositions govern the predisposition of the paramagnetic contribution.

Soin-orhit shielding

The spinrorbit shielding contribution, s2, is dominated by the Fermi

ts ?

contact that depends on the spin polarization at the NMR nucleus

where g is the electronic Zeeman g-factor, and § is a cartesian component
of the electronic spin operator.

The spin-orbit contribution arises from the fact that, with the electronic
spintorbit coupling present, the external magnetic field induces an electronic
spin density. This spin density then causes nonvanishing shielding
contributions by magnetic interactions with the nuclear-spin. The spin-orbit
contribution is very sensitive not only to the atomic number of the central
nuclei but to the atomic number of the atoms directly coordinated D it.
Spin-orbit chemical shifts require strong s-type bonding contributions at the
NMR nucleus. This explains why they are found large spin-orbit chemical
shifts for the *"H NMR but less so for other nuclei.
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Kaupp et a.” have presented a simple but general qualitative picture of the
mechanism involved. The spin-orbit operators induce spin polarization in
the system. This induced spin density interacts with the nuclear magnetic
moment of the NMR-active nucleus, by means of a Fermi-contact
mechanism, see Figure 2.3. The SO shifts are indicated to be caused by the
spin-orbit operator on the heavy atom A, which in the presence of an
externa magnetic field B, leads to a small amount of electronic spin

polarization. The latter may now interact with the nuclear magnetic
moments (e.g., nucleus B) in the system, mainly via an FC mechanism, and
will cause a change in their nuclear shieldings.

Spin-Orbit Chemical Shifts

electronic spin
polarization

Fermi-contacl
interaction

spin-orbit
coupling

By

Figure 2.3. Schematic illustration of the spin-orbit shifts

That SO shifts will depend strongly on the scharacter of the bonding
around the atom observed'®® by NMR spectroscopy, as the FC mechanism
acts via the spherical part of the density at the nucleus. This dependency on
s-character has indeed been demonstrated, and is particularly apparent for
SO shifts across one bond; for instance, for the sp®-, sp>, and sp-hybridized
a -carbon aoms in iodoethane, iodoethylere (iodo-benzene), and
iodoacetylene, respectively. The importance of the s-character has far-
reaching consequences for SO-induced heavy-atom effects on chemical
shifts. Among other things, it explains why chemical shifts of main-group
elements in their highest oxidation states exhibit very large SO shifts when
attached to halogen or related substituents. The s-character of the bonding to
the heavy-atom substituents is large in such cases, and thus there exists an
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efficient FC mechanism that transfers the SO-induced spin polarization to
the considered NMR nucleus.

As example of the SO influence of a heavy ligand, mostly over alight atom;
Table 2.4 presents 13C NMR shielding constants and shifts calculated® for
methane and the methyl halides, CHsCl, CH3Br, CHsl. The shifts are taken
with respect to methane. Absolute experimenta shieldings for the carbon of
methane are reported in the literature: 197.4 ppm, 195.1 ppm*® These
values agree well with the estimates given in the table. For example,
because the SO shifts due to halogen substituents are usually shielding, and
their magnitude increases with the atomic number of the halogen, the
consequence is a large increase of the nuclear shielding of the central atom
when going from Cl to Br to | substituents.

Table 2.4. *C NMR chemical shiftsin ppm, taken with respect to TMS

Molecule sP s ¢ s s® d®  d¥®  d9-d*®
T™MS -788 250.2 0.0 1795 0.0 0.0 0.0
CH, -28.7 2222 0.0 1935 -140 -93 -4.7
CH.CI -67.2 2218 2.1 156.7 22.8 18.1 4.7
CH,Br -585 2215 128 1758 37 3.0 0.7
CH,I -575 2331 352 2162 -36.7 -27.8 -89

Instead for heavy atoms, more than the atomic number of its substituents,
the s-character of the bonding in determine an efficient FC mechanism that
transfers the SO-induced spin polarization to the ‘**NMR nucleus.”” In Table
25 are g)resented the computed SO contributions for some Uranium
halogens,?® the SO shielding goes up with the oxidation of the metal and not
with atomic number of the ligand.
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Table 2.5. Calculated (computed geometry) and experimental “F NMR
shifts, relativeto CFCl,, (in ppm) for UF,, UFCI and UFCI, compounds

Molecule s® de de™

UF, 21.2 831.0 764.0
UFCI 19.3 813.3 762.0
UFCI, 7.6 750.8 774.3

2.5.3.1 The Gauge-Origin problem

Exact solutions of the Zora equation are independent of the choice of origin
of the vector potential for the external magnetic field. While, in approximate
solutions there is a dependency on the gauge of the electrical potentia V.
Gauge-including atomic orbitals (GIAOs), aso called London orbitals,*'°
are used to ensure that the calculated results do not depend on the gauge
origin of the magnetic vector potential A; .

For any given magnetic field, there is a considerable freedom in the choice
of gauge for the vector potential. In particular, the actual vector potential
depends on the arbitrary coordinate origin. Any expectation value can only
depend on the values of observable quantities, and the gauge dependence
should vanish exactly. This is indeed, the case for exact solutions of; e.g.,
the KS equations where large (infinite) basis sets are used. For approximate
solutions with smaller (finite) basis sets, NMR/ESR properties experiment a
strong dependence on the choice of gauge.

Possibly the best solution to the gauge problem is to employ field-dependent
GIAOs as basis functions.'*! The basis functions now depend on the
external magnetic field as

AN

. - - i« U
]m(B,r)—expg gch(B Rn)rhj (1)
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where j ., (r) is the usua field-free basis function (atomic orbital, AO) this

is centred at position R, and j ,(B,r) is the corresponding GIAO. The

fidld-dependent prefactor ensures that only differences of position vectors
appear in expectation values. This eliminates any origin-dependence, even
for approximate MOs and finite basis sets.

Instead of the GIAO approach, it is also possible to assign similar
exponential pre-factor to other entities, e. g., to localized MOs. This is the
idea of the IGLO approach*? The GIAO approach lends itself ready to an
analysis of the calculated shieldings, in terms of the occupied and virtual
MOs of the molecule.*!® This analysis constitutes a major advantage of the
GIAO method, this is intrinsically impossible for other methods like IGLO-
based schemes.

It is convenient to introduce an auxiliary basis set with basis functions F

F, =

3 Qo=

N
a dij .(B)g, Y (B)=a u;F,
a I

g=a b
thus up to first order in the external magnetic field, the solutions of the Zora
equation including the externa magnetic field

W™ (B)y, (8)=E (B)y (B) ae

N
yi(B):Fi+éBu:}-iFj
j

2.5.3.2 Frozen core approximation

To save computing time it is often desirable to use frozen core
approximation. The MOs close to a nucleus are believed to change only
very little in going from a free atom to an atom in a molecule and to have a
negligible overlap with each other. With these assumptions we can keep the
core AOs frozen during the molecular calculation so that they can be
excluded from the matrix equations that are to be solved.
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In the frozen-core approximation the N GIAO basis functions {j ,} are

Ncore

. . - . Nval
split into a core set {j °°re} and a vaence set {j Va'} , Where
m m el

m=1
N.. +N.., =N . By taking an appropriate combination of core and valence
functions, a new set of N,, valence basis functions that are orthogonal to
the core orbitals are obtained

m

| =jw +M§fe|qﬂj &, suchthat (1, #)=0,
t

here b, are the core-orthogonalization coefficients.

In addition one can assume that the response of the tightly bound core
electrons to the applied magnetic field is negligible. A set of atom centred

core orbitals,{vv:"'e} e independent to the external magnetic field are then

a=1

constructed. The new valence functions, |\, then become

| =y arebm we, such that (I, w) =

For each nucleus as we have a r 2. independent of the external magnetic

field, this fact modifies a little the general view of the shielding tensor. For
the diamagnetic shielding we have

S 4 =S gre, TS, -

corey

the diamagnetic core contribution, s . is the only core contribution in the

corg !
total shielding given by rCore
son LBy Ky
Sakoza Qe
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And the diamagnetic valence part, s Vdajg , Is determined by the zeroth-order

wave function, but the summation over the occupied orbitals is over the
valence orbitals only

K |

rN J m/*

The paramagnetic shielding is basically s ? =s 2" | this valence-virtual
part is the only most important term since this is the only term that is not a
result from the introduction of the GIAOs. There is no contribution from the
core orbitals, since it is determined by the wave function in the magnetic
field and there was assumed the core orbitals to be independent of the
magnetic field. By similar reasons there is also no contribution from the
core electrons to the spin-orbit shielding, s °, because the core electrons are

excluded to suffer the spin-orbit effect in the initial calculation of the wave
function.

d

18 ¢
SvaISx u?a niadm Yi

2.6 Review of the factorsto take into account in the alculation of
shielding tensor s from approximate wave functions

2.6.1 XC functionals

Existing XC functionals can be roughly divided into three groups, loca
density gpproximations (LDAs),** generalized gradient approximations
(GGASs),'*® and hybrid functionals that incorporate part of the exact Hartree-
Fock (HF) exchange.

The general consensus is that the simple LDA is insufficient for chemical
shifts "8 The differences between various GGAs seem to be minor and
no genera trend has emerged. Hybrid functionals have also been tested,
they seem to be dlightly more accurate than the GGAs for firs-row

compounds.'*® On the other hand, Kaupp et a.*?°, in their study of YO
NMR in transition metal complexes MO;" , found that hybrid functionals
were inferior to GGASs in this example. Buhl applied hybrid DFT to the
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caculation of *Fe and '®Rh chemica shifts,*?! with quite a dramatic
effect, eg., for >'Fe, by correlating computed with experimental chemical
shifts, he obtained linear regression lines with dopes of 0.65 (GGA) and
0.97 (hybrid), respectively, i.e., the hybrid functiona is clearly superior in
these cases. The reason for these effects is not entirely clear. We conclude,
with the words of Kaupp et a.,'?* that “the search for a ‘universa’
functiordl is still achalenge”.

It is clear that not al functionals designed to reproduce experimental
thermochemical data appear to be equaly well suited for chemical-shift
computations. In transition-metal, in contrast to the situation for chemical
shifts of main group nuclei including ligand chemical shifts in transition
metal compounds, any particular DFT method employed for the chemical
shift calculations has to be carefully reassessed for every new problem at
hand, at least until better functionas (i.e., closer to the elusive, universal
one) become available. Most likely, the large sensitivity of the metal shifts
to the exchange-correlation potential is related to the largely local types of
electronic excitations involved. These are known to be very poorly
described by most functionals currently available.'?

For most of the transitionmetal chemical shifts studied so far, the B3LYP
hybrid functional performs similar or better than pure density functionals.
The latter seem to underestimate proportionaly the paramagnetic
contributions, s P, which is apparently corrected for by inclusion of some
Hartree-Fock exchange, and of the corresponding, pure HF methods
significantly overestimate the chemical shifts.*?* It has yet to be elucidated
if the good performance of hybrid functionals is a manifestation of the
physical reasoning put forward to motivate the inclusion of HF exchange in
density functionals,*?® or simply the result of fortunate error compensation.
In any case, the GIAO-B3LY P scheme is not a panacea.

The success of hybrid DFT methods has been analysed*?® and attributed to
more diffuse virtual orbitals, coupling due to Hartree-Fock exchange and the
increase of the HOMO-LUMO gap relative to that obtained using pure DFT
methods. Different generalized gradient approximations, GGA, give similar
results whereas hybrid functionals stabilize occupied MOs strongly and
destabilize virtual MOs. HOMO-LUMO gaps are nearly doubled as a resullt.
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Improved functionals without exchange mixing would of course be
desirable. The design of new exchange and correlation functionas is a very
active field, and so there is some hope that better functionals will eventually
become available.

2.6.2 Rdativistic effects

Before turning to the current calculations, | would like to qualitatively
summarize how relativistic effects manifest themselves in calculated NMR
shieldings and chemical shifts;, the mechanisms for that are by now well
understood.

Sometimes, relativistic effects on some properties like the NMR shielding
have been divided into “direct” and “indirect” effects, with the latter arising
from the well-known relativistic bond contraction or, more generally, from
differences between nonrelativistic and relativistic molecular structures.
Here, | will consider fixed, relativistic geometries only and hence will not
discuss the “indirect” relativistic effects any further.

The remaining “direct” relativistic effects can be divided into spin-free
(scalar) and spin-orbit/Fermi contact effects. The scalar relativistic effects
become particularly important when one descends to the sixth period, and
thus their inclusion into the calculations is mandatory. Taking only
molecules a a given geometry into account there are three magor
mechanisms in which relativity influences NMR shieldings.

First, relativity contracts the inner-core shells (s and p). This leads to a
contraction of the core electronic density which in turn yields a large
increase in the diamagnetic shielding. Since this is a core effect, it cancels
out in relative chemical shifts.

Second, valence MOs are influenced by relativity as well, since they have to
be orthogonal to the compact core MOs. Thus, s and ptype orbitals are
typically contracted and stabilized, while d and f orbitals are more
effectively screened from the nuclear charge, and are expanded and
destabilized as a consequence. Theserelativistic changes are reflected in the
shieldings and the chemical shifts, primarily through the change in orbital
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energy differences, the strength of the magnetic interaction between
different MOs is inversely proportional to their orbital energy differences.

Spin-orhit effects follow a different mechanism. Thus, the relativistic spin-
orbit operators, in the presence of a magnetic field, produce spin
polarization at the heavy nucleus, even for formally closed-shell systems.
This can aso be shown rigorously. The spin polarization is transferred
through the bond to an NMR nucleus, where it is picked up by means of a
Fermi cortact mechanism One important consequence of this picture is that
spintorbit chemical shifts are only relevant if there are strong s-bond
contributions a the NMR nucleus.

2.6.3 Frozen-core approximation

It is a common assumption that the NMR chemical shift is a property of the
core electronic density near the NMR active nucleus. The fact that the
nuclear spin interacts with the electronic movement around the nucleus N,

and that this interaction is inversely proportional to rj, is the basis for this

assumption. In their attempt to use a relativistic Pauli-type Hamiltonian,
Schreckenbach and Ziegler have proeosed calculating NMR shieldings
using the frozen-core approximation.'?’ This method would never work if
the above assumption was true, because all core MOs are taken from atomic
calculations, kept frozen in subsequent molecular calculations.

The core eectronic density is explicitly excluded from contributing to
chemical shifts in any way other than through its constant atomic
(diamagnetic) contribution; it is not allowed to add to molecular efectsin
the chemical shift, by coupling with virtual MOs. The valence MOs are,
however, orthogonalized against all core MOs; this ensures their correct
asymptotic behaviour near the nucleus. Schreckenbach and Ziegler were
ableto conclude that frozen-core approximationis a useful tool for shielding
calculations if the valence space is increased to contain at least the ns, np,
(n1)p, (n1)d; shells where n is the number of the given period in the
periodic table of elements.

It follows clearly that the relative chemical shift is a valence property, and
not a core property. More precisaly, this is mostly determined by the basis
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set requirements in the very vicinity of the central nucleus due to the
mentioned r? dependence.

2.6.4 Geometriesof the compounds

Computed geometries determine the electronic structure of the system and
so the diverse contributions of the shielding tensors. In a similar way, a
change in the structural parameters modifies the shielding tensor.

The dependence of the shielding tensor on the geometry of the system
serves us to notify that if the optimized geometry is far from the
experimental one, the computed shielding will be far from the experimental
one too. Sometimes, it would help the use of experimental parameters for
the computation

Figure 2.4 underlines the dependence of the calculated chemical shifts on
the molecular geometry for HgCh.*® A change of 0.01 A in bond length
results in a change of approximately 50 ppm for the calculated shifts. The
change in the paramagnetic contribution is much larger than the change in
the spin-orbit coupling contribution. The diamagnetic contribution is
effectively constant and has not been shown in the plot. The relationship is
roughly linear with a change of 100 ppm for every 10° change in the bond
angle.

Table 2.6 shows **°Hg ZORA NMR shieldings and shifts relative to HgMe,
calculated using optimized geometries. Here the differences between
calculated and experimental shifts are disappointingly large because of the
deviations between optimized and experimentally determined geometries.
For Hgl the optimized bond length is 0.08 A longer that the experimental
value, which trandates into a difference of 900 ppm between shifts
calculated with optimized and experimental structures, respectively, see
Table 2.7. The optimized structures for the chloride containing compounds
are closer to the experimental estimates with the result that the shifts
calculated at these geometries are more similar than for the iodine systems.
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Figure 2.4. Calculated ***Hg NMR shielding changes (in ppm) with change
in bond length (in A) (Fig. 1a) and in Cl - Hg - Cl angle (in degrees) (Fig.

1b) for linear HQCl,

Table 2.6. Calculated **Hg NMR shielding constants and shifts (in ppm)
using computed geometries

Molecule r(HgpL) s de de® d - dex"t|
HgMe, 2101 8091 0 0 0
HgCl, 2.289 9774 -1683 -1519 164
HgBr, 2.438 10952 -2861 -2213 648
Hal, 2.633 12501 -4409 -3447 962
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Table 2.7. Calculated **Hg NMR shielding constants and shifts in ppm
using experimental geometries

Molecule  r(Hg-L)* g« de de® de - dex"t|
HgMe, 2.083 8020 0 0 0
HgCl, 2.252 9576 -1556 -1519 37
HgBr, 2.410 10704 -2684 -2213 471
Hal, 2.554 11526 -3506 -3447 59

& Gas phase

Using experimental geometries, good qualitative agreement with experiment
is obtained, and quantitatively the calculated results deviate from
experiment on average by 163 ppm, which is approximately 3% of the total
range of ®Hg NMR. In addition, it has been shown, through the mercury
NMR shieldings of HgCh, how the strong dependence of calculated shifts
on the structure puts high demands on the accuracy of optimized geometries
if they are to be used in quantitative chemical shift calculations.

27 3w NMR shielding tensor in polyoxometalate compounds

Introduction

Polyoxometalates or polyoxoanions (POMs) are an immense family of
compounds made up of transition metal ions in their highest oxidation state
usually Mo, W, V and mixtures of these elements and oxo ligands, *28:12%:130
The special ability of many POMs to accept one or several electrons with
minimal structural changes means that they have potential applications in
many fields such as medicine, cataysis, multifunctional materials or
chemical analysis.

One of the most powerful methods for characterizing POMs, both in

solution and in solids, is NMR.*®® Practically every paper dedling with
POM s is accompanied by their NMR spectra. Depending on the complexity
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of an anion and on its symmetry, several lines may be observed in the NMR
spectra, and sometimes the correct assignment of each line to a particular
atom is unclear. The increasing evolution of computational chemistry
procedures has made it possible to study a number of molecular properties
in the chemistry of polyoxometalates from the electronic structure of the
polyoxoanion. 3! 132 The chemica shifts observed in the NMR spectra
depend on the electronic and molecular structure of the POM. Finding a
correlation between the electronic and molecular structure and the NMR
parameters is highly desirable if the role of POMs in many chemica
processes is to be understood.

Excelent work by Ziegler and Schreckenbach, who implemented NMR
chemical shift calculations in regular DFT procedures, has made it possible
to use the modern features of DFT for accurate exchange-correlation (XC)
functionals and large basis sets. The interest in reproducing the NMR
spectra of POMs is aso theoretical. These non-conventional complexes are
very suitable models for verifying different theoretical approaches,
especially because of the strong dependence of the shielding tensor on
variations in the electronic structure of the compounds.

The shielding of the #*W nucleus in Keggin polyoxotungstates has recently
been investigated by DFT methods. While there are several examples of
calculations of first-row transition metal shifts,**® the substantial influence
of relativistic effects on the second and third row metals hinder the study of
polynuclear tungsten complexes.

Ziegler at al. showed how to apply the DFT-GIAO scheme to the calculation
of ¥¥3W NMR chemica shifts. Pauli and ZORA spin-orbit Hamiltonians
(see section2.5.1) were used to calculate the tungsten series WO,2, WO3S,
WO0,S%, WOSs?, WSs?, WFs, WCls and W(CO)s. The authors concluded
that the ZORA scheme generally provides chemical shifts in better
agreement with the experimental values than the Pauli scheme.
Nevertheless, an al-electron basis set of Slater type orbitals was used in the
ZORA calculations, while Pauli calculations made use of a similar basis for
tungsten atoms but with a frozen core up to 4d. As shown by J. Baerends et.
al.,®* in another revealing work, basis set effects are rather important for
obtaining reliable chemical shifts. In this study, the authors used a scalar
relativistic scheme to consider al-electron and frozen core calculations.
They concluded that it is possible to obtain reliable chemical shifts with a
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frozen core basis set, as long as the valence basis set is sufficiently flexible
in the core region to describe the core wiggles of the vaence orbitals
accurately. In these cases, Zora and Pauli Hamiltonian differences for the
chemical shifts are reatively small. The core functions only have to
describe the core wiggles of the valence orbitals, not the frozen core orbitals
themselves. The latter are taken from separate atomic calculations using
very large converged basis sets. Nevertheless, further improvements should
include investigating the effects of spin-orbit coupling, exchange correlation
functionals and the environment (solvent).

NMR chemical shift computation in POTs

Bagno et a. study the efficacy of effective core potentials (ECPs) in
mononuclear tungsten complexes and in PW1,04°> Keggin compound.t3®
However, because the paramagnetic contribution depends on integrals
containing a ¥~ dependence, which are very sensitive to the behaviour of
molecular orbitals near the nucleus, there is a dight dispersion in chemical
shift. In a more recent work, Bagno®*® shows the utility of the DFT-GIAO
computational scheme, including relativistic effects for several POTs. The
effect of the basis set and of the scalar or spin-orbit relativistic dfect are
calibrated. A tolerable loss of precision is reported for relativistic scalar and
frozen core calculations, but it is pointed out that spin-orbit effects may play
arole in determining small shift differences. In a pioneering study, Bagno
calibrated the effects of alabile counter anion in the *¥3W NMR spectra of a
Keggin compound.

In this context, we computed chemical shifts for the ®W nucleus using
popular DFT methods. We reinvestigated the series of tungstates discussed
by Ziegler and co-workers. We aso extended our study to some POTSs: the
most simple of the POTs, the Lindgvist anion, WsO1>, its nitrosyl
derivative WsNO19* and the Keggins BW12040>, SW12040%, PW1,04% and
GeW1,045". NMR chemical shift calculations were performed with the
NMR program.33#991%.127 The atom shift, in terms of the orbitals of the
molecule, was also analysed with the EPR program.331%:127.137.138 Bt of
these programs are part of the ADF package.**® In all cases, shielding values
were obtained from an electronic structure computed from pure GGA Becke
(exchange) — Perdew (correlation) potential.®>''® To evauate the factors
that may affect nuclear shielding, we carried out calculations with several
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basis sets, experimental and optimized gas phase geometries, and scalar and
spin-orbit relativistic effects on the ZORA formalism

Due to the novelty of these studies, the main objectives of the present work
are to evaluate the ability of DFT methods to reproduce #wW NMR
chemical shifts, and to review the most appropriate way of working in POTs
in terms of accuracy and computational cost. In particular, we shall attempt
to identify the error sources. We shall also discuss the relationship between
the chemical shifts and the electronic structure of the system, by analysing
the paramagnetic contributions to the shielding tersor. Subsequently, the
utilization of the computational dates to unequivocaly characterize the
atoms of acompound is a current dare.

All calculations are performed basically at four approximation levels. 1) a
scalar relativistic Hamiltonian with two standard ADF TZP basis sets. First
atriple-z STO basis with one polarization function in the valence shell and a
double-z in the subvalence shell, and a single-z in the core region (up to 4d
for tungsten), except for an additional very tight 1s function, with an
exponent of ~107, in the 5d metals (fc-sr). And second, the same frozen core
basis, which also includes one steep 1s tight function with ~10° exponent
(ae-sr), for the heteroatoms, and an all-electron basis set with a double-z
representation in the core region and a triple-z representation in the valence
area for the tungsten atom. 2) a combination of the spin-orbit Hamiltonian
with the same 4d core and all-electron basis sets, denoted asfc-so and ae-so,
respectively. Both basis sets are quite similar but the functions that describe
the core wiggles of the valence orbitals in ae basis set are tighter and the
description of the electronic density close to the nucleus is better.

Optimized geometries have been used in al cases with the exception of the
WO4* molecule, for which the calculations were performed with the
experimental geometry. WO, is used as the reference so that comparisons
can be made with the experimental NMR shifts and the previoudy
mentioned study by Ziegler.*’ Test chemical shifts were also obtained from
the optimized WO,4>" geometry. Nevertheless, the displacement of the values
is inconsistent. The geometries were optimized with the scalar-relativistic
(optimization with the spin-orbit Hamiltonian is not implemented in the
ADF package) ZORA method for the frozen core basis set; no significant
variations are expected in the geometry when the basis set is changed.
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Considering the strong dependence of the NMR shielding on the molecular
structure, our discussions assume that the arrangement of our systems is
reasonable and that any deviations from experimental NMR values come
from an incorrect description of the eectronic structure and not from an
inappropriate optimized geometry, which obvioudly is not fully true for all
the cases studied.

Table 2.8 shows the NMR chemical shifts computed for the test small
molecules together with the absolute shieldings, and the paramagnetic,
diamagnetic and spintorbit contributions. In general, ae-so calculations
provide chemical shifts that are in better agreement with the experimental
ones. Experimental values are amost reproduced for the tetrahedral
molecules WO3S*, WO,S,*, WOS* and WS4>. The average absolute
deviation is 74 ppm, 1% of the experimental range (7200 ppm) for the 3w
chemical shift of the calculated compounds. Discrepancies were largest for
hexacoordinate WCk, W(CO)s, and especialy WFs. The average absolute
deviation was 445 ppm, 6% of the experimental range. The same problem
was observed by Ziegler®® and Baerends.}**

The ae-sr computed shifts also show a good range of values that are close to
those of the ae-so calculations. This is because the tungsten compounds
considered here make a spin contribution that is small in absolute value. As
discussed elsewhere,”®° the spin-orbit contribution is important for central
atoms if they are coordinated to elements with a large spin-orbit constant
(Se, Te, Br, I, etc.) through bonds that contain a significant contribution
from the s orbitals in the central atom Although the spin-orbit contribution
to the chemical shifts is not important in absolute value, its contribution is
important for distinguishing different chemical environments for a given
nucleus. This can be observed perfectlg/ in the tetrahedral molecules WO4%,
WO0sS", WO,S", WOS;* and WS4, ae-sr calculations show that the
relative shifts between the studied molecules are relatively smaller than the
experimental values. We obtained an average absol ute deviation of 132 ppm
with respect to the experimental chemica shifts (see Table 2.8). The
introduction of spinorbit effects provide a proper description of the
separation between signals for these molecules. Because the oxygen atom is
replaced by the heavier sulphur atoms, the relativistic spin-orbit effects
increase to over 20-25 ppm per sulphur atom, which leads to a large gap
between molecular signals. So results are more accurate with the average
absolute deviation of 74 ppm from the experimental values.
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Table 2.8. W NMR signals for simple tungsten molecules

EXP. fc-sr ae-sr fc-so ae-so
WO~ Chemical Shift 0.0 0.0 0.0 0.0 0.0
Absolute Shielding 2792.8 617.2 2499.6 193.1
Paramagnetic -6871.1 -7976.7 -6901.8 -8067.4
Diamagnetic 9663.9 8593.8 9664.1 8611.8
Spin-Orhit -262.6 -351.3
WO;S™ Chemical Shift 841 668.3 816.3 628.0 839.7
Absolute Shielding 2124.5 -199.1 1871.6 -646.6
Paramagnetic -7541.0 -8794.0 -7554.6 -8886.2
Diamagnetic 9665.5 8595.1 9665.7 8612.9
Spin-Orbit -239.6 -373.4
WO,S,~ Chemical shift 1787 1334.7 1636.0 1263.2 1689.7
Absolute Shielding 1458.1 -1018.8 1236.4 -1496.6
Paramagnetic -8208.8 -9614.6 -8204.6 -9709.7
Diamagnetic 9666.9 8595.8 9667.1 8613.8
Spin-Orhit -226.1 -400.7
WOS;* Chemical Shift 2760 2076.3 2559.6 1971.9 2632.0
Absolute Shielding 716.5 -1942.4 527.7 -2438.9
Paramagnetic -8952.1  -10539.1 -8928.7 -10628.3
Diamagnetic 9668.6 8596.8 9668.8 8614.7
Spin-Orhit -212.4 -425.3
WS~ Chemica Shift 3769 2924.8 3617.6 2788.6 3701.1
Absolute Shielding -132.0 -3000.4 -289.0 -3508.0
Paramagnetic -9802.6  -11598.3 -9760.6 -11678.2
Diamagnetic 9670.6 8597.8 9670.8 8615.7
Spin-Orhit -199.2 -445.6
WClg Chemical Shift 2181 1862.8 2388.2 1622.8 2306.3
Absolute Shielding 930.0 -1771.0 876.8 -2113.2
Paramagnetic -8744.8  -10373.2 -87154 -10452.3
Diamagnetic 9674.9 8602.2 9675.1 8620.1
Spin-Orbit -82.9 -280.9
WFg Chemical shift -1121 -387.5 -344.0 -484.9 -392.4
Absolute Shielding 3180.3 961.2 2984.5 585.5
Paramagnetic -6476.5 -7624.6 -6495.0 -1724.7
Diamagnetic 9656.9 8585.8 9657.2 8603.8
Spin-Orhit -177.6 -293.5
W(CO)s Chemical Shift  -3446 -3197.6 -3602.3 -3512.9 -3827.1
Absolute Shielding 5950.4 4219.5 6012.5 4020.2
Paramagnetic -3726.7 -4383.8 -3680.7 4445.5
Diamagnetic 9677.1 8603.3 9667.2 8621.1
Spin-Orhit 16.0 -155.4
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The values obtained from the frozen core basis set show that the
experimental values for the tetrahedral molecules are considerably worse.
fc-so calculations in this case show an average deviation of 626 ppm (9% of
the range). However, for the hexacoordinate molecules the average
deviation is 454 ppm (6% of the range), similar to that of the ae
calculations. The bad results obtained for the tetrahedral molecules can be
analysed from the paramagnetic contribution to the shielding. Because
oxygen is replaced by the less electromagnetic sulphur atoms, the energy
gap between bonding and antibonding orbitals is shorter. The paramagnetic
term is increased by the shorter energy gap. So, for the ae-sr results, we
observe paramagnetic contributions of, -7977, -8794, -9615, -10539 and -
11598 ppm for W04, WO;S", WO,S", WOS? and WS;* molecules,
respectively. The average separation computed between chemical shifts in
the compounds is 908 ppm, while the average experimental separation is
942 ppm. If we now observe some paramagnetic values for the fc-sr
calculations, we find that this gap has now decreased to an average of 732
ppm. In the absence of spin-orbit effects, there are several possible reasons
for this lower value: the core electrons are in fact significantly affected by
the external magnetic field, the central nucleus has an excessively big core,
or the basis set in the core region is not flexible enough. For this last
assumption, Baerends et al. significantly improved their frozen core results
by passing from a triple-z valence basis set with only a single-z description
of the core wiggles of the valence orbitals, to a triple-z valence basis set
with adouble-z core description. On the other hand, when an extended basis
set was used, with a quadruple-z valence region and a triple-z in the core,
results were poorer.13*

If we now compare the spin-orbit contribution for the tetrahedral molecules,
we aso observe different trends for the ae and fc basis sets. While the spin-
orbit contribution increases with the number of sulphur atoms for the ae set,
it decreases for the fc set (Table 2.8). The ZORA spin-orbit term is heavily
influenced by the relativistic increase in the electron density around the
nuclei. Therefore, it is reasonable to expect a strong dependence on the core
electrons, and also that an accurate estimation of the spin-orbit contribution
to the shielding tensor shall require a flexible basis close to the nucleus.**°
In this respect, the all-electron basis set includes a 1s steep function (~10°).
A more detailed discussion about basis set requirements in the very vicinity
of the central nucleus can be found in the literature. 13440141
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The results obtained for the sequence of small tungsten molecules show that
the ae-so calculations are the most accurate, especialy for tetrahedral
molecules. Otherwise, for hexacoordinate molecules, al-electron and frozen
core calculations produce similar errors.

Table 2.9 shows the values obtained for the %W aom in the Lindqvist
WeO16>” compound (Figure 2.5) for the same four fc-sr, fc-so, ae-sr and ae-
so approximations. At all levels, the deviations from experimental chemical
shifts are considerable. For the Lindgvist structure, all the tungsten atoms
are equivalents, showing one signal at 59 ppm. In this case, the fc-sr
approximation overestimates the signal and obtains 225.8 ppm. The
introduction of spin-orbit effects decreases the signal to -33.6 ppm, closer to
the experimental value. The explicit treatment of the core electrons in the
ae-sr approximation yields a vaue of 350.4 ppm. As in the previous fc-sr
case, we observe a clear overestimation of the signal. Again the introduction
of spin-orbit effects reduces the shift and gives a value of 293.2 ppm, closer
to the experimental value but worse than the value for the fc-so
approximation

Figure 2.5. Lindqvist structure (right) and nitrosyl structure (left)
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Table 2.9. W NMR signals for Lindgvist WsO:¢® compound

WsO1g™ EXP. fc-sr ey fcso aew
Chemica Shift 59 225.8 350.4 -33.6 293.2
Absolute Shielding 2567.0 266.8 2533.2 -100.1
Paramagnetic -7091.2 -8318.6 -7062.2 -8399.6
Diamagnetic 9658.2 85854 9658.5 8603.4
Spin-Orbit -63.1 -303.9

Unexpectedly, for this particular molecule the smallest variations in the
chemical shifts between computed and experimental values are found for
the frozen core calculations. Nevertheless, considerable differences from
experimental values are found in all cases. We do not find a precise source
of error in the compounds analyzed. While the treatment of tungsten in the
tetrahedral molecules shows a logical progress as the theoretical method
improves, the behaviour of the calculated shifts for octahedral simple
molecules and the WeOx> structure is chaotic. So, we opted for the
Lindgvist structure as the reference compound in subsequent cal culations so
that we could extend our study to other similar POTs systems. In an attempt
to avoid mistakes caused by different descriptions of the reference
compound, we choose a reference compound that is analogous to the
structures studied. In any case we try to preclude the observed random
behaviour of the methods.

Substituting aterminal oxygen atom in the Lindquist structure for a NO unit
leads to a nitrosyl WsO1gN* structure (Figure 2.5). With reference to the
Lindgvist structure, the experimental spectra show signals for three different
tungsten atoms. A tungsten atom directly bonded to the nitrogen (W)
appears at 594 ppm, while the opposite tungsten and the four equatorial ones
appear at 58 (W,) and 109 (W) ppm, respectively. The values obtained at
thefc-so level are 93.8 (Wy), 127.4 (Wy) and 289.9 (W.) ppm. For purposes
of comparison, additional calculations were performed at the best ae-so
level and chemical shifts of 84.8, 151.5 and 364.0 ppm were obtained for
the W, W, and W, atoms, respectively (Table 2.10). This time the
computed vaues do not show big discrepancies between both
approximation levels, and they provide a more consistent image of the
methods used. At both levels, the computational values distinguish the three
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metals and describe the W, and W, tungsten atoms reasonably well, but
clearly fail to get the correct signal for W; nuclei. This nucleus formally
represents the substitution of an O atom by a reduced nitrosyl NO*" unit,
which is a variation in the oxidation state of the tungsten atom directly
bonded to the nitrogen. A change in the paramagnetic term by the presence
of pw-no bonding orbitals is explained in detail in the next section. The fact
that DFT methods could not properly localize this meta oxygen p

interactions could be responsible for the big discrepancies found for thisW.
nucleus.

Table 2.10. Chemical shifts calculations at fc-so and ae-so levels for the
W;s01oNT structure

WeNO1o” EXP. fc-so 360

W, Chemical Shift 58 93.8 84.8
Absolute Shielding 2439.4 -184.9
Paramagnetic -7155.8 -8503.1
Diamagnetic 9658.8 8603.8

Spin-Orhit -63.6 -285.6

Wy Chemical Shift 109 127.4 151.5
Absolute Shielding 2405.8 -251.6
Paramagnetic -7190.7 -8553.5
Diamagnetic 9659.1 8604.0

Spin-Orbit -62.7 -302.0

W, Chemical Shift 594 289.9 364.0
Absolute Shielding 2243.3 -464.1
Paramagnetic -74175 -8858.5
Diamagnetic 9664.4 8608.6

Spin-Orbit -3.6 -214.2

We observe that expensive ae calculations only slightly improve the results,
which confirms that there is no need to use current all-electron basis sets in
these particular systems, and that the considerable discrepancies between
the experimental and computed shifts, like W, may come from a non
perfect DFT description of the system
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Based on these ideas, we made calculations for the Keggins BW 120407,
SW1,0x0%, PW10ss> and GeWq,045" a fe-sr and fc-so levels (see Table
2.11), again taking the Lindqvist structure as reference. fc-sr calculations
show reasonable values for al the computed atoms with an average
deviation from experimental values of 65 ppm. The inclusion of spin-orbit
effects considerably improves the results and reduces the average deviation
to 19 ppm. These results indicate that fc-so is a good method for treating
these systems. Nevertheless, variations of a few ppm between metal atoms
for different compounds are difficult to reproduce. For example, the
experimental tendency that the chemical shift decreases from B to Ge is

broken.

Table 2.11. Relative shifts and shieldings for some Keggin compounds

EXP. fc-sr fc-so
BW 12040 Chemical Shift -190 -235.8 -183.5
Absolute Shielding 2802.8 2716.7
Paramagnetic -6853.7 -6838.6
Diamagnetic 9656.5 9656.7
Spin-Orbit -101.4
SW1,040" Chemical Shift ~ -163 -225.8 -189.0
Absolute Shielding 2792.8 2722.2
Paramagnetic -6864.2 6841.8
Diamagnetic 9657.0 9657.2
Spin-Orhit -93.1
PW1,040" Chemical Shift ~ -158 -247.8 -170.2
Absolute Shielding 2814.8 2703.4
Paramagnetic -6842.3 -6830.7
Diamagnetic 9657.1 9657.3
Spin-Orbit -123.2
GeW 1,040 Chemical Shift  -141 -202.0 -172.0
Absolute Shielding 2769.0 2705.2
Paramagnetic -6888.3 -6861.8
Diamagnetic 9657.3 9657.4
Spin-Orbit -90.3
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Chemical shift analysisin function of the electronic structure

Rationalising the dependence of the chemical shifts on the electronic
structure of the cluster is as important as obtaining precise values of d. The
differences in the *3C chemical shifts are basically due to the paramagnetic
tensor in which the major contribution arises from the couplings between
the occupied and unoccupied orbitals. The electronic structure of a POM is
generally quite ssimple and consists of a set of doubly occupied orbitals,
formally delocalised over the oxo ligands, and an occupied set of d-metal
orbitals, both perfectly separated.’*®*** The delocalised nature of the
molecular orbitals makes the orbital analysis of the chemica shifts quite
difficult because there are no dominant contributions in the occupied- virtual
term. Here, we discuss the variations produced in the NMR properties of the
Lindqvist complex after a ligand O is substituted by a ligand NO™ and the
substituted centre is subsequently reduced. In this particular case, the
changes in the chemical shifts are more important and the orbital anaysisis
simpler.

Let us start by analysing the electronic structure of these two complexes. In
al fully oxidised polyoxoanions, the lowest metal orbitals are symmetry-
adapted dyy-type metal orbitals and the highest occupied orbitals are
symmetry adapted p orbitals centred at the oxo ligands. At the present level
of theory, the gap between the so-called oxo and tungsten bands appears at
324 eV for WgO16>. The presence of the NO* modifies this typical
stuation of a fully oxidised skeleton. The substituted tungsten is reduced to
W*" and the two metal electrons reside in a degenerate pw-no bonding
orbital that appears between the oxo and tungsten bands. Figure 2.6 shows
the energy levels for several frontier orhitals for WsO16> and WeNO16>. We
will show that this localised occupied orbital is responsible for the important
changes inthe shielding for the reduced tungsten atom

Table 2.12 compares the shielding tensor and chemical shifts for the two
Lindgvist anions. We have aready mentioned that the diamagnetic
contribution is amost constant and that the NMR properties for heavy atoms
depend exclusively on the paramagnetic contribution if the spin-orbit term is
not considered. The couplings between the occypied and virtual orbital (the
OCC-VIR term) are the dominant contributions to the paramagnetic term
and so their analysis may help to understand this observation
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Figure 2.6. Frontiers orbitals structure for Lindgvist and Nitrosyl adducts

The change in the #W chemical shift caused by the substitution of the oxo
ligand is considerable in the substituted tungsten (455 ppm), whereas for the
other metals the changes are significantly smaller (87 and 125 ppm for the
axial and equatorial metals, respectively). The paramagnetic term for the
NMR shielding of the single W in the unsubstituted cluster is -7973 ppm.
Unfortunately, almost al occupied and virtua orbitals participate to a
greater or lesser extent in the paramagnetic term. Only two contributions
stand out: the couplings between the occupied orbital 5T1g and the virtual
orbitals 9A1g and 10 Eg (15% of total). These orhitals are represented in
Figure 2.7 and the main contributions to the paramagnetic term are gven in
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Table 2.13. The substitution of the oxo ligand also increases the value of the
OC-VIR term for the unsubstituted metals by ~90 ppm. However, this
contribution is not capable of distinguishing between the W, and Wy, metds.

Table 2.12. Analysis of the main contributions to the Pauli Hamiltonian
NMR shielding tensor, by EPR program, for Lindgvist and Nitrosyl adducts

WeO10” WeNO1g~
VVa VVb VVC
s2  d°  s? d° s d° 2 d®
Totd 1692.0 0.0 16050 87.0 1566.8 125.2 1236.5 455.5

Diamagnetic 196655 0.0 96664 -0.9 9666.7 -1.2 9670.2 -4.7
Paramagnetic -7973.5 0.0 -8061.5 88.0 -8099.8 126.3 -8433.6 460.1
CORE '-509.8 0.0 -536.2 26.4 -4884 -21.4 -563.6 53.8

OC-OC 10921 0.0 1121.7 -29.6 1030.2 619 1291.7 -199.6
OC-VIR-8555.8 0.0 -8647.0 91.2 -8641./ 85.9 -9168.5 612.7

&Absol ute contribution to the shielding
bShift relative to adduct WsOr¢*

For the substituted W, the situation is dightly different because the changes
in the paramagnetic term are larger and the extra contribution arises from
the coupling between the new pw.o orbital and the dy-type orbital 14B,.
The value of the corresponding coupling integra is -784 ppm. The
couplings between occupied and unoccupied orbitals require an appropriate
symmetry. This case is quite evident if we consider that the paramagnetic
operators M, and M y transform the unoccupied orbital 14B; into d,,- and
dx~like orbitals, which have a strong magnetic interaction with 37E, through
the common lobes (Figure 2.7). A similar example has been described in
section 2.5.3. The relatively small energy gap between the orbital 37E and
14B, also favours the interaction between both. To sum up, this additional
interaction means that W, has the largest paramagnetic term in Table 2.12.
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Table 2.13. Main contribution to the paramagnetic tensor for Lindgvist
tungsten nucleus and Nitrosyl W, nucleus directly bond to the nitrogen atom

Compound Orbitals Shielding
ocC VIR
Lindqvist 5-Tlg > 9-Alg -599.5
w 5-Tlg > 10-Eg -678.5
5-T1lg > All -1396.7
All > 9Alg-10Eg -1804.0
Nitrosyl 37-E1 > 14-B2 -783.8
W, 37E1 > All -2263.8
All > 14-B2 -1513.0

Lidgvist orbitals

."
Figure 27. 5-T1lg (Lindgvist) and 37-E1 (Nitrosyl) occupied and 9-Alg
(Lindgvist) and 14-B2 (Nitrosyl) vacant orbitals. Representation made with
the Molekel program, for a contour value of 0.05 42
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Concluding remarks

For big POM systems, frozen core approximation is an important saving in
computing time. Previous papers*'?’ have indicated that chemical shifts are
a property of valence electrons. The use of the frozen core approximation to
calculate the NMR shielding tensor was validated by a detailed discussion
of the consequences of the approximation. So the core electronic density is
explicitly excluded from contributing to the chemical shiftsin any way other
than through its constant atomic (diamagnetic) contribution, and it cannot
add molecular effects to the chemical shift by coupling with virtual MOs

We have applied the GIAO-DFT methods together with standard ae and fc
basis sets at scalar and spin-orbit Hamiltonians for *¥W nucleus. At this
level, we have some clear problems in obtaining correct chemical shifts
from a common reference compound. Changing the reference compound for
one that is similar to the systems being studied reduces the experimertal
range of the signals, and also leads to the methods behaving similarly. At
this point, we find that a costly al-electron basis set in the transition metal
atoms studied was no improvement on the frozen-core basis set. The results
are close to the experimental values. however, it is difficult to reproduce
small differences in the chemical shift.

In my opinion, further studies must be carried out into the appropriate
conditions for a basis set if the chemical shifts in heavy nuclei are to be
properly described. Environmental effects’® may also have to be included or
the DFT XC potentials revised.
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Azametallocubanes

The search for new ligand frameworks that can promote new reactivity
pathways is currently underway in organometallic chemistry. In this
context, nitrogen donor ligands proved to be versatile since they allow
suitable combinations of electronic and stereo chemical properties. New
catalysts for olefin polymerization, ' the activation of N, and P, bonds,® and
the stabilization of reactive unsupported early-late bonds® are relevant
examples of new reactivity patterns supported by such ligands. Several types
of polyfunctional ligands have been reported,” including functionalized
1,4,7-triazacyclononane (tacn) and other saturated nitrogen macrocycles
with anionic nitrogen moieties.® In recent years investigation into the
synthesis and reactivity of nitro- complexes of titanium (IV) with the ligand

pentamethylcyclopentadienyl  (Cp* =h°- C,Me,) has revealed the
versatility of trimmer gTi(hS-CSMeS)(ng- NH)}s(ng- N)ld The

chemistry related to this Aza ligand and scopes is introduced in Section 3.1.
Sections 3.2 - 3.7 present our theoretical contributions to the study of this
tridentate ligand chemistry.

3.1 Introduction

3.2 Azaheterometallocubanes from alkaline monohalides
3.3 Alkalineearth dihalide adducts

3.4 Titanium and zirconium cubanes

35 RhandIr COD species

3.6 Inand Tl monohalides

3.7 Tin and lead halides

113



UNIVERSITAT ROVIRA I VIRGILI
DFT STUDY OF TITANIUM CUBANE AND MOLYBDENUM SULPHIDE COMPOUNDS.

Autor:
ISBN:

José Manuel Gracia Budria
978-84-690-6751-2 / DL: T.1196-2007

Chapter 3

3.1 Introduction

The discovery that cations and anions form stable complexes with
macrocyclic polyethers and polyamines has opened the door to several
broad and fruitful areas of chemica investigation.” Interest in these
macrocycles was stimulated when it was found that some of them formed
stable complexes with akai and alkaline earth metal ions and that
preferential cation complexation resulted when the relative sizes of the
cation and ligand cavity were matched.®

What is more, the structure and reactions of these synthetic ligands are
similar to those of many naturally occurring compounds of the macrocyclic
type which are known to exhibit selective cation complexation.® A large
number of these ligands have been synthesized and studied. Interpreting the
cation and anion binding data in terms of the observed selectivity and
solvation characteristics of the ligands under various experimental
conditions has presented a considerable challenge.

Macrocyclic ligands have been used successfully for such processes as
separation of ions by transport through artificial and natural membranes,
liquid-liquid or solid-liquid phase-transfer reactions, dissolution in apolar
solvents of metal and organic salts, preparation of ionselective electrodes
and isotope separations. They have also been used to further understanding
of some natural processes through mimicry of metalloenzymes.’® In
addition, attention must be paid to the various parameters involved in ion
macrocycle interaction such as relative cation/anion and ligand cavity sizes,
the number and stereochemical arrangement of ligand binding sites,
substitution on the macrocyclic ring, solvent effects, macrocyclic effects,
and type of bonding. Oxygen donor macrocycles like crown ethers are noted
for their success in metal separation processes; however the use of nitrogen
donor macrocycles may introduce another variable into the complexation
chemistry.** Nitrogen donor macrocycles can produce a better match with
some metals because of their softer Lewis base nitrogen donor capabilities.

Roesky et al. described the imido-nitrido complex
gTi (h5 - CSMe5)(rT5- NH )}3(rr5- N)H (1) obtained by the ammonolysis

114



UNIVERSITAT ROVIRA I VIRGILT
DFT STUDY OF TITANIUM CUBANE AND MOLYBDENUM SULPHIDE COMPOUNDS.
Autor: José Manuel Gracia Budria

ISBN:

978-84-690-6751-2 / DL: T.1196-2007

Azametallocubanes

of gTi (h5- CSMeS)} Mgg.lz This complex combines the coordinating

capability of a tridentate nitrogen macrocycle ligand with the presence of
empty d orbitals from totally oxidised Ti metals.

The trinuclear titanium complex 1 has considerable possibilities as a fac-
coordinating ligand. Heterometallic cubanes can easily be synthesized by
reaction of the organometallic complex 1 with appropriate metal molecules,
to our knowledge, these results are the first examples of an unprecedented

family of cubane clusters containing Ti,M heterometallic cores. Just before

work began on this thesis, it was found that 1 was capable of displacing
labile ligands coordinated to group 4** and 614 metals. Nowadays, the family
has been extended and it has been shown that group 1, 2, 4-6, 8, 9 and 13-14
metal fragments have been included. Moreover, if other highly reactive
metal-ligand bonds are present in the incorporated metal, N-H bond
activation occursin 1 to give corner-shared double cube complexes.*®

Although theoretically 1 may be able to produce cubanes and dicubanes
from all metal groups, we shal focus only on previously synthesized
compounds.'® Our aim is to contribute to the understanding of this new
family of cube-type nitrido titanium (V) derivatives. Particular attention

will be paid to the tridentate ligand gTi (h5- C5Me5)(m$- NH )}3(rr5- N)g

as precursor of these new cube type structures; its abilities as a ligand will
be studied and compared with those of other tridentate ligands. Attention
will aso be pad to the incorporated metal fragment, and possible
interaction between the metal fragment and the ligand d"-d° orbitals.

3.2  Group 1 complexes. azaheter ometallocubanes from alkaline
monohalides

The complexing ability of alkali metas is weaker than that of the more
commonly studied transition metal ions. It used to be thought that the
coordination chemistry of alkali and alkaline earth cations was simple and
could be discerned merely with the help of the ionic model.’ This delayed
interest in the coordination chemistry of these metals. The importance of
understanding the interactive principles of these metals, however, becomes
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apparent when attempting to understand the vital roles that Na, K, Mg and
Ca metals play in biologica systems.'® The ability of some ligands to
selectively complex alkali and akaline earth metal cations is related to the
mechanism of active transport of cations through membranes.°

Coordination differences between alkali metals are shown by differences in
the sizes of their unipositive ions, al of which are large except the Li* (see
Table 3.1). The smallest in fact has greater polarization power; so the
greater Lewis acidity of lithium produces stronger metal- ligand interactions.
Lithium halides, and to a lesser extent sodium halides, form stable solid
complexes with some nitrogen ligands, like NHs or p,p’-methylenedianiline.
The complexing ability of the metal is not the only important thing. Lithium
flouride is much less soluble in water than other alkaline salts, because of
its high lattice energy. %°

Table 3.1. Atomic radii of the alkali metals in pm and absolute
electronegativities in ev?!

Li Na K Rb Cs
lonic M** radius 78 o8 133 149 165
Electronegativity 3.01 2.85 242 2.34 2.18

The purpose of this section is to describe some of the properties of
gTi (h5- C5H5)(rr; - NH )}3(@ - N)H (1) ligand complexation with a

variety of alkaine salts. From this analysis, as well as the description of a
new family of compounds, we will obtain the first image of 1 as a neutra
polydentate ligand.

3.2.1 Experimental data

The reaction of ligand 1 with one equivalent of group 1 monohalides M X
afforded the azaheterometallocubane complexes

ExM{Ti(h°- C,Me )(m- NH)} (m- N)Y[M=Li,X=Br,1;M=Na X
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= I] (see Scheme 3.1). Attempts to obtain other monohalide cubanes were
unsuccessful .??

[Ti] = Ti(h5-CsMes)

. AN
. """n,, . | o, o ’I
[TI]@ A L]+ MX, toluene ]< 'N/L"{Tﬂ\%
ay > N
ARG 20°c NS, M

N '

1 N \“|”

X

M =Li, X =8Br, |
M=Na, X =1

Scheme 3.1. Formation of alkali halide azaheterometallocubane complexes
from 1 and alkali halide salts in solvent

Complexes 1-MX were characterized by spectral and analytical techniques.
The mass spectra obtained for 1-LiBr and 1-Nal suggest a monomeric
formulation in the gas phase. IR spectra of 1-MX show one n,,, vibration
between 3349 and 3337 cmi?, similar to that determined for 1, 3352 cmi?,
and other azaheterometallocubane derivatives*'%*>23 'H and 3C NMR
spectra in [Dg]benzene at room temperature show resonances for equivalent
NH and GMes groups, suggesting a highly symmetrical structure or the
existence of low energy exchange processes in solution.

Alkali meta cyclopentadienide complexes [M(h°-C,H,)] are also able to
react with ligand 1 in toluene to form the

&h-CHIM{Ti(h®- C;Me ) (m- NH)} (m- N)T [M =Li; Ng adducts

(Scheme 3.2); cubane formation for the biggest alkali metals was not
observed. The molecular structure of complex 1-NaCp has been
characterized by X-ray studies; the crystal structure shows an
azaheterometallocubane core [MTi;N,] by coordination of the three NH
groups to the sodium centre (see Figure 3.1 and Table 3.3). The
identification of the disposition of compound 1-NaCp together with
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spectroscopic data serve to propose structures with metal pseudo tetrahedral
coordination for the remaining compounds too (Figure 3.1).

[Ti] = Ti(h5-CsMes)

[Tl \*"“”'
[TilEoms H\w\wﬁ'l + [M(h®-CgHg)] /Fﬂl\ﬁ
/[T']\ toluene, 20 °C /

ah S
M = Li, Na

Scheme 3.2. Formation of alkali metal cyclopentadienide complexes

§h°-CH, M {Ti (1° - CMe, ) (m, - NH)} (my- N)T [M = Li; NeJ

3.2.2 Reaults

Optimized geometries under Cz, symmetry restrictions were calculated for
model complexes EXM{Ti(h®- CH,)(m - NH)} (m - N)Y, 1'-MX, [M

=Li, Na K, Rb, Cs X =F, Cl, Br, I]. Under Cs symmetry restrictions they
were calculated for cyclopentadienide complexes

&h®-CHIM{Ti(h*- CH,)(m - NH)} (m - N)I[M =Li, Ngj.

Table 3.3 shows main selected structural parameters for computed
molecules together with the crystal structure of ligand 1 and the compound
1-NaCp. For purposes of comparison, the table also includes the
experimental parameters for related alkali metal halide complexes with N-
donor ligands with similar akali metal tetrahedral dispositions;
tris(3,5dimethylpyridine)-Lix?* [X = Cl, Br, ad ] and
tris(triphenyl phosphineimine)-Nal.> A scheme of these compounds can be
seen in Figure 3.2.
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O

a) X b) & L+

Figure 3.1. 3D representation of 1-MX, a); and 1-MCp structures, b)

Computed data perfectly match the experimental data available for the
isolated ligand 1 and compound 1-NaCp, and confirm the predicted
tetrahedral metal environment. The structural data clearly show that the
tridentate ligand is hardly modified after coordination to the alkali metal.
The small changes observed for ligand 1 confirm the considerable rigidness
of the ligand.

In view of the result computed for the X-ray determined compound 1-NaCp,
the calculated distances are expected to be dlightly higher than the
experimental ones; metal- ligand nitrogen computed data (2.716 A) are about
0.1 A longer than the experimental data (2.614 A), an acceptable
discrepancy if we consider the crystal packing effects and the inexact
theoretical method. The discrepancy is bigger in the experimental distances
for the molecules tris(3,5-dimethylpyridine)-LiX and
tris(triphenylphosphineimine)-Nal. The metal-ligand nitrogen distances are
about 0.25 A bigger when the ligand is 1 than when it is 35
dimethylpyridine or triphenylphosphineimine. This discrepancy is partly
due to the rigidness of the ligand. Complexation is dependent on the
flexibility of the ligands. Table 3.3 shows that the metal-ligand nitrogen
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angle (N2-M-N’,) is much smaller for ligand 1 than is normally accepted for
a tetrahedral coordination, which does not favour spatial accommodation of
the ligand electrons.

a) HsC CH3 b) HsC CH3
H3C Q c H3 H3C Q c H3
O+ O+
Cl Br
H3C CHs HsC CHs
C) HsC CH3 d)

H3Q Q CHjs PhsP.
N3 \NZ PPhs
O—4-C ¢
2 LT N2 No—Na—N>
7
I| Ph3P/
HaC CHg !

Figure 3.2. Schematic structure of X-tris(3,5-dimethylpyridine)-lithium [ X
=Cl (a), 021H27N3|_iC|; Br (b), C21H27N3LiBr and | (C), C21H27N3L|] and
lodo-tris(triphenyl phosphineimine)-sodium (d), CssHssPsNsNal

Computed ligand - metal fragment separation, indicated by the alkali metal-
ligand donor nitrogen bond lengths, changes from about 3.3 A in the biggest
Rb atom to about 2.3 A in the Li atom. For the metal atom, changes in the
halogen atom hardly modify the metal-ligand distance, athough there is a
clear tendency for the separation to reduce as you move down the halogen
group. On the other hand, introducing a Cp ligand instead of the halogen

atom considerably increases the metal-ligand distance to about 0.14 A (see
Table 3.3).
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The tendency for the metal-ligand distance to decrease going from F to | is
related to the tendency for the akali metal-halogen to increase. Table 3.2
presents the experimental and calculated distances for the alkali
monohalides molecules isolated and after complexation with 1. As we can
observe, after complexation the metal- halogen distance increases. Curiously
for the same akali metal this increment is aso bigger going from F to I, in
correspondence with the lowest metal fragment-ligand separation.

Table 3.2. Experimental and computed M-X distances in the gas phase, for
isolated monohalides and monohalide cubanes

Li-F  Li-Cl Li-Br Li-1 Na-l K-1

M — X experimental®® 1.564 2021 2170 2392 2711 3.048
1'-MX computed 1.655 2141 2326 2574 2863 3217
M-X computed 1.615 2084 2230 2461 2745 3.091
% Variation* 2.4 2.7 4.1 4.4 4.1 3.9

* 0% of computed M-X length increase after complexation with 1

The charge rearrangement caused by the net bonding contributions between
1’ and MX fragments can be seen in the electron density difference maps for
1-LiX (X =Cl, 1)and I'-MI (M = Na, K) complexes (Figure 3.3). We will
use these maps to make a preliminary analysis of the changes in the
electronic distribution of the fragments during complexation and, therefore,
of the derived energy terms.
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Table 3.3. Calculated and experimental bond lengths (A) and angles (°) for
selected N-donor ligand alkali metal complexes

Compound N>-M M-X N1-Ti No-Ti Ti-Ti M-Ti
1 1.921 1.944 2.827
&p(1)? (1.912)  (1.933)  (2.803)
1-LiF 2.309 1.655 1.921 1.947 2.837 2.984
1-Licl 2.303 2.141 1.921 1.951 2.843 2.974
1-LiBr 2.287 2.326 1.923 1.945 2.832 2.967
1-Lil 2.274 2.574 1.924 1.949 2.835 2.955
1-LiCp 2.434 1.930° 1.919 1.943 2.833 3.157
1-Nal 2.651 2.863 1.922 1.950 2.835 3.360
1-NaCp 2.716 2.340° 1.922 1.946 2.833 3.394
&P(1-NaCp)? (2614)  (2.350%  (1.919)  (1.930)
1K1 3.031 3.217 1.920 1.950 2.834 3.773
1-Rbl 3.297 3.405 1.919 1.947 2.826 4.051
(C21H27N3)-LiCl 2.054 2.320
(Co1H27N3)-LiBr 2.072 2.517
(Co1H27N3)-Lil 2.057 2.795
(C54 HagP3 N3) Nal 2.388 3.159

No-M-N;  No-M-X  Ti-Ng-Ti  Ti-No-Ti  Ni-No-H  Ti-Np-M
1 94.7 933 151.0
()2 (94.2) (92.9)
1-LiF 812 131.3 95.2 935 157.0 88.6
1-LiCl 817 131.0 95.4 935 157.6 883
1-LiBr 816 131.0 9.9 934 157.2 88.6
1-Lil 823 130.6 94.9 934 157.6 885
1-LiCp 74.2 135.0°7 95.0 93.7 156.3 89.5
1-Nal 70.2 138.4 95.0 932 152.6 2.6
1-NaCp 69.7 138.3° 94.9 934 154.3 93.2
(1-NaCp)®® (70.9) (139.9°  (94.0) (94.0) (92.3)
1K1 68.8 144.2 95.1 93.2 150.3 9.1
1-Rbl 55.7 147.4 9438 93.0 149.0 97.8
(C21H27N3)-LiCl 106.4 112.4
(Co1H27N3)-LiBr 108.9 110.1
(Co1H27N3)-Lil 110.3 108.7
(CsaHasPsN3)Nal 107.5 111.3

& Parameters obtained from the centroid of the cyclopentadienide ligand
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Figure 3.3. Electron density deformation maps (EDPs) for complexes
1'-LiCl (a), 1'-Lil (b), 1’-Nal (c), 1’ -KI (d). The EDP maps are computed as
the difference between the density of the fragment 1'-MX and 1’ and MX, at
the geometry of the optimized cluster. The EDPs are shown in the plane
containing the fragment MX and a NH of 1 (Cz, symmetry plane). The
maps are contoured linearly. Negative contours are dashed

The formation of the M-N bonds induces a polarization of the electronic
distribution in the M-X fragment and a charge density accumulation along
the M-N bonds. So the formation of 1'-MX complexes results in the
creation of three M-N bonds, while the polarization of the metal fragment
weakens the metal halide bond, which clarifies the increment in the M-X
distance. EDPs show that the greatest accumulation of electron density is
between 1" and MX for the smallest alkali metals. The accumulation of
charge density is greater for Li-1 than for K-I, which is logica if we
consider the polarization power of the alkali metal. In a similar way, for the
same akali atom, the accumulated electron density decreases dightly going
from | to Cl (see, Figure 3.3a and 3.3b). We can extract some ideas about
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the complexation. Only heterocubanes were obtained for the smallest alkali
metals, because of their greater polarization power (Lewis acidity).
However, they were only obtained for the least electronegative halogens.

Table 3.4 shows the calculated reaction energies in the gas phase for alkali
metal halides M-X and metal cyclopentadienide species with 1'. The
processes were largely exothermic with reaction energies between -23 and
-162 kJ mol'. There was a clear increase in the reaction energy going from
Csto Li and from Cp to Fto | (see Figure 3.4 and Table 3.4). In view of the
charges for the metal fragments, also included in Table 3.4, the observed
trend in the increment of the reaction energy does not seem to correspond to
an increment in the electrostatic interaction between fragments.

To examine the different energy terms involved in the complexation, we
studied the decomposition of the interaction energy between fragments for
the representative molecules [ XM{Ti(h® - C,;H.)(m - NH)},(m - N)] [M =
Li, X = Cl, I, Cp; M =Na, K, X =1]. The difference between the interaction
energy and the reaction energy liesin the energy that the reagents require to
go from the vacuum to the interior of the complex. The anaysis was made
taking igand 1’ and akali halide as fragments and following Ziegler and
Rouk's extensior’® to Morokuma's well-known decomposition scheme.?®
The total energy is decomposed into two terms. SR + Ol The SR (steric
repulsion) consists of two components: the classical electrostatic interaction
(El) between two unperturbed charge distributions of the two interacting
fragments and the so-called exchange repulsion or Pauli repulsion (PR). In
addition to the steric repulsions, there are orbital interactions (OI). Thisterm
represents the stabilization produced when the electron densities are allowed
to relax and accounts for the charge-transfer between fragments and the
mutual polarization of each fragment.

The analysis of the bond formation in terms of the energy decomposition
from the two contact fragments made it possible to identify the nature of the
interaction (see Table 3.5). The interaction energy, as was observed in the
reaction energy, is highly exothermic. As the radii of the akali atoms
decrease, there is a rapid increase in the charge density of the cations, which
leads to a greater Lewis acidity of the complexes. So for one halogen, the
lithium atom has more effective electrostatic interactions. Its greater Lewis
acidity also leads to greater electrostatic interactions and, finally, its small
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radius increases the Pauli repulsions. Overall the main electrostatic and
orbital contributions favour the smaller and more acid akali atoms in the
interaction with electron donor ligand 1.

For an akai metd, iodine halides make bigger orbita and electrostatic
contributions. This contrasts with the fact that the F atom is more
electronegative than | and it polarizes the alkali metal more. To explain this
the halogen and ligand properties must be taken into account. Furthermore,
the fact that the nucleophilicity of F or Cl is bigger than that of Br and |
produces stronger electrostatic repulsions with ligand donor electrons, as
can be observed in Table 3.5. Also, fluorine and chlorine akali bonds are
less polarizable, more rigid and more ionic than bromide or iodine ones, so
orbital interaction with the ligand is expected to be lower.

Table 3.4. Calculated reaction energies (kJ mol™) in the gas phase for
[XM{Ti(h®- C;H.)(m - NH)},(m - N)] [M = Li, Na, K, Rb, Cs, X=
Cp,F, C, Br, | ]compounds, together with Mulliken charges

M -X Charges M -X Charges
React. M X React. M X
Li-Cp* -520 031 -046 | K-Cp* -354 1.01 -0.90
Li-F -126.3 064 -0.83 | K-F -64.6 0.93 -0.85
Li-Cl -1494 039 -0.61 | K-Cl -81.0 0.93 -0.86
Li-Br -151.3 043 -0.67 | K-Br -83.9 0.96 -0.89
Li-1 -1619 034 -059 | K-l -92.6 0.94 -0.87

Na-Cp* -544 069 -0.65 |Rb-Cl -74.5 0.96 -0.87
Na-F -100.3 0.83 -0.82 | Rb-Br -75.3 0.98 -0.90

Na-Cl -111.9 073 -0.72 | Rb-l -80.3 0.96 -0.88
Na-Br -1138 0.77  -0.77 | CsCp* -235 1.05 -0.85
Na-| -117.7 069 -0.68 | Cs-F -54.8 0.98 -0.84
Cs-Cl -63.8 0.98 -0.89
Cs-Br -65.0 1.00 -0.91
Cs-l -70.2 0.99 -0.90

* Charges calculated from the addition of all the carbon and hydrogen ones
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Figure 3.4. Formation energies for alkali halides

Table 3.5. Bonding energy decomposition

cl

Br

Cs
Rb

Na

Li

in kI mol™ for
EXM{Ti(h®- CH,)(ny -NH)} (m-N)4 [M=Li,X=Cl,1,Cp;M=

Na,K ,X= 1]

1-LiCp 1-LiCl 1-Lil 1-Nal 1Kl
Pauli 718 69.0 78.9 63.1 60.2
Electrostatic  -126.8 -143.1 -156.9 -132.4 -110.3
Steric -55.0 -74.1 -78.0 -69.3 -50.1
Orbital -49.1 -81.2 -924 -52.1 -45.3
Total -104.1 -155.3 -170.4 -121.4 -95.4
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These overadl energy reactions between ligand and substrate can be
classified as a function of the nature of the ligand.*® Ligands can act as
electron donors (Lewis base) for the cation, and as proton donors (Lewis
acid) for the anion, in our case, Lewis base ligand to the cation. On this
basis, ligands can be divided into two categories.

i) Simple Ligands. These ligands stabilize only the cation, and not its
counteranion. In the case of complexation of a sat by a main ligand in a
solvent, they usually produce ion-paired complexes. Salts represent a crystal
structure formed by ion pairs interacting a a finite distance, and
complexation and solution represents ion pairs a an infinite distance.
Although these ligands do not complex a cation via its charge separation,
charge separation of the complexing sat may be a consequence of
complexation.

The following tendencies should be noted:

- Complexation increases as the charge density difference of the
congtituting ions increases. For a given anion, solvation of a cation is in the
order:

Li>Na>K>Rb>Cs

The coordinative characteristics of a cation during interaction with a
multidentate ligand become increasingly detectable as the cavity size of the
polydentate ligand exceeds the cation size. Under these conditions cation
ligand complexation becomes increasingly dependent on the flexibility of
the species. Thus, the conformation energy should be:

Cs>Rb> K> Na>Li

i) Double action ligands. These ligands are capable of stabilizing a cation
and an anion simultaneously. For a given cation complexation is hampered
as the nucleophilicity of the counteranion increases. The complexation of a
cation increases in general from F to I. It frequently causes charge
separation of an ion pair. Under these conditions both cation and anion
stabilization are facilitated. This contrasts with the behaviour of the group i)
ligands, the efficiency of which for a given cation enhances as the
nucleophilicity of the counter anion increases.
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In summary 1' acts as a smple tridentate ligand. We find ion paired
complexes in which the metal size is not a determining factor in the stability
of the compounds, so the interaction energy increases with the Lewis acidity
of the metd, Li>Na>K>Rb>Cs, and with the decrease in the
nucleophilicity of the counter anion, | >Br >Cl >F >Cp.

Solvent effects

Present DFT-calculated reaction energies in the gas phase reproduce the
experimental trends for obtaining complexes 1-MX but they cannot explain
the experimental results. All the reactions between 1" and MX salts proved
to be exothermic (Table 3.4) but no reaction was observed between 1 and a
large number of metal halides.

From the data obtained in the gas phase, we can see that the reaction energy
is not (nearly) enough to counteract the energy of sublimation to diatomic
gas molecules from the solid salts MX (Table 3.6), and the M X (soiig) + Ligsg
-> 1-MX (gas) Processes should be endothermic.

Table 3.6. The molar enthalpy of sublimation (kJ mol™) for MX salts[M =
Li, Na, K, Rb, Cs,X=F, d, Br, I ]*

Li Na K Rb Cs
F 276 282 242 226 194
Cl 213 235 223 207 203
Br 197 218 214 - 197
I 189 208 206 - 195

Reactions were carried out from the halides in the solid state but in a
solvent. To explain how a main ligand contributes to the solubilization
process of a crystal in a solvent, the salt ion pair-ligand complexation, the
lattice energy of the salt and the dielectric constant of the solvent are of
basic importance.®® The akai metd has a pronounced affinity for the
halogen and gives an ion pair.®® In the solid state the contact of ion pairs
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forms the crystal, and the dissolution of the crystal involves the separation
of the ion pairs in the dlvent. So the complexation energy in the solvent,

DE. , must be greater than the dissolution energy, DE,, of the salt.

A simple thermodynamic cycle can be constructed using experimental and
theoretical values to estimate the dissolution energy. Figure 3.5 shows the

thermodynamic cycle. The experimental condensation energy, DE_,
represents the total energy that passes from the molecules in the gas phase,
MX(g), to the crystal, MX(s). This energy is the sum of two energies. the
first step isto a liquid phase in a solvent, the computed solvation energy of
which is DEg; and the second step is from liquid to solid, the precipitation

energy of which is DE,. Precipitation energy is the same as dissolution

energy, DE,, but defined in the opposite sense. So we can estimate the
dissolution energy as:

DE, = DE, - DE,

Now the dissolution energy can be compared with the reaction energy in the
solvent, which is the energy required if complexation is to take place.

At present, it is still not possible for a quantum chemistry study to take into
account all the factors that have an effect on chemical reactions in solution.
However, a first-order approximation for dilute solutions is to model the
solvent effects with a polarizable continuum.®* The 1-MX formation
energies with toluene and dichloromethane as solvents were computed for
severa lithium halides (Figure 3.6).

Although the reaction energies have the same trends as in the gas phase,
they are significantly smaller. Apparently, complexation energy values
suggest that polar solvents do not directly favour the complexation of 1' and
MX in solution because the M X dipole is relatively more stable in polar
solvents than the cubane structures. But now these complexation energiesin
solvent have to be compared with the dissolution energies obtained. In
general the decrease in the complex formation energy is less than the
decrease caused by the change from condensation energy to dissolution
energy. So the overall processis clearly favoured if the solvent is taken into
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account (see Table 3.7 for a detailled anaysis of the energies involved for
the lithium metal).

T MXg s
Solvation Energy E '
(Theoretical) ' 1 Condensation Energy
Sy E (Expimental)
MX () ;
Dissol ution Energy A : [EC
<’-’) DE | i
D E ;
___________ MXg -----—-----

Figure 3.5. Thermodynamic cycle used to estimate the solution energies in
the solvents

Figure 3.6 and Table 3.7 show how the dissolution energy of LiX in solvent
decreases in the halogen group. The salt lattice energies mean that this result
is only to be expected. Therefore, Lil is the easiest salt to dissolve. At the
same time, iodine salts have the largest reaction energy, which means that
1'-Lil formation is the most favourable. The Lil complexation process is
dlightly endothermic by 8 kJ mol! in toluene and exothermic by 14 kJ mol?
in dichloromethane. Only the energy of the iodine salt becomes exothermic.
However, for the other halogens, the energy values are much nearer than in
the gas phase.

Asfar as the two solvents are concerned, the values of dichloromethane, the
more polar solvent, are the most favourable. The dissolution energies are
clearly lower than those for toluene, while formation energies decrease the
least. So, the formation of these kinds of complexes is favoured by more
polar solvents.

We can conclude that the complexation of alkaline halides with ligand 1 is
clearly favourable. The nature of the ligand determines the interaction
energy with the salt ion pairs. This energy increases as the Lewis acidity of
the metal increases and as the nucleophilicity of the counteranion decreases.
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But these arguments cannot explain why experimentally the energetically
less favoured cyclopentadiene Li and Na salts were found and not the Li and
Na chlorine salts. To complete the view it is necessary to take into account
both the lattice energy of the salt and the solvent effects, which overall
generate the dissolution energy of the salt. In view of the results, it is this
dissolution energy that really determines the complexation process and,
therefore, the salt lattice energy.

Table 3.7. Computed and estimated energies (kJ mol™) for several stepsin
the formation of 1-LiX in toluene and dichloromethane

Step Energy Method Halogen

F Cl Br I

Toluene

1()+LiX() > 1-Lix() DE. DFT+SOLVENT -940 -921 -107.4 -117.8
LiX(g) > LiX() DEs DFT+SOLVENT -747 -731 -666 -63.6
LiX(s) > LiX()) DE, Expt ? 2013 1399 1304 1254
1()+LiX(s) > 1-LiX() DEr  DE+DE, 1105 475 229 7.6

Dichloromethane

1()+LiX(l) > 1-LiX(l) DE. DFT+SOLVENT -69.9 -77.7 -738 -83.7
LiX(g) > LiX() DEs DFT+SOLVENT -126.0 -1305 -122.2 -119.0
LiX(s) > LiX() DEp Expt? 1500 825 748 700
1()+LiX(s) > 1-LiX(l)  DEr DE, +DEp 801 48 10 -137

a) The dissolution energies of the solid (DEp) are estimated from the
experimental energies of condensation (LiX(g)? LiX(s)), (DEc) taken from
reference 31) and from the computed solvation energy of the gas(DEs)
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F Cl Br |
—e—LiX Prec. -201.3 -139.87 -130.45 -125.36
—=— NaX Prec. -208.35 -170.39 -159.96 -157.62
NaX Reac. -76.94 -85.58 -84.52 -89
LiX Reac. -94.0377 -92.1331 -107.349 -117.837
CH.Cl, 0
-70 e v
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-110 /ﬁ/. - -
-130
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-170
-190
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F Cl Br |
—o—LiX Prec. -149.55 -82.52 -74.76 -69.78
—a@— NaX Prec. -156.52 -119.39 -111.9 -113.26
NaX Reac. -58.06 -63.74 -62.44 -66.17
LiX Reac. -69.8645 -77.7376 -73.8203 -83.681

Figure 3.6. Calculated reaction energies (kJ mol™) for processes 1' + MX
(M = Li, Na; X = F, d, Br, |)intoluene and (CH2Cl,), compared

with the energy change from MX (solution) to solid phase (kJ mol ™)
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3.3  Group 2 compounds: alkaline earth dihalide adducts

Transition metals support arich variety of ligand systems.® Such richnessis
much less common among man group compounds, especially those
containing the highly electropositive sblock elements, group 1 and 2, the
complexes of which are characteristically ionic species. However, ligands
are often found to be present as neutral bases, esters and amines.

Far from being simple ionic ns compounds, alkaine earth halides are one
the most intriguing and best studied groups.®® In fact their structural
characteristics cannot be explained by ns valence electrons. Several studies
have suggested that as much attention should be paid to the d orbitals of
alkaline earth metals as to the orbitals of transition metals.®’

The properties of akaline earth complexes depend on the degree of metal
acidity, which varies substantially from Be to Ba because of the increasing
ionic radii (see Table 3.8). Beryllium stands apart from the other members
of the group. The effective nuclear charge on a 2s electron in Be is much
greater than in the other elements of the group, so the atom is small and the
first ionization energy is large. The extreme smallness of the Be** ion makes
it so strongly polarising that Be'' compounds are almost entirely covalent.
The elements Ca to Ra, however, have low polarising power (see Table 3.8),
and the compounds are predominantly ionic. The Mcf* ion, on the other
hand, has properties that are between Be** and C&?".

The modification observed in the electronic structure, when going from Be
and Mg compounds to Ca, Sr, and Ba compounds, provides both challenges
and opportunities with regard to computationa methodology,
interpretations, and the practical consequences for organometallic and
bioinorganic akaline earth chemistry. The changing features of their
interaction with the ligands means that sometimes it is the ligand which
determines the stability of the adduct.

We shal now go on to show the result of the interaction of
gi(h®- c,Me,)(m- NH)} (m- N)Z (1) ligand with alkaline earth

halides. First we shall describe the experimental conditions and observed
products and then we shall make a detailed analysis of the compounds and
their stabilities. Special attention is obviously given to the nature of the
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metal ligand interaction. Because the chemistry of the akaline earth metals
does not increase gradually from Be to Ba, important conclusions about the
nature of the ligand can be drawn from their complexation behaviour.

Table 3.8. Atomic radii of alkaline earth metals in pm and absolute
electronegativities in ev?

Be Mg" Ca™ Sret Ba
lonic M“* radius 34 79 106 127 143
Electronegativity 4.9 3.75 2.2 2.0 24

Observed products

Treatment of alkaline earth diiodides MI, with 1 in dichloromethane at room
temperature gives the corresponding adducts

&, M{Ti(n°- C,;Me,) (m- NH)} (m- N)J[M=Mg;M=CaM=5]as
yellow solids (Scheme 3.3).

[Ti] = Ti(h®-CsMes)

./N“lq.mw

T, T Wy, av =

[Til; meH\W‘l-T] + Mly, CH,Cly [ I]\""”ij\ﬂ]
\ /[T']\"‘ HN/%[ “SAH

® N NH  200c NI

M =Mg, Ca, Sr
Scheme 3.3. §,M{Ti(h®- C,Me,)(m- NH)} (m- N)J[M= Mg, Ca,

S ] adduct formation

The 1-MX,; complexes were characterized by spectral and analytical
techniques. IR spectra reveal two absorptions in the range 3343-3236 cmi*
for the NH groups of the molecule. *H and ¥C NMR spectra in
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[D1]chloroform at room temperature show equivalents NH and h°-CsMe;
groups on the NMR time scale. The NMR data are consistent with the
complexes being fluxional in solution.

For the preparation of dihalide derivatives, alkaline earth iodides were used
to prepare the 1-M X, adducts since, for instance, CaCl does not react under
the same conditions.

Analysis

The spectroscopic data suggest that there are two possible isomers, both
with Cs symmetry and, a priori, with the alkali earth metal coordinated to
the NH ligands in a tripodal fashion. In one, the five co-ordinated metal
centres would adopt trigonal bipyramidal geometry, with the NH ligands
occupying two equatorial positions and one axial (Figure 3.7a). In the other,
the metd is indde a square pyramid with the NH ligand occupying the cusp
and two equatorial positions (Figure 3.7b).

A Xo—M—XNH M i NoH
P % i
\pHNs HN3
X1 X Xz

Figure 3.7. Possible g.XZM{Ti (h5- CSMes)(rr;- NH)}S(rq- N)H Species.

a) Trigonal bipyramidal coordination, b) Square pyramidal coordination
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Both possible isomers were initialy computed for model iodine molecules
and also the model CaCh complex,

EX,M{Ti(1°- C;H,)(m - NH)} (- N)Y, -MXz, [M = Ca X = Cl; M
=Mg, Ca, S, X =1].

Table 3.9. Energy difforences in kJ mol* for computed
X M{Ti(h°- C;H,)(m - NH)} (m- N)d [M = Ca, X = O; M = Mg,
Ca, S; X= I] sguare pyramidal and trigonal bipyramidal isomers

1'-CaCl, 1'-Mgl2 1'-Cal; 1-Sl;

Square Pyramid 0.0 0.0 0.0 0.0
Trigona Bipyramid 5.7 1.0 18 18

In al cases, model complexes with a square pyramidal structure were
dlightly more stable and the energy differences were always smaller than 6.0
kJ mol. Table 3.9 shows the computed energy differences. The trigona
bipyramidal structure can be regarded as the eclipsed structure of the
staggered square pyramid. Figure 3.7 shows that the change from one
structure to the other is only a 30° rotation of the metal fragment around a
hypothetical axis that goes from the apical cubane N; atom to the alkaline
earth metal. A physical barrier to the rotation is not expected. Together with
the small energy differences found for the interchange of structures, this
explains the experimental findings of the compounds fluxiona behaviour.

Structures and reaction energies were calculated, on the basis of the square
pyramidal conformetion, for the whole family of model alkaline earth halide
compounds g'_XZM{Ti (h*- CHg)(m - NH)}S(ng- N)Y, (M = Be, Mg

Ca Sr; X = F, Cl, Br, 1). Table 3.10 shows selected structural data for the
compounds, and Table 3.11 shows the computed reaction energies.
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Table 3.10. Computed structural data for square pyramidal model isomers
&x,M{Ti(h°- C,Me)(m- NH)} (m- N)¥ [M = Ca, X =Cl; M= Mg,
Ca, S; X= ], except when indicated

N,-M N,-M  M-X, X-M-X, N,-M -X,

BeF, ™" 1.754 3.356 1.478 128.9 115.2
BeCl, "™  3.203 1.921 1.967 116.7 71.4
BeCl,™  1.719 3.336 1.939 123.2 118.0
BeBr,”"9 1728 3.384 2.107 1215 118.8
Bel , ™9 1.692 3.391 2.328 120.4 119.4
MgF, ™ 2.140 3.280 1.814 140.7 109.3
MgCl, 2.290 2.537 2.302 115.9 111.1
MgBr, 2.210 2.541 2.487 1155 111.7
Mgl, 2.255 2.478 2.726 111.7 1115
Mgl 2500 2.323 2.724 111.3 81.2
CaF, 2.688 2.751 2.055 125.2 114.5
CaCl, 2.541 2.681 2.581 127.3 107.0
CaCl,®" 2619 2.606 2.564 126.6 82.8
CaBr, 2.583 2.686 2.721 116.7 116.4
Cal, 2.539 2.596 3.026 122.5 108.5
Cal BV 2.584 2.553 3.012 121.7 80.2
SF, 2.786 2.966 2.221 1315 106.5
sCl, 2.729 2.831 2.741 137.2 104.9
SBr, 2.747 2.823 2.900 133.7 106.8
ql, 2.772 2.825 3.293 128.3 108.7
g, Byp 2.834 2.839 3.262 133.4 72.2

Tetra Tetrahedral metal environment
M8 Trigonal planar metal environment
BYP' Trigonal bipyramidal structure
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Because of the large size of the metals, Ca and Sr compounds have three-
coordinate metal centres. The metal- nitrogen distances from the ligand are
similar but the distances from the equatoria nitrogens are dightly larger.
For one halogen, a change in the metal logically means that the distance will
vary with the radius of the metal. On the other hand, for the same metal
centre a change in the halogen has no particular effect.

Beryllium metal compounds have the peculiar structural characteristics that
can be deduced from their small size. Compounds present one short metal —
nitrogen distance at about 1.7 A corresponding to the axia nitrogen, and
two longer distances over 3.35 A for the equatorial positions. The overall
geometry is similar to that of one coordinate compounds with the metal
adopting atrigonal planar geometry (Figure 3.8 b).

Be complexes wsually involve sp* hybrid orbitals, which give the four bonds
over the Be atom a tetrahedral disposition. A tetragonal structure was
computed by placing the BeCh molecule between two imido nitrogen atoms
(Figure 3.8 @). Surprisingly a pseudo tetrahedral metal disposition appeared
at about 6.6 kJ mol'* over the initia trigonal planar structure. The selected
parameters can be seen in Table 3.10.

a)

Figure 3.8. Trigonal planar, a), and tetrahedral, b), isomers for the
beryllium compounds §C1,Be{Ti(h® - C,Mg,)(m- NH)} (m- N)!
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Finaly, let us discuss Mcf atom adducts.
Their characteristics are somewhere between those of Be?* and Ca®* and can
be observed extremely well. The 1'-MgF, complex has a clear one-
coordinate metal with the ligand and moves toward the three-coordinated
structure as you move down the halogen group. In this case, the Mgl,
complex has smaller meta-ligand nitrogen bond differences for the
equatorial and axial imido nitrogens, 2.255 A, and 2.596 A, respectively.

Table 3.11 shows the eaction energies between akaline earth dihalides
MX, and 1’. The nature of the bond can be analysed in terms of the Lewis
acidity of the metal centre, and the effective accommodation of the ligand
electrons. For the clear three-coordinated Ca and Sr adducts, the reaction
energy increases with the acidity of the metal for one halogen atom, while
for a metal, the change in the halogen favours the complexation as we go
down the group. In previous sections we have pointed out that the smple
nature of the ligand favours complexation as the nucleophilicity of the
hal ogen decreases.

Mg complexes have lower reaction energies than Ca and Sr adducts. The
atom size makes the accommodation of the ligand electrons more difficult
and the steric effects increase. While Cl, Br and | complexes remain three-
coordinated, F complexes become one-coordinated. This change is also
observed in areduction of the reaction energy of about 30 kJ mol™* for the F
compound.

The Be atom has a more homogeneous energy picture. The reaction energies
are the lowest and similar for al the halogens. Its considerably reduced size
increases the steric effects and all the compounds remain one-coordinated.
No particular trend is observed when the halogen changes, probably because
of the compromise between the acidity of the metal and the steric
repulsions. To illustrate this, Table 3.11 shows the Mulliken charges for the
atoms involved. The BeF, fragment has the greatest polarization, which
leads to greater electrostatic interaction with the ligand. In turn, the high
nucleophilicity of the F atoms increase the steric repulsions. In this way, the
interaction energy is greatest for the BeBr, molecule that is hafway
between the attracting electrostatic interactions and the repulsing steric
interactions.

139



UNIVERSITAT ROVIRA I VIRGILT
DFT STUDY OF TITANIUM CUBANE AND MOLYBDENUM SULPHIDE COMPOUNDS.
Autor: José Manuel Gracia Budria
ISBN: 978-84-690-6751-2 / DL: T.1196-2007
Chapter 3

Table 3.11. Reaction energies in kJ mol™* and Mulliken charges for the
computed gsz{Ti (h®- CMe)(m- NH)}s(rq- N)Y model isomers

Reaction Energy Mulliken Charges
M Xl— 2 Nz Ns- 4
BeF, -133.8 0.920 -0.659 -0.792 -0.62
BeCl, -128.4 0.236 -0.325 -0.733 -0.619
BeBr, -134.9 0.304 -0.361 -0.734 -0.622
Bd, -132.8 0.12 -0.284 -0.703 -0.622
MgF, -133.7 1.421 -0.797 -0.936 -0.64
MgCl, -158.9 0.952 -0.570 -0.817 -0.740
MgBr, -159.3 0.842 -0.556 -0.789 -0.704
Mal, -164.4 0.699 -0.429 -0.777 -0.714
CaF, -185.3 1.484 -0.747 -0.791 -0.731
CaCl, -207.6 1.685 -0.793 -0.862 -0.762
CaBr, -244.3 1.393 -0.727 -0.836 -0.760
Cal, -240.8 1.425 -0.669 -0.859 -0.826
SF, -156.7 1.555 -0.780 -0.816 -0.733
SCl, -183.3 1.409 -0.718 -0.825 -0.757
SBr, -180.2 1.463 -0.7%4 -0.820 -0.763
S, -196.6 1.575 -0.734 -0.857 -0.812

To sum up, the order of the binding strengths for the interaction of akaline
earth metals with ligand 1' suggests that the strongest bond is not originated
for the most intensely charged ions. But M¢* and Be** ions may deviate
because their small radius does not allow efficient “packing of all necessary
chelating sites’. Apparently steric oversaturations are the reason why no
more than one of certain large ligands can be accommodated on group 2
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metal centres. For instance, attempts to form the metallocene BeCp*, by
halide metathesis have been unsuccessful:®

2NaCp +BeCl2 ® BeCp, + 2NaCl
® Cp BeCl + NaCl + NaCp'

For the same reason the Be complexes distort from a tripodal coordination
to a lower coordinated structure. A characteristic feature of organoalkaline-
earth complexes is the formation of a variety of adducts with Lewis bases.
In the formation of adducts, the coordination number of the metal increases
with the radius:

Be2+<M g2+<Ca2+<s|,2+<Ba2+

This tendency is the same with ligands that completely envelop the metal
centre. The corresponding steric oversaturation explains the stability of the
compounds. However, the inherent acidity of the metal centre must dso be a
determining factor in the stability of acid/base adducts, and the acidity
variesin the order:

Be2+>M g2+>Ca2+>8r2+>Ba2+

As these two trends pull in opposite directions, it is often the ligands that
determine the stability of these adducts. These aspects complete the view of
our compounds and provide important information about our ligand and
possible secondary applications. They also provide us with an image of the
steric size of our ligand and give a short guide for distinguishing cations.

Although the exothermic reaction energies are not small, the corresponding
&x,M{Ti(h°- C,Me)(m- NH)} (m- N)¥ adduct does not form in

some cases. Asin Group 1 halides, the initia reaction comes from the solid
salts and the ligand in solution, so to treat the reaction in the solvent; we
must take into account the dissolution energy. All the thermodynamic values
for the sublimation energies (Table 3.12) are much greater than the
estimated reaction energies, so no heterocubanes are formed. What is clear,
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however, is that for these compounds the energy gap is lower as we move
down the halogen group.

Table 3.12. The molar enthalpy of sublimation (kJ mol™) for MX, salts, [M
= Be, Mg, Ca, S; X=F, Cl, Br, 113

Be Mg Ca Sr
F 233 400 438 452
Cl 136 241 324 343
Br 126 215 285 308
I 125 192 261 286

Our results were improved if the salvation influence was included. Because
of the expense, only calculations for the complexation of 1’ with Mgl, were
performed. The reaction energy, which is exothermic in the gas phase by —
164.4 kJ mol, is reduced in solution (CH,CI,) to —83.9 kJ mol™*, but the
solvent interaction also reduces the energy required to remove a salt
molecule from the crystal by —134.0 kJ mol™. So the effect of the overall
reaction is favourable. These results are exported to the remaining dihalides
and clealy expose our conclusons for the formation of
heterometall ocubanes

3.4 Titanium and zir conium cubanes

Extensive research efforts have recently focused on transitionmeta
complexes that enclose multiply bonded ligands.®® Complexes containing
metal-nitrogen multiple bonds are ubiquitous in transitionmetal
chemistry.*® Especially important is the growing number of group 1V imido
complexes. Group 1V imido complexes participate in imine metathesis*! and
catalyze the hydroamination of alkynes to eramines.*?

A wide range of ancillary ligand environments for the M=NR functional
group has been explored. Much of the recent activity in group 4 imido
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chemistry has centred on reactions of the M=NR functiona group itself,
although the role of imides as supporting ligands also continues to be
developed.®

Part of this current interest has been attracted by titanium imido
compounds* (for instance, their role as transient intermediates in the
conversion of other titanium-nitrogen compounds to titanium nitride TiN, a
material with severa important uses). A number of titanium imides have
been isolated and tested as single-source CVD (chemical vapour deposition)
precursors to TiN.*

Titanium nitride, TiN, displays an interesting combination of properties.“®
For instance, the optical properties of TiN resemble those of gold, yet it is
harder than all elemental metals and sapphire, Al,O3, and amost as hard as
diamond. Its melting point is amost 3000 °C, which is higher than that of
most materials, and it is inert b most solvents except agua regia, which
dissolves it owly, and HF. Titanium nitride is a better electrical conductor
than titanium metal. Because of their unique properties, TiN thin films have
been used for severa technological applications. For example, they are
widely used as wear-resistant coatings on machine tools and as decorative
(gold-coloured) coatings on watches and jewellery. Possible applications of
TiN films include their use as diffusion barriers or as electrical connections
in microelectronics and solar cells. Titanium nitride can also be used as a
solar control coating on windows in warm climates.

In this section we shall not attempt to explain titanium nitride applications.
As in previous sections, however, we shall try to describe the formation of

some titanium imido adducts with gTi (h5- C5Me5)(ng- NH )}3(@- N)H

precubane, the nature of the interaction and the electronic structure of the
new compounds.

In this specia case, the addition of titanium metal fragments leads us to
homometa titanium cubane compounds. We shall first describe the
monomer species, and go on to introduce corner shared cubanic dimers,
extending their ligand capabilities through sandwich type complexes.
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3.4.1 Titanium monomers

The reaction of complex gTi(h 5-C5Me5)(mNH)}3(n;-N)H (1) with the &

imidotitanium complexes [ Ti(NR)CI,(py),] (R = Ar and tBu) in toluene at
room temperature affords brown crystals of
g Cl, (RN)Ti} (m-NH)_{Ti,(h°-CMe;),(m-N)} il (R = Ar and tBu) and

g CI,TiH(m-N),(m-NHY{Ti,(h*-C;Me,),(m-N)}j  (31) green solid,

respectively (Scheme 3.4).

No-, _Neww,, N.-..
NS Ty N T T, \ 1y
""" "NH i [T(NR)CI2(py)s] N [Ty NHoAr \"' Ui
@ W N gy ie R=18 \ >NH

H RN/ \C"I’CI NHztBu (3.1)
[Ti] = Ti(h5-CsMes) R = Ar, tBu Cl

Scheme3.4. Reaction of gTi(h*-C;Me )(m-NH)L(m-N)g (1) with
imidotitanium(IV) complexes

The reaction between 1 and [Ti(NtBu)Cl,(py),] in dichloromethane was

monitored by NMR spectroscopy. NMR spectra showed the evolution of 1-
Ti(NtBu)Ch to give 3.1 and tert-butylamine at room temperature.

Compounds 1-Ti(NAr)Ch and 3.1 were characterized by *H and ¥*C NMR
spectroscopy, infrared spectroscopy, microanalysis and X-ray structure
determination for 1-Ti(NAr)Ch. The solid state structure revealed a

distorted [Ti,N,] cube core, in which the imido-bonded titanium atom
shows a six-coordinated geometry with three fac-sites being occupied by the
gTi(h 5-C5Me5)(mNH)}3(ng-N)E| organometallic ligand, and the rest of the
coordination sphere being completed by two chlorines and one arylimido
group. The structura trans-effect (STE)*’ of this ligand results in a longer

144



UNIVERSITAT ROVIRA I VIRGILT
DFT STUDY OF TITANIUM CUBANE AND MOLYBDENUM SULPHIDE COMPOUNDS.
Autor: José Manuel Gracia Budria
ISBN: 978-84-690-6751-2 / DL: T.1196-2007
Azametallocubanes

titanium- nitrogen trans distance (Ti-N, ., 2.602 A) than those in the cis

positions ( Ti-N., 2.284 A) (see Table 3.14).

cis?

The ETi(NR)CL complexes show fluxiona behaviour on the NMR time
scae. The H-NMR spectrum obtained for 1-Ti(NAr)Ch in a 500 MHz
spectrometer in toluene at room temperature showed equivalent NH and

h°-C,Me, ligands. After cooling at —70 °C, the spectrum revealed two types
of m-NH and h°-C.Me, ligands (2:1 ratio), consistent with the solid-state
structure.

The fluxional process in complex 1-Ti(NAr)Ch can be visualized as rotation
(octahedron-trigonal prism-octahedron) of the organometallic ligand around

the [TiCI,NAr] fragment (Figure 3.9), andogous to that of
[Ti(NR)(Me,tach)Cl,| (Me,tach=1,3,5-trimethyl-1,3,5-triazacyclohexane;

R= tBu or 2,6-iPr,C,;H,) complexes, previously described by Mountford
etd.

The kinetic parameters of the dynamic behaviour in these compounds (see
Table 3.13), which were calculated on the basis of HDNMR data by line
shape analysis of the h °>-C_,Me, resonances, are in good agreement with an

intramolecular process (log A = 12.5-14.0) and support a non-dissociative
mechanism (DS = (-4.4)-(+4.6) e.u.).

Table 3.13. Activation parameters for the h >-C_Me, group exchange in the

1-Ti(NR)Cl> complexes
Ea DHl DS1 DGl 298 K
Compound LA ical/mol] [kcal/mol]  [eu]  [kca/mol]
12.8

1-TI(NR)C,p,  14.00£0.45 14.45:0.50 1395050 +3.9+2.0
R =0.997 r =0.997
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Figure3.9. Proposed fluxional process for the 1-Ti(NR)Cl, complexes

The 'H and *C NMR spectraof 3.1 in chloroform+d; at room temperature
revealed resonances for two different h°-C,Me, ligands (1:2 ratio). The

limited solubility and the low value of the n,,, vibration in the IR spectrum

could indicate strong inter/intramolecular N-H--Cl interactions in this
complex. *°

First, density functional theory based calculations were carried out on
gCIZ(NAr)Ti}(n'é-NH)s{Tig(h5-CSH5)3(n;-N)}H I'-Ti(NAnNCL  and

gCI2(MeN)Ti}(rr;-NH)a{TiS(h5-C5H5)3(rr5-N)}H 1I'-Ti(NMe)Ch mode
compounds. The geometrical parameters selected are given in Table 3.14.
Theoretical calculations on model compound 1'-Ti(NAr)Ch reproduce the
experimental geometry well and the calculated trans-effect (STE)* of the
imido ligand (elongation = 0.33 A) is also similar to the one observed
experimentally (0.32 A). These data are consistent with the large trans-
effect (STE) found in the solid state structure of 1-Ti(NAr)ChL and its
dynamic behaviour in solution. The difference in the electronic energy
between the prismatic and octahedral environment for compound model 1'-
Ti(NAr)Ch was estimated by calculations in 44 kJ-mol 2.
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Table 3.14. Computed selected bond lengths (A) and angles ¢) for 1'-
Ti(NAr)Cl; and 1'-Ti(NMe)Cl,. Also experimental data for complex 1-

Ti(NAr)Cl;
I-TiNANCh,  T-Ti(NMe)Ch  1-Ti(NAr)Ch

Ti-Nax 2.63 2.60 2.60
Ti-Neg 2.30 2.31 2.28
Ti-NR 1.73 1.70 1.70
Ti-Cl 2.39 2.41 2.37
Nax-Ti-Neg 76.3 76.6 75.3
Neqr Ti-Neg 76.6 76.5 76.5
Nax-Ti-NR 178.2 1775 173.6
Neg Ti-NR 102.4 1015 100.9
C-Ti-Cl 105.8 106.9 98.3

The reaction energy of ligand 1’ and the [TiCI,NAr] fragment to give the

1'-Ti(NAr)Ch is -203 kJmol?, whereas the fragment interaction energy
between the same fragments is —289 kJ-mol™*. We should point out that
dissociation and fragment interaction energies are interconnected by the
deformation energy necessary to transform the fragments from their optimal
structure to the geometry adopted in the final compound.

A correlation diagram for 1'-Ti(NAr)Ch is presented in Figure 3.10. It
should be noted that the formation of these complexes is not accompanied
by changes in the oxidation state of the metal centres, Ti(IV), and arises
from the stabilization of the lone pair electrons of the tripodal ligand 1'. It
should also be observed that the energy of the HOMO orbital in complex 1’-
Ti(NAr)Ch, in essence an orbital of the [TiCl,NAr] fragment which

formally corresponds to the p bond between the metal and the phenylimido
ligand, increases during the formation of complex 1'-Ti(NAr)Ch. Its
destabilization is due to the increasing antibonding character between the
Cl orbital contribution and the other orbitals. There is a change in the
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N-Ti-Cl angle, from 111.6° in the isolated [TiCl,NPh] fragment to 103.6°
in the complex 1'-Ti(NAr)Ch.

The specia capabilities of our organometallic ligand can best be described
by comparing its interaction energy with severa metal fragments. Table
3.15 shows the dissociationenergies computed for several azametallocubane
complexes [(L,M)(m-NH){Ti,(h®-C,H,),(m-N)}]. The vaues in this
table clearly indicate that there is a relationship between the dissociation
energy and the number of d-electrons in the heterometal. This is a
consequence of the non-negligible mixing between the d-orbitals of the
metal center and the d-titanium orbitals of the Ti,N, core. The heterometal
shares its d-electrons with the three titanium atoms. In complex 1'-
Ti(NAr)Ch, the heterometal isa Ti(IV) with no d electrons, so the bonding
energy is only caused by meta-ligand interactions with the total absence of
metal couplings. Thus, this complex has the lowest dissociation energy.

2e - 44;4,

IR
T = =Y
Fy F'y + laj

_5 le —'+—'+ HOMO

|y o

1a, 4
-7 . [Ti(NPh)Cl,]

[{ TiCp(mNH)}3(m-N)]

[{ TisCps(m-N)} (m-NH)s{ Ti(NPh)Cl5}]

Figure3.10. Interaction  orbital diagram for the  complex
[{Cl,(NANTI}(m-NH){ Ti;(h°-CsHg ,(m-N)}]
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Table 3.15. Dissociation energy (DEpis) for azaheterometallocubane
complexes [(L,M)(my-NH){Ti;(h°-C;H L (m-N)}]

Complex M DEpis(kJ-moi™)

g CL,(PhN)Ti} (m,-NH),{ Ti,(h*-C,H,),(m-N)}g  Ti(c") > 203
Cr(d?)* 376

g (CO),M}(m-NH){ Ti,(h*-C,H,),(m-N)}§  Mo(d®)™ 351
W (cP) 14 445
Rh(d?) 2 378

g(COD)M}(”]g'NH)s{ Tig(h -CSHS)S(%-N)}H |I’(d8) 52 445

The elements Ti and Zr have a strong tendency to exhibit the group’s
maximum charge number, +4, ailmost to the exclusion of lower oxidation
states. This is particularly true of Zr. Metal(11) dihalides can be obtained by
reducing tetrahalides and keeping them apart from oxidants. Another way of
obtaining metal (1V) dihalides is to substitute two halogens in TiCly by
some similar ligands. For example, if TiCl, is treated with CsHsNa,
bis(cyclopentadienyl) titanium dichloride, (CsHs),TiCh, is obtained.
Similarly, our imido titanium compounds evolve to a titanium dihalide
cubane compound 3.1 through the activation of two basal imido protons,
with no change meta oxidation state. Two aspects are significant in this
process. the reactivity of the M=NR functiona group and the
polyfunctionality of ligand 1.

Calculations were carried out to establish the structure for the model
complex gCIZTi}(n}-N)Z(n;-NH){Tig(h5-CSH5)3(ng-N)}EI 31. The
structure has two azatitanocubanes connected by symmetrical chloro
bridges, in a Gp symmetry (Figure 3.11). In this way the titanium atoms
adopt octahedral surroundings where the axia positions are occupied by the

imido group >NH and the terminal chlorine atom The energy difference
calculated between the dimeric and monomeric structures is 74 kJ-mol™.
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The calculated bond distances and angles are similar to those found in the
literature for complexes containing the structural unit CITi(m-Cl),TiCl 53

AN~y cl

Figure 3.11. Proposed structure for the complex3.1'. [ Ti] = Ti(h*-C,H,)

3.4.2 Dimers

Treatment of 1 with 0.5 equivalents of [M(NMe,),] (M = Ti**, zr*®) in
toluene at 150 °C afforded the corner-shared double cube complexes
gM{(rq-N)z(ms-NH)}z{Ti3(h5-CSM%)3(m-N)}ZH [M = Ti (3.2), Zr (3.3)]

(Scheme 3.5).
[Ti] = Ti(hS-CsMeg) /[T|i]—/NH N——[Ti]
_ /N"w.,,\,l, . M(NMe,), N—p—[Til l / ‘ /
Til- 5 [ ] | | 1
, [T] “iNH ) 150°C N M i N
i =, I{—|—
\N/[TI]\NH / ‘/[/ ‘/N
H ) - NHMe;, [Ti] N HN——Ti]

M =Ti (3.2), Zr (3.3)
Scheme 3.5. Reaction of gTi (h®-C,Me, )(m-NH)}( ng-N)H (1) with
homol eptic early transition metal amido complexes
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Figure 3.12. Structure of complexes 3.2-3.3

Complexes 3.2-3.3 were characterized by infrared spectroscopy and C, H, N
microanalysis, as well as by an X-ray crystal structure determination. None
of the double cube complexes is soluble in common organic solvents,
therefore, it was not possible to obtain their NMR spectra. The IR spectra
showed one absorption in the range 3356-3345 cmi? attributable to the
n., Vibrations, and severa very strong bands between 805-590 crri’ for the

nyy Vibrations in the molecule.

3.2 and 3.3 structures show two cubes with a common titanium/zirconium
vertex. The perspective view and most important structural data are in Table
3.16 and Figure 3.12. This metal center has a six-coordinate geometry, in
which the nitrogen atoms lie at the vertices of atrigona antiprism. The two

gTi,(h-CMe,), MN), (MNH)(m-N)§  ligands adopt a mutually

staggered conformation which may correspond to the minimization of the
steric repulsion of the bulky pentamethylcyclopentadienyl ligands.® The
relative location of the imido protons between both ligands is impossible to
determine, so they are not mentioned in Figure 3.12.
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Table 3.16. Sdected bonds (&) and angles (°) for
eM{(m,-N), (m,-NH)},{Ti, (h °-C,Me, ),( m-N)}, g [M=Ti(32), Zr (3.3)]

32 33
M@®- N2 2.125 2.233
M@)- N®3) 2.122 2.234
TiQ)- NQ 1.931 1.940
M@- TiQd) 2.948 3.072
Ti() - Ti(2) 2.800 2.802
N(2)- M (1) - N(3a) 99.0 102.2
NEB)- M@)- N4) 81.3 77.8

In order to determine the postions of the imido groups >NH in the
[MTigNs] (M =Ti, Zr) core of structures 3.2 and 3.3, calculations were
carried out on the model complexes
gri{(m-N),(m,-NH)}{ Ti,(h *-C,H,),(m,-N)} . (3.2) and
eZr{(m-N), (m-NH)}{ Ti,(h S'CsHs)s(”l'N)}zEI (3.3"). Accepting that each

cube has one >NH group, two structures are possible: one of C,,, symmetry
with the two >NH in a trans position and the other of G symmetry, in
which thetwo >NH arein acis position (Figure 3.13).

Figure 3.13. Cis and Trans conformers for complex 3.2’
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For species 3.2', both structures were optimized and the most important
result is that their energies were similar. The computed difference is lower
than 3 kJmol™. Another feature that should be pointed out is that in both
cases the Ti,,,-NH bond lengthsare longer than the Ti,,,-N (see Figure

3.13). A similar result is observed for model compound 3.3 c2n. However,
this result seems to contradict the crystal determination for the complexes
3.2-3.3, where all the metal.enra-nitrogen distances are the same in each
compound. This discrepancy might be attributed to the steric effects induced
by the pentamethylcyclopentadienyl ligands in the real complexes, but the
incorporation of the methyl groups in the calculations only generates a slight
lengthening of all the bonds around the central metal (~0.02A). Another
option is to consider a dynamic process of interchange between both
structures, which leads to an average M(1)-N distance. The computed
average distances range between 2.126 A for the protonated nitrogens and
2.152 A for the single nitrogens, compared to the experimental distances of
2.125 A and 2.122 A for (3.2).

central

Because of the M(1)-N distances were found similar, a last option could be
to replace the protons in the apical nitrogens of a Dsd structure (see Figure
3.14). Calculations on this more symmetric structure were performed for
model compound 3.2’, and this specie turned out to be dightly lower in
energy than the C;h structure by only 3.4 kJ mol'. Now the computed M(1)-
N distances are all equal to 2.089 A.

Figure 3.14. Computed DsD structure for compound 3.2’
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We were a little surprised that the lowest energy was that of the symmetric
Dad structure. This made us ask the following question: is the model anionic
precubane ligand most stable when the proton is over the apical nitrogen

gr i3(h5-C5H5)3(rQ-N)3(rq-NH)HZ' (Cav dructure) or over the bridge

nitrogen gTi3(h5-C5H5)3(rrg-N)2(mNH)(n}-N)HZ' (Cs structure)? The

model ligand with the G structure was 49.1 kJ mol'* more stable than the
C3v, which means that the D3:D dimer is more stable than the less
symmetric ones by other reasons. This must be due to the presence of three
pairs of unpaired electrons in the Gv ligand, which are stabilized by the
metal in the dimer formation. Instead, the C; ligand has only two pairs of
unpaired electrons, which means that the stabilization energy is lower.

Finally, N nuclear magnetic resonance spectra could be useful for
clarifying the proton situation. In the absence of experimental data, the
computed absolute nitrogen NMR shieldings are shown in Table 3.17 for
Dsd and C;h 3.2 model dimmers.

Table 3.17. Nitrogen NMR shieldings (in ppm) for Dsd and Czh 3.2" isomers

Dsd structure Coh structure
Nbridge NHapical Noridge NHopridge N api cal
Paramagnetic -920.8 -481.8 -931.2 -489.6 -958.3
Diamagnetic 342.1 3205 340.2 325.2 341.8
Total -578.7 -161.2 -591.0 -164.4 -616.5
Relative 417.5 0.0 426.6 0.0 452.1

35 RhandIr COD species

Transition metal- mediated oxidation of olefins by environmentally friendly
oxidants H,O, or O (air) is of great industrial importance.®® It has been
shown that rhodium has homogeneous catalytic activity in the oxidation of
olefins. The selective oxidation of linear olefins to ketones by O,, H,O; or
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tBUOOH®’ and the oxidation of tetramethylethylene to the epoxide by
tBUOOH have been reported.>®

To understand the mechanistic features of the oxidation the reaction
intermediates must be isolated. One of the latest developments in synthetic
organometallic chemistry has been the preparation of a number of
metallaoxetanes of transition metals.>® The oxidation of olefins bonded to
rhodium with fac-coordinating triaza ligands gave a rhodaoxetane, which
can be isolated.®® 1-oxa-2-metallacyclobutanes have been proposed as
intermediates in such synthetic conversions as the Rh-catalysed catalytic
rearrangement of epoxides to ketones,® and the Rh-catalysed asymmetric
hydrogenolysis of epoxides.®® For iridium metal, the oxidation of [(cyclic
triamine) (1,5-cyclooctadiene)iridium] ™ cations by hydrogen peroxide forms
metallaoxetanes, iridaoxetane intermediates stable enough to detect or
isolate before rearrangement to some other species.

The comprehensive study of rhodium+-iridium cyclooctadiene complexes
with tridentate ligands gTi(h 5-C5Me5)(mNH)}3(rq-N)E| is presented
below. The electrochemica oxidation and oxygenation by H>O, and O,
have been investigated for five-coordinate cyclooctadiene (COD)
complexes® ['N3'Rh(COD)]+ (‘N3 = tridentate cyclic triamine or podal
pyridine-amine-pyridine ligand). The s-donor capacity of ligand ‘N3
strongly influences the electrochemical oxidation potential and **C chemical
shift of the COD double band. So the ligand coordinating capabilities
expand the Rh and Ir chemistry and give new results. For purposes of
comparison, we aso add data about the complexation of metal
cyclooctadiene fragments with well known neutral and anionic ligands.

351 Experimental data

The ionic heterocubanes gM(COD)(m,-NH),Ti (h°-C,Me, )(m-N)§Cl [M
= Rh (34), Ir  (3.5)] (Scheme 3.6) ad neutral
M (COD)(m-NH),(m-N)Ti_(h°-C,Me,)(m-N)j [M = Rh (3.6), Ir (3.7)]*
were synthesized (Scheme 3.7).

155



UNIVERSITAT ROVIRA I VIRGILT
DFT STUDY OF TITANIUM CUBANE AND MOLYBDENUM SULPHIDE COMPOUNDS.
Autor: José Manuel Gracia Budria
ISBN: 978-84-690-6751-2 / DL: T.1196-2007
Chapter 3

[Ti] = Ti(hS-CoMex) MNew,
N [TI]""" N it [Tlle
rr]n/....,N.... sy eavocoon | N SHTINY,

Ti toluene, 20 °C 3 /
[ ]\NH i Cl

/

N
H AN

M = Rh (3.4) 69%, Ir (3.5) 75%

%

Scheme 3.6. Formation of the ionic cubanes
gM(COD)(rrg-NH)sTia(hE’-CE.,Me5 )(rrg-N)HCI [M= Rh(3.4), Ir(3.5)]

[Ti] = Ti(hS-CsMes) Mo,

Ti NH [T}~ N el

b'h,b N E‘.““\‘“\ I hh”‘"-[_l_i] [{MC'(COD)}z], X \ J:T|]\
[T, toluene, 20 °C 3

X A N\’i/

\‘Q§
TR L N 2 LiCl VAN

[Ti] -
\N‘H/ \Fli]/ C

N

M = Rh (3.6) 72%, Ir (3.7) 73%

Scheme 3.7. Formation of the neutral cubanes
gM(COD)(m-NH),(m-N)Ti (h°-C.Me, )(m,-N)g [M = Rh(3.6), Ir (3.7)]

In all cases, the spectroscopic data show tridentate ligands coordinated to
the metal in a tripodal fashion, forming a trigonal bipyramidal environment
that occupies ligand nitrogen atoms, two equatorials and one axial position
(Figure 3.15).
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For both the ionic and neutral compounds, the metal is in a state of
oxidation (1), so the metallic fragment in al cases supports a forma charge
(+1). For the neutral cubanes, it is shown that the precubane behaves like an
anionic ligand (-1).

Figure 3.15. 3D view of the ionic structures
gM(COD)(m3-NH)3Ti3(h*”-CBMe5 )(M-N)HCI (&) [M = Rh(34), Ir(3.5)]

and the neutral gM(COD)(m,-NH),(m-N)Ti (h*-C,Me, )(m,-N)j(b)

3.5.2 Theoretical study

When we studied these compounds, we modelled the ionic cubanes
gM(COD)(nE-NH)STiB(h5-C5H5)(n;-N)E|CI [M = Rh (34), Ir (3.5")] and
the neutral cubanes gM(COD)(m,-NH),(m-N)Ti (h°-C;H.)(m-N)g [M =

Rh(3.6"), Ir (3.7)]. Rh and Ir adducts show that these metals can coordinate
with donor tridentate ligands with six electrons, like the ligands

[ Hydrotris(pyrazolyl)borate] *, {HB(pz),} and [ Tris(pyrazolyl)methane] ®,
{HC(pz),} , or of cyclic triamine ligands, {Cn} .**® These coordinating
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properties make Rh and Ir metallic fragments ideal systems for coordinating
with our more complex, precubane ligand. For purposes of comparison,
calculations were not only carried out for the cubane aggregates but also for

such well-known ligands as {HC(pz).,} ([M(COD){HC(pz),}]" [M =Rh,
i), {Cn} ([M(COD){Cn}]" [M = Rh Ir]) and {HB(p2)}
([M(COD){HB(pz),}] [M = Rh, Ir]) (Figure 3.16).

Figure 3.16. From left to right compounds [M(COD){HC(p2),}] ,
[M(CoD){Cn}]", [M(COD){HB(pz), }|; M = Rh, Ir

The calculated geometric parameters show good concordance with the
experimental values for cubane and non cubane structures. Table 3.18
compares the most important values.
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Table 3.18. Comparison of distances for tridentate ligands and metallic
(MCOD) type fragment aggregates

Compound ~ M-Nax M-Ngo M-Cax M-Ceq

34 2115 2.299 2199 2128
35”2  (2106) (2302)a. (2180).. (2.102)..
35 2092 2211 2156 2073
36 2160 2253 2166 2120
37 2110 2175 2139 2.067
([Rh(COD){HC(p2)}] Jexp™  (2095)  (2267)a. (2136)a.  (2076)a.
[Rh(COD){HC(p2);}]” 2126 3.308 2.166 2.001
[I(COD){HC(p2),}]” 2124 2.281 2.162 2.001
([I(COD){CN}] )™  (2200)  (233%a.  (2162)av.  (2080)a,
[Rh(COD){Cn}]" 2160 2.357 2.178 2,097
[Irccoby{cn}]” 2159 2.340 2165 2.095
[RN(COD)Y{HB(p2),}] 2122 2.284 2157 2.087
([I(COD)Y{HB(P2)g} )™  (2087) (2230w, (2126)a.  (2047)a
[I(COD)Y{HB(p2),}] 2124 2.245 2.156 2.091

Both the Rh and Ir neutral compounds show shorter distances than the ionic
compounds because of major electrostatic compacting effects. To get an
idea of the type of interactions between the fragments, it is very useful to
decompose the interaction energies between the precubane and the metallic
fragment (Table 3.19).
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Table 3.19. Decomposition of the interaction energies for complexes 3.4'-
3.7, [M(COD){HC(p2), }|" and [M(COD){HB(p2),}] (inkJmol™)

[ M(COD){HC(p2),}]" [M(COD){HB(pz).}]

34 35 3.6 3.7 Rh Ir Rh Ir

PR? 9424 1267.8 1000.2 13419 676.9 929.7 754.4 1036.7

EI” -999.4 -1101 -1341 -643.6 -769.5 -986.9 -11255

767.4
SR? 1750 2864 -1005 0.9 58.4 131.9 -233.2  -1594

ol -756.1 -656.5 -8353 -4174 -551.8 -508.7  -658.8

586.2

FIEY ,;, -4877 -7570 -8344 -3501 -4200 -7419  -8182

a) PR= Pauli Repulsion

b) EIl = Electrostatic Interaction

c) SR= Seric Repulson (PR+EI)

d) Ol = Orbital Interaction

e) FIE = Fragment Interaction Energy

The interaction energy of the neutral cubanes is about 350 kJ mol™* greater
than that of the ionics, ranging from -411.2 kJ mol* and -487.7 kJ mol'™* for
the ionic clusters of Rh and Ir, respectively, to -757 kJ mol'! and -834.4 kJ
mol* for the neutrals. The total Mulliken charge for the metallic fragment in
the Rh™ cubane is +0.90 e-, and for the precubane it is +0.10 e-. The neutral
cubane, on the other hand, has charges of +0.66 e- for the metallic fragment
and -0.66 e for the precubane. The neutra compounds do not have to
support a +1 charge, which creates a greater charge separation, and this in
turn creates greater electrostatic interaction.

160



UNIVERSITAT ROVIRA I VIRGILT
DFT STUDY OF TITANIUM CUBANE AND MOLYBDENUM SULPHIDE COMPOUNDS.
Autor: José Manuel Gracia Budria
ISBN: 978-84-690-6751-2 / DL: T.1196-2007
Azametallocubanes

Table 3.20. Description of HOMO, LUMO and some occupied molecular
orbitals with important mixings between & metal and Ti, d-orbitals in

clusters 3.4 and 3.5'. The highest MO with an important participation of
0k2.,2 rhodium (or iridium) orbital is also included @

Orbital  E.(eV) @m-NH),Ti,(h"-C,H,),(m-N)g MCOD
34 Ti(d) N(p) C({E) M (d’ de d. d’7) C(p)
57a Lumo -6.12 820
564 Homo -804 122 62.7
413" -816 75 196 11.6 187 18.1
55a  -865 97 279 36.4
40a' -880 78 144 304 164 8.4
3.5
6la Lumo -6.08 81.9
60 a Homo -804 16.1 57.7
A4a’  -822 106 179 115 154 21.0
59a  -864 100 207 49.6
433’ -885 88 154 333 132 10.6

[a] The atomic d, orbitals for Rh and Ir do not appear in the occupied
molecular orbitals, which highlights the & nature of the complexes. Non
negligible percentages of d,, d, and de.,, Rh and Ir orbitals appear in
lower molecular occupied orbitals, which are not included in this Table.
Only contributions > 7% are reported.

It is observed that the interactions for the Rh compounds is about 75 kJ-mol
! lower than those for Ir. Asfar as the description of the molecular orbitals
is concerned (Table 3.20), it can be seen that the relatively bigger d orbital
of the Ir participates more in the molecular orbitals, which in turn generates
agreater charge transfer between fragments and a greater delocalization that
causes a greater interaction energy. At the same time, we can observe that

161



UNIVERSITAT ROVIRA I VIRGILT
DFT STUDY OF TITANIUM CUBANE AND MOLYBDENUM SULPHIDE COMPOUNDS.
Autor: José Manuel Gracia Budria

ISBN:

978-84-690-6751-2 / DL: T.1196-2007

Chapter 3

the [M(COD){HC(pz2),}]” and [M(COD){HB(pz);}| adducts follow the

same rules as for the ionic and neutral structures, and Rh, Ir metals.
Comparing the cubane structures with the non-cubane ones, we observed
that the lack of empty d-metallic orbitals in the non organometallic ligands
decreases the FIE. This difference was about 50 kJ mol* in the ionic
compounds and about 15 kJ mol™? in the neutral ones. This decrease was
attributed to the increase in the height of the common electrostatic effects.
These FIE differences clearly show that the ligand's dorbitals participate
more in the cubane formation than the nonorganometallic ligands ard
supplementary chelating strengths.

3.6 In and TI monohalides

Coordination compounds derived from the elements of group 13 are an
important feature of main group chemistry. In the present case, the indium
(1) halides and pseudo haides give rise to large numbers of neutral
compounds and anionic species.®

Indium (I11) halide complexes of the type InXsL, where L = monodentate
ligand [N, O, P-donor] have attracted considerable interest recently. Certain
bonding characteristics, in particular relative binding energies, and
variations in coordination numbers and geometries have increasingly been
linked with their possible commercia exploitation as precursors for Metallo
- Organic Chemical Vapor Deposition (MOCVD) processes, e. g. indium
nitride films.”%"

Indium and thallium both have the ns?np* configuration and 2P ground state
found in boron, aluminium and gallium. Mono- or three-substituted halides
can be found for indium and thallium, as well as for other ligands. Indium
tends to retain the 5¢” shell. Withthallium the 6 shell is very stable and the
TI* ion appears in many well-characterised salts. The stability of the M
state increases further down the subgroup, but the stability of the M'" state
decreases.

In oxidation states (I) and (I1I), tetrahedral coordination dominates the

organometallic chemistry of group 13 metals,’? but in recent years it has
been seen that there is an increase in the number of five- and six-coordinate
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compounds.”® If we compare the relative stability of the group 111 elements
in similar compounds, thallium is an even weaker acceptor than indium.”*
The In and Tl atomic and ionic radii are close and increase little as the
atomic number increases (Table 3.21). Despite the dight differences
between In and Tl already mentioned, their complexes do not behave in the
same way; athough complexes of indium (lll1) halides have been
characterised as six coordinated, 1nXs-3L," the corresponding thallium
halides’® are five coordinated, TIX3-2L.

Table 3.21. Atomic radii of the group 13 elements in pm and absolute
electronegativitiesin eV

B Al Ga In Tl
lonic M** radius 113 132 149
lonic M** radius 23 57 62 92 105
Electronegativity 4.29 3.23 3.2 31 3.2

In this section we study ligand 1 complexation with 1" and TI"” halides and
cyclopentadienide adducts. The theoretical aspects of their complexation
will be compared in both the gas and solvent phase, and particular attention
will be paid to the complexation energy, the coordination sphere of the
metal and the ligand performance in the different adducts.

3.6.1 Experimental frame

Reaction of 1 with indium and thallium iodides in dichloromethane affords
gIM{Ti(hS-CSMeS)(mg- NH)}a(n}- N)H [M = In TI] as brown and
yellow solids, respectively (Scheme 3.8).
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[Ti] = Ti(h®>-CsMes)

N”M
, L\ ey
[Tul""%,, \n\mf‘[T'] + MI, CH,Cl [T']"'""’””"”'NH\‘?‘\-; Y
[TI]\ 20°C " =S
HNT % NH
(1) N/ N
/ v
| M = In, Tl

Scheme 38, GM{Ti(h®- C;Me )(m- NH)} (m- N)d [M = In, TI]

formation

The corresponding InCl adduct g:lIn(n13-NH)3Ti3(h5-C5Me5)3(rq-N)EI was

characterized by NMR spectroscopy in [Dg]benzene solutions.”” However,
'H NMR spectroscopy monitoring of a [Dg]benzene solution of 1-InCl in a
flame-sealed tube for several days showed that the initial NH and C.Me,

resonances were moving towards those of 1, and a gray solid was deposited
in the tube. TICI did not react in the same conditions.

Complexes 1-MI were characterized by spectral and analytical techniques.
The IR spectra of 1-Inl and 1-TIl revea two absorptions in the range 3352-
3246 cm* for the NH groups of the molecules. *H and *C NMR spectrain
[Ds]benzene at room temperature of 1-MI show resonances for equivalent
NH and C.Me, groups, suggesting a highly symmetrical structure or the
existence of low energy exchange processes in solution. The data led us to
propose cube-type structures for the 1-MI complexes, whereas indium 1-1nl
and thallium 1-TIl centres may show trigonal bipyramidal geometries with a
missing vertex where the metal lone pair resides.

The analogous reaction of 1 with thallium cyclopentadiene in toluene
dfords §h°- C,Me)TI{Ti(h°- C,Me )(m- NH)} (m- N)¥ & a red

solid (Scheme 3.9). Complex 1-TICp is soluble in toluene and from these
solutions single-crystals suitable for X-ray diffraction studies of 1-TICp can
be grown.
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[Ti] = Ti(h®>-C5Mes)

N-. [Til o, \‘3"’[T]
[Tu]@N\w‘[T'] + [TI(h®-CeHs)] \ /rn]\

N/[T']\ toluene, 20 °C &
a N TI

s

Scheme  39.  §h°- C,Me)TI{Ti(h°- C,Mg )(m- NH)} (m- N)d

formation

Complex 1-TICp was characterized by analytical and spectroscopic
methods, as well as by Xray crystal structure determinations. IR spectra
only showed one n,,, absorption at 3345 cmi'. The *H and *C NMR
spectra in [Dg]benzene at room temperature reveal resonances due to
equivalents NH , h°>-C,Me, and h °>-C_H, groupsat chemical shifts.

c (4)

Figure 3.17. Perspective view ofthe 1-TICp compound
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The solid-state structure reveals tridentate coordination of the neutral ligand
1 to the metal cyclopentadienyl fragments. Selected bond lengths and angles
are given in Table 3.22, and the perspective view is presented in Figure

3.17. The molecular structure of 1-TICp consists of a distorted [TITi;N,]

cube-type core. Thallium is bound to one h ®-cyclopentadienyl ligand and
three imido groups of the incomplete cube core [Tig(mNH)?,(n‘g-N)] . If the

centroid of the cyclopentadienyl ligand is considered, the coordination
sphere about the thallium atom may be described as distorted trigonal
bipyramid with a*“missing vertex” which corresponds to the lone pair on the
thallium (1) center.

In this geometry, the neutral ligand gmNH)sTig(h5-C5Me5)3(rq-N)E|

coordinates in a tripoda fashion, occupying one axial and two equatorial
coordination sites, whereas the h °-C.H, ligand and the lone pair are in the
remaining equatorial and axial positions, respectively. The resulting
structural disposition may explain why the thalliumaxia nitrogen (2)
(2.868 A) is shorter than the ones found for TI-N(3) equatioral, 3.190(1) A,
and TI-N (4) equatorial, 3.152(1) A, which are in front of the
cyclopentadienyl ligand. The thallium-nitrogen bond lengths compare well
with those found in the literature for other structures bearing weak TI-N
interactions and are within the sum (3.47 A) of the Van der Waals radii of
thallium and nitrogen.”® The cyclopentadienyl ligand is bound in ah®
fashion to thallium with a TI(1)-Cp (centroid) distance of 2.687 A, well
within the range observed for other crystalline cyclopentadienyl-containing
TI  complexes.”  Within  the  neutra ligand  moiety

gmNH),Ti (h°-C,Me,),(m-N)j there is no important distortion in bond
lengths and angles when compared with 1.

3.6.2 Theoretical study

Two optimal Cs geometries were modelled in esponse to the expected
structure, in which alternatively an axia (a) or equatoria (b) position of the
pseudo trigonal bipyramidal centre is “missing” (see Scheme 3.10). In both

cases, glln{Ti(hS-C5H5)(mNH)}3(rrg-N)'fJ, 1-Inl and 1'-TlIl  mode
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compounds, the C; structure with the lone pair occupying the axial position
is the most stable by 3.1 and 20.6 kJ mol, respectively. The relatively small
energy differences between these isomers also suggest fluxional behaviour,
the origin of only one resonance signal for NH and C.Me, groups in the
NMR spectra.

[TI] ] \“::::\”« -I;¢ T|] "ty ‘“‘“:1((/[
NE Z N
TN T
HNC % NH HN
& 7 \
/

\ l
\\\ "
\“\\\\\ I

\/\

Scheme 3.10. Optimal Cs geometries for the In, Tl compounds
gl M(m,-NH) Ti(h®-C.H, ),( %'N)H’ in which alternatively an axial, (a), or
equatorial position, (b), of the pseudo trigonal bipyramidismissing

For the established geometry, In(l) and TI(I) model complexes
EXM(m,-NH),Ti (h°-C H,),(m-N)§ [M = In, TI; X =F, Cl, Br, |, Cp] were
calculated. Results prove that both metas have similar coordination
structures. The computed data agree with the experimental values, when
they are available; metal-ligand nitrogen lengths are dlightly higher than
experimental ones and they present normal distance adaptation with the

change in metal. At the same time, no clear tendency is observed with the
change in halogen.
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Table 3.22. Calculated and experimental bond lengths (A) and angles (°) for
selected N-donor ligand 1 In and Tl complexes

Compound N>-M N3z-M No-Ti H-X1 M -X4
1 1.944

(DP (2.930) av.

1-InF 2.986 3.094 1.923 2.022 2.134
1-InCl 2.602 3.252 1.953 2417 2.636
1-InBr 2.595 3.218 1.953 2.541 2.804
1-Inl 2.584 3.094 1.953 2.724 3.074
1-InCp 2.991 3.446 1.945 2.490
1-TIF 2.817 3.098 1.923 1.672 2.322
1-TICI 2.926 3.032 1.929 2.372 2.759
1-TIBr 2.906 3.035 1.931 2518 2.900
1-TlI 2.931 3.002 1.932 2.745 3.161
1-TICp 3.138 3.324 1.936 2.610
(1-TICp)™*P (2.868) (3.171)a. (1.936)a. (2.687)

N2-M-N3 N3-M-Nsg N2-Ti-N3  Ni1-No-H N2>-M-X;

1 1066  151.0

(1)exP (107.5)a.

1-InF 60.3 58.8 1039 1795  64.4
1-InCl 61.6 56.1 1032 1577 750
1-InBr 62.0 56.8 1029 1570 758
1-Inl 63.7 59.3 1021 1565 761
1-InCp 56.3 53.1 1043 1548 1054
1-TIF 62.0 59.6 1037 1794  59.9
1-TICl 61.6 61.0 1033 1701 680
1-TIBr 61.8 60.9 1033 1679  69.9
1Tl 61.9 61.7 1032 1658 711
1-TICp 56.5 55.1 1043 1590  97.7
(1-TICp)®® (60.7)w. (57.8) (964w, (936)  (107.1)

& Parameter obtained from the centroid of the cyclopentadienide ligand
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Table 3.23. Reaction energies for In(l) and TI(I) model complexes
EXM(m-NH)Ti,(h*-CH, ),(m-N)y [M=1In, TI; X=F, Cl, Br, 1,Cp]

Cp F Cl Br I
In -17.9 -53.1 -62.9 -64.9 -71.0
Tl -234 -63.4 -61.1 -62.2 -65.1

The complexation processes were favourable in all cases. In principle, Cp
ligands have the smallest reaction energies, and the interaction increases
from Fto |. It is noteworthy that indium metal has the strongest interactions
for the least nucleophilic I, Br and Cl species, in this order. Tl adducts,
however, undergo a sudden jump in their stability, going from | to F. Aswe
mention in the Introduction, the Lewis acidity of indium is dightly higher
than that of thallium, but as we observed in previous sections this is not the
only feature to take into account for the stability of compounds; ligand
conduct and steric repulsions are also important. A compromise among
opposite tendencies determines the overall stability of the compounds.
Although al indium compounds are more stable than the respective TI
compounds, fluorine adducts are an exception.

Indium and thallium monohalides make it possible to observe alternative
ligand 1 behaviours. The reaction energies for the indium monohalides also
tend to become more stable as the nucleophilicity of their substituents
decreases, behaving as a simple ligand. But for the thallium compounds this
trend is interrupted in favour of fluorine halides. If we compare the
structural parameters of the various metal halides, there is a considerable
reduction of the distance from the halogen atom to the nearest imido proton,
H-X1, from Fto | (see Table 3.22).

If the nucleophilicity of the halogen is increased, there is a corresponding
increase in the interaction with the imido-proton. This was most noticeable
in the case of the most polarizable Tl metal and the most nucleophilic
fluorine, where the proton-fluorine distance was short, only 1.672 A. To
illustrate this fact, Figure 3.18 shows the density Laplacian maps for Tl
halides. It is clearly observed that in the case of fluorine the halogen atom is
directly bonded to the imido proton, and that this interaction decreases as we
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move towards the iodine atom. In summary, the triaza ligand is acting as a
double-action ligand; the cation and anion of the sat are stabilized

simultaneously, specially for the polar TIF halogen.
group 2 halogens, the reaction is only produced for some metal

Also interesting is how the solvent affects complexation. As in group 1 and
counteranions and in a particular solvent. Simple considerations of energy

Figure 3.18. Density Laplacian maps for thallium halide heterocubanes

Chapter 3

reactions in the gas phase clearly fail to explain the formation of the
170

energetically disfavoured TICp adduct.
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Table 3.24. Reaction and solvation energies in kJ mol* for the In, Tl
gM(m,-NH) Ti(h®-C;H, ),(m-N)y compounds

Toluene Dichloromethane

In Tl In Tl
Solvation Energy -36.7 -42.4 -97.0 -118.3
Reaction Energy 54.2 54.7 -19.9 -17.2

Lattice energy is the principal factor that affects the reaction. Complexation
is only produced for the salts with low lattice energy and, even then, only
under certain conditions. The solvent is also important. It plays an
important role in the overal process and has two contrasting effects. it
reduces the solvation energy required to remove the salt molecules from the
crystal; but at the same time, the solvent reduces the interaction energy. The
reaction energy for the experimentally observed TI-I and In-l derivativesis

about 65-70 kJ mol* in the gas phase; in CH,CI, (dipolar moment 8.93)
solvent, the reaction energy is reduced to 17-20 kJ mol™*. The least polar
toluene solvent (dipolar moment 2.38) is particularly unfavourable because
of the change in the reaction energy from exothermic to endothermic, 54-55
kJ molt (see Table 3.24).

Although the solvation energy is a considerable reduction in the energy
necessary for complexation, the lattice energy of the most ionic halogen
salts is still too high for the complexes to be seen. So although iodine and
cyclopentadienide salts have smaller interaction energies, the small lattice
energy allows complexation to occur in the most polar solvent.

3.7 Tin and lead halides

Tin and lead resemble carbon and silicon because they have the ns’np?
electron configuration, and they form the tetrahedral bonds associated with
sp° hybridisation. But going down group 14 there is an increasing tendency
to form an inert pair ion instead. So in its most stable salts, lead preserves an

ns® core.

171



UNIVERSITAT ROVIRA I VIRGILT
DFT STUDY OF TITANIUM CUBANE AND MOLYBDENUM SULPHIDE COMPOUNDS.
Autor: José Manuel Gracia Budria

ISBN:

978-84-690-6751-2 / DL: T.1196-2007

Chapter 3

The presence of both alone pair and an empty orbital in the valence shell of
dihalides suggests that such species have the potentia to function both as
electron acceptors and donors.®® However, the inductive effect of the
hal ogens enhances the acceptor capability of the metal and restrict its donor
capacity. One example of atin (II) compound that acts as an electron donor
is Sn(CsHs)2, which lacks the aforementioned inductive effect.®! On the
other hand, when they coordinate to a Lewis base the lone pairs put el ectron
density back on the metal and improve its donating ability.

Tin (1) halides form both 1:1 and 1:2 adducts with a small Lewis base such
us trimethylamine.®? The 1:2 adducts were found to be less stable than the
1:1 adducts and the order of stability for both the 1:1 and 1:2 species was
SF,> SnCh> SnBr>> Snl,. Here we describe the incorporation of tin (I1)
and lead (I1) dihalides into the [(m-NH),Ti,(h°-C.Me,),(m-N)] nitrogen
donor ligand. The structural and electronic description of the compounds, as
well as stability of the compounds, will be analysed.

3.71 Experimental data

The reaction of 1 with tin (II) and lead (II) chlorides in toluene or
dichloromethane affords [Cl,M(m,-NH),Ti,(h°-C,Me;),(m-N)] [M = Sn;
M = Pb] as orange or yellow solids (Scheme 3.11). Complexes 1-M Cl, were
characterized by spectral and analytical techniques. IR spectra reveal two
absorptions in the range 3343-3236 cmi* for the NH groups of the molecules

for complex 1-SnCk, whereas a broad band was observed for the lead 1-
PbCl, derivative approximately in the middle of that range, at 3301 crri™.

'H and ¥C NMR spectra in chloroform at room temperature show
equivalent NH and h°-C_,Me, groups on the NMR time scale. The NMR

data are consistent with the complexes being fluxional in solution in a
similar fashion to the previoudy presented rhodium and iridium
derivatives®? The X-ray structure over the :SnCh conplex reveals that
these compounds do not contain five-coordinated tin and lead centres, but
three-coordinated metal centres with the metal lone pair occupying the four
position (for selected structural data, see Table 3.25).
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Scheme 3.11. gCl,M(m,-NH)Ti(h°-C,Mg),(m-N)j [M = Sh; M= Pb]
formation

3.7.2 Theoretical study

Like the experimental three coordinated metal centres and their fluxional
behavior, two Cs symmetry model structures were computed for tin metal
halides (Figure 3.19). The most stable conformation was for a pseudo
tetrahedral coordination of the metal with one of the positions occupied by
the metal lone pair (Figure 3.19a). A pseudo trigonal prismatic structure was
observed between 2.5-10 kJ mol™ (depending on the metal halide) above the
most stable geometry (Figure 3.19b). Formally this can be represented as the
eclipsed structure of the most stable alternate tetrahedral species. A big
energetic barrier is not expected for the interchange between both isomers,
so fluxional behaviour appears to be energetically accessible.

F to | tin and lead dihalide cubanes were computed for the pseudo
tetrahedral structure. Table 3.25 shows some selected parameters. We can
observe that the theoretical data for the 1'-SnCh pseudo tetrahedral
structure reproduce the experimental data. However, the distances computed
for M(1)-N(3-4) are till too long. The structural differences found are
probably due to low costing solid packing effects or to the steric effects of
the Cp* ligands and the metal fragment. There are no significant changes in
the structures when the halogen atoms are changed, apart from the logical
variation in the distance when the metal changes.
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_C|(2 M) M(E< DCI(l)
1(1) Cl(2)

Figure 3.19. Two main conformation structures found for the
&C1,M(m-NH)Ti(h*-C,Mg),(m-N)j 1-MCl, species. @) Pseudo

octahedral coordination of the metal with one of the positions occupied by
the lone pair, b) trigonal bipyramidal structure

In order to show the compound’s tetrahedral coordination, Figure 3.20
presents density Laplacian maps for the model compound of 1'-SnCh, in
two molecular planes. The first plane contains Sn(1)-N(1)-N(2) atoms, and

the S'tN(2) bond can be seen clearly (Figure 3.20a). The second plane
contains Sn(1)-N(3)-N(4) atoms, and confirms the non-bonding interaction

between metal and N(3-4) ligand donors (Figure 3.20b).

It was a little surprising that the metal lone pair cannot be observed in the
density laplacian map of the Sn(1)-N(1)-N(2) plane. Instead there appears

what seems to be a very diffuse density zone. In an attempt to localize the
lone pair, we made a small FORTRAN program to compute not the
electronic density Laplacian maps but the electrostatic potential Laplacians
from DFT caculations. In principle, electrostatic potential Laplacian maps
and molecular charge distribution have a structural homeomorphism,®® but
the topography of the MESP does, in general, show enhanced features as
compared to that of electronic density, particularly, the minima due to lone-
pair electrons and p electrons, which are conspicuously absent in the
topography of the charge distribution®* Figure 3.21 shows the electrostatic

174



UNIVERSITAT ROVIRA I VIRGILT
DFT STUDY OF TITANIUM CUBANE AND MOLYBDENUM SULPHIDE COMPOUNDS.
Autor: José Manuel Gracia Budria
ISBN: 978-84-690-6751-2 / DL: T.1196-2007
Azametallocubanes

potential Laplacian map for the Sn(1)-N(1)-N(2) plane in the mode
compound 1'-SnCh. Initially, no special improvement respect to electronic
density maps is observed. In both cases, we conclude that a detail analysis
of the topography of the charge density and the molecular electrostatic
potential is necessary. The different kinds of critical points must be
identified and their occurrences discussed.

Table 3.25. Sructural parameters for tin and lead model compounds, and
experimental 1-SnCl, cubane. Distancesin A and anglesin ©

M-N M-N3 M-CI N2-M-Cl N,-M-N;  CI-M-Cl

1'-SF> 2371 3.723 2.034 85.8 55.8 94.2
1'-SnCh 2.395 3.338 2.524 90.1 61.5 96.9
(1-SnCly)*  (2.300)* (3.000)* (2.544)*  (96.0)* (65.0)* (90.0)*
1'-SnBr, 2.388 3.3%4 2.690 92.0 61.4 97.1
1'-Snl, 2.398 3.145 2.942 94.4 64.3 98.5
1'-PbF; 2.558 2.981 2.144 79.3 65.4 93.2
1'-PbCl, 2.595 3.013 2.619 86.1 62.1 99.6
1'-PbBr; 2.573 3.047 2774 88.3 64.4 98.7
1'-Pbl, 2.619 2.992 3.017 91.3 64.8 99.9

* Average distances from the crystallographic structure

Sn and Pb dihalide addition reactions are exothermic in all cases (see Table
3.26). In this case tin and lead clearly have opposite trends: while tin
interaction energy increases as you go down the halogen group, lead does
exactly the opposite. The nature of the bond and energy interaction is
regarded as being the same as in previous cases. a compromise between
metal acidity and steric repulsions. This shows that, for the smallest Sn
atom, the steric repulsions caused by the nucleophilicity of the halogen
dominate the interaction but that, for the larger lead atom, the acidity of the
metal is still the main factor.
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Figure 3.20. Electronic density Laplacian maps for 1'-ShCly; plane
N(1)-N(2)-n(1) Figurea), plane N(3)-S1(1)-N(4) Figure b)

I 4.409 -- 5.000
I 3.818 -- 4.409
N 3.227 -- 3.818
[0 2.636 -- 3.227

2.045 -- 2.636
1.455 -- 2.045
0.8636 -- 1.455

0.2727 - 0.8636
[]-0.3182 - 0.2727
[0 -0.9091 -- -0.318
[ -1.500 -- -0.9091
[ -2.091 -- -1.500
[ -2.682 - -2.091
[0 -3.273 -- -2.682
[ -3.864 - -3.273
[0 -4.455 - -3.864
] -5.045 - -4.455
I -5.636 - -5.045
I 6.227 - -5.636
Bl 6818 - -6.227
Il -7.409 - -6.818
Bl -5.000 - -7.409

Figure 3.21. Electrostatic potential Laplacian maps for 1'-SnCly; plane
N(1)-N(2)-Sn(1)
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The fact that the behaviour of Sn and Pb is similar to that of halogens from
other groups means that their reaction energy in solution need not be
studied; the observation of the Cl compounds is, therefore, the result of a
compromise between the solvation energies and the reaction energies.

Table 3.26. Reaction energies (in kJ mol™) computed for the 1I-MX, M =
S, Pb; X=F, Cl, Br, |)formation

MX, F cl Br |
S -95.7 -104.9 -102.1 -106.2
Pb -110.6 -110.0 -106.6 -104.7
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Oxometallocubanes

Oxotitanium [{Ti(° - C,Me,)(m- O)},(m,- CR)] (R= H, Me) ligands, with
the same tripodal structure as the Azatitanium
{Tih°- C,Me)(m- NH)},(m - N)], also serve as possible base for the

formation of oxometallocubane compounds. Species with oxometallocubane
structure constitute an interesting building block in inorganic solids,* and
provide molecular models for heterogeneous catalysis as deduced from
organometallic complexes adsorbed at metal oxide surfaces.?

The pesent chapter is divided into the following sections. Section 4.1
introduces the [{Tih®- C,Me)(m- O)},(m- CR)] ligands, previous
studies and describes the present scope. Section 4.2 discusses the
interactions of the oxotitanium ligands with alkaline metals. Finally, Section
4.3 is dedicated to the special chemistry that takes place on the
[(m, - ethylidyne)] alkylidine unit in complex
{Tih°- C,Me)(m- O)},(m - CMe)] when it istreated with cationic metal
fragments (metal support for vinylidene-acetylidene species).

4.1 I ntroduction
4.2  Alkali oxometallocubanes
4.3 Addition of alkaline earth bis-amides
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41 Introduction

This chapter discusses oxotitanium complexes, which contain a tetrahedral
TizCR unit supported by oxygen atoms and pentamethylcyclopentadienyl
(Cp) ligands, [{TiCp (mMO)}s(m-CR)] (R = H (2), Me (3)). X-ray
crystallographic studies of these complexes suggest that the apical carbon
atom can be regarded as a saturated sp® alkylidyne carbon incorporated in
the TizO3 ligand core.® This point of view is similar to that of Chisholm et.
a. for the early transition metal clusters [Mz(m-CR’)(OR)e] (M = Mo, W).*

In general, he chemistry of the my-akylidyne_trimetal clusters has been
extensively explored.®>® However, to our knowledge, the [{ CrCp(mCl)} (-
CH)]" (Cp = h®-CsHs), [{TiCp (MO)} s(m-CR)] and [{TiCp }a(m-CH)4°
complexes are the only reported examples of ny-alkylidyne units supported
on trinuclear cores without metal- metal bonds, and their reactivity is as yet
practically unknown.® Interestingly, the m-alkylidyne and, in particular, the
my-ethylidyne groups are not exclusive to polynuclear organometalic
complexes. They have also been identified on numerous metal surfaces, thus
providing evidence of a close relationship between organometallic and solid
surface systems. %! The chemistry of these ® m-alkylidyne compounds is
different to that of mononuclear hydrocarbyl complexes which contain
metals in the highest oxidation state. Cooperative effects between the metals
centres imitate the behaviour of the alkylidine groups attached to metal or
metal oxide surfaces. In our case, the TisO3 core in these complexes exhibits
chemical and geometrical flexibility, which stabilises unexpected
complexes. So unsaturated molecules such as CO or isocyanides, have been
incorporated into the TisO3 core by been inserted into the alkylidyne unitsin
a quite specific manner and under mild reactions conditions.?

It has also been reported that these oxotitanium complexes can act as
macrocyclic, tridentate six-electron donor ligands and thus provide an
effective route to heterocubanes with a [M Tiz(m-CR)(mO)3] core. This core
could be invaluable as a discrete and ideal model of oxide-supported metal
carbonyl complexes, for studying the catalyst-support interaction.™® The
heterometallic cubanes [{ TisCps (m-CR)} (m-O)s{ Mo(CO)s}] (R = H, Me)
has been formed from [Mo(CO)s-(1,3,5-MesCsHs)] and [{ TixCps (M-
CR)}(mO)3] (R =H (2), Me (3)) compounds.’* The alkylidine complexes 2
and 3 act as preorganized ligands that donate electron density to the added
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molybdenum atom through the three electron-rich bridging oxygen atoms to
give the heterometallic cubane mre. Theoretical results confirm that the
formation of the cluster is not accompanied by the oxidation of the
molybdenum centre and, as in the precubane precursors; the oxidation state
of the titanium atoms is still 4+. Nevertheless, the Mo atom shares electron
density by means of metal-metal coupling with the Tiz unit. Harris et a.°
reported similar charge delocalization in the cubane-type clusters [MM03S4]
(M = Ni, Pd, Co).

Cyclic polyethers, known collectively as crown ethers, are probably the best
known oxygen donor preorganized ligands. The studies into these ligands
have been partly motivated by the complexation of a wide variety of cations.
The discussion of the chemical and physical properties of metal polyethers
has focused on the question of accommodating of the metal ion in the ligand
cavity size. Moreover, size done is clearly not the sole determining factor
that determines the stability of adduct formation.’® Multidentate
{Tih®°- C,Me,)(m- O)},(m,- CR)] ligards are an opportunity for adding
new cation selectivity to the rich oxo- ligand chemistry. The observation that
the oxo-systems [{Tih°- CMe)(m- O)},(m- CR)] (R = H(2),
Me(3))>°t" may be involved directly as macrocyclic tridentate six-electron
donor ligands in the encapsulation processes of several metals means that it
is interesting to study them to determine which metal fragments can be
incorporated.

The structural and electronic similarity of
{Tih®- C.Me,)(m- O)},(m,- CR)] ligands to
{Tih®- C.Me)(m- NH)},(m - N)] (1) makes comparisons inevitable.
Nevertheless some differences are noteworthy: the lack of basic protons
over the donor oxygen atomsin 2 and 3 a priori makes it impossible for
them to work as double action ligands'® and these proton bonds cannot be
activated to act as anionic ligand. In contrast, as we will see, the apical

carbon — proton bond can be activated to give rise to a tripodal anionic
ligand from 2.

Figure 4.1 shows the orbital diagrams of the aza- 1 and oxo- 2 ligands.

Qualitatively there are few differences in the electronic structure between
aza- 1 and oxo- 2, 3 compounds. It should be noted only that the relative
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energy level of the oxygenfree pairs is more stable than that of the
nitrogen-free pairs by over 2.0 €V, which means that they have a harder

basicity.

Here we will study the potential incorporation of alkali metal halides to 2. It
is interesting to compare these compounds with the relative aza-ones
because of the differences in their complexation We will aso study the
formation of alkali dicubane clusters, which lead us to the first examples of
apical carbon-proton bond activation Fnaly, we will do alittle chemistry
and study the vinylidene-acetylidene isomerization process that occurs over

the oxygen titanium surface in the (m-ethylidine) unit of ligand 3.

L] H{TICp(m-NH)} 5(me-N)] 2A, [{TiCp(m-O)} 3(m-CRY)]
— 2A 2272
vV 2, -2510
2,278 —
3 2A,-3081 @ ——

1E, -5.233
*_H_'* : Pr Copea PPy {E, 5551

l- .
-5.929 A,-5.881
-6.022+ Cp CPiA 6106

1A, -7.672

4

a
—H-

6

oo E,-6208 44—
6
6

1E,-7312 43— 4y

—H-

Figure 4.1. Comparative diagram of orbitals for aza-1 and oxo-2 ligands
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4.2 Alkali oxometallocubanes

It has been presented the pecubane [{Ti(°- C,Me)(m- NH)},(m - N)]
(1) by direct reaction with the salts M-X (M = Li, Na, K, Rb, Cs, X = F, Cl,
Br, 1) yields 1-MX heterocubanes only in some cases.*® We showed that the
obtaining of adducts depends on whether the interaction energy between salt
and ligand is enough to compensate the salt lattice energy in a solvent. For
the oxo-ligands the corresponding oxo- heterocubane formation starting from
the solid salts is not observed in any case. Nevertheless, related akali oxo-
cubane complexes are obtained by treating of the akylidine ligands with
different alkali- metal alkyls and amides.

Calculations were made for the [{ TisCps(m-CR)} (m-O)3{LiX}], (Cp = h®-
CsHs), 2-LiX, (X =F, ClI, Br, | and CHgz) compounds under Csv symmetry
restrictions. As well as the halogen counteranions, the CHz unit was chosen
as an example of an akyl substituent for the alkali metal. In all cases, the
compounds have short Li-O distances between 2.4 and 2.2 A (see Table
4.1). There is a cdear tendency for the lithium — bridging oxygen atom
distance to increase from | to F. The Li-O distance of the akyl CHs
substituent is similar to that of the Cl counteranion. Complexation is aso
accompanied by a logical slight enlargement of the Li-X bond (see Table
4.1).

Table 4.1. Selected bond lengths in A for 2-LiX and LiX (X = F, Cl, Br, I,
CHs) compounds

2-LiF 2-LiCl 2-LiBr 2-Lil 2-LiICH3
Li-X 1.642 2.108 2.292 2.509 2.093
Li-O 2371 2311 2.215 2.192 2.197
LiF LiCl LiBr Lil LiCHs
Li-X 1.615 2.084 2.230 2.461 1.999
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eVvVy [LiCl] [{LiCIH{TiCp(mO)}5(m-CH)] [{TiCp(mO)}4(m-CH)]
o] 00, ——— ——
g
18, @& w
21 O—a
- 274
-3 31,
3.8, -
4 -3.919m —" %

g - o
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Figure 4.2, Fragment interaction diagram  between the
gTi (h®- Cp)(m- O)}s(ng - CH )Y precubane and [ LiCl] molecule

Table 4.2 shows the decomposition of the interaction energy with2 and LiX
as fragments. The nature of the interaction between the metal and ligand
fragments can be understood in the same terms as for the alkali aza-cubanes
An important electrostatic attraction between fragments, increasing from F
to I, is the main stabilising interaction for halogens, so this last | atom has
the biggest interaction energy. The orbital interaction energy is aso
important, partly because the fragments are polarised by the electrostatic
attraction, and so increase from F to |. Again the interaction energy of the
CH3 substituent is close to that of chlorine atom, but a clear change is
observed: the importance of electrostatic interaction energy is reduced in
favour of the orbital interaction energy. Figure 4.2 shows and orbital
interaction diagram between 2 and the LiCl molecule. It can be seen that
there is an overall stabilization of the frontier orbitals of the ligand, related
to the important electrostatic interaction with the incorporated metallic
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fragment. At the same time, the simple nature of the ligand is revealed by
the destabilization of the frontier orbitals of the alkali metal fragment when

interacting with the ligand.

In comparison to the aza ligand 1, there is a considerable reduction in the
complexation energy, mainly because of the approximate 70 kJ mol?
reduction in the electrostatic attractive energy due to the presence of more
basic oxygen free pairs. Similar analyses and comparisors were made
between oxo and aza ligands for the addition of [M(CO)3] (M = group-6

element), metal fragments®*

Table 4.2. Energy decomposition for the 2-LiX (X = F, Cl, Br, |, CHs),
compounds with 2 and LiX as fragments

2-LiCl 2-LiBr 2-Lil 2-LiCH3
Pauli 43.0 57.6 67.1 80.2
Electrostatic -79.1 -88.9 -97.0 -85.2
Orbital -67.8 -77.4 -86.0 -96.5
Interaction Energy -103.9 -108.7 -115.9 -101.5
Reaction Energy -78.7 -98.3 -105.4 -65.9

Of particular interest is the weakening of the M-X bond when the st is
inserted into the ligand (see Table 4.3). The interaction with the ligand
produces a slight mixing of the last occupied orbitals of the ligand with the
unoccupied antibonding orbitals of the M-X fragments. This leads to a
certain occupation of these antibonding orbitals and consequently a
weakening and an enlargement of the M-X bond. The greater the mix
between ligand-occupied orbitals and metal antibonding orbitals, the weaker
this bond will be. In the next section we will see the importance of this
weakening for the formation of dimer complexes.
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Table 4.3. Li-X (X = F, Cl, Br, |, CHs) bond energies, in kJ mol™, for the
LiX free molecules and for the [{LiX}{Ti(h®- Cp)(m- O)},(m - CH)]

adducts

LiX 2-LiX % Variation
Li-F -594.0 -448.3 25
Li-ClI -443.5 -313.2 29
Li-Br -400.2 -290.0 28
Li-l -340.2 -236.6 30
Li-CHs -187.1 -44.0 76

Oxoheter ometallodicubanes

An onepot reaction of the tripoda  starting  material
{Tih®°- C.Me,)(m- O)},(m, - CH)] with MR (M = Li, R = CH,SiMe,,
CH,CMe,, Bu"; M =Na, R= Bu"; M =K, R= Bu", CH,Ph) in adouble
layer of toluene/hexane a room temperature yields the
heterometall odicubanes [M(m,-0),{ Ti,( >-C.Mg,),(m-C)}], (M = Li(4.2),
Na(4.2), K(4.3)) in good yidds?® Repeating the synthesis with
MN(SiMe;), (M = Li, Na, K) in toluene or hexane at 60°C affords the same
oxometallodicubane complexes 4.1-4.3 (see Scheme 4.1).

i +2 MR \[I'i]% ““N\\O,,,%
°f A o
[Tl + 2 MN(SiMe3), "y i,
[TI]\W "ON[Tl][\] M =Li,R = CH,SiMe; Np, Bu" M O"JXO/%J:
% =Li,R= ,SiMe; Np, Bu
o O M=Na,r=Bw (Tl |/ ~N |
M =K, R =Bu", CH,Ph [Ti]

[Ti] = Ti(h>-CMe)
M = Li (4.1), Na (4.2), K (4.3)

Scheme 4.1. Synthesis of the heterometal dicubane-type complexes
[M(m,-O){Ti,(h°-C;Me,);(m-C)t], (M = Li (4.1), Na (4.2), K (4.3))
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Some solid compounds were spectroscopically characterized. The 3 C NMR
data display resonances with their corresponding multiplicity for Cp*, as
well as a singlet for the apical methylidyne carbon (d = 586.7 (4.2) and 582
ppm (4.3)), much larger than the d = 383.2 ppm for the parent methylidyne
complex 2. These data show that the proton of the apical m - methylidyne
fragment has been removed and that the diamagnetic compounds
[M(m,-0).{Ti,t °-C.Me,),(m-C)}], (M =Li, Na, K) have been formed.
Recently, Mountford et al. characterized a naked sp® carbanion by reacting
[Ti(NtBu){ HC(Mepz) 3} Cl,] with LiMe.?

Crystalization of 4.1 gave crystals suitable for an X-ray diffraction study.
The molecular structure of 4.1 is shown in Figure 43 and a selection of
bond lengths and angles are shown in Table 4.4. This latter table revealsan
edge- linked double cube® with two m-O-to-Li bridges in arhombic Li,O,
arrangement. Each edge is shared between two four-coordinate Li centres,
with a centra planar rhombic fragment, whereas the rhombic moieties in
each cubane-like unit show a non planar arrangement necessary to adopt a
cube-type geometry, analogously to that found for

[M(n},'N)(n}'NH)z{Tis(hS'CsMe5)3(ms'N)}]2 (M = Li’ Na)-23

Li2) O

Figure 4.3 X-ray  molecular structure  for compound
[Li (n},'o)s{ Ti 3(h 5'C5M 85)3(%-(:)} ]2 (4-1)
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The TizO3C subunits of 4.1 have several structura differences with respect
to the parent 2 and relative 3 compounds. 2 and 3 selected parameters can
also be analysed in Table 4.6. The Ti-O-Ti (95.4° av.) and O-Ti-O (96.4°
av.) angles are smaller than those found for
{Tih®- C,Me,)(m- O)},(m,- CR)] (R = H(2), M&(3); Ti-O-Ti = 100°, O
Ti-O = 104°, average).® The average distance from the titanium atoms to the
methylidyne carbon is 2.055 A, clearly shorter than that shown in 2 (Ti-C(1)
=210 A av.)® 3 (Ti-C(1) = 212 A av.; Ti-C(1)-Ti 83.5%.2 The Ti-Ti
distances, 2.79 A (av.), compare well with those found for 2 and 3 (Ti-Ti
distances, 2.82 A).

DFT calculations reproduce the X-ray geometry found for dimer 4.1 quite
well (see Table 4.4). However, for the central rhombic unit the optimization
process yielded a structure with two short and two long Li-O bonds of 1.858
and 2.213 A, respectively. Whereas the short bonds compare very well with
the experimental distance (1.892 A) the discrepancy (0.173 A) in the long
bonds seems excessive. It should be pointed out here that dicubane 4.1 is
quite fluxional. We found that the energy difference between the complex
that was optimised by keeping the central parallelepiped fixed at the
experimental geometry and the fully optimised complex is only 12 kJ mol™.

Table 4.4. Sdected calculated and experimental structural data for
[Li(m-0),{Ti,(h*-C,Me,),(m-C)}], (4.1) dimer. Distances in A and
anglesin®

C(D)Tinx C(D)Tim TinTiq OxLi O()yLi() OYLi(2) Li-Li

21 1969 1952 2777 2062 2213 1858  2.764
41)* (2046) (2059 (2802) (2057) (2386)  (18%2) (2612)

Li(D)-OM)-Li(2) O()-Li(1)-O@ Li(1)OuxTiax O(L)TiegC(L)

41 85.1 94.9 875 874
(4.1)* (74.3) (105.7) (86.9) (90.9)

* Average experimental data
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. C)' /// I ;J
2- | | — Oo—w lo-
- 0 M o)

%
EI;O M=Li (4.1)

Scheme 4.2. Proposed mechanism for the formation of the heterometal
dicubane-type complexes 4.1-4.3

Calculations were initially made to determine the energy of the proposed
mechanism for the formation of the heterometallodicubanes 4.1-4.3 from

{Tih®- C.Me,)(m- O)},(m,- CH)] and M-E fragments, where M = Li
and E = CHs, NH, and CI (see Scheme 4.2). Table 4.5 shows the computed
energies for the adduct formation ( DE, ), the breakingof C- H and M - E

bonds and subsequent formation of the C[TiLO,M monomer 4.4 and
H - E molecule (DE,), and finally the energy associated to the building of
the dimer, (DE;). The energy corresponding to the global process
2HC[Ti],0, + 2M - E ® (C[Ti],0,M), + 2HE (DE) is also given in

Table 45. Table 4.6 shows the main geometrical parameters for structures
involved in Scheme 4.2.
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Table 45. Computed energies in kJ mol™ for the reaction steps shown in
Scheme 4.2

DE, DE, DE, DE?
CH, -65.9 -141.8 -136.0 -551.4
NH, -62.4 -61.7 -136.0 -384.2
Cl -78.7 140.9 -136.0 -11.6

4DE = 2DE, + 2DE, + DE,

Table 4.6. Selected calculated and experimental structural data (Distances
in A and anglesin ©) for compounds involved in Scheme 4.2

C()-Ti  Ti-Ti Ti-O Li-O C(1)-Ti-O Ti-O-Ti O-Ti-O Ti-O-Li

2 2101 2823 1.838 - 86.4 100.8  102.8

3 2121 2829 1836 - 86.9 100.8  102.8

(3)* (2.121) (2.823) (1.830) - (87.0) (100.8) (104.2)
2-LiCH; 2097 2833 1.859 2197 87.4 99.3 98.3 90.2

4.4 1.964 2773 1900 2.027 88.1 93.7 96.2 87.6

* Average experimental data

The HCJ[Ti],O0,-ME adduct is assembled via the interaction between the
three oxo atoms and the alkaline metal. The adduct formation is
accompanied by a charge transfer from the akali metal unit to the
HC[Ti],O, fragment. This transfer, 0.35 electrons, is more clearly
perceptible in the electron density deformation map computed for the
HC[Ti],O,-LiCH, adduct with respect to a promolecule composed of the no

interacting fragments HC[Ti],O,and Li-CH, (Figure 4.4). Figure 4.4 shows

that tere is a general depopulation in the Li-CH, subunit: the electron

density is transferred to the oxo ligands and titanium orbitals, and there is a
considerable accumulation of charge density in the region between the oxo
ligands and the Ithium. Similar but less pronounced depopulation in the
Li-X subunit was observed and analysed for the complexation of akaline
hal ogen salts with oxo- and aza- precubane compounds. Alkali metal akyls
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have the biggest depopulation because, in comparison to the halogens, the
nucleophilicity of the alkyl moiety is lower and the polarizability of the
metal alkyl bond is bigger.

The process of cubane formation is exothermic: DE,= -66 kJ mol*, -62 kJ

molt and -79 kJ mol! for Li-CHs, Li-NH, and Li-Cl respectively. The
second step, which consists of the formation of CH4, NH3 or HCI molecules
and monomer C[Ti],O,-Li (4.4), via the breaking of the C- H bond in

HC[Ti],0,-LiCH,, is aso an exothermic reaction with an energy exchange

of -142 kJ mol* and -62 kJ mol! for CHs and NH, respectively. For
chlorine, however, it is endothermic, 141 kJ molt. As consequence of a
greater electrostatic interaction the debilitation of alkaline metal — halogen
bonds in their complexation with 2 is lower; in that case the dimers
formation is disfavoured.

Finally, the formation of heterometallodicubane 4.1 generates two new ionic
Li-O bonds, a process that has an associated energy reaction that is quite

significant (DE, = -136 kJ mol't). To arelyse the bonding nature of the

interaction between the two monomers that gives dimer 4.1, a
decomposition based on Morokuma scheme was done.®* The overall
interaction energy for the monomers is quite exothermic, -194.7 kJ mol™,
and the electrostatic interaction is the dominating contribution, -229.3 kJ
mol*. The Pauli repulsion represents 160 kJ mol* and the other contribution
in the total energy is Ol (-125.9 kJ mol't). The quite significant orbital
interaction energy indicates that the formation of the cluster is accompanied
by an important electronic reorganization, which plays a significant role in
the stabilization of the cluster.

The overall reaction 2((2) + 2¢(M-E) ® 4.1 + 2-EH is a strongly
exothermic process for E = CH3 (DE = -551 kJ mol?). For E = NH, (DE =
-384 kJ molY), the reaction is aso exothermic but the energy involved is
considerably lower for E = Cl (DE = -12 kJ mol't). These energy results are
consistent with the observed formation and the significant stability of
clusters 4.1-4.3 from akyls and amides.
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Figure 4.4. Density deformation map computed for the HC[ Ti] ,O,-LiCH,
adduct 4.4 @s T crionime = (Meriog * Tvg) - The plane shown contains

the lithium carbon bond, one hydrogen of the methyl group, one titanium
one oxygen atomand two CHs. Solid lines are used for zero and positive
contours (relative charge accumulations) and dashed lines for negative
contours (relative charge depletion)

The NMR shielding tensor was calculated in the framework of gauge
including atomic orbitals (GIAO). The calculation took into account the
relativistic effects,>>?® and made it possible to compare the calculated and
observed NMR spectra. This may help to identify of new species. We
computed the carbon chemical shift for the apical methylidyne carbon in the
precursor tridentate ligand 2, in adduct 2-LiCHsg, in monomer 4.4 and finaly
in dimer 4.1 (see Table 4.7). The theoretical shift computed for the apical
carbon in 2 was 385.3 ppm, very close to the observed vaue in the 3C
NMR spectrum (d = 383.2 ppm). There is a small shift to 400.6 ppm after
the complexation of the LiCHz unit, and the elimination of the proton
significantly enlarges d to 572.2 ppm. The shift computed for the
methylidyne carbon in 4.1 (d = 572.2 ppm) fully agrees with the
corresponding experimental values observed for dimers 4.2 (d = 586.7 ppm)
and 4.3 (d = 582 ppm). These theoretical results corroborate that the
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hydrogen bonded to the apica carbon is removed in the transformation
process from 2 to 4.1-4.3.

Table 4.7. Calculated and experimental *C shielding constants

Adduct  Chemical Shift? Shielding Charge
d(expt) d@OFT) s,° s s @ Mo
LiCH3 0.219
2 383.2 385.3 -4442 241.2 -203.0 -0.544
2-LiCH3 4006  -461.3 243.0 -218.3 -0.537 0.345
4.4 5722 -644.1 2542 -3899 -0.689 0.432
4.1 5725 -646.6 2564 -390.2 -0.712 0.360
4.2 586.7
4.3 582.0

3 Shift in ppm relative to tetramethylsilane, TMS. Chemical shift is equal to
d=s(TM9)-(s4+sp), where computed s (TMS) is 182.3 ppm.

b) Paramagnetic shielding

° Diamagnetic shielding

9 Absolute shielding tensor

® Net charge associated to the methylidyne carbon and to the alkaline metal

determined from Mulliken analysis

Table 4.7 shows the diamagnetic and paramagnetic contributions to the
shielding tensors for the different structures The major e ectronic difference
between protonated 2 and 2-LiCH3; compounds, and unprotonated 4.1-4.4
adducts is that the lack of the apical proton in the latter produce a relative
destabilization of the carbon p, electrons. Indeed, in unprotonated
compounds the last occupied orbital (HOMO ~ -4.9 eV) (Figure 4.59) is
essentialy the apical carbon p, atomic orbital, while smilar molecular
orbital for protonated compounds appear deeper in energy (~ -8.0 V).
HOMO orbital in the latter corresponds basically to the degenerate apical
carbon p, and p, — titanium d bonding arbitals (Figure 4.5b). At the same
time, that a destabilization of the carbon p, — titanium d bonding orbital is
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produced, a stabilization of the corresponding carbon p, — titanium d
antibonding orbital is observed with the removing of the proton. Latter
orbital (Figure 4.5¢) (~ -1.8 eV) appears energy close respect lowest empty
titanium-titanium bonding orbitals (Figure 4.5d) (~-3.0- -1.9 eV).

Figure 4.5. Frontier orbitals for compound 2

Difference in the chemical shift for the apical carbon between species is
primarily given by the paramagnetic contribution to the shielding tensor, s
(see Table 4.7). Paramagnetic contribution results over 200 ppm, in absolute
value, bigger in unprotonated species than in the protonated ones. This leads
to the chemical shift differences between compounds. The analysis of the
paramagnetic tensor can be performed in function of the molecular orbitals
of the compounds, in Scheme 4.3 is shown a comparative diagram of the
frontier orbitals for protonated and unprotonated compounds. From this
analysis we observe how this greater chemical shift in unprotonated
compounds can be attributed to two main factors: first to a greater coupling
between the high p, carbon lone pair and the close unoccupied orbitals (+50
ppm), and second, to the diverse couplings of the occupied orbitals with the
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relative low in energy vacant antibonding carbon p, orbital (+80 ppm). This
yidlds to the increment of the paramagnetic contribution respect protonated

Species.

Protonated especies Unprotonated especies

Cai P2 (-18ev)
(-1.9eV)f— o _,___{ —}(-1.9 eV)
(-2.6eV) cmmemTTTTTTT — —(-28¢eV)
(-3.0eV) TiD)
Coi P2).-- -49eV

(-51 eV) (Cap PX, Py) /(/’af)/,fz) —ﬂ_ ( )
(s6eV) - —f—Co9 e Py)—ﬂ— ——(55ev)

(-8.0eV) —1J,~(cao, P2)

Scheme 4.3. Orbitals diagram for protonated and unprotonated structures

4.3 Addition of alkaline earth bis-amides

Alkaline amides and akyls are often used as selective proton abstraction
reagents in organic?’ and metallorganic chemistry.?® This time the reactions
take place on the m-ethylidyne compound [{TiCp (mO)} 3(m-CMe)] (3),
where the a-ethylidyne group deprotonation promotes nmivinylidine — m
acetylene species. The overal sequence malkylidyne ® mvinylidene « m
acetylene has received considerable attention because it is a model for
hydrocarbon rearrangements on metal surfaces.?
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The reactivity of unsaturated hydrocarbons on transition metal centers is
currently a topic of considerable interest in both homogeneous and
heterogeneous catalysis. In  particular, the acetylene-vinylidene
rearrangement in the coordination sphere of a transition metal has attracted
much interest from both experimental and theoretical point of view.3® While
the formation of vinylidene from free acetylene molecules is a strongly
endothermic process (184-196 kJ mol?l), the relative energies of the
respective isomers change dramatically in the coordination sphere of one or
several transition metals. The stabilization of transient species by
coordination to transition metals has enabled their chemistry to be studied
and their behavior as intermediates to be modeled and understood. This
modeling has also been extended to surface chemistry. So the chemistry of
unsaturated carbenes, such as vinylidene, allenylidene, and their derivatives,
coordinated to one or more metal atoms, has been explored.*!

Here, we will discuss the peculiar chemical behaviour exhibited by the ny-
ethylidyne [{TiCp (mO)}s(m-CMe)] (3) complex against alkaline earth
metal amides and alkyls. We shall study the bonding and structural
characteristics of molecular heterometallic oxide cubanes that have a
vinylidene-acetylene moiety in one of the corners. Specia attention will be
paid to the reproduction of the experimental 3C NMR spectra, with the
main goa of validating the experimental structures.

Preparation and characterization of oxoheterometallocubane
derivatives of alkaline earth metals

The group of Mena has observed very recently that the treatment of the m-
ethylidine complex [{TiCp (mO)} 3(m-CMe)] @), Cp = h>-CsMes) with
alkaline earth bis-amides [M{N(SiMe&3),} 2(thf)2] (M = Mg, Ca, ) (thf =
tetrahydrofurane) promotes the stepwise deprotonation of the akylidine
moiety my-CCHs supported by the three itanium atoms; an anion 3 has
been isolated and the *C NMR spectra determined. Formed incomplete
cubane structure [{ TiICp (mO)} 3(m-CoH2)] (3') leads to the metallic amide
to be incorporated at the free vertex of the ligand to give the m-vinylidene
and my-acetylene oxoheterometallocubane derivatives
[{ MN(SIMes)a(thf)}{ TiCp' (mO)} a(m-CzHz)] (M = Mg (x = 0), Ca(x = 1),
Sr(x=1).
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When the m-ethyliyne complex [{ TiCp (m-O)} s(m-CMe)] (3) reacts with
[Mg{N(SIMe&3),} 2(thf)] (1:1 ratio) in hexane at 180° led to a mixture of the
[{Mg(N(SiMe3)2}{TiCp (m-CCH,)]  vinylidene  (4.5vin) and
[{Mg(N(SiMes3)2}{ TiCp (m-HCCH)] acetylene @.5ace) in a 55:45 ratio,
respectively (Scheme 4.4). Under these conditions, both species co-
crystallize as red crystals. Attempts to displace the equilibrium and obtain
these compounds separately were unsuccessful.

Compounds 4.5 were characterised by standard analytical/spectroscopic
techniques. The most notable feature in the *H and **C NMR spectra are
resonances for the vinylidere-acetylene groups. The 3C NMR spectra
reveals a NMR signal for the (n3-CaCpH>) vinylidene carbons of C,= 385.5
ppm and Cy,= 84.9 ppm, and a second acetylene isomer (13-C,HC,H), with
signals close to 200 ppm for both carbons.

In addition, treatment of compounds 4.5 with hydrogenated ligands CpH
and PhsCOH deprotonates the latter and substitutes the amide ligands (see
Scheme 4.4). In the case of the CpH molecule, [{MgCp}{ TiCp (mO)} 3(m-
CCHy)] @.6vin) and [{MgCp}{TiCp (mO)} 3(m-CHCH)] (4.6ace) adducts
were found, in a 62:38 ratio for vinylidene and acetylene species,
respectively. The addition of PhCOH leads to  vinylidene
[{MgCp}{TiCp (mO)} 3(m-CCH>)] (4.7vin) and acetylene
[{MgCp}{TiCp (mO)} 3(m-CHCH)] (4.7ace) tautomers, aso in a 62:38
ratio.

Mena and co-workers in their systematic preparation  of
oxoheterometallocubanes observed that the reaction of 3 with the bis-amide
[M{N(SIMe&3)2} 2+(thf)2] (M = Ca, Sr) (1:1 ratio) leads to the formation of
complexes [{ MN(SiMes)x(thf)}{ TiCp' (mO)} 3(m-CCH,)] (M = Ca, Sr), for
which only the vinylidene isomer is detected. Spectroscopic features of
these adducts are resonances at d = 380.1 ppm and 377.3 ppm for C,, and
82.3 ppm and 81.2 ppm for Gy, in the 13C NMR spectrafor M = Caand Sr,
respectively. The crysta structure of the calcium derivative
[{ CaN(SiMes),(thf)}{ TiCp (mO)} 3(m-CCHy)] (@.9vin) was solved by X-
ray diffraction. It revealed a heterometallic cubane structure in which the
calcium amide moiety and one tetrahydrofurane molecule are linked to the
my-vinylidyne fragment through the three bridging oxygen atoms (see
Scheme 4.5).
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[{CaN(SMes)2(thf)}{ TiCp' (mO)}3(m-CCHy)] adduct, distancesin A

4.5.

Obtaining

and X-ray structure

Vinylidene-acetylene equilibrium

of

DFT calculations were carried out to rationalize the presence of one or more
isomers in the formation of the cubane-like complexes shown in Scheme

4.4,

Of particular interest to understand the relative amount of vinylidene and
acetylene species is the dependence of the energy of the isomers with the
incorporate metal fragment. The comparison of experimental and computed
13C NMR chemical shifts associated to the (m-CzH,) akylidine unit shall
allow characterizing unequivocally the structures. In the theoretical study of
the series of compounds 3, and 4.5 to 4.9, protons in al cases have
substituted the methyl and phenyl ligands.
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Table 4.8. Sdlected bond lengths (in A) and bond angles (in degrees)
computed for 3, 4.5, 4.6 and 4.7 vinylidene and acetylene isomers

Ca-Co Ca-Tiz Ca-Tiz Co-Tii GCp-Tiz Mg-Oax Mg-Ocq
vin 1433 2033 2213 3160 2237 i
3ace-A” 1415 2130 3273 2250 2.060 .
3ace-B 1433 2061 2269 2061 2269 .
45vin 1423 2040 2157 3180 2248 2133 2074
asaceA 1410 2120 3204 2237 2055 2050 2.040
asaceB 1437 2050 2227 2050 2227 2155 2031
46vin 1424 2039 2161 3177 2250 2191 2135
asaceA 1415 2109 3279 2242 2053 2082 2099
47vin 1424 2041 2154 3174 2249 2151 2078
a7aceA 1413 2104 3279 2246 2054 2070 2043
Ca-Co-Tiz  Cp-Ca-Tizs  OmMQ-Oeq  Oeq-Mg-Ocq
3vin 72.1 130.7 i i
3ace-A 139.2 75.8 . .
3ace-B 71.6 114.4 . .
4.5vin 67.7 132.8 81.0 85.4
4.5ace-A 143.1 75.7 81.1 81.7
4.5ace-B 71.2 114.7 79.7 81.9
4.6vin 67.8 132.7 78.7 82.1
4.6ace-A 141.2 76.2 785 78.8
4.7vin 67.6 132.7 79.9 84.8
4.7ace-A 141.4 75.7 80.3 80.6

In order to explore al possible configurations of the my-CyH; unit linked to
the Tiz core, a preliminary study of al possible vinylidene/acetylene
structures was done for anion 3. While for the vinylidene unit only one
structure was found as accessible, 3vin, for the acetylene unit two
coordination types are possible. In general, two types of vibrational spectra
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have been observed for acetylene on metal surfaces, often referred as Type
A and Type B.*? In Type A, the molecule is absorbed in a bridge position
and the bonding formally involves four surface metal atoms. In Type B,
acetylene is s-bonded to two metal atoms of a triangle and p-bonded to a
third metal (see Scheme 4.6). The relative stability of these two coordination
types depends on the metal (Pd, Cu, etc.) and aso of the ligand R in
substituted acetylenes 3 The same terminology was used to identify the two
coordination modes in present acetylene titanium clusters.

AN \/ \/

Type A Type B

M

Scheme 4.6. Acetylene structures on metal surfaces

A 3D representation of the computed isomers 3vin’, 3ace-A" and 3ace-B’ is
shown in Figure 4.6. |somer 3ace-A" has two short Ti;-C, bonds at 2.130 A,
while C,-Ti; distance keeps as nonbonding. Instead Cp show bonding
distances with the three titanium atoms. Isomer 3ace-B™ corresponds almost
exactly with structure Type B in Scheme 4.6. Equivalent carbon atoms are
middle way between Ti; and Ti, atoms, the C-Ti, distances are 2.061 A and
C-Ti; bonds are dightly longer, 2.269 A. The CCH, unit in the vinylidene
isomer presents typical ethene structure in which two hydrogen atoms are
substituted by two Ti atoms. The relatively short s- Ti;-C4 bonds (2.033 A)
suggest a strong interaction between the carbon and the metal (see Table
4.8). The Ti-C4 and Ti-C, bonds were aso found to be quite short, 2.213
and 2.237 A, indicative of astrong p interaction between the Ti, atom and
the G-CH, unit. In all three species, the G,-Cp bond is longer than 1.4 A,
fact that suggests that the formal double bond in the vinylidene and
acetylene isomersis partially broken.
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Figure 4.7 shows a representation of the HOMO and HOMO-1 orbitals in
3vin'. Interestingly, the HOMO is an orbital centered at the titanium atoms
(Tiz 30%, Tip 20%, C, 10%, Cp, 15%) (see Scheme 4.7). This orbital reveals
the presence of a certain coupling between the Ti, and C, through the p* of
the vinylidene unit. The occupation of a metal orbital suggests a partial
reduction of the Tiz core after deprotonation. This is supported by the
Mulliken population analysis that evidences a reduction of the titanium
charge (see Table 4.11). This reduction is especially important for Ti, atoms
which pass from having a nuclear charge of 1.331 in 3t0 1.081 in 3vin'. A
similar analysis can be performed for 3ace” isomers, Figure 4.8 shows
HOMO and HOMO-1 orbitals for 3ace-A", HOMO orbital is also centered
in the Tis core and illustrates the coupling between the p* orbital of the
acetylene unit and the titanium atoms.

Figure 4.6. 3D representation of the vinylidene and the two rotational
acetylene (Type A and B) isomers of [{TiCp* (m-O)}s(m-CoH2)] (3). The
structures were optimized without symmetry restrictions and the Me groups
in the Cp* ligands were replaced by H atoms

We calculated the optima structures for the Mg derivatives 4.5-4.9. In
general, the coordination of a Mg ion to the three oxo ligands does not
modify significantly the geometries of the titanium cluster. The only
noticeable change takes place in the vinylidene isomers. For all three Mg
derivatives the formation of the tripodal (O3-m-Mg) bond is accompanied of
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a shortening of the C4-Ti, bond from 2.21 A in 3 t0 2.16 A (see Table 4.8).
The energy changes are much more important (see Table 4.9). In the
incomplete cubane titanium complex 3, the vinylidene isomer is notably
more stable than the acetylene conformers. The relative energy of the
complex, when the acetylene is bonded as in type B, is 66.2 kJ mol?;
whereas when the acetylene is coordinated according type A, its relative
energy is 85.7 kJ mol. In the pseudo-cubane complexes 4.5-4.9, the
vinylidene isomers are still the most stable, but the energy differences with
the acetylene species are very small (< 5 kJ mol?). These small energy
differences explain that the two species appear with similar ratios as fina
products in the reactions.

Figure 4.7. Last occupied orbitals in the vinylidene anion [{TiCp* (n-
O)}3(m-CCHy)] . Left HOMO (70) orbital and right HOMO-1 (69) orbital.
Representation made with Molekel program, for a 0.05 contour value®*

Table 4.9. Relative energies in kJ mol™ for vinylidene and acetylene isomers
for 3, 4.5-4.7 compounds

Compound Vinylidene  Acetylene (ace-A)  Acetylene (ace-B)

3 0.0 85.7 66.2
4.5 0.0 3.2 23.6
4.6 0.0 4.9 -
4.7 0.0 2.2 -
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DFT calculation and analysis of the **C NMR chemical shifts for G, and
Cp carbons

GIAO-DFT calculations were carried out to unambiguously characterise the
chemical shiftsin the 3C NMR spectra for the structures given in Schemes
44 and 45. We dart the anaysis from the methylidyne complex
[{ TiCp* (m-0O)} 3((m-CH)] (2). The apical carbon in 2 shows a signal &
383.2 ppm. As it was discussed in section 4.2, the DFT method is able to
reproduce very well this value. In fact, the discrepancy between the
experimental and theoretical values is only 2.1 ppm. The substitution of the
proton by a methyl yields [{ TiCp* (m- O)} 3((m-CCHj3)] (3), and shifts the
signal of the Ca, bonded to the three metal atoms, to 401.7 ppm; whereas
the chemical shift for the methyl carbon (C,) appears at 39.1 ppm. The
values computed for 3 match perfectly with the experimental ones. The
signals were found at 404.7 and 47.8 ppm, respectively.

The decomposition of the shielding tensor for compound 3 is shown in
Table 4.10. We observe how the difference of 356.9 ppm in the chemical
shift for a and b carbons arises mainly from a change of -386.4 ppm in the
paramagnetic contributiory while diamagnetic contribution experiment a
moderate decrease of 29.5 ppm, from G to G,. Strong variations in the
charge of the centra nucleus (Table 4.11) only produce variations of the
order of few ppm in the diamagnetic term, and consequently in the chemical
shift. In order to show more in detail this effect, Table 4.12 shows for 3vin®
and 3ace-A" anions a detailed analysis of the diamagnetic tensor. This term
is divided in a contribution from the core electrons and another form the
valence electrons. In 3vin® adduct, C, with a charge of -0.555 shows a
contribution from the valence orbitals of 47.2 ppm, instead C, with a
positive charge of 0.081 has 32.6 ppm; while the core contribution keeps
invariant. This example clearly exposes the changes in the diamagnetic term
in function of the atom charge. Variations are exclusively due to changes in
the valence electrons, and for nuclei different than hydrogen differences are
only of few ppmrespect the whole range of the nucleus chemical shift, even
for strong variations in the nuclear charge.

To explain the increment in the paramagnetic term in C, respect G, for the
neutral ligand 3 is necessary to analyse the electronic structure of the
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compound. Paramagnetic contribution arises from a coupling between
occupied and virtual orbitals. The value is inversely proportional to energy
gap of the orbitals and it depends on an appropriate symmetry of the
implicated orbitals. In this sense, strong paramagnetic contributions require
the participation of central atom in the highest occupied orbitals and in the
low laying vacant orbitals. In our particular case those carbon atoms linked
to the fully oxidised titanium atoms participate in the first unoccupied
orbitals by the interaction with the empty bonding metallic d-orbitals, and
adso in the last occupied orbitals in carbon metal bonds. Therefore, for
structure 3, C,, directly bond to the Tiz core, experiments a considerable
increment in its paramagnetic contribution respect Cy, far from metal atoms;
and that no present significant carbon — metal orbital mixing.

The most striking features in the 3C NMR spectra of anions 3~ are the
resonances of the vinylidene moiety (m- CaCpH) at d = 368 and 76.5 ppm
for C4 and Gy, respectively. Again, the theoretical chemical shifts (364 and
70 ppm) are very close to the observed ones. The chemical shifts of the two
possible acetylene isomers my- CHCH were also calculated. The values for
C, and Cp, are 170 and 139 ppm inisomer ace-A, and near 190 ppm for both
carbons in isomer ace-B. The computed chemical shifts are significantly
different from those of the vinylidene isomer. These results for the NMR
spectra together with the highest instability of the acetylene forms (see
Table 4.9) confirm that the deprotonation of 3 yields the vinylidene isomer
(m- CCHy) 3vin™ as the most abundant product.

At this point it should be useful to halt a nroment the analysis of anions 3,
to show the change in the chemica shift for G in compounds 2, 3 and
3vin". For compounds 2 and 3 we compute similar chemical shifts with
comparable paramagnetic contributions of -444.2 ppm and -476.5 ppm,
respectively. |n both cases C, has similar carbon-titanium distances (2.1 A)
for the three metals atoms and a s bond with an akyl unit. We introduce the
ideathat the dight increase in the paramagnetic term for compound 3 can be
understood by the presence of dightly lower vacant orbitals with
participation of the G, for methyl than for proton substituent. Anion 3vin’
has a paramagnetic contribution of -428.2 ppm lower than both neutra
compounds; in this case G, shows short bonds with two titanium atoms
(2.033 A) and one dlightly longer with the other metal (2.213 A). In this
case the diminution in the interaction with the meta atoms is directly
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responsible of the decrease in the paramagnetic contribution. A more
detailed anaysis, in these terms will be presented hereinafter for the
variations in the paramagnetic contributions in the studied compounds.

Table 4.10. ®*C NMR experimental and computed chemical shift and
absolute shielding for selected compounds

ExpeSr';E?tental Computed Shielding
G G G G
Para Dia Total Shift | Para Dia Total Shift
3 401.7 301 | -476.5 2542 -2223 404.7 | -90.1 2247 1346 478
3vin 368 765 | -4282 2470 -181.2 3636 | -1196 2321 1125 @99
3ace-A -2235 2362 127 169.7 | -189.8 2334 436 138.8
3ace-B” -2488 2377 -11.1 1935 | -2450 2373 -7.7 190.1
4.5vin 385.5 849 | -453.1 2485 -2046 387.0 | -133.1 2305 974 850
4.5ace-A -276.1 236.1 -400 2224 | -2164 2339 175 164.9
45ace-B = v -2755 2380 -37.5 2199 | -2755 238 -375 2199
4.9vin 380 82 -447.1 249.1 -1980 3804 | -131.1 2304 991 833

Comparing chemical shifts for most stable 3vin~ and 3ace-A" structures, we
pass from having well differentiated C, (364 ppm) and G, (70 ppm) atoms
in 3vin to have more similar and mediated C, (170 ppm) and Cy, (130 ppm)
atoms in 3ace-A" . The analysis of the occ-vir paramagnetic term in both
cases shows a big delocalization from al occupied and virtual orbitals,
otherwise most important contributions arises from couplings between the
two last occupied with close vacant orbitals. Table 4.12 shows main occ-vir
couplings in 3vin" and 3ace-A" structures; additionally, a schematic diagram
of the frontier orbitals is in Scheme 4.7.

Cp inanion 3vin shows a low paramagnetic term (see Table 4.12); in fact,
none coupling between occupied and virtual orbitals exceeds -7 ppm In
correspondence, as show Scheme 4.7, the participation of Gy inthe frontier
orbitals is small. As we explained for compound 3, the p interaction of Cy
with titanium d-orbitals, reflected in the HOMO orbital (Figure 4.7d), yields
small occ-vir couplings. On the other hand, C,, s bond to titanium metal as
reflect HOMO-1 orbital (Figure 4.7b), shows significant paramagnetic terms
from couplings of this orbital with close virtuas. In addition, the
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participation of G in both occupied and virtual orbitals is evident from
Scheme 4.7. These differences in the interactions with the metal atoms
explain the separation of the chemical shifts for the carbon atoms.

Paramagnetic contribution for C; and Cp in 3ace-A" adduct shows an
analogous picture. Both carbon atoms appear middle way between G, and
Cp in3vin adduct, and small occupied-virtual couplings are observed. Most
important terms arises from the coupling between the two last occupied
orbitals (Figure 4.8) with close vacant orbitals. In this case both carbon
atoms maintain a similar interaction with the Tiz core, only as Table 4.11
shows a significant paramagnetic contribution appears for G, as results of
the presence of closer Tip atoms. Last occupied orbitals in 3ace-A" adduct
(see Figure 4.8) reflect the lack of clear s bonding interaction in G, and the
presence of important p interactiors for both carbon atoms, which resumes
our conclusions for observed chemical shift values.

Figure 4.8. Last occupied orbitals in acetylidene anion [{TiCp* (m-O)}3(n3-
CHCH)] (3§. Left HOMO (70) orbital and right HOMO-1 (69) orhital

Table 4.11. Mulliken chargesfor 3, 3vin', 3ace-A", 3ace-B~ and 4.5vin

Ca Ch Tiy Tio
3 -0.740 0.376 1.331 1.331
3vin -0.555 0.081 1.289 1.081
3ace-A -0.305 -0.155 1.259 1.260
3ace-B -0.222 -0.222 1.357 1.074
4.5vin -0.573 0.135 1.260 0.984
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Table 4.12. NMR shielding contributions for adducts 3vin~ and 3ace-A

vin’ 3ace-A"
Ca Cb Ca Cb
Total -181.6 112.3 12.7 43.6
Dia 246.7 232.0 236.1 2334
Vaence 47.2 32.6 36.7 33.9
Core 199.4 1994 1994 1994
Para -428.3 -119.7 -223.5 -189.8
Occ-Vir -574,2 Occ-Vir -339.1 | Occ-Vir -400.9 OccVir -394.4
69-71 217  69-71 7.2 69-72  -11.4
69-73  -20.4 69-75  -12.6
69-89  -19.1
70-74  -10.3
70-82  -135
\ vin’ 3ace-A"
2] 75— (232ev)  (223eV) __75
] (220eV) —— 74
20 T 86 ¢® | 74 (1.91ev 192 eV) ——
1 Ti2 2% d 73 —— El 79 eV% . ) s Tiy 50% dz?
15] Ca5%Py,Px ' (1.76 eV) —— 721 Ti»30%dyz
: Ca NP,
: 72— (13leV) R
1.0{ Ti, 90%dz } 71 —— (0.97eV)
] (087eV)—— 71
0'5: Ti1 30% dz?
] Tiy 15% dx?-y?
0.01 i, 309 b2y 014ev) - 70 Ca 206 R,
| i, 20%d,, Co 12% P
of] Camep, [0 (036ev)
{ Cp15%P,, R,
-10 Ti1 3% dxy
{1 ; dZZ
1 Tiz 35%cc’y? 137 eV 137V 694 2
18] c amn, }69 —H—( 37 eV) ( ) —ﬂ— C, 30%P,
Cy 10%P,

Scheme 4.7. Schematic orbital’ s structure for 3vin~ and 3ace-A” adducts
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Let us now to discuss the effect of the coordination of a metal group to 3°.
As shown above, the group of Alcala de Henares has characterised some
cubane clusters corresponding to the formal union of anion 3~ with different
M'L, caions. Complex 3 reacts with Mg{N(SiM&),},.thf, yielding a
mixture of vinylidene and acetylene complexes in a ratio 45:55, complexes
4.5 in Scheme 4.4. The 3C NMR spectra are different for 3 and 4.5. In the
latter, two series of lines are observed: one corresponding to the vinylidene
isomer with values of d of 385.5 (C,) and 84.9 ppm (Cp); and a unique line
close to 200 ppm that was associated to the acetylene tautomer. The *C
NMR chemical shifts of 387 and 85 ppm computed for the vinylidene
structure 4.5vin amost coincide with the observed spectra. However, for the
most stable (ace-A) acetylene structure 4.5ace-A, we computed two
different chemical shifts; for the carbon atom linked to two Ti atoms, Cj,
dis 222 ppm and for the carbon atom linked to only one Ti atom, Cy,
d = 162 ppm. The discrepancy between experimental and theoretical values
may be easily rationalised if we consider that the carbons alpha and beta
may exchange through the rotation mechanism shown in Figure 4.9. In fact,
this corresponds to the transformation of coordination type A (isomer ace-
A) into coordination type B (isomer ace-B). The small energy difference of
23.6 kJ between the two rotational isomers yields an equivalence of C, and
Cp aoms, withdifferent chemical shifts that collapses in a common signal at
high temperatures. Note that the average of the two computed values of 222
and 162 ppm for isomer ace-A in complex 4.5 is 192 ppm, only 10 ppm
smaller than the experimental value of 202 ppm. In isomer ace-B, the two
carbon atoms are equivalent by symmetry and the resonance occurs at 220

ppm.
Ti, Tiy Tip
C(Wa C(l/ C(D)yp /
- - \
/ / co)
Tiy=———|——Ti; Tip —— o Tiy Tiy Ti,
C(2 2)
ace-A ace-B ace-A

Figure 4.9. Fluxionally of the Acetylene unit in complexes 4.5
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From the analysis of the theoretical shielding tensor (Table 4.10), we
observe that the pass from 3vin® to 4.5vin adduct only implicate a small
displacement of the chemical shifts The metal fragment addition does not
suppose significant changes in the carbon titanium interactions that maintain
a similar eectronic structure and oxidation states, fact reflected by similar
diamagnetic and paramagnetic contributions to the shielding tensor.

For the calcium adduct [{ CaN(SiH3)2(thf)}{ TiCp* (mO)} 3(m-CCH,)] (4.9)
the *C NMR spectra suggest the unique presence of the (m-CCHy)
vinylidene isomer, in contrast with the related 4.5-4.7 species. For complex
4.9, the (m-CHCH) acetylene isomer type A resulted clearly disfavored by
22 kJ mol'. This different conduct in relation to the Mg derivatives seems
related to the presence of the thf molecule in the coordination sphere of the
Ca metdl. In fact, after removing this extra ligand, the energy gap between
the vinylidene and acetylene isomer is reduced to 10 kJ molt. So, the
acetylene/vinylidene equilibrium is clearly influenced by the metal and its
coordination. We can observe in Table 4.8 that the vinylidene isomers
present longer akaine earth meta - oxygen distances, this bond
enlargement iswhich clearly favors the introduction of additional ligands in
the vinylidene adducts.

Once more, the 3C NMR chemical shifts computed for C; and Cp, in
complex 4.9vin (Table 4.10) aimost coincide with the observed values. This
fact is very significant if we take in consideration that the X-ray and the
DFT geometries for the vinylidene isomer of 4.9 present important
discrepancies (see Figure 4.10). We computed a C,- C, bond length of
1.429A (similar distances were found for al the Mg derivatives, Table 4.8),
while the X-ray vaue is 1.25A (see Scheme 4.5). This discrepancy is been
reanalyzed in the laboratory and also theoretically, nevertheless two facts
suggest that the theoretical value is probably correct: 1) a bond distance
shorter than atypical C-C double bond and 2) the good coincidence between
the observed and computed *3C chemical shifts. Indeed, the chemical shifts
are, in genera, very sensitive with the bond distances,®® and therefore it is
not easy to explain how a DFT calculation is able to reproduce the chemical
shifts from a very incorrect geometry.
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b) L1416 [

&

Figure 4.10. DFT structures for complexes: [{CaN(SMes),(thf)H{ TiCp(m
O)}s(m-CCHz)] (), [{CaN(SMes)2(th){ TiCp(mO)}s(m-CHCH)]  (b),
[{CaN(SMe3).K{ TiCp(mO)}3(m-CCHz)] (c) and [{CaN(SMes){TiCp(m:
O)}s(m-CHCH)] (d). Distancesin A
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5
Dinuclear cyclopentadienyl molybdenum

complexeswith bridging sulphide ligands

A large number of molecular transition-metal complexes with either
terminal or bridging sulphide ligands have been reported. The many
possible coordination modes available for sulphide ligands® have been
utilized in the devel opment of synthetic routes to metal-sulphur clusters with
varied structural feature. The structural and electronic flexibility provided
by one or more sulphide atoms ligated to a transition metal permit a large
catalytic activity. The presence of sulphur ligands coordinated to
molybdenum atoms in enzyme systems and in heterogeneous
desulphurisation catalysts®® has led to the investigation of alarge range of
molybdenum sulphur complexes.* In particular dinuclear cyclopentadienyl
molybdenum complexes with bridging sulphide ligands are one of the
families who posses a wide structural flexibility and the interesting property
of activating molecular hydrogen. The ability of sulphide complexes to
activate molecular hydrogen and catalyze substrate reduction by hydrogen
is particularly relevant in the chemistry of the hydrotreating catalysts.

After a short introduction to dinuclear cyclopentadienyl molybdenum
compounds, second part of this section is dedicated to the analyse the
structural and electronic features of the [CpM0S;], adducts and related
compounds. The last third section provides a theoretical analysis of the
mechanistic for the molecular hydrogen activation and substrate reduction
by molybdenum sul phide compounds.

51 Introduction

52 [(CpM 0)-S;], core complexes
53 Hydrogen activation by cationic dinuclear (u-sulphido)

molybdenum complexes
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51 Introduction

Compounds with generdl formula [Cp*MS,M'Cp*]™@ display a remarkable
variety in dtructure; large number of bimetallic complexes of the
[Cp*MS,], type have been synthesized and structurally characterized.
These compounds are interesting for their reactivity and their dructural
properties. They have been used as building blocks for the synthesis of
metal-sulphur  clusters,®® with particular interest for cubane-type
complexes’® owing to the relevance of the latter to metalloenzymes. As
example, the surroundings for molybdenum atom in some Fe-Mo aubares
are very similar to the suggested for this element in nitrogenase enzymes.®

These [Cp*MS,], compounds exhibit a large variety of structures®
Depending on the nature of the metal (Ti,'° V,'! Cr,*? Mo, Fe**® Ry 16
Co™3 the S; unit may involve terminal or bridged sulphide ligands and/or
disulphide bridging ligands with a mh®, mh? or m(h',h? coordination
mode; some of them are shown in Figure 5.1.1"8 |n structures (@-c) two
Cp*Mo fragments are bridged by four S atoms, 2[mh?S,]; two of which

have undergone the mh?® mh? ligand reorientation in (d), [th* S, mh'-
S,]*P: in isomers (e-f) two of the S atoms have transformed into terminal
ligands, [mS]. Findly, it appears complex (g) where the coordination
modes of the S, units have been characterized as 2[m(h? h')-S]. 14

Conversions between these isomers use to involve formal electron transfer
between the metals and ligands which is potentially relevant to biology and
catalysis. Of particular interest results the dimeric complex [Cp*MoS,],
(5.2), which exhibits interesting structural and reactivity patterns. Given the
richness in coordination, it is not surprising that several isomers of the title
compound are known. For Mo atom, isomers (b)*3¢ and ()**!° have been
structurally characterized, ()% and (e)'°?! have been postulated on the basis
of spectroscopic data and reactivity patterns. (), (d) and (g) are not yet
identified, although analogues for different metals (V, Cr, Ru, Fe, Co) are
known.

(d Cp* ligand experimentally go from totally substituted (CsRs) (R = Methyl or any Alkyl
in general) to (GsHs) ligand, computationally in spite of simplicity only (CsHs) ligand is
treated.
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Figure 5.1. Schematic drawing of the [Cp*MS, ], adducts

The possible structures for the [Cp*MS,], species (Figure 5.1) can be
rationalized in terms of the valence electrons available to the M-S, core; in
this sense, changes in the adduct charge or the addition of new ligands to the
M2-& core strongly influences the molecule arrangement. Together with
[Cp*Mo0S,], (5.1) specie, the [Cp*MoS,];  cation, neutral

[(Cp*M0),(S,CH,)S,] (5.2), [(Cp*M0),(S,CH,)SSR]" (5.3) (R = H, Me,
C4SH;3) cations and [(Cp*Mo0),(S,CH,)SHSR] (5.4) (R = H, Me, G4SH;3)
adducts are analysed in the second part of this chapter.

The reactions of sulphide-bridged molybdenum complexes With hydrogen
play a key role in the reduction of many organic substrates,?? and they may
be relevant to the hydrogen activation processes that take place on the
sulphide  surfaces  of hydro-desulphuration catalyss the
hydrodesulphurization of organosulphur compounds is an important
industrial process used in the purification of petroleum feedstocks.?* For
these reasons, they have aroused the interest of scientific community in
establishing the mechanism for this unusual hydrogen activation process.
The mechanisms of the reactions are not well understood, although it is
generaly thought that a MoS, phase is the catalytic sSte for the

hydrodesulphurization reaction. Mechanistic proposal have suggested that
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the reaction proceeds through three elementary steps:?® (1) dissociative
chemisorption of H, on sulphide ligands to form SH ligands, (2)

adsorption of the organosul phur compound at a vacant coordination site of
the molybdenum, (3) hydrogen atom transfer from SH ligand to the
adsorbed organosulphur compound accompanied by carbon sulphur bond
cleavage in this molecule. The synthesis and characterization of discrete
hydrosulphido complexes of molybdenum provides the opportunity to
obtain fundamenta information on the chemical properties of SH ligands
and, in particular, on their ability to function as a source of hydrogen in
substrate reduction.

Theoretical calculations can introduce new dates in this area, especidly in
some aspects of the reactions inaccessible by experimental techniques and
at the same time, the modelization of these systems is useful to test different
theoretical methods. In the second part of present chapter DFT calculations
at the pure BP general gradient approximation™® were made to study the
structure of the [(CpMo0)-S;]» core complexes. In the third part, starting from
the ability of the method to reproduce the electronic structure of these
bimetalic compounds DFT calculations a the BP and hybrid B3LYP
level?” are used to elucidate some aspect points of the hydrogen activation
process catalysed by these compounds.

5.2  Structuresavailableto the [(CpM 0)-S;]» core complexes

In the experimental work reported by Brunner et al. on the reaction of $
with [C,Me,(CO),Mo],, three products of generd formula

[(C;Me;)MoS, ], (5.1) were obtained, each of which has been isolated."*

After 22 h a dark blue complex, 5.1b, is isolated together with a green
brown complex, 5.1e. No blue product, 5.1b, remains after 3 days, but 5.1e
together with a dark brown complex, 5.1f, is formed.

Figure 52 shows the computed 5.1a-g structures, astaggered arrangement
of the unsubstituted cyclopentadienyl ligands (Cp) is used in amost al
cases, but procuring to do good use of symmetry, isomers 5.1e and 5.1g
were modelled in an eclipsed arrangement. Therefore, the three obtained
complexes 5.1b, 5.1e, and 5.1f were modelled within Cs, Cpy and Cp
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symmetry constraints respectively. Not observed 5.1a Cyp, 5.1¢ Cop, 5.1d
Cx and 5.1g C, species were also computed for exploring and contrasting
the alternatives in the [(CpMo0)-S;]» coordination sphere.

(5.1a) |

iy
)

(5.1b

Figure 5.2. Sudied closed (a-d) and open (e-g) structures for the
[Cp*MoS, ], compound
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Table 5.1. Sdected computed and experimental distances (A) for
[Cp*Mo(mh?-S)l, (51ac), [(Cp*Mo),(h?-S)(mh'-S,)] (5.1d),
[syn-(Cp*Mo), (mS,)(mh*-S,)] (5.16), [trans(Cp*Mo), (mS,)(mh*-S,)]
(5.1f) and [(Cp*Mo),{m(h*-h*)-S,},] (5.1g) complexes

5.1 a Blexp)? b C d
Mo,-Mo, 2.755 (2.599) 2.638 2.652 3.064
Mo,-S, 2.478 (2.447) 2.478 2.392 2.330
Mo,-S. 2.478 (2.361) 2.381 2.392 2.260
S-S, 2.118 (2.095) 2.152 2.816 3.297
S-S, 2.118 (3.098)" 3.152° 2.816 2132
S-S, 3527 (3.054)" 3.047 2.816 3.433

5.1 eexp)” e fexp)” f g

Mo-Mo,  (2.896) 2.924 (2.911) 2.951 2.427
Mo,-S, (2.311) 2.333 (2.309) 2.331 2.378
Mo,-S, (2.147) 2.166 (2.145) 2.178 2.506

S,-S, (3.528)" 3574 (3.576)" 3.608" 3.854°

S-S, (3.731) 3.782" - - 3.481°

S-S, - - - - 2.114
& Experimental parameters taken from ref. 13c, eclipsed [(C,Me;)M0S, ],

compound

b Experimental parameters taken fromref. 21, [(Ethyltetramethyl-Cp)Mo0S,],

eclipsed compound
¢ Experimental parameters taken from ref. 19, compound [(Cp)MoS,],

staggered
" Nonbonded distances
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Main theoretical parameters together with available experimental ones are
reported in Table 5.1. Overal, the agreement between theoretical and
experimental values is very satisfactory. All the distances are overestimated;
however, the differences are less than 0.040 A. We remember that is
noteworthy that the X-ray structures were characterised for complexes with
different substituted Cp* ligands and that they also exhibit a mixture of

eclipsed and staggered conformations.

Together with the 5.1b specie, two isomers 5.1a and 5.1c (for metals
different from Mo) have been obtained as closed structures with (m-h*-S,)

coordination mode for the S, units. For Mo atom, isomer 5.1b resultsthe
most stable of the closed structures by 86 kJ mol™ and 27 kJ mol™ respect
5.1a and 5.1c, in that order (see Table 52). These isomers differ in the
nature of the S-S interactions of the four-bridged atoms. Complex 5.1a
posses two short S-S distances of 2118 A and two independent S, units,
with a separation of 3.527 A between them. 5.1b presents only one S, unit
with a short distance at 2.152 A, while lack sulphur atoms keep non-bonded
between them. Finally, 5.1c posses 4 equally long S-S interactions at 2.816
A. In addition to the changes in the S-S distances, it is noteworthy that
there is also a significant change in the Mo-Mo distance between isomers.

For example, the Mo-Mo distance in complexes 5.1b and 5.1c changes from
2.638 and 2.652 A, respectively, to 2.755 A in 5.1a (Table 5.1).

Table 5.2. Relative energies (kJ mol™?) for [(Cp)MOS, ], species respect

isomer 5.1f
| somer 5.1a 5.1b 5.1c 5.1d 5.1e 5.1f 5.19
BP 1220 36.7 63.8 49.9 6.7 0.0 293.6

In order to explain the structural and energy differences between (mh*-S))

isomers, and to analyse their electronic structure, Figure 5.3 shows the
frontier orbitals of the three isomers
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Figure5.3. Correlation diagramfor 5.1 a-c isomers

In 5.1a isomer, the four sulphur atoms build two S units, in these items S-

S short distances keep disulphide bonding orbitals down in energy, while
antibording ones stay unoccupied creating a large gap between them If we
look at the frontier orbitals of 5.1a, we see that the three highest occupied
ones are mainly localised on the metals, what establishes an oxidation state
(111) for the Mo atoms. If one of these S'S units is lengthened, changing
from 5.1a to 5.1b isomer, corresponding vacant sulphur antibonding orbital
(10 Au, 5.1a) is stabilised passing to be occupied (19 A”, 5.1b); and as a
result metal-based orbital (17 Ag, 5.1a) is shifting to be vacant (33 A’, 5.1b)
by antibonding interactions with the occupied sulphur orbital. As a result,
(V) oxidation state is established for the Mo atomsin 5.1b. At last step, if
we formally open the remaining S unit in 5.1b, we change to 5.1c; again,

it will be expected that two electrons will be transferred from the metals to
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an S-S antibonding orbital. However corresponding (32 A’, 5.1b) Mo
orbital is not spontaneously emptied (16 Bu, 5.1c). Actudly, it is not
produced a change in the Mo oxidation state, but a reorganization of the
sulphur electrons, now equally distributed over the four sulphurs atoms

without making a distinction between S units If however, sulphur

antibonding orbital (10 Bg, 5.1c) is forced to be occupied rather than
molybdenum (16 Bu, 5.1c) orbital, al four S-S bonds are cleaved and Mo
atoms pass to be in V oxidation state; but this structure is 96.5 kJ mol?
above the Mo(1V) 5.1c structure.

5.1b adduct resulted the most stable for the (mh?®-S)) conformation To

examine the relative stability of the three isomers the partition of the
interaction energy was perused, see Table 5.3. The analysis was made taken
the atoms as fragments following the extenson of the well-known
decomposition scheme of Morokuma?® that was developed by Ziegler and
Rouk.?® We observe that the 5.1a isomer is disfavored by and increase of the
Pauli repulsions respect 5.1b and 5.1c isomers, probably consequence of the
six close meta eectrons in Mo orbitals. At the same time 5.1b preference
respect 5.1c isomer is consequence of a best electron distribution over the
Mo,-S, core what trandates in a biggest electrostatic and orbital
stabilizating energies.

Table 5.3. Energy contributionsin kJ mol™* for 5.1a-c, 5.1e and 5.1f adducts

(5.1a) (5.1b) (5.10) (5.1e) (5.1f)
Pall 57445 57216 57033 56142 56130
Electrostatic ~ -14661  -14478  -14388  -13913  -13916
Steric 42785 42738 42645 42230 42215
Orbital 58349 ~ -58388  -58267  -57909  -57901
Total 15564 -15650  -15623  -15680  -15687
Relative 122 37 64 7 0
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During the modelling process, it resulted impossible to locate a minimum
corresponding to [Cp*Mo(mh?-S,))(mh*-S,)] (5.1d) structure on the

potential energy surface. In all attempts, the optimization process yields
complex 5.1e. The aperture process responds to the electrostatic repulsion
between the lone pairs over the terminal sulphur atoms. Perusing the
dimeric complexes which respond to the structure 5.1d, Fe, Ru, Cr and
V.81 4| present a lack of electrons over the terminal sulphur atoms due
to aless electrondonor metal centre. This is mitigated with the formation of
the corresponding S-S bonds.

The two structurally characterized open species 5.1e and 5.1f possess a clear
distinction between the terminal sulphurs, double bonded to the metals, and
the bridged-sulphur atoms; while 5.1e and 5.1f structures differ only in the
relative positions of the terminal sulphur atoms, sync and anti respectively.
Structure 5.1f was found to be marginally more stable than 5.1e, see Table
5.2, but with ssmilar electronic structure; comparison between theoretical
and experimental parameters reveals amost identica values for both
isomers. Frontier orbitals diagram for 5.1f compound is presented in Figure
5.4; now the two first empty orbitals belong to the metals in oxidation state
(V). The formation of Mo-S double bonds stabilizes sulphurs orbitals, at the
same time that antibonding interactions of the p-block orbitals of the
terminal sulphurs destabilize the Mo d-orbitals. As a result there is a large
gap between the stabilized occupied and the destabilized vacant orbitds, and
these open structures are the more stable isomers for the Mo,-S4 core (see
Table5.2).

5.1g isomer binding mode was found in binuclear Co*°® complexes and in a

minor way in Fe complexes. Two possible structures differing in the relative
positions of the S, units, syn or anti, can be optimised. We only computed
the syn structure where the Cp ligands were kept in the staggered
conformation Comparatively, this structure keeps inaccessible for the
[CpM0S,], adduct being quite high in energy as can be noted in Table 5.2;
main theoretical parameters are reported in Table 5.1.
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Figure5.4. Frontier orbitals for the 5.1f isomer

As we have observed in [Cp*Mo0S,], isomers, metal ligand electron
interchange plays a key role in the molecular structure of these compounds
In order to extend our study, calculations on the [CpMoS,],”* catiorns were

performed for all proposed structures 5.1a-g. In this case, aninversion in the
stability of the isomers is produced, 5.1a* cation result the most stable by
2.3 kJ mol'* over close 5.1c and by 133.3 kJ mol™ over open 5.1e adduct.
Isomer 5.1a®* resulted slightly favoured in front of 5.1b-c®* closed
structures by the diminution of the Pauli repulsions over the metal atoms,
and the non-presence of arntibonding sulphurs interactions. At the same time
5.1e-f** open structures are clearly disfavoured by the emptied of the
stabilized HOMO metal- metal bonding orbital in 5.1e-f neutral compounds.

Additionally, we would like to include in the study the important
isoelectronic catalytic compounds [(CpM0)2(S,CH2)(mS),;] (5.2) ad
[(CPM0)2(S,CH2)(MS) (M SR)]* (R = H, CHs, C4H3S) (5.3), which formally
represent the addition of two electrons to the Mo,-S4 core, always taking
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respect 5.1 species; and aso [(CpM0)2(SCHz)(mSH)(mSR)] (R = H, CHs,
C4H3S) (5.4) adduct which represents the addition of four electrons (see

Figure 5.5). In these cases, only gCpMo(m-h 2-3)52 close structure type c)

without sulphur-sulphur bonds keeps as accessible; selected structural
parameters are shown in Table 5.4.

Figure 5.5. 3D view of [ (CpM0)2(SCH)(MmS)2] (5.2); [(CpMO0)2(SCH2)(m
S(MmSH)] ¥, R = H (5.3H); and [(CpM0)2(SCH,)(mSH)(mSR)], R =C4H3S
(5.4TioH) compounds

The addition of two electrons to the M0,S, core respect initial 5.1 isomers
discard open structures gCp,Mo, (msS, )(mh 2'52)E| becase of the large

HOMO-LUMO gap. Inclose gCpMo(mh Z'S:)EL structures the addition of

two electrons provokes the occupation of closest antibonding sulphur-
sulphur orbitals, so we only find accessible a closed structure without S

units. Asimilar situation is presented for the addition of four electrons in
compounds 5.4.

We have proved the importance of ligand metal electron transfer processes
in the structural properties of Mo0y-S4 core compounds, additionally the
important catalytic abilities of these adducts can be deduced from their big
electronic and structural versatility.

230



UNIVERSITAT ROVIRA I VIRGILT
DFT STUDY OF TITANIUM CUBANE AND MOLYBDENUM SULPHIDE COMPOUNDS.
Autor: José Manuel Gracia Budria
ISBN: 978-84-690-6751-2 / DL: T.1196-2007
M olybdenum sul phide compounds

Table 5.4. Selected bond distances ) and angles (°) for computed and
experimental 5.2, 5.3 and 5.4 species

M O'M (0] M Ol-% M 01—85 85-& M 01-R7 M 02'H8 SB'HS %‘R7

5.2 2618 2380 2380 3.138
.2 (5.580) (2.406) (2.408) (3.123)

53Me 2652 2326 2507 2932 3.713 - - 1.859
(53Me)®  (2.604) (2.319) (2436) (2.921) (3.125) - - (1912
5.3Tio 2623 2308 2551 2986 3.630 - - 1.782
(5.3Tio)*  (2.608) (2.303) (2.476) (2.897) (3.590) - - (@77
5.4H, 2658 2500 2500 2970 3116 3121 1373 1373
5.4MeH 2657 2483 2496 2933 3648 3118 1374 1863
5.4TioH 2661 2492 2508 2954 3594 3127 1373 1792

(GA4AMe),)* (259) (2451) (2.451) (2.822) (3.604) (3.605) (1.823) (1.823)

& Experimental structures extracted from: 5.2 reference 30, 5.3Me reference
31, 5.3Tioreference 39 and 5.4(CHs), reference 38b

In the presence of a proton adduct 5.2 evolutionates to 5.3; and
interestingly, this last compound is able to activate molecular H, to give
species 5.4 with an extra proton (see Figure 5.6). From the electronic
structure of 5.2 and 5.3 adducts is deduced the presence of two bare highly
nucleophilic sulphur atoms, in response to the occupied antibonding sul phur
orbitals. In the same way Mo (V) atoms are a so nucleophilic and they keep
the option of transferring charge density to aligand.

It is attractive for introducing the catalytic properties of these compoundsto
check the nucleophility of the sulphur and molybdenum atoms, and also the
influence of the substituents In compounds 5.2 and 5.3 clearly bare sulphur
atoms are the most nucleophilic atoms, but in compounds 5.4 the presence
of ligands in all sulphurs atoms modifies the situation. Protonation studies
have provided data to suggest that in most cases the molybdenum ions are
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the most basic sites, while it might be expected that an electron-donating
substituent would favour sulphur protonation.

R=H Mg, C4H3S H + H +

s S + s s + {
R/ \ / \H R/ \ / \H R/S\ /S\H R/S\ /S\

/M0Q~\ H’,7M0\ Mo Mo H
S\/S " S\/S s/\/\s s</\s
3) b) ) d)

Figure 5.6. Proposed metal and sulphur protonation sites in the neutral
complexes 5.4

There were preformed calculations for the protonation sites in 5.4
complexes, where R = H, Me (electron-donating) and C4H3S (electron
withdrawing), as simplest models for different characteristic substituents
(see Figure 5.6).3% Theoretical caculations, in good accordance with
experimental predictions, point to the Mo atoms as the most basic sites; but
as well the addition of a proton to the sulphur atom directly bond to the
electron-donating substituent keeps quite close in energy respect to the
metal addition (see Table 55). Interesting result to start the study of the
catalytic properties of these compounds.

Table 5.5. Relative energiesin kJ mol™* for protonated 5.4 structures

a b c d
H 0.0 0.0 38.7 38.7
Me 16 0.0 5.2 35.3
C4H3S 22.2 0.0 22.2 43.0
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53 DFT reaction mechanisms of hydrogen activation by cationic
dinuclear (u-sulphido) molybdenum complexes

The significant work of M. Rakosky DuBois et a.>3 has shown that cationic
molybdenum  sulphide  complexes of the generad  formula
[(CPMO0)2(S.CH)(MS)(MSR)]"  (5.3) and the structurally related
[(CPMO0)2(SH)2(mS)(MSR)]* react with molecular hydrogen, resulting in
the heterolytic cleavage of H,. The exploration of the reduction pathways of
these cations has proven valuable in understanding mechanistic features of

the hydrogen activation process and of the potential substrate reduction

In the important industrial processes of hydrodesulphurization of
organosulphur compounds is generally accepted that molybdenum sulphide
surface is the catalytic site for the hydrogenolysis reaction. 3* On the basis of
kinetic and other studies, it has been proposed a mechanism for the
hydrogenolysis of thiophene, which involves two types of sites an the
catalyst surface, see Scheme 5.1.%° One is a vacant coordination site on the
molybdenum ion, which permits interaction of the organosul phur compound
with the metal. The second types are the surface sulphido ligands, which are
proposed to react with molecular hydrogen to form hydrosulphido ligands.
The hydrogenolysis reaction involving carbonsulphur bond rupture and
hydrogen atom transfer is proposed to occur between the species absorbed
on these sites. The mechanistic proposed for the hydrodesul phurisation
catalysis described above may have close links into the reaction of
molecular hydrogen with coordinated sulphido ligands in discrete meta
complexes.

The neutra dimers [CH:CsHiM0S], (6.1), [CH3CsHsMoSHS;]»,
[CH3CsH4MOCHS)2 (5.2) interact with unsaturated molecules and with
some organosul phur compounds, leading to the substrate reduction,*®*7 or to
the formation of HD from a mixture of Hy and D».3® In the second reaction
catalytic amounts of H" are also required to generate the cationic
[(CPM0)2(SCH2)(mS) (M SR)] ™ (5.3) species, which are the true catalysts.
In order to understand the mechanistic aspects of these processes, DuBois et
a. have studied the general process of reduction of some organic molecules
catalysed by these cations (Equation5.1).%
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Scheme 5.1. Details of the suggested mechanism of deuterium exchange of
thiophene adsorbed according to the multipoint model

s s|t
H™ O\
v

+ H, =————
B S/ \S
\/ (5.3H)\/

Equation 5.1. Where R is an unsaturated molecule or organosulphur
compound

R/S\M N
N

The process results in the function of different products depending on the
identity of R. For R = H or electron-withdrawing substituents like thiophene
R = C4H3S (5.3Tio), CH(Me)Ph, CH,Ph, a rapid reduction of the substituent
is observed; in contrast an aternative reaction path was observed for
molybdenum thiolate complexes with electron-donating substituents. For
example, where R = Me (6.2Me) and Pr, the reduction was not observed
and rapid hydrogen elimination occurred instead. Attempts to monitor the
course of the reaction by NMR spectroscopy were unsuccessful, but the
kinetics were also followed by visible spectroscopy, the data inducting a
first order dependence on hydrogen, suggesting a direct interaction of the
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cation with hydrogen. The widely discussed mechanisms proposed for the
hydro-activation and reduction are presented in Schemes 5.2 and 5.3.

DFT calculations at BP and B3LYP levels were performed for substituents
type R = H, CHj3 (electron-donating) and C4H3S (electron-withdrawing), as
smplest different behaviour model substituents in order to study the
reaction pathway, and clarify unsure process aspects

Catalyst N Midway rotation

—\\&:A)O
N /

[

R =H (5.3H), CHs (5.3M€), CHsS (5.3Tio)

e

Complete rotation

\ﬁ\

ﬂ

+ R;—H,

K
S Sy
\c/

Lk

Z

Scheme 5.2. Suggested mechanism of hydro-activation on sulphide-bridged
molybdenum complexes over sulphur-metal site

Catalyst

Hy Hg +
/35 * 8/5 \S K Sg *

2N ;r o INGY AN ™,
\\ 2 +H, z S ‘MO2 % \“ Mo2

MO Ry MO\

2 S\ 7%

\\ S Sy 4

c/ N -
L / : /‘;s i / S (53M)

R=H (5.3H), CH3(5.3Me), C4H4S (5.3Tio)

Scheme 5.3. Suggested mechanism of hydro-activation on sulphide-bridged
molybdenum complexes over sulphur sites
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The addition of hydrogen molecular to 5.3 species would initially produce a
cation 5.5 (R =H (5.5H), CHs (5.5Me), C4H3S (5.5Ti0)), see Scheme 54.
Due to the formation of paramagnetic species, NMR spectroscopy does not
provide any information on the structure of intermediates. A first goal of
this study is to use DFT methods to propose a structure for the intermediates
formed by hydrogen addition

/HQ +

SS s6 i ’/
R, N A

Scheme 5.4. Proposed hydrogen addition structures

The H, addition to the catalyst [(CpMo0)2(S;CH.)(mS)(mSR)]* R = H
(5.3H), CH;3 (5.3M¢€) and GH3S (5.3Tio) yields in al the cases to the H;
molecule activation. Four structures were proposed as possible minima on
the potential energy surface; a) end-on addition of hydrogen to a sulphido
ligand, b) addition across a molybdenum-sulphide bond, ¢) addition of H, to
the sulphurs sites and d) addition across a M-M bond (Scheme 5.4). Energy
and main structural data are reported in Table 5.6.

The optimization process for a) type structures leads to H elimination so

end-on addition is discarded as possible way of hydrogen activation.
Structures type d), corresponding to initial H, addition across a M-M
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bond,*° lead to the relative highest energies respect to the reactives, and we
also discard them.

Table 56. Relative energies in kJ mol™? to reactives and main structural
distancesin A (only at B3LYP level) for 5.5R (R = H, Me, Tio) adducts

Relative energiesin kJ mol™

(5.5) Hb Hc Hd Meb Mec Med Tiob Tioc

BP 411 830 861 402 445 1024 443 683

B3LYP 278 504 1181 278 165 1452 218 264

Main structural distancesin A (B3LYP level)

Mo;-Mo, Mo0;i-Ss M0;-Sg SsS¢  Mo;-Hg  Mo,Hg  SgHg  Ss-Hg  Hg-Hg

Hb 2.679 2548 2574 2905 1.670 3142 1.360 - 2.204
Hc 2.682 2473 2542 3.097  3.406 3169 1364 1364 2.420
Hd 2.672 2519 2484 2724 1.676 1676  2.395 - 2.956
Meb 2.676 2544 2575 2869 1.668 3136 1.361 - 2.216
Mec 2.686 2410 2506 2985 @ 3.287 3131 1377 138 2115
Med 2.681 2514 2540 2823 1.67/5 1.672 2.036 - 2.657
Tiob 2.673 2598 2545 2868 1.662 3139 1.362 - 2119

Tioc 2.677 2496 2530 3.091 3.348 3165 1367 1367 2236

Additions type b) and c) lead to stable minima, each with a proton attached
to the previoudly bare sulphido ligand; in 5.5c type structures the other
hydrogen is located on the RS™ group, while in 5.5b it is attached to one of
the Mo centres. All the addition species are above the reactants, for R = H,
5.5Hb structure is the most stable, by 41.9 kJ mol* at BP level and 22.6 kJ
molt a B3LYP level, suggesting that initial H, addition occurs
heterolyticaly leading to a Mo-H bond.** Similar result is found for
electronwithdrawing R = GH3S substituent, 5.5Tiob adduct is the most
stable structure by 24 kJ mol and 5 kJ mol* a BP and B3LYP level
respectively. Instead for electron-donating R = CHs both structures are now
very close in energy, a BP level 5.5Mec is only 4 kJ mol'* above 5.5M eb
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and a B3LYP level 5.5Mec is now 11 kJ mol'* more stable. In general, we
can conclude that short energy differences are found between both
additions, especially with electron-donating methyl substituent.

Going into, transition gates (T. S.) corresponding to the hydrogen molecule
activation have been also identified and characterized with one negative
frequency for additions type, b) and c¢) (see Equations 5.2 and 5.3). Table
5.7 shows computed structural and energy dates.

+ S S5 +
R/S\ /s R %\\\\\\) . ] R/S\ /S\H
Mo + H, TSy M\Oz e Mom_
/ \ yb.,:--H; / H
S s R ”)SA S S
S N G 5b)\/
Equation 5.2 GSHTS)L l_’a |
— /Hg- -HIB — . B /H H\ ] +
R/S\ /S + R7'%/2\\\\\\)56 R/s\ /S
Mo + Hy =—o=— NT,_:{ Mo, - "
< N\ o .,,///l -~ AN
S Sy
\/ N~
(53) ¢ 5 5c)\/
. 55 T.S. z - _
Equation 5.3 ( )L -

Table 5.7. Relative energies in kJ mol™ respect reactives, and main
structural distancesin A for 5.5-T.S. at B3LYP level

Ener aqy MO]_-MOZ S5-85 MO]_- Hg M Op- Hg SG-Hg S5-Hg Hg- Hg

5.5H E'S' 1911 2.640 2911 2.100 3.253 1.767 - 0.886
5.5H I'S' 188.5 2.646 2887 3191 3.120 1622 1681 1.019

55Me, > 1919 2636 2864 2108 3258 1774 - 0.883
55Mel> 1103 2642 2905 3177 3121 1654 1710 0.982
55Tio,> 1901 2633 2881 2108 - 1789 - 0.876
55Tio.> 1103 2644 2917 - - 1640 1.705 0.989
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Computed T. S. for R = H (5.5H ™) show ashort relative energy difference
lower than 3 kJ mol* in favour of sulphur - molybdenum pathway. Figure

5.6 shows both pathways.
:c'; 200 —e— c pathway
1S A —=— b pathway
2 150 /

\
/N

0
(5.3H) + H2 (65HT.S) (5.5H)
¢ pathway 0 188.5 50.4
b pathway 0 191.1 27.8

Figure 5.6. Energy profilein kJ mol™ for the H, activation in (5.3H) + H,
- (5.5H)

For R = CHs; and C4HsS substrates the result is similar and show a clear
influence of the substituents in the energy of the T.S. Now, the c) type T.S.
is favoured by about 80 kJ molt. Figure 57 shows the energy profile in
both cases for a sulphur-sulphur addition

= 200
© —&— c pathway
£ —&— b pathway
o / \ / \
100 / //’\\\\ ///’\\\\
"7 S J S
0 . , ,
(5.3Me) +H2 | (5.5Me T.S) (5.5Me) (5.3Tio) + H2 | (5.5Tio T.S) (5.5Tio)
c pathway 0 1103 26.4 0 1103 26.4
b pathway 0 190.. 218 0 190.] 218

Figure 5.7. Energy profile in kJ mol™ for the H, activation from 5.3Me and
5.3Tio species
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From Figure 5.6 we extract that for 5.3H cation, R = H, sulphur-
molybdenum and sul phur-sulphur molecular hydrogen absorption will occur
equally. Instead both for electron-withdrawing (thiophene) and electron
donating (methyl) substituents sul phur-sul phur addition looks like favoured.
Both kind of substituents do not show any noteworthy different in their
behaviour, in this sense, we conclude that the different reaction behaviour
for R= -CHz and -C4H3S substituents does not came from a distinct initial
pathway in the H, activation

Not to discard any option we follow the global reaction from both S-S and
Mo-S additions. Starting from a S-Mo addition, b) pathway, we have
resumed global reaction (Equation 5.4) in nine stages. stages 1-3 represent
mentioned H, addition, stage 4-6 represent necessary proton migration over
metal atom to Situate the nuclei close substituent R in stage 7, and finaly
stage 8 represent formed T. S. for yielding the RH molecule elimination in
stage 9. Sarting from a S-S addition c¢) pathway, it was only necessary to
define five stages (Equation 55): stages 1-3 represent studied H, addition,
and stage 4 represent required T. S. to yield substituent reduction in stage 5.

Stage 1: Stage 2: Stage 3:
+ +
R/S\ s + R/S\ /S\_\:H R/S\ /S\H
—_— Mo~.__ —_— Mo~—__
Mo + H2 T / \ H —— / \ H
AN s s
s s
Staged Stage 5 Stage 6

S/ \S S S S S
Stage 7: Stage 8: Stage 9:
+ + +
\ S, S
\\ // \\\H —— \\wg/ —_— // \\\H RH
/MO e—— —— E—— Mo +
Hs/ \s HS/ \ S \s

Equation 5.4. b) pathway, sulphur-molybdenum addition
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Stage 1: Stage 2: Stage 3 .,
- + H----H | + /
S, S / \ , "
/Mo + H, —_— R \ / - R \Mo H
S S
I SN, & s
Stage 4 '
}4 Sage 5 Stage &
1
M ! + S S + s s +
— ~
/S\ /S\H R\\ ,'I \ / H \ / \H
Mo —_— ‘A,:;MQ\\ -_— /)wo\\ + Hy
7\
IS S S, S S S

_Equation 5.5 ¢) pathway, sulphur-sulphur addition

Independently of the addition pathway, a similar T.S. is found in the bond
cleavage for the RH formation; what yields in both casesto asimilar barrier
for the RH elimination Main structural and relative energies for the T.S. are
shown in Table 5.8.

O"HIIII

iy Hg

=
=
=

Schemeb5.5

Table 5.8. Sructural datain A and relative energies in kJ mol™ for the RH
elimination T.S. respect initial reactives at B3LYP level

R Energy MorMo: MorSs MorSs S-S MorHs  SeHs  S-Ar SHe  AsHe

H 191.1 2640 2523 2643 2911 2106 1364 1768 2270 0885
Me 196.6 2642 2544 2528 2966 2334 1364 2258 1509 1.537
Tio 916 2642 2578 2539 2908 1989 1362 1842 2164 1443
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These fina T. S. show main structural and energy differences between
substituents. In all cases the proton near to the substituent keep quite close
to the molybdenum metal, only for R = Me this distance is enlarge until

2.334 A, ~0.3 A larger than when R = H and Tio. Additionally the SH*
distance for R = Me is 1.5 A, 0.7 A shorter than for R = H and Tio
complexes. It is for R = Me where it is found the biggest barrier for the RH
elimination, 179.1 kJ mol?, in front of R = GH3S where aclearly short
barrier of about 70 kJ mol is found. The accessibility of the T.S. indicates
the energy barrier for the RH elimination. The observed structural changes
for the methyl point out biggest structural distortiors, respect H absorbed
molecules, to yield the CH4 elimination. In this case the S-CHj3 distance is
enlarged to 2258 A, respect the initid 1.879 A, together with a
displacement of the proton into the triangle formed by the implicated methyl
carbon, the sulphur and the molybdenum atom. For alkyl substituents like
CHs formally the carbon sp® orbitals do not favour the interaction with the
proton, so an enlargement of the S-CHs3 bond distance and an adequate
proton situation are necessaries, what trandates into a big barrier. Instead,
for R = Tio a shorter Mo-H distance answers to the presence of the p

orbital of the aromatic ring letting an easy overlap with the proton orbitals
and so aT. S. close to the reactives. Figure 5.8 shows last occupied orbitals
forR=TioT.S

Figure 5.8. Two last occupied molecular orbitalsfor R= Tio T. S From left
to right, HOMO and HOMO-1. Representation made with Molden program,
for a 0.05 contour value®

For the simplest R = H substituent all required species and intermediate T.
S. where computed, Figure 5.9 shows b) and c) reaction profiles. Reaction
profiles show that the only difference between the pathway b) and c) comes
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from the necessary proton migration in sulphur- molybdenum addition that
does not has associated important energy barriers.

230.0 —e— b pathway
:C,: —&— stage?2 stage4 —&— ¢ pathway .
2 M\ —e—stage2 & A *—stage
-
4

NV ANVA A
ool N ) e\
NS WAy -

= stagel —e—stage3
—e—stagel + stages —e—stage9

-20.0
stagel |stage?2 |stage3 |stage4 | stage5 | stage6b | stage7 |stage8 | stage9

bpathway| 00 | 191.1 | 27.8 | 850 | 352 | 850 | 27.8 | 1911 | 00
c pathway| 00 | 1885 | 50.4 | 191.1 | 0.0

Figure 5.9. Energy profile for global H, activation process froma SSor a
S-Mo addition for R=H

For CH3; and GH3S similar reaction profiles are expected but as we can
observe in Figure 5.7 sulphur-sulphur addition clearly presents a small
energy barrier. InFigure 5.10 we observe the CH, formation requires 86 kJ
mol™’ more than the H, elimination and therefore this is the main product.
As contrast, the opposite is observed br thiophene, see Figure 511; we
simply present a comparison between reaction profiles in both cases.

Figures 5.9-5.11 resume perfectly our results for studied hydrogenolysis
reaction. Initial molecular hydrogen activation by 5.3R cations can take
place by two possible pathways, sulphur-sulphur or sulphur- molybdenum
addition. For substituents different from hydrogen, sulphur-sulphur
absorptions appear favoured in al cases. Final reaction products are
indicatives of the preference of the system for a H, or RH molecule
elimination. In the case of alkyl substituents like CHs, their bond orientated
orbitals do not favours the interaction of the CHz unit with the proton,
consequently it appears a relatively high in energy T. S., so H, elimination
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is preferred. For substituents type thiophene, the presence of = orbitals
perpendicular to the molecular plane facilitates the interaction with the
proton and a relatively easy hydrogenolisis take place. Finally, molybdenum
metals play an important catalytic role serving as bridge for the protonsin
the hydrogenolisis of the substituents.

_, 250.0
5 —— H2 eli.
g 200.0 T . Stagesd
- —@— CHA4 eli.
3
150.0 —— stageZ
100.0 _g_¢—stage2 _4-—&—stage4

50.0 \.ﬂ— stage3
“—&— stagel —&—stage3

0.0
—f— stagel —eo—stage5
-50.0
—@— stage5 &
-100.0
stagel stage2 stage3 stage4 stage5
H2 eli. 0.0 110.5 16.5 110.5 0.0
CH4 eli. 0.0 110.5 16.5 196.6 -11.7

Figure 510. Energy profile for CH; or H, elimination from a SS H,
addition to [ (CpM0)2(SCH2)(mS(MmSR)] * R= CH;z (5.3Me)

150.0

—#— stage2

100.0 _#~—¢— stage?2 —&— stage4
: / \\ /‘\ staged
50.0
/ \CZC— stage3 \\
0.0 4

kJ mol-1

—e&—stagel stage5
—f— stagel —— i
-50.0 9 H2 eli. .
—a— C4HA4S eli. #— stage5
-100.0
stagel stage2 stage3 stage4 stage5
H2 eli. 0.0 110.3 26.4 110.3 0.0
C4H4S eli. 0.0 110.3 26.4 91.6 -65.1

Figure 512. Energy profile for C4H,S or H elimination from a SS H
addition to [ (CpM0)2(SCH2)(MY(MSR)] * R= C4H3S(5.3Tio)
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Concluding remarks

6.1 Bond energies of the aza and oxo ligands. Cubane compounds
have been described from the interaction of the aza and oxo precubane
ligands with a wide range of metallic fragmerts. A correlation between the
bond energies and the nature of the incorporate metal fragment can be
observed (see Table 6.1).

Table 6.1. Dissociation energy (DEpis) for azaheterometallocubane
complexes [ (L,M)(m-NH){Tiy(h *-C;H, ), (m-N)}]

[ML,] M (AEdis) kJ mol™
M-F In 53
Tl 63
M-Cl In 63
Tl 61
M-I In 71
Tl 65
Ml Sh 106
Pb 105
M-F Li 126
Na 100
M-Cl Li 149
Na 112
M-I Li 162
Na 118
M-I, Ca 241
[Cl(PhN)Ti] Ti(d°) 203
[(CO):M] Cr(d®) 376
M o(d®) 351
w(d®% 445
M(COD)* Rh(d®) 378
Ir(d®) 445
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Bond energies respond to a strong electrostatic interaction, alkaline metals
are good examples of this interaction Also the stability of the compoundsis
enhanced by the electronic delocalization between the metal fragment and
the ligand titanium metals. Metals show a clear ncrease in the reaction
energy with the number of d electrons.

Qualitatively there are few differences between aza= and oxo- cubane
compounds. Quantitatively, there is a considerable difference in the
complexation energy between the aza and oxo ligands, mainly because of
the approximate 70 kJ mol* reduction in the eectrostatic attractive energy
due to the presence of more basic oxygen free pairs.

6.2  Solvent effects. Solvent effects play a key role in the formation of
metallocubanes from solid salts. The reduction in the energy necessary to
extract salt molecules from the solid in a solvent is fundamental if cubanes
are to be obtained.

6.3 Ligand behavior. The aza and oxo incomplete cubane structures
behave as simple ligands in most cubanes (they stabilize only the cation and
not its counteranion). So the reaction energies for the compounds tend to
become more stable as the nucleophilicity of the metal substituents
decreases (see Table 6.1). Exceptionally, the precubanes performs & a
double action ligand and stabilize the metal cation and its counteranion In
this respect, thallium fluoride is particularly stabilised by the halogen atom
directly interacting with the imido proton of the ligand, so the cation and
anion of the salt are simultaneoudly stabilized by the ligand.

6.4  Characterization of alkaline dicubanes. In the formation of the
akaline heterometallodicubanes [M(m,-0).{Ti,h °-C.Me.),(m-C)}], (M =
Li, Na, K), a deprotonation of the apical carbon, with respect to the tripodal
starting material [{Ti(h® - C.Me,)(m- O)},(m - CH)] has been reported.
For the proposed reaction mechanism (see Scheme 6.1), the overall reaction

is an exothermic process consistent with the formation and the stability of
the clusters.
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Scheme 6.1. Proposed mechanism for the formation of the heterometallic
dicubane-type complexes [ M (m,-O){ Ti,(h*-C.Me, ),(m-C)}],

The observed differences in the *3C NMR chemical shift for protonated and
unprotonated compounds have been perfectly rationalized by the theoretical
caculations. Frontier orbitals show that in unprotonated compounds the
increase in energy of the occupied apical carbon p, orbital and the
stabilization of the corresponding virtua one are responsible for the increase
in the chemical shifts.

6.5 mg-vinylidene and ng-acetylene isomers. DFT calculations
unambiguously characterise the energy and the chemical shifts in the *C
NMR spectra for the ny-vinylidene and the nmy-acetylene oxometallocubane
derivatives [{ MN(SiMes)s(thf)x}{ TiCp (mO)} 3(mh-C2H2)] (M = Mg (x = 0),
Ca(x =1), S (x = 1). Slight energy differences for the magnesum metal
explain the presence of both isomers in similar ratio. Instead, for Ca metal
the incluson of a thf molecule in the coordination sphere of the metal
considerably favors the m-vinylidene isomer, which is the only observed.

Theoretical 3 C NMR shielding tensors show that the metal atoms have
considerable influence on the chemica shifts of the carbon atoms. The
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carbon atoms that closely bond to the titanium metals have the largest
paramagnetic contributions.

6.6 DFT ¥C NMR shielding tensors. Theoretica simulation of 3C
NMR chemical shifts by means of DFT in studied titanium cubane
compounds shows the validity of the method in computing shielding tensors
for light atoms in aganometallic compounds. Computed values predict
almost perfectly experimental spectra, additionally the possibility of doing
an anaysis of the compounds in function of the structure of orbitals
provides theoretical calculations an important value in order to rationalize
the signals.

6.7  Substrate reduction in molybdenum sulphide catalysers. The
reaction products caused by the interaction of molecular hydrogen with
[(CPMO0)2(S,CH)(MS)(MSR)]*  cations change when there are
modificatiors in the relative accessibility of the transition states for the RH
or Hy elimination. The presence of w orbitals in the substrate R favours the
interaction with the proton and consequently its reduction

6.8 DFT W NMR shielding tensors. Theoretical simulation of the
18\W NMR spectra by DFT methods is quite novel, but it provides valuable
information for the validation of the theoretical methods In POTSs, the
appearance of unknown sources of error leads us to use similar compounds
as reference molecules. Nevertheless, small chemical shift differences are
difficult to reproduce and further investigations in this area are required.
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