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ABSTRACT

THEORETICAL INVESTIGATION OF STRUCTURAL AND
ELECTRONIC PROPERTIES OF SOME TRANSITION METAL ANSA
COMPLEXES

DILEK YUKSEL
Doctor of Philosophy, Department of Chemistry
Supervisor: Prof. Dr. FATMA SEVIN DUZ

January 2013, 167 pages

Ansa metallocenes have attracted some catalytic and synthetic interest due to
their impressive reactivity and stability, which can be quite different from that of
their non-ansa-bridged counterparts, metallocenes. In addition, the ring-strained
ansa metallocenes are able to produce stable metallopolymers via ring opening
polymerization (ROP), and the properties of these metallopolymers can be
determined via changing the ansa bridging group or the transition metal in the
structure of the ansa metallocene monomer. For these reasons, design and
synthesis of strained ansa metallocenes become more and more important for
organometallic chemistry, nanotechnology and materials sciences.

In this thesis, the influences of changing the transition metal and/or the ansa
bridging element, on the structural and electronic properties of Group 4-9 ansa
metallocenes having Group 13-16 elements in the ansa bridge were investigated
by means of DFT calculations.

In the first part of the study, bond distances, bond angles, electronic spectra and
NMR spectra of 29 known ansa metallocene structures taken from the literature,
were computed by using different DFT methods, and the computational results
were compared with the experimental results. It was found that B3P86 functional
performs well in reproducing the geometric and the spectroscopic experimental
data of the selected ansa metallocenes, and B3LYP displays large deviations from
experimental values.

In the second part of the study, geometric and electronic properties of 216 model
ansa metallocenes along with their 18 parent metallocenes, were predicted



computationally at B3P86 level. Characteristic angles (a, B, 8, 8) and distances
(Cp-M, M-E, Cipso-E, Cipso-M) were determined. In addition, frontier molecular
orbital properties, dipole moments, charge distributions on the transition metal
centers, electronic spectra and **C NMR chemical shifts were also computed.

According to the computational results, among ansa metallocenes of the same
transition metal, the tilt angle a is the highest for Group 16 bridged ansa
metallocenes and the lowest for Group 13 bridged structures. Greatest tilt angles
belong to the ansa metallocenes having 2™ period bridging elements. In general,
ansa bridge formation and the periodic effects increasing a, cause a decrease in
HOMO-LUMO gaps and therefore a bathochromic shift in the lowest energy
absorbance wavelengths of ansa metallocenes with respect to their parent
metallocenes. In Groups 4-6 ansa metallocenes, as a trend, a downfield shift in
the ipso carbon *C NMR signal was observed with respect to the high field carbon
signals of the parent metallocenes, where in Groups 7-9, ansa metallocene
formation leads upfield shifts.

Keywords: Strained metallocenophanes, Ansa metallocenes, Tilt angle, Frontier
molecular orbitals, DFT, GIAO, TD-DFT, M06, B3LYP, B3PW91, B3P86, Def2-
TZVP.



OZET

BAZI GEGi$ METALI ANSA KOMPLEKSLERININ YAPISAL VE
ELEKTRONIK OZELLIKLERININ KURAMSAL INCELENMESI

DILEK YUKSEL
Doktora, Kimya Bolumu
Tez Danismani: Prof. Dr. FATMA SEVIN DUZ
Ocak 2013, 167 sayfa

Ansa metalosenler, ansa koprusu tasimayan muadilleri olan metalosenlere goére
oldukga dikkat cekici farkliliklar gosterebilen reaktivite ve kararliliklari nedeniyle,
katalitik kimya ve sentez agisindan ilgi toplamaktadirlar. Ayrica, halka gerginligine
sahip ansa metalosenler halka acilmasi polimerizasyonu yoluyla kararl
metalopolimerler olusturabilirler. Bu metalopolimerlerin 6zellikleri yapidaki ansa
kOprusu ya da metal atomu degistirilerek belirlenebilir. Bu nedenlerden dolayi,
gergin halkali ansa metalosenlerin tasarim ve sentezi organometalik kimya,
nanoteknoloji ve malzeme bilimi agisindan gun gectikge artan bir Onem
kazanmaktadir.

Bu tezde, metal ve/veya kopru atomlarinin degistiriimesinin, ansa koprusinde
Grup 13-16 elementleri bulunan Grup 4-9 ansa metalosenlerinin yapisal ve
elektronik ozellikleri Uzerindeki etkisi, DFT hesaplamalar vasitasiyla arastiriimigtir.

Cahgmanin ilk asamasinda, literatirden segilmis ve yapilan bilinen 29 ansa
metalosene ait ba§ uzunluklari, bag acilari, elektronik spektrumlar ve *C NMR
spektrumlari, farkh DFT yoéntemleri kullanilarak hesaplanmis, sonuglar deneysel
verilerle kargilastiriimistir.  Segilen ansa metalosenlere ait geometrik ve
spektroskopik verilerin hesaplanmasinda B3P86 metodunun en iyi performansi
gosterdigi bulunmustur. B3LYP metodu deneysel verilerden bluyuk sapmalar
gOstermigtir.

Cahigsmanin ikinci agsamasinda, temel alinan 18 metalosenle birlikte 216 model
ansa metalosenin geometrik ve elektronik Ozellikleri, B3P86 seviyesinde
hesaplanmigtir. Karakteristik agilar (a, B, 8, 8) ve uzunluklar (Cp-M, M-E, Cipso-E,
Cipso-M) saptanmigtir. Bunlara ek olarak, tim yapilarin sinir molekuler orbital



Ozellikleri, dipol momentleri, gecis metali Uzerindeki yuk dagilimlari, elektronik
spektrumlari ve **C NMR spektrumlari da hesaplanmistir.

Hesaplama sonuglarina gore, ayni gecis metalinin ansa metalosenleri arasinda
bidkulme agisl, a, ansa kdprusinde Grup 16 elementi iceren yapilar icin en yuksek,
Grup 13 elementi iceren yaplilar icin ise en dusuk degerlere sahiptir. TUm yapilar
icinde en buyuk bukulme agilari ansa koprusunde 2. Periyod elementleri bulunan
ansa metalosenlere aittir. Genel olarak, ansa koprusu olusumu ve a degerini
artiran periyodik etkiler, HOMO-LUMO araliginda azalmaya ve bu yluzden de ansa
metalosenlerin duguk enerjili absorbans dalga boylarinda, temel alinan
metalosenlere goére kirmiziya kaymaya neden olmaktadir. Grup 4-6 ansa
metalosenlerinde, *C NMR & Ciys, sinyalleri, temel alinan metalosenin yiiksek
alan sinyaline gore dusuk alana kayma egilimindedir. Grup 7-9 ansa
metalosenlerinde ise ansa kopru olusumu yuksek alana kaymaya yol agmaktadir.

Anahtar Kelimeler: Gergin metalosenofanlar, Ansa metalosenler, Blkulme agisi,
Sinir molekdiler orbitalleri, DFT, GIAO, TD-DFT, M06, B3LYP, B3PW91, B3P86,
Def2-TZVP.
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SYMBOLS AND ABBREVIATIONS

Symbols

a Tilt Angle

B CPeentroid - Cipso - E Angle

o CPcentroid - M - Cpcentroid ANGlE
S Cipso - E - Cipso Angle

n Hardness

M Chemical Potential

Abbreviations
B3LYP Becke 3-term Functional with Lee-Yang-Parr Exchange Correlations
B3P86 Becke 3-term Functional with Perdew 86 Exchange Correlations

B3PW91 Becke 3-term Functional with Perdew-Wang 91 Exchange
Correlations

Cp Cyclopentadienyl ring
CPcentroid Centroid of the cyclopentadienyl ring

Cipso The carbon atom of cyclopentadienyl ring attached to the bridging
atom

Def2-TZVP Definition 2 Triple-Zeta Valence Polarization

DFT Density Functional Theory

E Bridging element on the ansa bridge

HOMO Highest Occupied Molecular Orbital

LUMO Lowest Unoccupied Molecular Orbital

M The transition metal in the metallocene or ansa metallocene structure

ROP Ring Opening Polymerization



1. INTRODUCTION

1.1. General Information
1.1.1. Transition Metal ansa Complexes

Transition metal ansa complexes are organometallic ring systems composed of a
transiton metal center and two aromatic T-hydrocarbon ligands (n°-

cyclopentadienyl, n®-phenyl or n’-tropylium) bridged by an ansa chain.

The Latin prefix “ansa”, meaning “handle”, has been previously used in
nomenclature of organic aromatic rings connected at both para ends by a chain of
at least ten carbon atoms long, so that the bridging chain stay on one side of the
aromatic ring like a handle. The term was first used in organometallic chemistry to
define a titanocene complex with an interannular ethylene bridge by Brintzinger

and co-workers in 1979 [1].

According to the type of the 1-hydrocarbon ligands, and the number of the atoms
in the ansa bridge, there are a number of possible structures for ansa complexes,

which can be classified mainly in three groups:

i ansa Metallocenes
ii. ansa Metalloarenes

iii. ansa Complexes with mixed 1-hydrocarbon ligands
1.1.1.1. Ansa Metallocenes

In the case of both T-hydrocarbon ligands are the same and n°-CsH,, the ansa
complex is called as ansa metallocene or [nJmetallocenophane. Representative

structures for ansa metallocenes containing 1 and 2 atoms in the ansa bridge is

/Q\ @E

2o P

Figure 1. [1] and [2]metallocenophanes

shown in Figure 1.



E denotes here the ansa bridging element or group, and [n] is the number of the

atoms in the ansa chain.

1.1.1.2. Ansa Metalloarenes

In the case of both m-hydrocarbon ligands are the same and different from
cycyclopentadienyl, the ansa complexes are called as ansa bis(arene) complexes
or [n]metalloarenophanes. Representative structures for ansa bis(phenyl)
complexes containing 1 and 2 atoms in the ansa bridge is shown in Figure 2.

E
|

<t

Figure 2. [1] and [2]metalloarenophane structures
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1.1.1.3. Ansa Complexes with mixed 1mr-hydrocarbon ligands

There are also ansa bridged complexes with mixed 1-hydrocarbon ligands such as
in the following examples with general formula [M(n°-CsH4)E(n°-CsHs)] and [M(n°-
CsH4)E(n"-C7He)].

For these complexes a generic name can not be applied, but each complex has its
unique name according to the transition metal in the structure. For example, the
titanium complexes with the general formula, [Ti(n°>-CsH4)E(n’-C7He)], are called as
[n]troticenophanes and the chromium complexes with the general formula, [Cr(n®-

CsHa)E(n’-C7He)], are called as [n]trochrocenophanes, etc. [2].



1.1.2. Characteristic Properties of ansa Metallocenes

In Figure 3, a representative structure for a [1Jmetallocenophane is shown, where
two n°-cyclopentadienyl (Cp) rings are T-bonded to a transition metal center (M)
and a single ansa bridging element (E) is o-bonded to the cyclopentadienyl rings
at ipso carbon atoms (Cipso). L' and L? are generic ligands and may or may not be
present depending on the coordination number of M. Ry is any atom or group that
Is attached to E.

Figure 3. Geometric parameters for a [1]metallocenophane structure

Introduction of an ansa bridge to a metallocene structure leads some important
changes in the geometry of the metallocene. The two cyclopentadienyl rings are
tited towards the ansa bridge in an eclipsed conformation, which constrains the
motion of the rings greatly. The degree of ring tilt is expressed by the tilt angle, a.
Other characteristic angles, used in defining the bent ansa metallocene geometry

are 3, ® and 6, as seen in Figure 3.

Besides the ring tilt, the distance between the metal and the two ipso carbon
atoms of the Cp ring decreases and the bond angles of the ipso carbons are
distorted as a result of ansa bridge formation. Furthermore, for some
metallocenes, ansa bridging results in a strained ring structure. The amount of the
ring strain of an ansa metallocene depends on several parameters, which will be

discussed later.

These geometric changes and restrictions, also effect the electronic structure and
the reactivity of the metallocenes [3]. For strained ansa metallocenes, due to the
increased reactivity at Cipso-E and Cp-M bonds, insertion reactions into Cp-M bond
[2, 4] or ring opening polymerization reactions via the cleavage of the Cipso-E

bonds [2 and references therein], has been reported. For other ansa metallocenes,

3



on the other hand, an increased stability of the metallocene against above
mentioned reactions has been observed [2, 3].

All these properties of ansa bridged metallocenes, which called as “ansa effect” by
Shapiro [5], can be characterized via some certain structural and electronic

parameters listed below.

1.1.2.1. Structural Parameters
1.1.2.1.1. Characteristic Angles

The angles a, B, 6, 8 shown in Figure 3, are the characteristic angles for an ansa

metallocene.

a is the dihedral angle between the mean planes of two cyclopentadienyl rings, 8
denOtES the Cpcentroid - Cipso - E angle, e iS Cipso_ E - Cipso angle and 6 |S Cpcentroid

-M- Cpcentroid angle [2]

Among these, the tilt angle a is an especially important characteristics for the
strained ansa metallocenes, because it can be used as a measure of ring strain on
the ansa metallocene ring. Higher a values pointed out higher ring tilt and higher
distortion from normal metallocene geometry. Along with other geometric
parameters, greater a values indicate possible ring strain on the ansa metallocene
ring [2, 6, 7].

a can be established via X-ray crystallography or for a model molecule, can be
calculated computationally.

1.1.2.1.2. Characteristic Distances
The distances used in the characterization of an ansa metallocene geometry are:

i. Cp-M: the distance between the centroid of the cyclopentadienyl ring and
the metal center.
ii. Cipso-M: the distance between the ansa bridging carbon of the

cyclopentadienyl ring and the metal center.



ii. Cippso-E: the distance between the ansa bridging carbon of the
cyclopentadienyl ring and the bridging element.

iv.  M-E: the distance between the metal center and the bridging element.

An increase in Cp-M bond distance via ansa cyclization indicates the weakening of
the Cp-M bond, and therefore, the presence of a ring strain. Also, an increase in
Cp-M bond decreases the steric hinderence on the transition metal center, opens
more coordination space and makes it more reactive. If there is a decrease in Cp-
M bond distance via ansa cyclization, the stability of the ansa metallocene
increases. Similarly, high Ciso-E values indicate the instability of the ansa

metallocene on that bond [2, 5, 8, 9].

1.1.2.1.3. NMR Spectra

Determinig the *C NMR chemical shifts on the ipso carbon atoms of the
cyclopentadienyl rings is also an useful tool in characterization of an ansa
metallocene, since ansa bridge formation causes upfield or downfield shifts in the

signals of ipso carbons, according to the nature of the bridging group.

Upfield shift in the ipso carbon signals of [1l]ferrocenophanes via ansa bridge
formation with main group elements has been reported in several articles [2, 4, 10,
11], where downfield shift is observed in ansa bridging of [1]Jruthenocenophane

with zirconium [2].

1.1.2.2. Electronic Parameters
1.1.2.2.1. Charge Distribution

Charge distribution on the metal center of an ansa metallocene gives information

about the reactivity of it in nucleophilic or electrophilic reactions.

The reactivity is enhanced when the metallocene shows high positive or negative

charges on the transition metal center. Higher positive charges increases the



feasibility of a nucleophilic attack [8], where negatively charged metal centers are
identified as most suitable for electrophilic attack.

1.1.2.2.2. Dipole Moments

Estimation of the dipole moment and the polarizability of an ansa metallocene is
important, because it provides data on the electron density distribution of a

molecule.

The d electron configuration of the metal is the most important factor on the

geometrical structure of metallocenes [3].
1.1.2.2.3. Frontier Molecular Orbitals

According to the type of the reaction, that ansa metallocene expected to undergo,
the HOMO or the LUMO energy levels of ansa metallocene molecule become

importance.

For example, in the activation reaction of metallocenes with an alkyllithium
compound, Wolfler and co-workers showed that the activation is enhanced, when
there is a small gap between the HOMO of MeLi and the LUMO of the metallocene

[8].
1.1.2.2.4. Electronic Spectra

Metallocenes show high energy absorbtion bands in the UV region due to the -
T transitions between the cyclopentadienyl ring orbitals and low energy
absorbtion bands in the visible region due to the ligand-to-metal charge transfer
(LMCT) transitions between the metals d orbitals and the ligand orbitals [12].

In characterisation of ansa metallocenes, inspection of electronic spectra is also
important. Upon the addition of ansa bridge, a change in the intensity and the
wavelength of the lowest energy absorbtion band has been reported for ansa
metallocene structures. For example, for [1]ferrocenophanes, increasing tilt angles
are accompanied with a red shift and increase in the intensity of the lowest energy

absorbtion band of the ansa ferrocene structures [2, 13].



1.1.3. Synthesis of ansa Metallocenes

There are two commonly used synthetic methods that yielding ansa metallocenes,
which are referred to as the dilithiation route (i) and the fly-trap route (ii) [2] as

seen in Scheme 1.
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Scheme 1. Two main pathways to synthesize [1]Jmetallocenophanes. Dilithiation
route (i) and flytrap route (ii).

i)

In the route (i), the metallocene is dilithiated with an alkyl-lithium reagent like
nBuLi and a base like tmeda (N,N,N’,N’-tetramethylethylenediamine) in an organic
solvent. In the second step, a salt metathesis reaction takes place between

dilithiometallocene(tmeda) and dihalide salt of the bridging element.

In the route (ii) salt metathesis reaction takes place between an appropriate

bridged (n°-CsH4). dianionic linker and transition metal dihalides.

Because of polycondensation and other side reactions that take place during the
fly-trap synthesis, the dilithiation route (i) is said to be more preferable with higher
reaction yields [2].



1.1.4. Ring Opening Polymerization of Srained ansa Metallocenes

Strained ansa metallocenes can produce polymeric products via ring opening

polymerization (ROP) reaction as seen in Scheme 2.

Scheme 2. Ring Opening Polymerization of an ansa Metallocene

After Foucher and co-workers reported that strained ferrocenophanes undergo
ROP to yield high molecular weight polyferrocenes in 1992 [14], the researchs on
ROP of strained ansa metallocenes has attracted a great interest and the area of
materials science and technology associated with the ring-opened polymers has

proved a rapid development [6, 15, 16, 17].

The chance of defining the structure of polyolefin or metallopolymer products via
just changing the ansa bridge or the transition metal center, encouraged the

researchers to investigate the synthesis of strained ansa metallocenes for ROP

[2].

Especially the chemistry of strained [1]ferrocenophanes is deeply explored by lan
Manners and co-workers [2]. Some polyferrocenylsilanes produced via thermal or

anionic ROP of [1]ferrocenophanes are found applications in industry [18,19].

Investigations on non-ferrocene strained ansa metallocenes, however, are limited
with a few reports on the synthesis and ring opening polymerization reactions of
ruthenocenophanes [20, 21], rhenocenophanes [22] and cobaltocenophanes [23-
26].



1.2. RESEARCH OBJECTIVES

Ansa metallocenes are utilized in many kinds of reactions and transformations.
The principal application of Group 4 and 5 ansa complexes is their uses as
catalyst precursors in olefin polymerization [27]. The uses as reagents in organic
synthesis [28], in the dehydrocoupling of hydrosilanes to form polysilanes [29], in
enantioselective hydrogenations, hydrosilations, in alcoholysis of silanes and other

conversions are also of importance [30].

Among Group 7 and 8 [1]metallocenophanes, especially the ones possessing ring
strain, can undergo ring opening polymerisations (ROP) [2, 6].

To date, [1]ferrocenophanes are the most well characterized ansa metallocenes in
the literature. [1]ferrocenophanes with B, Al, Ga, Si, Ge, P, As, S and Se elements

in the ansa bridge are known [2, 6 and references therein].

[1]Jmetallocenophanes of Ti, Zr, Hf, V, Nb, Ta, Cr, Mo, W, Re and Ru transition
metals has been also reported mostly with Group 14 elements C and Si in bridging
positions [2, 6, 27].

To the best of our knowledge, [1]Jmetallocenophanes with second period elements
N and O in the ansa bridge and [1]metallocenophanes of Mn, Tc, Os, Co, Rh and
Ir are not known. Some examples of [2]cobaltocenophanes has been synthesized

and used in ROP by lan Manners and co-workers [24, 26].

In all the above examples, it has been indicated that the electronic properties and,
therefore, the reactivity of the ansa metallocene is directly related to the structural
properties of the ansa metallocene, and even slight changes in the type of the

transition metal or the bridging element could be very influential.

For these reasons, the investigations on the design of ansa metallocene

complexes is important.

In this work, it was aimed to design and computationally characterize

[1]metallocenophane structures for the use of possible future applications.

It was also intended to investigate the trends in structural and electronic properties

of ansa metallocenes against variations in the transition metal center and the ansa



bridging element.

Another purpose of this study was to investigate the general trends in structural

and electronic properties of ansa metallocenes throughout the periodic table.

With this in mind, firstly, transition metals and ansa bridging elements, that will be
the building blocks of the ansa metallocene, were selected considering the

applications and structures in the literature, as mentioned above (Figure 4).
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Figure 4. Selected transition metals and bridging elements

Secondly, with selected transition metals and the bridge elements, the structural

models were constructed.

[1]Jmetallocenophanes investigated in this thesis, were constructed according to

three main structural models, namely model A, model B and model C, depending

10



on the number of ligands attached to the transition metal center (M), as shown in
Figure 5.

In the structural Model A, [1]Jmetallocenophanes were derived from parallel ring

metallocenes of Group 8 (Fe, Ru, Os) and Group 9 (Co, Rh, Ir) transition metals.
The ring tilt caused by the ansa bridge is highest in this group and therefore the A-

type ansa derivatives are most likely to possess ring strain and they are potential

substrates for ring opening polymerization (ROP) reactions.

The structural Model B was derived from the bent metallocenes of Group 7 (Mn,

Tc, Re) transition metals, coordinated to a single ligand.

In the structural Model C, [1l]metallocenophanes were derived from bent
metallocenes of Group 4 (Ti, Zr, Hf), Group 5 (V, Nb, Ta) and and Group 6 (Cr,
Mo, W) transition metals, each carrying two ligands beside the two

cyclopentadienyl rings.

Each structural model was also classified into three sub-groups according to the

number of ligands attached to the bridging atom (E) as 1, 2 and 3.

Al, B1, ad C1 type metallocenophanes do not possess any ligand at the bridging
element, where A2, B2 and C2 type molecules have one and the A3, B3 and C3

type molecules have two ligands at the bridging element, E.

Chloride was used as a general ligand for both transition metals and bridging

groups, when necessary to complete the coordination number.

So 216 model [1]Jmetallocenophane structures were derived under nine geometric

frames.

Although there are many [1]metallocenophane structures characterised
experimentally in literature similar to our model structures, except for the five
structures,  [Fe{(n°>-CsH4)-SiCl}], [Fe{(n>-CsH.)2GeClL}], [Fe{(n>-CsH.).PCl}],
[Fe{(n°-CsH4)-S}, [Fe{(n>-CsHa4).Se}], to the best of our knowledge, the model

geometries are novel.

11
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Figure 5. Model Molecules
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2. COMPUTATIONAL DETAILS

2.1. DFT Methods and Software

All calculations presented in this work were performed with the Gaussian 09
Revision C.01 [31] molecular modeling software using density functional theory
(DFT) [32-34] methods, which can predict successful geometries, relative

energies, and vibrational frequencies for transition metal complexes [35].
DFT functionals used in this thesis are:

i) B3P86: Becke’s three-parameter hybrid exchange functional and the gradient

corrections of Perdew, along with his 1981 local correlation functional [36, 37],

i) BSLYP: Becke’s three-parameter hybrid exchange functional and the correlation
functional of Lee, Yang, and Parr, which includes both local and non-local terms
[36, 38],

i) BSPW91: Becke’s three-parameter hybrid exchange functional and Perdew and

Wang’s 1991 gradient-corrected correlation functional [36, 39],

iv) and Truhlar’'s meta hybrid functional M06 [40].

Ahlrichs polarized triple-C quality basis set, def2-TZVP [41] was used for the
computation of H, and the 2", the 3rd and the 4™ period elements (B, C, N, O, Al
Si, P, S, Cl, Ti, V, Cr, Mn, Fe, Co, Ga, Ge, As).

For the 5™ and the 6" period transition metals (Zr, Hf, Nb, Ta, Mo, W, Tc, Re, Ru,
Os, Rh, Ir) effective core potentials (ECPs) for def2-TZVP basis set was applied
[42]. This basis set combinations was found to be in good agreement with the
experimental results in describing metal-carbon bonds for organometallic
compounds in many cases [43, 44].

All geometries were fully optimized and the optimized geometries were also
subjected to full frequency analyses at the same level of optimization to verify the

nature of the stationary points. Equilibrium geometries were characterized by the

13



absence of imaginary frequencies in the reaction coordinate.

Besides the Mulliken charges [45], NBO charges on the transition metals were
also determined [46]. Natural atomic orbital and natural bond orbital (NBO)

analyses were made with Gaussian NBO Version 3.1.

The time-dependent density functional theory (TDDFT) [47] approach was used for

the calculation of the vertical excitation energies in the UV-vis region.

NMR chemical shifts were computed by using Gauge-Independent Atomic Orbital
(GIAO) method [48]. The *C NMR chemical shifts were referenced to TMS
(GIAO magnetic shielding tensors for **C (178.2 ppm (M06),184.6 ppm (B3LYP),
187.6 ppm (B3PW91) and 187.8 ppm (B3P86)) these values are related to the
GIAO isotropic magnetic susceptibility. Absolute chemical shifts computed with
GIAO method were correlated to &(TMS) values by computing the absolute
chemical shift for TMS at the same level and taking the difference between that

value and the absolute shift computed for the nucleus in question [49].

2.2. Determination of Geometric Properties

The geometrical parameters were determined using GaussView 5.0 and Mercury
3.0.1 visualization programs (Figures 6 and 7).

—_ 9
.. centroid:
. en.t 0id

Figure 6. Determination of distances
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Determination of the referred distances of a [1Jmetallocenophane is seen in Figure
6. The cyclopentadienyl ligand mean centroids were computed from the mean

values of related C atoms.

The characteristic angles of a representative [1]metallocenophane is seen in
Figure 7. The cyclopentadienyl ligand mean planes were computed from the mean
values of related C atoms similarly to that of centroids.

The angle a is the angle between the mean planes and the angle B is
supplementary angle of Cpcentroid-Cipso-E angle and calculated from that value.

Figure 7. Determination of angles

2.3. Calculations of Frontier Molecular Orbital Properties

Electronegativity (X), chemical potential (u) and hardness (n) are electronic
properties that characterize the reactivity of a chemical system [50]. The values

are defined as:

X=-p=%(1+A) and n=%(-A)

15



where | and A are the ionization potential and electron affinity of any chemical

system, atom, ion, molecule, or radical.

According to the Koopmans' theorem [51] the frontier orbital energies can be given

by the formula:

- Evomo = | and - &umo=A

So the electronegativity, chemical potential and the hardness become:

X =-"% (Exomo *+ ELumo) = M and n =" (ELumo — €Homo)

As can be seen in Figure 8 hard molecules have a large HOMO-LUMO gap, and
soft molecules have a small HOMO-LUMO gap.

LUMO+1

LUMO

L.
Y

Figure 8. Hardness and electronegativity
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3. RESULTS AND DISCUSSION

3.1. Properties of Known ansa Metallocenes

In the literature, there are numerous ansa metallocene structures known that have
been synthesized, and characterized by means of X-ray diffraction.
In Table 1, structural and spectroscopic parameters of some experimentally

characterized [1] and [2]metallocenophane structures (1-29 in Figure 9) are given.

Table 1. Structural and spectroscopic data for some reference [1] and
[2]metallocenophane structures

Structure a B o] 0 M-E  Cp-M  Cipso-M  Cipso-E  Amax  8Cipso Ref.

) € © (®) (A) [aSJA) (A) (A)  (m) (ppm)

1 31.0 29.0 1569 89.0 2.794 1.954 1807 504 143 [13]
2 264 30.0 1600 86.0 2.906 -A 1.960 ¥ 500 5.6 [13]
3 31.4 353 1559 102.0 2559 1.634 1.989 1.623 498 442  [11]
4 269 323 1552 90.7 2774 1630 1.979 1.849 - 18.7  [52]
5 19.2 407 1665 101.0 2.588 -? 2.007 1.850 470 36.1  [53]
6 19.4 395 166.0 98.0 2655 1.639 2014 1871 - 338  [54]
7 208 37.0 164.7 957 2690 -? 2.001 1.851 478 33.5 [55,56]
8 21.0 374 1647 962 2691 1.641 2003 1.880 -? 322  [57,58]
9 19.1 400 167.3 99.2 2.636 1.650 2.014 -® Al 31.0 [56,59]
10 19.0 359 1653 91.7 2.804 1.630 2.001 1977 486 31.0 [60]
11 21.0 359 1649 915 2994 1.807 2.149 2200 363 318 [21]
12 26.0 109 1608 - 2925 1.629 1965 1518 454 90.4  [61]
13 336 12,6 157.0 -? 3.010 1.794 1.982 1596 346 89.2  [61]
14 271 16.6 158.0 -? 2966 1.717 1979 1512 486 -M [62]
15 50.5 22.4 1345 947 2831 1777 2117 1530 -® 52.7  [63]
16 53.1 20.9 131.3 957 2892 1.853 2175 1542 P 31.0 [22]
17 385 B 1433 M Al 1.780 2.160 1530 506 - [64]
18 63.7 17.1 1226 91.4 3.331 2192 2464 1827 - 110.8 [65]
19 65.8 16.3 121.3 96.8 3.042 2044 2329 1519 593 1155 [66]
20 65.8 16.8 1215 97.2 3.042 2057 2337 1530 -® 119.3  [67]
21 59.7 17.6 126.0 932 3.360 2.199 2479 1.880 470 1143 [68]
22 55.1 247 1265 100 3.280 2.179 2526 1.850 -? L [69]
23 63.3 164 1244 944 2993 1965 2256 1518 -? 1 [70]
24 53.1 229 133.1 948 3.159 2079 2362 1879 -? 702  [71]
25 548 21.2 1319 933 3.187 2084 2360 1876 -® 724 [71]
26 67.1 17.2 1134 999 3199 2181 2509 1518 -® 142.7  [72]
27 50.4 21.3 1382 91.0 3.124 1961 2251 1866 -¥ 453 [73]
28 457 11 1419 -® 3235 1936 2213 1532 W 106.8  [74]
29 509 3.4 1367 -® 3.318 1.961 2198 1527 W 105.7  [73]

B The value is not reported

In order to determine the most suitable DFT functional to use for the computations
of model ansa metallocenes in this thesis study, trial computations on these 29

known structures were made. In these computations, three popular DFT methods,
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B3LYP, B3PW91, B3P86 and the new DFT functional MO6 was used in
combination with the Ahlrich’s Def2-TZVP basis set and related Effective Core
Potentials (ECPs) were employed, for 5th and 6th period transition metals.

Mean absolute deviation (MAD) and mean signed deviation (MSD) values of DFT

results from experimental data were calculated.

3.1.1. Comparison of Experimental and DFT Bond Angles

DFT and experimental values for the angles a, 8, o, 8 are listed in Tables 2-5 and
the mean absolute deviation (MAD) and the mean signed deviation (MSD) values
of each DFT method from the corresponding experimental value are shown in
Figures 10-13.

3.1.1.1. Tilt Angle a

In predicting a, the most precise method is found to be M06, with 0.7° MAD and
0.3°MSD, which is followed by B3P86 with 0.9° MAD and 0.6° MSD. B3LYP is the
worst method of all with more than twice MAD and MSD values when compared

with other three methods.

3.1.1.2. The Angle B

Computations on the angle  showed that the most precise method is found to be
MO06, with 0.8° MAD and -0.2° MSD, which is followed by B3P86 with 0.8° MAD
and -0.6° MSD. The largest deviation from the experiment is shown for B3LYP
with 1.5° MAD and -1.5° MSD.

3.1.1.3. The Angle &

In predicting 8, the most precise method is found to be B3P86 and B3PW91, with
0.8° MAD and 0.4° MSD, which is followed by M06 with 0.8° MAD and 0.6° MSD.
Again the largest deviations recieved again from the B3LYP results with 1.0° MAD
and -0.5° MSD.

3.1.1.4. The Angle 0

For the computation of 8, the best density functional is found as B3P86. MAD
value of this functional is 0.9° and MSD is -0.3°.
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Table 2. Calculated a angles versus experimental value (°)

Structure EXP_MO06 B3LYP B3PW91 B3P86

1 31.0 31.9 345 32.3 32.3
2 26.4 26.8 29.5 27.5 27.5
3 31.4 31.6 34.5 31.9 31.9
4 26.9 26.8 29.7 27.4 27.4
5 19.2 19.4 23.0 20.0 20.1
6 19.4 19.7 23.3 20.5 20.6
7 20.8 19.8 234 20.8 20.8
8 21.0 19.2 23.0 20.3 20.3
9 19.1 18.8 22.7 19.9 19.9
10 19.0 18.7 21.8 19.6 19.6
11 21.0 20.7 23.0 20.5 20.5
12 26.0 26.0 27.6 25.9 25.9
13 33.6 329 33.6 315 31.6
14 27.1 275 294 27.5 27.5
15 505 49.8 51.4 49.8 49.7
16 53.1 54.4 55.3 545 545
17 38.5 38.8 39.7 38.4 38.3
18 63.7 64.0 654 64.5 64.3
19 65.8 66.1 67.9 66.7 66.5
20 65.8 65.6 67.9 66.8 66.6
21 59.7 60.0 61.3 60.1 60.0
22 55.1 615 64.2 62.6 62.2
23 63.3 62.6 64.2 63.0 62.8
24 53.1 53.3 55.6 53.7 53.5
25 548 54.1 56.4 54.7 545
26 67.1 68.1 69.5 68.6 68.4
27 50.4 51.2 52.6 51.3 51.2
28 457 457 46.4 45.3 45.2
29 50.9 51.6 52.5 51.9 51.6
o Angles (°)

3 H MAD
25 2.4 24 @ MsD

2 -

1.5 -

1.0 0.9
19 07

0.6 06

0.5 -

0.3

0 _
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Figure 10. Deviation of DFT methods from experiment in a (degrees)
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Table 3. B Angles (°)

Structure EXP MO06 B3LYP B3PW91 B3P86

1 29.0 28.0 27.0 27.8 27.9
2 30.0 29.6 28.3 29.1 29.2
3 35.3 35,5 33.9 35.2 35.2
4 32.3 32.2 30.7 31.9 31.9
5 40.7 40.0 37.7 394 394
6 395 39.0 36.6 38.1 38.1
7 37.0 379 35.6 37.0 36.9
8 37.4 38.8 36.2 37.7 37.7
9 40.0 39.4 36.6 38.2 38.3
10 359 37.0 35.0 36.1 36.1
11 35.9 35.9 33.8 35.3 354
12 10.9 10.5 9.31 10.1 10.2
13 126 122 11.1 12.1 12.2
14 16.6 14.7 13.6 14.3 14.5
15 224 228 22.1 22.6 22.8
16 209 21.7 21.2 21.6 21.7
18 17.1 149 14.7 15.1 15.1
19 16.3 16.5 15.7 16.0 16.2
20 16.8 16.9 15.8 16.1 16.3
21 17.6 18.0 17.2 17.7 17.8
22 24,7 20.4 19.7 20.0 20.1
23 16.4 17.2 16.5 16.7 16.9
24 229 22.7 21.4 22.4 22.4
25 21.2 22.0 20.8 21.7 21.8
26 17.2 16.8 16.1 16.3 16.4
27 21.3 21.1 20.2 20.7 20.8
28 1.1 0.7 0.7 0.9 1.0
29 34 33 39 3.95 3.6
B Angles (°) ® MAD
2 - 1 MSD
1.5
1.5 -
1408 0.9 0.8
0 4
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Figure 11. Deviation of DFT methods from experiment in 3 (degrees)
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Table 4. & Angles (°)

Structure EXP MO06 B3LYP B3PW91 B3P86

1 156.9 157.1 156.3 157.2 157.2
2 160.0 160.7 159.5 160.4 160.4
3 1559 156.5 1554 156.7 156.7
4 155.2 160.7 159.4 160.6 160.5
5 166.5 166.2 164.5 166.1 166.1
6 166.0 165.8 164.0 165.5 165.4
7 164.7 165.5 163.7 165.1 165.0
8 164.7 166.0 164.0 165.5 165.5
9 167.3 166.3 164.3 165.8 165.8
10 165.3 165.8 164.3 165.4 165.4
11 164.9 164.9 163.8 165.1 165.0
12 160.8 162.0 161.6 162.4 162.4
13 157.0 158.4 158.4 159.3 159.2
14 158.0 157.9 157.2 158.2 158.2
15 1345 1355 1344 1353 135.4
16 131.3 1325 1319 1324 132.4
17 143.3 143.9 143.1 144.0 144.0
18 122.6 122.2 121.3 121.9 122.0
19 121.3 121.7 120.7 121.3 121.3
20 121.5 121.8 120.8 121.0 121.1
21 126.0 125.9 124.7 125.6 125.6
22 126.5 127.2 126.1 126.7 126.7
23 124.4 125.8 124.4 125.0 125.1
24 133.1 133.7 1325 1335 133.6
25 1319 1324 1309 131.9 131.9
26 1134 113.1 111.2 1122 112.4
27 138.2 138.7 137.5 138.2 138.3
28 141.9 142.1 1415 1424 142.4
29 136.7 137.2 136.4 136.8 136.9

8 Angles (°) B MAD

1.2 4 -IMSD

1.0
0.8
0.6
0.4 0.4

0.8
0.8 -
.0.2 4 Mo6 B3LYP B3PW91 B3P86

0.6 -
04 -
0.2 -

04 -

-0.6 - -0.5

-0.8 -

Figure 12. Deviation of DFT methods from experiment in & (degrees)
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Table 5. 6 Angles (°)

Structure EXP MO06 B3LYP B3PW91 B3P86

1 89.0 88.1 88.8 88.4 88.4
2 86.0 86.1 86.1 85.8 85.9
3 102.0 103.0 103.0 103.0 103.0
4 90.7 90.2 90.3 90.3 90.2
5 101.0 99.7 98.6 99.1 99.1
6 98.0 979 96.8 97.1 97.1
7 95.7 96.1 95.0 95.2 95.1
8 96.2 97.3 959 96.1 96.2
9 99.2 98.0 96.4 96.8 96.8
10 91.7 92.8 92.0 92.0 92.0
11 915 92.1 904 90.9 91.1
15 947 95.1 95.7 94.9 95.1
16 95.7 97.2 97.3 96.6 96.8
18 914 90.2 90.8 90.6 90.7
19 96.8 974 97.8 97.2 97.3
20 97.2 98.1 985 97.9 98.0
21 93.2 944 944 94.1 94.2
22 100.0 95.2 95.2 95.0 95.0
23 944 955 96.0 95.2 95.3
24 948 953 949 94.8 94.9
25 93.3 948 944 94.2 94.3
26 99.9 100.0 100.0 99.7 99.8
27 91.0 914 913 90.9 91.0
0 Angles (°) H MAD

1.2 4

11
1.0

1 09 09
0.8 -
0.6 -
0.4 -
0.2 - 0.1

o

MO06 B3I.¥|l B3PW91 B3PS
0.2

I MSD

-0.3

Figure 13. Deviation of DFT methods from experiment in 6 (degrees)
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3.1.1.5. Overall Deviation in Angles

s Angles (°)

1.6 H MAD

15
14 - </ MsD
12 -
1 -
0s 0.9 0.8
08 -
0.6 -
04 -
0.2
0.2 -
‘ o1 W 0.0
o - |
MO06

B3LYP B3PW91 B3P86

Figure 14. Overall Deviation in Angles (degrees)

When the means of MAD and MSD values were calculated from the results of
angles, it is found that the best performing DFT functional was B3P86. As seen in
Figure 14, the deviations from experiment are 0.8 (MAD). When the MSD is

considered it was seen that the value of it is nearly zero.
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3.1.2. Comparison of Experimental and DFT Bond Lengths

Experimental and DFT Cp-M, Cijpso-M, Cipso-E and M-E distances are listed in
Tables 6-9 and in Figures 15-18 the mean absolute deviation (MAD) and the mean

signed deviation (MSD) values of each DFT method is shown.
3.1.2.1. M-E

In predicting M-E distances, the most precise method is found to be B3P86, with
0.0019 A MAD and 0.002 A MSD, which is followed by M06 with 0.0021 A MAD
and 0.009 A MSD. B3LYP has 0.0036 A MAD and 0.031 A MSD and B3PW91
0.0034 A MAD and -0.008 A MSD.

3.1.2.2. Cp-M

For Cp-M distances, again the most precise method is found to be B3P86, with
0.012 A MAD and 0.010 A MSD, which is followed by with B3PW91 0.015 A MAD
and 0.014 A MSD. B3LYP has 0.047 A both for MAD and MSD values. Deviations
for M06 functionals are 0.024 A and 0.022 A for MAD and MSD, respectively.

The deviations of DFT functionals in measuring Ciyso-M distances are 0.017 A
MAD and 0.005 A MSD for M06, 0.031 A MAD and 0.03 A MSD for B3LYP, 0.019
A MAD and 0.012 A MSD for B3PW91 and 0.018 A MAD and 0.008 A MSD for
B3P86. According to these results M06 is better than the other functional.

3124 Cipso'E

When the experimental and DFT results for Cipso-E distances are compared,
following MAD and MSD values are found. For M06, 0.014 A MAD and 0.003 A
MSD, for B3LYP, 0.019 A MAD and 0.014 A MSD, for B3PW91, 0.015 A MAD and
0.008 A MSD and for B3P86, 0.013 A MAD and 0.005 A MSD. B3P86 is best

performing functional.
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Table 6. M-E Distance (A)

Structure EXP MO06 B3LYP B3PW91 B3P86

1 2.794 2810 2.825 2.807 2.804
2 2906 2.894 2,923 2.901 2.897
3 2559 2524 2552 2.533 2.528
4 2774 2.788 2.814 2.790 2.787
5 2.588 2.619 2.667 2.634 2.630
6 2.655 2.659 2.708 2.679 2.676
7 2.690 2.701 2.750 2.274 2.721
8 2.691 2.677 2.733 2.704 2.699
9 2.636 2.662 2.721 2.690 2.685
10 2.804 2.79 2.836 2.810 2.806
11 2.994 2984 3.040 3.004 2.995
12 2925 2924 2956 2.936 2.930
13 3.010 2.933 2.965 2.943 2.938
14 2.966 2935 2.974 2.955 2.950
15 2.831 2.801 2.832 2.814 2.808
16 2.892 2.845 2.873 2.858 2.853
18 3.331 3.387 3.414 3.388 3.382
19 3.042 3.027 3.061 3.045 3.039
20 3.042 3.024 3.059 3.047 3.041
21 3.360 3.349 3394 3371 3.364
22 3.280 3.288 3.337 3.314 3.307
23 2.993 2956 2.995 2.980 2.973
24 3.159 3.148 3.194 3.163 3.158
25 3.187 3.176 3.224 3.196 3.189
26 3.199 3.201 3.259 3.229 3.221
27 3.124 3.113 3.153 3.136 3.129
28 3.235 3.229 3.261 3.237 3.230
29 3.318 3.301 3.337 3.319 3.311
M-E (A) ® MAD
0.04 - 0.036 - MSD
0.034
0.035 -
0.031
0.03 -
0025 10021
0.02 - 0.019
0.015 -
0.01 -
0.005 - 0.002
0 4
-0.005 | MO06| B3LYP B3PV\A1 B3P86
001 4 0.008
-0.015 -

Figure 15. Deviation of DFT methods from experiment in M-E (A)
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Table 7. Cp-M Distance (A)

Structure EXP MO06 B3LYP B3PW91 B3P86

3 1.634 1.639 1.681 1.645 1.643
4 1.630 1.642 1.683 1.648 1.646
6 1.639 1.649 1.689 1.654 1.651
8 1.641 1.648 1.688 1.654 1.651
9 1.650 1.648 1.687 1.653 1.651
10 1.630 1.648 1.688 1.654 1.651
11 1.807 1.817 1.836 1.802 1.801
12 1.629 1.632 1.667 1.634 1.632
13 1.794 181 1.830 1.795 1.794
14 1.717 1.725 1.770 1.732 1.728
15 1.777 1.766 1.813 1.773 1.770
16 1.853 1.862 1.890 1.861 1.860
17 1.780 2.153 1.832 1.791 1.789
18 2.192 221 2253 2.223 2.219
19 2.044 2.047 2.093 2.063 2.058
20 2.057 2.055 2.107 2.081 2.075
21 2.199 2.217 2.258 2.228 2.223
22 2.179 2.204 2.247 2.220 2.215
23 1.965 1.953 2.002 1.970 1.964
24 2.079 2.083 2.123 2.087 2.083
25 2.084 2.087 2.129 2.093 2.090
26 2.181 2.197 2.253 2.215 2.210
27 1.961 1.973 2.010 1.980 1.977
28 1.936 1.934 1.961 1.929 1.928
29 1.961 1.969 2.002 1.972 1.971
0.05 - Cp-M (A) H MAD
0.045 - 0.047 0.047 I MSD
0.04 -
0.035 -
0.03 45,024
0.025 | 0050
0.02 -
0.015  0.012
0.015 - 0014 5010
0.01 -
0.005 -
0 | n n
MO06  B3LYP B3PW91 B3P86

Figure 16. Deviation of DFT methods from experiment in Cp-M (A)
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Table 8. Cipso-M Distance (A)

Structure EXP MO06 B3LYP B3PW91 B3P86

1 1.954 1964 1.985 1.965 1.964
2 1.960 1.981 2.002 1.982 1.981
3 1.989 1.980 1.999 1.982 1.980
4 1.979 1.983 2.003 1.985 1.982
5 2.007 2.000 2.027 2.011 2.008
6 2.014 2.010 2.028 2.012 2.009
7 2.001 2.011 2.029 2.013 2.010
8 2.003 2.013 2.030 2.014 2.011
9 2.014 2.014 2.030 2.014 2.012
10 2.001 2.007 2.000 2.040 2.022
11 2.149 2.152 2.158 2.141 2.140
12 1.965 1.959 1.979 1.962 1.959
13 1.982 2.077 2.089 2.072 2.070
14 1.979 2.074 2.106 2.085 2.082
15 2.117 2.099 2.131 2.107 2.104
16 2.175 2.164 2.187 2.168 2.166
17 2.160 2.132 2.167 2.139 2.137
18 2.464 2.472 2506 2.483 2.479
19 2.329 2.324 2.356 2.336 2.332
20 2.337 2.330 2.363 2.347 2.343
21 2479 2.490 2.525 2.502 2.498
22 2.526 2.479 2.519 2.497 2.491
23 2.256 2.238 2.276 2.254 2.249
24 2.362 2.355 2.383 2.358 2.355
25 2.360 2.363 2.396 2.371 2.368
26 2.509 2512 2564 2.530 2.526
27 2.251 2.248 2.277 2.258 2.255
28 2.213 2.206 2.229 2.205 2.203
29 2.198 2.234 2.261 2.239 2.239
0.035 - Cipso-M #MAD
0.031 4 MSD

0.03 - 0.03

0.025 -

0.02 14417 0019 4018

0.015 -
0.012
0.01 - 0.008
0.005
0.005 -
0 J
MO06

B3LYP B3PW91 B3P86

Figure 17. Deviation of DFT methods from experiment in Cipso-M (A)
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Table 9. Cipso-E Distance (A)

Structure EXP MO06 B3LYP B3PW91 B3P86

3 1.623 1.605 1.614 1.611 1.608
4 1.849 1.877 1.884 1.875 1.872
5 1.850 1.868 1.879 1.874 1.871
6 1.871 1.884 1.895 1.890 1.886
7 1.851 1.903 1.914 1.909 1.905
8 1.880 1.898 1.910 1.904 1.900
10 1977 1.981 1.996 1.985 1.981
11 2,200 2.196 2.214 2.200 2.194
12 1.518 1.524 1.534 1.529 1.526
13 1.596 1.526 1.538 1.533 1.530
14 1.512 1504 1.514 1.509 1.506
15 1.530 1.525 1.537 1.531 1.529
16 1.542 1535 1.547 1.540 1.538
17 1.530 1.523 1.534 1.528 1.525
18 1.827 1.849 1.856 1.848 1.845
19 1.519 1518 1.529 1.524 1.521
20 1.530 1.520 1.531 1.525 1.523
21 1.880 1.880 1.891 1.887 1.883
22 1.850 1.882 1.890 1.887 1.883
23 1.518 1.516 1.528 1.522 1.519
24 1.879 1.884 1.894 1.890 1.886
25 1876 1.884 1.893 1.889 1.886
26 1.518 1.522 1.533 1.527 1.524
27 1.866 1.870 1.881 1.876 1.873
28 1532 1528 1.539 1.533 1.530
29 1.527 1523 1.534 1.528 1.525
0.02 - Cipso™E MAD

0.019 - MsD
0.015
0.015 -0.014 0.014 0.013
0.01 -
0.008

0.005 - 0000

0.003

0 .
MO06

B3LYP B3PW91 B3P86

Figure 18. Deviation of DFT methods from experiment in Cipso-E (A)
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3.1.2.5. Overall Deviation in Distances

When the means of MAD and MSD values were calculated for the computed
angles, the best performing DFT functional was found to be B3P86 with 0.015
MAD A and 0.006 A MSD, as seen in Figure 19.

Distance (A) ®MAD

0.033 I MSD
0.030

0.035 -
0.03 -

0.025 -

0.020
0.02 0019

0.015
0.015 -
0.01 -
005 0.006 [l 0-006
0.005 -
0 J
Mo

6 B3LYP B3PW91 B3P86

Figure 19. Overall Deviation in Distances (A)

3.1.3. Comparison of Experimental and DFT **C NMR Chemical Shifts

In comparing DFT and experimental NMR chemical shifts, **C NMR & Ciyso Shifts
were taken in the consideration, because these values are important

characteristics for ansa compounds.

When the four functionals were compared according to the mean deviations from
experimental values, it was seen that the deviations for B3P86 and B3PW91 were
close to each other and these functionals perform better than the other two
functionals M06 and B3LYP as seen in Figure 20 and Table 10.

The lowest deviations belong to B3PW91 functional with 5.7 ppm MAD and 5.4
ppm MSD.
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Table 10. *C NMR & Cipso Shifts (ppm)

Structure EXP M06 B3LYP B3PW91 B3P86

1 143 145 293 27.5 27.5
2 5.6 9.7 26.7 24.7 24.7
3 442 284 437 41.9 42.1
4 187 111 30.1 28.2 28.4
5 36.1 274 4438 42.8 43.2
6 33.8 204 399 38.2 38.7
7 335 192 3738 36.4 36.9
8 322 176 374 36.0 36.5
9 31.0 171 364 35.1 35.6
10 31.0 185 385 36.5 36.9
11 318 358 415 38.3 38.2
12 904 90.2 98.9 96.4 96.7
13 89.2 885 951 92.5 92.5
15 52.7 61.3 65.6 60.8 60.9
16 31.0 339 390 36.9 37.2
18 110.8 114.0 1151 1128 112.8
19 1155 119.8 120.6 119.7 119.7
20 119.3 125.0 1249 124.2 124.3
21 1143 115.6 114.7 1125 112.6
24 70.2 759 784 73.7 73.9
25 724 79.8 822 77.9 77.9
26 1427 1495 1555 152.7 152.8
27 453 516 556 50.9 51.0
28 106.8 109.0 113.8 109.1 109.1
29 105.7 106.9 112.8 108.2 108.1

13CNMR 6 (ppm) = MAD
10 - 1 MSD
8.0
3 8.0
6.6 5.9
5.7 -
6 1 5.4 6
4 -
2 -
0 -
MO06/ B3LYP B3PW91 B3P86
N
-4

Figure 20. Deviation in **C NMR & Cipso Shifts (ppm)
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3.1.4. Comparison of Experimental and DFT Electronic Spectra

Comparison of computational electronic spectra with experimental electronic
spectra is difficult, because of the solvent effects, and other factors that can not be
applied on the gas phase DFT computations. However, a general trend in the
changes on higher or lower energy absorbance bands can be achieved. With this
purpose we have compared the lowest energy absorbance wavelengths. The
results are listed in Table 11 and mean deviations are shown in Figure 21.

Table 11. UV-Vis Anax Values (nm)

Structure EXP MO06 B3LYP B3PW91 B3P86

1 504 620 547 502 500
2 500 609 538 495 493
3 498 615 540 497 494
4 497 610 540 498 495
5 470 577 513 473 470
7 478 588 522 481 478
10 486 594 525 485 481
11 363 389 372 346 346
12 454 545 486 452 450
13 346 386 370 344 344
14 486 708 637 580 575
17 506 350 343 334 333
19 593 541 559 547 546
21 470 379 385 378 377
UV-Vis A, Values (nm)
120 -
104 ® MAD
100 -
.1MSD

80 -

40 -
20 -

56
32 32
16 I
|

61
20 | Moe  B3LYP B3PWJ1 B3P
-17 -19

0 4

Figure 21. Deviation in UV-Vis Amax Values (nm)
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Although the MO06 functional has proved good results in predicting bond lengths of
angles, the deviations in predicting absorbance wavelengths are much higher than

the other three functionals.

Similar to the results in NMR computations, best results were obtained with
B3PW91 and B3P86 with nearly same MAD and MSD values.

Especially for ansa ferrocenes, very close absorbtion Anax values were achieved
with B3P86 and B3PW9L1.

In summary, for the structural computations M06 and B3P86, and for the
spectroscopic computations, B3PW91 and B3P86 functionals displayed smallest
mean deviations from the experiment and B3LYP showed large deviations in both

cases.

According to these results, it was decided to conduct the computations of the
model ansa metallocenes in this thesis at B3P86 level of theory, which has proven

good results in both structural and electronic computations.
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3.2. Computational Characterization of Model ansa Metallocenes

3.2.1. Group 4

In Figure 22, model ansa metallocenes of Group 4 transition metals are seen.

M = Ti, Zr, Hf

Cls, 7 Cls,. Cls,, /s\ \Cl Cls,, /s\ Nel
' M M

0
)

’

M E E‘\ E‘\
4 X4 ~
cf: > c(: > Cl :&> cl : > cl
parent metallocene ~ E=0, S, Se E=B, Al Ga, N, P, As E=C, Si, Ge
(C1) (C2) (C3)

Figure 22. Parent metallocene and [1]Jmetallocenophane structures of Group 4

3.2.1.1. Structural Parameters

Among the eight structural parameters, a, 8, Cp-M and Cj,so-M are found both in
ansa complexes and their unbridged parent metallocenes, therefore evaluating
these values may give important clues about the ansa bridge contribution to the
structural properties of a metallocene. Higher a and lower & values indicate higly

bent structures.

Unlike a, 8, Cp-M and Cipso-M, B, 6, M-E and Cjyso-E are defined only for bridged
metallocenes and directly related to the bridging group. Evaluating these values is

important for structural characterization of ansa metallocenes.
3.2.1.1.1. Tilt Angles (a)

The geometry of Group 4 parent metallocenes, [Ti{(n°>-CsHs)2}Clo], [Zr{(n°-
CsHs),}Clo] and [HF{(n°-CsHs)2}Cl,] are already bent with o values 50.4°, 52.8° and
52.9°, respectively. Addition of ansa bridge further increases these values in an
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amount depending the type of the bridging element as seen in Figure 23.
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Figure 23. Tilt angle (a) values of group 4 [1]metallocenophanes with different
ansa bridges

Among Group 4 [1]metallocenophanes, the highest a value (77.0°) belongs to the
oxygen bridged ansa zirconocene, [Zr{(n°>-CsH4)-O}Cl,], which is 24.2° more tilted
with respect to its parent metallocene. The lowest value for a (53.2°) is that of
gallium-bridged species [Ti{(n°-CsH4).GaCl}Cl,], which exhibits only 2.8° more ring
tilt than non-bridged titanocenedichloride.

Second row bridging elements (B, C, N, O) increases a by 13.7-24.2°, the third
row elements (Al, Si, P, S) by 3.0-13.9° and the fourth row elements (Ga, Ge, Se)

cause an increase by 2.8-10.6°.
In general, a values of Group 4 ansa Metallocenes for

o Zr >Hf >Ti
e 2" row bridging elements >> 3" row > 4™ row and

e the same period of E Group 16 > Group15> Group 14> Group 13.
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In Figure 24, the effect of changing the a on the calculated relative energy of
the group 4 metallocenes is shown.
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Figure 24. Tilt angle a relative energy relationship in group 4 metallocenes

In Group 4, since the parent metallocene geometries are already bent, it is difficult
to achieve a strained ansa metallocene via ring tilting. Tilting up to about 50°,
decreases the relative energy of the metallocene. Between 50-60°, for Ti 6
kcal/mol and for Zr and Hf metallocenes about 2 kcal/mol increase in energy is
observed. Between 60-70°, the rise in energy become significant and reaches up
to 29 kcal/mol for Ti and about 15 kcal/mol for Zr and Hf. Increasing a beyond 70°

causes a sharp increase in total energies of all three metallocenes.

According to these results, Group 4 ansa metallocenes having greater tilt angles
than 70° are expected to possess ring strain. Those structures are [Ti{(n°-
CsH4)20}Cly] (72.2°), [Zr{(n®>-CsHa)2CClo}Clz] (70.9°), [Zr{(n°-CsH4)2NCI}Cl2] (74.6°),
[Zr{(n°-CsHa)20}Cl] (77°), [HF{(n>-CsH4)2CCI}Cl] (70.9°), [Hf{(n®>-CsH4).NCI}Cl;]
(74.1°) and [Hf{(n>-CsH).0}Cl,] (76.4°).
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O angle trends are just the opposite of a. Largest values belong to the parent
metallocenes, 131.8°, 129.4° and 129.1° for [Ti{(n>-CsHs)2}Cly], [Zr{(n°>-CsHs)2}Cl2]
and [Hf{(n>-CsHs)2}Cl,], respectively, and the smallest values belong to their most

tilted (oxygen bridged) counterparts, 116.6°, 110.6° and 110.4°, respectively.

In Group 4 ansa metallocenes, 3 angles lie in the range 13.3-27.6°, 12.3-26° and
12.5-26.1° for Ti, Zr and Hf complexes, respectively. The smallest 3 value (12.3°)
belongs to [Zr{(n°>-CsH4).S}Cl,], where the largest value is 27.6° and belongs to
[Ti{(n°-CsH4)-BCI}Cl,].

B values ranges from 84° ([Ti{(n°-CsHa4)2Se}Cl,]) to 111.2° ([Hf{(n°-CsH4).BCI}Cl,]).
More detailed data can be found in Tables A1-A4 in Appendix A.

3.2.1.1.2. Metal Cyclopentadienyl Ring Distances (Cp-M)

The distance between the transition metal center and the centroid of the
cyclopentadienyl ligand, Cp-M, in Group 4 metallocenes [Ti{(n>-CsH4)2}Cl], [Zr{(n>-
CsHa)2}Clo] and [Hf{(n°-CsHa)2}Cl,] are 2.072 A, 2.225 A and 2.225 A, respectively.
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A EIEIEIEIE|E ||
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Figure 25. Cp-M Distances
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The effects increasing Cp-M, also weakens the metal cyclopentadienyl bond and
Is a sign of the present ring strain in the molecule.

Among Group 4 ansa metallocenes, bridging by Group 13 elements (Al, Ga) and
Group 14 elements (Si, Ge) increases Cp-M the most, 2" period bridges
decreases Cp-M, as seen in Figure 25. The highest Cp-M distances are those of
Ga and Ge bridged structures. Lowest Cp-M values belong to C, N and O bridged

structures.

Cp-M, Cipso-M, Cipso-E and M-E distances of Group 4 ansa metallocenes can be
found in Appendix A in Tables A4-A8.

3.2.1.1.3. 8 Cjpso °C NMR TMS Chemical Shifts

Calculated *C NMR chemical shifts (ppm) of cyclopentadienyl carbon atoms and
corresponding C-M distances (A) (in parantheses) of parent metallocenes are as
follows. For [Ti{(n°>-CsHs)2}Cl,] five doublets at & 108.4 (2.370), 116.1 (2.383),
122.7 (2.396), 124 (2.406), 140.3 (2.416); for [Zr{(n>-CsHs)2}Cl2] & 107 (2.507),
114.6 (2.514), 120.1 (2.530), 120.3 (2.542), 134.4 (2.547) and for [Hf{(n’-
CsHs),2}Cly] & 106.1 (2.509), 114.6 (2.516), 118.9 (2.541), 119.3 (2.530), 133.3

(2.546). Also, signals shift downfield as C-M distances increase.

In Group 4 ansa metallocenes, in general, Cipso “°C NMR chemical shifts are found
to be shifted towards lower magnetic fields with respect to the highest field signal
of parent metallocenes. This effect is the most obvious in the O and N bridged
structures of Ti, Zr and Hf. (Figure 26, Table A9 in Appendix A). The most tilted
structure of the group, [Zr{(n>-CsH,)20}Cl,] have a chemical shift value of 144.2
ppm, where its parent metallocene have 114. 4 ppm & Cipso °C NMR TMS

chemical shift value.

Only for sulfur and selenium bridged ansa titanocenes, ipso carbon signals show

an upfield shift with 106.5 ppm and 105.1 ppm, respectively.
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Figure 26. Cipso 13C NMR & values of group 4 [1]metallocenophanes with different
ansa bridges

3.2.1.2. Electronic Parameters
3.2.1.2.1. NPA Charges on Metal

NPA analyses indicate an appreciable negative charge of -0.416 on Ti, where Zr
(0.756) and Hf (0.923) centers of corresponding parent metallocenes are positively
charged (Figure 27, Table A12).

For ansa titanocenes, it was seen that ansa bridging with C, N, S and Se
increased the charge on Ti, where bridging with other elements decreased the
charge on Ti further, making it more nucleophilic.

For ansa zirconocenes and ansa hafnocenes, on the other hand, ansa bridge
formation with Al, Ga, Si, and Ge decreased the charge on metal where bridging
with other elements increased it. The metal center of these complexes are

identified as most suitable for electrophilic attack in Group 4 ansa metallocenes.
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Figure 27. NBO charges on metal atom of group 4 [1]Jmetallocenophanes with
different ansa bridges

3.2.1.2.2. Dipole Moments

Dipole moments for the non-bridged parent metallocene structures of Ti, Zr, and
Hf are 5.19, 4.73, and 4.55 D, respectively (See Table A10 in Appendix A).
Introduction of ansa bridge in the structure generally decreases the dipole moment
of the parent metallocene. The effect is greatest for Group 14 (C, Si and Ge)
bridged structures. For example dipole moment of [Hf{(n°>-CsH4).GeCl,}Cl,]
species is 0.85 D.

3.2.1.2.3. Frontier Molecular Orbitals

As seen in Figure 28, in Group 4 metallocenes, there is a slight decrease in
HOMO-LUMO energy gap.
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Figure 28. HOMO-LUMO gaps of group 4 [1]Jmetallocenophanes with different
ansa bridges

3.2.1.2.4. Absolute Hardness (n)

Absolute hardness values of Group 4 ansa metallocenes are listed in Table A18.
Parallel to the decreasing HOMO-LUMO energy gaps, formation of ansa bridge

makes Group 4 metallocenes softer indicating higher reactivity.

3.2.1.2.5. Chemical Potential (p)

Chemical potentials, of metallocenes decreases significantly via ansa bridge
formation. Especially for ansa titanocenes. Lowest value (-5.62) is observed for
[Ti{(n°-CsH4).GeCl,}Cl,] (Figure 29, Table A17).
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Figure 29. Chemical potential (u) values of group 4 [1]Jmetallocenophanes with
different ansa bridges

3.2.1.2.6. Electronic Spectra

Computational electronic spectra of ansa titanocenes, ansa zirconocenes and

ansa hafnocenes are given in Figures 30-32.

The highest energy absorbtion bands of parent mettallocenes, corresponding to
the LMCT transitions between Cp and M orbitals were observed at 278, 208 and

192 nm for Ti, Zr and Hf non-bridged metallocenes respectively.

Formation of ansa bridge cause a red-shift in these bands. In addition, via ansa
bridging lowest energy bands become more intense, which is especially obvious
for [Ti{(n>-CsHa.)>GeCl,}Cl,].

In general, smaller bridge atoms result higher red-shifts in the values of Ayax.
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Figure 30. Change in electronic spectra of [1]titanocenophanes with changing
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3.2.2 Group 5
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Figure 33. Parent metallocene and [1]Jmetallocenophane structures of Group 5
3.2.2.1. Structural Parameters
3.2.2.1.1. Tilt Angles (a)

Likewise the Group 4 parent metallocenes, Group 5 metallocenes [V{(n’-
CsHs)2}Clo], [NB{(n°-CsHs)2}Clo] and [Ta{(n>-CsHs)2}Clo] are bent with smaller a

values as 45.0°, 48.9° and 50.3°, respectively. As can be seen in Figure 34,
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Figure 34. Tilt angle relative energy relationship in group 5 metallocenes
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significant increases in relative energy via bending starts at 60° and at 70°,
increases in energy values are 70 kcal/mol for V and about 35 kcal/mol for Nb and
Ta.

For a values greater than 70°, structures are expected to be ring-strained. As seen
in Figure 35, those structures are [Nb{(n°-CsH.)>NCI}Cl,] (70.6°), [Nb{(n°-
CsHa)OJCly] (73.3°), [Ta{(n>-CsHa)2NCIClo] (70.6°) and  [Ta{(n°-CsHa),0}Cly]
(73.1°).

Tilt angle a (°)
N
o

TS NUC, VY W AN
MNP A
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Figure 35. Tilt angle (a) values of group 5 [1]metallocenophanes with different
ansa bridges

3.2.2.1.2. Metal Cyclopentadienyl Ring Distances (Cp-M)

In Group 5 ansa metallocenes, bridging by Group 13 elements (Al, Ga) and Group
14 elements (Si, Ge) increases Cp-M, as seen in Figure 36. The highest Cp-M
distances are those of Ga and Ge bridged structures. Lowest Cp-M values belong

to C, N and O bridged structures, similarly with Group 4 ansa metallocenes.
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Figure 36. Cp-M Distances

3.2.2.1.3. 8 Cipso °C NMR TMS Chemical Shifts

In Figure 37 and in Table A9 in Appendix A, 5 *3C NMR chemical shifts for Group
5 ansa metallocenes and that of parents metallocenes are seen and**C NMR
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Figure 37. Cipso 13C NMR 3 values of group 5 [1]metallocenophanes with different
ansa bridges
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chemical shifts (ppm) of cyclopentadienyl carbon atoms and corresponding C-M
distances (A) (in parantheses) of parent metallocenes are as follows. For [V{(n°-
CsHs)o}Clp] & 97.7 (2.316), 108.1 (2.311), 118.3 (2.301), 127.8 (2.295), 135.0
(2.337); for [Nb{(n>-CsHs)2}Cl2] d 96.9 (2.409), 100.3 (2.388), 109.6 (2.377), 127.9
(2.449), 134.47 (2.472) and for [Ta{(n>-CsHs)2}Clo] & 96.3 (2.420), 99.0 (2.385),
106.9 (2.382), 123.8 (2.442), 134.9 (2.477).

In Group 5, ansa bridging effects the cyclopentadienyl 5 **C NMR chemical shifts
in two ways. For P (95.6 ppm), As (96.3 ppm), S (95.7 ppm) and Se (94.84 ppm)
bridged compounds upfield shift is observed, where the other molecules show

downfield shifts.

In the most tilted structure of the group, [Nb{(n°>-CsH.).O}Cl,] has a chemical shift
value of 123.6 ppm, where its parent metallocene has 107.9 ppm & Cjpso 3¢ NMR
TMS chemical shift value.

3.2.2.2. Electronic Parameters
3.2.2.2.1. NPA Charges on Metal

The transition metal on the parent metallocene and ansa metallocenes of V are
negatively charged, where the metal center in Nb complexes are nearly neutral
and Ta complexes are positively charged. In general ansa bridge formation
decreases the charges of V complexes and except with Al, Ga, Si and Ge, ansa

bridging increases the charges on metal in both Nb and Ta complexes.

3.2.2.2.2. Dipole Moments

Dipole moments for the non-bridged parent metallocene structures of V, Nb, and
Ta are 6.88, 6.41, and 5.96 D, respectively (See Table A10 in Appendix A).
Introduction of ansa bridge in the structure generally decreases the dipole moment

of the parent metallocene.
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Figure 39. HOMO-LUMO gaps of group 5 [1]Jmetallocenophanes with different
ansa bridges
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3.2.2.2.3. Frontier Molecular Orbitals

As seen in Figure 39, in Group 5 metallocenes, ansa bridging causes a decrease

in HOMO-LUMO energy gap, except for the structure [V{(n>-CsH,),NCI}Cl,].
3.2.2.2.4. Absolute Hardness (n)

Absolute hardness values are half of the energy value of HOMO-LUMO gap. So
ansa bridging makes the structures softer, again except for the structure [V{(n°-

CsH4)2NCIYCI], which is a harder molecule than its parent metallocene.

3.2.2.2.5. Chemical Potential ()
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Figure 40. Chemical potential (u) values of group 5 [1]Jmetallocenophanes with
different ansa bridges

Similar to Group 4 ansa metallocenes, chemical potentials of Group 5
metallocenes decreases via ansa bridge formation as seen in Figure 40. Lowest
value (-5.42) is observed for [V{(n°-CsH4).GeCl,}Cl.].
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3.2.2.2.6. Electronic Spectra

Computational electronic spectra of ansa vanadocene, ansa niobocene and ansa

tantalocene are given in Figures 41-43.

The highest energy absorbtion bands of parent mettallocenes, corresponding to
the LMCT transitions between Cp and M orbitals were observed at 372, 274 and

291 nm for V, Nb and Ta non-bridged metallocenes, respectively.

Generally, formation of ansa bridge cause a red-shift accompanied with increase
in intensity in these bands. Again, smaller bridge atoms result higher red-shifts in
the values of Amax. Highest Anax Value belongs to [V{(n>-CsH.),Se}Cl,] (537 nm).
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Figure 41. Change in electronic spectra of [1Jvanadocenophanes with changing
ansa bridge
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3.2.3. Group 6

M = Cr, Mo, W
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Figure 44. Parent metallocene and [1]Jmetallocenophane structures of Group 6

3.2.3.1. Structural Parameters
3.2.3.1.1. Tilt Angles (a)

Group 6 metallocenes [Cr{(n°-CsHs)2}Cls], [Mo{(n°-CsHs)2}Cl] and  [W{(n°-
CsHs)2}Cly] are also bent with smaller a values than that of Group 4 and Group 5
metallocenes, as 41.1°, 49.6° and 51.1°, respectively. As can be seen in Figure
45, significant increases in relative energy via bending starts at 60° and at 70°,
increases in energy values are 87 kcal/mol for Cr and about 61 kcal/mol for Mo
and 49 kcal/mol for W.

For a values greater than 70°, structures are expected to be ring-strained. As seen
in Figure 46, those structures are [Mo{(n>-CsH4)O}Cl,] (70.1°) and [W{(n°-
CsHa4)201}Cl,] (70.8°), although in Group 6, the highest tilted structure is [Cr{(n°-
CsH4)O}Cl,] (a = 64.4°), which is 23.3° more tilted than chromocene dichloride.
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3.2.3.1.2. Metal Cyclopentadienyl Ring Distances (Cp-M)

In Group 6 ansa metallocenes, bridging by Group 13 elements (Al, Ga) and Group
14 elements (Si, Ge) increases Cp-M, as seen in Figure 47. The highest Cp-M
distances are those of Ga and Ge bridged structures. Lowest Cp-M values belong
to C, N and O bridged structures, similarly with Group 4 ansa metallocenes. So,
the effects incresing a decreases Cp-M and with these results, there is no

appreciable ring strain suggested in this group, either.
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Figure 47. Cp-M Distances

3.2.3.1.3. 8 Cipso °C NMR TMS Chemical Shifts

In Figure 48 and in Table A9 in Appendix A, & *3C NMR chemical shifts for Group
6 ansa metallocenes and that of parents metallocenes are seen and *C NMR
chemical shifts (ppm) of cyclopentadienyl carbon atoms and corresponding C-M
distances (A) (in parantheses) of parent metallocenes are as follows. For [Cr{(n°-
CsHs),}Cly] © 83.5 (2.261), 99.56 (2.213), 103.7 (2.218), 129.4 (2.273), 136.3
(2.180); for [Mo{(n°-CsHs),}Clo] 8 82.5 (2.2.277), 82.6 (2.290), 95.2 (2.244), 129.8
(2.369), 132.5 (2.381) and for [W{(n>-CsHs)-}Cl,] there are only three peaks, two
quartets and a doublet as 6 110.0 (q, 2.509), 114.6 (d, 2.516), 118.9 (q, 2.541).
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In the most tilted structure of the group, [W{(n>-CsH,),0}Cl,] have a chemical shift
value of 123.6 ppm, where its parent metallocene have 90.6 ppm & Cjpso 13C NMR

TMS chemical shift value.
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Figure 48. Cipso 13C NMR & values of group 6 [1]metallocenophanes with different
ansa bridges

3.2.3.2. Electronic Parameters
3.2.3.2.1. NPA Charges on Metal

The transition metal on the parent metallocene and ansa metallocenes of Cr and
Mo are negatively charged, where W complexes are positively charged. Bridge
formation dos not effect much the charges on the metals in Group 6 complexes
(Figure 49).

3.2.3.2.2. Dipole Moments

Dipole moments for the non-bridged parent metallocene structures of Cr, Mo, and
W are 7.71, 6.9, and 6.44 D, respectively (See Table A10 in Appendix A). Dipole
moments of ansa bridged complexes are generally smallerthan that of the parent

metallocene.
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Figure 49. NBO charges on metal atom of group 6 [1]Jmetallocenophanes with
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3.2.3.2.3. Frontier Molecular Orbitals

As can be seen in Figure 50, HOMO-LUMO energy differences in ansa

metallocenes of Group 6 are in general greater than the corresponding
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Figure 50. HOMO-LUMO gaps of group 6 [1]Jmetallocenophanes with different
ansa bridges
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metallocene. Ansa bridging decreases the energies of both the HOMO and the

LUMO.
3.2.3.2.4. Absolute Hardness (n)

Hardest molecules in Group 6 are the ansa metallocenes of 2™ period elements.
For example hardnesses of oxygen bridged complexes of Cr, Mo and W are 1.69,

1.92 and 1.93, respectively.

See Table A18 in Appendix A, for the complete list of hardness values.

3.2.3.2.5. Chemical Potential ()

For all complexes of Group 6 ansa metallocenes, have lower chemical potentials

than the parent metallocenes, as seen in Figure 51.
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W

Chemical potential (p)
w
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Figure 51. Chemical potential (u) values of group 6 [1]metallocenophanes with
different ansa bridges

Lowest value (-5.15) is observed for [Cr{(n>-CsH,).GeCl,}Cl,] and the highest
value belongs to tungstenocene dichloride ( -3.86). All ansa tungstenocenes have

lower chemical potentials than the parent metallocene, suggesting that ansa



bridge formation increased the stability of complexes in this group.

3.2.3.2.6. Electronic Spectra

Computational electronic spectra of ansa chromocenes, ansa molybdocenes and

ansa tungstenocenes are given in Figures 52-54.

The highest energy absorbtion bands of parent mettallocenes, corresponding to
the LMCT transitions between Cp and M orbitals were observed at 326, 242 and
250 nm for Cr, Mo and W non-bridged metallocenes respectively. Intensity of

these bands is highest for W and lowest for Cr complex.

Formation of ansa bridge cause a red-shift in these bands. In addition, via ansa
bridging lowest energy bands become more intense, especially for [Cr{(n°-
CsH4)20}Cl3], [Mo{(n>-CsHa)2PCI}Cl,] and [Cr{(n°-CsH4)2NCI}Cls].

In general, smaller bridge atoms result higher red-shifts in the values of Ayax.
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Figure 52. Change in electronic spectra of [1Jchromocenophanes with changing
ansa bridge

59



3500

E
30004 @l
2500 E
i BCI
2000 Alci
fn GaC |
q =—ccCi, =

350 400 450 500 550 600 650 700 750 800

€ (M_1cm_1)

0 100 200 300 400 500 600 700 800 900 1000

Figure 53. Change in electronic spectra of [1]Jmolibdocenophanes with changing
ansa bridge

6000 < @\
qf,w
J E
O(
5000 —
1 E
4000 < Bel
— AlCI
' 1 =—gacI
£
<° 3000 TCCk
' sicl,
- { ——gecy,
w —NCI
2000 o ——pclI
e ASCI
4 —o0
e §
1000 Se
0 L) Ll L] L) I L

T T - T T
0 100 200 300 400 500 600 700 800 900 1000

A (nm)

Figure 54. Change in electronic spectra of [1]Jtungstenocenophanes with changing
ansa bridge

60



3.2.4. Group 7

M = Mn, Tc, Re
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parent metallocene E=0,S, Se E =B, Al, Ga, N, P, As E =C, Si, Ge
(B1) (B2) (B3)

Figure 55. Parent metallocene and [1]metallocenophane structures of Group 7

3.2.4.1. Structural Parameters
3.2.4.1.1. Tilt Angles (a)

Tilt angles of Group 7 parent metallocenes Mn{(n>-CsHs)-}Cl], [Tc{(n>-CsHs)2}Cl]
and [Re{(n°-CsHs)2}Cl] are 31.1°, 38.2° and 38.9°, respectively (See Appendix A,
Table A1). As can be seen, these values are smaller than a values of Group 4, 5
and 6 parent metallocenes, therefore it is thought that smaller tilt angles would

produce higher ring strains in this grup than previous groups.

Indeed, relative energy versus increasing tilt angle calculations (Figure 56)
showed that by 60° tilting, energy of manganocene chloride reached to a value
54.6 kcal/mol, which is about ten times higher than that of corresponding

titanocene dichloride.

Periodic trends for a is similar to previous groups. a values are highest for Tc, and
lowest for Mn complexes, and the most tilted structure is [Re{(n>-CsHa).O}Cl] with
21.5° net ring tilt (0=60.4°).

Variation of tilt angle with respect to changing bridges is seen in Figure 57.
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Figure 56. Tilt angle relative energy relationship in group 7 metallocenes
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Figure 57. Tilt angle (a) values of group 7 [1]Jmetallocenophanes with different
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3.2.4.1.2. Metal Cyclopentadienyl Ring Distances (Cp-M)

Cp-M distances in Group 7 decreases via ansa formation except for Al, Ga, Si and

Ge bridged compounds, as seen in figure 58.

These bridges have a weakening effect on Cp-M bond.
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Figure 58. Cp-M Distances

3.2.4.1.3. 8 Cjps, °C NMR TMS Chemical Shifts

13C NMR chemical shifts (ppm) of cyclopentadienyl carbon atoms and
corresponding C-M distances (A) (in parantheses) of parent metallocenes are as
follows. For [Mn{(n>-CsHs)2}Cl,] & 70.8 (2.132), 83.6 (2.216), 85.6 (2.162), 113
(2.15), 115 (2.152); for [Tc{(n>-CsHs)2}Clo] 8 76.6 (2.264), 77.7 (2.188), 128 (2.280)
and for [Re{(n°>-CsHs)2}Clo] & 70.5 (2.5194), 70.7 (2.194), 71.6 (2.271), 71.6
(2.272), 121 (2.292).

In Group 7, except Group 13 bridged Tc and Re complexes, all complexes exhibit
upfield shift in Cipso Signal.Highest field signal belongs to sulfur and Se bridged

complexes, as seen in Figure 59.

63



IS
o
Z
2
2

(&) HMn
10

LUTe

H Re

ansa bridging group

Figure 59. Cipso 13C NMR & values of group 7 [1]metallocenophanes with different
ansa bridges

3.2.4.2. Electronic Parameters
3.2.4.2.1. NPA Charges on Metal

NPA analyses indicate an appreciable negative charge on Mn (-0.404), Tc (-0.534)
and Re (-0.047). (Figure 60, Table A12).

C, N, and O ansa bridges cause an increase in metal charge, where other bridging

elements further decrease the charge on the metal.
3.2.4.2.2. Dipole Moments

As in the previous groups dipole moments of the metallocenes of these group, are
higher than that of corresponding ansa complex. Ansa bridge formation decrease

the polarizability of the parent metallocene.
3.2.4.2.3. Frontier Molecular Orbitals

Energy gap between HOMO and LUMO of ansa metallocenes are seen in Figure
61.
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Figure 60. NBO charges on metal atom of group 7 [1]Jmetallocenophanes with
different ansa bridges
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Figure 61. HOMO-LUMO gaps of group 7 [1Jmetallocenophanes with different
ansa bridges

There is an appreciable decrease in HOMO-LUMO gap of Nitrogen, Gallium and

Arsenic bridged compounds of Tc and Re.
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3.2.4.2.4. Absolute Hardness (n)

Absolute hardnesse of compounds are decreased via ansa bridge formation in

Group 7 as seen in Table A18 in Appendix A.

3.2.4.2.5. Chemical Potential ()

no BCIl—AICI—GaCl—CCI2-SiCl2-GeCIl2—NCI|—PCl-—AsCI
-0.5 -bridge

HMn
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Chemical potential (u)
N
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Figure 62. Chemical potential (u) values of group 7 [1]Jmetallocenophanes with
different ansa bridges

Chemical potentials of parent metallocenes decreases via ansa formation, which

increases the stability of ansa complexes.

3.2.4.2.6. Electronic Spectra
Electronic spectra for Group 7 ansa metallocenes are seen in Figures 63-65.

LMCT transitions between Cp and M orbitals were observed at 260, 229 and 235

nm for Mn, Tc and Re non-bridged metallocenes respectively.

Formation of ansa bridge results in decrease of the intensity of these bands,
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where low energy d-d transition bands become more intense. Exceptions are Si
bridged manganocene compound, and C, N and O bridged Tc complexes. The

intensity of higher energy bands are as high as that of the parent metallocene.

Also, C, N and O bridged complexes depict higher red-shifts in their region of Amax.
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Figure 63. Change in electronic spectra of [Lllmanganocenophanes with changing
ansa bridge
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Figure 64. Change in electronic spectra of [1]Jtechnetocenophanes with changing
ansa bridge
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Figure 65. Change in electronic spectra of [1Jrhenocenophanes with changing
ansa bridge
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3.2.5. Group 8

Unlike the metallocenes of Group 4, 5, 6, and 7, Group 8 metallocenes are in a

parallel ring geometry (a=0), as seen in Figure 66.

M = Fe, Ru, Os

e a ®-. =®.

£

M E E.
<& = = =
parent metallocene E=0,S, Se E =B, Al, Ga, N, P, As E =C, Si, Ge
(A1) (A2) (A3)

Figure 66. Parent metallocene and [1]Jmetallocenophane structures of Group 8

3.2.5.1. Structural Parameters
3.2.5.1.1. Tilt Angles (a)

Because of zero tilt angle of the parent metallocene, any ring tilted structure is
thought to increase the relative energy of metallocene, which may cause a ring
strain. However, there are other factors, previously discussed, such as Cp-M

distances and 3 angles, that can balance the increased energy via ring tilt.

According to the previous results of this work, for bent metallocenes of Group 4-7

transition metals, desired tilt angle to produce a strained ring is above 50°.

The change in energy upon tilting of Group 8 metallocenes is seen in Figure 67.
For parallel ring Group 8 metallocenes, however, by 30° bending, Ferrocene,
Ruthenocene and Osmocene structures gain 26.5 kcal/mol, 27.7 kcal/mol and
29.4 kcal/mol energy, respectively. Thermal ROP of [1]ferrocenophane and

[1]ruthenocenophane structures with tilt angles about 30° has been reported [2].

In Figure 68, the effects of the metal and the bridging group on a is seen. In

general, ansa ferrocenes have the smallest, and ansa ruthenocenes have the
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Figure 67. Tilt angle relative energy relationship in group 8 metallocenes
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ansa bridges
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highest a values. a is highest for Group 16 and 2" period bridging elements.

In Group 8, the most tilted structure is [Ru{(n°-CsH4).0}] (0=58.7°) and the least
tilted one is [Fe{(n>-CsHa)2AICI}] (a=13.7°).

3.2.5.1.2. Metal Cyclopentadienyl Ring Distances (Cp-M)

Cp-M distances in Group 8 metallocenes [Fe{(n>-CsHs)2}], [Ru{(n>-CsHs)2}] and
[Os{(n°-CsHs),)}] are 1.658 A, 1.810 A and 1.826 A, respectively.

For all ansa ferrocenes, Cp-M distances are shorter than that of ferrocene (Table
A5, Figure 69). In [Fe{(n>-CsH4),S}], the bond is shortest (1.645 A).

For ansa ruthenocenes, Cp-M distances decreases via ansa bridge formation
except with B, Al, Ga and O bridged ansa ruthenocenes. They have longer Cp-M

bonds than ruthenocene.

For ansa osmocenes, Cp-M distances decreases via ansa bridge formation with
two exceptions. Al and Ga bridged ansa osmocenes have longer Cp-M bonds than

osmocene.
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Figure 69. Cp-M Distances
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3.2.5.1.3. 8 Cipso "°C NMR TMS Chemical Shifts

Cyclopentadienyl carbons on ferrocene have a multiplet at 72.1 ppm, that of

ruthenocene at 74.4 ppm and osmocene at 69.6 ppm.

Group 8 ansa metallocenes have characteristic Cipso **C NMR shifts, which are

shifted upfield with respect to yhe parent metallocenes, as seen in Figure 70.
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Figure 70. Cipso 13C NMR & values of group 8 [1]metallocenophanes with different
ansa bridges

Even the ipso carbons of the oxygen bridged ferrocene species has a higher
magnetic shielding value (71.7 ppm) with respect to ferrocene.

3.2.5.2. Electronic Parameters

3.2.5.2.1. NPA Charges on Metal

The change in NPA charges with different bridging groups are seen in Figure 71.

Fe and Ru complexes are negatively charged, where Os complexes have smaller

positive or negative charges on metal atom.
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Figure 71. NBO charges on metal atom of group 8 [1]Jmetallocenophanes with
different ansa bridges

Bridging with Al, Ga, Si and Ge decreases the charge on metal atom.

3.2.5.2.2. Dipole Moments

Eclipsed metallocene structures of Group 8 metallocenes have zero dipole
moments.Ansa bridging increases the polarizability of molecule. Highest dipole
moments are attributed to Ge bridged Fe (4.39 D), Ru (4.06 D) and Os (4.12 D)

complexes

3.2.5.2.3. Frontier Molecular Orbitals

Ansa bridging decreases the energies of HOMO and LUMO orbitals. HOMO-

LUMO gap is also decreased in ansa metallocenes (Figure 72).
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Figure 72. HOMO-LUMO gaps of group 8 [1]Jmetallocenophanes with different
ansa bridges

3.2.5.2.4. Absolute Hardness (n)

Group 8 metallocenes have higher hardness values than the rest of Group 4-9

metallocenes (Table A18). Ansa bridge formation decreases their hardness and

increases their reactivity.

3.2.5.2.5. Chemical Potential (p)

Chemical potentials of Group 8 metallocenes are low and decreased via ansa ring

formation (Figure 73, Table A17).
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Figure 73. Chemical potential (u) values of group 8 [1]Jmetallocenophanes with
different ansa bridges

3.2.5.2.6. Electronic Spectra

Electronic spectra of Group 8 ansa metallocenes are given in Figures 74-76. The
ansa effect on electronic spectrum of a metallocene is clearly shown in the

spectrum of Ferrocene (Figure 74), which posses a single high energy absorbtion

band at 216 nm (€= 2500 M™*cm™).

Ansa ferrocenes, on the other hand, posses additional lower energy bands
between 300-700 nm, corresponding to d-d transitions. Furthermore, as a of the
ansa compound increses, a red-shift at these lower energy bands occurs, with

increased intensity of the band.

Decreasing order of a for 2" period bridged ansa ferrocenes are as follows O
(48.2°) > N (44.2°) > C (39.2°) > B(29.9°).

Related Anax values are O (536 nm) > N (525 nm) > C (511 nm) > B(474 nm).
Similar trends are also seen in the spectrum of Ruthenium and osmium

compounds.
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Figure 74. Change in electronic spectra of [1]ferrocenophanes with changing ansa
bridge
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Figure 75. Change in electronic spectra of [1]Jruthenocenophanes with changing
ansa bridge

76



3500

3000 4

2500

2000

1500

€ (M_1cm_1)

1000 -

500

L m e e m
0 100 200 300 400 500 600 700 800 900 1000

A (nm)

Figure 76. Change in electronic spectra of [1lJosmocenophanes with changing
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3.2.6 Group 9

M = Co, Rh, Ir

@ MIQ\ M'Q\ \Cl M'Q\ WGl
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parent metallocene E=0,S, Se E =B, Al, Ga, N, P, As E =C, Si, Ge
(A1) (A2) (A3)

Figure 77. Parent metallocene and [1]Jmetallocenophane structures of Group 9

3.2.6.1. Structural Parameters
3.2.6.1.1. Tilt Angles (a)

Like Group 8 metallocenes, Group 9 metallocenes also posses parallel ring
structures and ansa bridge formation in these structures suggest a ring strained
ansa metallocene. As seen in Figure 78, Group 9 metallocenes reach 30 kcal/mol

energy level by 40° ring tilt.

At 40° relative energy of cobaltocene, rhodocene and iridocene are 38.6 kcal/mol,
28.5 kcal/mol and 31.4 kcal/mol, respectively. As seen in Figure 79, Group 9 ansa
metallocenes reach extremely high tilt angles, for example in [Rh{(n°-CsH.),O}]
complex, a=80.6°. Nevertheless, ring strain may not be so high, because 3 angle

of this complex is very low (8.96°).

3.2.6.1.2. Metal Cyclopentadienyl Ring Distances (Cp-M)

Cp-M distances in Group 9 metallocenes [Co{(n°>-CsHs)2}], [Rh{(n>-CsHs)2}] and
[IF{(n°-CsHs)2)] are 1.748 A, 1.919 A and 1.937 A, respectively.

Cp-M distances of B, C, N and O bridged ansa cobaltocenes are higher, others
are lower than that of cobaltocene and Cp-M distances of Si, Ge and Se bridged

ansa ruthenocenes are lower, others are higher than that of ruthenocene. For Ir,
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Figure 79. Tilt angle (a) values of group 9 [1]metallocenophanes with different
ansa bridges
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ansa complexation decreases Cp-M distances, as seen in Figure 80.
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Figure 80. Cp-M Distances

3.2.6.1.3. 8 Cjpso °C NMR TMS Chemical Shifts

13C NMR chemical shifts (ppm) of cyclopentadienyl carbon atoms and
corresponding C-M distances (A) (in parantheses) of parent metallocenes are as
follows. For [Cof(n>-CsHs)2}] & 78.6 (2.090), 79.5 (2.097), 86.7 (2.136), 88.4
(2.143), 92.7 (2.153); for [Rh{(n>-CsHs)-}] & 82.1 (2.231), 82.3 (2.234), 87 (2.277),
87.9 (2.283), 92.4 (2.313) and for [I{(n°>-CsHs),}] 8 73.7 (2.228), 76 (2.195), 83.2
(2.338), 84.2 (2.183), 86 (2.470).

Formation of ansa compounds, in Group 9, in general shifts Ci,so NMR values to

higher fields as seen in Figure 81.

3.2.6.2. Electronic Parameters
3.2.6.2.1. NPA Charges on Metal

Charge distrubituon on Group 9 ansa metallocenes are is seen in Figure 82.
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Figure 81. Cipso 13C NMR & values of group 9 [1]metallocenophanes with different
ansa bridges
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Figure 82. NBO charges on metal atom of group 9 [1]Jmetallocenophanes with
different ansa bridges
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In Co, Rh and Ir complexes, generally an increase in charge on metal center is
observed via ansa bridge formation, except for Al, Ga, Si, and Ge bridged

complexes of Co and Ir, and As bridged complex of Co.

3.2.6.2.2. Dipole Moments

The zero dipole moments of parent metallocenes are increased via ansa bridge

formation in Group 9.

3.2.6.2.3. Frontier Molecular Orbitals

As seen in Figure 83, HOMO-LUMO gaps are not changed in significant amounts

via ansa formation in Group 9 ansa metallocenes.

3.5

2.5 -

HOMO-LUMO gap (eV)

ansa bridging group

Figure 83. HOMO-LUMO gaps of group 9 [1]Jmetallocenophanes with different
ansa bridges
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3.2.6.2.4. Absolute Hardness (n)

Hardness values of ansa metallocenes are slightly decreased with respect to the

parent metallocenes.

3.2.6.2.5. Chemical Potential ()

no —BCl—AICI—GaClCCl2-SiCl2-GeCl2—NCl—PCl—AsClI
-0.5 -bridge
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Chemical potential ()
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Figure 84. Chemical potential (u) values of group 9 [1]Jmetallocenophanes with
different ansa bridges

Chemical potentials are decreased, and stability of molecules are increased via

ansa ring formation.
3.2.6.2.6. Electronic Spectra

Computational electronic spectra of ansa titanocenes, ansa zirconocenes and

ansa hafnocenes are given in Figures 85-87.

The highest energy absorbtion bands of parent mettallocenes, corresponding to
the LMCT transitions between Cp and M orbitals were observed at 321, 350 and

270 nm for Co, Rh and Ir non-bridged metallocenes respectively.

Changes in absorbtion bands of parent metallocenes due to ansa bridge formation
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Figure 87. Change in electronic spectra of [1]iridocenophanes with changing ansa
bridge

is similar in that of Group 8 ansa metallocenes as high tilt angles corresponds to

high wavelengths.
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4. CONCLUSIONS

In the first part of the work, bond lengths, bond angles,’*C NMR chemical shifts
and UV Anax values for selected ansa metallocene structures from literature were
computed at M06, B3LYP, B3PW91 and B3P86 levels of DFT and computational
results were compared with corresponding experimental values. As a result, the
overall performance of B3P86 functional was found to be better than the other

three DFT functionals.

In the second part of the work, 216 model [1]Jmetallocenophanes of Group 4-9
transition metals, having Group 13-16 elements in the ansa bridge, were
constructed and their structural and electronic properties were determined
computationally at B3P86/Def2-TZVP level of DFT.

According to the results of this study, for model ansa metallocenes of the same
period transition metals, the tilt angle (a) decreases with increasing group number
of the transition metal (M), except for Group 9 ansa metallocenes, which have
greater relative a values than Group 8 elements. The decrerasing order of a is:
Group 4> Group 5> Group 6> Group 7> Group 9> Group 8. When the bridging
element (E) is considered, in the same group, a decreases with increasing atomic
number of E, and in the same period a increases with increasing group number of
E (Group 16> Group 15> Group 14> Group 13).

For Group 4-6 metallocenes, parent metallocenes are bent, and increasing the tilt
angle from 50° up to about 70° does not cause an important increase in the
relative energy of the molecules. Above 70° however, the rise in relative energy
reaches greater values than 30 kcal/mol and in these groups, ansa metallocenes
having greater tilt angles than 70° are expected to possess sufficient ring strain for
ROP. To reach similar strain energies in Group 7 metallocenes, necessary tilt
angle is about 60°, where in group 8 metallocenes the value is 30° and for group 9

metallocenes, 40° bending is needed.

Another parameter indicating the ring strain is weakening in Cp-M bonds, in other
words, increasing Cp-M distances. In the same period, Cp-M decreases with the
increasing group number of M, again except for Group 9 ansa metallocenes, which

have greater Cp-M values than that of Group 8. When the bridging element (E) is
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taken into the consideration, in the same group of E, in general, Cp-M increases

with increasing atomic number .

The lowest Cp-M values belong to ansa metallocenes of 2" period bridging

elements (B, C, N,O), which have highest a values.

In general, a downfield shift on Cipso carbon of Group 4-6 ansa metallocenes with
respect to the high field **C NMR signal of the parent metallocene is observed,

where in Groups 7-9 ansa metallocene formation leads upfield shifts.

Formation of ansa bridge causes a decrease in the dipole moments with respect to
the parent metallocenes in Groups 4-7, where in Groups 8 and 9, since the parent
metallocenes have zero dipole moments, an increase in the dipole moment was

observed.

When the NBO charges of ansa metallocenes on the transition metal center (M)
were compared, it was seen that in general, ansa metallocenes of 4™ period
transition metals possess the most negatively charged metal centers and that of
6™ period transition metals have the most positively charged metal centers, which
are potentially sensitive metal centers against nucleophilic attacks.

In general, ansa bridge formation cause a decrease in the energies of both the
HOMO, and the LUMO of the with respect to the parent metallocenes, which
results in the end with a decrease in HOMO-LUMO gaps.

Computed Anax values of ansa metallocenes were observed longer than their
metallocene analogues. Among ansa metallocenes, those having higher a values,

have also longer Amax values.
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APPENDIX A

CALCULATED PARAMETERS AT B3P86/Def2-TZVP LEVEL OF DFT

Table Al. Tilt Angle a (°)

o =

M

\

=\

-x

‘L

M =Ti, Zr, Hf, V, Nb, Ta, Cr, Mo, W

~

\

\
OL

=\

=

E

~

~
O(,f:>

M = Fe, Ru, Os, Co, Rh, Ir

M

E Ti Zr Hf V Nb Ta Cr Mo W Mn Tc Re Fe Ru Os Co Rh Ir

- 504 528 529 450 489 503 411 496 511 311 38.2 38.9 0.1 0.2 0.1 0 0.2 0.1
BCI 641 694 690 576 626 629 538 59.2 600 442 50.9 51.2 299 379 356 392 59.2 399
AICI 534 574 571 471 515 523 413 489 503 327 40.2 41.0 13.7 188 173 185 295 221
GaCl 532 570 56.7 468 514 521 401 503 504 323 41.2 41.6 152 204 189 178 306 216
CCl, 665 714 709 626 673 673 587 641 648 47.7 52.8 54.3 39.2 488 469 474 633 517
SiCl, 554 596 594 501 556 561 451 526 536 357 42.1 43.7 202 257 227 274 363 295
GeCl, 535 579 576 485 541 547 429 515 526 34.2 41.4 42.8 18.7 247 225 194 337 26.6
NCI 69.7 746 741 656 706 706 616 673 680 516 57.5 58.2 442 542 518 530 73.7 580
PCI 603 649 645 554 607 61.0 529 580 589 415 47.5 48.3 278 350 324 354 48.0 407
AsCl 578 622 619 527 584 587 496 560 57.1 391 45.1 46.0 240 302 271 269 422 312
(0] 722 770 764 683 733 731 644 701 708 547 59.7 60.4 482 587 558 579 80.6 59.3
S 621 66.7 664 585 630 631 555 604 612 437 48.0 49.5 323 410 394 402 531 446
Se 500 634 632 556 600 602 530 576 586 405 44.9 46.5 275 353 339 340 434 393
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Table A2. Angle B (°)

= = </
Cls,, AN D / \J/
< Cl—M ~< M E -
e e "
M =Ti, Zr, Hf, V, Nb, Ta, Cr, Mo, W M = Mn, Tc, Re M = Fe, Ru, Os, Co, Rh, Ir
M

E Ti Zr Hf V Nb Ta Cr Mo W Mn Tc Re Fe Ru Os Co Rh Ir
BCI 276 260 261 285 2538 254 242 230 235 326 38.1 40.0 439 442 466 381 331 302
AlCI 26,5 237 236 287 2296 225 302 227 222 304 41.6 42.0 43.1 455 478 335 410 352
GaCl 264 239 238 280 2276 223 311 222 215 2938 36.9 37.5 414 436 456 336 39.7 349
cCl, 181 167 171 190 1739 176 191 175 175 243 23.3 23.6 309 276 286 254 19.8 395
SiCl, 219 200 2021 232 2072 205 235 208 206 28.0 28.1 28.9 39.3 396 428 373 36.7 306
GeCl, 21.8 20.0 20.0 232 2033 20.0 238 201 197 277 27.6 28.0 387 384 406 395 371 314
NCI 171 158 161 179 16.26 165 178 16.1 16.2 224 21.4 22.1 284 251 264 230 154 231
PCI 16,6 148 150 174 1504 150 164 146 145 221 22.7 23.7 320 309 335 280 235 234
AsClI 16.0 14.1 14.3 17.4 14.29 14.2 15.9 13.7 135 215 22.4 235 325 32.1 35.4 314 25.6 27.3
o] 146 132 136 153 1334 135 149 128 127 1838 17.6 18.2 243 205 219 182 896 37.9
S 133 123 125 141 1275 128 136 123 122 196 19.1 19.5 278 251 26.1 223 186 36.6
Se 135 125 127 140 1283 128 134 123 120 19.8 19.6 20.0 2092 269 281 268 259 38.0

99



Table A3. Angle & (°)

M =Ti, Zr, Hf, V, Nb, Ta, Cr, Mo, W M = Mn, Tc, Re M = Fe, Ru, Os, Co, Rh, Ir
M

E Ti Zr Hf V Nb Ta Cr Mo W Mn Tc Re Fe Ru Os Co Rh Ir

- 131.8 1294 129.1 134.7 133.2 1344 137.1 139.3 139.4 1494 148.4 148.0 179.9 179.9 180.0 180.0 179.8 179.9
BCI 126.1 120.6 120.5 129.2 126.4 126.7 133.8 131.2 131.4 141.7 140.1 1400 160.0 155.8 156.0 155.0 147.8 150.0
AICI 131.6 127.6 1275 134.1 134.7 1349 135.7 139.9 140.2 1488 145.7 145.6 170.0 166.9 167.1 165.1 161.2 163.0
GaCl 131.2 127.3 127.1 133.8 1340 134.2 1358 139.1 139.3 1480 1458 1456 1685 1655 165.6 165.4 158.4 163.1
CCl, 1215 116.0 1157 125.7 122.0 121.8 131.2 127.2 126.8 137.1 1332 1325 1521 1465 1457 148.2 139.3 136.1
SiCl, 129.8 125.6 1255 133.0 131.8 1319 137.1 1205 1298 146.3 144.0 1435 166.0 162.8 163.9 159.3 152.4 1584
GeCl, 130.2 126.3 126.0 133.3 132.2 132.2 136.9 1375 1375 1470 1446 1440 166.6 163.0 163.4 166.0 153.5 160.2
NCI 118.9 113.2 1129 123.2 119.2 119.1 128.7 1245 124.1 1345 130.7 130.1 148.7 143.2 1426 144.1 1354 1316
PCI 126.2 1215 121.3 129.6 127.3 127.2 1340 1319 131.8 1420 139.7 139.3 160.2 156.0 156.5 154.1 147.1 144.7
AsCl 127.4 123.1 1229 130.5 128.8 128.8 134.8 1334 133.3 1349 141.3 1409 1625 1589 159.9 159.8 149.4 156.8
o] 116.6 110.6 1104 1209 116.6 116.5 126.6 122.1 121.6 132.0 127.8 127.2 1457 140 139.4 1415 132.6 130.8
S 124.6 119.7 1195 1285 1254 1254 133.5 130.2 130.0 140.4 137.4 136.8 157.2 152.1 1515 1539 1454 1423
Se 101.8 122.2 122.0 130.3 127.8 127.8 135.2 1324 132.3 1424 140.0 139.3 160.4 155.7 155.3 154.1 1459 146.1
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Table A4. Angle 8 (°)

Cl—M

& E M&e E
M =Ti, Zr, Hf, V, Nb, Ta, Cr, Mo, W M = Mn, Tc, Re M = Fe, Ru, Os, Co, Rh, Ir
M

E Ti Zr Hf V Nb Ta Cr Mo W Mn Tc Re Fe Ru Os Co Rh Ir
BCI 108.5 111.1 111.2 106.2 107.7 107.8 998 1023 1029 104.7 1119 1135 1119 1179 1203 1109 115.2 102.0
AlCI 96.3 987 987 949 958 955 936 920 918 9238 101.7 101.8 100.2 107.5 109.6 96.2 108.0 934
GaCl 957 984 983 939 950 947 925 90.8 904 915 98.8 99.2 97.7 107.7 106.7 854 106.1 92.0
CCl, 1011 103.7 103.9 99.0 1009 101.0 953 972 973 977 100.0 100.3 101.4 104.0 1045 101.1 103.7 108.7
SiCl, 952 982 982 932 955 953 90.0 918 919 924 95.6 96.4 99.0 105.3 108.9 100.4 106.1 91.9
GeCl, 929 961 960 91.0 930 927 880 891 89.0 90.0 92.9 93.3 959 101.3 103.8 98.0 103.8 90.2
NCI 101.2 103.9 104.0 99.1 1009 101.0 950 96.8 96.8 96.8 99.3 100.0 100.4 103.2 104.0 100.5 103.3 104.4
PCI 879 906 906 858 876 876 817 836 837 846 88.2 89.1 904 947 971 905 931 96.8
AsCl 845 873 873 827 843 842 785 803 902 814 85.1 86.0 877 925 955 906 912 86.8
o] 100.0 102.4 1026 978 99.1 99.1 933 945 944 94.1 96.4 96.9 97.7 100.0 100.5 974 100.0 107.3
S 87.2 903 904 9501 874 874 810 832 834 840 86.9 87.2 88.4 9127 921 880 91.3 956
Se 84.02 873 873 8175 844 843 777 80.1 80.1 81.0 84.0 84.3 85,9 89.17 902 872 916 93.2
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Table A5. Distance Cp-M (A)

Cp-M

Cl,

C

=

oo

M =Ti, Zr, Hf, V, Nb, Ta, Cr, Mo, W M = Mn, Tc, Re M = Fe, Ru, Os, Co, Rh, Ir
M

E Ti Zr Hf V Nb Ta Cr Mo W Mn Tc Re Fe Ru Os Co Rh Ir

- 2.072 2225 2225 1976 2099 2101 1.864 1973 1978 1783 1.882 1889 1.658 1.810 1.826 1.748 1.919 1.937
BCI 2.083 2.229 2229 1980 2.092 2.091 1.861 1.962 1.969 1775 1.880 1890 1.652 1.811 1.820 1.760 1.999 1.801
AlCI 2.088 2.237 2237 1991 2112 2111 1923 1988 1992 1800 1.897 1908 1.657 1.812 1.829 1.639 1.930 1.806
GaCl 2.091 2240 2240 1.994 2115 2114 1.884 1989 1994 1799 1896 1906 1.658 1.812 1.827 1.636 1.930 1.807
CCl, 2.070 2216 2216 1971 2.079 2.079 1846 1951 1957 1.753 1854 1.865 1.648 1.805 1.806 1.758 1.975 1.856
SiCl, 2.088 2.237 2237 1.991 2103 2103 1.879 1978 1983 1.786 1879 1887 1.653 1.806 1.821 1.744 1915 1.805
GeCl, 2.093 2242 2242 1.995 2109 2109 1.882 1.983 1.987 1791 1884 1891 1.655 1.806 1.821 1.639 1915 1.806
NCI 2.069 2.216 2.215 1.967 2.078 2.077 1.840 1.947 1954 1750 1.854 1863 1.652 1.811 1.809 1.767 2.021 1.928
PCI 2.074 2223 2223 1975 2.088 2.088 1.857 1961 1967 1765 1.866 1875 1.646 1.798 1.808 1.741 1.935 1.913
AsCl 2,075 2225 2225 1976 2092 2092 1861 1964 1970 1769 1869 1.879 1646 1798 1.811 1.636 1.923 1.802
o] 2.066 2.214 2.213 1.965 2.077 2.076 1.835 1.944 1951 1745 1.850 1857 1.654 1.816 1.810 1.775 2.065 1.939
S 2.075 2221 2221 1975 2.086 2.086 1.849 1955 1962 1760 1.860 1.868 1.645 1.799 1.804 1.753 1.945 1.857
Se 2.079 2225 2225 1980 2.092 2.091 1856 1961 1967 1766 1864 1873 1646 1.797 1.806 1.740 1.909 1.858
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Table A6. Distance M-E (A)

N

.I\/I———E

a2

Cl—M - - -

E

M =Ti, Zr, Hf, V, Nb, Ta, Cr, Mo, W M = Mn, Tc, Re M = Fe, Ru, Os, Co, Rh, Ir
M

E Ti Zr Hf V Nb Ta Cr Mo W Mn Tc Re Fe Ru Os Co Rh Ir

BCI 2.800 2.904 2912 2.769 2.869 2.867 2.806 2.845 2.837 2.618 2.468 2431 2312 2.297 2273 2373 2414 2.696
AlCI 3.140 3.275 3.285 3.095 3.249 3.216 3.081 3.141 3.137 2976 2.670 2.665 2.632 2.584 2555 2954 2.659 2.950
GaCl 3.168 3.293 3.304 3.137 3.250 2.248 3.079 3.177 3.177 3.017 2800 2.795 2.693 2.649 2.625 2979 2752 2.988
CCl, 2983 3.092 3.098 2910 2977 2981 2.827 2.891 2898 2727 2788 2797 2520 2597 2.620 2545 2.661 2.755
SiCl, 3.186 3.296 3.300 3.136 3.185 3.184 3.084 3.108 3.106 2.945 2942 2928 2.633 2.629 2585 2719 2792 2941
GeCl, 3.258 3.363 3.374 3.207 3.262 3.264 3.158 3.185 3.185 3.018 3.012 3.009 2.712 2726 2.703 2.655 2.855 2.999
NCI 2.947 3.058 3.066 2.875 2945 2947 2792 2.861 2.869 2.699 2.747 2753 2507 2574 2593 2539 2635 2742
PCI 3.270 3.383 3.391 3.221 3.293 3.296 3.177 3.226 3.229 3.050 3.036 3.028 2.779 2.913 2.792 2.853 2.947 3.010
AsCl 3.388 3.500 3.506 3.330 3.407 3.407 3.296 3.338 3.341 3.163 3.142 3.130 2.872 2.896 2.859 2.788 3.046 3.059
o] 2,955 3.075 3.081 2.879 2961 2967 2.792 2.872 2.885 2719 2787 2799 2536 2.613 2.638 2557 2.646 2.742
S 3.295 3.388 3.393 3.230 3.201 3.292 3.155 3.206 3.210 3.039 3.079 3.084 2.803 2.870 2.886 2.822 2932 3.016
Se 3.414 3.495 3,500 3.352 3.391 3.391 3.280 3.321 3.325 3.153 3.181 3.187 2.896 2954 2.965 2.968 3.087 3.099
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Table A7.

Distance Cipso-M (A)

7 7\
.

Cl,, ==
(M’ NE Cl—M~ \E M~ \E
cl f&; Cipso-M z&j Cipso-M 6& CipsoM
M =Ti, Zr, Hf, V, Nb, Ta, Cr, Mo, W M= Mn, Tc, Re M = Fe, Ru, Os, Co, Rh, Ir
M

E Ti Zr Hf V Nb Ta Cr Mo W Mn Tc Re Fe Ru Os Co Rh Ir
- 2.370 2,507 2509 2316 2409 2420 2261 2277 2283 2132 2264 2194 2052 2178 2194 2.091 2231 2.228
BCI 2.335 2.460 2.465 2.267 2.348 2.346 2.167 2.233 2.237 2100 2145 2155 1.972 2.065 2.089 2.000 2.104 2.095
AlCI 2390 2.519 2523 2330 2.399 2392 2297 2275 2268 2163 2208 2217 2.037 2.146 2.172 2.020 2.204 2.148
GaCl 2400 2528 2533 2340 2409 2401 2277 2281 2274 2169 2208 2219 2.038 2146 2.171 2.023 2233 2151
CCl, 2.336 2465 2472 2247 2328 2333 2128 2207 2216 2.073 2154 2168 1952 2.047 2.072 1967 2.097 2.336
SiCl, 2.381 2509 2514 2308 2375 2372 2212 2254 2254 2134 2190 2197 2.008 2112 2141 2093 2241 2114
GeCl, 2.395 2522 2529 2322 2388 2385 2230 2262 2261 2144 2196 2204 2.017 2121 215 2.014 2256 2.125
NCI 2.324 2455 2463 2.233 2318 2.321 2112 2193 2.203 2.053 2129 2146 1935 2.028 2.052 1.962 2.076 2.178
PCI 2.353 2.480 2.485 2274 2350 2351 2166 2230 2234 2101 2163 2176 1981 2.080 2.107 2.036 2.150 2.160
AsCl 2367 2494 2499 2290 2362 2361 2181 2238 2240 2114 2175 2188 1996 2100 2131 2.065 2.183 2.108
(0] 2.320 2.455 2.463 2.226 2.314 2318 2.097 2181 2192 2.039 2126 2142 1924 2.016 2.042 1.940 2.054 2.098
S 2351 2475 2481 2262 2340 2342 2139 2215 2221 2085 2161 2173 1963 2.059 2.083 1.973 2110 2.353
Se 2.368 2.487 2.492 2278 2.353 2352 2154 2227 2230 2101 2173 2185 1980 2.078 2.103 2.056 2.222 2.372
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Table AS8.

Distance Cipso-E (A)

Cl,

Cl

4

@\/sto"E
"MI _
=

<=

Cl—M

=

ipso'E
E

<=

N /Cipso'E
=

M =Ti, Zr, Hf, V, Nb, Ta, Cr, Mo, W M =Mn, Tc, Re M = Fe, Ru, Os, Co, Rh, Ir
M

E Ti Zr Hf V Nb Ta Cr Mo wW Mn Tc Re Fe Ru Os Co Rh Ir

BCI 1545 1549 1549 1546 1548 1.547 1545 1547 1544 1546 1554 1558 1573 1595 1.609 1566 1572 1.661
AlCI 1931 1936 1936 1.933 1.929 1.928 1.940 1.922 192 1925 1943 1943 1953 1978 1.991 2.068 1970 2.109
GacCl 1.947 1951 1.951 1.949 1948 1.947 1951 1942 1.941 1.946 1.956 1.956 1976 1.997 2.010 2.100 1.989 2.147
CCl, 1503 1.508 1.508 1.502 1.505 1505 1.499 1500 1.499 1505 1512 1515 1530 1545 1554 1.524 1530 1.541
SiCl, 1848 1851 1.852 1.849 1.849 1847 1.846 1.844 1.842 1.846 1.856 1.857 1.871 1.893 1907 1.871 1.885 2.006
GeCl, 1.922 1.925 1924 1924 1923 1.922 1.923 1.919 1917 1922 1932 1934 1948 1971 1983 1.871 1964 2.093
NCI 1434 1436 1.437 1435 1435 1.434 1.434 1.433 1.431 1.441 1445 1446 1464 1.474 1.481 1454 1452 1.462
PCI 1835 1839 1839 1.837 1839 1.838 1.836 1.837 1.835 1.840 1847 1848 1866 1.885 1.896 1.859 1.868 1.904
AsCl 1951 1955 1.955 1.953 1955 1954 1951 1952 1.951 1.956 1.963 1.964 1.984 2.007 2.020 1.844 1.990 2.066
o] 1392 1.393 1.393 1.392 1.395 1.395 1.392 1.394 1.395 1.405 1.409 1412 1429 1.439 1.447 1419 1418 1.426
S 1.785 1.789 1.789 1.786 1.789 1.788 1.784 1.786 1.784 1.793 1.800 1.803 1.820 1.837 1.845 1.814 1.822 1.821
Se 1917 1922 1.922 1918 1.92 1.92 1917 1917 1917 1.925 1.934 1.936 1953 1972 1981 1.949 1.957 1.958
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Table A9. *C NMR &Cjyso (ppm)

Cl—M

=

E

I@leso

M

E

=

M =Ti, Zr, Hf, V, Nb, Ta, Cr, Mo, W M = Mn, Tc, Re M = Fe, Ru, Os, Co, Rh, Ir
M

E Ti Zr Hf V Nb Ta Cr Mo W Mn Tc Re Fe Ru Os Co Rh Ir

- 108.4 107.0 106.1 977 969 963 835 825 778 708 75.6 70.5 721 744 696 786 821 737
BCI 122.6 126.5 127.7 1120 1119 1109 90.7 831 799 60.2 78.5 75.6 67.4 707 667 542 601 528
AlCI 118.2 1195 121.2 1059 111.6 1108 87.7 963 926 65.9 81.5 76.6 56.6 569 537 763 594 76.1
GaCl 121.7 1229 1251 1089 114.1 1135 864 98.1 946 624 81.0 75.7 55,6 547 504 841 67.1 804
CCl, 1214 1279 1309 111.3 108.8 107.1 902 822 775 384 41.4 38.7 50.6 440 364 421 509 106
SiCl, 110.6 1152 117.8 1009 1014 9996 858 819 77.3 46.3 49.5 454 432 395 356 675 80.0 60.0
GeCl, 1152 118.7 121.8 1049 106.6 1055 88.1 881 838 50.7 55.8 51.3 48.4 404 330 40.0 90.0 66.4
NCI 128.9 136.5 140.0 1174 116.8 1154 952 887 84.8 434 51.6 49.4 634 559 481 573 629 731
PCI 108.8 1154 119.6 9557 9541 94.16 755 67.7 63.0 284 32.7 28.3 29.0 222 165 474 437 108
AsCl 1107 116.6 1209 96.31 96.93 9563 779 698 650 32.0 34.7 30.0 295 222 168 60.7 57.9 420
o] 136.0 144.2 1479 1245 1236 1221 102 947 90.6 46.4 52.6 50.4 717 623 533 655 70.0 132
S 106.5 111.3 1159 95.68 91.27 89.84 74.7 65.2 60.9 17.8 18.1 15.8 27.5 16.8 9.46 21.6 30.1 115
Se 105.1 108.1 1126 9484 88.85 87.52 751 64.2 60.0 19.0 18.0 15.2 247 140 6.92 595 1010 119
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Table A10. Dipole Moment (debye)

P E E M E
== = =
M =Ti, Zr, Hf, V, Nb, Ta, Cr, Mo, W M = Mn, Tc, Re M = Fe, Ru, Os, Co, Rh, Ir
M

E Ti Zr Hf V Nb Ta Cr Mo W Mn Tc Re Fe Ru Os Co Rh Ir

- 519 473 455 688 641 596 7.86 6.9 6.44 490 4.76 4.53 0 001 O 0 0.06 0.13
BCI 324 279 259 502 434 379 6.12 541 471 282 3.32 3.28 3.11 303 323 282 251 7.06
AlCI 390 321 301 563 451 411 7.03 539 482 3.00 4.59 4.26 291 3.09 327 834 277 785
GaCl 369 293 274 537 415 378 6.69 506 453 262 4.30 4.07 316 335 352 854 3.06 796
CCl, 223 177 153 404 348 3.00 496 443 381 205 2.71 2.33 3.05 196 152 299 225 240
SiCl, 237 157 136 416 324 282 525 416 358 1.69 2.13 2.03 389 363 383 398 370 871
GeCl, 208 1.12 08 380 277 238 499 369 313 1.18 1.91 1.95 439 406 412 414 428 8.85
NCI 252 207 184 433 379 331 526 476 414 245 3.06 2.66 267 170 129 270 213 124
PCI 218 182 164 411 372 333 525 472 416 2.23 2.17 1.76 319 249 242 325 255 287
AsCl 250 239 222 430 426 389 557 520 470 278 231 1.78 312 255 257 322 261 9.96
o] 292 249 226 465 421 379 558 519 463 3.10 3.77 3.30 197 106 061 201 158 152
S 293 247 225 470 416 378 563 514 462 281 3.30 3.15 231 150 117 225 167 212
Se 325 278 257 502 447 410 592 543 493 3.04 3.48 2.96 213 139 111 227 190 207
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Table A11. Mulliken Charge on Metal

('V' E E M E
== = =
M =Ti, Zr, Hf, V, Nb, Ta, Cr, Mo, W M = Mn, Tc, Re M =Fe, Ru, Os, Co, Rh, Ir

E Ti Zr Hf \% Nb Ta Cr Mo W Mn Tc Re Fe Ru Os Co Rh Ir
- -0.131 0.037 0.022 -0.208 -0.234 -0.047 -0.597 -0.45 -0.112 -0.150 -0.232 0.058 -0.18 -0.027 0.207 -0.046 -0.049 0.121
BCI -0.097 0.103 0.050 -0.198 -0.266 0.002 -0.576 -0.509 -0.061 -0.182 -0.372 0.064 -0.266 -0.251 -0.296 -0.045 -0.138 0.282
AIClI  -0.181 -0.002 -0.047 -0.249 -0.348 -0.129 -0.574 -0.552 -0.160 -0.172 -0.472 -0.101 -0.295 -0.294 0.165 -0.401 -0.266 0.173
GaCl -0.182 0.006 -0.006 -0.250 -0.346 -0.100 -0.675 -0.558 -0.135 -0.182 -0.447 -0.039 -0.29 -0.285 0.193 -0.402 -0.251 0.188
CCl, -0.175 0.036 0.044 -0.283 -0.409 -0.003 -0.721 -0.72 -0.082 -0.301 -0.494 0.129 -0.297 -0.355 0.299 -0.085 -0.258 0.347
SiCl, -0.190 -0.050 -0.094 -0.269 -0.416 -0.168 -0.678 -0.648 -0.211 -0.252 -0.446 -0.032 -0.351 -0.347 0.150 -0.146 -0.316 0.185
GeCl, -0.156 -0.006 -0.050 -0.239 -0.365 -0.134 -0.647 -0.600 -0.189 -0.220 -0.415 -0.022 -0.329 -0.315 0.179 -0.117 -0.289 0.177
NCI -0.058 0.150 0.096 -0.173 -0.240 0.019 -0.627 -0.533 -0.062 -0.208 -0.332 0.134 -0.182 -0.228 0.267 0.020 -0.085 -0.120
PCI -0.134 0.009 -0.033 -0.217 -0.359 -0.130 -0.631 -0.586 -0.181 -0.201 -0.411 0.011 -0.266 -0.322 0.173 -0.061 -0.224 0.253
AsCl -0.115 0.029 -0.014 -0.204 -0.316 -0.109 -0.604 -0.548 -0.171 -0.178 -0.374 0.026 -0.248 -0.281 0.174 -0.054 -0.202 0.189
o] -0.093 0.121 0.063 -0.197 -0.252 0.010 -0.659 -0.525 -0.072 -0.210 -0.306 0.146 -0.170 -0.223 0.245 0.035 -0.070 0.313
S -0.121 -0.015 -0.092 -0.204 -0.384 -0.177 -0.647 -0.610 -0.210 -0.211 -0.426 -0.037 -0.251 -0.336 0.220 -0.025 -0.228 0.269
Se -0,138 -0.041 -0.114 -0.213 -0.401 -0.186 -0.649 -0.621 -0.222 -0.214 -0.435 -0.034 -0.263 -0.326 0.210 -0.069 -0.287 0.255
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Table A12. NBO Charge on Metal

('V' E E M E
== = =
M =Ti, Zr, Hf, V, Nb, Ta, Cr, Mo, W M = Mn, Tc, Re M =Fe, Ru, Os, Co, Rh, Ir
M

E Ti Zr Hf V Nb Ta Cr Mo W Mn Tc Re Fe Ru Os Co Rh Ir

- -0.416 0.756 0.923 -0.510 0.001 0.483 -1.015 -0.479 0.183 -0.451 -0.534 -0.047 -0.489 -0.457 -0.003 0.034 -0.078 0.169
BCI -0.420 0.784 0.943 -0.531 0.028 0.518 -1.029 -0.446 0.232 -0.483 -0.529 -0.003 -0.511 -0.416 0.067 0.075 0.118 0.269
AICI  -0.471 0.697 0.857 -0.554 -0.053 0.425 -0.947 -0.526 0.140 -0.454 -0.742 -0.239 -0.620 -0.649 -0.167 -0.297 -0.173 0.177
GaCl -0.452 0.711 0.871 -0.531 -0.04 0.433 -1.049 -0.515 0.143 -0.446 -0.673 -0.177 -0.581 -0.607 -0.128 -0.289 -0.137 0.191
CCl, -0.409 0.804 0.960 -0.538 0.057 0.530 -1.057 -0.430 0.227 -0.528 -0.478 0.028 -0.439 -0.322 0.093 0.122 0.127 0.227
SiCl, -0.432 0.746 0.907 -0.523 -0.019 0.465 -1.031 -0.499 0.174 -0.470 -0.580 -0.072 -0.572 -0.548 -0.075 -0.005 -0.110 0.233
GeCl, -0.422 0.748 0.906 -0.514 -0.020 0.459 -1.022 -0.502 0.165 -0.459 -0.580 -0.076 -0.562 -0.542 -0.068 0.013 -0.114 0.224
NCI -0.408 0.793 0.960 -0.549 0.061 0.531 -1.064 -0.424 0.223 -0.539 -0.459 0.041 -0.412 -0.286 0.120 0.142 0.195 0.233
PCI -0.435 0.767 0.927 -0.547 0.007 0.486 -1.062 -0.481 0.182 -0.518 -0.549 -0.040 -0.519 -0.458 0.005 0.040 0.003 0.190
AsCl -0.434 0.764 0.923 -0.543 -0.001 0.476 -1.059 -0.492 0.170 -0.511 -0.566 -0.061 -0.534 -0.496 -0.028 0.025 -0.035 0.248
o] -0.423 0.782 0.950 -0.560 0.052 0.520 -1.075 -0.429 0.218 -0.563 -0.462 0.036 -0.408 -0.278 0.116 0.149 0.217 0.239
S -0.412 0.788 0.949 -0.537 0.030 0.508 -1.070 -0.463 0.205 -0.523 -0.521 -0.028 -0.486 -0.396 0.062 0.081 0.046 0.215
Se -0.409 0.783 0.941 -0.526 0.019 0.495 -1.064 -0.477 0.191 -0.512 -0.541 -0.006 -0.508 -0.436 0.030 0.042 -0.041 0.200
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Table A13. UV-vis Absorbtion Apnax (Nm)

(M E Cl—M E M E
=>d =>d >l
M =Ti, Zr, Hf, V, Nb, Ta, Cr, Mo, W M = Mn, Tc, Re M = Fe, Ru, Os, Co, Rh, Ir
M
E Ti Zr Hf \/ Nb Ta Cr Mo W Mn Tc Re Fe Ru Os Co Rh Ir

- 476 328 301 495 379 366 437 491 418 508 421 312 228 214 213 320 359 430
BCI 470 342 332 492 410 395 477 497 598 513 465 416 474 364 322 542 572 381
AlCI 472 331 308 496 405 400 462 515 357 513 459 411 461 329 328 409 448 336
GaCl 474 331 310 506 399 413 441 529 376 519 501 452 472 361 379 408 474 316
CCl, 496 354 331 511 418 432 479 492 329 522 477 377 511 410 364 589 663 617
SiCl, 479 346 323 514 407 386 466 523 303 519 427 288 470 341 293 561 500 301
GeCl, 479 342 320 519 402 381 457 532 374 522 428 363 473 343 306 531 490 360
NCI 495 356 334 513 466 398 467 494 429 531 494 324 525 425 401 618 755 795
PCI 485 345 322 517 444 387 475 536 423 521 440 278 494 377 329 580 561 515
AsCl 485 343 320 518 404 382 470 546 484 520 431 298 489 367 384 575 563 333
0] 494 353 327 516 413 391 457 491 429 537 530 334 536 437 390 621 798 703
S 494 347 323 531 407 386 488 538 477 530 465 258 500 390 352 567 588 535
Se 494 344 320 537 402 381 494 561 316 528 494 261 493 379 348 585 577 502
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Table Al4.

HOMO Energy (eV)

P E E M E
== = =
M =Ti, Zr, Hf, V, Nb, Ta, Cr, Mo, W M = Mn, Tc, Re M = Fe, Ru, Os, Co, Rh, Ir
M

E Ti Zr Hf V Nb Ta Cr Mo W Mn Tc Re Fe Ru Os Co Rh Ir

- -7.12 74 -7.37 -685 -558 -522 -637 -590 -568 -5.86 -5.63 -5.48 -6.03 -6.27 -6.11 -477 -3.99 -3.75
BCI -7.36 -759 -754 -7.00 -5.80 -547 -655 -6.10 -591 -6.07 -6.00 -5.95 -6.51 -6.23 -6.14 -529 -4.92 -4.08
AICI -7.26 -751 -747 -6.96 -574 -537 -651 -598 -577 -6.05 -6.05 -5.91 -6.48 -6.55 -6.45 -4.77 -452 -4.75
GaCl -730 -755 -751 -700 -577 -539 -650 -599 -578 -6.08 -5.98 -5.85 -6.46 -6.50 -6.39 -510 -457 -511
ccl, -738 -759 -756 -7.08 -592 -559 -6.73 -6.29 -6.10 -6.04 -5.57 -5.44 -6.37 -5.86 -6.12 -535 -492 -461
SiCl, -7.44 -7.70 -7.68 -7.13 -594 -559 -6.68 -6.22 -6.02 -6.24 -5.90 -5.81 -6.71 -6.61 -658 -539 -479 -512
GeCl, -749 -7.76 -7.73 -719 -598 -561 -6.72 -6.24 -6.04 -6.31 -5.98 -5.86 -6.75 -6.86 -6.54 -542 -4.86 -5.63
NCI -7.34 -753 -749 -729 -589 -555 -6.70 -6.27 -6.07 -5.92 -5.52 -5.37 -6.19 -575 -554 -536 -5.08 -4.65
PCI -7.38 -762 -759 -7.08 -588 -553 -6.66 -6.18 -598 -6.10 -5.78 -5.66 -6.44 -6.09 -582 -530 -4.76 -4.46
AsCl -734 -759 -755 -7.05 -583 -547 -6.61 -6.12 -591 -6.08 -5.77 -5.65 -6.45 -6.13 -6.01 -525 -4.67 -4.85
o] -7.27 -745 -741 -697 -582 -547 -6.65 -6.22 -6.01 -575 -5.32 -5.17 -6.01 -558 -5.36 -528 -5.04 -4.67
S -7.30 -756 -752 -7.02 -584 -549 -6.65 -6.17 -5.96 -5.97 -5.54 -5.43 -6.25 -594 -573 -5.20 -4.67 -4.47
Se -7.28 -753 -750 -701 -581 -545 -6.61 -6.12 -590 -5.98 -5.57 -5.40 -6.27 -6.02 -582 -517 -460 -4.40
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Table A15. LUMO Energy (eV)

(M E E M E
== = =
M =Ti, Zr, Hf, V, Nb, Ta, Cr, Mo, W M = Mn, Tc, Re M = Fe, Ru, Os, Co, Rh, Ir
M

E Ti Zr Hf V Nb Ta Cr Mo W Mn Tc Re Fe Ru Os Co Rh Ir

- -3.34 -262 -228 -3.16 -294 -286 -3.11 -232 -2.05 -255 -2.17 -1.75 -0.80 -040 019 -2.18 -1.81 -1.32
BCI -3.76 -3.05 -294 -335 -347 -3.40 -328 -3.05 -293 -2.76 -2.51 -2.19 -1.62 -141 -1.30 -264 -256 -2.01
AlCI -346 -278 -253 -3.30 -3.27 -3.15 -349 -258 -252 -2.80 -2.53 -2.20 -1.76 -180 -1.80 -297 -231 -1.89
GaCl -351 -282 -269 -338 -326 -313 -337 -285 -279 -2.83 -2.64 -2.45 -2.06 -225 -230 -299 -234 -252
ccl, -375 -3.13 -2.89 -350 -358 -346 -3.44 -253 -230 -2.74 -2.12 -1.70 -142 -116 -1.00 -2.73 -258 -2.14
SiCl, -3.70 -3.16 -291 -358 -353 -341 -349 -260 -2.36 -2.95 -2.48 -2.08 -151 -122 -0.70 -2.83 -253 -2.36
GeCl, -3.75 -3.17 -293 -365 -353 -341 -357 -270 -242 -3.04 -2.63 -2.31 -156 -1.63 -1.70 -2.88 -256 -3.36
NCI -3.70 -3.09 -287 -347 -355 -3.43 -337 -253 -242 -2.66 -2.30 -2.22 -1.57 -165 -1.70 -270 -2.63 -2.23
PCI -3.67 -3.05 -280 -3.52 -347 -3.34 -340 -258 -2.36 -2.80 -2.29 -1.95 -1.92 -154 -1.10 -2.67 -246 -2.10
AsCl -363 -299 -274 -3.49 -338 -324 -338 -278 -270 -2.78 -2.40 -2.34 -1.50 -196 -1.90 -2.62 -2.37 -2.46
o] -3.62 -294 -266 -343 -343 -3.27 -3.28 -238 -2.16 -253 -1.94 -1.51 -1.32 -1.18 -0.70 -2.63 -2.66 -2.19
S -366 -301 -274 -352 -342 -329 -338 -255 -221 -271 -2.16 -1.91 -1.29 -110 -0.80 -2.62 -244 -211
Se -3.63 -297 -269 -352 -336 -3.22 -3.37 -264 -231 -272 -2.21 -1.76 -1.33 -118 -1.10 -259 -233 -2.07
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Table A16. HOMO-LUMO Gap (eV)

(M E E M E
== = =
M =Ti, Zr, Hf, V, Nb, Ta, Cr, Mo, W M = Mn, Tc, Re M = Fe, Ru, Os, Co, Rh, Ir
M

E Ti Zr Hf V Nb Ta Cr Mo W Mn Tc Re Fe Ru Os Co Rh Ir

- 377 478 509 368 264 236 326 358 363 331 3.46 3.72 523 587 630 260 218 243
BCI 3.60 454 4607 365 233 207 327 3.05 298 330 3.49 3.76 488 482 483 264 235 207
AlCI 3.8 472 4937 365 246 222 3.02 340 325 325 3.51 3.70 472 474 464 179 221 286
GaCl 379 473 4825 362 251 226 314 314 299 325 3.34 3.40 440 425 408 211 223 259
CCl, 363 446 4662 358 234 213 329 376 380 3.29 3.44 3.74 495 471 514 262 234 246
SiCl, 374 455 4763 356 241 217 319 362 366 3.29 3.43 3.73 519 539 585 257 226 276
GeCl, 374 459 4804 354 245 221 315 354 361 327 3.35 3.55 519 523 486 254 230 227
NCI 3.64 444 4627 382 233 211 333 373 365 326 3.22 3.15 462 410 3.8 266 245 242
PCI 371 457 4784 356 242 219 326 3.6 3.62 3.30 3.49 3.70 452 455 475 263 231 236
AsCl 371 459 4807 356 246 223 323 334 321 3.29 3.37 331 495 418 409 263 230 240
o] 3.65 451 4757 354 239 220 338 384 386 322 3.38 3.67 469 440 468 264 239 248
S 365 455 4784 351 242 220 327 362 375 3.26 3.38 3.52 496 484 494 259 223 236
Se 365 456 4807 349 245 223 324 348 359 3.26 3.36 3.65 494 483 475 258 227 233
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Table A17.

Chemical Potential ()

P E E M E
== = =
M =Ti, Zr, Hf, V, Nb, Ta, Cr, Mo, W M = Mn, Tc, Re M = Fe, Ru, Os, Co, Rh, Ir
M

E Ti Zr Hf V Nb Ta Cr Mo W Mn Tc Re Fe Ru Os Co Rh Ir

- -523 -501 -483 -5.01 -426 -4.04 -474 -411 -3.86 -4.21 -3.90 -3.61 -342 -3.33 -296 -3.48 -2.9 -2.53
BCI -556 -532 -524 -517 -4.64 -444 -492 -458 -442 -4.41 -4.25 -4.07 -406 -3.82 -3.72 -397 -3.74 -3.04
AlCI -5.36 -5.14 -5.00 -5.13 -450 -426 -5.00 -4.28 -4.15 -4.42 -4.29 -4.06 -412  -417 -4.12 -3.87 -3.42 -3.32
GacCl -540 -5.19 -510 -519 -451 -426 -493 -442 -428 -4.45 -4.31 -4.15 -4.26 -437 -435 -404 -3.46 -3.82
CCl, -556 -536 -523 -529 -475 -452 -509 -4.41 -420 -4.39 -3.85 -3.57 -389 -351 -355 -404 -3.75 -3.37
SiCl, -557 -543 -529 -536 -473 -450 -5.08 -441 -419 -4.60 -4.19 -3.95 -411 -391 -366 -4.11 -3.66 -3.74
GeCl, -562 -547 -533 -542 -476 -451 -515 -447 -423 -4.67 -4.30 -4.09 -4.15 -424 -4.12 -415 -3.71 -450
NCI -552 -531 -518 -538 -4.72 -449 -503 -440 -425 -4.29 -3.91 -3.79 -3.88 -3.70 -3.62 -4.03 -3.86 -3.44
PCI -553 -534 -520 -530 -467 -443 -5.03 -438 -4.17 -4.45 -4.03 -3.80 -418 -3.82 -3.44 -3.99 -3.61 -3.28
AsCl -548 -529 -515 -527 -4.60 -436 -4.99 -445 -431 -4.43 -4.08 -3.99 -398 -4.05 -397 -394 -352 -3.65
o] -545 -520 -503 -520 -4.62 -437 -497 -430 -409 -4.14 -3.63 -3.34 -3.67 -3.38 -3.02 -395 -3.85 -3.43
S -548 -528 -5.13 -5.27 -463 -439 -5.02 -436 -4.09 -434 -3.85 -3.67 -3.77 -352 -326 -391 -355 -3.29
Se -545 -525 510 -5.26 -458 -433 -499 -438 -411 -435 -3.89 -3.58 -3.80 -3.60 -3.44 -3.88 -3.47 -3.23
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Table A18. Hardness (n)

P E E M E
== = =
M =Ti, Zr, Hf, V, Nb, Ta, Cr, Mo, W M = Mn, Tc, Re M = Fe, Ru, Os, Co, Rh, Ir
M

E Ti Zr Hf V Nb Ta Cr Mo W Mn Tc Re Fe Ru Os Co Rh Ir

- 189 239 255 184 132 118 163 179 182 1.65 1.73 1.86 262 293 315 13 1.09 122
BCI 180 227 230 183 1.17 103 163 152 149 1.65 1.74 1.88 244 241 242 132 118 1.04
AlCI 190 236 247 183 123 111 151 170 163 1.63 1.76 1.85 236 237 232 09 111 143
GacCl 1.89 2.36 241 1.81 1.25 1.13 1.57 1.57 1.49 1.62 1.67 1.70 2.20 2.13 2.04 1.05 1.11 1.30
cCl, 182 223 233 179 117 106 165 188 190 165 1.72 1.87 247 235 257 131 117 123
SiCl, 187 227 238 178 121 109 160 181 183 165 1.71 1.87 260 270 292 128 113 1.38
GeCl, 1.87 2.30 2.40 1.77 1.22 1.10 1.57 1.77 1.81 1.63 1.68 1.77 2.60 2.61 2.43 1.27 1.15 1.13
NCI 182 222 231 191 117 106 167 187 182 1.63 1.61 1.58 231 205 192 133 123 121
PCI 186 229 239 178 121 109 163 1.8 1.81 1.65 1.75 1.85 226 228 237 132 115 1.18
AsCl 186 230 240 178 123 111 162 167 160 1.65 1.68 1.65 247 209 204 132 115 120
o] 182 225 238 177 120 110 169 192 193 161 1.69 1.83 235 220 234 132 119 124
S 182 228 239 175 121 110 163 181 187 1.63 1.69 1.76 248 242 247 129 111 1.18
Se 183 228 240 175 123 112 162 174 179 163 1.68 1.82 247 242 237 129 114 1.16
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Table A19. Sum of electronic and zero-point Energies of the Model Structures of Group 4-6 (hartree/particle)

M = Ti, Zr, Hf, V, Nb, Ta, Cr, Mo, W
M

E Ti Zr Hf V Nb Ta Cr Mo wW

- -2159.482003 -1356.959841 -1357.92913 -2253.996536 -1366.853703 -1366.897165 -2354.4213 -1378.05831  -1376.955586
BCI -2643.792996 -1841.269102 -1842.237998 -2738.305043 -1851.16279  -1851.207574 -2838.730171 -1862.369719 -1861.267416
AlCI -2861.561515 -2059.040138 -2060.009094 -2956.074499 -2068.933943 -2068.978376 -3056.496772 -2080.137875 -2079.035622
GaCl -4544.450484 -3741.929385 -3742.898371 -4638.963106 -3751.822297 -3751.866401 -4739.385705 -3763.025363 -3761.922551
CCl, -3117.564812 -2315.03874 -2316.007892 -3212.078238 -2324.93495 -2324.979646 -3312.506361 -2336.144045 -2335.041643
SiCl, -3369.239003 -2566.718003 -2567.687152 -3463.750974 -2576.611989 -2576.656795 -3564.174279 -2587.816602 -2586.714631
GeCl, -5157.21751 -4354.697009 -4355.666182 -5251.729214 -4364.590215 -4364.634691 -5352.152002 -4375.79384 -4374.691432
NCI -2673.635169 -1871.108415 -1872.077622 -2768.148892 -1881.004419 -1881.049095 -2868.577769 -1892.214077 -1891.111547
PCI -2960.481512 -2157.957844 -2158.927037 -3054.994536 -2167.852615 -2167.897247 -3155.420683 -2179.059434 -2177.956997
AsCl  -4855.502173 -4052.978992 -4053.948213 -4950.015333 -4062.873582 -4062.918005 -5050.441001 -4074.07982 -4072.977162
o] -2233.617174 -1431.089521 -1432.058842 -2328.131429 -1440.985638 -1441.029924 -2428.561259 -1452.196166 -1451.093148
S -2556.767797 -1754.243688 -1755.213022 -2651.280877 -1764.13877 -1764.183486 -2751.708055 -1775.346358 -1774.244065
Se -4560.618865 -3758.09589  -3759.065228 -4655.13173 -3767.990517 -3768.035094 -4755.558007 -3779.197049 -3778.094586
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Table A20.

Sum of electronic and zero-point Energies of the Model Structures of Group 7-9 (hartree/particle)

<=

Cl_M& E M& E
= =

M = Mn, Tc, Re M = Fe, Ru, Os, Co, Rh, Ir

M

E Mn Tc Re Fe Ru Os Co Rh Ir
- -2000.400682 -930.097069 -927.579152 -1652.634312 -483.66792 -479.452247 -1771.713022 -499.300117 -493.080547
BCI -2484.703609 -1414.398741 -1411.88225 -2136.903233 -967.922493 -963.701269 -2255.982909 -983.56014  -977.329247
AlCI -2702.474845 -1632.17864 -1629.66257 -2354.697533 -1185.726954 -1181.51011 -2473.752898 -1201.35686 -1195.15776
GaCl  -4385.363141 -3315.063698 -3312.5464 -4037.583906 -2868.611742 -2864.3934 -4156.64799 -2884.24341 -2878.05322
CCl, -2958.476457 -1888.162894 -1885.64221 -2610.666591 -1441.677656 -1437.45075  -2729.748581 -1457.32105 -1451.08733
SiCl,  -3210.154788 -2139.848767 -2137.33081 -2862.369454 -1693.392672 -1689.17324  -2981.445809 -1709.02434 -1702.78713
GeCl, -4998.132913 -3927.827591 -3925.30937 -4650.350371 -3481.374497 -3477.15457 -4769.427215 -3497.00717 -3490.79568
NCI -2514.543524  -1444.228649 -1441.70804  -2166.72763 -997.737673 -993.509739 -2285.812585 -1013.38677 -1007.15073
PCI -2801.395782 -1731.086911 -1728.56814  -2453.598911 -1284.616086 -1280.39316 -2572.67839 -1300.25367 -1294.02527
AsCl -4696.416873 -3626.109452 -3623.59084  -4348.624241 -3179.643913 -3175.4223 -4467.703006 -3195.27952 -3189.06025
o] -2074.521924 -1004.205304 -1001.68371 -1726.701256 -557.71059 -553.481826  -1845.787521 -573.362017 -567.123235
S -2397.68067 -1327.36915 -3328.70363 -2049.879379 -880.895289 -876.671238  -2168.959631 -896.534401 -890.306646
Se -4401.532936  -3331.22305 -1324.84931 -4053.737334  -2884.755835 -2880.53314  -4172.816067 -2900.39258 -2894.16731
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Ti Complexes

APPENDIX B: Electrostatic Potential Maps, Frontier Molecular Orbitals And Orbital Energies of the Model Molecules

HOMO-2 HOMO-1 HOMO LUMO LUMO+1 LUMO+2
MOLECULE ESP (hartrees) (hartrees) (hartrees) (hartrees) (hartrees) (hartrees)
@ ?‘u . % ;y . ?
"— ) & s
&% ’ i ,
[Ti(n>-CsHs),Cly] -0.26148 0.12284 -0.08698 -0.08547
S!% !g E " o g.
‘/J
& g &
[Ti{(n>-CsH,),BCI}Cl,] -0.27052 0.13083 -0.10386 .
Ji;“;ﬂ g&‘ é) 9
[Ti{(n>-CsH.),AICI}Cl;] -0 28566 -0.27680 -0.26684 -0.09821 -0.09218
2% | B 2 .| e
;—q ’ - ot ) ’ &
[Ti{(n>-CsH4),GaCl}Cl,] -o 28700 -0.27855 -0.26820 -0.10137 -0.09493
:::% (3 .3 o3 &; % o3
4% e g : :
[Ti{(n>-CsH4),CCl,}Cl,] -0.29522 -0.28460 -0.27119 -0.13773 -0 10077
@ ( aJ ‘ 3 \
4 & A 93 ,f
e e \;:}‘ @ ’ 8 ) % & ’ ﬁ‘
[Ti{(n>-CsH.,),SiCl,}Cl,] -0.29284 -0.28412 -0.27348 -0.13605 -0.10308 -0.09860
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s Yoy,

w"a

‘
iﬁu
@

[Ti{(n°-CsH4),GeCl}Cl,]

-0.28591

o B
a:;er'

%

[Ti{(n>-CsH.),NCI}Cl,]

-0.28342

-

‘@ 2
32 oo g;} =
Ko - v,
[Ti{(n°-CsH4),PCI}Cl,] -0.28347 -0.27133 -0.13488 -0.10164 -0.09470
Py @ .
2 g \ 2° >® 2
"’ \’ g " >
[Ti{(n°-CsH4),AsCI}Cl,] -0.29090 -0.28193 -0.26977
]

2.5,

o9
Fad e

e

[Ti{(ns-qu4)20}c12]

-0.28163

-0.26712

3.5

. ;
9 s
2® G %
[Ti{(n°-CsH4),S}Cl] -0.29037 -0.28150 -0.26840
F) L}
e * . ,
8
4% m ‘
[Ti{(n>-CsH.),Se}Cl,] -0.28032 -0.27874 -0.26751 -0.13334 -0.10265 -0.08803
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Zr Complexes

HOMO-2 HOMO-1 HOMO LUMO LUMO+1 LUMO+2
MOLECULE ESP MAP (hartrees) (hartrees) (hartrees) (hartrees) (hartrees) (hartrees)
‘* » a‘ -
3#:”’ (2 : : "
J’.’&J 5 A & F ) * J
[Zr(n°-CsHs),Cl3] -0.28275 -0.27204 -0.09623 -0.06068 -0.04957
‘B : - R
o, %o B4 @ 3
o B 4
od \e 9
[Zr{(n°-CsH.),BCI}Cl,] -0.29110 -0.27872 -0.11200 -0.09485 -0.05904
e R i &
,9‘5 o -
[Zr{(n>-CsH4),AICI}Cl,] -0.28664 -0.27587 -0.10227 -0.09126 -0.06748
J”‘\ N 5
2o %0 »
o .
[Zr{(n°-CsH.),GaCl}Cl,] -0.29494 -0.28849 -0.27747 -0.10366 -0.09906 -0.06798
- 2 { v
;_,e- .
[Zr{(n°-CsH4),CCI,}Cl,] -0.30450 -0.29487 -0.27904 -0.11509 -0.06391 -0.06271
..\&\ o, 2 & . &
e \J by ’E’ gf' ’ QB* @" *@
[Zr{(n°-CsH.),SiCl,}Cl,] -0.30091 -0.29462 -0.28313 -0.11600 -0.06792 -0.06719
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,‘&

&

[Zr{(n’ CsH4)2S}C|2]

-0.28921

-0.06853

-0.06062

o,
u.': 4
© §

L Ak 3k -2k 2k AR 2K -
. , it ; :
[Zr{(n*-CsH.),GeCl,}Cly] -0.30274 -0.29629 -0.28529 -0.11649 -0.07262 -0.06942
e G 8 P o 9
2 ¢ : ;
[Zr{(n>-CsH4),NCI}Cl,] -0.29345 029153 -0.27681 -0.11370 -0.0814 -0.06368
2§ & % v P
[Zr{(n>-CsH4),PCI}Cl}] -0.29805 -0.29367 -0.28013 -0.11210 -0.08009 0.06775
*‘“ I;’. < "‘a (
3/;!,»‘ V«‘}‘ ”® Jﬁ,
[Zr{(n>-CsH4),AsCI}Cl;] -0.29887 0.20202 -0.27875 -0.11000 -0.09264 -0.06827
:. » ] )
[Zr{(n*-C5H.).0}Cl] -0.30313 -0.29131 -0.27375 -0.10813 -0.06309 -0.05714
9
-0.29208
9

= | @ * 3K 3K ]
“a” _ . :
[Zr{(n -CsH,),Se}Cl,] -0.29096 -0.27760 -0.27675 -0.10917 -0.07178 -0.06052
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Hf Complexes

HOMO-2 HOMO-1 HOMO LUMO LUMO+1 LUMO+2
MOLECULE ESP MAP (hartrees) (hartrees) (hartrees) (hartrees) (hartrees) (hartrees)
‘S
o : 4 “ ¢ ¥
J’w a @ J ‘&
[Hf(n>-CsHs),Cl,] -0.28834 -0.28213 -0.27085 -0.08379 -0.05284 -0.03389
[Hf{(n°-CsH4),BCI}Cl,] -0.30058 ) -0.27727 -0.10798 -0.08557 -0.05197
J” 2 a
n | @ & B G B
1 o
,9‘& .9 Y
[HF{(n°-CsHa),AICI}Cl,] -0.27452 -0.09309 -0.08862 -0.06016
‘”'\ ‘e ? -
@, *0? o, o 2
"!'8 ‘»s-y % 2 ‘éh @’
[Hf{(n°-CsH4),GaCl}Cl,] -0.27610 -0.09878 -0.09180 -0.06050
:/:‘% @ y 3 ’%
a® .
[Hf{(n>-CsH4),CCl,}Cl;] -0.30526 ) -0.27770 -0.10638 -0.05502 -0.05009
j.»&\ ,Z ﬂ' 2 2 ) @
3o et &> 2 3 3 A, @ :
R : s )6 E
[Hf{(n°>-CsH4),SiCl,}Cl,] -0.30155 -0.29398 -0.28209 -0.10705 -0.05985 -0.05201
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ioﬁ
@ 22

r
g
(2%

%

o

‘i‘%‘

®

[Hf{(nS-C5J-|4)2GeCI2}CI2]

-0.29569

-0.28413

-0.06762

-0.06181

afee

v
-

-0.29022

-0.27534

[Hf{(n*-C5H4),NCI}Cl,]
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oo

e

@
«

[Hf{(n>-CsH4),PCI}Cl,]

-0.29296
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1 -~ 1 1
Of . o9 o
O o o
al al [
o)) &) N
N w N ‘
© w N

A A A

[Hf{(n°-CsH.),AsCI}Cly] -0.29129 -0.27749 -0.09036
F) 2
2.5,
:,8'
[Hf{(n°-CsH,),0}Cly] -0.29032 20.27242 20.04933 20.04576
e ‘? @ ’
Fd 3
[Hf{(n>-CsHa),S}Cl,] -0.28804 -0.27651 -0.05499 -0.05236

@

e
bd

@

9

o
‘i“

w
&

» 1 1 - 1 1 1 1
© © © & o © ©
= «|O |2 | & % c | .
o © o @) o o
o ~ o W a1 ~
. o)) 3 (<)) . [o3) o w )
© © § [ al = [ o

uﬁy

[Hf{(n>-CsH),Se}Cl,]

-0.27639

-0.27569

-0.09903

-0.06166

-0.05217
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V Complexes*

HOMO-2 HOMO-1 HOMO LUMO LUMO+1 LUMO+2
MOLECULE ESP MAP (hartrees) (hartrees) (hartrees) (hartrees) (hartrees) (hartrees)
e ,‘J 5 J*
So: (9 : BN % :
S8 & Al :
+ S ] -
[V(n°-CsHs),Cl5] -0.26704 -0.25981 -0.25164 -0.11625 -0.10385 -0.09903
33’ v ‘” 'l 2 2 .3 a2
o9 ®e (355 @‘
il - > %)
[V{(n>-CsH.),BCI}Cl,] -0.27592 -0.26811 -0.25715 -0.12299 -0.11546 -0.10962
;g’}rd Y ﬁ,.‘a *,.J #‘,.‘ s %.J é 9
o 9 ° 9 ® , [} .
i e '® : :
[V{(n°-CsH.),AICI}Cl,] -0.27295 -0.26526 -0.25562 -0.12131 -0.11037 -0.10721
Yoo e | @ BT %.» 2
;,ﬁ B > . _?, J J N ),
[V{(n°-CsH.),GaCl}Cl,] -0.27384 -0.26614 -0.25721 -0.12425 -0.11268 -0.10786
s oPus 22 # 3 : ;
? Fle e @ @9
‘ﬁg &:. . @ @ . ° : J‘ ] )
[V{(n>-CsH.),CCI,}Cl,] -0.27940 -0.26916 -0.26001 -0.12850 -0.12153 -0.10702
8 ‘3o 5 3 % : K
o ' .
LN "J 2, % o® @ e? *% ‘)‘:
@ %'E é‘ :.‘ Q ° &‘a :c,/ ° ?g@ g, ° 9
[V{(n°-CsH.),SiCl,}Cl,] -0.27857 -0.27041 -0.26213 -0.13146 -0.12061 -0.11051
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0 %% 22 (545% 3 3 o2 2 955 w3 > 3
L u g »
[V{(n°>-CsH,),GeCl,}Cl,] -0.28017 -0.27215 0.26413 0.13421 -0.12236 -0.11321

o

&

)

& 9,
[ : 033 ? ’-J
‘8’ \.‘
[V{(r| C5H4)2NC|}C|2] -0.27713 -0.26786 -0.11941 -0.10652
@ @
e XN, ¢ ";w '4,4 ¥o
d ) @
& : .
[V{(n5-C5H4)2PC|}C|2] -0.27797 . -0.26004 -0.11855 -0 10751
@ o . ®
@ J’s’. { 95 9" & ’ o® @ )‘"
‘ \“ 3 ' J 4 v J
[V{(n5-C5H4)2ASC|}C|2] -0.27661 -0.25900 -0.11587 -0.10656
@ ? 5 [ J’:? - %
9 2
[V{(n C5H4)20}C|2] -0.27703 . -0.25620 -0.11629 -0.10521
e , : , :
: O g D
-8 ]
" < F ’
[V{(n C5H4)2S}C|2] -0.26576 -0.25807 -0.11945 -0.10433

-
Pl

%

@

[V{(n -CsH,)2Se}Cly]

-0.26438

-0.25762

-0.11904

-0.10340

*HOMO orbitals are singly occupied.
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Nb Complexes*

HOMO-2 HOMO-1 HOMO LUMO LUMO+1 LUMO+2
MOLECULE ESP MAP (hartrees) (hartrees) (hartrees) (hartrees) (hartrees) (hartrees)
“’&J J:' L ' &
| s
fpe @ @& s %
[Nb(n°-CsHs),Cl,] -0.27933 -0.06858 -0.06217
‘S : 9 .
@ ®,0 ‘:' >
‘;? &‘:1” e o
[Nb{(n>-CsH,),BCI}Cl,] -0.28899 -0.09957 -0.07321
‘g, ; .
}J~;‘ . &; @ =) 0 7, 2 e
2 v
[Nb{(n>-CsH,),AICI}Cl,] -0.28405 -0.09319 -0.07093
fﬂd -9 3‘:3 > 3\‘ ?® :J ‘ g‘
. . :b
[Nb{(n’ -CsHa),GaCl}Cly] -0.28562 -0.10266 -0.07323
,‘:"\4 &fé- 3 *s "Eﬂ
_af € :
e @ | B o
b @ Soad 3 ) 24
:’9 \:3. -
[Nb{(n°-CsH.,),SiCl,}Cl,] -0.29167 -0.07796 -0.07555
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@

@ ;)' @ @? ] ? 2 ? 3'3
o9 @3 Soa3 b o 5 ]
3;-8' & s b 5
[Nb{(n°-CsH.),GeCl,}Cl,] -0. 29312 -0.28381 -0.21973 -0.12980 -0.07954 -0. 07852
b : L k: o ° ‘ ° "p’ K
a® ¢
[Nb{(n5-95H4)2NCI}CI2] -0.29236 -0.28066 -0.21628 -o 08615 -0.307204
@ ; ;’ ¢ ] g ' @
o pS e o ' »®
2 < ; : , ;
[Nb{(n°>-CsH.),PCI}Cl,] -0.29052 -0.28025 -0.21610 -0.08399 -0.07790
& & E)
er G @ o 9@
gg t:' S k 3
[Nb{(n>-CsH,),AsCI}Cl;] -0.21435 -0. 09807 -0.07864
e G "y
8 \"/\:' P 4 4
[Nb{(ns-qu4)zO}Clz] -0.21379 -0.12588 -0.07105 -0.06888
=) 9 ‘i* . 9 9 9
a® 4 :
[Nb{(n°>-CsH4),S}Cl,] -0.21465 -0.12585 -o 07861 -0.07193

o

9

&

[Nb{(n5-CsH4)zSe}Clz]

-0.21352

-0.12340

-0.08258

-0.07147

*HOMO orbitals are singly occupied.
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Ta Complexes*

MOLECULE HOMO-2 HOMO-1 HOMO LUMO LUMO+1 LUMO+2
(hartrees) (hartrees) (hartrees) (hartrees) (hartrees) (hartrees)
FIL G 9 g @ 4
[Ta(n’-CsHs),Cly] -0.27151 -0.19174 -0.10513 -0.05859 -0.04058
Tk Lk Ak 2k JK
9, b, 4 =
[Ta{(n’-CsH4),BCI}Cl,] . -0.2805 -0.20108 -0.012503 -0.09514 -0.06519
2o o0 P . s @ P re 2o @] ‘. 2,
‘38‘ . 3 gj: .ﬁ @ ‘i? %
[Ta{(n>-CsH.),AICI}Cl,] -0.28583 -0.27502 -0.19731 -0.11590 -0.09158 -0.06228
:,‘! @ @ * -9 @ @ dn :)a”
o ) ,_
[Ta{(n’-CsH4),GaCl}Cl] -0.28733 -0.27611 -0.19807 -0.11490 -0.10121 -0.06966
bt
[Ta{(n’ C5H4)2CCI2}CI2] -0.29559 -0.28321 -0.20530 -0.12718 -0.06675 -0.05467
e-” ° '& 2
[Ta{(n’ C5H4)ZS|CI2}CI2] -0.29390 -0.2895 -0.20536 -0.12545 -0.07011 -0.05871
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’te*

ki

23

i

®

[Ta{(n°-C 4)zGeCI2}CI2] 20.28524 20.20624 20.12519 20.07590 20.07153
":&r‘ 4 @ 'a®
},9 $ l@ y ;‘
[Ta{(n"-CsH),NCI}Cl] -0.28182 20.2037 20.12608 -0.08308 -0.06479
S/‘:&\/“ | .g‘? y % 3
14 P ;
[Ta{(n5-C5H4)2PC|}C|2] -0.28145 -0.20313 -0.12269 -0 08155 -0.06656
$o 0 : , e
% L -

[Ta{(n5-05I’—|4)2AsCI}CI2]

-0.27949

-0.20112

-0.11922

-0.09616

-0.06641

3o % (] %
ol g il

[Ta{(n*CsHa)O}CI] . 20.120020 -0.06180 -0.05268
e % ‘@”
8 g

[Ta{(n’-CsH,).S}Cl.]

-0.12078

-0 06476

-0.06407

=,

0000000

$o 3o 9 »
e
[Ta{(n°-CoHa),5€}Clg] -0.28187 20.20023 20.011823 20.07239 20.06345

*HOMO orbitals are singly occupied.
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Cr Complexes

HOMO-2 HOMO-1 HOMO LUMO LUMO+1 LUMO+2
MOLECULE ESP MAP
OLECU S (hartrees) (hartrees) (hartrees) (hartrees) (hartrees) (hartrees)
‘.'—z 4 2 F
@ “ e 3:" 3" 2 N -
° g8 “4 ' ; : y 9 :
S . > ’ e o >
[Cr(n’-CsHs),Cl] . -0.25318 -0.23489 -0.11398 -0.10934 -0.09667
a3 K ; 2 N s
2L AR 3K 3K 3K K Ak
..’# 8= ’ ‘8T "
[Cr{(n°-CsH.,),BCI}Cl,] -0.25944 -0.25791 -0.24074 -0.12065 -0.11764 -0.11661
‘?"\t‘ .‘?‘w . > ﬁw @J °° ° >° % ° ¥
a’.t' <2 rt J "
[Cr{(n>-CsH.,),AICI}Cl,] -0.26227 -0.25819 -0.23917 -0.12834 -0.11876 -0.10911
ik 2k Sk SR 3k Ak 2K .
i - fand ‘ i '
[Cr{(n>-CsH,),GaCl}Cl,] -0.26274 -0.25849 -0.23891 -0.12367 -0.11370 -0.10704
4 &
‘%’5 3 023 o3 o3 3 3 4
‘3‘9 &“1' o ? K J
[Cr{(n°-CsH.),CCl,}Cl,] -0.26468 -0.26128 -0.24748 -0.12642 -0.12230 -0.10594
:‘ Y e 2 2
9,9 %5 k) 2 3 gi‘ ﬁ o3 @)‘ 8 T g L H
-] ? @ @ ]
g :"& b S a/
[Cr{(n°>-C5sH.),SiCl,}Cl,] -0.26556 -0.26262 -0.24542 -0.12818 -0.12457 -0.10911
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9 F @ @ o @ @ @ a? .\'B
@ S @ @ ) @
B9 ° a® % ’ e @ ’ % @
[Cr{(n5-C5H4)ZGeCI2}CI2] -0.26765 -0.26398 -0.24689 -0.13130 -0.12491 -0.11123
e @ B @ W B B
& :t , , g : .
"
[CI’{(I‘]S-C5H4)2NC|}C|Z] -0.26409 -0.25999 -0.24621 -0.12373 -0.12105 -0.10451
"_‘* "‘ 2, . ‘J 1 o -
9 “ﬁ @? (2 o’zﬁ d . d »?
] # ‘ ")P N g > . F J v a3
.
[Cr{(n5-CsH4)2PCI}CI2] -0.26314 -0.26091 -0.24467 -0.12481 -0.12347 -0.10588
*"ﬁ P ‘ g 4 .
Fe R | & @& | W , | e
# v il F) P &
[Cr{(n5—05H4)2AsCI}CI2] -0.26179 -0.25986 -0.24294 -0.12416 -0.12125 -0.10676
:; G % A o %
:' 2 a " 3 3
[Cr{(nS—CsH4)20}CI2] -0.26235 -0.25788 -0.24455 -0.12038 -0.11846 -0.10048
@ r
J"L\ 2 .
@9, 9 &\a 9 L . d’a ﬁ) 2
:‘*? :. $ ’ ? 3] f
[Cr{(n5-C5H4)ZS}C|2] -0.26113 -0.25918 -0.24443 -0.12426 -0.12280 -0.10311
‘4.&\ ’:.‘ 1 ) @ Fi
@9 & J} * ] ( ﬁ @ zi @ 9 @
] 2
:'g :‘ } & : & F
[Cr{(n5-05H4)ZSe}CI2] -0.25972 -0.25882 -0.24306 -0.12398 -0.12338 -0.10222
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Mo Complexes

HOMO-2 HOMO-1 HOMO LUMO LUMO+1 LUMO+2
MOLECULE ESP MAP (hartrees) (hartrees) (hartrees) (hartrees) (hartrees) (hartrees)
a':&-, g 3::3 J)’ @ | s [/ L, N
j’?‘ :. ) ﬁ '3 o - -] ? *
[Mo(n°-CsHs),Cl5] -0.26492 -0.26204 -0.21670 -0.08508 -0.08111 -0.07232
)
e | G o | o | a3
8 a ,
[Mo{(n’-CsH.),BCI}Cl;] -0.11220 -0.08869 -0.08211
8’ :
[Mo{(n 5H4)2AICI}Cl,] -0.09488 -0.09115 0.08869
S sﬁo
a' 5
[Mo{(n® CsH4)zGaCI}Clz] -0.10472
3;).,
[Mo{(n® C5H4)2CC|2}C|2] -0.09281 .
= ° "3 L o &
°@ $
[Mo{(n’-CsH.),SiCl,}Cly] -0.09570 -0.09369 -0.09093
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8 i 3 3
Gk & & 4 P
:;-8" g . .
[Mo{(n°-CsH.),GeCl,}Cl,] -0.27783 -0.27340 -0.09723 -0.09285
J% a‘.?‘ 6:8
Y 32 [ 2
P @& & ‘g" %’
[Mo{(n°-CsH.),NCI}Cl,] -0.27707 -0.27028 -0.09016 -0.08786
:“ :‘ b £ ¥
e | GF - ¥ P
;'?( 7:' . 1 .
[Mo{(n°-CsH.),PCI}Cl,] -0.27489 -0.26974 -0.09332 -0,08786
o5 o : '
HEY &3 ‘k ' »# .
a? <y v
[Mo{(n°-CsH,),AsCI}Cl,] -0.27284 -0.26827 -0. 09326 -0.09072
@ 9 \° ;
§ ]
o h (14 :
[Mo{(n°-CsH.),0}Cl,] -0.27486 -0.08583 .
&

270

@

25

] p
j.g 9
[MO{(nS—C5H4)2S}CI2] -0.27409 -0.09018 -0.08618
g, 2258 ‘
$95° © 5 . >
d o :
[Mo{(n5-C5H4)ZSe}CI2] -0.27268 -0.26735 -0.22474 -0.09695 -0.08965 -0.08700
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W Complexes

HOMO-2 HOMO-1 HOMO LUMO LUMO+1 LUMO+2
MOLECULE ESP MAP (hartrees) (hartrees) (hartrees) (hartrees) (hartrees) (hartrees)
@ & @ y A
7 Lol - : @
[W(n°-CsHs),Cl,] -0.26749 -0.26542 -0.06371 -0.05106
S 3L 3K § %
[W{(n°-CsH.).BCI}Cl] -0.27618 -0.27212 -0.08081 -0.06289
HC I *‘4 ﬁa-a e @
[W{(n°-CsH.),AICI}Cl,] -0.27084 -0.26972 -0.07959 -0.07934
:. a
$ 0&‘ I -9 @a @ 2. 0
a® ’
[W{(n°-CsH4),GaCl}Cl,] -0.27174 -0.27071 -0.08450 -0.08042
% 7= .
o : 15
[W{(n"-CsH.).CCl,}Cl] -0.28124 -0.27602 -0.06960 -0.06473
topt 5 | & 29
:’ £l & o
[W{(n°-CsH.),SiCl,}Cl,] -0.27989 -0.27575 -0.07596 -0.07213
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%

20 @

*

oo

L
(17

&

a ;
W{(n® C5H4)ZGeCI BYSIA| 28095 0.27729 -0.08898 -0.08821 -0.07375
;' > :
W{(n° -CsHa)oNCI}Cl] -0.28024 -0.27514 -0.22301 -0.08904 -0.08247 -0.06925
»8 2 .
5 & & Ay %5
ﬁg ﬁ " y e
[W{(n>-CsH1),PCI}Cl,] -0.27789 -0.27375 -0.21975 -0.08689 -0.08219 -0.07761
A A S A 3R K 3K
b3 , ;
[W{(n°-CsH,),AsCI}Cl,] -0.27562 -0.27206 -0.21715 -0.09933 -0.08199 -0.07913
b & 29 .
s \s * ﬁ’ 'ﬁ‘ ‘# % ‘é*
- ‘]
[W{(n®>-CsH,),0}Cl,] 0.27764 -0.27331 -0.22102 -0.07928 -0.06708 -0.05906
;'_ & ‘d
:\ ¥ S P ) ' & ] - )
W{(n° CsH4)ZS}CI2] -0.27701 -0.27234 -0.21914 -0.08138 -0.07844 -0.06622
g E ' ' p
o L/ | :O?‘ - 2 ] 9 .
® \ 3 _
8 z ’
[W{(n>-CsH.),Se}Cl,] -0.27548 -0.27109 -0.21697 -0.08504 -0.8084 -0.06799
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Mn Complexes

HOMO-2 HOMO-1 HOMO LUMO LUMO+1 LUMO+2
MOLECULE ESP MAP (hartrees) (hartrees) (hartrees) (hartrees) (hartrees) (hartrees)
r N 2. y @ Fl § , \ 2
°® @ ° ‘a . . f? /
»’i?" 3 / . /B -9 N 2 N
[Mn(n°-CsHs),Cl] -0.25133 -0.22950 -0.21706 -0.09585 -0.07826 -0.04898
L 2k 3k 3k 2K 2k 2B
e 2 ] @
@ 9 @ . ? ¢ ° ¢ & w4
o7 ' 9. »
[Mn{(n"-CsH.),BCI}Cl] -0.26013 -0.24450 -0.22289 -0.10152 -0.09103 -0.08945
) L x| 2
9@ s @ e > o® ® 2@ P
i ’ o = of e |
[Mn{(n>-CsH,),AICI}Cl] -0.25626 -0.23681 -0.22239 -0.10283 -0.08926 -0.08334
| B o 2
o @ @9 s o ° o @ »-e %) e ° @ ° 2
2 < :Oa & 3 0 ! r ,,j*
[Mn{(n>-CsH,),GaCl}Cl] -0.25723 -0.23821 -0.22332 -0.10394
:“ 2 2 ‘ 2 @ <
6 % @ B o
[Mn{(n>-CsH,),CCl,}CI] -0.26220 -0.25036 -0.22193 -0.10085 -0.09478 -0.06680
S K 3K 3K 3K 3K 2k
) 3 23 bt o3 9 / » S 53
o’ e‘:' ° in’ 3 9 ! 9 ;
[Mn{(n°-CsH,),SiCl,}Cl] -0.26499 -0.24840 -0.22942 -0.10837 -0.09867 -0.06679
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‘3 4 . ‘8. . - ‘te
o onel ¢4 SK'* "‘ﬁ“ g@rw: .,ga .%3 o on
;8 8 - b : 8
[Mn{(nS-C5H4)ZGeCI2}CI] -0.26664 -0.24984 -0.23178 -0.11165 -0.10109 -0.06922
:.' 3
e B W B o B
3 e $ ’
[Mn{(r| -C5H4)2NC|}C|] -0.26004 -0.24818 -0.21771 -0.09792 -0.09260 -0.07971
g ‘0 : 3 — 4
L Ak g o | W W
:’ s 2 ’
[Mn{(n°-CsH.),PCI}CI] -0.26160 -0.24699 -0.22415 -0.10291 -0.09676 -0.07497
;sx, . . 2
e | GF R % | e | - “
[Mn{(n’ C5H4)2ASC|}C|] -0.26018 -0.24442 -0.22328 -0.10227 -0.09575 -0.08920
@ < 2 ?

’ ‘e’ ¢» o 9 ¥ g %'
[Mn{(n C5H4)2O}C|] -0.25580 -0.24492 -0.21137 -0.09296 -0.08884 -0.06406
-"& 2 Q. 3 H

@ @ 9 0 Qa ‘ ° ° O,
jg'y b J g & 2
[Mn{(n5-C5H4)ZS}C|] -0.25940 -0.24517 -0.21930 -0.09951 -0.09481 -0.06222
i" ‘8 < 3 &% @
-t | € | S ok | ol - ‘B
:'i? ;8 4 . 3
[Mn{(nS-C5H4)ZSe}CI] -0.25905 -0.24330 -0.21987 -0.10011 -0.09579 -0.06070
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Tc Complexes

HOMO-2 HOMO-1 HOMO LUMO LUMO+1 LUMO+2
MOLECULE ESP MAP (hartrees) (hartrees) (hartrees) (hartrees) (hartrees) (hartrees)
’t.\"’ a ), @ ) Fy Fl
@ o 0.:“ 3 . NG ° °
,e»® o A ) .
[Tc(n’-CsHs),Cl] -0.26028 -0.20690 -0.07992 -0.05126 -0.02839
39 ‘g ¢ ; 4
L A 3 b | |
8 J Y
[Tc{(n’-CsH4).BCI}CI] -0.27709 -0.22036 -0.09220 -0.06949 -0.06498
® OS.TH ‘:& %ﬂ ‘i’“ %’ ?%
99 - . s
[Tc{(n>-CsH.),AICI}CI] -0.27265 -0.22221 -0.09315 -0.06898 -0.05814
| Ew | & & | & S X
L - o
[Tc{(n’-CsH4),GaCl}Cl] -0.27220 -0.21992 -0.09709 -0.07697 -0.06797
° f;.a‘ eig 3%3 Q@% .agz: 3% 45
[Tc{(n°-CaHa),CCIICI] “ 10.26018 10.20454 10.07809 10.07350 10.05484
:.‘-’ ‘o o X 2
Sk K 3 % B ¥
Fad v
[Tc{(n>-CsH.),SiCl,}Cl] -0.27409 -0.21699 -0.09105 -0.07312 -0.05001
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N 34 oo . \ s
AT ot o e | 4@
P ')
[Tc{(n’-CsHa4),GeCl,}Cl] -0.27579 -0.21977 -0.09649 -0.07475 -0.06539
‘e @ -
SoolN > SRS of- | B | e |
ﬁ" & ]
[Tc{(n°-CsHa),NCI}CI] -0.26914 -0.20279 -0.08447 -0.07240 -0.07156
:"&‘)‘ ;.s' @ 2
- 5 : .
o it *" + 3 b ¥
‘% - ’ > s ’ i :
[Tc{(n°-CsH.),PCI}CI] -0.27213 -0.24349 -0.21238 -0.08402 -0.07297 -0.07392
:‘& ‘0 3
. K = - | -39 > ‘*%
"" "V = & "J
[Tc{(n°-CsHa),AsCI}CI] ‘ -0.27054 -0.24053 -0.21194 -0.08822 -0.08417 -0.07326
@ 9 | ca ) . o] @ ’
,;‘? 8 J 0 .J ‘
[Tc{(n°>-CsHa),0}Cl] -0.26351 -0.24638 -0.19554 -0.07146 -0.07107 -0.05607
0 3%, ¢ S 9 e 92‘3 &2
»® s ‘K‘ »
[Tc{(n>-CsHa4),S}Cl] -0.26726 -0.24281 -0.20349 -0.07936 -0.07713 -0.04967
P @% > | @ | e b ¥ <
:.Igﬁ' 8 " b
[Tc{(n>-CsH.),Se}Cl] -0.26704 -0.23971 -0.20483 -0.08125 -0.07961 -0.04683
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Re Complexes

HOMO-2 HOMO-1 HOMO LUMO LUMO+1 LUMO+2
MOLECULE ESP MAP (hartrees) (hartrees) (hartrees) (hartrees) (hartrees) (hartrees)
J"{J . \ ¥ Y r ‘e
& 2 & :

. . > . gé ,.; , 3) g
. @ 3

3% 0"’ g ’ J0 ’

[Re(n’-CsHs),Cl] -0.26403 -0.21271 -0.20122 -0.06434 -0.03236 -0.00866
it;gﬂ : :

L 2k 2k 3K 3K 3K 3K .
ﬁ” -

[Re{(n°-CsH,),BCI}CI] -0.28418 -0.24045 -0.21857 -0.08043 -0.05340 -0.05034
2 ; @ y
;33’\{‘ ~ 9 f 2 ‘ > ‘ ” 9
< ,

[Re{(n>-CsH.),AICI}CI] -0.27764 -0.24127 -0.21714 -0.08102 -0.05125 -0.05125
:.- 2,
etk 3k 3K 3K 2K K -
<« \

o <

[Re{(n°-CsH4),GaCl}Cl] -0.27731 -0.23451 -0.21494 -0.09015 -0.06678 -0.05023
:"’w Za.: J ‘ 3
2
? H ) : N . “p

[Re{(n>-CsH4),CCl,}Cl] -0.27618 -0.24318 -0.19991 -0.06250 -0.05756 -0.04741
3& e, & 2. 2
| G | o £ P B
aﬁ,? e N h J

[Re{(n>-CsH.),SiCl,}Cl] -0.2965 -0.23572 -0.21369 -0.07659 -0.05643 -0.03134
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8

‘o o 8
oo o8 g L #3 @3 da - %
P
[Re{(n°-CsHa),GeCl,}ClI] -0.28078 -0.23665 -0.21545 -0.08499 -0.05983 -0.05759
‘e ‘0 { .
&0 % ,&, - - sp g
- 3F @« | 3 ~ . ,
[Re{(n°-CsHa).NCI}CI] -0.27578 -0.24238 -0.19724 -0.08142 -0.05568 -0.05536
g, f“- : P
o, 9’ .l r o° @ “?
‘i‘:. o %i 43 @
[Re{(n°>-CsHa),PCI}CI] -0.27785 -0.23688 -0.20782 -0.07178
:.& 2 3 2
° ",‘ 2 ? }5‘ ‘)y
T ‘% % ‘E :
[Re{(n°>-CsH.),AsCI}CI] -0.27604 -0.23382 -0.20750 -0.08586
o5 ¢ o o
[Re{(n°-CsH.);0}Cl] -0.27103 -0.24071 . -0.05547
:’& 9 4
L 2K & B
: 71 . 3
o ' 9
[Re{(n>CsHa),S}CI] -0.27315 -0.23608 -0.19857 -0.06451
‘e > .
9 o ’034 < » |
s ¥ s’
[Re{(n°-CsHa),Se}Cl] -0.27221 -0.23280 -0.19957 -0.07024
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Fe Complexes

HOMO-2 HOMO-1 HOMO LUMO LUMO+1 LUMO+2
MOLECULE ESP MAP (hartrees) (hartrees) (hartrees) (hartrees) (hartrees) (hartrees)
J—'??’ sl g Y 2 A5, “
@
o - . : >
[Fe(n>-CsHs),] -0.25128 -0.22169 -0.22167 -0.02936 -0. 02934 -0.01896
¢ 2 < ' -
o o - ”o ?
o , | |
[Fe{(n>-CsH.),BCI}] -0.26325 -0.24176 -0.23907 -0.05967 -0.05342 -0.04916
o @ & & W ¥ 2
089 ? ’
[Fe{(n>-CsH4),AICI}] -0.24029 -0.23818 -0.06485 -0.04603 -0.04408
J%‘p-d "g . & @ o ¥ e w &5, .
[Fe{(n"-CsH4).GaCl}] -0.26138 -0.23898 -0.23735 -0.07534 -0.04962 -0.04620
"
[Fe{(n>-CsH4),CCl,}] -0.26235 -0.23468 -0.23396 -0.05211 -0.04969 -0.03187
:.gﬂf‘ \ ' ‘,‘ :
9 3 @ °
. \ ; »
[Fe{(n>-CsH.),SiCl,}] -0.26978 -0.24851 -0.24651 0.05563 -0.05395 -0.01892
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:',
b
8

[Fe{(n>-CsHa),GeCl,}]

-0.27207

-0.25009

f’.
{;w
J.:-

[Fe{(n%-CsH4)zNCI}] -0.25696 -0.22951
[Fe{(n°-CsH.),PCI}] -0.26311

&
e

[Fe{(n>-CsH.),AsClI}]

&

[Fe{(n°-CsHa).0}]

‘g
o

[Fe{(n°-CsH,),S}]

-0.04751 -0.04627 -0.02677
”,
’ #
[Fe{(n’-CsH.),Se}] -0.23454 -0.23042 -0.04877 -0.04430 -0.03186
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Ru Complexes

HOMO-2 HOMO-1 HOMO LUMO LUMO+1 LUMO+2
MOLECULE ESP MAP (hartrees) (hartrees) (hartrees) (hartrees) (hartrees) (hartrees)
J‘pﬁ & “"#‘ . @ & e <]
@ @,
rpgg 9 . ’ , o
[Ru(r] -CsHs),] -0.23354 -0.3045 -0.23037 -0.01468 -0.01466 0.01786
” 2 @ v
O 8 P B 2

[Ru{(r| C5H4)ZBCI}] -0.26461 -0.24700 -0.22900 -0.05183 -0.04599 -0.04298

Jf;‘_\,’;d @ >9 @J’ ’& = P, o
48 3

[Ru{(n>-CsH.),AICI}] -0.25804 -0.25005 -0.24054 0.06620 -0.03686 -0.03456

b 3 s X 3
& . *'03. g) oo » g. oo oo
f' & 3@ » 3

[Ru{(n°-CsH.),GaCl}] -0 25793 -0.24824 0.23891 -0.08262 -0.03772 -0.03521

a¥ -

[Ru{(n®-CsH),CCl5}] -0.21543 -0.04252 -0.04228 -0.003455
2 «
b £ 5 de
j"‘i

[Ru{(n>-CsHa),SiCl,}] -0.24292 0.04468 -0.04235 -0.01738
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J", ]
o e -3 s
" - . ,
[Ru{(n’ C5H4)zGeCI2}] -0.26731 -0.25200 -0£i427 -0.05997 -0.04562 -0.04273
’9 ‘» 2
| B ¢ & w2 £
-“‘ Q;. ] & &
[Ru{(n>-CsH4).NCI}] -0.22279 -0.21126 -0.06047 -0.04496 -0.04260
b ] > e 2
o D y
a%' :
[Ru{(n°>-CsH4),PCl}] ) -0.23745 -0.22396 -0.05659 -0.04049 -0.03752
‘s Z% ) - '
- | @ k. 281k 2N
:‘,‘. ‘. é ‘ SR i
[Ru{(n’ CsH4)2AsCI}] -0.25873 ) -0.22545 -0.07200 -0.03799 -0.03413
8 A
&‘ f‘p. D &
,? 2% _ ®
[Ru{(rJ -CsH.),0}] -0.26118 -0.21620 020501 -0.04340 -0.04173 -0.01441
@ &, .
e ey » ’ »
[Ru{(n°>-CsH,),S}] -0.22766 -0.21832 -0.04054 -0.03503 -0.02565
& o ‘ 3
@ ~ a. )
N ey

[Ru{(nS-CsH4)zSe}]

-0.25620

-0.23007

-0.22114

-0.04349

-0.03414

-0.03173
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Os Complexes

HOMO-2 HOMO-1 HOMO LUMO LUMO+1 LUMO+2
MOLECULE ESP MAP (hartrees) (hartrees) (hartrees) (hartrees) (hartrees) (hartrees)
XN XN 3N , Yy ‘ | y
@ ° ‘ (
PN + PN ’ o)
[Os(n°-CsHs),] -0.22606 -0.22447 -0.22443 0.00694 0.00696 0.01837
b ; X 2 '
P d ’ e - f
[Os{(n°-CsH4).BCl}] -0.26168 -0.24816 -0.22566 -0.04805 -0.024870 -0.02487
M & e ; s N
e g s \ . - 3’ 'g» >
T X 8 = s ¢
[Os{(n°-CsHa),AICI}] -0.24952 0.23688 -0.06622 -0.01855 -.01743
Jﬁ;—d ”&‘ ) . 5
P 2 o oy ¢'y
[Os{(n°-CsH.),GaCl}] -0.24700 -0.23471 -0.08482 -o 02635 -0.01855
‘s s B
; ;@ V' ages ) @ @
i ¢
[0s{(n°-CsH),CCl5}] -0.22505 -0.03603 -0.02506 -0.02076
:" R 9 Y
<R . 3 e
- 3 . B
[0s{(n>-CsHa),SiCl,}] -0.25144 -0.24194 -0.02714 -0.02248 -0.01787
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&

ot

o

¥

[Os{(n°-CsH.),GeCl,}] -0.26298 -0.25014 -0.24044 -0.02745 -0.02170
e - e )
[Os{(n’ C5H4)2NCI}] -0.20361 -0.06227 -0.02563 -0.02326
S . F
"@w ,ﬁl 3’ _
flo *,
[Os{(n>-CsH.),PClI}] -0.25734 -0.23604 -0.21866 0.05585 -0.02503 -0.02366

‘® P E) - ‘6

<3 28 2K 2022 25

2& ¢ . : ®
[OS{(n5—05H4)2ASCI}] -0.25483 -0.23806 -0 22101 -0.02121

&

%’a

b
Fl ~
[OS{(I]S-C5H4)20}] -0.25947 -0.21371 -0.19709 . -0.01742
58
f}‘? gﬁ' " ’
[OS{(I]5-C5H4)ZS}] -0.25506 -0.22413 -0.21066 -0.02720 -0.01338
&
& o '
2 r oy @
s b N L/
[Os{(nS-C5H4)ZSe}] -0.25195 -0.22653 -0.21370 -0.03710 -0.00989
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Co Complexes*

HOMO-2 HOMO-1 HOMO LUMO LUMO+1 LUMO+2
MOLECULE ESP MAP (hartrees) (hartrees) (hartrees) (hartrees) (hartrees) (hartrees)
r’zsﬁ J':g‘ ’ &> ] &> ] N " 3 L
2
sﬁdﬁs ‘*‘G"‘ ) 2 ? 9 9 ’ °
[Co(n°-CsHs),] -0.25918 -0.25513 -0.17540 -0.08002 -0.01950 -0.02607
E\ i G £ad ‘ , ‘ i @
i 4
[Co{(n>-CsH.),BCI}] -0.26823 -0.26201 -0.09720 -0.06712 -0.01409
8 4 .
£ @ 32 a7
[Co{(n°-CsH,),AICI}] -0.29938 -0.28872 -0.10929 -0.10692 -0.01699
‘ge O ‘ : :
{i:»’ , 3” w ¥ »
e #
[Co{(n>-CsH.),GaCl}] -0.29429 -0.28094 -0.10977 -0.10764 -0.01893
) & § 4
% H ‘I 9 @
M ¢ Ew g 3¢ :
[Co{(n>-CsH.),CCl,}] -0.26574 -0.25677 0.10014 -0.03896 -0.01828
j‘%.\ ™ 2 i
) #”3 3 ‘3 ‘: "‘ 4
i
[Co{(n>-CsH.),SiCl,}] -0.27612 -0.26835 -0.10391 -0.03352 -0.01036
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NER )
B
(]

oo

"
\ 2

[Co{(n’ C5H4)zGeCI2}] -0.28065 -0.27567 -0.19900 -0.10569 -0.05617 -0.02891
.%:;va ’3’ 9 4
y . Be
J < % s v
[Co{(n°-CsH4).NCI}] -0. 25711 -0.24945 -0.19687 -0.09904 -0.06168 -0.02243
8% K : &
:' E ] El
[Co{(n -CsH4),PCl}] -0.26708 -0.26011 -0.19492 -0.09816 -0.05664 -0.03216
,a 9 B
[Co{(n°-CsH.),AsClI}] -0.26767 -0.25925 -0.19303 -0.09621 -0.07097 -0.03569
R » ® 2 8 %
[Co{(n>-CsH.),0}] -0.25425 -0.19393 -0.09673 -0.01545 -0.00303
g e i
,,8’ e
[Co{(n°>-CsH,),S}] -0.25868 -0.19124 -0.09609 -0.02808
[Co{(n>-CsH.),Se}] -0.25905 -0.24722 0.18989 -0.09513 -0.03893 -0.02233

*HOMO orbitals are singly occupied.
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Rh Complexes*

HOMO-2 HOMO-1 HOMO LUMO LUMO+1 LUMO+2
MOLECULE ESP MAP (hartrees) (hartrees) (hartrees) (hartrees) (hartrees) (hartrees)
g ;%“. 33 § % g e \
o )
i‘-& ? :’i. 9 ]
[Rh(n°-CsHs),] -0.25921 -0.25612 -0.14671 -0.06642 0.01232
J-‘:"\ 32,0 9 > Vo
}:‘J‘ L9 s
ol e
[Rh{(n’-CsH,),BCI}] -0.25660 -0.24470 -0.18064 -0.09417 -0.06564
8e s - . .
:”.? :' @ a
[Rh{(n’-CsH,),AICI}] -0.26438 -0.25623 -0.16619 -0.08495 -0.06686 -0.02590
’J‘/ ‘. 4 . - "
}& aa "% ; e  Jaad C - ® @ ?’
t‘e :‘ . o ’
[Rh{(n"-CsH,),GaCl}] -0.26066 -0.25350 -0.16808 -0.08614 -0.07903 -0.04039
2 | ¢
[Rh{(n’>-CsH,).CCl,}] -0.24961 -0.23395 -0.18094 -0.09481 -0.04139 -0.02225
f.e& \ 2o
° 23 -3 3 : - 3 492 %
¥ . @ g
[Rh{(n>-CsH.),SiCl,}] -0.26022 -0.25276 -0.17595 -0.09291 -0.03475 -0.01088
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ﬁtg.\ N
o 23 *3 53 53 o3
. ;& 5
[Rh{(n°-CsH.);,GeClo}] -0.26326 -0.25677 -0.17866 -0.09426
° ° 5’ ® o ® -4
,G -« s
[Rh{(n®>-CsH4),NCI}] -0.23233 -0.18687 -0.09678
) , ”
‘:;..w ¢ D 2 »?
M
[Rh{(n°-CsHa4),PCl}] -0.25334 -0.23964 -0.17498 -0.09023
‘eg, 2 _
° ; ° o° o
2% ;

[Rh{(n CsH4)2AS Cli}]

-0.25330

-0. 17154

-0.08711

t'ﬁ‘tg?

&P

&

%‘i

[Rh{( -CsH1),0}]

-0. 24101

-0.18531

-0.09762

9

et o

v

“

[Rh{(n>-CsH.),S}]

-0.24907

-0.17149

-0.08959

o

-

)

[Rh{(nS-CsH4)zSe}]

-0.24067

-0.16914

-0.08558

-0.01980

*HOMO orbitals are singly occupied.
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Ir Complexes*

HOMO-2 HOMO-1 HOMO LUMO LUMO+1 LUMO+2
MOLECULE ESP MAP (hartrees) (hartrees) (hartrees) (hartrees) (hartrees) (hartrees)
°
%
[Ir(n>-CsHs)2] -0.01070 -0.01596
N 5
o - ., @
%
[Ir{(n°-CsH4),BCI}] -0.07048 -0.01689
i‘,
Yoo LY £ 2
2
[Ir{(n°>-CsHa),AICI}] -0.06853 -0.01778
:'!f & 24‘ ,4 F
8
[Ir{(n°-CsH,),GaCl}] -0.06913 -0.06756
) 3 P
j’ -
[Ir{(n°-CsH,),CCl,}] -0.06192 -0.03692
"‘/*P\x \ @
Y 3 $
K 6
[Ir{(n°-CsH,),SiCl5}] -0.08360 -008229

152




3%

o%e

3

o

[Ir{(n°>-CsHa),GeCl,}]

-0.29936

-0.08351

-0.08243

L)

PR w» F
2 (L eI
[Ir{(n>-CsH4),NCI}] -0.23430 -0.06610 -0.06383
’ 6
o B B » B
[Ir{(n5-C5H4)2PC|}] -0.24897 -023383 -0.05899 -0.05503
:" 4 + @@ 2 p
ot 29| e e g 3}
v @
;’ \‘ ‘a o &
[Ir{(n5—C5H4)2ASC|}] -0.25145 -0.24955 -0.08308 -0.08242
.‘! ®
& g % %
hd : :
[Ir{(n5—05H4)2O}] -0.23163 -0.21791 -0.06202
@ L 9
&9 Q g
P ’ s J J
[Ir{(n5-C5H4)ZS}] -0.24020 -0.23060 -0.16423 -0.07738 -0.05451 -0.03253
4 2 ¢ 2 9 .
v S W
B & s ;
[Ir{(nS-C5H4)ZSe}] -0.24076 -0.23447 -0.16155 -0.07594 -0.05107 -0.03779

*HOMO orbitals are singly occupied.
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