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Abstract 

Today, transition-metal- and organotransition-metal-catalyzed processes are of 

fundamental importance in applied science and in the industry. Besides the development 

of new processes, innovation on existing procedures is an important subject with respect 

to technical, economical, and environmental considerations (“green chemistry”). The 

activation and transformation of small organic molecules has traditionally been one of the 

strong domains of transition-metal chemistry. Over the past decades, tremendous progress 

has also been achieved in the synthesis of novel heavier main-group element compounds, 

witnessing surprising results. More recent insights and reactions eventually led to the 

conclusion that some of these compounds exhibit characteristics which are rather similar 

to those of transition-metal species. Among other things, this comparison was also 

suggested by their facile reactions with the aforementioned small molecules, e.g., O2 or 

NH3. Not surprisingly, there is thus an increasing interest to explore the reactivity of these 

compounds in more detail, also with respect to a possible future application as catalysts. 

From a quantum-chemical point of view, density functional theory (DFT) has become an 

established tool for gaining insight into the molecular electronic structure as well as for 

the prediction of reaction mechanisms. Although DFT can often provide at least 

qualitatively correct results and interpretations, to date no existing exchange-correlation 

functional is universally accurate for all classes of compounds and properties. Hence, the 

improvement of established functionals and the development of new functional classes 

are active areas of research. One such class is the family of local hybrid functionals, 

which are currently further developed in our group. 

In this thesis, DFT was used to study aspects of the above outlined experimental and 

theoretical topics. The thesis, therefore, is made up from three connected parts. The first 

part (Chapters 2 and 3) deals with the quantum-chemical characterization of novel, 

unusual main-group compounds of silicon and germanium. In the second part (Chapter 4), 

a joint experimental and theoretical project is presented. Its focus was to investigate new 

synthetic approaches for the transition-metal complex-assisted, ideally catalytic, 

deoxygenation of alkoxysilanes. The resulting alkyl derivatives are potential alternatives 

to the established precursors of silicones. To this end, two general mechanistic 

approaches which are based on (a) oxidative addition/reductive elimination and  

(b) σ-bond metathesis key steps are considered. Detailed quantum-chemical calculations 

of reaction profiles provide indications on the general practicality of these mechanistic 

approaches and the suitability of specific transition-metal complexes for the 

deoxygenation of alkoxysilanes. The results are discussed in detail with respect to the 

experimental works conducted within the framework of the project. In this way 

suggestions for reaction mechanisms are derived to explain observed reaction outcomes. 

Furthermore, calculations of thermochemical data of methylmethoxysilanes and 

metallocene complexes provide a basis for predictions on the thermochemistry of ligand 



II 

exchange reactions. These considerations are of fundamental importance for the 

realization of a thermochemically feasible catalytic cycle. Finally, a validation study of 

the performance of local hybrid functionals for the calculation mainly of thermochemical 

properties of transition-metal complexes is presented in Chapter 5. 
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Zusammenfassung 

Übergangsmetall- beziehungsweise Organo-Übergangsmetallkomplex-katalysierte 

Prozesse sind heutzutage von fundamentaler Bedeutung für die angewandten 

Naturwissenschaften und die Industrie. Neben der Entwicklung gänzlich neuer Prozesse 

spielt dabei auch die Verbesserung bestehender Verfahren eine wichtige Rolle in Hinblick 

auf technische, ökonomische und ökologische Aspekte („grüne Chemie“). Die 

Aktivierung und Umwandlung kleiner organischer Moleküle ist traditionell ein Gebiet der 

Übergangsmetall-Katalyse. Kürzlich gewonnene Einblicke und beobachtete Reaktionen 

von neueren Verbindungen der schweren Hauptgruppenelemente legten den Schluss nahe, 

dass einige dieser Verbindungen Charakteristika aufweisen, die an 

Übergangsmetallkomplexe erinnern. Dieser Vergleich wurde unter anderem von ihren 

Reaktionen mit oben erwähnten Molekülen wie beispielsweise O2 oder NH3 nahegelegt. 

Es überrascht deshalb nicht, dass die Erforschung der Reaktivität dieser Verbindungen 

Gegenstand beträchtlichen wissenschaftlichen Interesses ist. Von einem 

quantenchemischen Standpunkt aus gesehen hat sich die Dichtefunktionaltheorie (DFT) 

mittlerweile als Standardwerkzeug für die Charakterisierung der elektronischen Struktur 

und für die Vorhersage von Reaktionsmechanismen etabliert. Obwohl die DFT oftmals 

zumindest qualitativ richtige Ergebnisse und Interpretationen liefert, gibt es noch kein 

Austausch-Korrelations-Funktional das für alle Arten von Verbindungen und 

Eigenschaften gleichermaßen geeignet ist. Folglich steht die Verbesserung bestehender 

Funktionale sowie die Entwicklung gänzlich neuer Funktional-Klassen im Fokus 

aktueller Forschung. Eine dieser Klassen ist die Familie der lokalen Hybridfunktionale, 

deren Entwicklung momentan in unserer Gruppe vorangetrieben wird. 

In der vorliegenden Arbeit wurden Dichtefunktional-theoretische Methoden auf einige 

Aspekte dieser genannten experimentellen und quantenchemischen Thematiken 

angewendet. Sie gliedert sich deshalb grob in drei Teile: Im ersten Teil (Kapitel 2 und 3) 

liegt der Schwerpunkt auf der quantenchemischen Charakterisierung neuartiger 

Verbindungen des Siliciums und Germaniums. Der zweite Teil (Kapitel 4) behandelt ein 

experimentell-quantenchemisches Gemeinschaftsprojekt. Sein Ziel war die Erforschung 

neuer synthetischer Ansätze zur Übergangsmetallkomplex-assistierten, und im Idealfall 

katalytischen, Desoxygenierung von Alkoxysilanen. Die auf diese Weise erhaltenen 

organischen Derivate besitzen Bedeutung als mögliche alternative Ausgangssubstanzen 

für die Darstellung von Silikonen. Zu diesem Zweck wurden zwei allgemeine 

mechanistische Ansätze herangezogen, deren Fokus auf (a) oxidativer 

Addition/reduktiver Eliminierung beziehungsweise (b) σ-Bindungsmetathese 

Teilreaktionen lag. Detaillierte quantenchemische Berechnungen von Reaktionsprofilen 

geben Aufschluss darüber, inwieweit diese mechanistischen Ansätze im Allgemeinen 

beziehungsweise einzelne Übergangsmetallkomplexe im Speziellen für die 

Desoxygenierung von Alkoxysilanen geeignet sind. Die Ergebnisse werden dabei 



 

IV 

eingehend im Kontext der im Rahmen des Projekts durchgeführten experimentellen 

Arbeiten diskutiert. Auf diese Weise werden auch Vorschläge für beobachtete 

Reaktionsverläufe abgeleitet. Zudem werden anhand berechneter thermochemischer 

Daten von Methylmethoxysilanen und Metallocen-Komplexen Vorhersagen für die 

Thermochemie von Liganden-Austauschreaktionen bereitgestellt, die für die Etablierung 

eines katalytischen Zyklus von entscheidender Bedeutung sind. Kapitel 5 umfasst den 

letzten Teil dieser Arbeit, der eine Validierungsstudie zur Anwendbarkeit von lokalen 

Hybridfunktionalen für die Berechnung von vorwiegend thermochemischen 

Eigenschaften von 3d Übergangsmetallkomplexen vorstellt. 
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Chapter 1 

Theoretical Background 

1.1 From Schrödinger’s Equation to Hartree-Fock Theory 

Although density functional theory was used exclusively in the calculations for this 

thesis, we will start with a short but necessary excursion on some fundamental concepts 

of quantum mechanics as well as with the introduction of Hartree-Fock (HF) theory. The 

latter establishes some of the terminology which is also used, albeit with a somewhat 

different meaning in certain cases, in the framework of density functional theory. Most of 

the basic principles of quantum mechanics were developed in the first quarter of the 

twentieth century as a necessity born out of groundbreaking experimental results. These 

findings, for example by Stern and Gerlach in 1922, were in no way reasonably 

explainable within the framework of classical physics. As an extension of Bohr’s model 

of the hydrogen atom, theoretical efforts by Heisenberg, Born, and Jordan eventually 

resulted in a unique but abstract mathematical language. This so-called matrix mechanics 

constitutes one of the pillars of modern quantum mechanics. Shortly after, in 1926, 

Schrödinger proposed a theory which, inspired by de Broglie’s concept of matter waves, 

was formulated as wave mechanics. Although entirely different from a conceptual point 

of view, Schrödinger later proved that both formulations are equivalent in terms of their 

physical interpretation and that they are mathematically mutually transformable.
1
 

The time-independent Schrödinger equation in its most general form may be written 

as 

 

H tot tot     ,r     Etot tot     ,r  , (1.1) 
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where the nuclear and electron coordinates are denoted as      and r . In this equation,  tot is 

the total wave function that specifies a certain atomic or molecular state. H tot is the total 

Hamilton operator and can be written as a sum of individual kinetic (T ) and potential (  ) 

energy operators. Neglecting relativistic effects and assuming the absence of external 

electromagnetic fields, it takes the following general form for a system with N electrons 

and M nuclei (in a.u.): 

H tot     
1

2
 i
2

 

i 1

   
1

2m 

  
2

M

  1

    
  

r i 

M

  1

 

i 1

     
1

r i 

 

  i

 

i 1

     
   L

     L

M

L  

M

  1

. (1.2) 

The Hamilton operator thus determines the total energy Etot of the system at hand. In 

other words, by solving the Schrödinger equation one can obtain the energy and all 

related properties of atoms and molecules. It is, however, an unfortunate fact of life that 

the Schrödinger equation can be solved analytically exactly only for a very limited 

number of rather simple cases. These comprise essentially one-electron systems like the 

hydrogen atom, for instance. The difficulty originates from the extremely demanding 

mathematical treatment inherent to a many-body problem in the present context. Hence, 

more or less severe approximations have to be applied to render a quantum mechanical 

treatment of many-electron atomic and molecular systems feasible. Solutions to the 

problem of approximating electron-electron interaction will be further discussed below. A 

first and logical step for simplification, which is particularly easy to grasp in a molecular 

framework, is given by the introduction of the Born-Oppenheimer approximation. It 

allows in many cases for the separation of nuclear and electronic motions without a 

significant loss in accuracy.
2
 Due to the much greater mass of the nuclei, one can simplify 

the Schrödinger equation by evaluating the electronic wave function for a given set of 

fixed nuclear positions. In other words, the electrons move much faster than the nuclei 

and therefore rapidly adjust to any structural change. For this approximation, the total 

Hamilton operator can be expressed in terms of a sum of operators representing the 

nuclear kinetic energy T n , the inter-nuclear potential   nn , and an electronic Hamilton 

operator H el (eqs. 1.3 and 1.4). The third term of the latter operator is commonly called 

the “external” potential. In the present derivation,   ne is only due to the nuclear charges 

   acting on the electrons. In general, however, the external potential may include 

additional terms when other fields are present. The total wave function can now be 

written as a product of nuclear and electronic wave functions (eq. 1.5; the nuclear 

coordinates only enter parametrically in the latter functions). This leads to the electronic 

Schrödinger equation (1.6) which is solved for a fixed nuclear configuration. 

H tot   T n     nn   H el. (1.3) 
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H el   T e     ee     ne      
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i 1

. (1.4) 

 tot     , r      n    el     , r  . (1.5) 

H el el     , r     Eel    el     , r  . (1.6) 

An approximate solution to the electronic Schrödinger equation,  el , of a  

many-electron system can be obtained with the Hartree-Fock (HF) method.
3-5,6

 In this 

procedure, the (unknown) N-electron wave function is represented by a single Slater 

determinant comprised of a set of N one-electron functions: 

 HF   
1
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 . (1.7) 

Here, the orthonormalized spin-orbitals  
i
 x  are products of a spatial orbital  

k
 r   and a 

spin function σ s      s  or   s . Each corresponds to the spatial  r   and spin ( , ) 

coordinates of one electron, respectively. The use of a Slater determinant instead of a 

simple product of spin-functions ensures that the wave function obeys the antisymmetry 

principle. In the HF approximation, the spin-orbitals  
i
 x  are then determined such that 

the set minimizes the expectation value of the determinantal form of  HF  (which is 

assumed to be normalized here) while preserving their orthonormality: 

EHF     HF H   HF      HF
 H  HFd x     hi

 

i 1

   
1

2
   i     i  

 

i,  1

. (1.8) 

In this equation, hi are one-electron integrals comprising the electron kinetic energy and 

the sum of electron-nuclei potential energies (eq. 1.9). The two-electron terms,  i  and  i , 

are the Coulomb and exchange integrals, respectively (eqs. 2.0 and 2.1). 

hi     
i
  x1     

1

2
 1
2      
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M
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i
 x1 dx1 . (1.9) 
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i
  x1  i

 x1  
1

r 12
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 x2 dx1dx2 . (2.0) 
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 i       
i
  x1   

 x1  
1

r 12
  

 
  x2  i

 x2 dx1dx2 . (2.1) 

EHF is obtained by applying the variational principle, which states that a trial wave 

function is equal to or higher in energy than the exact ground state energy E0: 

EHF   min
 HF  

E  HF . (2.2) 

Minimization of EHF  subject to the constraint of orthonormal spin-functions in a 

variational procedure leads to a set of N coupled equations, which are called Hartree-Fock 

equations: 

f  i  
i
 xi     i i

 xi . (2.3) 

The Fock operator f i  is an effective one-electron operator and is the sum of a  

core-Hamilton operator h  and an effective one-electron potential operator vHF  called 

Hartree-Fock potential, where all electron-electron interactions are taken into account in 

an average way. The Lagrangian multipliers  i are the eigenvalues of the Fock operator, 

and are usually interpreted as orbital energies. They are introduced in the variational 

scheme to ensure the orthogonality of the spin-functions. 

f  i    h  i    vHF xi . (2.4) 

h  i      
1

2
 i
2     

  

    i 

M

  1

. (2.5) 

vHF x1          x1        x1  

 

 

. (2.6) 

    x1       
 
 x2  

2 1

r 12
dx2. (2.7) 

    x1  i
 x1      

 
  x2  

1

r 12
  

i
 x2 dx2  

 x1 . (2.8) 

The HF potential contains two terms, which analogously to eq. 1.8 are the Coulomb 

operator     xi  and the exchange operator     xi . The Coulomb operator represents the 

classical electrostatic repulsion between two electrons. In contrast, the exchange term has 

no classical analogue and is entirely a consequence of the antisymmetry of the Slater 
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determinant. There is another important aspect to note at this point. As can be seen from 

eq. 1.8, for i=j the Coulomb integral (eq. 2.0) actually corresponds to the interaction of 

one electron with itself. Fortunately for the HF method, the exchange integral is in this 

case identical to the Coulomb integral. Hence, both terms cancel each other. In contrast, a 

similar straightforward cancellation of this self-interaction is not achieved in most 

Densitiy Functional Theory (DFT) methods. This shortcoming is thus referred to as  

self-interaction error (SIE) in DFT. 

The Fock operator of one electron i accounts for the interaction of this electron with 

the remaining   1 electrons by means of two-electron integrals, but only in an average 

way. The employed Slater determinant thus represents a wave function of N 

noninteracting electrons, each of which move in the field of an effective potential vHF due 

the remaining   1 electrons.
7
 Since the HF equations (eq. 2.3) evidently depend on the 

spin orbitals, they form a set of nonlinear equations which can only be solved iteratively. 

The corresponding procedure is called self-consistent field (SCF) method. 

In general, the HF method is capable to recover a large part of the total energy.
2
 

However, its approximations unavoidably results in a deviation of EHF from the true 

ground state energy E0. This energy difference is referred to as Coulomb correlation 

energy
8
 EC

HF: 

EC
HF   E    EHF. (2.9) 

Two aspects of electron-electron interaction that are not covered by the HF method 

account for a part of the correlation energy. The first type is the dynamical or short-range 

electron correlation. Physically, the movement of the electrons is correlated due to their 

charge. Since, however, the electrostatic interaction is treated only in an average manner 

in the HF scheme, the electrons come too close to each other. As a consequence, the 

electron-electron repulsion is overestimated. Note that the HF method does account for 

the so-called Fermi correlation due to the antisymmetry of the Slater determinant (i.e., the 

probability of finding two electrons with parallel spin at the same point in space is zero).
7
 

The second type of electron correlation is the so-called non-dynamical or static 

correlation. It is significant in cases where several Slater determinants with comparable 

energies are required to describe the true ground state of the system. The most famous 

example in this respect is probably the dissociation of H2, but it similarly applies to the 

ground state of open-shell transition-metal atoms, for instance. Recovering electron 

correlation is the domain of post-HF methods like, for instance, Configuration Interaction, 

Perturbation Theory, or Coupled Cluster Theory. 
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1.2 Density Functional Theory 

Density Functional Theory (DFT) is based on the theorems of Hohenberg and Kohn.
9
 

The first theorem proved that the total energy of a system is a functional of the electron 

density   r  . In particular, the electron density determines the external potential   r  , 

which is unique to within a constant,
7
 and the number of electrons N of the system via its 

normalization, 

   r  dr     . (3.0) 

Conversely, the electron density is determined by    r  . The external potential and N in 

turn determines the molecular Hamilton operator of the system. Hence, the total energy is 

a functional of the electron density. In fact,   r   thus determines all ground-state 

properties of the system considered. The electronic energy can be written as 

E       ne      T       ee         r   nedr    FH    , (3.1) 

where T    is the kinetic energy of the electrons,  ee    the electron-electron interaction, 

and  ne    the nuclei-electron interaction. On the right side of eq. 3.1 the  

system-independent parts (i.e., independent of N,     n , and Zn) are merged into the 

universal Hohenberg-Kohn functional FH    , 

FH       T       ee         T      ee   . (3.2) 

The importance of FH     cannot be overemphasized. Since it is independent of the actual 

system, it equally applies to atoms and large molecules. If the exact functional was 

known, the Schrödinger equation would be solved exactly for all possible systems. 

Unfortunately, the functional forms of T    and  ee    are unknown to date. 

The second theorem provides a variational approach for obtaining   r  . Accordingly, 

any trial electron density    r   that is not the exact ground state density  
 
 r   gives a total 

energy which is higher than the exact ground state energy, 

E       E     . (3.3) 

A practical approach for the variational ansatz was provided by Kohn and Sham (KS),
10

 

and is based on the introduction of orbitals. In particular, this ansatz uses a Slater 

determinant consisting of spin orbitals  
i
 x  (Kohn-Sham orbitals) in order to describe a 
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reference system of noninteracting electrons which exhibits the same electron density as 

the real one. In this way, the exact kinetic energy TS for the reference system is obtained 

(cf. section 1.1). The basic procedure to calculate TS resembles the HF method. That is, in 

analogy to the HF equations (eq. 2.3) the one-particle equations for the KS orbitals can be 

written as 

f  S i  i
 xi     i i

 xi , (3.4) 

where f  S is the Kohn-Sham operator: 

f  S    
1

2
 2    s r  . 

(3.5) 

Obviously, the link between the electron density of the reference system and the real 

system is the potential  s r  . It has to be chosen in such a way that  
S
 r   is identical to 

 
 
 r  , 

 
S
 r         

i
 r ,s  

2

s

 

i

   
 
 r  . (3.6) 

While TS recovers a large fraction of the kinetic energy, it naturally is not equal to the 

kinetic energy of a real system with interacting electrons. The difference in kinetic energy 

due to the correlation of electrons thus gives rise to another (unknown) term TC . 

Furthermore, the potential energy term for the electron-electron interaction,  ee (eq. 3.1), 

can be split into the known Coulomb repulsion J and a term for the non-classical 

contributions Encl. The latter is merged with TC into the so-called exchange correlation 

energy EXC: 

EXC       T      Ts         ee              Tc      Encl   . (3.7) 

Accordingly, the total energy within the KS approach is defined as 

E   r      Ts       ne             EXC    
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2
   

i
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i
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i
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2
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2
dr1dr2   EXC   r   . 

(3.8) 
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Applying the variational principle subject to the usual constraint of orthonormal spin 

orbitals gives the one-particle Kohn-Sham equations,
11

 

  
1

2
 2     

  r 2 

r 12
    XC r 1    

 A

    1A

M

A

   
i
     

1

2
 2    eff r 1   

i
    i i

, (3.9) 

with the one-electron Kohn-Sham operator and  XC being defined as follows 

f  S i      
1

2
 2     

  r 2 

r 12
    XC r 1    

 A

    1A

M

A

  , (4.0) 

 XC   
 EXC

  
. (4.1) 

Comparing eqs. 3.5 and 3.9, it becomes immediately clear that  eff is identical to  S . 

Thus, if all contributions to  eff  were known, Kohn-Sham density functional theory 

would provide the exact solution to the ground state for the Schrödinger equation within 

the limits of a nonrelativistic treatment and the Born-Oppenheimer approximation. 

However, the exact expression for the exchange-correlation functional EXC and, hence, 

 XC is unknown. Finding suitable approximations for the exchange-correlation functional 

is therefore an ongoing, active field of research. 

In general, the exchange-correlation energy EXC can be formally split into two parts: 

exchange and correlation contributions, both of which are approximated separately. 

EXC      EX      EC   . (4.2) 

The simplest approach to approximate the exchange-correlation energy is the so-called 

local density approximation (LDA), which takes a homogeneous electron gas as a basis 

(eq. 4.3). The exact expression for the exchange energy of this system was provided by 

Slater (Slater exchange, eq. 4.4).
12

 There is no similar explicit expression for the 

correlation part, but commonly the accurate fits by Vosko, Wilk, and Nusair (VWN)
13

 or 

Perdew and Wang
14

 are employed. 

EXC
LDA         r   XC   dr . (4.3) 

EX
LDA         r   X   dr     

3

4
 
3

 
 
1 3

   r  4 3 dr . (4.4) 
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The LDA approximation proved to be insufficient for the treatment of chemically relevant 

systems, as these exhibit a strongly position-dependent density. For instance, one of the 

major drawbacks of the LDA approximation is its poor performance for the calculation of 

molecular energetic properties.
7
 Hence, the next logical step beyond the use of a 

homogeneous density was the inclusion of the density gradient    r   into the  

exchange-correlation functional, leading to the so-called generalized gradient 

approximation (GGA) which can generally be written as 

EXC
  A   

 
, 

 
     f   

 
, 

 
,  ,   dr . 

(4.5) 

In general, the reduced density gradient sσ r   instead of the actual density gradient   
σ
 r   

is used for the construction GGA functionals. The exchange part can generally be written 

as 

EX
  A   EX

LDA     F sσ  σ
4 3 r  dr 

σ

, (4.6) 

with the argument of F being the reduced density gradient for spin σ as inhomogeneity 

parameter, 

sσ r    
   

σ
 r   

 
σ
4 3 r  

. (4.7) 

Popular expressions for the exchange- and correlation-term for GGA functionals are the 

exchange functional of Becke (B88)
15

 and the correlation functional of Perdew (P86),
16,17

 

for instance. 

One of the most popular class of functionals nowadays are hybrid functionals. The idea 

behind this ansatz is the inclusion of exact Hartree-Fock exchange, which can be 

computed exactly and is self-interaction free. 

EXC
hybrid

   aEX
exact    1   a EX

DFT   EC
DFT. (4.8) 

The most popular exchange functional is probably Becke’s B3 functional, which is part of 

B3LYP.
18

 Since the admixture of exact HF exchange via parameter a in eq. 4.8 is a 

constant in space, these functionals are also called global hybrid functionals. Newer 

developments offer a more flexible approach by using a local mixing function instead  

of a. These functionals thus introduce a position-dependent admixture of exact exchange, 

and are hence termed local hybrid functionals. A more detailed discussion of these 

functionals is provided in Chapter 5. 



 

 

 

 



 

Chapter 2 

Analyses of Silicon−Oxygen Bonding in Donor-supported 

N-heterocyclic Silanones and Thermochemical Studies of 

Ammonia Activation
1,2

 

2.1 Introduction 

The in many ways different behavior of second period elements with respect to their 

corresponding heavier group members has attracted the attention of experimentalists and 

theoreticians alike in the past decades. It took some time for chemists to realize that 

actually the 2p-block elements are special in their chemical characteristics. Indeed, 

assuming an implicit similarity for members of one group, it would be more consistent to 

attribute a “normal” behavior to the higher homologues.
3
 The best known examples in 

this context are most likely provided by the chemistry of the fourth main-group elements. 

For instance, a prominent text book example would be the ability of carbon to easily form 

molecules with stable carbon−element multiple bonds. This characteristic feature is not 

retained when considering the heavier elements silicon, germanium, tin, and lead. The 

latter all show a strong tendency for the formation of single bonds and polymerization 

products instead. Nevertheless, tremendous progress in the field of experimental  

main-group chemistry has witnessed the successful synthesis of compounds containing 

silicon−silicon double
4-8

 and triple bonds,
9-11

 for instance, as well as numerous other 

silicon−element
12-19,20,21multiple bonded species.

I
 Typically, these multiple bonds are 

kinetically stabilized by using sterically demanding residues to effectively block 

electrophilic attack and to prevent dimerization or polymerization. 

                                                             
I
  For some recent general reviews of compounds containing main-group element−element multiple bonds, 

see refs. 20 and 21 and references cited therein. 
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 2 1a,b 3 

Scheme 2.1. Syntheses of donor-stabilized silanones. D = 1,3,4,5-tetramethyl-

ylimidazol-2-ylidene (1a), p-dimethylaminopyridine (1b). R = 2,6-i-Pr2C6H3. 

 

However, one goal that remained elusive until very recently, which actually is related 

to the chemistry discussed in Chapter 4, is the isolation of stable, monomeric silicon 

analogues of ketones. The C=O carbonyl function is a ubiquitous binding motif in organic 

chemistry. In contrast, molecules containing a silicon analogue Si=O group, possessing a 

formal silicon−oxygen double bond, have been experimentally elusive. Although such 

silanone species had been proposed as reaction intermediates,
14,22

 only few simple 

compounds like, e.g., silaformaldehyde (H2Si=O), dimethylsilanone (Me2Si=O), and 

silacarboxylic acid derivatives like MeSi(=O)OMe could be observed and characterized 

in gas phase experiments
23-25

 or low-temperature matrix isolation.
26,27

 The reason behind 

this is the much higher intrinsic reactivity of the Si=O bond in comparison with the C=O 

functional group. It originates from a comparatively pronounced bond polarity and low 

lying acceptor orbitals as well as high lying donor orbitals.
28,29-36

 On this account, the 

concept of (thermodynamic) donor-acceptor stabilization seemed to offer a new, practical 

approach toward feasible synthesis routes of stable and isolable silanones. Precedence for 

its applicability in this context had been given before by the successful preparation of 

E=O bonds of boron
37

 and aluminum.
38

 Further support came from experimental and 

quantum-chemical studies which led to the isolation of a stable silaformamid−borane 

complex.
39

 Nevertheless, it was only recently that Driess and co-workers, for the first 

time, succeeded in the preparation of a silanone compound which is isolable at ambient 

conditions (Scheme 2.1).
40

 For its synthesis Driess et al. employed a N-heterocyclic 

silylene
41,42,43,44

 supported by a silicon-coordinated NHC ligand
45

 as precursor. The 

nucleophilic zwitterion-like silylene already proved its remarkable reactivity towards 

different substrates before.
39,46

 In this case, subsequent oxygenation by treatment of 1a 

with N2O resulted in the intriguing  HC−silanone adduct 3. In a similar way, the  

p-dimethylaminopyridine (DMAP) stabilized silanone 2 is accessible. Most interestingly, 

the concept of donor-acceptor stabilization could also be successfully applied to the 

synthesis of NHC-supported germanones,
47,48

 for instance, as well as for the isolation of 



Chapter 2   N-heterocyclic Silanones: Bonding and Ammonia Activation | 13 

 

 

 1a,c 4a,b 5 

Scheme 2.2. Synthesis of dioxasilirane 4a,c and silanone 5. R = 2,6-i-Pr2C6H3,  ’  

Me(1a, 4a), i-Pr (1c, 4b). 

 

the first transition-metal complex stabilized silanone.
49

 

In the light of these experimental works a tempting task was to test the reactivity of 

donor-stabilized silylenes and silanones toward small molecules like oxygen and 

ammonia. The activation of such molecules by different chemical procedures has long 

been a topic of interest in academia and the industry.
1,2

 Generally speaking, one goal in 

this area of research is the transformation of simple feedstock chemicals into more  

value-added compounds. In the present context, previous studies reported on the 

successful activation of, e.g., NH3 employing low-valent main-group compounds.
50-53

 

Indeed, the workgroup of Driess has now been able to isolate and crystallographically 

characterize the first dioxasiliranes to date which are stable under ambient conditions 

(Scheme 2.2). Starting from the  HC−silylene adducts 1a and 1c, reaction with 

molecular oxygen at low temperatures ( 60 °C) afforded 4a and 4b. Furthermore, the 

latter complex was found to undergo facile reorganization at room temperature to furnish 

the stable, unprecedented cyclourea−sila-urea adduct 5. Further studies in this context 

aimed at elucidating the capability of Lewis-base-supported silanones to activate NH3, in 

analogy to the formation of hemiaminals. Indeed, the N-donor−silanone adduct 2 was 

found to easily react with ammonia under mild conditions. The reaction afforded the 

expected sila-hemiaminal in equilibrium with its tautomeric silanoic amide form. Most 

interestingly, NHC-supported silanones in contrast did not react under the same 

conditions. In the context of these intriguing experimental results we have conducted 

quantum-chemical studies to shed light on structural characteristics found in dioxasilirane 

4b and, in particular, on the nature of the silicon−oxygen bonding in silanone complex 5. 

Further computations aimed at providing insight into the thermodynamic features 

governing the activation of ammonia by compound 2. 
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2.2 Computational Details 

For the present calculations different structures have been employed. Full 

optimizations without symmetry restrictions and without imposing any structural 

simplifications were carried out for compounds 2, 9, 10, 11 as well as 4b, 5, the  

donor-free sila-urea 6, and derived fragments starting from crystal structure data where 

available. Besides the parent compounds, corresponding truncated model systems (4b’, 

4b’’, 5’, 6’, see Figure 2.1) have additionally been considered. In these models, all 

residues on the NHC were replaced by hydrogen atoms. The 2,6-i-Pr2C6H3 nitrogen ring 

substituents of the dioxasilirane or cyclic sila-urea moiety, respectively, have either been 

substituted by methyl groups or hydrogen atoms. Only the substituted groups were 

subsequently optimized, with all other atom coordinates fixed at the crystal structure data. 

Furthermore, for reasons of comparison, the related compounds H2SiO (7) and (NH2)2SiO 

(8) have additionally been taken into account. These were fully optimized without 

restrictions. All optimizations used the gradient-corrected BP86
54-56

 functional in 

combination with TZVP
57

 orbital basis sets for all atoms and employing the  

resolution-of-the-identity (RI)
58

 approximation with associated auxiliary basis sets. 

Additional optimizations as well as computed reaction and dissociation energies for 

compounds 2, 9, 10, and 11 at the same computational level (RI-BP86/TZVP) employed 

the COSMO
59

 polarizable continuum solvent model, as implemented in TURBOMOLE. 

A dielectric constant of   2.38 (toluene) and   7.52 (THF), respectively, was used in 

these calculations. All optimizations have been done using the TURBOMOLE program, 

version 5.10.
60-62

 Reported reaction energies using unaltered structures 4b, 5, and 

fragments derived from them are based on subsequent TURBOMOLE single-point 

calculations employing the B3LYP
54,63,64

 functional in conjunction with a TZVPP
65

 basis 

for all atoms. 

To get more detailed insight into the electronic structure of all compounds under 

consideration, additional single-point calculations with the Gaussian 98 program, 

Revision A.9,
66

 were carried out. Natural bond orbital (NBO) analyses and charges from 

natural population analysis (NPA)
67

 together with Wiberg bond indices (WBI)
68,69

 were  

 

 

 

 

 4b’ 4b’’ 5’ 6’ 

Figure 2.1. Model systems 4b’, 4b’’, 5’, and 6’ with reduced substituent sets. 
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obtained at the B3LYP/TZVP level. In particular, at this level compounds 4b’, 7, and 8 

were examined within the framework of natural resonance theory (NRT).
67

 Due to 

memory limitations in case of 5’, additional NRT calculations were carried out using the 

smaller SVP
70

 basis set for the complete set of molecules. Additional B3LYP/TZVPP 

single-point calculations were used to analyze the electron localization function (ELF)
71-73

 

for the model structures 4b’, 5’, 6’ as well as H2Si=O 7 and (H2N)2Si=O 8. NBO, NPA, 

and NRT analyses were done with the NBO 5.0
74

 program linked to Gaussian 98. ELF 

analyses used the TopMoD program package.
75,76

 ELF isosurface plots were created with 

the Molekel 4.2 program.
77

 

 

2.3 Results and Discussion 

Molecular Structures. Table 2.1 lists key structural parameters for compounds 4b, 5, 

6, 6’, 7, and 8. In general, at the applied computational level (RI-BP86/TZVP), the 

optimized structures compare reasonably well with crystal structure data, where available, 

except for bonds with a larger polar or dative character. That is, for compounds 4b and 5 

the Si−  bond distances within the heterocycle, the Si−O bonds of the dioxasilirane, and 

the corresponding Si− HC or Si–cyclourea bond lengths are generally overestimated to a 

substantial degree. The overestimation of bond lengths in covalently bound main group 

elements is a known shortcoming of GGA functionals,
78

 which is further increased with a 

successively larger dative bond character. Test optimizations for 4b and 5 employing an 

empirical dispersion correction (DFT-D)
79,80

 mainly lead to a shortening of these bonds 

and hence improve the agreement with experimental data in most cases (Table 2.1). More 

covalent bonds are affected to a much lesser extent by dispersion corrections than the 

Si− HC and Si–cyclourea bonds. For these, a particularly pronounced contraction is 

apparent. The latter observation will be further discussed in more detail below. However, 

despite these deficiencies of the BP86 functional with respect to molecular structures the 

overall qualitative interpretation of the computational results is expected to be valid. 

As shown in Scheme 2.2, the O2 ligand in 4b is coordinated in a side-on fashion to the 

tetravalent silicon atom. Moreover, the latter exhibits binding to the NHC ligand, which 

leads to an overall square-pyramidal coordination around silicon. This configuration is 

resembled accordingly in the corresponding experimental structure parameters (see ref. 1 

for a detailed discussion). In particular, the Si−CNHC distance [1.963(3) Å] is found to be 

shortened by 0.1 Å with respect to that in the precursor 1c. Compared to the average 

value of 1.839 Å for silicon−carbon single bonds,
81

 this indicates a dative bonding of the 

NHC ligand. To get an estimate of the corresponding interaction energy, the 

fragmentation of 4b into the free NHC and dioxasilirane has been calculated. The thus 
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Table 2.1. Selected bond lengths from structure 

optimizations at RI-BP86/TZVP level of theory.
a 

Compound Bond r [Å] 

   
H2Si=O (7) Si-O 1.552 (1.515) 

   
(H2N)2Si=O (8) Si-O 1.550 

 Si-N1 1.710 

 Si-N2 1.710 

   
6 Si-O 1.551 

 Si-N1 1.736 

 Si-N2 1.724 

   
6’ Si-O 1.552 

 Si-N1 1.729 

 Si-N2 1.719 

   
5b Si-O1 1.568/1.566 (1.532) 

 Si-O2 1.858/1.758 (1.727) 

 Si-N1 1.779/1.762 (1.732) 

 Si-N2 1.775/1.758 (1.744) 

 O2-C 1.287/1.286 (1.294) 

   
4bb Si-O1 1.720/1.716 (1.693) 

 Si-O2 1.747/1.750 (1.682) 

 Si-N1 1.819/1.809 (1.767) 

 Si-N2 1.826/1.801 (1.799) 

 O1-O2 1.583/1.583 (1.547) 

 Si−CNHC
 2.005/1.961 (1.963) 

   
a Crystal structure data of 4b, 5 (ref. 1) and rotational spectroscopy data 

of 7 (ref. 14) are given in parentheses. Values in italics are taken from 
dispersion-corrected (DFT-D) structure optimizations at 

RI-BP86-D/TZVP level. b Refer to Figure 2.3 and 2.4 for atom labels. 

 

obtained energy of fragmentation was 25 kJ mol
-1

, which is in line with the above 

interpretation of the structural parameters in terms of a dative character of the Si−CNHC 

bond. As already mentioned, this is also reflected by the fact that its length is noticeably 

overestimated (0.042 Å) by GGA-DFT structure optimizations (vide supra). This is a 

typical observation for relatively weak dative bonds with shallow potential-energy curves. 

Indeed, optimization at RI-BP86-D/TZVP level leads to a significant shortening of this 

bond with a resulting deviation of only  0.002 Å. In contrast, a much smaller effect of 

dispersion corrections is observed for the stronger covalent bonds (Table 2.1). 

Since a square-pyramidal configuration is scarce for pentacoordinate silicon 

compounds, calculations were carried out to elucidate whether the unusual coordination 

structure of silicon in 4b is caused by steric substituent effects. Thus, the structure of the 

parent system in which all substituents were replaced by hydrogen atoms (4b’’) has also 

been fully optimized. While the orientations of the NHC and dioxygen ligand change 
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Scheme 2.3. Reaction scheme for the reorganization of a hypothetical NHC-free dioxasilirane to 

a square-pyramidal intermediate and subsequent coordination of the NHC ligand 

(B3LYP/TZVPP//RI-BP86/TZVP). All energies are in kJ mol
-1

. R = 2,6-i-Pr2C6H3;  ’   i-Pr. 

 

somewhat towards a trigonal bipyramidal arrangement, the overall coordination around 

silicon remains, however, square pyramidal to a good extent. This indicates that the origin 

of the structural preference is mostly electronic rather than steric, as is the case for related 

pentacoordinated spirobicyclic silicates with silicon bonded to one carbon and four 

oxygen atoms.
82,83

 The large influence of the NHC ligand on the overall silicon 

coordination environment can be demonstrated by its removal from 4b. Allowing the thus 

obtained hypothetical free dioxasilirane to relax results in a tetrahedral SiO2N2-type 

structure, as depicted in Scheme 2.3. There is a high energy gain associated with this 

relaxation, and the computed reorganization energy amounts to 230 kJ mol
-1

. 

Accordingly, the coordination of the NHC donor ligand provides a significant 

stabilization energy of  255 kJ mol
-1

. 

Experimentally, 4b is found to be stable in solution at  20 °C. However, at higher 

temperatures unexpected internal oxygen transfer with insertion into the Si−CNHC bond 

takes place, resulting in the cyclourea−sila-urea adduct 5 (Scheme 2.2). This unique 

complex features the shortest silicon−oxygen bond reported to date [1.532(2) Å]. Hence, 

the elucidation of its bonding nature in 5 as well as in the parent compound 4b has been 

the subject of advanced quantum-chemical studies. To be able to compare their specific 

bonding characteristics with related silanone- and sila-urea-type species, the parent  

sila-urea fragment 6 and model 6’ as well as the much simpler model systems 

silaformaldehyde 7 and sila-urea 8 (which has recently been studied by  usel’nikov and 

co-workers
36

) were taken into account as reference structures. 

ELF and NRT Analyses. A first impression of the general Si=O bonding 

characteristics in 5 and related model compounds can be gained by starting with a 

qualitative graphical interpretation
II
 of the ELF isosurface plots in Figure 2.2 and 2.3. 

                                                             
II
  For a discussion on the qualitative analysis of a chemical bond (covalency vs ionicity) by means of the 

relative position of ELF attractors, see, for instance, section 2.1 in ref. 72. 
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 7 8 6’ 

Figure 2.2. ELF = 0.82 isosurface plots for H2SiO (7), (H2N)2SiO (8), and model 

structure 6’ (B3LYP/TZVPP//RI-BP86/TZVP). 

 

 

 

 

 

 

 

 4b’ 5’ 

Figure 2.3. ELF = 0.82 isosurface plots for model structures 4b’ and 5’ 

(B3LYP/TZVPP//RI-BP86/TZVP). 

 

 

 

 

 

Figure 2.4. ELF representation (ELF    .8  isosurface) of the Si−O1 vs C−O2 and 

O2 Si bonding in 5’ (B3LYP/TZVPP//RI-BP86/TZVP). ELF areas outside the 

O1−Si−O3 moiety are removed for clarity. 
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The plots clearly indicate a very polar silicon−oxygen bond in all cases. Nevertheless, as 

the identical isosurface value of 0.82 has been used, a somewhat more covalent Si=O 

bond is apparent for the small silaformaldehyde 7 in Figure 2.2 compared to the more 

ionic situation in silaurea 8, the cyclic silanone 6’, and its urea adduct 5’ (Figure 2.3 

and 2.4). Due to the large ionicity in the Si−O  -bonding component (vide infra), the 

corresponding ELF bonding domain is essentially merged with the large oxygen lone pair 

type bonding domain in all cases. Basically the same result was found by  

 usel’nikov et al. in their atoms-in-molecules (AIM) and ELF studies of 7 and related 

compounds.
36

 We note in passing, that with very large basis sets and Cartesian grids for 

the ELF calculations, we may identify a very small Si−O1 bonding domain in the ELF of 

5’, whereas this is not possible with smaller basis sets. In contrast, the corresponding 

C=O2 bonding domain of the cyclourea ligand is clearly apparent from Figure 2.3 and 2.4, 

indicating the more covalent bonding in this case. The ELF surface for the C O2 Si 

donor interaction exhibits an even larger polarization towards the O2 atom than in Si=O1, 

consistent with a dative bonding picture. This is further corroborated by single-point 

calculations on 5 and its fragments, which provide a binding energy of 56 kJ mol
-1

 

between the cyclourea and the cyclic sila-urea. The dative character thus appears to be 

similar to the NHC bonding in 4b developed above. Likewise, a substantial 

overestimation of the C O2 Si bond length (  .1 Å) by conventional DFT is found for 

5, which can be largely remedied by adding a dispersion correction (Table 2.1). 

The exceptional role of the N-heterocyclic backbone with respect to the electronic 

structure, reactivity, and metrics of the parent heterofulvene-like silylene and its reaction 

products has been noted before. In general, besides the steric shielding of bulky  

N-substituents, p ( )−p (Si) donor interaction is key for the stabilization of low-valent 

silicon(II) atoms in such systems by reducing their electrophilicity.
44

 The backbone  

 -system potentially gives rise to further cyclic resonance structures. For the present  

 -diketiminate-derived ligand the reactivity of corresponding germylenes or silylenes 

towards different substrates has been attributed to betaine-like resonance, despite its 

presumably low overall contribution.
39,41,47

 Similar arguments in terms of ionic resonance 

structures may be put forward to explain experimentally determined Si=O structural 

parameters of oxygenated silylenes. For instance, the short silicon−oxygen bond in 5 

could originate either from a partial degree of double bond character or as a consequence 

of the importance of ylide-like LSi
+
−O

−
 resonance structures, or a mixture of both. 

Similar arguments have been raised before for related systems of boron and 

aluminum.
37,38

 Previous quantum-chemical calculations on a donor(-acceptor) stabilized 

silaformamide and silanoic ester suggest, however, that the silicon−oxygen bond in these 

compounds retains considerable double bond character.
39,46

 

On this account, the impact of (cyclic) resonance delocalization on the Si=O bonding 

characteristics in 5’ and related models were further analyzed within the framework of 
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natural resonance theory. Figure 2.5 provides the leading resonance structures  

(>1% weighting) obtained with NRT for silanones of increasing complexity. It is clear 

that the number of relevant resonance structures increases dramatically from the simple 

silaformaldehyde 7 via the simple sila-urea 8 to the cyclic sila-urea 6’. The increase in 

complexity continues for 5’. As a consequence, the result of the NRT analyses depends 

appreciably on the chosen starting resonance structure in this case. The available 

computational resources did not permit a completely converged NRT picture for 5’ in its 

entirety. Therefore, the results for 5’ are an average over three NRT runs with different 

starting structures. While the smallest silanone H2Si O is clearly dominated by the “true” 

silanone resonance structure (Figure 2.5a), already the sila-urea exhibits substantial 

delocalization (Figure 2.5b), consistent with a more ionic Si−O bonding character. The 

delocalization for the cyclic silanone 6’ is even much more pronounced, and as a 

consequence the “silanone”   T resonance structure accounts for only less than 4 % of 

the one-particle density matrix (Figure 2.5c). The enhanced ionicity is also reflected in 

the enhanced oxygen and, in particular, silicon NPA charges (Table 2.2). Due to the 

attachment of the urea ligand in 5’, the strong delocalization finally prohibits a 

meaningful discussion of the individual resonance structures in this case (vide supra). 

Table 2.3 lists the corresponding total natural bond orders together with ionic and 

covalent contributions. Compared to the simplest Si=O reference model 7, delocalization 

reduces the covalent Si−O bond order in the order of 8, 6’, and 5’. The simpler Wiberg 

bond orders (Table 2.2) decrease in the same direction, in agreement with the reduced 

covalency. At the same time, the ionic contribution increases, leading to overall relatively 

similar bond orders. We note in passing, that the true Si−O bond ionicity is not reflected 

in the NRT resonance structures, as the individual NBOs are inherently polar, which does 

not show in such plots (in this respect, NRT differs from valence-bond theory). Inspection 

of the corresponding Si−O natural localized molecular orbitals (NLMO) for the main 

resonance structures listed in Table 2.3 shows that there are two bonding orbitals present 

for 6’, 7, and 8: a σ-type orbital involving sp
x
-hybrids on silicon and oxygen, and a  

 -orbital comprising p-AOs on both atoms. Both NLMOs are highly polarized towards 

oxygen. However, form and polarization (~80% of the NLMO density is centered on the 

oxygen atom) of the σ-bonding orbitals are largely independent of the silanone residues. 

In contrast, a successively higher ionicity is clearly apparent for the  -NLMOs 

(increasing from ~77% to 86%) when electronegative N-substituents with increasing 

potential resonance delocalization are present. The increasing Si=O bond polarity thus 

essentially originates from density shifts in the  -orbitals in these cases. Overall, these 

results are in line with the above analyses of ELF plots which showed a diminishing  

  character of the Si=O bond in the same order 7 > 8 > 6’ > 5’ (as the ELF is a real-space 

function that is closely related to electron pairing, it allows the successful visualization of 

bonding also in strongly delocalized cases). Moreover, the results support the importance 
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Figure 2.5. NRT resonance structures and their relative weighting for a) H2SiO (7), 

b) (H2N)2SiO (8), and c) model structure 6’ (B3LYP/SVP//RI-BP86/TZVP). Only 

resonance structures above 1% weight are shown. 

 

 a) 
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Table 2.2. Selected NPA atomic charges and Wiberg bond indices (WBI) computed at 

B3LYP/TZVP level of theory. 

Compound WBI 

 
NPA Atomic Charges 

 
q(Si) q(O1) 

Δq 

(Si=O1) 
q(O2) q(N1) q(N2) 

          
7 Si-O 1.45  1.53 -1.07 2.52 − − − 

          8 Si-O 1.31  2.15 -1.15 3.30 − -1.31 -1.31 

 Si-N1 0.79        

 Si-N2 0.79        

          6 Si-O 1.29  2.23 -1.16 3.39 − -0.88 -0.88 

 Si-N1 0.65        

 Si-N2 0.69        

          6’ Si-O 1.31  2.17 -1.15 3.32 − -0.83 -0.82 

 Si-N1 0.70        

 Si-N2 0.74        

          5 Si-O1 1.06  2.33 -1.28 3.61 -0.77 -0.87 -0.88 

 Si-O2 0.36        

 Si-N1 0.57        

 Si-N2 0.55        

 O2-C 1.23        

          5’ Si-O1 1.12  2.25 -1.27 3.52 -0.73 -0.51 -0.51 

 Si-O2 0.40        

 Si-N1 0.58        

 Si-N2 0.60        

 O2-C 1.24        

          4b Si-O1 0.53  2.13 -0.65 − -0.65 -0.86 -0.84 

 Si-O2 0.49        

 Si-N1 0.56        

 Si-N2 0.55        

          4b’ Si-O1 0.51  2.07 -0.65 − -0.64 -0.78 -0.81 

 Si-O2 0.54        

 Si-N1 0.60        

 Si-N2 0.62        

           

Table 2.3.   T bond orders and forms of Si−O σ-  -type NLMOs (polarity and hybridization) of the 

parent Lewis structures (B3LYP/SVP).
a 

 
Natural Bond Orderb  Si−O Natural Localized Molecular Orbitals 

Total Covalent Ionic 
 σ-type  π-type 

Compound  % pol.d Sihybrid Ohybrid  % pol.d Sihybrid Ohybrid 

            
7 2.0510 0.8437 1.2074  79.8 sp1.04 sp1.83  77.3 p p 

  (41.1 %) (58.9 %)         

            
8 1.9535 0.6837 1.2699  78.8 sp0.76 sp2.07  84.0 p p 

  (35.0 %) (65.0 %)         

            
6’ 1.9588 0.6249 1.3339  79.9 sp0.87 sp1.90  86.4 p p 

  (31.9 %) (68.1 %)         

            
5’c 1.9945 0.5072 1.4873         

  (25.4 %) (74.6 %)         

            
a NRT analyses of 7, 8, and 6’ using the bigger TZVP basis set showed only relatively small changes and did not alter the 
qualitative interpretation. b Covalent and ionic contributions to the total bond order in percent are given in parentheses. c Averaged 

values over three analyses with different starting NRT resonance structures. d Percent polarization towards oxygen. 
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Figure 2.6. Leading mesomeric forms for the cyclourea−sila-urea 

adduct 5. A shows the dative C O Si O interaction and B depicts 

that the Si=O moiety in 5 bears significant ylide character. 

 

of resonance structure B in Figure 2.6 for the unique Si=O structural and bonding 

characteristics of 5. 

Thermodynamics of Ammonia Activation. As outlined in the introduction, silanone 

2 (Scheme 2.1) can undergo a facile reaction with NH3, presumably with initial 

displacement of DMAP. This assumption is corroborated by the markedly different 

behavior of corresponding NHC-stabilized silanones. As the DMAP amino ligand is more 

weakly coordinating than related NHC donors, it should hence be more easily substituted 

under mild conditions. The present calculations of the energy profile aimed at providing 

some initial insight into the thermodynamic features for the process of ammonia 

activation by 2. The computed reaction energies in the gas phase as well as the 

corresponding results obtained with the COSMO polarizable continuum solvent model 

(toluene, THF) are shown in Scheme 2.4. Consistent with the experimental observations, 

displacement of the DMAP donor and addition of ammonia to the Si=O double bond in 2 

is a highly exothermic process that can lead to both tautomers 9 and 10. The computed 

explicit exchange energy of DMAP by NH3 (not shown in Scheme 2.4) lies in the range 

of 19 kJ mol
-1

 (gas phase) to 12 kJ mol
-1

 (THF; toluene: 17 kJ mol
-1

). This shows that 

both N-donors are comparable in their coordination strength towards silicon in 2, which 

would be consistent with a rapid dynamic exchange process in solution as first step in the 

ammonia activation. Moreover, the computed gas phase and COSMO reaction energies 

resemble the experimentally found dependence of the product ratio 9/10 on solvent 

polarity and on concentration. Likewise, the calculations support the formation of the 

tautomer pair 11 via a hydrogen bond. The particularly low exothermicity of COSMO 

reaction energies in this case is in agreement with the fact that in solution 11 is only at 

low temperatures ( 60 °C) detectable by NMR spectroscopy. The calculated higher 

thermodynamic stability of 10 compared to 9, however, contrasts the experimental 

observation of 9 being always in excess in solution. Although the exact mechanism still 

needs to be clarified, this result would suggest two preliminary conclusions. Firstly, there 
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Scheme 2.4. Calculated energies (in kJ mol
-1
) for the reaction of DMAP−silanone adduct 2 with 

ammonia to give 9, 10, and its hydrogen-bonded pair 11 (RI-BP86/TZVP). COSMO reaction energy 

values in toluene (  = 2.38) and THF (  = 7.52) are in italics. 

 

are most probably two initial competing reaction pathways active which directly lead 

from 2 to the formation of either 9 or 10. The formation of higher concentrations of the 

sila-hemiaminal would point to 9 being the main kinetic product in these reactions. 

Secondly, the barrier for tautomerization would consequently be higher than those in both 

initial pathways. Otherwise, a shift to excess 10 as thermodynamic product would occur 

over time. 

 

2.4 Summary and Conclusions 

Quantum-chemical studies have been carried out to elucidate the nature of bonding in 

cyclourea−sila-urea adduct 5 and related compounds. Particular emphasize was put on 

analyses of the silicon−oxygen bond in these cases. The calculations clearly confirm that 

5 is a complex with dative interaction between a cyclic sila-urea and a cyclourea donor 

(A in Figure 2.6). By comparison with simpler silanone species, it has been shown that 

cyclic resonance in 5 further reduces the covalent character of the already highly ionic 

Si O bond. Although some  -bond character remains present, the results highlight the 

importance of the Si=O bond description in terms of an ionic Si
+
−O

−
 resonance structure 

(B in Figure 2.6). This bonding picture is in agreement with recent quantum-chemical 

analyses of silaformaldehyde conducted by  usel’nikov and co-workers. Furthermore, 

the present studies addressed the chemical thermodynamics of ammonia activation by the 

closely related DMAP−silanone complex 2. The obtained reaction energies point to a 

rapid dynamic exchange of DMAP with NH3 as first step in the reaction. Subsequent 

activation of ammonia and formation of either sila-hemiaminal 9 or silanoic amide 10 are 

highly exothermic processes and can lead to the formation of a hydrogen-bonded 
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tautomer pair 11. The experimentally observed dependence on solvent polarity is 

resembled in the calculations when employing a polarizable continuum solvent model. 

The calculated higher thermodynamic stability of 10 points to two competing reaction 

pathways following up the initial coordination of NH3, with 9 being the major kinetic 

product. Based on these results and the experimentally observed invariably higher 

concentration of 9 in solution, a subsequent tautomerization reaction seems unlikely. 

 

 



 

 

 

 



 

Chapter 3 

Electron Paramagnetic Resonance Parameters of the First 

Neutral, Monomeric Germanium(I) Radical
1
 

3.1 Introduction 

As outlined in Chapter 2, the activation and transformation of small molecules such as 

H2, NH3, CO2, or ethylene is an active area of research. In recent years, this topic has 

gained considerable attention outside its classical domain of transition-metal chemistry.
2-4

 

The background of this development is given by the fact that certain types of main-group 

compounds have quite recently been proven to display similar capabilities as  

transition-metal complexes. Examples comprise species such as acyclic and cyclic 

(alkyl)(amino)carbenes,
5,6

 intramolecular phosphine−borane pairs (“frustrated Lewis 

pairs”),
3,7

 and carbene analogues
8-12

 or unsaturated, multiple-bonded compounds
13,14

 of 

the heavy main-group elements, respectively. One current example of the latter type was 

already discussed in Chapter 2, a DMAP−silanone complex-mediated ammonia 

activation.
15

 The newly discovered similarities of d- and p-block element compounds are, 

however, not limited to their shared reactivity trait toward small molecules. Instead, it 

often seems that this is actually a manifestation of the latter molecules exhibiting certain 

structural and electronic characteristics hitherto rather associated with transition-metal 

complexes. This is particularly true for those species that contain heavy main-group 

elements, which sets them distinctly apart from “common” known molecules (especially 

those of the 2p-block). The bonding and reactivity characteristics of some of these new 

compounds have been summarized in an excellent review by Power.
2
 Accordingly, 

frontier orbitals separated by comparatively small energy gaps and the existence of 

accessible open coordination sites are the main reasons behind this shift toward a 

transition-metal complex-like reactivity. Another aspect of aforementioned similarities is 

found in stable low-oxidation-state molecules which feature heavy-element-centered 

radicals or which show diradicaloid character. In the present context, the reminiscence to 
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 1 2 

Scheme 3.1. Synthesis of compound 2 (byproducts are 

omitted). Dip = 2,6-i-Pr2C6H3. 
Mes

Nacnac = 

[(MesNCMe)2CH]
−
, Mes = mesityl. 

 

the paramagnetism of open-shell transition-metals species is a key aspect. Up to now 

several heavier group-14 radicals of the type [E(III)R3]
●
 have been synthesized  

(E = Si, Ge, Sn; R = alkyl, aryl, silyl, amide etc.).
16,17

 Besides these, anionic carbene-like 

[:ER2]
●−

 radicals are known (E = Si, Ge, Sn).
17

 However, no analogous neutral [:E(I)R] 

radical species, the formal monomeric units of heavier alkyne analogues REER  

(R = bulky terphenyl, amidinate etc.),
2,18,19,20

 had been isolated so far. 

Jones and co-workers now succeeded in the preparation of the first neutral, monomeric 

germanium(I) radical 2 which is stable at ambient conditions in the solid state  

(Scheme 3.1).
21-23

 Starting from the previously reported germylene  -diketiminate 

complex 1,
24

 reaction with suitable reducing agents in THF or toluene afforded 2 in 

moderate yields after recrystallization. In solution, 2 was found to be effectively  

NMR-silent. Additional reactivity studies (see ref. 1 for details) pointed to a  

germanium-centered radical species. On this account, electron paramagnetic  

resonance (EPR) and electron nuclear double resonance (ENDOR) experiments
I
 have 

been conducted. Parallel to these works, we have carried out quantum-chemical 

calculations of EPR parameters in support of the experimental efforts to elucidate the 

exact radical nature of 2. 

3.2 Computational Details 

All calculations were carried out employing a model system of 2 where the isopropyl 

groups at the phenyl rings were replaced by hydrogen atoms (viz. 2’). Full optimization 

without restrictions was performed at the BP86
25-27

 DFT level using unrestricted  

Kohn-Sham wave functions in conjunction with the resolution-of-the-identity (RI) 

approximation and TZVP
28,29

 auxiliary basis sets. The resulting structure was used for 

                                                             
I
 Continuous-wave (CW) X-band EPR and Davies and Mims pulsed ENDOR spectroscopy. 
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Table 3.1. Selected bond lengths [Å] and 

angles [°] of model 2’ and corresponding 

experimental metrical parameters for 2. Refer to 

Figure 3.1 for atom labels. 

 Model 2’ Exp. 2 

   
 e−  2.051 1.999 

 −C1 1.335 1.325 

C1−C2 1.568 1.555 

C1−C3 1.416 1.408 

 −C4 1.430 1.440 

   
 − e−  90.9 92.97 

 e− −C1 127.5 127.38 

 −C1−C3 121.0 120.78 

   

 

Figure 3.1. Atom labeling used for the 

discussion of model system 2’. 

 

 

 

 

subsequent single-point calculations employing different functionals with varying 

amounts of exact (Hartree-Fock) exchange admixture (EXX). In particular, the following 

exchange-correlation functionals were used: (a) the GGA BP86 functional (0% EXX),  

(b) the hybrid B3LYP
25,30,31

 functional (20% EXX), and (c) the hybrid BHLYP
25,30,32

 

(50% EXX), respectively, in combination with an IGLO-II
33

 basis set for all atoms. 

Optimization and IGLO-II single-point calculations used the TURBOMOLE program, 

version 5.10.
34-36

 The unrestricted Kohn-Sham orbitals were transferred to the  

MAG-ReSpect program
37

 by suitable interface routines. g-Tensors and spin-orbit 

corrections to hyperfine coupling (HFC) constants were then calculated employing the 

second-order perturbation methods of refs. 38-40, respectively. The matrix elements of 

the spin-orbit (SO) operator were computed using the atomic mean-field approximation 

(AMFI).
41,42

 A common gauge at the germanium center was used for g-tensor 

calculations. Natural bond orbital (NBO)
43

 analyses, based on B3LYP/TZVP single-point 

calculations on the optimized model 2’, were carried out employing the  

NBO 5.0
44

 module linked to Gaussian 98, Revision A.9.
45

 Isosurface plots of spin-density 

distributions and molecular orbitals were done with the Molekel 4.2 program.
46

 

 

3.3 Results and Discussion 

Molecular Structure. Molecular parameters from X-ray structure analysis show that 

compound 2 exhibits a planar heterocycle with a delocalized NC3N ligand backbone. 

There is no crystallographic evidence for the presence of a hydride ligand on Ge.
1
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Table 3.1 lists calculated key structural parameters of model 2’ and the corresponding 

experimental data for 2. The optimized structure is in an overall good agreement with the 

experimental one except for the  e−  bond lengths, which are overestimated by 0.05 Å. 

However, at the BP86 level of theory somewhat longer  e−ligand distances are expected 

(see also the discussion in Chapter 2),
47

 and the  − e−  angle is reproduced well. Bond 

lengths and angles of the  -diketiminate ligand are in excellent agreement with the 

crystallographic parameters. The employed model therefore appears suitable for 

reproducing the electronic structure and thus EPR parameters of the parent compound 2. 

Spin Density Distribution. A first impression of the radical nature of 2 can be gained 

from the spin density plots for model 2’ (Figure 3.2) obtained at different computational 

levels. Independent of the functional, the spin density is localized predominantly on Ge 

(Table 3.2; BHLYP: 91.2%; B3LYP: 87.3%; BP86: 84.9%) with little delocalization onto 

the  -diketiminate ligand. Furthermore, the shape of the spin density distribution at  

 

Figure 3.2. Spin density distribution for model system 2’ (isosurface = 0.0005 a.u.). a) BP86/IGLO-II; 

b) B3LYP/IGLO-II; c) BHYLP/IGLO-II. 

a) b) c) 

 

 

 

 

Table 3.2. Mulliken atomic spin densities of selected atoms in model 2’ and <S
2
> expectation values at 

different levels of theory.
a,b

 Refer to Figure 3.1 for atom labels. 

 Ge N C1 C2 C3 C4 C5 C6 C7 

          
BP86 0.849 -0.001 -0.011 0.000 0.097 -0.005  0.004 0.026 -0.010 

B3LYP 0.873 0.007 -0.015 0.000 0.090  0.000 -0.003 0.022 -0.010 

BHLYP 0.912 0.009 -0.021 0.001 0.085 0.011 -0.015 0.026 -0.018 

          

 

 C8 C9 H1 H2 H3 H4 H5 H6 <S2> 

          
BP86 0.026 0.004 -0.006 -0.001 -0.001 0.000 -0.002 -0.001 0.7535 

B3LYP 0.022 -0.003 -0.005 0.001 -0.001 0.000 -0.001 0.001 0.7540 

BHLYP 0.026 -0.015 -0.005 0.001 -0.001 0.001 -0.001 0.001 0.7580 

          
a Single-point calculations on RI-BP86/TZVP optimized structures. b An IGLO-II basis set has been employed in all calculations. 
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germanium resembles a  -type radical involving a Ge 4p  orbital. Delocalization of the 

spin is mainly towards the opposite carbon atom (C3), as well as to the phenyl 

substituents. Mulliken spin densities (Table 3.2) indicate that the increase of exact 

exchange in the exchange-correlation functional leads, as expected, to a more localized 

spin density on the metal,
48,49

 but with enhanced spin polarization on the phenyl 

substituents. We note in passing that spin contamination is negligible for both hybrid 

functionals.  iven that recent experimental works suggest that  -diketiminates may be 

involved in redox reactions,
50-52

 the apparently small extent of spin delocalization onto 

the  -diketiminate fragment in 2 is a particular interesting finding. Further computational 

and experimental evidence related to this issue will be discussed below. 

Frontier Molecular Orbitals. Further support for the assignment of 2 as a 

germanium(I)-centered radical is given by a breakdown of the nature of the frontier MOs 

of model compound 2’. Besides, this also provides insight into the bonding characteristics 

in 2 which can be contrasted with the related cationic germanium complex 

[(
Dip

Nacnac)Ge]
+
 of Power et al..

23
 The LUMO of the latter complex can be associated  

 

 

Figure 3.3. Isosurface plots (± 0.05 a.u.) and energies [eV] of 

selected MOs for model 2’ (B3LYP/IGLO-II). 
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Table 3.3. g-Shift components (in ppt) and absolute 

g-values for model 2’ and the experimental compound 2.
a
 

 Figure 3.4. Definitions of g- and 

A-tensor axes in compound 2 

(adapted from ref. 1). 

 ∆giso ∆g11 ∆g22 ∆g33  

 

      
BP86 

-14 -36 -4.5 0.2  

(1.9887) (1.9662) (1.9978) (2.0021)  

      

B3LYP 
-16 -41 -7.7 0.1  

(1.9863) (1.9618) (1.9946) (2.0024)  
      

BHLYP 
-17 -43 -9.5 0.6  

(1.9850) (1.9593) (1.9928) (2.0029)  

      

Exp.b 
-14 -34 -5.3 -1.3  

(1.988) (1.968) (1.997) (2.001)  
      

a Absolute g-values in parentheses. Value of the free electron 

ge=2.002319. b Experimental g-values extracted via simulation (all 
values ±0.001). 

 

with the SOMO of the present 2’ which, in agreement with the computed spin density 

distribution, consists mainly of a Ge 4p orbital (Figure 3.3). Minor contributions are due 

to the adjacent nitrogen atoms and the hydrogen-substituted carbon atom on the 

heterocycle. The Ge lone pair corresponds to the HOMO 2, while the LUMO comprises 

 -antibonding interactions between the intracyclic N- and C-atoms. Analyses of the 

natural localized molecular orbitals (NLMOs)
43

 indicate that the lone pair resides in an 

almost purely germanium-centered NLMO (98.9 % Ge character) with 91.2% s- and 

8.8% p-character. The high s-character is in line with a pronounced “dehybridization” and 

thus with the determined  − e−  angle of close to 9 °. Like in case of the cationic 

germanium complex, the HOMO is strongly associated with  e−   -bonding. 

Altogether, the electronic structures in both compounds appear similar, as might be 

expected, except for the single electron occupation of the Ge 4p orbital in 2. 

g-Tensors. Results from CW X-band EPR experiments indicate a slightly rhombic 

symmetry for the g-tensor in 2 (Table 3.3). Its measured anisotropy strongly indicates a 

germanium  -based radical in that the “out-of-plane” component, g33 (cf. Figure 3.4), is 

close to the free-spin value (2.0023).
1
 Evidence for this assumption from the spin density 

distribution is further corroborated by the computed tensor components (Table 3.3). All 

functionals predict a corresponding rhombic g-tensor with absolute g-values close to 

those obtained by experiment. 

73
Ge Hyperfine Coupling Constants. As noted above, the main hyperfine coupling is 

a very diagnostic marker for the characterization of  -based radicals since it is usually 

directed out-of-plane along g33. The remaining HFC tensor components are then expected 

to be small for a pure  -based radical.
1
 Experimental 

73
Ge hyperfine coupling values of  

A = [±82.5, ±37.5, ±42.0] MHz indeed suggest the formulation of 2 as a one-electron 
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Table 3.4. Computed HFC tensors (in MHz) for model 2’ and experimental HFC tensors for compound 2. 

  Aiso A11, A22, A33 T11, T22, T33 AFC APC A11
dip, A22

dip, A33
dip A11

dip,2, A22
dip,2, A33

dip,2 

         Ge BP86 -34.91 -32.9 -67.9 -29.7 -5.20 -62.8 -5.10 
   -66.7 -31.8   -30.7 -1.02 
   -71.1 -36.2   -32.1 -4.09 
          B3LYP -20.11 -53.9 -74.0 -14.5 -5.63 -68.4 -5.60 
    54.5  34.4   -33.4 -0.99 
    59.7  39.6   -35.0 -4.60 
          BHLYP -7.80 -71.2 -79.0 -2.09 -5.71 -73.2 -5.79 
   -43.9 -36.1   -35.1 -0.90 
   -50.7 -42.9   -38.1 -4.89 
          Exp. − ± 82.5      
   ± 37.5      
   ± 42.0      
         N BP86 -1.18 -3.36 -2.19 -1.42 -0.24 -1.87 -0.33 
   -2.32 -1.14   -1.70 -0.57 
   -2.14 -3.32   -3.56 -0.24 
          B3LYP -0.53 -1.54 -2.07 -0.28 -0.25 -1.74 -0.35 
   -0.83 -1.36   -1.95 -0.60 
   -3.96 -3.42   -3.68 -0.25 
          BHLYP -2.68 -0.85 -1.80 -2.43 -0.24 -1.49 -0.33 
   -1.15 -1.50   -2.06 -0.57 
   -5.99 -3.31   -3.55 -0.24 
          Exp. - ±5.90      
   ±5.30      
   ±6.30      
         H1 BP86 -5.03 -8.69 -3.66 -5.02 -0.01 -3.71 -0.04 
   -5.22 -0.19   -0.20 -0.01 
   -1.18 -3.85   -3.91 -0.06 
          B3LYP -4.88 -8.41 -3.53 -4.87 -0.01 -3.57 -0.04 
   -5.19 -0.31   -0.32 -0.01 
   -1.04 -3.84   -3.89 -0.05 
          BHLYP -5.15 -8.43 -3.29 -5.14 -0.01 -3.32 -0.04 
   -5.53 -0.38   -0.39 -0.01 
   -1.48 -3.67   -3.71 -0.05 
          Exp. -4.40 -6.80      
   -4.10      
   -2.30      
         H2 BP86 0.03 -1.62      
   -1.27      
   -2.98      
          B3LYP 0.65 -1.03      
   -0.74      
   -3.71      
          BHLYP 1.46 -0.44      
   -0.00      
   -4.82      
         H3 BP86 -1.48 -2.61      
   -1.71      
   -0.11      
          B3LYP -1.25 -2.26      
   -1.52      
   -0.03      
          BHLYP -1.61 -2.67      
   -1.86      
   -0.29      
         H4 BP86 0.35 -0.13      
   -0.28      
   -0.91      
          B3LYP 0.46 -0.00      
   -0.41      
   -0.96      
          BHLYP 1.00 -0.52      
   -1.17      
   -1.32      

Aiso is the total isotropic value. Aii are the tensor components of the full A tensor. Tii denote the traceless (anisotropic) part of the full A 

tensor. AFC and APC are the first-order (non-relativistic) Fermi-contact and second-order (spin-orbit) pseudo-contact isotropic 

contributions to the total A tensor. Aii
dip and Aii

dip,2 are the first- and second-order anisotropic (dipolar) tensor components of the total A 
tensor. 
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germanium(I)-centered  -type radical. This assumption is substantiated by the computed
 

73
Ge HFC tensor components. As can be seen from Table 3.4, the anisotropic spin-orbit 

(SO) contributions (A
dip,2

) in case of germanium are rather small in comparison with the 

non-relativistic (NR) components (A
dip

) and show little dependence on the functional. The 

(positive) isotropic pseudo-contact (PC) term (A
PC

) also increases only moderately when 

going from BP86 to BHLYP. However, A
PC

 contributes significantly to the HFC constant 

Aiso. It even exceeds the Fermi-contact (A
FC

) term in case of BHLYP. As expected, the 

isotropic NR contribution A
FC

 to Aiso depends strongly on the amount of exact exchange. 

It has been shown before
48,53

 that the inclusion of exact exchange leads to a better 

description of core-shell spin polarization, which is of particular importance for a proper 

description of A
FC

 in  -type radicals. The increase of negative spin density at germanium 

as a consequence of higher exact exchange admixture renders A
FC

, and thus the isotropic 

coupling constant Aiso, less positive in this case. The signs of the 
73

Ge hyperfine coupling 

components could not be determined experimentally, but the generally computed positive 

Aiso suggests the proper signs. Rather large deviations from experiment are observed for 

the A tensor elements in case of B3LYP. BP86 predicts two large components of 

approximately the same size (66.7 MHz, 71.1 MHz). The best agreement is provided by 

BHLYP, which gives tensor components in the same order of magnitude as the 

experimental data, with deviations from experiment ranging from 6 to 11 MHz for the 

individual components. 

14
N and 

1
H Hyperfine Coupling Constants. The experimentally and computationally 

determined non-negligible 
73

Ge HFC components A11 and A22 (g11- and g22-centered) 

could imply some degree of spin delocalization onto the ligand. To ascertain the extent of 

spin delocalization, additional pulsed ENDOR spectra have been recorded on compound 

2 to determine 
14

N and 
1
H hyperfine couplings. As can be seen from Table 3.4, an overall 

good agreement with the measured 
1
H HFC constant is obtained with all functionals. In 

all cases the sign of each component of the HFC is negative. The calculations show that 

the measured 
1
H coupling is related to the NCC(H)CN backbone proton (H1). In case of 

the computed 
14

N HFCs, the BP86 and B3LYP results show two negative components 

whereas BHLYP predicts exclusively positive ones. Moreover, BP86 provides a negative 

value for Aiso, whereas it is positive for the hybrid functionals. Due to poorly resolved 
14

N 

ENDOR spectra, and thus large errors associated with the simulated experimental 
14

N 

HFC, a comparison with the calculated parameters is unfortunately of little value here. 

However, experimental results reported for related N-heterocyclic germanium radicals 

show significantly larger 
1
H couplings than in 2.

54
 Taking the calculated spin density 

distribution into account, these results prove an overall small extent of spin delocalization 

onto the  -diketiminate fragment. 
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3.4 Summary and Conclusions 

In summary, the combined results from g-tensor and HFC calculations as well as the 

computed spin density distribution are consistent with the formulation of 2 as the first 

neutral, monomeric germanium(I) radical. The computational studies are therefore in full 

agreement with evidence provided by crystallographic, spectroscopic, and reactivity 

studies on 2. In particular, the calculated g-tensor components and 
73

Ge HFC constants 

indicate a Ge-centered radical of largely  -type character. Accordingly, 2 exhibits only 

little spin delocalization onto the  -diketiminate ligand, as confirmed by analysis of the 

spin density distribution and the calculated 
1
H HFC constants. This sets 2 distinctly apart 

from related radical Nacnac complexes of aluminum,
21,22

 for instance, which essentially 

show a ligand-centered delocalized radical nature. 

 

 



 

 

 

 



 

Chapter 4 

Quantum-Chemical Studies on the Synthesis of Silicone 

Precursors: Toward the Catalytic Deoxygenation of 

Tetramethoxysilane 

4.1 Introduction 

Since the middle of the twentieth century, polyorganosiloxanes, or in common 

parlance silicones, have evolved as one of the most important and versatile industrial 

products.
I
 The foundations for this development were laid by F. S. Kipping back then in 

the slowly emerging research field of organosilicon chemistry at the beginning of the past 

century.
1
 In his pioneering research studies, Kipping originally believed he was working 

on the silicon analogues to ketones. Although the great potential of  ipping’s “silicones” 

for commercial applications was quickly realized by the industry, the lack of a practical 

synthesis procedure initially hampered their commercialization. It was not until 1940 that 

the next key step for the later success story of silicones was discovered. At that time, 

E. G. Rochow and, shortly after, R. Müller developed the so-called direct synthesis of 

precursor organohalosilanes independently of each other.
1-3

 Although this process is quite 

mature by now and exhibits a great complexity in its involved partial reactions,
4-7

 it 

nevertheless still constitutes the industrial standard. This may be attributable to a 

meanwhile better understanding of the fundamental process reactions, definitely to the 

fact that it has been highly optimized in terms of yields and scales over the past decades, 

                                                             
I
 Examples on the broad diversity in applications of silicones can be found in most of the standard 

chemistry textbooks. A worthwhile essay by D. Seyferth devoted to the works which led to the 

discovery of silicones in the context of the historical origination of modern organosilicon chemistry and 

their way to large-scale industrial production level can be found in ref. 1. 
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but most probably also due to the lack of other competitive efficient synthesis routes.
8
 

However, particularly the methyl chloride employed in the direct synthesis procedure 

and, depending on the process management, the chloric acid as byproduct of the 

methylchlorosilane condensation reaction are corrosive and hazardous. As a consequence, 

the use of specific reactor materials and environmental controls is indispensable.
5,9

 

Furthermore, and besides the actual energy costs for alkylchlorosilane generation, the 

separation by distillation of the main direct synthesis products is energy intensive due to 

their close-lying boiling points.
1,2

 On this account, there has been considerable interest in 

developing new approaches for the generation of (equivalently applicable) halogen-free 

silicone precursors over the past decades.
II
 A class of compounds that could potentially 

overcome both of these problems intrinsically linked to the Müller-Rochow process are 

alkylalkoxysilanes RnSi(OR)4-n (n = 1 – 3). However, while being commercially highly 

important in various areas,
4,10

 alkylalkoxysilanes currently have to be derived by 

comparatively complex procedures from corresponding organohalosilanes.
4,11

 Given the 

great commercial importance of dimethylated silane species for the preparation of 

dimethylpolysiloxanes, an efficient manufacturing process for dimethyldimethoxysilane 

would be imperative. In this regard, an appealingly simple alternative mimicking a direct 

synthesis-like procedure would be the reaction of activated silicon with dimethylether to 

obtain Me2Si(OMe)2 in required quantities. Early claims
12

 that this conversion is indeed 

feasible employing dimethylether as sole organochemical reactant have unfortunately 

been proven wrong.
13,14

 Other similar approaches toward a large-scale industrial process 

utilizing dimethylether are still hampered by rigorous reaction conditions and rather low 

product yields.
2,5,14-16

 Thus, the employment of organo(organoxy)silanes as silicone 

precursors currently does not yet provide a viable and competitive alternative to the 

“classical” organohalosilanes.
17,18

 

Devising alternatives for the Müller-Rochow process certainly is a worthwhile pursuit 

on its own. It is, however, possible and very appealing to put this task into an even 

broader context. For carbon-based compounds a large variety of simple and useful 

building-block molecules are readily available by different sources, e.g., the cracking of 

mineral oil. In contrast, there are no analogous abundant sources and easily derived basic 

(organo)silicon molecules available for organosilicon chemistry.
8
 Hence, another 

potential issue of concern that affects virtually the entire field of organosilicon chemistry 

is due to the fact that the main source serving as starting material for organo-derivatives 

remains to be elemental silicon. The problem associated with the latter feedstock material 

                                                             
II
 The avoidance of halogen-containing compounds is nowadays often discussed in terms of green 

chemistry. This topic is not only of potential importance in terms of the production of silicones but also 

of general interest for many applications in chemistry. See, for instance, Tundo et al. in ref. 17 and 

Wakabayashi et al. in ref. 18. 
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is due to its complex manufacturing process starting from silica or silicate minerals.
8,19

 

Currently, the state-of-the-art large-scale process for the production of metallurgical 

grade silicon constitutes the energy intensive carbothermal reduction of silicon dioxide 

around 2000 °C, costing about 1.9 tons of coke and 12.5 MWh electrical energy per ton 

of silicon.
19,20

 

Set against this background, the challenge in modern (organo)silicon and silicone 

chemistry in terms of economy and sustainability seems to be twofold at least. It would be 

highly desirable to have feasible processes beyond laboratory scale at hand which directly 

convert silica into useful (organo)silicon molecules for subsequent chemical processing. 

Indeed, several groups have put effort into this issue in the past, partly with respect to 

different source materials and silicon feedstock chemicals.
III

 However, for the purpose of 

circumventing the Müller-Rochow process with its associated drawbacks and with regard 

to silicones, novel procedures have to meet specific requirements. In particular those 

procedures would be of great value which generate compounds either directly employable 

as or at least relatively easily and economically convertible into suitable precursors for 

subsequent condensation to polyorganosiloxanes. The ultimate goal in this context thus 

would be to combine both the avoidance of the reduction and reoxidation process of 

silicon starting from silica and the adoption of organooxysilanes for succeeding 

alkylchlorosilanes as halogen-free silicone precursor compounds. Corresponding concepts 

have already been put forward in the literature,
4
 amongst others by Lewis and co-workers, 

for instance.
21,22

 The underlying idea which formed the basis of their research efforts 

“Sand to Silicones”
IV

 is depicted generically in Scheme 4.1. One can infer from the 

well-established sol−gel process
23-26

 that methylated alkoxysilanes could be condensed 

rather easily to organopolysiloxanes by common procedures.
27

 Hence, the challenge is 

mainly rooted in the preceding processes indicated as “Step 1”, the direct synthesis of  

 

 

Scheme 4.1. Proposal for an alternative synthetic route to silicones (“Sand to 

Silicones”, ref. 22). 

                                                             
III

  A concise overview on this topic is given in Appendix A-1. 
IV

  The official  E pro ect’s name was “Direct Production of Silicones from Sand”, as stated in ref. 21. The 

final report is freely accessible at the Office of Scientific and Technical Information homepage, 

http://www.osti.gov, of the U.S. Department of Energy. 
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tetraalkoxysilanes starting from silica, and “Step 2”, the deoxygenation of alkoxysilanes. 

Needless to say, every single one poses a major obstacle on its own when it comes down 

to their practical realization. As Lewis has pointed out, this does especially hold true 

regarding a potential industrial application for which they must be efficient and low-cost. 

Efficiency, of course, could be achieved by catalytic reaction procedures. Although there 

is evidence for both of these steps in the literature, as outlined in the appendix, to the best 

of the author’s knowledge a feasible implementation of the complete chain of 

transformations has nevertheless not been accomplished yet. On a technical scale, this 

stems from different issues like, e.g., low product yields, complex reaction procedures, 

limited availability of or costly raw material.
15,16,22

 

In the following, parts of the results from the joint experimental and theoretical project 

“Metal-assisted Deoxygenation of Alkoxysilanes”
28

 will be presented. It was initiated by 

Prof. Dr. Wolfgang Malisch and supported by the Wacker Holding. The project aim was 

to explore different new approaches toward a feasible synthesis procedure for 

organoalkoxy-functionalized silanes, preferably dimethyldialkoxysilanes, directly derived 

from the parent tetraalkoxysilanes. So in the context of Lewis’ proposal in Scheme 4.1 the 

focus of the present project was clearly on the second step. For obvious reasons particular 

emphasis was placed on tetramethoxysilane Si(OMe)4 (TMOS) as starting material, 

though the project efforts were in no way strictly confined to this compound. Owing to 

their proven practicality for numerous important (catalytic) conversion reactions
2,29,30

 for 

organic compounds, a large variety of organotransition-metal complexes were scheduled 

to be tested for their applicability to serve as deoxygenating reagent. The long term goal 

was to provide results, insights, and suggestions which ideally should help to establish a 

catalytic process cycle for the conversion of TMOS to suitable silicone precursors. The 

theoretical work discussed in the following sections was conducted in close collaboration 

with the experimentalists. All experimental works, some of which will be briefly 

reviewed in this thesis, were carried out by the workgroup of Prof. Dr. W. Malisch. 
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4.2 Conceptual Approaches 

The fundamental issue eponymous for the project at hand can be illustrated in a 

simplified reaction equation depicted in Scheme 4.2. Clearly, as per definition of 

deoxygenation, the activation of the very strong Si−O bonds and subsequent 

re-functionalization of silicon is one of the major concerns one has to deal with. At the 

same time, this is presumably also one of the main reasons for the hitherto elusiveness of 

a simple (catalytic) conversion reaction within the pro ect’s context. When devising 

plausible catalytic cycles for the problem at hand silicon−oxygen bond cleavage in the 

first instance nevertheless seems to be the natural direction to consider. Hence, the 

approaches which will be presented below rely exactly on this consideration. However, a 

possible detour via initial O−  or even alkoxy C−H activation should not be completely 

dismissed. The basic working plan of the project was composed of four main phases. 

They were primarily comprised of different sub-goals which based on each other. In 

general, complexes of early (Ti, Zr) and late (Ru, Rh, Pd, Pt) transition-metals as well as 

representatives of the oxygenophilic metals Mo and W should be tested for their 

adaptability to serve as suitable reduction catalysts.
28

 The initially suggested catalytic 

cycle will be presented below. Bond activation in terms of organotransition-metal 

chemistry, especially with respect to homogeneous catalysis, can be achieved in various 

ways. For example, C−H activation can generally be assigned to four different 

mechanisms: oxidative addition, 1,2-addition, σ-bond metathesis, and electrophilic 

substitution, with the latter resembling a σ-bond metathesis-related reaction pattern for 

late cationic transition-metal complexes.
31,32

 Of these reactions, oxidative addition as one 

elementary key step in catalysis as well as σ-bond metathesis seem to be viable choices as 

a starting basis for Si−O bond activation.
33

 Hence, the first approach which will be 

discussed in the following has its focus on the cleavage of alkoxy−silicon bonds by means 

of an initial oxidative addition reaction at some suitable metal fragment as key step for 

subsequent processing. This constitutes the original cycle
28

 proposed in the working 

program. One is tempted to state that it is the most “obvious” or “logical” attempt to start 

off with due to the already mentioned widespread fundamental importance of this type of 

bond activation in numerous stoichiometric and catalytic transition-metal-mediated 

 

 

Scheme 4.2. Simplistic reaction equation for the 

tetraalkoxysilane deoxygenation problem (ref. 28). 



42 | Chapter 4   Quantum-Chemical Studies on the Deoxygenation of Tetramethoxysilane 

 

 

Scheme 4.3. Model scheme of a plausible catalytic cycle for the 

deoxygenation of  −O−Si units based on oxidative 

addition/reductive elimination sequences, adapted from ref. 28. 

 

reactions.
19,29,30

 A generic form of the proposed catalytic cycle is depicted in Scheme 4.3 

and preliminarily comprises four steps. Note, that these are partly with little or no 

precedent in the literature. Therefore, they were planned to be initially tackled 

individually in different project phases to test the general feasibility of the cycle. To this 

end, exploratory experimental and theoretical studies on model compounds for the 

successive elementary reactions were carried out. The initial goal was to characterize the 

models’ stability and reactivity patterns and thus their potential applicability in the 

process setup. When feasible, potential side reactions should be identified beforehand by 

quantum-chemical calculations. The first step in this cycle, with optional preceding ligand 

dissociation to provide a vacant complex coordination site, constitutes the coordination of 

the (alkyl)alkoxysilane to the metal center via an alkoxy oxygen. The directing effect of 

M−heteroatom coordination and facilitation of ad acent bond activation has been utilized 

before for carbon analogues, and a similar behavior is expected here.
34

 Accordingly, 

subsequent oxidative addition by cleavage of the silicon−oxygen bond forms an 

intermediate complex species which putatively releases the corresponding 

alkylalkoxysilane by elimination in the next step. This could be achieved either by a 

thermally induced direct abstraction of the oxygen-bonded alkyl residue by the leaving 

silyl group, or it may involve the (hypothetical) intermediate formation of side-on 

coordinatively activated O−  groups. The former has no assured precedent in the 

literature for silyl ligands, but (reversible) elimination of benzene from (hydroxyl)phenyl  
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Scheme 4.4. Model scheme of a plausible catalytic cycle for the 

deoxygenation of R−O−Si units based on σ-bond metathesis key steps. 

 

zirconocene
35-37

 or halosilanes from, e.g., siloxy titanium, tungsten, and zirconium 

complexes has been reported.
38,39

 The resulting metal oxo complex is to be deoxygenated 

by some suitable reaction procedure to close the catalytic cycle. Such oxo compounds are 

common in organometallic chemistry.
39-44

 They have been discussed, for instance, as 

precursor material for the oxy-functionalization of C−H bonds.
32

 However, in contrast to 

other M−heteroatom bonds activation across a metal−oxo bond in this context is 

unprecedented to date. Nevertheless, these considerations may provide a conceptual 

starting point for the catalyst regeneration. Furthermore, the use of a co-catalyst for 

reductive oxo transfer might be a potential strategy as well. 

Besides the catalytic transformations of (alkyl)alkoxysilanes by means of oxidative 

addition/reductive elimination sequences, a plausible strategy could also be based on a 

σ-bond metathesis reaction as key step for the activation of Si−O units. An exemplary 

cycle is shown in Scheme 4.4. This second type of approach was not explicitly included 

in the initial working program. It was, however, quite naturally brought about by results 

obtained during the early stages of the pro ect. σ-Bond metathesis is common for, but not 

necessarily limited to,
29,45

 complexes of the early transition-metals and f-elements in 

which the metal is in its highest possible oxidation state (that is, in a d
0
 state).

46,47
 

Oxidative addition formally requires the increase of the metal center’s oxidation number 

by two. Consequently, since no electrons are available at a d
0
 site, this type of reaction is 

prohibited for such complexes. In contrast, as shown in Scheme 4.4, a σ-bond metathesis 

step involves the interaction of an activated σ-bond with a vacant metal orbital, leading to 

a concerted four-center transition state.
48

 Hence this type of reaction proceeds at a 

constant oxidation state of the metal. Accordingly, the first step of the present cycle 
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involves the coordination of the (alkyl)alkoxysilane via an alkoxy oxygen. This could 

lead either directly to the concerted metathesis transition state or, depending on the metal 

fragment, may well be preceded by a (short-lived) alkoxy oxygen-coordinated 

intermediate similarly to the proposed initial step in Scheme 4.3. As an advantage over 

the former oxidative addition-based approach the instantaneous formation of the 

corresponding alkylated silane at this point potentially reduces the overall process 

complexity. The metathesis reaction results in an alkoxy group bound to the metal 

complex. In the second step, this alkoxide may subsequently be substituted by a similar 

exchange procedure to regain the precursor material. However, other types of reactions 

for catalyst regeneration, possibly by employing a co-catalyst, are more likely coming 

into play at this stage of the cycle. For example, the potential reactivity of comparatively 

nucleophilic late transition-metal alkoxides towards electrophiles was extensively studied 

by Bergman and co-workers.
49

 Conceptually, such an approach might also be applicable 

in the present case to weaken the M−O  bonds sufficiently for metathesis. Alternatively, 

electrophiles could possibly be employed to facilitate the transformation into more 

weakly bound ligands for further processing. In addition, alkoxide ligand substitution 

reactions with alcohols, amines, phosphines, or boranes have been investigated by the 

same authors. The latter is particularly interesting because it exemplifies the possibility of 

a direct alkoxy-alkyl group exchange.
49,50

 

The regeneration of the catalyst, irrespective of the chosen route, in terms of the 

removal of the unavoidable resulting alkoxide or oxo group at the metal center is a 

delicate task on its own. Besides, a few notes on the origin of the prospective alkyl source 

are appropriate at this point due to its essential nature for any of the above discussed 

approaches. The first cycle exhibits the potential advantage of the alkyl source being the 

alkoxysilane itself. Although the author is not aware of any examples involving 

organotransition-metal complexes, the principal feasibility of this kind of silane 

transformation has indeed been disclosed by Schattenmann et al. using TMOS and 

sodium hydride or transition-metal hydrides (see Appendix A-2 for details).
51,52

 Another, 

somewhat related example shows the catalytic activity of TMOS for electrophilic CH3
+
 

group transfer to indole in a TMOS/methanol system, although the exact mechanism is 

unclear.
53

 Irrespective of the applicability of exploiting the alkoxysilane as intramolecular 

alkyl source, the σ-bond metathesis approach in contrast is in any case complicated by 

two issues. Firstly, the presence of transferable alkyl groups in the catalyst is required, 

and secondly, an external alkyl source has to be applied in order to maintain the process. 

Although alkoxy-alkyl ligand exchange in transition-metal complexes is known (vide 

supra), the major challenge for a competitive catalytic procedure would be the 

incorporation of an abundant and economic hydrocarbon source. 
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4.3 Computational Details 

All calculations have been carried out using the TURBOMOLE program,
54-57

 version 

5.10 and 6.31. In general, if not stated otherwise in the text, the computational approach 

described in the following was employed as standard procedure. 

Structure optimizations were carried out without symmetry restrictions at the DFT 

BP86
58,59

 level of theory, employing the Resolution-of-the-Identity (RI) approximation
60

 

with associated auxiliary basis sets
61

 for efficient calculation of the Coulomb interaction 

terms. An all-electron def2-TZVP basis set was used for all light nuclei and 3d 

transition-metals in these calculations, 4d and 5d transition-metals were represented by an 

effective scalar relativistic small-core potential in conjunction with a corresponding 

def2-TZVP valence basis set.
62,63

 Subsequent single-point calculations used the hybrid 

B3LYP
64,65

 density functional and all-electron def2-TZVPP basis sets for light nuclei and 

3d transition-metal elements or effective small-core potentials with associated 

def2-TZVPP valence basis sets for 4d and 5d transition-metals.
62,63

 The nature of the 

stationary points (minimum or transition state) has been verified by means of harmonic 

vibrational frequency analyses. To confirm that a given transition state interconnects the 

product and reactant minimum structure, distortion along the imaginary frequency in both 

directions followed by full optimization has been carried out. Unscaled zero-point 

vibrational energy (ZPE) corrections and Gibbs free energies (hereafter termed free 

energies for convenience) at 298.15 K and 0.1 MPa were evaluated based on 

RI-BP86/def2-TZVP frequency calculations and within the rigid-rotor and 

harmonic-oscillator approximations. Bond dissociation energies (BDEs) have been 

calculated according to the general definition
66

 by homolytic fragmentation into the 

monomeric radicals. The so-obtained radical species have been fully optimized at the  

RI-BP86/def2-TZVP level, followed by B3LYP/def2-TZVPP single-point calculations. 

BDEs were then calculated as the difference between total molecular energies of the 

parent compound and the sum of the monomers. Spin unrestricted Kohn-Sham wave 

functions were employed for all open-shell systems. Molecular orbital plots were created 

using the Molekel 4.2 program.
67

 Due to the fact that most molecules in this study exhibit 

quite a large number of degrees of freedom, care has been taken in all calculations to find 

the minimum energy conformers. Reduced model systems in which ligands are replaced 

by simpler groups (e.g., substitution of butyl groups by methyl groups) have been avoided 

wherever possible.
68
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4.4 Summary and Implications of Phase I Theoretical Results 

Most of the computational results obtained for Phase I of the project have already been 

discussed elsewhere
69

 and the intention of this short section is to give a brief overview of 

these together with implications for the following sections. 

Following the discussion of section 4.2, ether−metal adduct formation in the first 

instance is considered to be vital for the subsequent conversion of alkoxysilanes. To this 

end, initial elementary studies on the coordination behavior of differently composed 

dialkyl, disilyl, and alkyl(silyl) ethers to a selection of neutral and cationic 

electron-deficient complexes of zirconium(IV) and titanium(IV) were carried out (an 

example is provided in Scheme 4.5; cf. ref. 69 for a larger set of ethers and complexes). 

These calculations exemplified the importance of the Lewis basicity of the ether oxygen 

and the Lewis acidity of the metal center with respect to the tendency of adduct 

formation. Contrary to the common observation that silyl ethers tend to be less basic than 

their direct carbon analogues,
70-77

 the calculations suggested equal or even slightly higher 

complexation energies for the former in these exploratory studies. However, this might be 

in part a consequence of the applied theoretical level. Overall it was found that the ether 

coordination leads in the majority of cases to a thermodynamically stable product. 

Particularly with respect to subsequent bond activation by oxidative addition, this initial 

step should, therefore, be feasible for most of the considered complexes. Besides it was 

suggested that steric effects
V

 within the complex can influence the strength of the 

metal−ether coordination to a certain extent. However, in the computed cases these 

effects were mostly small in magnitude. Moreover, a more refined analysis would be 

required to differentiate between steric and electronic effects. The impact of steric 

congestion, induced by either the ether substituents or the remaining ligand sphere of the 

complex, may nevertheless be of greater importance for other types of complex fragments 

or reaction intermediates. This holds particularly true for the transition states, and hence 

reaction kinetics, of oxidative addition reductive elimination processes or σ-bond 

metathesis-mediated transformations. 

                                                             
V
  The influence of sterics is of general interest in many organometallic reactions. This is due to its 

potentially great impact on transition states, as mentioned in the text, and/or product stability. Hence, 

steric considerations may be critical for kinetics as well as for the thermochemistry and the possibility of 

further product conversions. An example on this topic related to the present investigations are studies of 

oxidative addition reactions of organosilane H−Si 3 bonds to transition-metal complexes, or their 

corresponding reductive elimination. See, for instance, the discussions of Zhang et al. in ref. 78 and 

Hester et al. in ref. 79. 
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Scheme 4.5. Calculated coordination energies of alkyl(silyl), dialkyl, and disilyl ethers to 

[Cp2ZrMe]
+
 (Cp = η

5
-C5H5), adapted from ref. 69 (RI-BP86/SVP). All energies (kJ mol

-1
) are 

given relative to the separate zirconium complex and the corresponding ether. 

 

Probably the most interesting Phase I result in the context of ether coordination was 

the prediction of preferential formation of intramolecular chelate adducts when ethers 

bearing more than one alkoxy group [R2-nSi(OR)2+n and R2-nC(OR)2+n; n = 0 – 2] were 

considered. These compounds were calculated to exhibit the highest complexation 

energies, as one would intuitively assume (cf. Scheme 4.5). Nevertheless, bearing in mind 

that the chosen transition-metal compounds represent a rather limited selection, the 

tendency for the formation of such adducts can be anticipated to depend strongly on the 

given complex fragment. In particular, the specific steric situation and the charge density 

at the metal center are of major importance in this respect. The latter criterion applies 

especially for electron-rich late transition-metal complexes where already the 

coordination of one comparably weak
78,79

 Lewis-basic OR ether group
80

 can be 

questionable. Experimental results obtained within this project showed, however, that 

such types of chelate-adducts potentially exhibit a unique behavior when cationic 

zirconocenes [(C5R5)2ZrMe][μ-MeB(C6F5)3] (R = H, Me) are employed.
81

 Nevertheless, it 

still remains largely unclear as to what extent this specific binding motif could generally 

promote or inhibit the siloxy group reactivity beyond these complexes. This consequently 

gives rise to the intriguing question if such species would really be the active form in any 

subsequent transformation, and hence whether or not their formation could be exploited 

in some way for facilitating the deoxygenation of SiO  units. To the best of the author’s 

knowledge literature on this particular issue is lacking. However, this might as well just 

simply indicate that their formation usually marks a dead-end in reactivity and further 

processing is due to some other conformer. Yet these compounds should be kept in mind 

at least as possible intermediates when predictions on reaction profiles are made or 

experimental data is interpreted.  
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Scheme 4.6. Calculated energy profile for the reaction of Cp2Ti(CO)2 with 

MeOSiH3, adapted from ref. 69 (RI-BP86/SVP). All energies (kJ mol
-1

) are 

given relative to the separate titanocene complex and the silyl ether. 

 

Exploratory studies on the thermochemical outcome of competitive Si−O vs C−O bond 

cleavage reactions were carried out employing a variety of transition-metal complexes 

and different silyl ethers. Some results of these studies are listed in Table A-3 in 

Appendix A, and Scheme 4.6 provides an exemplary reaction profile. The calculations 

showed without exception that the product of alkyl(silyl) ether C−O bond activation is 

thermodynamically favored over the Si−O activation product.  ote that this does not 

necessarily imply an overall exothermic reaction profile with respect to the separate 

educts (cf. Scheme 4.6). Apart from the impact of the reacting ether, the relative energetic 

product separation naturally was found to depend strongly on the nature of the complex 

fragment. This includes the type of transition-metal center, its charge, the ligand 

substitution pattern, sterics, and the consideration of stereoisomers where appropriate. 

Although a rather involved interplay between these factors can be suggested if the focus 

is on interpreting the results for a single complex, some general trends can be deduced 

when all computed results are being taken into account. Complexes
VI

 of the early 

transition-metals (Ti,  r) were found to exhibit a greater preference for C−O activation 

products on average (by 82 – 145 kJ mol
-1

) than those of the late transition-metals (Pd, Pt, 

                                                             
VI

  Results from RI-BP86/SVP calculations, see ref. 69 and Table A-3 in Appendix A. 
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Rh, Ru: 12 – 92 kJ mol
-1
). Most interestingly, a stable Si−O side-on coordination product 

could be identified for some of the considered ruthenium complexes. Cationic complexes 

(Rh, Ru: 21 – 31 kJ mol
-1

) were found to diminish the energetic separation on average 

compared to neutral compounds. In case of alkyl(silyl) ethers with comparatively little 

steric demands (e.g., MeOSiH3), the presence of small, comparatively weak σ-donor 

ligands (such as PH3) somewhat enhanced the relative stability of Si−O bond cleavage 

products with respect to those of C−O cleavage. In contrast, increasing energetic 

separation between these products was observed when the element-silicon 

electronegativity difference within the SiR3 group (and hence the SiR3 group 

electronegativity) increased.
VII

 These gross trends are largely in line with established 

literature knowledge on the nature of bonding in transition-metal M−alkyl, M−silyl, and 

M−alkoxy siloxy bonds. 

These trends can be discussed in terms of simple electronegativity differences (ionicity 

vs covalency of the bond) or MO arguments. Most probably both are needed for an 

accurate description. For example, in addition to the consideration of ionic contributions, 

a common concept for metal−silyl bonding is based on the ability of silicon to M−Si 

 -back-bond. This type of bonding involves the interaction of appropriate occupied metal 

d-orbitals with antibonding Si−  X σ
*
-orbitals.

82-85
 Such electron delocalization effects 

into antibonding orbitals are also referred to as negative hyperconjugation.
86-88,VIII

 More 

refined discussions of the metrical parameters and bond enthalpies thus should take into 

account the possibility for the M−Si bond to adopt a certain degree of multiple bonding 

character. In this context, a study on osmium silyl complexes
82

 showed that the amount of 

 -back-bonding in these compounds can be related fairly well to the SiR3 group 

negativity. It was found that the  -acceptor capability decreased in the order 

SiF3 > SiCl3 > Si(OH)3 > SiMe3. Following the line of reasoning for negative 

hyperconjugation, going to late electron-rich transition-metals should likely enhance 

back-bonding and thus strengthen the metal−silyl bond. The presence of similar 

 -back-bonding effects has also been suggested for M−alkyl bonds.
89

 However, it was 

shown by quantum-chemical studies of a series of mid to late transition-metal complexes 

that the extent of M−CH3  -back-donation is negligible in these compounds.
90

 Only for 

CF3 this contribution becomes more significant in certain cases, but nevertheless still 

                                                             
VII

 For example (cf. ref. 69 and Table A-3 in Appendix A), for the reaction of Cp2Zr(CO)2 with MeOSiH3, 

EtOSiMe3, and Si(OMe)4 the energetic separation between the corresponding C−O and Si−O activation 

products [that is, Cp2 r( ’)(OSi 3) and Cp2 r(O ’)(Si 3)] successively increased. The corresponding 

differences were calculated to 106 kJ mol
-1

, 127 kJ mol
-1

, and 145 kJ mol
-1

 (RI-BP86/SVP). 
VIII

 As noted, for instance, by Hughes in ref. 102, the denotation of these effects often depends on the 

chemist’s background; i.e., the term “negative hypercon ugation” is usually used by organic chemists 

while the same phenomenon is referred to as “metal d-orbital back-bonding” or simply “back-bonding” 

in inorganic chemistry. 
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remains comparatively small as compared to M−CF3 σ-bonding.
90-92

 More important 

contributions to the bonding were due to negative hyperconjugative delocalization effects 

of the M−CF3 σ-bond into antibonding C−F σ
*
-orbitals.

90
 Such effects have also been 

discussed before in the context of agostic interactions in alkyl metal complexes. Several 

computational studies concluded that one of the main reasons for agostic interactions in 

d
0
 metal complexes actually is due to negative hyperconjugative delocalization of the 

M−Calkyl bonding electrons.
93-96

 A related theoretical study suggested, however, that the 

length of early and late transition-metal M−CH3 and M−CF3 bonds is indeed significantly 

influenced by  -effects of the CX3 group (bonding and back-bonding).
97

 Turning back to 

the discussion of metal  -back-bonding in M−silyl bonds, it was noted that silyl groups 

exhibit energetically lower-lying acceptor orbitals as compared to alkyl groups.
89

 Thus, a 

stronger  -back-bonding effect could be expected for the former ligands. On the basis of 

this assumption it was concluded that the corresponding metal−silyl bond enthalpy may 

approach or even exceed the metal−alkyl bond strength in, e.g., low-valent complexes of 

the late transition-metals.
89, IX

 However, a computational study quantifying the 

back-bonding of anionic mid and late transition-metal complexes toward CX3 and SiX3 

(X = H, F) ligands showed a surprisingly low acceptor capacity for the silyl ligands, 

although for the most part still slightly higher than for CH3. The calculated difference in 

the amount of back-bonding of the latter ligands was usually less than about 16 kJ mol
-1

.
92

 

Clearly, this shows that additional factors besides  -back-bonding have to be taken into 

account to rationalize the greater stability of M−Si bonds in complexes of the late 

transition-metals. Similarly to alkoxides, the siloxide ligand exhibits σ- and, possibly, 

 -donor contributions to the M−OSi bond. Siloxides are generally considered to be less 

basic than alkoxides due to the potentially stronger O−Si  p −σ
*
 back-bonding, thus 

diminishing the availability of the oxygen lone pairs with respect to donation of electron 

density to the transition-metal center.
84,98,99

 A similar line of reasoning was put forth to 

explain the reduced basicity of silyl ethers with respect to their carbon analogues. 

Moreover, relative to alkoxides, the reduced  -donation capacity of the oxygen atom 

correlates with a more ionic character of the metal−siloxide bond. For instance, Mach and 

co-workers studied the amount of p (O)−d (Ti) bonding in metallocene Ti(III)−O  

                                                             
IX

 For the purpose of illustration, consider the following calculated bond dissociation energies D0( r−  X) 

and D0(Pt−  X) as a limited example (B3LYP/def2-TZVPP//RI-BP86/def2-TZVP): 

R/X Cp2Zr(H)(R/X) cis-(PMe3)2Pt(H)(R/X) D0[Pt/Zr] 

CH3 229.4 236.7 1.03 

SiH3 205.9 296.7 1.44 

Si(OMe)3 207.3 316.3 1.53 

OCH3 404.1 269.7 0.67 

OSiH3 482.5 354.7 0.74 

OSi(OMe)3 493.2 361.3 0.73 

a D0[Pt/Zr] = [D0(Pt−  X) D0( r−  X)] 
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bonds.
100,101

 A decrease in  -donation was observed in the order of substituents 

R = Me < t-Bu < H < Ph < Si(i-Pr)3 < SiPh3 < Si(O(t-Bu))3, concomitantly with an 

increase in bond polarity as indicated by computed natural charges.
100,IX,102

 

The issue of relative bond strengths within the framework of the current project will be 

revisited and extended in sections 4.6 and 4.8. As exemplified by the above Phase I 

results, the oxidative addition of a Si−O unit seems to be generally associated with 

unfavorable thermodynamics as compared to C−O bond cleavage. However, this is not 

necessarily a matter of concern if silicon−oxygen bond activation is at least kinetically 

favored. Provided a fast consumption of the corresponding intermediate activation 

products takes place within the reaction sequence of the catalytic cycle, and depending on 

the relative ratio of the barrier heights, the process equilibrium may well be shifted in this 

direction. Thus, for more detailed insight on the applicability of the previously listed 

complexes to serve as suitable reducing reagents, a closer look at the associated 

competitive kinetics of C−O and Si−O bond activations is necessary. Exploratory studies 

on this issue as well as on potentially occurring side reactions will be the subject of the 

following section. 
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4.5 Kinetics of Oxidative Addition Reactions of Alkoxysilanes at Selected Early and 

Late Transition-Metal Complexes 

As an extension to the preliminary thermodynamical considerations of Phase I 

discussed in the preceding section, and in support of the experimental efforts,  

quantum-chemical kinetics studies were undertaken in order to elucidate the path of 

preferential bond activation of Si−O−Me and Si−Me units. The possibility of oxidative 

addition of either TMOS or trimethylmethoxysilane was experimentally investigated 

using a selection of neutral and cationic early and late transition-metal complexes. These 

are Cp2Zr(CO)2 (Cp = η
5
-C5H5), Cp

*
2Zr(η

2
-C2(SiMe3)2) (Cp

*
 = η

5
-C5(CH3)5), [Cp

*
RuCl]4, 

Cp(L)RuCl (L = P(i-Pr)3, N-heterocyclic carbene), [(C8H12)2Rh][BF4], Pt(PR3)4 (R = Et, 

Ph), Pd2(dpa)3, and Pt(PPh3)2(C2H4).
81

 None of these attempted reactions led to definitely 

identifiable products of a simple Si−O or C−O oxidative addition of the silyl ethers. In 

order to shed some light on these failures and elucidating possibly occurring side 

reactions, the experimentally conducted reactions of TMOS with Cp2Zr(CO)2 

(photochemically or thermally induced) and Pt(PR3)4 were chosen for closer 

computational examination. These compounds have been selected for two reasons. 

Firstly, they provide insight into the energetic and kinetic features associated with 

oxidative addition both to an early and late transition-metal complex. Secondly, the 

zirconocene in particular was used to test the reactivity of the derived zirconium(II) 

complex. This species is of particular interest for further studies on the Negishi reagent, 

as will be discussed in section 4.7.2. For reasons of comparison, Me3Si(OMe) was 

additionally used in these calculations. 

 

4.5.1 Case Studies of Zirconocene(II) Complexes 

As a first and presumed simple test case, the elusive “naked” Cp2Zr(II) (1) fragment 

was chosen as system for initial studies. Its existence in solution is not unequivocally 

proven spectroscopically, but its appearance as reaction intermediate is regularly 

assumed.
103-107

 Products from putative oxidative addition reactions at 1 could be isolated, 

for instance, as phosphine adducts.
108,109

 Besides, the occurrence of highly reactive Cp2M 

species has been proposed for other transition-metals as well. For example, the 

photochemical activation of dihydride complexes Cp2MH2 (M = Mo, W) has been 

employed as a common procedure for the generation of the corresponding hydride silyl 

complexes Cp2MH(SiR3).
110,111

 The reaction is assumed to proceed by means of an 

intermediate formation of Cp2M via reductive elimination of H2. Oxidative addition of 

hydridosilanes HSiR3 (R = Cl, Et, OEt, amongst others) thus subsequently leads to the 

resultant hydride silyl complexes. However, the most obvious route to disilyl complexes, 
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the reaction of photochemically generated Cp2M and Me3SiSiMe3, proved unsuccessful. 

Suggestions for the reasons behind the failure of the latter reaction will be given below. 

For the present study, 1 can serve as a hypothetical but nevertheless most valuable 

starting point for a general study on the feasibility (or improbability) of oxidative addition 

reactions of silyl ethers at early transition-metal complexes. In this context, the relative 

thermodynamic and kinetic ordering of different possible pathways was of particular 

interest. On the reacting alkoxysilane side Me3SiOMe and TMOS were employed not 

only due to their use in the afore-mentioned experiments but also because they can be 

anticipated to differ most in their electronic and structural properties. Hence differences 

in reactivity patterns should be most pronounced for these two compounds. 

We will start off with the discussion of the reaction between 1 and Me3Si(OMe) shown 

in Scheme 4.7, as it potentially exhibits the largest variety of possible bond activations 

(Si−O, Si−C, C−O, CSiMe−H, COMe−H). Zirconocene 1 has a triplet ground state
112

 which 

is found to be well separated by 21.7 kJ mol
-1

 from the singlet state in the present 

calculations (see also section 4.8). Where possible, reactions on both electronic 

hypersurfaces will be compared. Initial coordination of the silyl ether proceeds, as 

expected, primarily and energetically most favorably via the methoxy oxygen. In fact, on 

the triplet surface (red dashed line, left-hand side in Scheme 4.7) this is the only option 

for adduct formation and leads to 2’. In contrast, different conformers and binding modes 

(2, 3, 4) are found on the singlet surface (black dashed lines in Scheme 4.7). All of the 

latter compounds exhibit either agostic C−H··· r interactions or hydrogen bonding. Such 

motifs are suppressed in the triplet complex 2’. The most similar singlet adduct to the 

latter compound, 2, exhibits a  -agostic C−H··· r interaction between zirconium and the 

alkoxide methyl group. It is more stable than the corresponding triplet complex 2’ by 

almost 30 kJ mol
-1

. Hence, silyl ether coordination should easily compensate for 

spin-pairing in 1. The singlet ether complex 2 is formed endergonically by 37.2 kJ mol
-1

 

and constitutes the starting point for both Si−O (TS 2-5) and C−O (TS 2-6) bond 

activation (left-hand side in Scheme 4.7). Both barrier heights are similar on the free 

energy profile, with the transition state for C−O cleavage (8 .5 k  mol
-1

) being favored by 

merely 1 kJ mol
-1

 with respect to the one for Si−O activation (81.6 k  mol
-1

). Note that 

this energetic ordering is not retained for ΔE0
╪ (43.4 vs 40.0 kJ mol

-1
) and ΔE╪ (48.8 vs 

39.5 kJ mol
-1
) instead of Δ ╪ values, respectively (see Figure 4.1; a list of all calculated 

reaction and activation energies can be found in Table A-4 in Appendix A). However, 

both barriers remain energetically quite close-lying. Similarly to the results obtained 

during Phase I (section 4.4), the oxidative addition product of C−O bond breaking, 6, is 

markedly more stable with respect to the separate reactants than the corresponding Si−O 

cleavage product 5 ( 319.2 vs  107.1 kJ mol
-1

). On the triplet surface a transition state for 

C−O activation, TS’ 2’-6, was found. However, like its precursor it is higher in free 

energy, by 21.9 kJ mol
-1

, than the corresponding singlet transition state TS 2-6. It 



54 | Chapter 4   Quantum-Chemical Studies on the Deoxygenation of Tetramethoxysilane 

 

 

Scheme 4.7. Free energy profile for possible oxidative addition of Me3SiOMe to Cp2 r by C−O, Si−O 

(left-hand side) and Si−C, C−H (right-hand side) bond cleavage (B3LYP/def2-TZVPP/RI-BP86/ 

def2-TZVP). All energies (kJ mol
-1

) are given relative to the separate Cp2Zr complex in its triplet ground 

state and the silyl ether. A red dashed line indicates reaction on the triplet surface, black dashed lines refer 

to the singlet surface. For the sake of clarity, the Cp2Zr fragment has been replaced by [Zr]. 

 

therefore seems unlikely for this reaction branch to proceed on the triplet surface. Further 

progression on the reaction coordinate of TS’ 2’-6 would in addition rather result in the 

dissociation of a methyl radical. Hence, formation of the thermodynamically stable 6 

would require a spin-state crossing at this point. Note that no other stable minima or 

additional transition states could be identified on the triplet hypersurface for this reaction. 

As already mentioned, coordination of Me3Si(OMe) on the singlet surface can further 

lead to the formation of 3 (right-hand side in Scheme 4.7). In contrast to 2, this compound 

exhibits a γ-agostic C−H··· r interaction which involves a silicon-bonded methyl group. 

In complex 4 the silane binds exclusively by means of hydrogen bonding from two silyl 

methyl groups to the zirconium fragment. 3, although formed endergonically  

(29.9 kJ mol
-1

), is found to be more stable than 2 by about 7 kJ mol
-1

. It is, in fact, the 

most stable primary coordination adduct for the reaction of 1 with Me3Si(OMe). In 

contrast, adduct 4 is high in energy (74.0 kJ mol
-1

). It is even more unstable than the 

thermochemically unfavorable triplet adduct 2’. 
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Figure 4.1. Bond activation energies (Δ ╪, ΔE0
╪, ΔE╪) for the reaction of 

Me3Si(OMe) with Cp2Zr (B3LYP/def2-TZVPP//RI-BP86/def2-TZVP). 

All activation energies (kJ mol
-1

) are given relative to the separate Cp2Zr 

complex in its triplet ground state and the silyl ether. 

 

Due to its agostic interaction, 2 does not only serve as starting point for Si−O C−O 

cleavage as discussed above. As can be seen from Scheme 4.7, 2 can also easily act as 

precursor for methoxy C−H bond activation. The barrier height for the corresponding 

transition state TS 2-7 amounts to 44.9 kJ mol
-1

. This is roughly about half the value for 

either Si−O or O−C cleavage  Following up TS 2-7, the hydride species 7 is formed 

exergonically ( 78.4 k  mol
-1

). This product possesses a zirconaoxacyclopropane 

structure. Similar metallaoxirane structures have been observed experimentally in 

dimethoxymethyl zirconocene, for instance, or in the context of dyotropic rearrangements 

studies involving a zirconocene chloride fragment and a siloxymethyl group.
113,114

 

Although 5 and 6 are still thermodynamically favored, 7 is calculated to be the most 

stable C−H activation product for the present reaction. Starting from adduct 3 instead of 

2, oxidative addition of the Si−Me carbon−hydrogen bond involved in agostic interaction 

can proceed via TS 3-8. This results initially in the zirconacyclo product 8, which is 

formed exergonically by  62.  k  mol
-1

. Note that 8 can easily rearrange to the somewhat 

more stable open structure 9. The slightly increased stability of the latter compound is 

most probably due to the release of ring strain in 8 which the coordination of the alkoxy 

moiety cannot compensate for. A most interesting finding in this reaction branch is the 

extremely low barrier for TS 3-8. At the applied theoretical level, it is calculated to 

31.1 kJ mol
-1

, and thus only lies about 1 kJ mol
-1

 above the starting complex 3. It hence 

even stays enthalpically below the formation of 2. As a matter of fact, transition state  

TS 3-8 is lowest for the entire reaction profile, thus rendering this reaction channel 

presumably several orders of magnitude faster than Si−O or C−O bond activation.  ote 

also, that both of the above discussed reaction branches for C−H activation (2-7 and 3-8) 

are essentially without any barrier when ∆E and ∆E0 values are considered. Note that 
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similar γ-C−H activations of a trimethylsilyl group have indeed been reported in the 

literature for the related trimethylsilylmethyl (CH2SiMe3) ligand.
115

 Thermally induced 

reactions of Cp
*

2Th(CH2SiMe3)2 and (PMe3)3IrCH2SiMe3 afforded 

3-sila-1-metallacyclobutane products, with loss of tetramethylsilane (TMS) in case of the 

thorium complex and formation of a hydride metallacyle in case of iridium. 

Finally, intermediate 4 potentially provides access to either methoxy C−H or Si−C 

activation. The first reaction proceeds via transition state TS 4-9, which constitutes the 

second highest barrier on the singlet surface (89.1 kJ mol
-1

), and results in compound 9. 

The second reaction, oxidative addition of the Si−Me bond, is the overall least favorable. 

As shown in Scheme 4.7, the corresponding transition state exhibits the highest activation 

free energy (TS 4-10, 148.4 kJ mol
-1

). Moreover, the reaction results in the 

thermodynamically least stable product 10. 

The reaction of 1 with TMOS shows some remarkable differences as compared to the 

above discussed reactivity of Me3Si(OMe) (Scheme 4.8). Besides the obvious absence of 

Si−C or CSiMe−H cleavage, the presence of multiple methoxide groups opens access to 

chelate complex formation. This finding is in line with the results discussed in section 

4.4. Indeed, the product of chelation, 11, is found to be the most stable coordination 

complex on the singlet surface. Nevertheless, it is still formed endergonically by  

20.5 kJ mol
-1

. The calculated free energy of formation for the corresponding  

single-coordinated adduct 12 is, however, more than twice as high (43.9 kJ mol
-1

). Like 

its congener 2 (Scheme 4.7), 12 it exhibits a methoxy C−H··· r  -agostic interaction. 

 udging only on the basis of C−H bond lengthening, this interaction is, however, not as 

much pronounced in this case. Most interestingly, the triplet analogue 12’ is the most 

stable primary coordination product (13.8 kJ mol
-1

) for the present reaction. This is in 

sharp contrast to the result obtained with Me3Si(OMe), for which the corresponding 

triplet complex (2’) was greatly disfavored. This difference might originate from a 

weaker coordination strength of TMOS as compared to Me3Si(OMe). However, no other 

stable minima or transition states could be identified on the triplet hypersurface. 

Starting from 12 the system can evolve into transition states for either Si−O (TS 12-14, 

65.5 kJ mol
-1
) or C−O (TS 12-15, 78.0 kJ mol

-1
) activation. Note that both activation free 

energies are lower as compared to Me3Si(OMe) (TS 2-5, 81.6 kJ mol
-1

, and TS 2-6, 

80.5 kJ mol
-1
, Scheme 4.7), particularly for Si−O activation. There is no ambiguity in the 

calculated free energies at this point as in case of Me3Si(OMe) (cf. Figure 4.2). That is, 

silicon−oxygen cleavage is clearly favored by about 13 k  mol
-1

, resulting in 14  

( 1 7.1 kJ mol
-1
). As anticipated, the product of C−O bond breaking (15, 

 319.2 kJ mol
-1

) is again considerably more thermodynamically stable. In a similar 

fashion to complex 2, 12 can additionally react by oxidative addition of the C−H bond 

involved in agostic interaction. The activation free barrier of 61.0 kJ mol
-1

 for TS 12-16 is 
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Scheme 4.8. Free energy profile for possible oxidative addition of Si(OMe)4 to Cp2 r by C−O, Si−O 

(left-hand side) and C−H (right-hand side) bond cleavage (B3LYP/def2-TZVPP//RI-BP86/def2-TZVP). All 

energies (kJ mol
-1

) are given relative to the separate Cp2Zr complex in its triplet ground state and the silyl 

ether. A red dashed line indicates reaction on the triplet surface, black dashed lines refer to the singlet 

surface. For the sake of clarity, the Cp2Zr fragment has been replaced by [Zr]. 

 

the lowest on this profile, although the difference to the second lowest transition state  

TS 12-14 (Si−O activation) only amounts to 4.5 kJ mol
-1

. Hence, similarly to the 

reactivity of Me3Si(OMe), C−H cleavage seems to be at least initially the preferred 

reaction channel. Likewise, the corresponding activation product 16 resembles the 

zirconacyclic structure of 7, and it is also thermodynamically less stable than 14 and 15. 

Adduct 13 is peculiar due to its methoxy C−H··· r  -agostic interaction. On the present 

reaction profile, it is the least stable primary zirconocene−ether complex (55.1 k  mol
-1

). 

The C−H bond involved in the agostic interaction can undergo oxidative addition to 

zirconium via transition state TS 13-17 (76.8 kJ mol
-1

). This barrier is higher than 

TS 12-16 (COMe−H activation) and TS 12-14 (Si−O activation), but still slightly lower 

than the one for C−O cleavage (TS 12-15). The resulting complex 17 is considerably 

more unstable than 16, but can probably rather easily rearrange to the latter structure. 

The preceding discussion indicates that oxidative addition of organoalkoxysilanes, 

specifically methylmethoxysilanes in the studies at hand, to a free Cp2Zr(II) fragment 

would most probably proceed by means of initial activation of a CSiMe−H bond. For the 

considered Me3Si(OMe), the difference in activation free energies with respect to the 
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Figure 4.2. Bond activation energies (Δ ╪, ΔE0
╪, ΔE╪) for the reaction of 

Si(OMe)4 with Cp2Zr (B3LYP/def2-TZVPP//RI-BP86/def2-TZVP). All 

activation energies (kJ mol
-1

) are given relative to the separate Cp2Zr 

complex in its triplet ground state and the silyl ether. 

 

competing Si−O C−O cleavage reactions amounts to ~5  k  mol
-1
. Methoxy C−H 

activation is still favored by about 36 kJ mol
-1

. In contrast, a direct cleavage of the 

silicon−methyl bond can most likely be ruled out due to the associated high activation 

free energy. Interestingly, the barriers for both Si−O and C−O bond activation are rather 

similar in case of Me3Si(OMe). For the experimentally employed TMOS, some distinct 

differences in reactivity are evident. Firstly, Si−O cleavage is unambiguously favored 

over C−O activation in this case. Secondly, the barrier for methoxy C−H bond activation 

is now similar to the one for Si−O activation. 

The above results for preferential carbon−hydrogen bond activation in silyl ethers are 

not entirely unexpected when comparison is drawn to the reactivity of analogous carbon 

ethers. The activation of ether C−H bonds by various transition-metal complexes has 

much precedent in the literature. Corresponding reactions of cyclic, aliphatic, alkyl aryl, 

and vinyl ethers have been reported.
34,80,116-119

 For instance, Carmona and co-workers 

made use of iridium(III) complexes to activate, besides others, methyl/ethyl phenyl ethers 

in order to synthesize Fischer-type metal carbenes.
34,119

 Depending on the ether and exact 

reaction conditions, these may act as intermediates for subsequent C−C coupling or C−O 

cleavage reactions. The ring-opening reaction of tetrahydrofuran by magnesium-activated 

Cp
*
2MCl2 (M = Zr, Hf) is also worth mentioning in this context,

120
 as well as the 

intramolecular selective direct cleavage of either alkyl− or aryl−oxygen bonds by 

complexes of Rh, Pd, and Ni.
121,122

 There seems to exist, however, only a very limited set 

of examples of intermolecular addition of unactivated C(sp
3
)−O carbon ether bonds to 

transition-metal complexes.
123,124

 Some reports on the reactivity of organosilanes towards 

different transition-metal complexes further corroborate the plausibility of the present 
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calculations. For instance, Hofmann et al.
125

 reported about oxidative addition of Si−Me 

bonds of TMS to a platinum(0) complex. In these studies, the experimental data 

suggested that the final product is not derived from direct silicon−carbon cleavage. 

Instead, it is more likely that the reaction proceeds by means of initial C−H activation and 

subsequent methylene insertion into the resulting Pt−H bond.
33,125

 This assumed reaction 

sequence can be substantiated by results obtained during the present work and will be 

discussed in the next section. Another related study by Rosenthal and co-workers 

disclosed Si−Csp and CSiMe−H activation of bis(trimethylsilyl)acetylene in the 

coordination sphere of a Cp
*
2Hf fragment.

126
 Evidence for a direct reaction of Zr(II) 

species with carbon ethers was given by Chirik and co-workers.
127,128

 They showed that 

specific η
9
,η

6
-bis(indenyl)zirconium sandwich complexes, which are stable in the +2 

oxidation state, reacted with dialkyl ethers like, e.g., Et2O, n-Bu2O, or i-Pr2O to afford 

[Zr](H)(OR), [Zr] = (η
5
-C9H5-1,3-(SiMe3)2)2, and free alkene. Experimental evidence was 

provided that these products are derived from initial C−H activation followed by  

 -alkoxide elimination. 

At first glance this potential reaction progression would seem to be a significant 

drawback. After all, the presence of Si−Me (or generally Si−alkyl) groups in intermediate 

or final silane products is essential for the pro ect’s aims. Consequently, these groups 

should stay intact during the reaction sequences of a catalytic cycle. However, as seen 

from the experiments of Carmona and Hofmann, products of ether C−H activation are not 

necessarily the final reaction products. Furthermore, different complexes may well work 

in favor of one or the other reaction pathway. For the present reactions, the exact 

mechanism in its entirety and all of the potentially involved partial reactions are difficult 

to elucidate, as a definite spectroscopic identification of the products was not realized. 

For instance, if highly reactive Cp2Zr(II) fragments are indeed formed, direct 

intermolecular reactions between such species are likely. Other possibly occurring side 

reactions are, for instance, metathesis of zirconium−hydrogen bonds, formation of 

bridged dinuclear zirconium complexes, or dyotropic rearrangements. Nevertheless, some 

additional calculations were done in order to gain more insight. In analogy to the 

presumed formation of a methylene platinum complex intermediate after initial C−H 

activation, the insertion of methylene into a  r−H bond was investigated. The 

corresponding results for the reaction of Me3Si(OMe) with Cp2Zr are shown in 

Scheme 4.9. Starting from the product of CSiMe−H activation (8), the barrier for concerted 

insertion, TS 8-10, is calculated to approach the one for silicon−methyl cleavage 

(TS 4-10). From a thermochemical point of view, this reaction thus seems unlikely to 

occur. In contrast, the COMe−H activation product (7) offers a more suitable starting point 

for possible methylene migration. The calculated activation free energy of the 

corresponding transition state TS 7-6 is only 16.9 kJ mol
-1

. Hence, this reaction branch 

would potentially offer an energetically feasible indirect route to the thermodynamically 

most stable minimum product 6. A similar barrier height for insertion was predicted for 
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Scheme 4.9. Free energy profile for possible oxidative addition of Me3Si(OMe) to Cp2Zr by Si−Me 

activation or initial C−H bond cleavage and subsequent methylene insertion into the  r−H bond 

(B3LYP/def2-TZVPP//RI-BP86/def2-TZVP). All energies (kJ mol
-1

) are given relative to the separate 

Cp2Zr complex in its triplet ground state and the silyl ether. For the sake of clarity, the Cp2Zr fragment has 

been replaced by [Zr]. 

 

the corresponding reaction of Cp2Zr with TMOS (21.4 kJ mol
-1

). 

The similarity of both the C−H and Si−O activation barrier in case of TMOS gives 

reason for a more detailed analysis of the impact of different complex fragments. As 

mentioned in the beginning, the experimental conversion of TMOS used Cp2Zr(CO)2. 

Compared to the “free” Cp2Zr(II), the presence of additional ligands might potentially 

shift the path of preferential bond activation in one or the other direction. However, apart 

from steric and electronic effects, the possibility of a direct participation as reactant 

should also be kept in mind for certain ligands. To this end, the impact of carbon 

monoxide and, for reasons of comparison, two different phosphine ligands (PH3, PMe3) 

on the transition states has been subject of further calculations. The corresponding Δ ╪ 

values (together with results for ΔE0
╪ and ΔE╪) are listed in Table 4.1, and Scheme A-4.1 

in Appendix A provides an exemplary reaction profile. Apparently, for all considered 

complexes and silyl ethers, C−O activation is now greatly disfavored compared to Si−O 

activation. The effect is most pronounced for the phosphine complexes 
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Table 4.1. Calculated activation energies (Δ ╪, ΔE0
╪, ΔE╪) for the reaction of Cp2ZrL2 with 

Me3Si(OMe) (L = PH3, CO) and TMOS (L = PH3, PMe3, CO). All energies (kJ mol
-1

) are given 

relative to the separate zirconocene and the silyl ether. (B3LYP/def2-TZVPP//RI-BP86/ 

def2-TZVP). [Zr] = Cp2Zr. 

           

 
Bond 

activation 

 Me3Si(OMe)  Si(OMe)4  

        
 [Zr](PH3)2 [Zr](CO)2  [Zr](PH3)2 [Zr](PMe3)2 [Zr](CO)2  

            

Δ ╪ 

C−Oa  215.8 281.9  204.1 213.2 286.0  

 Si−Ob  145.8 240.8  109.2 101.9 238.2  

 COMe−Hc  128.3 212.4  144.4 140.2 217.5  

 CSiMe−Hd  150.7 222.1      

           
 

ΔE0
╪ 

C−Oa  203.0 273.0  189.9 205.5 268.3  

 Si−Ob  131.0 227.1  96.6 94.4 220.7  

 COMe−Hc  125.6 202.3  136.4 136.0 205.3  

 CSiMe−Hd  141.4 208.3      

           
 

ΔE╪ 

C−Oa  217.3 288.5  207.6 215.8 284.0  

 Si−Ob  137.5 236.6  106.8 99.8 233.0  

 COMe−Hc  143.5 219.8  152.1 147.5 222.9  

 CSiMe−Hd  157.0 224.5      

           
a Cp2ZrL2   L   [ r](L)(Me)(OSi(X  )3); X = OMe, R = Me. 
b Cp2ZrL2   L   [ r](L)(OMe)(Si(X  )3); X = OMe, R = Me. 
c Cp2ZrL2   L   [ r](L)(H)(CH2OSi(X/R)3); X = OMe, R = Me. 
d Cp2ZrL2   L   [ r](L)(H)(CH2Si(OMe)Me2). 

 

(Δ ╪ ≈ 6    1   k  mol
-1

), but still fairly large for Cp2Zr(CO)2 (Δ 
╪ ≈ 4    5  k  mol

-1
). 

On the contrary, the influence of the phosphine ligands on competing C−H activation is 

not as clear-cut in case of Me3Si(OMe). For the reaction of TMOS with Cp2Zr(PR3)2, 

however, C−H activation is distinctly disfavored compared to silicon−oxygen cleavage. 

Most interestingly, this order of preferential bond activation is apparently reversed for the 

carbon monoxide complex, and is rather in line with the results obtained for Cp2Zr(II). As 

can be seen from Table 4.1, in this case the activation free energy for COMe−H bond 

cleavage is lower than for silicon−oxygen bond cleavage for both silyl ethers  

(~1    3  k  mol
-1

). In contrast, for all complexes the activation of CSiMe−H bonds is 

found to be less likely than COMe−H activation, contrasting the results obtained for the 

“free” Cp2 r(II). These results illustrate that “fine-tuning” of the complex fragment by 

using ligands with different donor/acceptor characteristics might potentially offer a 

pathway for a feasible direct activation of Si−O  units. 

The use of Cp2Zr(CO)2 could potentially result in a direct participation of CO ligands 

after initial oxidative addition of the silyl ether. Carbon monoxide is well known to 

undergo insertion into M−Me bonds of Cp2MMe2 (M = Zr, Hf)
104

 and even into Cp2 r−Si 

bonds.
109,129-133

 The former reaction for the preparation of acetyl compounds usually 

proceeds under photochemical activation. Insertion into the  r−Si bond generally needs 

higher pressures of CO gas and is likely to exhibit reversibility at higher temperatures in 

favor of the educt. For the reaction of Me3Si(OMe) with Cp2Zr(CO)2, a calculated profile 
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which takes such insertion reactions into account is shown in Scheme A-4.2 in  

Appendix A. Particularly insertion into the  r−Si bond is found to be an endergonic 

process, which is in accordance with the experimental observations outlined above. A 

more detailed discussion of the profile is, however, omitted here. 

 

4.5.2 Case Study of Pt(PMe3)2 

In order to complement the preceding studies, further computational examinations of 

different types of silyl ether bond activation at a late transition-metal complex were 

carried out. The reactivity of TMOS was experimentally investigated using, besides other 

late transition-metals, the platinum(0) phosphine complexes Pt(PR3)4 (R = Ph, Et). For the 

present calculations, a somewhat simpler model system with trimethyl phosphine ligands 

was used. Moreover, only the di-coordinated 14-electron complex Pt(PMe3)2 was 

considered as reactant. The list of employed silyl ethers has been extended to the five 

silanes MenSi(OMe)4-n (n = 0 – 4) in order to get a more complete picture of possible 

trends in bond activations. 

Platinum complexes are of tremendous importance in experimental organometallic 

chemistry and catalysis, and have also attracted the attention of theoretical chemists early 

on.
134

 For instance, hydrosilane Si−H activation
83,134,135

 by platinum complexes is a well 

established tool in organotransition-metal chemistry, presumably the most prominent 

example being the hydrosilylation.
136-138

 From a computational point of view, platinum 

complexes, as well as their 3d and 4d homologs, offer an excellent possibility to 

thoroughly explore the underlying prototype reactions, e.g., oxidative addition and 

migratory insertion, of these experimentally well documented organometallic 

approaches.
134,139-145

 In this context, several computational studies dealt with the 

transition-metal complex-mediated activation of Si−E bonds (E   H, C, Si, halogen).
145-

152
 In particular Sakaki and co-workers made efforts to compare oxidative additions of 

E−H and E−E bonds (E   C, Si) in a series of publications, using the model complexes 

Pt(PH3)2 or Pd(PH3)2.
145-150

 However, to the best of the author’s knowledge no 

corresponding studies of Si−O oxidative addition to any type of complex of the platinum 

transition-metal group have hitherto been published. To be able to draw a comparison 

between the present calculations and an established, related model reaction, the oxidative 

addition of SiH4 to Pt(PMe3)2 was additionally considered. Although experimentally 

rarely employed due to the difficulty of handling,
83,153

 SiH4 has often been used as 

archetypical system for Si−H bond activation and to compare differences and similarities 

to C−H oxidative addition, e.g., of its lighter congener CH4, as stated above.
145,146,149
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Scheme 4.10. A: Possible oxidative addition of Si(OMe)4 to Pt(PMe3)2 by a) C−H, b) Si−O, and c) C−O 

bond cleavage (B3LYP/def2-TZVPP/RI-BP86/def2-TZVP); B: oxidative addition of SiH4. All reaction and 

activation free energies (∆G, ∆G╪; in kJ mol
-1

) are given relative to the separate Pt(PMe3)2 complex and the 

corresponding silane. For the sake of clarity, Pt(PMe3)2 has been replaced by [Pt]. 

 

We will first discuss the oxidative addition of Si(OMe)4 separately. Scheme 4.10, 

reaction A, shows the calculated transition states and products together with the 

corresponding thermochemical data. All of the products exhibit a square-planar structure, 

as expected for a four-coordinate d
8
 Pt(II) complex. Note that the cis-configuration in the 

products of reaction A.a and A.b is thermodynamically less stable as compared to the 

trans-configuration. However, only those products are shown which correspond to the 

actual transition state. Investigations of a possible cis-trans isomerization, which can be 

experimentally induced by thermal or photochemical activation, were outside the scope of 

the present studies.
154,155

 Additional data for all considered reactions is listed in Table 

A-5 in Appendix A. Scheme 4.10, reaction B, also shows the calculated free energy 

values for Si−H activation of SiH4. We note in passing, that the results for this reaction 

are qualitatively in agreement with previous DFT and ab initio HF and post-HF 

calculations of Sakaki
134

 and Giorgi et al.
142,151

 who used the model system Pt(PH3)2. 

That is, the activation barrier ∆G╪ = 58 kJ mol
-1

 is rather low on the free energy profile 

(and almost vanishes for uncorrected ∆E╪ values, cf. Table A-5), and the overall reaction 

proceeds exergonically by ∆     4.7 k  mol
-1

. Turning back to Si(OMe)4, an alkoxy 

oxygen-coordinated intermediate could not be identified prior to any transition state. This 

is true for all of the employed alkoxysilanes, even when an empirical dispersion 

correction (DFT-D
156,157

) was used for structure optimizations. This finding contrasts the 

results obtained for the zirconocene(II) systems of section 4.5.1. However, the lack of a 

prior coordination seems plausible on the basis of the known, rather poor silyl ether 

Lewis basicity and the comparatively low Lewis acidity of the platinum(0) complex. A 
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precursor complex could be identified which, due to the small stabilization energy, is 

probably best described as van-der-Waals complex instead of 

σ-C−H complex. Although initial alkoxy oxygen coordination is likely to enhance 

adjacent bond activation, it is evidently not a necessary requirement. This was 

demonstrated in a related computational study by Carmona and co-workers on ether C−H 

bond activation at iridium complexes (see also the discussion in section 4.5.1).
34

 

Although they could indeed identify an alkoxy oxygen-coordinated complex as most 

stable adduct, it was shown that C−H oxidative addition actually starts from a 

σ-C−H-bonded intermediate. These weakly-bonded precursor complexes seem, however, 

insignificant for the present discussion and are therefore omitted in the following. For 

Si(OMe)4 the barrier of alkoxy C−H bond cleavage exhibits the overall lowest value in 

activation free energy (201.2 kJ mol
-1

, Scheme 4.10 A.a). This finding is thus in 

accordance with the results obtained for oxidative addition of TMOS to most of the 

zirconium(II) complexes discussed in section 4.5.1. Nevertheless, the barrier is almost 

four times higher than for SiH4 activation. The second highest barrier is associated with 

Si−O cleavage (228.9 kJ mol
-1

, A.b), while oxidative addition of the oxygen−methyl bond 

is clearly the least favorable in terms of activation free energy (294.2 kJ mol
-1

, A.c). 

Hence, if oxidative addition of TMOS at the model platinum complex would take place, it 

would most likely proceed by initial COMe−H cleavage. Besides the rather high ∆G╪ 

values, another important point to note is that all of the reaction products are formed 

endergonically. While ∆G is only moderate for the reaction leading to 

trans-Pt(Me)(OSi(OMe)3)(PMe3)2 (11.9 kJ mol
-1

, Scheme 4.10 A.c), particularly high 

values are found for cis-Pt(OMe)(Si(OMe)3)(PMe3)2 (182.8 kJ mol
-1

, A.b) from Si−O 

oxidative addition and cis-Pt(H)(CH2OSi(OMe)3)(PMe3)2 (113.1 kJ mol
-1

, A.a) from C−H 

oxidative addition. As already mentioned above, the corresponding trans-isomers of the 

latter complexes are more stable than their cis-isomers. Nevertheless, they are as well 

formed appreciably endergonically (Table A-5). It thus seems unlikely that the products 

derived from Si−O and C−H bond activation are sufficiently stable for experimental 

isolation. It is more likely that a back reaction to the reactants would take place, or that 

these products serve as short-lived intermediates for subsequent transformations. The fact 

that experimental data suggests a rather complex mixture of different compounds would 

lend support to the latter assumption. 

The calculated activation free energies for oxidative addition of silanes MenSi(OMe)4-n 

(n = 0 – 4) are listed in Table 4.2. For reasons of comparison, ∆E╪ and ∆E0
╪ values are 

also included. These results show that Si−O bond activation is clearly favored over C−O 

activation by about 66 kJ mol
-1

 on average (∆G╪) for all considered alkoxysilanes. Yet at 

the same time the corresponding transition states for both C−H and Si−Me bond cleavage 

are found to be lower in free energy. In general, ∆G╪ decreases in the order 

C−O    Si−O   Si−C   COMe−H > CSiMe−H (  Si−H) oxidative additions. This can be put 
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Table 4.2. Calculated activation energies (Δ ╪ , ΔE0
╪, ΔE╪) for possible oxidative addition 

of silanes MenSi(OMe)4-n (n = 0 – 4) to Pt(PMe3)2. All energy values ( kJ mol
-1

) are given 

relative to the separate reactants (B3LYP/def2-TZVPP//RI-BP86/def2-TZVP). 

 
Bond 

activation 
Si(OMe)4 MeSi(OMe)4 Me2Si(OMe)2 Me3Si(OMe) Me4Si 

       
 C−O 294.2 294.6 303.2 311.1 − 

ΔG╪ Si−O 228.8 222.2 243.6 245.2 − 

 COMe−H 201.2 199.4 200.5 199.7 − 
 CSiMe−H − 192.9 193.6 190.6 191.6 

 Si−Me − 218.1 213.6 217.9 219.6 

       
 C−O 237.9 239.4 248.8 256.8 − 

ΔE0
╪ Si−O 161.3 157.7 178.9 183.9 − 

 COMe−H 146.5 145.7 152.1 149.4 − 

 CSiMe−H − 134.0 135.7 137.1 143.2 

 Si−Me − 156.7 162.7 160.7 165.1 
       
 C−O 244.9 247.1 256.3 264.4 − 

ΔE╪ Si−O 162.3 158.2 178.7 183.6 − 

 COMe−H 156.9 156.5 163.6 160.5 − 

 CSiMe−H − 143.3 145.1 146.9 154.1 
 Si−Me − 158.9 165.3 161.8 166.5 

       
 

into context with the computational studies by Sakaki et al.
145

 on oxidative addition of 

X−EH3 (E = C, Si; X = H, EH3) at Pt(PH3)2. They showed that the barrier for bond 

activation decreased in the order C−C    Si−C ≈ C−H (CH4)   Si−Si   Si−H (SiH4). 

Based on these results and the above discussion of TMOS activation, a possible 

functionalization of all considered silyl ethers would likely involve prior C−H activation 

as entry point for further bond breaking reactions. Note, however, that the above derived 

order of activation energies does not necessarily apply to other complex fragments, as 

demonstrated by the examples of carbon ether oxidative additions discussed in section 

4.5.1. From the results of Table 4.2 no strictly linear trend is apparent when considering 

the ∆G╪ values of a specific type of bond activation in differently composed silanes. Yet 

both the Si−O and C−O bond activation free energies tend to increase with an increasing 

number of methyl groups at silicon, while the ∆G╪ values for Si−C and C−H activation 

stay roughly constant. The presence of electronegative alkoxy groups at silicon thus 

seems to promote oxidative addition of O−C Si bonds to a certain extent. A similar effect 

of electronegative substituents has been observed before, for example, in oxidative 

addition of disilanes.
33

 Note, however, that this does not necessarily hold true for all kinds 

of Si−E activations.
XIII

 

                                                             
XIII

 For example, as can be seen from Table A-5, Si−H oxidative addition of HSi(OMe)3 to Pt(PMe3) affords 

a higher activation barrier (∆G╪ = 91.6 kJ mol
-1

) than the corresponding reaction of SiH4, 

(∆G╪ = 58.0 kJ mol
-1

). Similarly, Sakaki and co-workers found that the activation energy of oxidative 

addition of H−Si 3 at Pt(PH3)2 (R = H, Me, Cl) increased (slightly) in the order H < Me < Cl 

(cf. ref. 149). 
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Scheme 4.11. a) Reaction of Pt(dtbpm)(H)(CH2CMe3) with MeSiR3 (SiR3 = SiMe3, 

Si2Me5, SiMe2OSiMe3), ref. 125; dtbpm = bis(di-tert-butylphosphino)methane. 

b) Proposed mechanism for the catalytic solvolysis of TMS with TFE and 

[(NN)Pt(Me)(TFE)]
+
, adapted from ref. 165; TFE = 2,2,2-trifluoroethanol; 

NN = 2,3-bis(3,5-dimethlphenylimino)butane. 

 

How do these results compare to known experimental data? The transformation of 

organosilicon Si−E bonds is of recurring interest, for instance, in the context of modifying 

organosilicon polymers.
33

 While, e.g., Si−H bond activation and subsequent 

functionalization is well documented (vide supra), examples of stoichiometric or catalytic 

cleavage of strained and unstrained Si−C(sp sp
2
/sp

3
) bonds by transition-metal 

complexes, including platinum, are comparatively rare.
125,158-172

 As already mentioned in 

the previous section, in this context selective Si−alkyl bond cleavage in TMS, Si2Me6, 

and Me3SiOSiMe3 at Pt(dtbpm) (dtbpm = bis(di-tert-butylphosphino)methane) was 

observed by Hofmann et al. (Scheme 4.11a).
125

 The reaction was assumed to proceed by 

initial CSiMe−H activation followed by rearrangement to the methyl(silyl) complex, which 

could involve the intermediate formation of a silyl(methylene) complex. Indeed, stable, 

isolable products of selective intermolecular C−H activation of TMS have been disclosed 

for complexes of molybdenum,
173

 tungsten,
174-176

 osmium,
177,178

 and also platinum,
179

 for 

instance. Similar intramolecular reactions by γ-C−H activation featuring the 

trimethylsilymethyl group (M−CH2SiMe3) are also known (see the discussion in the 

preceding subsection). Furthermore, Bercaw and co-workers reported on the catalytic 

solvolysis of TMS using 2,2,2-trifluoroethanol (TFE) and the cationic platinum(II) 

complex [(NN)Pt(Me)(TFE)]
+
 (NN = 2,3-bis(3,5-dimethlphenylimino)butane) 

(Scheme 4.11b).
165

 Here as well initial TMS C−H activation took place, finally resulting 

in the formation of methane and Me3SiOCH2CF3. The C−H oxidative addition was found 
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to be the rate-determining step, which corroborates the presently calculated rather high 

activation barrier.  ote that Si−O  activation was not observed. Based on the 

experimental data,  -silyl migration to form a Pt-silyl(methylene) intermediate was 

rejected. To assess the possibility for the intermediate formation of such species within 

the framework of the current studies, the methylene complexes 

(PMe3)2Pt(H)(CH2)(SiMe2(OMe)) and (PMe3)2Pt(H)(CH2)(OSi(OMe)3) were 

computationally investigated. The former is derived from initial CSiMe−H bond cleavage 

while the latter is the product of COMe−H oxidative addition as shown in  

Scheme 4.10 A.a. The calculated reaction free energies were 293 kJ mol
-1

 and 

241 kJ mol
-1

, respectively. This clearly demonstrates that such species would indeed be 

thermodynamically highly unstable. Hence, as suggested by Bercaw, it is unlikely that the 

interconversion of Pt(H)(CH3X) to Pt(Me)(X) proceeds by such distinct methylene 

intermediates. However, related studies on trimethylsilylmethyl platinum complexes by 

Puddephatt and co-workes showed that the rearrangement reaction could proceed by a 

concerted  -trimethylsilyl migration mechanism.
180,181

 In this mechanistic approach the 

hydride ligand is concomitantly transferred to the methylene group while the Si−C bond 

is added to the transition-metal. Thus, an isolated methylene complex is omitted. This 

reaction pathway was supported by DFT calculations, which in addition also confirmed 

that the formation of a carbene complex intermediate is unfavorably high in energy. Note 

that the distinct appearance of methylene intermediates in consecutive  -elimination and 

1,2-migration reactions might nevertheless be energetically more feasible for other late 

transition-metals complexes.
182,183

 Attempts to identify a concerted transition state as 

proposed by Puddephatt proved unsuccessful for our model complex. Nevertheless, as 

can be seen from Scheme 4.10 A and Table A-5, there is significant energy gain of 

∆     92.2 k  mol
-1

 associated with a rearrangement of the COMe−H activation product 

cis-Pt(H)(CH2OSi(OMe)3)(PMe3)2 to cis-Pt(Me)(OSi(OMe)3)(PMe3)2, for instance. This 

demonstrates that there would at least be a strong thermodynamic driving force behind 

this interconversion reaction. On the contrary, similar reactions of the CSiMe−H activation 

products are calculated to proceed either almost thermoneutral or even endergonically in 

the present cases (see Table A-5). This stresses the need for a platinum complex with 

greater reactivity to actually render such reactions feasible. Such an enhanced complex 

reactivity can potentially be achieved, for instance, by employing N,N or P,P chelate 

ligands as done in the quoted experiments. 

The above computational results indicate that a “direct”, that is, intermolecular, 

activation of Si−O  units in organoalkoxysilanes by means of late transition-metal 

complexes is unlikely, at least for the employed model platinum(0) complex. A similar 

conclusion was drawn in section 4.5.1 for most of the considered early transition-metal 

complexes of zirconium(II). In general, it seems that silyl ethers tend to show a reactivity 

pattern that is rather closely related to their carbon congeners. It is nevertheless worth 

mentioning that intramolecular scrambling reactions of silyl ligand substituents Si−  X 
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in late transition-metal silyl complexes have occasionally been observed.
184-191

 In 

particular, reports by Schubert et al.
190

 and Braun et al.
191

 suggested silyl ligand Si−OMe 

scrambling in P,N or P,P chelate complexes of platinum. The assumed mechanism of this 

type of reaction involves the intermediate formation of a silylene complex, either by 

migration of one silyl substituent to the metal center or by temporary dissociation of X
–
. 

Hence, at least for late transition-metal-bonded silyl groups (multiple) Si−O bond 

activation is documented, and a closer inspection of the factors governing these reactions 

would certainly be worthwhile. 
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4.6 Thermochemical Considerations I. Bond Energetics in TMS, TMOS, and 

Methylmethoxysilanes 

Before moving on to the results obtained for the second proposed general reaction 

mechanism, σ-bond metathesis, we first take a brief look at a fundamentally important 

quantity that is essential for the underlying thermochemistry of all potential 

deoxygenation routes. Central to the present project are exchange reactions of methoxy 

groups by methyl groups at the silicon atom in methoxysilanes (Scheme 4.2). Hence, the 

relative ratio of the oxo- and carbophilicity of these silanes is a thermochemical decisive 

factor that applies to any conceivable reaction setup. This is because it is a fixed quantity 

regardless of how exactly the transformation is achieved and which hydrocarbyl source is 

employed as methylating reagent (cf. section 4.2). Thus, to gain insight into the 

fundamental thermochemical aspects of these transformations, bond dissociation energies 

(BDEs) have been calculated for a variety of differently composed organosilicon 

compounds and methoxysilanes. Similar computational studies on BDEs and heats of 

formation of siloxanes, silanols, and other silicon−oxygen bond-containing compounds 

have been published before.
192-198

 The main goal of the present results is to establish the 

basis for advanced examinations of the thermodynamics involved in transition-metal  

complex-mediated σ-bond metathesis exchange reactions discussed in the following 

sections. 

Data on structural information, e.g. by X-ray crystallographic analysis, is scarce for 

most of the investigated methylmethoxysilanes. For instance, there seems to be only 

electron diffraction data available for TMOS, MeSi(OMe)3, and Me3Si(OMe),
199-202

 while 

IR/Raman vibrational spectra have been published for all methylmethoxysilanes.
203-205

 

The same holds true concerning the availability of accurate experimental BDE values. 

While there is much experimental data available for the molecular and radical heats of 

formation for hydrosilanes and methylsilanes, for instance,
206-210

 comparatively few data 

on Si−O-containing compounds and derived Si−O bond dissociation energies have been 

published.
210

 Several computational studies dealt with the structural and spectroscopic 

properties of methylmethoxysilanes. For instance, Viswanathan and co-workers analyzed 

the conformational landscape of various carbon
211

 and silyl
212-215

 ethers in a series of 

papers, including Me2Si(OMe)2 and MeSi(OMe)3, by means of matrix isolation infrared 

spectroscopy and HF/DFT theoretical methods. Our optimized structures for these 

compounds are in agreement with the minima determined by these authors. An overview 

of some selected geometrical parameters for all methylmethoxysilanes as well as TMS 

and TMOS is given in Table A-6.1 in Appendix A. To assess the impact of the chosen 

computational level on the thermochemical predictions, a variety of common density 

functionals have been tested for the calculation of methyl-methoxy exchange reactions in 

compounds MenSi(OMe)4-n (n       3). The set includes the BLYP,
59,65

 BP86, and 
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PBE
216,217

 GGA functionals, the TPSS
218,219

 meta-GGA functional, and four global hybrid 

functionals with varying amounts of exact Hartree-Fock (HF) exchange admixture 

(EXX). These are B3LYP (20% EXX), PBE0
220,221

 (25% EXX), BHLYP
59,65,222

  

(50% EXX), and the hybrid-meta functional TPSSh
223,224

 (10% EXX). The corresponding 

values are listed in Table A-6.4. Note that the main reason for these additional 

calculations is not to judge on the accuracy of the density functionals in terms of 

reproducing experimental data (vide infra). They rather address the question if the choice 

of the functional qualitatively alters the general predictions derived from the present DFT 

calculations on exchange reactions in methoxysilanes. These comparisons are thus mainly 

of importance in conjunction with similar calculations on the exchange reactions at 

metallocene complexes, which will be discussed in more detail in section 4.8. However, a 

few important points in this respect concerning the methoxysilanes will be briefly noted 

in the following. 

Table 4.3 lists the computed individual and average methyl and methoxy bond 

dissociation energies (D0, corresponding to zero-point energy-corrected 0 K energies) for 

the different, mixed methylmethoxysilanes as well as their homoleptic representatives. A 

graphical representation is given in Figure 4.3. For completeness, D0(O−Me) values are 

also listed in Table 4.4. Uncorrected De values for all silanes can be found in Appendix 

A-6. To put them into a broader context, the calculated bond dissociation energies of a 

small selection of organosilicon compounds of general composition RnSi(OMe)4-n  

(n       4) with different residues (    H, n-Bu, Ph) and chlorinated alkoxysilanes have 

been included. A more detailed discussion of these compounds is, however, omitted here. 

The methoxy groups in MenSi(OMe)4-n (n       4) are seen, as anticipated, to exhibit a 

stronger binding to silicon than the methyl substituents. The values are qualitatively of the 

same order of magnitude as common tabulated average Si−C and Si−O bond 

enthalpies.
XIV

 On average, the silanes exhibit Si−OMe and Si−Me binding energies of 

459.2 kJ mol
-1

 and 341.4 kJ mol
-1

, respectively. These values demonstrate the most 

important aspect of the current section’s investigations. The substitution of a single 

methoxy group by one methyl group is an intrinsically endothermic process with respect 

to the silane. From the calculated average BDEs it follows that this particular, 

thermodynamically unfavorable step affords a considerable mean energy of  

102.7 kJ mol
-1

 in any possible reaction procedure. Hence, an important requirement of the 

catalyst is to compensate for this loss of thermodynamic stability, while ideally providing 

a kinetically feasible reaction pathway at the same time. Just to mention briefly, the 

                                                             
XIV

 Tabulated average C−Me and Si−Me binding enthalpies     in MMe4 compounds are 358 kJ mol
-1

 and 

311 kJ mol
-1

, respectively. The average dissociation enthalpy of Si−O bonds is listed with 452 k  mol
-1

. 

See, for instance, ref. 29, chap. 3.1, and references therein. 
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Table 4.3. Calculated individual (D0) and average (   ) alkyl, chloro, and methoxy bond dissociation 

energies (ZPE-corrected) of silanes (R/X)nSi(OMe)4-n (n = 0 – 4; R = Me, n-Bu, Ph, H; X = Cl) 

(B3LYP/def2-TZVPP//RI-BP86/def2-TZVP). All values are in kJ mol
-1

. 

 
 Si−R/X  Si−OMe  

Silane R/X: Me n-Bu Ph H Cl  Me n-Bu Ph H Cl  

              

R4Si  348.7 321.7 359.3 372.4 417.4  − − − − −  

R3Si(OMe)  351.4 314.2 375.8 372.3 432.3  445.1 431.3 426.7 418.2 437.4  

R2Si(OMe)2  359.0 331.2 393.9 381.6 444.9  458.0 452.2 454.1 446.9 444.9  

RSi(OMe)3  366.7 341.5 399.2 390.6 464.0  463.2 458.1 462.2 461.8 458.5  

Si(OMe)4  − − − − −  470.5 470.5 470.5 470.5 470.5  

              

D    341.4 327.2 382.0 379.2 439.6  459.2 453.0 453.4 449.4 452.8  

 D  
a  102.7 125.9 71.3 70.1 13.2        

              
a  D     D   Si-OMe    D  (Si-  X) 

 

  

Figure 4.3. Calculated bond dissociation energies D0 (ZPE-corrected) of silanes (R/X)nSi(OMe)4-n 

(n = 0 – 4; R = Me, n-Bu, Ph, H; X = Cl). Left: D0(Si−  X); right: D0(Si−OMe). (B3LYP/def2-TZVPP// 

RI-BP86/def2-TZVP) 

 

spread of the results for the calculated mean exchange energy in compounds 

MenSi(OMe)4-n is found to be rather insensitive with respect to the employed density 

functional (cf. Table A-6.4). The difference between the highest (BHLYP:105.4 kJ mol
-1

) 

and lowest (PBE: 89.5 kJ mol
-1

) average reaction energy amounts to only ~16 kJ mol
-1

. 

Note, however, that the results for the calculated individual BDEs may differ by up to  

~36 kJ mol
-1

 depending on the chosen functional. 

Turning back to the results in Table 4.3, two additional interesting aspects are worth 

mentioning. Firstly, as can also be seen from Figure 4.3, the Si−O bond strength 

nonlinearly decreases upon successive methylation. On average, this destabilization 

amounts to 9 kJ mol
-1

 per methoxy-methyl exchange. Secondly, this trend most 
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Table 4.4. Calculated individual (D0) and average ( D  ) Me−O bond dissociation energies 

(ZPE-corrected) in methoxysilanes RnSi(OMe)4-n (n = 0 – 3) (B3LYP/def2-TZVPP//RI-BP86/ 

def2-TZVP). All values are in kJ mol
-1

. 

 Me3Si(OMe) Me2Si(OMe)2 MeSi(OMe)3 Si(OMe)4  D  (O−Me)  

        
D (O−Me) 347.7 351.0 359.5 363.0  355.3  

        

 

interestingly also applies to the silicon−carbon bonds. That is, a nonlinear decrease of 

D0(Si−Me) is found, albeit by only 6 k  mol
-1

 on average per substituted methoxy unit. 

These findings parallel trends observed in other silanes containing electronegative 

substituents.
194,197,225-228

 For instance, a successive increase in Si−OH and Si−H BDEs 

upon replacement of hydrogen by hydroxy groups was found in the series of silanes  

H4-nSi(OH)n (n       4).
194

 The same holds true for the progressive methylation of 

hydrosilanes, which strengthens both the Si−H and Si−Me bonds. As mentioned above, 

the calculated average Si−Me and Si−O BDEs are qualitatively in agreement with average 

literature bond enthalpies. How do specific BDEs quantitatively compare to 

experimentally derived BDEs? For this purpose, corresponding computed B3LYP values 

(including thermal corrections for T = 298.15 K) are compared in Table 4.5 to the very 

limited set of relevant available experimental data for SiMe4 and Me3Si(OMe). The 

correspondingly derived experimental methyl-for-methoxy exchange energy for these 

molecules is 119 kJ mol
-1

. As can be seen from the calculated D298 values in Table 4.5, 

the BDEs are generally underestimated. In particular, deviations of about 10%  

(~40 kJ mol
-1

) for Me3Si−Me and 13% (~66 k  mol
-1

) for Me3Si−OMe relative to the 

experimental values are found. Thus, based only on these results, the magnitude of the 

exchange energy is underestimated by about 26 kJ mol
-1

 (23 kJ mol
-1

 without thermal 

corrections) at the currently employed B3LYP level. This, after all, corresponds to ~22%  

 

Table 4.5. Comparison of experimental and calculated bond dissociation energies 

(B3LYP/def2-TZVPP/RI-BP86/def2-TZVP). All values are given in kJ mol
-1

. 

Compound D0 ∆T corr.a D298 Exp.b 

Me3Si−Me 348.7 5.3 354.1 394±8 

Me3Si−OMe 445.1 2.2 447.3 513±11 

a Enthalpy corrections (298.15 K, 0.1 MPa) based on harmonic vibrational 

frequencies calculated at the RI-BP86/def2-TZVP level of theory. b Ref. 210. 
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(19%) of the experimental value. However, the lack of further experimental data prohibits 

the proper derivation of, e.g., a precise correction term which could be applied to the 

computed average exchange energy in order to compensate for deficiencies of the 

employed density functional. 
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4.7 σ-Bond Metathesis Reactions at Metallocene Complexes 

4.7.1 Preface: Initial Experimental Results and Quantum-Chemical Considerations 

The unexpected experimental finding of n-butyl-methoxy ligand exchange between 

dibutylzirconocene and TMOS led to the assumption that this conversion may take place 

by means of a σ-bond metathesis step (cf. section 4.2). As shown in Scheme 4.12, upon 

warming a cold mixture of the starting compounds in toluene ( 78 °C to room 

temperature) exclusive formation of the mono-butylated methoxysilane was observed 

(Scheme 4.12, a). In contrast, the addition of TMOS to a solution of the complex at 0 °C 

resulted in an additional fraction of di-butylated silane on the product side 

(Scheme 4.12, b). In both cases only a single methoxy ligand exchange took place at the 

metallocene, as indicated by the major isolated zirconium-containing product 

Cp2Zr(n-Bu)(OMe). The fact that, firstly, no larger amounts of differently substituted 

alkoxysilanes were obtained and, secondly, the mono-methoxylated zirconocene could 

unambiguously be characterized lent support to the initial mechanistic assumption. An 

important point in this context is the outcome of assessment experiments in which a direct 

alkylation of TMOS with n-BuLi was carried out. These reactions afforded as well mono- 

and di-alkylated alkoxysilanes. Yet the product distributions obtained at   °C and  78 °C 

differed substantially compared to those of the Cp2ZrCl2/2n-BuLi system. An 

unintentional direct butylation to any greater extent due to unreacted n-BuLi thus seems 

unlikely. Nevertheless, this possibility cannot be completely ruled out. In analogy to the 

experiments described above, dimethylzirconocene was tested as possible alkylating 

reagent (Scheme 4.13). Surprisingly, only a very sluggish ligand exchange was observed 

for this complex. Depending on the cyclopentadienyl ligand substitution pattern (Cp vs 

Cp*) the process reached partial completion only after 6 to 7 days at elevated 

temperatures. A more efficient transformation was achieved when heating up the neat  

 

 

Scheme 4.12. Experimental conversion of TMOS with dibutylzirconocene in toluene at 

different temperatures (cf. ref. 81). 
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Scheme 4.13. Experimental conversion of TMOS in different solvents and with 

different dimethylzirconocene complexes (cf. ref. 81). 

 

reactants to 2   °C in a sealed tube. With regard to the hypothesized σ-bond metathesis 

mechanism, at least a similar or even better reaction rate could be anticipated due to the 

larger steric demand of two n-butyl ligands. All performed reactions led exclusively to 

the formation of methyltrimethoxysilane and methylmethoxyzirconocene, indicating no 

higher rate of exchange beyond a single ligand transfer for both reactants. Taking into 

account the more drastic reaction conditions, this result clearly demonstrates a lower 

reactivity of the Cp2ZrMe2 complex with respect to alkyl group transfer. The fact that the 

Cp2ZrCl2/2n-BuLi system readily participates in exchange reactions, but then in contrast 

Cp2ZrMe2 hardly reacts is quite puzzling at first sight. It thus seems, however, obvious 

that either the mechanistic assumption is incorrect or there is at least one additional 

rate-determining step in one or both of these reactions which has yet to be determined. 

For this reason, quantum-chemical calculations were carried out to reassess the validity of 

a σ-bond metathesis mechanism for these reactions.
229,112

 

The mandatory prerequisite of a σ-bond metathesis is the coordination of TMOS to 

zirconium via a non-bonding electron pair of a methoxy oxygen atom. The LUMO of the 

16-electron zirconocene complexes Cp2ZrR2 (R = Me, n-Bu) considered here permits two  

 

 

 

 

 

 

Scheme 4.14. Left: schematic representation of possible nucleophilic attack directions 

of a Lewis base towards the zirconocene LUMO (R = Me, n-Bu). Right: molecular 

orbital plots (isosurface value ±0.07 a.u.) of corresponding Cp2ZrR2 LUMOs. 
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Scheme 4.15. Comparison of calculated free energy profiles (B3LYP/def2-TZVPP//RI-BP86/ 

def2-TZVP) for the conversion of TMOS with dibutylzirconocene (black) and dimethylzirconocene (red). 

Left side: nucleophilic attack via an “outside” approach of TMOS; right side: nucleophilic attack via an 

“inside” approach of TMOS (see Scheme 4.14 for definition). 

 

different directions for attack of an incoming Lewis base, as illustrated in Scheme 4.14.
XV

 

Accordingly, the “inside” nucleophilic attack route involves the approach of TMOS in the 

interstice between the hydrocarbyl ligands, whereas the “outside” attack is from a 

sideward position next to one of them. For the present complexes, no stable coordination 

intermediate prior to the four-center transition state formation could be located on the 

PES for either direction, even when an empirical dispersion correction was used  

(DFT-D). This indicates rather strong steric interference between the groups induced by 

additional base coordination, which the complexation energy gained by TMOS 

attachment cannot compensate for. The coordination around silicon in the transition state 

resembles a distorted trigonal bipyramid in both complexes and for both directions, with 

the transferring hydrocarbyl group occupying an apical position. Some key structural 

features are listed in Table A-7 in Appendix A. Scheme 4.15 shows the corresponding 

calculated thermodynamical and kinetic data for the reaction of TMOS with Cp2Zr(n-Bu)2 

and Cp2ZrMe2 by “outside” (left-hand side of Scheme 4.15) or “inside” attack (right-hand 

side), respectively. We will first turn our attention to the “outside” path. Both exchange 

reactions are calculated to proceed exergonically to virtually equal extent  

(~  65 k  mol
-1

). The ligand exchange with TMOS thus is a thermodynamically favorable 

process. This issue will be revisited in more detail and generalized for other metallocenes 

in section 4.8. Both transition states are found to be rather high in free energy  

                                                             
XV

 For a general discussion of bonding in metallocene complexes, see, for instance, Green in ref. 112 and 

Lauher and Hoffmann in ref. 229. 
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(242.7 kJ mol
-1

 for Cp2ZrMe2 and 289.1 kJ mol
-1

 for Cp2Zr(n-Bu)2, respectively). Hence, 

they are most likely kinetically inaccessible at room temperature. As expected, the 

dimethylzirconocene exhibits an activation barrier that is lower on the free energy profile 

by almost 50 kJ mol
-1

 as compared to the one for dibutylzirconocene. This result, 

however, contradicts the experimentally observed lower reactivity of Cp2ZrMe2. We 

briefly note that for both complexes the activation barrier for the “inside” attack is 

slightly higher in free energy, by ~12 kJ mol
-1

 for Cp2ZrMe2 and ~14 kJ mol
-1

 for 

Cp2Zr(n-Bu)2, respectively. This reaction mode is, however, omitted in the following as it 

does not alter the qualitative picture. 

As mentioned before, the difference in activation free energy between the methyl and 

n-butyl system is presumably at least in part due to an enhanced steric repulsion between 

the latter alkyl ligands in the transition state. Interestingly, a comparison of the calculated 

mean alkyl−metal bond dissociation energies of the zirconocene complexes also shows 

that the n-butyl ligand is bonded more weakly than the methyl ligand 

(D0( r−n-Bu) = 211.2 kJ mol
-1

, D0( r−Me)   239.8 k  mol
-1

). To get a rough, general 

idea of the impact of steric effects on the barrier height in these systems, calculations on 

model complexes were carried out. In these, the second spectator hydrocarbyl group was 

replaced by hydrogen. This substitution can be expected to have only a minor effect on 

the overall electronic situation at the metal center, while at the same time should 

considerably decrease the steric congestion in the transition state. Indeed, the resulting 

barrier for the σ-bond metathesis-mediated alkyl-methoxy exchange with TMOS is 

notably lowered in both cases, but nearly twice as much for the transition state of the  

n-butyl complex. In particular, the corresponding ∆G╪ values are calculated to  

204.5 kJ mol
-1

 for Cp2Zr(H)Me and 225.1 kJ mol
-1

 for Cp2Zr(H)(n-Bu), respectively. The 

lowering of the barrier thus amounts to about 38 kJ mol
-1

 for the methyl complex and  

64 kJ mol
-1

 for the n-butyl complex. As a consequence, the difference between the 

activation barriers is indeed significantly reduced to ~20 kJ mol
-1
. While a “real” 

alkylzirconocene hydride would likely undergo hydride-methoxy instead of  

alkyl-methoxy metathesis with TMOS, this result nevertheless exemplifies an important 

aspect for “designing” appropriate exchange catalysts. We will revisit this issue by means 

of further theoretical and experimental investigations in section 4.7.3. 

In summary, the initial computations of the involved kinetics clearly show that the 

methyl system should be more active towards σ-bond metathesis-mediated ligand 

redistribution than the n-butyl system. Based on these results, σ-bond metathesis by 

means of the unaltered complexes clearly cannot be responsible for the observed 

exchange reaction in both cases. However, the proposed underlying mechanism could still 

be valid if alkyl-methoxy exchange is brought about by derived metallocene species 

which are formed during the reaction process. For instance, the well-known thermal 

instability of Cp2Zr(n-Bu)2
107

 could result in early-stage decomposition products which 
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may initiate exchange reactions more easily than the parent complex. Indeed, strong 

evidence for this assumption will be given by means of extended computational studies 

on this system in the following section. A deeper understanding of the mechanism and its 

basic processes would be of great value since it could potentially provide useful insight 

for the design of efficient transition-metal-based deoxygenation catalysts. 

 

4.7.2 Application of the Negishi Reagent for the Conversion of Alkoxysilanes 

Transition-metal−alkyl bonds are known for their kinetic lability particularly when the 

alkyl ligand possesses  -hydrogen atoms. In general, there has been a recurring interest in 

the literature concerning the details of decomposition reactions in metal−alkyl or 

metallocene−alkyl complexes, for instance, due to the relevance of these reactions for 

organometallic chemical vapor deposition processes (OMCVD).
230-240

 Thermally or 

photochemically induced decomposition of these systems usually results in the release of 

the corresponding alkane or alkene as major hydrocarbon product. However, depending 

on the exact nature of the alkyl ligand additional derived decomposition products can also 

be observed.
236

 Moreover, other complex ligands may be involved in these reactions. For 

example, the cyclopentadienyl ligand in metallocenes can potentially participate in the 

decomposition process by means of hydrogen migration to the metal center or directly to 

alkyl ligands.
234

 The thermal instability of the di(n-butyl)zirconocene complex has long 

been recognized by Neghishi and co-workers.
241

 The formal Cp2Zr(II) intermediate 

generated during the decomposition reaction of the Cp2ZrCl2/2n-BuLi system has 

subsequently been developed as a useful reagent for several synthetic procedures.
242-245

 

Dioumaev and Harrod (DH) have investigated the decomposition process of this system 

by EPR and NMR spectroscopic methods in an excellent paper, trying to decrypt the 

apparently complex chemistry that involves a great variety of different intermediates.
107

 

Initial experimental and theoretical results obtained within the current project (cf. section 

4.7.2) strongly suggested that actually one of those reactive intermediates may drive the 

observed n-butyl-methoxy exchange with TMOS. Therefore, additional computational 

investigations of the potential to undergo σ-bond metathesis reactions have been carried 

out for some of the experimentally detected (or proposed, vide infra) key species. A part 

of the proposed reaction sequence by DH is shown in Scheme 4.16, which was also taken 

as a basis for the present calculations. However, the focus was not to follow the complete 

path of decomposition. Instead, the analyses were mainly restricted to the potentially most 

relevant steps of the sequence, each of which will be discussed separately in the 

following. As can be seen from Scheme 4.16, the dynamic of the decomposition process 

appears to be tremendously complex and difficult to characterize in the entirety. DH were 

able to track down several species, but nevertheless could not identify all of the involved 
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Scheme 4.16. Part of the reaction sequence proposed by Dioumaev and Harrod for the thermal 

decomposition of Cp2Zr(n-Bu)2, adapted from ref. 107. Compound labels in parentheses indicate 

postulated species. 

 

decomposition intermediates. Therefore, some of the compounds in Scheme 4.16 had to 

be postulated by these authors to rationalize the appearance of other, spectroscopically 

detected molecules. 

Scheme 4.16 shows that the decomposition process starts off with the elimination of 

butane from 1. It is commonly assumed that such reactions occur preferably through a  

 -H abstraction process. However, due to the fact that 5 was the first NMR-observable 

product in the reaction mixture, DH reasoned that instead γ-H abstraction is responsible 

for the initial butane elimination.  ote that the product of the proposed γ-H abstraction, 

compound 4, could experimentally not be detected in the reaction mixture. The results for 

the calculated activation barriers of  -,  -, and γ-H abstraction are shown in Scheme 4.17 

together with the barrier for σ-bond metathesis with TMOS. The calculations clearly 
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Scheme 4.17. Comparison of calculated free energies of activation for the decomposition of 

Cp2Zr(n-Bu)2 by  -,  -, γ-abstraction, and σ-bond metathesis with TMOS (B3LYP/def2-TZVPP// 

RI-BP86/def2-TZVP). All energies are given in kJ mol
-1

. 

 

demonstrate that  -H abstraction is favored over  - and γ-H abstraction. The same result 

was obtained by Derat et al. in their theoretical studies on the solvent-dependent, twofold 

selective behavior of the related Cl2Zr(n-Bu)2 system towards different unsaturated 

organic compounds.
246-248

 Even more important for the present study is the fact that the  

σ-bond metathesis transition state is significantly higher in free energy than any of those 

possible decomposition reactions. For instance, the barrier for  -abstraction is about  

160 kJ mol
-1

 lower in activation free energy than that for σ-bond metathesis. This gives 

strong evidence for the initial assumption that decomposition of Cp2Zr(n-Bu)2 sets in 

prior to any metathesis reaction. Hence, the active species for ligand exchange is almost 

certainly formed during the decomposition process. Similar to the studies of Derat 

attempts have been made to test the influence of explicit coordination of a solvent donor 

on the transition state for  -abstraction. No stable coordination adduct of THF (which is 

commonly employed for the Cp2ZrCl2/2n-BuLi system) could be identified, neither for 

the starting structure nor the transition state. Although solvent coordination to the 

resulting zirconocene-alkene product seems more likely due to the reduced sterics, this 

possibility has not been considered in the present studies. The predicted inability of 

solvent donors to directly affect the transition state is in line with the experimental results 

of DH. They proved that the decomposition pathway of the Negishi reagent is 

independent of the use of comparatively apolar (toluene) or polar (THF) solvents. 
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Scheme 4.18. Calculated free energy profile for the interconversion of complexes 2 and 5 

(B3LYP/def2-TZVPP/RI-BP86/def2-TZVP). All energies are in kJ mol
-1

. 

 

As mentioned above, the appearance of the crotylzirconocene hydride 5 as first  

NMR-detectable product led DH to the assumption that 4 instead of 2 is the initial 

product of decomposition. The latter is the second NMR-detectable product which, 

however, appears almost simultaneously with 5. An independent synthesis of 5 proved 

that both complexes are in equilibrium. According to DH, the equilibrium is significantly 

shifted towards 2. These experimental data seem to contradict the calculated preference 

for  -H abstraction. Therefore, attempts have been made to locate the transition state 

interconnecting 2 and 5. The results of these computations are shown in Scheme 4.18. 

Apparently, the barrier for rearrangement (TS 2b-5a or TS 2b-5b) is extremely low on 

the free energy profile (∆G╪ = 22.7/26.2 kJ mol
-1

). Thus, a rapid interconversion of 2 and 

5 seems indeed very likely. In addition, the latter complex is calculated to be 

thermodynamically more stable. These results could explain why 5 is detectable before 2. 

Due to the low interconversion barrier and the thermodynamic preference for the former 

complex, it seems reasonable to assume that sufficient amounts for NMR detection are 

accumulated faster for 5 than for 2. Furthermore, equilibration between both complexes 

should also be observable when starting from the independently synthesized 5. However, 

due to its lower thermodynamic stability, the concentration of 2 should never exceed the 

one for 5 in these experiments. In this regard, the computational results still contrast the 

experimental observations. 
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Scheme 4.19. Calculated free energy profile for the σ-bond metathesis of 

crotylzirconocene hydride 5 with TMOS (B3LYP/def2-TZVPP//RI-BP86/ 

def2-TZVP). All energies are in kJ mol
-1

. 

 

In any case, the crotylzirconocene hydride nevertheless plays an important role for the 

current investigations. Experimentally, the products of ligand exchange in the 

Cp2ZrCl2/2n-BuLi system were unambiguously characterized as (n-Bu)Si(OMe)3 

and,depending on the reaction conditions, (n-Bu)2Si(OMe)2. Evidence for a lower 

metathesis barrier in zirconocene hydride complexes due to a reduced steric congestion in 

the transition state was already provided in section 4.7.1. These results nevertheless 

showed that the calculated activation energy for n-butyl-methoxy exchange of TMOS 

with Cp2Zr(H)(n-Bu) still ranged above 200 kJ mol
-1

. A similar barrier height can be 

expected for the reaction with 5. Thus, the experimental and theoretical results indicate 

that metathesis involving the crotyl ligand of the latter complex is unlikely. In contrast, 

the calculated barrier for a possible σ-bond metathesis of TMOS with the corresponding 

hydride ligand of 5 shows that this reaction affords a surprisingly low activation energy of 

only 102.0 kJ mol
-1

 (TS 5-15, Scheme 4.19). With reference to the starting complex 

Cp2Zr(n-Bu)2, this is the second lowest calculated barrier so far after the 2-5 

rearrangement. Of particular importance in this reaction of TMOS with 5 are the resulting 

trimethoxyhydrosilanes HSi(OMe)3. As will be shown below, these compounds can more 

easily participate in further metathesis reactions. Methoxyhydrosilanes could potentially 

also be derived from other zirconocene hydride complexes that are intermediately formed 

during the thermal decomposition, e.g., Cp2ZrH. Indications for the presence of lower-

valent complexes of the latter type will be given below. It is not clear at this point 

whether TMOS indeed initially reacts to a certain extent with 5 or not. The generation of 
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Scheme 4.20. Free energy profile for possible oxidiative addition of TMOS to Cp2 r(II) and σ-bond 

metathesis with crotylzirconocene hydride 5 starting from Cp2Zr(1-butene) 2. All energies are given 

in kJ mol
-1

 (B3LYP/def2-TZVPP//RI-BP86/def2-TZVP). 

 

the aforementioned paramagnetic compounds indicates at least one further competitive or 

even favored reaction branch. Quite to the contrary, it seems rather obvious that  

hydride-methoxy exchange between TMOS and 5 does not take place to any large extent 

because Cp2Zr(crotyl)(OMe) was not identified as a product. Nevertheless, the computed 

ease of potential hydride-methoxy metathesis in this case strongly indicates that such 

exchange reactions are presumably the key step for the finally observed butylation of 

TMOS. 

Already at this stage one can speculate about a possible mechanism that involves 

oxidative addition of TMOS to zirconium. The intermediate formation of  

Cp2Zr(1-butene) was experimentally proven by trapping the complex with PMe3 to give 

the adduct Cp2Zr(1-butene)(PMe3).
249-251

 Oxidative addition of TMOS would not 

necessarily require the prior replacement of 1-butene, as demonstrated in the discussion 

of related systems in previous sections. As can be seen from Scheme 4.20, initial 

coordination of TMOS to Cp2Zr(1-butene) via a methoxy oxygen is most likely the first 

step in this process. Subsequent elimination of 1-butene is moderately endergonic and 

provides access to the precursor complex that evolves into the transition state for C−H 

oxidiative addition. The latter bond activation type was calculated to be slightly preferred 

over Si−O cleavage in the reaction of TMOS with a Cp2Zr(II) fragment (section 4.5.1). 

With reference to the starting complex (2) the calculated activation free energy for C−H 

oxidative addition amounts to ∆G╪ = 132.0 kJ mol
-1

. This value may be contrasted with 

the activation energy for hydride-methoxy exchange of TMOS with the crotylzirconocene 

hydride (5). The corresponding pathway is additionally shown in Scheme 4.20 and 
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Scheme 4.20. Free energy profile for possible redox comproportionation of Cp2Zr(H)(crotyl) (5) and  

Cp2Zr(1-butene) (2). All values are given in kJ mol
-1

 (B3LYP/def2-TZVPP//RI-BP86/def2-TZVP). 

 

apparently exhibits a lower reaction barrier with reference to 2 (∆G╪ = 116.2 kJ mol
-1

). 

Since σ-bond metathesis involving 5 is apparently absent it is unlikely that the discussed 

reaction branch is a feasible route for oxidative addition of TMOS. 

As mentioned before, another potentially important aspect in the thermal 

decomposition of Cp2Zr(n-Bu)2 is the occurrence of paramagnetic Zr(III) compounds. 

Such species have also been observed in other reactions of group 4 metallocenes
252-260

 

like, for instance, in the product solution of the dehydrogenative coupling of silanes using 

zirconocene complexes. By means of EPR measurements, DH identified three 

paramagnetic complexes which were formed during the decomposition process. They 

accounted for about 5% of the total amount of zirconium.
107

 These were  

Cp2Zr(n-Bu), Cp2ZrH, and Cp2Zr(CH2CH=CHMe), with the first complex being the main 

paramagnetic product.
261

 The latter compound was also detected by Soleil and Choukroun 

in related EPR studies on the Cp2ZrCl2/2n-BuLi system.
262

. Most interestingly, these 

authors showed that upon warming a solution of the reactants from  78 °C to room 

temperature, Zr(III) EPR signals were already observable at temperatures as low as  

 40 °C. During the experiments conducted within this project the color change
107

 upon 

warming a cold solution of 1 indicated that such paramagnetic complexes are as well 

present in the Cp2Zr(n-Bu)2/TMOS mixture. The exact mechanism for the formation of 

these species is still not unequivocally elucidated. Some suggestions have been put 

forward by DH based on their experimental results (see Scheme 4.16) as well as by 

Choukroun and Soleil. The latter authors speculated that a redox comproportionation 

between 5 and 2 could account for the formation of the detected methylallyl radical. In 

particular, they proposed the intermediate formation of a bimetallic species which 
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Scheme 4.21. Comparison of calculated free energies of activation for the σ-bond metathesis of TMOS 

and HSi(OMe)3 with Cp2Zr(n-Bu)2 and Cp2Zr(n-Bu), respectively (B3LYP/def2-TZVPP//RI-BP86/ 

def2-TZVP). All energies are in kJ mol
-1

. 

 

facilitates hydrogen transfer from 5 to 2 to afford Cp2Zr(CH2CH=CHMe). In 

addition,subsequent butene insertion into the resulting  r−H bond on 2 leads to the 

formation of the paramagnetic Cp2Zr(n-Bu). The exact mechanism might be irrelevant for 

the aims of the present investigations. However, in order to get a reasonable estimate of 

the overall thermochemistry involved in the formation of these zirconocene(III) species 

the suggested reaction sequence was theoretically investigated. A detailed discussion of 

all involved steps is omitted here. Nevertheless, as can be seen from Scheme 4.20, the 

proposed hydrogen transfer via a  r(I )− r(II) dimer is indeed low on the free energy 

profile. The same holds true for a possible subsequent butene insertion into the newly 

formed  r−H bond in the resulting Cp2Zr(H)(1-butene) complex. Overall the 

comproportionation reaction proceeds exergonically with respect to the starting 

compounds 5 and 2 (∆G = -16.0 kJ mol
-1

). The formation of the zirconocene radicals by 

this pathway thus seems thermodynamically and kinetically plausible. Note that an 

alternative direct hydrogen transfer reaction between  r−H and 1-butene− r, thus 

omitting the bimetallic intermediate, can be excluded due to the associated high reaction 

barrier (∆G╪ = 169.3 kJ mol
-1

, not shown in Scheme 4.20). The mechanism for the 

formation of Cp2ZrH still remains to be defined. Furthermore, the fact that Cp2Zr(n-Bu) is 

the main observable paramagnetic product according to the measurements of DH 

indicates additional pathways for its generation. 

The potential significance of such zirconocene(III) species for the present 

investigations is twofold. Firstly, they exhibit greatly reduced activation energies for 
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Scheme 4.22. Free energy profile for possible ligand redistribution of Cp2ZrH with Cp2Zr(n-Bu)2 (B3LYP/ 

def2-TZVPP//RI-BP86/def2-TZVP). All energies are in kJ mol
-1

. 

 

Scheme 4.23. Free energy profile for posible ligand redistribution of Cp2ZrH with Cp2Zr(n-Bu)(OMe), 

Cp2Zr(OMe)2, and σ-bond metathesis with TMOS (B3LYP/def2-TZVPP//RI-BP86/def2-TZVP). All 

energies are in kJ mol
-1

. 

 

possible σ-bond metathesis reactions with silanes. Secondly, it can be expected that they 

exhibit a high reactivity towards ligand scrambling reactions with other (diamagnetic) 

intermediates. The first issue is shown in Scheme 4.21 by means of the calculated 

transition states for σ-bond metathesis of HSi(OMe)3 and Si(OMe)4 with  

Cp2Zr(n-Bu)2 and Cp2Zr(n-Bu), respectively. All of these processes could potentially 

account for the observed formation of the butylated methoxysilanes. However, as could 

be expected from chemical intuition, the corresponding barriers are significantly lower for 

the butylzirconocene(III) complex. Particularly metathesis of Cp2Zr(n-Bu) with 
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HSi(OMe)3 exhibits a small activation free energy of only 130.2 kJ mol
-1

. Given the fact 

that the former compound is formed exergonically from 1 (Scheme 4.20) it seems very 

likely that a possible metathesis with methoxyhydrosilanes would take place under 

comparable reaction conditions as the initial  -H abstraction. 

Similar to ligand redistribution between silane species mediated by transition-metal 

complexes (cf. Appendix A-2), exchange reactions between complexes are known in 

organometallic chemistry.
98,263-265

 Computational results for possible ligand scrambling 

reactions with the paramagnetic Cp2Zr(n-Bu), Cp2ZrH, and Cp2ZrOMe are shown in 

Schemes 4.22 – 4.25. Apparently, there are likely a variety of very dynamic equilibrium 

processes taking place among the different zirconocene(III) and zirconocene(IV) species. 

A common motif that is encountered in the reactions with hydride species is the formation 

of a hydride-bridged bimetallic complex. It was already proposed that a  r−H− r-bridged 

structure is important for the initial formation of paramagnetic zirconocene(III) species 

(vide supra). In principle, such a dimer allows for a straightforward transfer of hydride 

and other ligands between Zr(III) and Zr(IV) centers. Subsequently formed 

zirconocene(IV) hydrides are also of potential importance for the proposed mechanism, as 

will be shown below. Interestingly, only in case of n-butyl transfer reactions a 

corresponding transition state could be located on the PES. For hydride and methoxy 

exchange, which are the energetically most feasible reactions, only simple association and 

dissociation pathways are predicted at the employed computational level.  

Starting from the paramagnetic Cp2ZrH 12 (Schemes 4.22 and 4.23), the system can 

evolve in different directions depending on the corresponding second reactant. 

Apparently, the energetically most feasible reactions are those which involve  

Cp2Zr(n-Bu)(OMe) (17) and Cp2Zr(OMe)2 (18). Reaction of 12 with these complexes 

leads to the formation of the hydride-methoxy-bridged intermediates 21’’ and 22. 

Possible rearrangement by transfer of a methoxy group to the second zirconium center 

affords the hydride-bridged complexes 21 and 22. Subsequent dissociation leads to the 

formation of the zirconocene(IV) hydride, Cp2Zr(H)(n-Bu) (19) or Cp2Zr(H)(OMe) (20), 

and the corresponding zirconocene(III) radical. Note that 12 could also easily undergo  

σ-bond metathesis with TMOS via transition state TS 12-16 to afford 

trimethoxyhydrosilane and Cp2ZrOMe 16. This process exhibits a much lower activation 

barrier compared to the metathesis reaction with crotylzirconocene hydride 5, for 

instance. It was shown in related studies that, e.g., zirconocene(IV) dihydride or 

cerocene(III) monohydride complexes can undergo ligand exchange with alkoxysilanes to 

afford the corresponding hydrosilanes.
266,267

 It therefore seems reasonable to assume that 

reaction of TMOS with Cp2ZrH is also the primary reaction pathway for the formation of 

hydrosilanes in the present case. In this way also methoxyhydrosilanes with a higher 

degree of hydrogen substitution could possibly be generated. Given the fact that 12 is 
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Scheme 4.24. Free energy profile for possible ligand redistribution of Cp2Zr(n-Bu) with  

Cp2Zr(n-Bu)(OMe), Cp2 r(H)(OMe), and σ-bond metathesis with TMOS (B3LYP/def2-TZVPP// 

RI-BP86/def2-TZVP). All energies are in kJ mol
-1

. 

 

Scheme 4.25. Free energy profile for possible ligand redistribution of Cp2ZrOMe with Cp2Zr(n-Bu)2 and 

Cp2Zr(H)(n-Bu). All energies are in kJ mol
-1

 (B3LYP/def2-TZVPP//RI-BP86/def2-TZVP). 

 

only a minor component in the reaction mixture, the formation of significant amounts of 

secondary or even tertiary methoxyhydrosilanes is, however, unlikely. As mentioned 

above, the reactions which involve the direct transfer of a n-butyl group exhibit transition 

states that render these pathways energetically unfavorable. However, presumably a rapid 
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equilibrium between all involves species exists in the reaction mixture. Hence, the 

reaction of Cp2ZrH with Cp2Zr(n-Bu)2 shown in Scheme 4.22 could still account for the 

regeneration of Cp2Zr(n-Bu). As discussed before, the latter complex is supposedly 

responsible for n-butyl transfer to HSi(OMe)3 (cf. Scheme 4.21). In fact, no other feasible 

reaction pathway for the regeneration of Cp2Zr(n-Bu) could be identified if one excludes 

the possibility for the formation of a bare Cp2Zr(II) fragment followed by 

disproportionation with Cp2Zr(n-Bu)2. The zirconocene hydrides 19 and 20 can in 

principle act as potential reactants in further σ-bond metathesis reactions with TMOS. 

The corresponding calculated transition states are shown in Scheme 4.26. Importantly, the 

conversion of TMOS with the methoxyzirconocene hydride shows a higher activation 

barrier (TS 20-18) than the corresponding reaction with the butylzirconocene hydride  

(TS 19-17). Since 19 and 20 are most probably in equilibrium with each other via the 

zirconocene(III) species 11 and 16, it is more likely that a possible σ-bond metathesis 

with TMOS would take place with 20. This could be one way to account for the 

experimentally observed formation of Cp2Zr(n-Bu)(OMe), whereas Cp2Zr(OMe)2 was not 

identified. Note that the former complex could basically also be generated by a ligand 

redistribution reaction between Cp2ZrOMe and Cp2Zr(n-Bu)2, as will discussed below. 

The formation of Cp2Zr(H)(n-Bu) 19 during the decomposition process was already 

proposed by DH (compound 8 in Scheme 4.16). It was assumed by these authors (but 

later rejected) that 19, due to its potentially extreme instability, could account for the 

formation of additional butane by a corresponding reductive elimination. It is worth 

mentioning in this context that by far the most abundant hydrocarbon product detected 

during thermal decomposition was actually butane. Besides, small amounts of cis- and 

trans-2-butene have been identified, but no 1-butene. For this reason, the barrier for 

reductive elimination of butane from 19 was calculated. Surprisingly, the obtained 

activation free energy for this process, 115.5 kJ mol
-1

, is essentially equal to the barrier 

for σ-bond metathesis with TMOS (115.9 kJ mol
-1

, Scheme 4.26). This shows that, firstly, 

19 could indeed account for the formation of additional butane, and secondly, this process 

would potentially be in stiff competition with the metathesis reaction of TMOS. Due to 

the higher significance of entropic contributions to ∆G╪ for the latter reaction, metathesis 

should at least become more favorable at lower temperatures. In addition, an intermediate 

in which Si(OMe)4 is already coordinated to Cp2Zr(H)(n-Bu) prior to the metathesis 

transition state could be identified (not shown in Scheme 4.26). Although the calculated 

reaction free energy for the formation of this intermediate is almost as high as the actual 

transition state, ∆G = 110.4 kJ mol
-1

, this adduct could potentially inhibit reductive butane 

elimination from 19. 

The observed formation of Cp2Zr(n-Bu)(OMe) (17) is an important aspect for the 

present investigations. It provides strong evidence for the occurrence of σ-bond 

metathesis reactions in the Cp2Zr(n-Bu)2/TMOS system. As already discussed in section 

4.5.1, the reaction of TMOS with Cp2Zr(CO)2, presumably by intermediate formation of 
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Scheme 4.26. Free energy profile for possible interconversion of Cp2Zr(H)(n-Bu) and 

Cp2Zr(H)(OMe) via a hydride-bridged bimetallic zirconocene structure and subsequent σ-bond 

metathesis with TMOS, respectively (B3LYP/def2-TZVPP//RI-BP86/def2-TZVP). All energies are 

given in kJ mol
-1

. 

 

Cp2Zr(II), did not afford definitely identifiable products of Si−O bond activation. It thus 

seems unlikely that methoxy group-transfer to zirconium would be due to oxidative 

addition of TMOS to a zirconocene(II) fragment. Furthermore, if Si−O oxidative addition 

would indeed take place the formation of, e.g., silylzirconocene compounds or disilanes 

could be expected. Products of these types were, however, not obtained in the conducted 

experiments. Hence, there seems to be no reasonable oxidative addition pathway which 

could account for the formation of larger amounts of Cp2Zr(n-Bu)(OMe). The present 

computational results suggest three reaction branches which potentially lead to product 

17. One is based on σ-bond metathesis of TMOS with butylzirconocene hydride 19 and 

was already discussed above (cf. Scheme 4.26). The alternatives are shown in  

Scheme 4.25 and are based on the methoxy zirconocene(III) complex 16. As a side note, 

the occurrence of similar alkoxytitanocene(III) species was proposed in the context of the 

Cp2TiMe2-catalyzed redistribution reaction of alkoxyhydrosilanes (cf. Appendix  

A-2).
252,265

 Various routes like, e.g., metathesis of TMOS with Cp2ZrH potentially lead to 

the formation of complex 16. At first glance Cp2 rOMe appears to be a rather “inactive” 

species because there are obviously no direct reactions with methoxy- or 

methoxyhydrosilanes possible that could further promote the butylation of TMOS. 

Complex 16 is nevertheless of potential importance as it may account for the formation of 

Cp2Zr(n-Bu)(OMe) (17) by means of ligand redistribution with appropriate 
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Scheme 4.27. Proposed reaction cycle for the butylation of TMOS and formation 

of Cp2Zr(n-Bu)(OMe) in the Cp2Zr(n-Bu)2/TMOS system. 

 

zirconocene(IV) compounds. In this way it would also indirectly promote further 

transformation of TMOS. One obvious possibility would be the reaction of 16 with 

Cp2Zr(n-Bu)2 to give 17 and recover Cp2Zr(n-Bu) (11). As can be seen from  

Scheme 4.25, this reaction exhibits, however, a transition state which is considerably high 

in free energy (TS 16-11). Although this possibility cannot be ruled out, ligand exchange 

with Cp2Zr(H)(n-Bu) (19) to afford 17 and the zirconocene(III) hydride 12 would provide 

a pathway which is lower on the free energy profile. This process is endergonic, but the 

resulting 12 could again easily react with TMOS to give 16 and trimethoxyhydrosilane. 

In fact, the latter process seems to be the only energetically feasible reaction in which 

Cp2ZrOMe 16 could effectively participate in the overall transformation of 

methoxyhydro- to butylmethoxysilanes. 

Based on all previous considerations the reaction sequence shown in Scheme 4.27 is 

proposed. It accounts for the formation of the experimentally detected products  

(n-Bu)Si(OMe)3 and Cp2Zr(n-Bu)(OMe) by reaction of TMOS with zirconocene(III) 

intermediates generated during the thermal decomposition of Cp2Zr(n-Bu)2. In this way a 

straightforward explanation for the observed reactivity difference between 

dimethylzirconocene and the di(n-butyl) complex is provided. In this context, it is also 

quite interesting to note that Harrod attributed the reactivity difference between the 

Cp2ZrCl2/2n-BuLi/B(C6F5)3 and Cp2ZrMe2/B(C6F5)3 systems towards 

dehydropolymerization to the inability of the latter to generate Zr(III) species.
261

 The 

presently suggested mechanism is an autocatalytic process and in theory no major 

amounts of decomposition products are necessary in order to maintain ligand exchange. 
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The essential step in this regard is the intermediate formation of methoxyhydrosilanes. 

Particularly the paramagnetic Cp2ZrH serves two roles in the proposed cycle. It can 

undergo a fast σ-bond metathesis with TMOS to give HSi(OMe)3 and Cp2ZrOMe. 

Furthermore, it can form a bimetallic hydride-bridged intermediate with Cp2Zr(n-Bu)2. 

This dimer facilitates slow n-butyl exchange with subsequent dissociation to  

Cp2Zr(H)(n-Bu) and Cp2Zr(n-Bu). The latter complex can subsequently undergo a 

metathesis reaction with HSi(OMe)3 to afford (n-Bu)Si(OMe)3 and recover Cp2ZrH. This 

is presumably the slowest step in the reaction sequence, but based on the computational 

results it seems to be the only feasible process for the formation of butyltrimethoxysilane. 

The product Cp2Zr(n-Bu)(OMe) can be formed either by metathesis of Cp2Zr(H)(n-Bu) 

with TMOS, or by n-butyl transfer between Cp2Zr(H)(n-Bu) and Cp2ZrOMe via a 

hydride-bridged intermediate. The latter process should be about equally fast as 

metathesis with Cp2ZrH and TMOS. 

Parts of the suggested mechanism are speculative and further experimental 

investigations will be necessary to corroborate their plausibility. How do the present 

experimental and computational results compare to related studies from the literature? 

The transfer of n-butyl groups to silicon in the presence of Cp2MCl2/2n-BuLi (M = Zr, 

Hf) has been reported before in the context of the dehydrocoupling of silanes or 

hydrosilylation of olefins.
268-274

 The main difference to the present efforts is that these 

reactions naturally employ primary or secondary organohydrosilanes from the very 

beginning. For instance, Corey et al. studied the catalytic dehydrocoupling of PhMeSiH2 

and other hydrosilanes using, amongst others, the Cp2ZrCl2/2n-BuLi system.
268,271

 It was 

shown that the catalyst precursor initially facilitated a rapid conversion to  

PhMe(n-Bu)SiH even at 0 °C. Most interestingly, in the reaction of secondary silanes 

with the similar Cp2TiCl2/2n-BuLi system almost no butylsilanes were obtained. For the 

zirconocene complex, n-Bu group transfer to the silane was usually explained by an 

initial hydrosilylation reaction with the primary decomposition product  

Cp2Zr(1-butene).
270,271

 It should be noted that in general hydrosilylations with tertiary 

silanes, such as Ph3SiH, have not been observed in reactions with early transition-metal 

complexes.
271,275,276

 The fact that only a single alkyl group transfer to PhMeSiH2 was 

observed in the experiments of Corey would lend support to a hydrosilylation 

mechanism. More recently, Rosenthal et al. reported on the reactivity of alkynylsilanes 

(e.g., HMe2SiC2SiMe2H) towards Cp2MMe2, Cp2MCl2/2n-BuLi (M = Ti, Zr), and 

Cp2Hf(n-Bu)2.
277

 Here as well n-butyl transfer was observed in the reactions with 

dibutylhafnocene and in situ generated dibutylzirconocene, but not in case of in situ 

generated dibutyltitanocene. Depending on the molar alkynylsilane/dibutylhafnocene 

ratio even di-n-butylated silanes were obtained in some cases. The results of these 

experiments are very interesting because of the apparent n-butyl transfer to a tertiary 

silane. All of these examples support the assumed formation of hydromethoxysilanes in 

the Cp2Zr(n-Bu)2/TMOS system . Thus, the possibility of a mechanism which involves 
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hydrosilylation of initially formed Cp2Zr(1-butene) with in situ generated 

hydrotrimethoxysilanes cannot be completely ruled out in our case. In contrast to 

triphenylsilane, the specific stereoelectronic effects of HSi(OMe)3 may render 

hydrosilylation a feasible process in this case. Yet a rationalization of the formation of 

Cp2Zr(n-Bu)(OMe) within this approach would prove difficult. It is also entirely possible 

that the exact mechanism is specifically dependent on the starting product (TMOS or 

primary/secondary silanes), so both approaches would not necessarily be mutually 

exclusive. As DH pointed out in their studies, there are several species present in the 

reaction mixture during the thermal decomposition of Cp2Zr(n-Bu)2 which are in 

equilibrium with each other. The consumption of one of those by a second reactant may 

shift the whole system in the direction of the consumed species, although its overall 

concentration may not be high. DH attributed the observed great chemical versatility of 

the Cp2ZrCl2/2n-BuLi system to this feature.
107

 

Some comments on further possible alternatives are appropriate. As will be discussed 

in the next section, the substitution of one cyclopentadienyl ligand in Cp2MMe2 

complexes by an alkyl group greatly enhances the reactivity towards σ-bond metathesis 

with TMOS. In this context, Negishi and Kondakov disclosed the formation CpZr(n-Bu)3 

when Cp2ZrCl2 is treated with an excess of n-BuLi at low temperatures.
244

 However, the 

unambiguous experimental characterization of the product Cp2Zr(n-Bu)(OMe) rules out a 

mechanism based on such monocyclopentadienyl species in the present case. Possibly 

formed anionic zircononate species like, e.g., [Cp2Zr(n-Bu)(1-butene)]
 
 could potentially 

promote oxidative addition of tetramethoxysilane. Such species have been proposed 

before as essential intermediates in the zirconocene-catalyzed silylation of olefins with 

chlorosilanes in the presence of (n-Bu)MgCl.
278-280

 Given the fact that the silicon atom in 

TMOS exhibits a high positive charge, direct Si−O bond cleavage by a  

zirconocene-butene ate complex would not be unlikely. However, as already discussed 

before the major concern with such an approach is the lack of a reasonable reaction 

pathway which accounts for the formation of (n-Bu)Si(OMe)3 and Cp2Zr(n-Bu)(OMe) 

without generating silyl by-products. 

In some aspects, the presently suggested mechanism resembles the cycle proposed by 

Harrod for the autocatalytic generation of the active catalyst in the dehydrocoupling of 

silanes using Cp2TiMe2.
252,265

 The initial reaction can generally be written as 

Cp2TiMe2 + R3SiH    3SiMe + CH4 + Cp2Ti; R3SiH = (e.g.) PhSiH3, (RO)3SiH 

Note that trialkyl- or triarylsilanes did not react accordingly. The resulting Cp2Ti(II) is the 

presumed active catalyst for subsequent dehydrocoupling. There are two important 

aspects in this reaction. Firstly, it is assumed that a σ-bond metathesis reaction of the 

hydrosilane with methyltitanocene(III) leads to the formation of methylsilane. Secondly, 



94 | Chapter 4   Quantum-Chemical Studies on the Deoxygenation of Tetramethoxysilane 

 

 

Scheme 4.28. Possible cycle for the autocatalytic decomposition of 

Cp2TiMe2 in the presence of R3SiH, as proposed by Harrod (adapted 

from ref. 265). 

 

ligand redistribution between titanocene(III) species is suggested. In particular, based on 

various experimental efforts Harrod proposed the following sequence of steps shown in 

Scheme 4.28: (1) comproportionation of Cp2Ti(II) with Cp2Ti(IV)Me2 to yield 

[Cp2Ti(III)Me]2, (2) dissociation of [Cp2TiMe]2, (3) σ-bond metathesis between R2SiH2 

and Cp2TiMe to give R2MeSiH and Cp2TiH, (4) reaction of Cp2TiMe and Cp2TiH to 

afford methane and two equivalents of Cp2Ti.
265

 In this way, the active species is 

generated autocatalytically from the starting Cp2TiMe2. Harrod also showed that the latter 

titanocene complex acts as an efficient catalyst for the redistribution of 

alkoxyhydrosilanes and alkoxyhydrosiloxanes (see also Appendix A-2).
265,281

 In 

stoichiometric reactions the formation of [Cp2Ti(OR)]2 and [Cp2TiSiR3-nH]2 (n = 1, 2) 

was observed. Here as well the importance of titanocene(III) species was emphasized. 

Accordingly, σ-bond metathesis reactions of the alkoxyhydrosilanes with Ti(III)-OR 

intermediates as well as hydride-alkoxy ligand redistribution via hydride-bridged 

bimetallic complexes were proposed (a scheme of the suggested catalytic cycle can be 

found in Appendix A-2). Note that the latter reaction was proposed to involve exchange 

between Cp2Ti−H and Cp2Ti(SiR2−OR) to afford Cp2Ti−O  and Cp2Ti(SiR2H). 

In summary, the experimental conversion of TMOS to butyltrimethoxysilane is a 

remarkable feature of the Cp2ZrCl2/2n-BuLi system and adds to its known wide variety of 

applications. While its potential to undergo n-Bu group transfer has been disclosed 

before, it is an extraordinary highlight that this transfer is promoted despite the initial lack 

of Si−H bond-containing alkoxysilanes. Moreover, the experimentally characterized 
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product Cp2Zr(n-Bu)(OMe) shows that the principal complex structure of the zirconocene 

is kept intact during the course of ligand exchange. The enhanced reactivity of the 

Negishi reagent presumably originates from the fact that it can conveniently provide 

access to the substitution of methoxy groups in TMOS by hydrides. Subsequent 

transformation of the Si−H functionality is a much more feasible process than a possible 

direct alkyl-alkoxy exchange. The observed lower reactivity of dimethylmetallocenes, 

such as Cp2ZrMe2, towards ligand exchange with TMOS may be a consequence their 

inability to provide a similar reaction pathway. One may even envision the coupling of 

the Negishi reagent with other, more stable alkyl complexes. For instance, the addition of 

Cp2ZrMe2 to a Cp2Zr(n-Bu)2/TMOS solution could provide further experimental evidence 

on the plausibility of the proposed mechanism. If the assumptions of 1) a fast ligand 

redistribution between  r(III) and  r(I ) species and 2) σ-bond metathesis with 

HSi(OMe)3 are valid, this experimental setup could potentially provide access to 

methylmethoxysilanes. 

 

4.7.3 Application of Cp2MMe1/2 and CpMMe3/4 Complexes for the Conversion of 

Alkoxysilanes 

Based on the results of the preceding sections the inability of Cp2ZrMe2 to act as an 

efficient methylation reagent towards TMOS presumably originates from two factors. 

Firstly, a feasible σ-bond metathesis is hampered due to the high associated barrier as a 

consequence of steric congestion in the transition state. Secondly, if decomposition of the 

complex takes place it does not lead to the formation of reactive species which could 

accelerate the rate of ligand exchange. These considerations most probably also hold true 

for the related Cp2HfMe2 which showed a similar experimental reactivity towards TMOS 

(vide infra). Preliminary results on a possible role of initial decomposition in methyl 

complexes will be given below. The first issue can be remedied in certain cases by the 

substitution of one of the cyclopentadienyl ligands in Cp2MMe2 by a methyl group. The 

former ligand acts as a σ- and  -donor whereas the latter is a pure σ-donor with 

comparatively little steric demand. The so-obtained CpMMe3 complexes do not only 

benefit from the reduced sterics, but potentially also from a higher Lewis acidity due to 

the lower valence electron count (14-electron complex). In particular, further 

experimental results obtained within the project proved a dramatically enhanced reactivity 

of Cp
*
HfMe3 towards ligand exchange with TMOS as compared to Cp2HfMe2.

81
 The 

latter complex was experimentally shown to undergo a rather slow exchange with TMOS 

at high temperatures (320 °C), although a better rate of conversion was found in 

comparison with Cp2ZrMe2. As shown in Scheme 4.29, a solution of Cp
*
HfMe3 in 

toluene reacted with TMOS within 5 minutes at room temperature to afford a mixture of 
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MeSi(OMe)3 and Me2Si(OMe)2. The starting hafnocene was converted to the 

corresponding mono- and dimethoxylated derivates. Subsequent heating of the reaction 

mixture to 100 °C for one day resulted in an additional small fraction of Me3Si(OMe) and 

Cp
*
Hf(OMe)3. These experimental results prompted us to investigate the corresponding 

σ-bond metathesis barriers for a larger selection of early to mid transition-metal 

metallocene complexes. In particular, the complexes Cp2MMe (M = Sc, Y, La), 

Cp2MMe2 (Ti, Zr, Hf, V, Nb, Ta, Mo, W), CpMMe3 (M = Ti, Zr, Hf), and CpMMe4  

(M = V, Nb, Ta, Mo, W) were considered in these calculations. The results are 

graphically shown in Figure 4.4. The observed trends are most likely a result of different 

factors like, for instance, the ionic radii of the metals, the ionicity of the metal−ligand 

bonds, and the ligand substitution pattern of the complex. For all complex types the 

barrier increases on passing from left to right in a given transition-metal row. A 

particularly large difference between group 3 (Cp2MMe, M = Sc, Y, La) and group 4 

(Cp2MMe2, M = Ti, Zr, Hf) complexes is observed, which is probably predominantly a 

result of the presence of only one methyl group (that is moreover directly involved in the 

metathesis reaction) in case of the former compounds. Going down a group, the barrier 

heights for a given complex type are significantly decreased from 3d to 4d  

transition-metals. In contrast, complexes of 4d and 5d transition-metals exhibit σ-bond 

metathesis transition states of mostly comparable activation free energy values. As 

expected from the experimental results, a comparison of group 4 to 6 sandwich (solid 

lines in Figure 4.4) and half-sandwich (dashed lines) complexes shows that the latter 

exhibit greatly reduced activation free energies for ligand exchange with TMOS. For 

instance, the corresponding difference between ∆G╪ for Cp2MoMe2 and CpMoMe4 is 

about 118 kJ mol
-1

. Given that Cp
*
HfMe3 easily reacted with TMOS, the calculations 

implicate that Cp2MMe complexes of scandium, yttrium, and lanthanum should also be 

well suited for a fast ligand exchange at low temperatures. Besides, the computational 

data also account for another experimental observation. As can be seen from Figure 4.4, 

the calculated activation free energies for the complexes CpTiMe3, Cp2ZrMe2, 

 

 

Scheme 4.29. Experimental conversion of TMOS with Cp
*
HfMe3 in toluene at room temperature 

and subsequent heating to 100 °C (cf. ref. 81). 
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Figure 4.4. Calculated activation free energies for σ-bond metathesis of TMOS with 

different metallocene complexes (B3LYP/def2-TZVPP//RI-BP86/def2-TZVP). All values 

are in kJ mol
-1

. Cp2MMe2: M = Ti, Zr, Hf, V, Nb, Ta, Mo W; Cp2MMe: M = Sc, Y, La; 

CpMMe3: M = Ti, Zr, Hf; CpMMe4: M = V, Nb, Ta, Mo, W. 

 

and Cp2HfMe2 are of a similar magnitude. Experimentally, the reaction of TMOS with 

Cp
*
TiMe3 instead of the half-sandwich hafnocene (Scheme 4.29) exhibited only a slow 

OMe-Me exchange at 100 °C to afford the monomethylated silane. Hence the 

experimentally observed reactivity of Cp
*
TiMe3 more closely resembles that of Cp2ZrMe2 

and Cp2HfMe2 instead of Cp
*
HfMe3, which is in accordance with the predicted barrier 

heights. 

Since initial decomposition of the Cp2ZrCl2/2n-BuLi system was assumed to be of 

vital importance for the subsequent alkylation of TMOS (cf. section 4.7.2), a general look 

at this issue was taken for the corresponding methyl derivatives of group 4 metallocenes. 

A prominent example in this context is the Petasis reagent,
282

 an alternative to the 

“classical” Tebbe reagent
283,284

 for methylenation of carbonyls, in which explicit use is 

made of the thermal instability of Cp2TiMe2. The experimentally established first step in 

the decomposition of Cp2MMe2 systems (M = Ti, Zr, Hf) is the initial loss of methane by 

intramolecular  -H abstraction from the neighboring methyl group to form a highly 

reactive carbene intermediate (Cp2M=CH2).
233,237,238

 Deuterium labeling studies showed 

that cyclopentadienyl rings can as well act as hydrogen atom donors, at least in the later 

stages of decomposition.
233,234

 The possibility of a direct solvent participation in certain 

cases further complicates the involved mechanism after the initial reactions.
230,237

 For 

example, McCowan and co-workers found that half of the methane produced in the 

thermal decomposition of Cp2TiMe2 in diethyl ether was due to hydrogen abstraction 

from the solvent. However, for the present studies only the initial reaction by means of an 

intramolecular  -H abstraction and, for reasons of comparison, a bimolecular abstraction 

was considered.
240,285

 The results for Cp2ZrMe2 are shown in Scheme 4.30. As 



98 | Chapter 4   Quantum-Chemical Studies on the Deoxygenation of Tetramethoxysilane 

 

 

Scheme 4.30. Calculated reaction and activation free energies for methane elimination from 

Cp2ZrMe2 by intra- or intermolecular  -H abstraction. All values are given in kJ mol
-1

 

(B3LYP/def2-TZVPP//RI-BP86/def2-TZVP). 

 

expected, Cp2ZrMe2 decomposes preferably via the intramolecular hydrogen abstraction 

pathway with an associated activation free energy of ∆G╪ = 170 kJ mol
-1

. This value is 

compared to the calculated σ-bond metathesis barriers for the reactions of Cp2ZrMe2 and 

Cp2ZrMe(OMe) with silanes MenSi(OMe)4-n (n       3) in Figure 4.5 (∆E0
╪ values are 

provided in Appendix A-7). Based on these data,  -H abstraction in Cp2ZrMe2 should be 

greatly favored over any possible metathesis reaction with (methyl)methoxysilanes. This 

result may be contrasted with the corresponding calculated barriers for intra- and 

intermolecular  -H abstraction in CpHfMe3 (Scheme 4.31) and its metathesis with the 

same set of methoxysilanes (Figure 4.6). In this case, σ-bond metathesis is kinetically 

preferred over intramolecular hydrogen abstraction. The computed activation free 

energies are also in good agreement with the experimentally observed product 

distribution and the fact that Me3Si(OMe) and Cp
*
Hf(OMe)3 are only formed at higher 

temperatures (cf. Scheme 4.29). Both the experimental and computational data thus 

 

 

Scheme 4.31. Calculated reaction and activation free energies for methane elimination from 

CpHfMe3 by intra- or intermolecular  -H abstraction. All values are given in kJ mol
-1

 

(B3LYP/def2-TZVPP//RI-BP86/def2-TZVP). 
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Figure 4.5. Comparison of calculated activation free energies of intramolecular  -H 

abstraction in Cp2ZrMe2 and σ-bond metathesis of TMOS with Cp2ZrMe2 and 

Cp2ZrMe(OMe). All values are in kJ mol
-1

 (B3LYP/def2-TZVPP//RI-BP86/def2-TZVP). 

 

 

Figure 4.6. Comparison of calculated activation free energies of intramolecular  -H 

abstraction in CpHfMe3 and σ-bond metathesis of TMOS with CpHfMe3, CpHfMe2(OMe), 

and CpHfMe(OMe)2. All values are in kJ mol
-1

 (B3LYP/def2-TZVPP//RI-BP86/def2-TZVP). 

 

provide evidence that in this case σ-bond metathesis reactions of the different silanes take 

indeed place by means of the unaltered hafnocene complex(es). It is worth mentioning in 

this context that the reactivity of silanes MenSi(OMe)4-n (n       3) towards σ-bond 

metathesis decreases with increasing methyl substitution at silicon. This reactivity trait 

thus potentially allows for a straightforward thermal control with respect to a particular 

degree of exchange, independently of the employed reactant complex. That is, the 

selective formation of, e.g., dimethydimethoxysilane could specifically be promoted by a 

careful adjustment of the reaction conditions. 
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Table 4.6. Calculated activation free energies   ╪ for intra- and intermolecular  -H 

abstraction and σ-bond metathesis with TMOS for complexes Cp2MMe2, CpMMe3, 

MMe4 (M = Ti, Zr, Hf), Cp
*
HfMe3, and CpHfMen(OMe)3-n (n = 1, 2). All values are  

in kJ mol
-1

 (B3LYP/def2-TZVPP//RI-BP86/def2-TZVP). 

       
 

Complex 

  ∆G╪   

      

 
 

 -H abstraction 
intermolecular  

H-abstraction 

σ-bond metathesis 

Si(OMe)4 
 

       
 Cp2TiMe2  140.2 291.3 311.2  

 Cp2ZrMe2  170.0 234.9 242.7  

 Cp2HfMe2  189.2 251.7 252.0  

       
 CpTiMe3  162.3 286.2 226.8  

 CpZrMe3  187.2 226.3 184.8  

 CpHfMe3  206.4 248.0 190.4  

 CpHfMe2(OMe)  206.2 221.3 191.3  

 CpHfMe(OMe)2  − 217.9 202.4  

 Cp*HfMe3  207.1  200.0  

       
 TiMe4  171.9 201.3 201.5  

 ZrMe4  194.5 188.6 166.9  

 HfMe4  212.2 197.6 163.8  

       
 

To allow for a more systematic comparison, barriers for intra- and intermolecular 

abstraction as well as metathesis with TMOS have been calculated for a complete set of 

Cp2MMe2, CpMMe3, and MMe4 complexes of titanium, zirconium, and hafnium. The 

results are listed in Table 4.6. As can be seen from there, all experimentally investigated 

complexes which exhibited only a rather sluggish reaction with TMOS also show a lower 

barrier for  -H abstraction as compared to σ-bond metathesis. It is not unambiguously 

clear at this point whether or not ligand exchange in these systems takes place only as a 

subsequent reaction after initial decomposition. If, however, this would indeed be the case 

the lack of (consistently) providing a reactive mediator in form of metallocene(III) 

(hydride) species could be the reason for the observed low reactivity of these complexes. 

From a purely quantum-chemical point of view the lack of included solvation and 

dispersion effects might render the currently employed computational model inadequate 

for a reliable comparison of both reaction types ( -H abstraction vs metathesis). We thus 

conclude that further studies would be necessary in this respect to unambiguously clarify 

the mechanism of the observed ligand exchange of TMOS with Cp2ZrMe2, Cp2HfMe2, 

and Cp
*
TiMe3. 
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4.8 Thermochemical Considerations II. Cp2MMe2 and Cp2M(OMe)2 Metal-Ligand 

Bond Dissociation Energies and their Significance for the Selection of Suitable 

Catalysts 

Equally important to the knowledge of the thermochemical data in methyl-, 

methylmethoxy-, and methoxysilanes, discussed in section 4.6, are the corresponding 

metal−ligand binding energies as source for the prediction of thermodynamics involved in 

reaction steps. In general, the thermodynamic outcome of a given reaction is determined 

by the energetics of all cleaved and newly formed bonds. Thus, the knowledge of all 

involved bond dissociation energies is the key for a detailed analysis of total reaction 

energies, the origin of which is not always easily and directly recognizable considering 

purely the molecular changes. With respect to a feasible catalytic cycle for the 

deoxygenation of TMOS, the catalyst has to meet specific requirements. On the one hand, 

the chosen complex has to provide a sufficiently large metal−oxygen bond strength to 

facilitate alkoxy group-transfer. On the other hand, the catalyst should exhibit 

comparatively weak M−alkyl bonding to allow for a thermodynamically feasible alkyl 

transfer reaction. Taking the alkoxy- and methoxysilanes into account, the corresponding 

binding energies of all involved bonds should ideally increase upon metathesis to provide 

the thermodynamic driving force for the reaction. Quantifying the relative oxo- and 

carbophilicity ratio is thus a highly important aspect to consider when searching for 

possible catalysts that exhibit a flat energy profile. Moreover, knowledge of this ratio also 

allows for predictions on the feasibility of catalyst regeneration (i.e., subsequent removal 

of metal-bonded alkoxides). To this end, calculations on a variety of different metallocene 

complexes Cp2MX (X = Me, OMe; M = Sc, Y, La) and Cp2MX2 (X = Me, OMe; M = Ti, 

Zr, Hf, V, Nb, Ta, Mo, W) were carried out in order to supplement the thermochemical 

data of methylmethoxysilanes discussed in section 4.6. The author is not aware of any 

previous systematic theoretical studies on this topic. Some theoretical studies
286-288

 dealt 

with metal-cyclopentadienyl disruption energies in neutral and charged metallocenes 

Cp2M or similar  -ligand complexes for which appropriate experimental data is 

available.
289,290

 The absence of systematic computational investigations of M−  or 

M−O  bond strengths in neutral metallocene complexes may be related to the lack of 

accurate gas phase data. In the ma ority of cases the available experimental metal−ligand 

bond dissociation energies have been derived from solution phase experiments. 

The calculation of average metallocene M−X BDEs requires the accurate computation 

of the Cp2M complex fragment in its spin ground state. Open-shell transition metal atoms 

and complexes featuring partially filled d-shells have a reputation for being notoriously 

difficult to treat in quantum-chemical calculations, even when sophisticated methods are 

used. More details on this topic will be given in a subsequent chapter of this thesis. In the 

present calculations, all complex structures were separately optimized for each spin state 
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Table 4.7. Calculated average metal−ligand BDEs D0 (ZPE-corrected) in metallocene 

complexes Cp2MX (M = Sc, Y, La) and Cp2MX2 (M = Ti, Zr, Hf, V, Nb, Ta, Mo, W), 

difference  D0
a
 of average metal−methoxy and metal−methyl BDEs, and average total 

reaction energies   rE0
b
 for methyl-methoxy ligand exchange with silanes 

MenSi(OMe)4-n (n       3). All values are given in k  mol
-1

 (B3LYP/def2-TZVPP// 

RI-BP86/def2-TZVP). 

   D0(M−X)      

 Complex X = Me OMe  ∆D0  ∆∆rE0  

          
          
 Cp2ScX  214.3 393.6  179.3  -76.6  

 Cp2YX  258.2 446.6  188.4  -85.7  

 Cp2LaX  230.4 425.9  195.5  -92.7  

 Cp2TiX2  161.3 294.0  132.7  -29.9  

 Cp2ZrX2  239.8 395.8  155.9  -53.2  

 Cp2HfX2  259.7 416.0  156.3  -53.5  

 Cp2VX2  77.7 170.4  92.7  10.0  

 Cp2NbX2  173.6 278.0  104.3  -1.6  

 Cp2TaX2  201.5 309.8  108.3  -5.6  

 Cp2MoX2  140.7 208.7  68.0  34.7  

 Cp2WX2  174.8 246.0  71.2  31.5  

          
a  D0 = [D0(M−OMe)   D0(M−Me)]. 
b   rE0   {  D0    rE0[(Si−OMe)   (Si−Me)]},  rE0[(Si−OMe)   (Si−Me)]   

102.7 kJ mol-1 (cf. section 4.6). 

 

without symmetry restrictions at the RI-BP86/def2-TZVP level (key structural data are 

provided in Table A-8.2 in Appendix A). An explicit comparison of eclipsed (D5h) and 

staggered (D5d) conformations in the ligand-free metallocenes was omitted due to the 

expected small energy difference.
291

 Subsequent single point calculations used  

def2-TZVPP basis sets for all atoms (cf. section 4.3). It was pointed out by Swart that the 

quality of the basis set can have a decisive effect on the actual spin-state splitting.
292

 

However, test calculations on the Cp2Zr complex showed only a minor impact on the 

spin-state splitting when the larger def2-QZVP basis set was employed. This indicates 

that the employed def2-TZVPP is of sufficient quality for the present aims. Similarly to 

the calculations of section 4.6, a variety of common density functionals (BP86, BLYP, 

PBE, TPSS, B3LYP, BHLYP, PBE0, TPSSh) were used to assess the impact of the 

chosen computational level on the thermochemical predictions. The calculated spin-state 

splittings and <S
2
> expectation values of all tested functionals are listed in Table A-8.1 in 

Appendix A. A more detailed discussion of these results will be omitted. Just to note 

briefly, all employed functionals predict the correct spin ground state, i.e., a triplet spin 

state for d
2
 (Ti, Zr, Hf), a quartet state for d

3
 (V, Nb, Ta), and a triplet state for d

4
 (Mo, 

W) metallocenes.
112,291,292

 The only drastic example of spin contamination was observed 

for the doublet states of vanadocene, niobocene, and tantalocene, independently of the 

functional (~1.75 vs the correct 0.75). The same result for vanadocene was obtained by 
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Figure 4.7. Calculated average metal−methyl and metal−methoxy BDEs D0 (ZPE-corrected) in 

metallocene complexes Cp2MX (M = Sc, Y, La) and Cp2MX2 (M = Ti, Zr, Hf, V, Nb, Ta, Mo, W). 

X = Me, OMe. All values are given in kJ mol
-1

 (B3LYP/def2-TZVPP//RI-BP86/def2-TZVP).  

 D0 = [D0(M−OMe)   D0(M−Me)]. 

 

Swart in related studies, and generally requires the use of spin-projection techniques to 

correct for (which was omitted in the present calculations).
288

 

The calculated average metal−methyl and –methoxy BDEs of all considered 

complexes are listed in Table 4.7 and are graphically shown in Figure 4.7. As mentioned 

before, the lack of appropriate experimental data prohibits a general statement about the 

quality of the calculated BDEs. Except for the group 3 metallocenes, both the oxo- and 

carbophilicity increases when going down in a given group from 3d to 5d  

transition-metals. At the same time, the oxophilicity constantly decreases on passing from 

left to right in a given transition-metal row. With the exception of D0(Hf−Me), the same 

tendency is seen for the corresponding transition-metal carbophilicities. These trends are 

thus largely in line with established literature knowledge on the nature of bonding in 

transition-metal M−alkoxy bonds (cf. the discussion in section 4.4). As shown in  

Figure 4.7, the calculated difference  D0 between the average M−OMe and M−Me BDEs 

(i.e., the relative oxo- and carbophilicity ratio) decreases on passing from left to right in a 

given row. In contrast,  D0 tend to increase slightly when going down in a given group. 

 D0 is the net gain of binding energy upon substitution of a M−Me by a M−OMe bond. 

Thus, the negative value of  D0 corresponds to the average reaction energy value  

 rE0 (    D0) for methyl-methoxy exchange for a given complex. As discussed in  

section 4.6, the corresponding average reaction energy for the converse reaction  

(methoxy-methyl exchange) in methoxysilanes was calculated to  rE0 = 102.7 kJ mol
-1

. 
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Figure 4.8. Calculated reaction energies  rE0 for average methoxy-methyl exchange in MenSi(OMe)4-n  

(n       3) (constant, black line), average methyl-methoxy exchange in metallocene complexes Cp2MX1/2 

(red line), and average total reaction energies for ligand exchange   rE0. All values are given in kJ mol
-1

 

(B3LYP/def2-TZVPP//RI-BP86/def2-TZVP).   rE0 = { rE0[(M−Me)   (M−OMe)]    rE0[(Si−OMe)   

(Si−Me)]}. 

 

Remember that this value may be viewed as a constant thermochemical quantity, 

irrespective of the employed reactant complex. As outlined in the beginning, the 

combination of both  rE0 values now allows for predicting the overall thermochemistry of 

ligand exchange (  rE0) associated with a given complex. The corresponding values are 

shown in Figure 4.8. Apparently, particularly complexes of vanadium, niobium, and 

tantalum allow for an almost thermoneutral exchange reaction with alkoxysilanes. 

Molybdenocene and tungstenocene show an endothermic profile, while reactions with 

metallocenes of group 3 and 4 transition-metals are predicted to proceed (in part highly) 

exothermically. We note in passing, that these thermochemical predictions are largely 

independent of the employed density functional (the corresponding individual results are 

provided in Appendix A-8). The computational results thus suggest that particularly 

group 5 and, potentially, group 6 metallocenes should be suitable deoxygenation catalysts 

with respect to a thermochemically feasible catalytic cycle. At the same time, these 

complexes exhibit comparatively low metal−methoxy BDEs as well as a low 

oxophilicity/carbophilicity ratio. Particularly the former characteristic is crucial in terms 

of a feasible regeneration of the catalyst. Moreover, the intrinsically higher instability of 

these M-OR bonds potentially allows for a larger variety of possible re-substitution 

reactions. In this context, it is interesting to note that stable Cp2Mo(OR)2 compounds 

have long been elusive. According to the present results, this is most likely due to the 

weakness of the corresponding Mo-OR bonds. Only recently Limberg and co-workers 
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were able to successfully prepare this class of compounds by supported bismuth 

complexation.
293

 The significant influence of cyclopentadienyl  -donor ligands on the 

stability of the Mo−O  bonds can be inferred from the fact that, e.g.,  

(RO)3Mo(C(tert-Bu)) trialkoxyneopentylidyne complexes of molybdenum have been 

known and used as alkyne metathesis catalysts for a long time.
294

 

Naturally, the above considerations apply particularly well for a mechanism that is 

based on σ-bond metathesis, as this is the most direct way for methyl-methoxy exchange. 

This approach coupled with the knowledge of the relative oxophilicity/carbophilicity ratio 

allows for a directed selection of (thermochemically) suitable deoxygenation catalysts. In 

contrast, the larger mechanistic complexity of oxidative addition/reductive elimination 

steps and the potential formation of a (previously unknown) “thermodynamic  

sink”-intermediate renders the simple relative oxophilicity/carbophilicity ratio less useful 

in this case. 
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4.9 Summary and Conclusions 

The focus of this combined experimental and computational project was to explore 

new synthetic routes toward a deoxygenation process for alkoxysilanes. To this end, the 

principal feasibility of two different mechanistic approaches was investigated by means 

of computations on a large set of transition-metal complexes. The first approach involved 

a consecutive sequence of oxidative addition/reductive elimination reactions via initial 

activation of Si−O  units. Computational studies on the thermochemical outcome of 

competitive Si−O vs C−O bond cleavage reactions at early and late transition-metal 

complexes showed without exception that the product of C−O activation is 

thermodynamically favored. Further studies on the reaction kinetics suggested that 

oxidative addition of (methyl)methoxysilanes most likely proceeds by initial methoxy 

C−H activation. Experimentally, a variety of different complexes were tested for their 

capability to activate the Si−OMe bond in TMOS. These reactions proved unsuccessful 

and were frequently accompanied by the formation of a complicated mixture of different, 

unidentified products. 

The second investigated mechanism was based on possible σ-bond metathesis 

reactions of methoxysilanes with early transition-metal metallocene complexes. Strong 

experimental indications for the feasibility of this type of bond activation were provided 

by the observed butylation of TMOS with the Cp2ZrCl2/2n-BuLi system. However, 

similar dimethylmetallocene complexes exhibited a drastically lower reactivity towards 

ligand exchange. Based on extended computational studies, it was suggested that reactive 

zirconocene(III) species generated during the thermal decomposition of Cp2Zr(n-Bu)2 are 

actually responsible for the observed n-butyl group-transfer. The key aspect in the 

proposed mechanism is the formation of methoxyhydrosilanes by σ-bond metathesis of 

TMOS with hydridozirconocene(III). These hydrosilanes in turn can undergo a facile 

metathesis with butylzirconocene(III) to afford the detected product (n-Bu)Si(OMe)3. 

Subsequent ligand scrambling reactions between zirconocene(IV) and zirconocene(III) 

complexes are assumed to account for the formation of Cp2Zr(n-Bu)(OMe) and 

regeneration of butyl and hydride Zr(III) species. Although in part speculative, the 

proposed mechanism provides a straightforward explanation for the reactivity differences 

between di(n-butyl)zirconocene and other dimethylmetallocenes towards TMOS. Further 

experimental studies disclosed the facile ligand exchange of TMOS with the hafnium 

half-sandwich complex Cp
*
HfMe3 within minutes at room temperature. Computational 

studies provided evidence that in this case the exchange reaction indeed proceeds by 

means of σ-bond metathesis of the unaltered reactant complex. The dramatically 

enhanced reactivity was attributed to a significantly reduced steric congestion in the 

transition state as well as a higher Lewis acidity of the central metal atom. Further 

computational studies focused on the relative oxo- and carbophilicity ratio in 

methylmethoxysilanes and group 3   6 transition-metal methyl and methoxy 
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metallocenes. The results indicated that particularly group 5 and 6 metallocenes should be 

suitable deoxygenation reagents with respect to a thermochemically neutral process that 

may be embedded successfully in a full catalytic cycle. That is, the predicted low 

M−OMe bond strength in these complexes potentially allows for a facile regeneration of 

the educt complex. Thus, a tempting vision for the next step towards an efficient catalytic 

cycle would be the coupling of the beneficial thermochemical characteristics of group 5/6 

metallocenes with a alkoxyhydrosilane-mediated ligand exchange process based on in situ 

generated alkoxyhydrosilanes. 

 

 



 

 

 

 



 

Chapter 5 

Assessment of the Performance of Local Hybrid Functionals 

for 3d Transition-Metal Complexes 

5.1 Introduction 

The application of density functional theory methods for the treatment of  

transition-metal containing systems is nowadays done on a routine basis. Virtually 

hundreds of papers dealing with the calculation of different properties, such as structural 

characteristics or energetics, for instance, are annually published in this highly important 

area of research, sometimes in a supportive role for reported experimental work, 

sometimes in predictive mode, such as demonstrated in the preceding Chapter. The fields 

of application comprise numerous topics like structure and bonding in (organometallic) 

coordination chemistry,
1-3

 elucidation and prediction of reaction pathways in 

homogeneous catalysis,
4,5

 or modeling of large bio-inorganic systems like 

metalloenzymes,
6-8

 for instance. One of the key steps for the success of DFT in this 

context was the development of more elaborate approximate exchange-correlation 

functionals beyond the local density approximation. The introduction of  

gradient-corrected density functionals in the first instance, as well as the employment of 

small-core relativistic pseudo potentials, played a major role in providing a methodology 

which decisively improved on the shortcomings of LDA.
2
 Besides, as noted by  

Scuseria et al.,
9
 for instance, one additional reason was and still is the lack of competitive 

high-level ab inito multireference methods. While these methods are potentially capable 

of accurately describing the multitude of different bonding situations inherent to many 

transition-metal complexes, they are computationally not feasible for larger compounds 

due to their unfavorable scaling with system size. On the contrary, “modern” DFT can 

often provide reasonably accurate results for such systems at comparatively low 

computational cost. However, to date no existing exchange-correlation functional is 

universally accurate for all classes of compounds and considered properties. This is true 
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even for more recently developed sophisticated density functionals, and thus a careful 

choice of the applied method and general set-up subject to the chemical problem at hand 

is still mandatory. Given the widespread use of DFT for treating transition-metal 

containing compounds, it is quite astonishing that most functionals were traditionally 

tested or empirically fitted primarily against (organic) main-group compounds. This 

situation appears to have finally changed during the last decade, as indicated by efforts to 

establish new test sets
10-23

 and an increased interest to benchmark recent functionals 

against properties of transition-metal complexes.
9,24

 Moreover, some parameterized 

functionals like several representatives of the M0x
25-30

 types developed by Truhlar and 

co-workers explicitly included transition-metal compounds in their fit sets. 

Local hybrid functionals,
31-39

 first introduced by Jaramillo et al.
32

 and to a large extent 

developed in our own group, have more recently been indicated as a potentially viable 

alternative to global hybrid functionals such as the famous B3LYP.
40-42

 In contrast to the 

latter functionals, where the admixture of exact Hartree-Fock exchange is a constant in 

space, local hybrid functionals include a position-dependent admixture via a so-called 

local mixing function (LMF). Our own efforts demonstrated that local hybrid functionals 

constructed from rather simple LMFs in combination with pure local exchange and local 

correlation already provide a surprisingly good performance for various properties of 

main-group compounds, e.g., atomization energies and barrier heights.
35

 More recently,
39

 

some of these functionals have been specifically optimized and tested in conjunction with 

the empirical dispersion corrections of Grimme (DFT-D3).
43-46

 The different LMFs 

utilized to date are usually a function of one or two variables and include typically  

1-2 semiempirical scaling parameters. While thus being only minimally empirical, the  

so-constructed local hybrid functionals share, however, the same “traditional” trait of 

some classical functionals as mentioned in the beginning. That is, their training sets did 

not explicitly include transition-metal compounds. Therefore, in order to verify whether 

the previously demonstrated good performance of local hybrid functionals for main-group 

compounds is retained for the latter systems, the present study aims at providing a broad 

assessment of the performance of local hybrid functionals for 3d transition-metal 

complexes. The main focus of our present work is set on the calculation of metal−ligand 

bond energetics. To this end, we will compare local hybrid functionals based on five 

different LMFs developed in our own group against a set of eight common semilocal and 

hybrid exchange-correlation density functionals. The set includes the BLYP,
40,41

 

BP86,
40,47,48

 and PBE
49,50

 GGA functionals, the TPSS
51,52

 meta-GGA functional, and four 

global hybrid functionals with varying amounts of exact Hartree-Fock (HF) exchange 

admixture (EXX). These are B3LYP (20% EXX), PBE0
53,54

 (25% EXX), BHLYP
40,41,55

 

(50% EXX), and the hybrid-meta-GGA functional TPSSh
56,57

 (10% EXX). 

The selection of molecules used for the present assessment is taken from two 

established benchmark sets for 3d transition-metal compounds. The first is an extensive 
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Table 5.1. Benchmark sets and their corresponding representatives or reaction 

energies, respectively, used for the assessment of local hybrid functionals. 

Test Set Molecules/Reactions 

  
Metal dimers K2, Sc2, Ti2, V2

+, V2, Cr2, Fe2, Co2, Ni2
+, Ni2, Cu2 

  
Metal hydrides KH, CaH, ScH, TiH, VH, CrH, MnH, FeH, CoH, NiH, CuH 

  
Metal nitrides ScN, TiN, VN, CrN 

  
Metal oxides CaO, ScO, TiO, VO, CrO, MnO, FeO, CoO, NiO, CuO 

  
Metal fluorides KF, CaF, ScF, TiF, CrF, FeF, CuF 

  
Reaction energies M2   2 M, M   Sc,  ,  i 

 MH   M   H, M   Cr, Mn, Co 

 MO   M   O, M   Ti, Mn, Cu 

 MF   M   F, M= Sc, Cr, Cu 

 Fe2Cl4   2 FeCl2 

 CoCl3   ½ Cl2 + CoCl2 

 Fe(CO)5   Fe(CO)4 + CO 

 Ni(CO)4    i(CO)3 + CO 

 ½ CrBz2   ½ Cr   Bz 

 ½ FeCp2   ½ Fe   Cp 

  
Mean ligand-removal 

enthalpies 
TiBr4, Ti(C5H5)2Cl2, TiCl4, TiCl2O, TiF4, TiF2O, TiO2, 

Cr(CO)5, Cr(pyridine)(CO)5, Cr(piperidine)(CO)5, Cr(pyrazole)(CO)5, 

Cr(CO)6, Cr(C6H6)(CO)3, CrO3, Mn2(CO)10, Mn(COCH3)(CO)5, 

Mn(C6H5)(CO)5, MnH(CO)5, MnCl(CO)5, Fe(CO)4, Fe(C2H4)(CO)4, 

Fe(CO)5, FeH2(CO)4, Fe(C5H5)2, Co2(CO)8, CoH(CO)4, Ni(CO)4, 

Ni(CO)3, CuCl, CuF, Zn(C2H5)2, Zn(CH3)2 

  

 

 

compilation by Furche and Perdew (FP)
10

 of mostly open-shell 3d transition-metal 

molecules for which accurate experimental data is available. One focus of this benchmark 

set are metal−ligand bond dissociation energies (BDEs), equilibrium bond lengths 

(EBLs), harmonic vibrational frequencies, and dipole moments of small diatomic M−X 

systems (M = 4
th

 period metal, X = M, H, N, O, F). For the present work, we chose to 

include mainly this part of the FP benchmark studies. However, due to the lack of 

gradients in the current implementation of local hybrids, the performance assessment of 

these functionals was necessarily limited to the calculation of bond energetics and 

equilibrium bond lengths. For the sake of completeness, computed harmonic vibrational 

frequencies obtained with standard density functionals are listed in Appendix B, together 

with Mulliken d-orbital populations, <S
2
> expectation values, and assigned (approximate) 

molecular term symbols. The setup of the individual reference sets followed the 

modifications made by FP. That is, most of them have been augmented by the  

pre-transition-metal elements potassium and calcium for reasons of comparison. 

Furthermore, the list of the archetypical homonuclear transition-metal dimers M2 was 
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extended by cationic species for which accurate experimental data are available. In 

addition, these authors have assessed structural and energetic properties of larger 

polyatomic and organometallic transition-metal complexes and compiled a reference set 

for reaction energies. The latter was additionally utilized for the present assessment. 

Finally, we benchmarked the local hybrid functionals against the test set of Johnson and 

Becke (JB).
11

 In contrast to the benchmark set of FP, this second set comprises mean 

ligand-removal enthalpies (MLREs) of exclusively closed-shell 3d transition-metal 

complexes. A complete listing of all (sub-)sets and their representatives or reactions, 

respectively, is given in Table 5.1. 

With the exception of the main-group metals potassium and calcium, all of the chosen 

test sets are restricted to 3d transition-metal compounds. This has the advantage that 

relativistic effects are for the most part still small (see the discussion in ref. 10 for notable 

exceptions), hence the neglect of an explicit treatment of these effects in the present 

calculations is justified to a good extent. However, our selection of reference data is 

clearly not exhaustive and arbitrary to a certain degree. Nevertheless, it should provide a 

reasonable first impression of the performance of local hybrid functionals in the current 

state of development for the calculation of metal−ligand bond energetics of  

transition-metal complexes. 

 

5.2 Computational Details 

All calculations were done with a locally modified version of the TURBOMOLE 

program, version 5.10,
58-60

 without applying any symmetry restrictions.  

A resolution-of-the-identity (RI) approximation employed in the local hybrid self-

consistent and non-self-consistent computational scheme required the use of large 

uncontracted basis sets for the accurate evaluation of non-standard two-electron integrals. 

Therefore, a fully uncontracted all-electron def2-QZVP
61

 basis set (hereafter denoted as  

def2-QZVP(UC)) was used for every element in all self- and non-self-consistent local 

hybrid functional calculations. The utilization of these very large basis sets additionally 

ensures the minimization of errors due to potential basis-set incompleteness effects.
10,46,62

 

Accordingly, the herein reported BDEs and MLREs of standard DFT functionals are 

based on total energies calculated with the same uncontracted basis sets. For reasons of 

comparison, additional calculations using the latter functionals in conjunction with the 

normal, contracted def2-QZVP basis sets have been carried out. Although larger 

differences in calculated properties obtained for both basis sets are not expected, the use 

of the very same basis set and similar convergence parameters (vide infra) allowed for a 

more consistent and convenient direct comparison of our initial results for molecular 
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ground states (and thus properties) to those reported by FP. For completeness, these data 

are summarized in Appendix B-2. BDEs of diatomic systems were calculated based on 

total molecular energies at the equilibrium structures and the corresponding total energies 

of the single atoms in their functional-specific reference state (see the discussion below). 

MLREs of the JB benchmark set are based on computed total atomic and molecular 

energies using literature structures. They were then calculated according to ref. 11 as total 

fragmentation enthalpies of the metal complexes into free transition-metal atom(s) and 

neutral ligands, divided by the corresponding total number of metal−metal ligand bonds. 

The so obtained total ligand-removal standard enthalpies were corrected by total standard 

enthalpy corrections given in ref. 11. We note in passing, that we followed the proposal of 

Johnson and Becke regarding the spin state of the Fe(CO)4 molecule. That is, the  

singlet-state multiplicity instead of the experimentally determined triplet state was used 

for the MLRE calculations. All non-self-consistent evaluations of local hybrid total 

energies were based on B3LYP orbitals. Throughout the text, we will exclusively refer to 

the results obtained non-self-consistently for all local hybrid calculations. However, for 

two functionals (based on the linear t-LMF and s-LMF, see below) we also report  

self-consistently obtained values in Appendix B. Spin-unrestricted Kohn-Sham wave 

functions were employed for all open-shell systems, as well as for atoms and  

homo-/heteronuclear diatomic metal compounds of formally closed-shell configuration. 

For standard DFT functionals, the equilibrium structures of diatomic molecules were 

obtained by full optimizations, employing both the def2-QZVP and def2-QZVP(UC) 

basis set in each case. Due to the lack of first- and second-order energy derivatives in the 

current implementation of local hybrid functionals, diatomic equilibrium bond lengths for 

these functionals were approximated by a least squares fitting procedure. To this end,  

single-point calculations (employing def2-QZVP(UC) basis sets) were carried out on a 

continuous range of fixed interatomic coordinates (using a resolution of Δr = 0.01 Å) in 

the vicinity of the estimated minimum. The reaction-energy reference set of FP and the 

MLRE benchmark set of JB have been evaluated using the literature structures of  

refs. 10 (TPSS/QZVP optimized) and 11 (B3LYP/6-31G(2df,p) optimized), respectively, 

for both local hybrid and standard DFT functionals. 

Total molecular energies were converged to 10
-7

 Hartrees in all self-consistent-field 

(SCF) calculations. Only in case of a significant deviation between def2-QZVP and  

def2-QZVP(UC) results, or with respect to reported quantum-chemical literature values, 

tighter SCF convergence criteria were applied (10
-9

 Hartrees) to verify a given electronic 

state. Transition-metal atomic total energies obtained self-consistently were also 

commonly converged to 10
-9

 Hartrees to ensure the stability of the identified states. The 

maximum norm of the Cartesian gradient was converged to 10
-5

 a.u. in all optimizations. 

Ultrafine exchange-correlation quadrature grids
59

 were employed in all calculations. 
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For the present calculations, atomic and molecular broken-symmetry ground states of 

lowest energy were used throughout. These were determined separately for each 

functional according to the procedure outlined in Appendix B-1. The so obtained 

approximate (see the discussion in B-1) molecular term symbols of diatomics M−X are 

listed in Appendix B-2. The issue of which reference electronic configuration of the free 

transition-metal atoms is employed for the calculation of bond energetics has been dealt 

with differently in the literature. For instance, one could use atomic asymptotes of the 

dissociation limit
63

 or functional-specific ground state electronic configurations.
10

 The 

latter, however, do not necessarily coincide with the experimentally determined ground 

states, which in turn might also serve as a reference.
64

 As stated above, we used atomic 

broken-symmetry solutions of lowest energy found for each functional, thus following the 

approach of FP.
10

 In this context, the artificial energetic inequality of the  

single-determinantal d-orbital angular momentum eigenstates
65,66

 has been addressed 

according to the proposal of Becke and co-workers.
66

 It manifests an inherent deficiency 

of conventional DFT methods and takes significant effect for certain transition-metal 

electronic configurations. Becke et al.
66

 demonstrated that the correct energy degeneracy 

of the eigenstates can largely be reestablished by using a current-density-corrected 

functional. However, common density functionals generally lack such a correction. 

Fortunately, these authors also found out that a reasonable approximate solution to the 

correct ground state energies can be obtained by choosing appropriate real orbital 

occupation patterns instead. These schemes have been applied, for instance, to the 

transition-metal electronic states in the JB benchmark set.
11

 More specifically, in  

“d
1
-type” configurations (referring to d

1
, d

4
, d

6
, and d

9
 states), occupation of the  z2 real 

orbital is recommended. Configurations of “d
2
-type” (d

2
, d

3
, d

7
, and d

8
 states) are best 

represented employing an occupancy that involves the  z2  and either the  xy  or  x2-y2 

orbital. While such distinct occupation schemes are strictly defined only in a  

symmetry-restricted environment, they still can serve well as guideline for the 

determination or verification, respectively, of the lowest-energy broken-symmetry states 

(see also Appendix B-2). 

The local hybrid functionals used for the present assessment purpose will be presented 

in the following by giving a brief overview of their general functional form and the 

construction of local mixing functions. As mentioned in the beginning, local hybrids 

include a position-dependent admixture of EXX and may generally be written as 

 xc
loc hyb       σ r  x,σ

exact r     1    σ r   x,σ
DFT r  dr

σ  , 

    c
DFT. (5.1) 

 σ r  is the real-space local mixing function (LMF) which governs the position 

dependence of EXX,  x,σ
exact  and  x,σ

DFT  are the exact and approximate (LSDA, GGA, etc.) 
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DFT exchange energy densities, respectively, and  c
DFT  is some DFT correlation 

functional (e.g., LSDA, GGA, meta-GGA). The present study exclusively employs local 

hybrid functionals that are based on Slater-Dirac (S) local exchange
67,68

 and Vosko-Wilk-

Nusair (VWN) local correlation
69

 (hereafter termed Lh-SVWN). 

The LMF   σ  r  can be constructed in various ways, and different types are primarily 

defined as a function of one or two distinct variables and typically include adjustable 

(semiempirical) parameters. For the present study, SVWN-based local hybrid functionals 

with five different types of mixing functions have been used. They belong to two 

different general classes of recently developed LMFs (denoted “t-LMFs” and “s-LMFs”). 

Previous efforts have demonstrated that the ratio 

 σ   
 W,σ r 

 σ r 
,          σ    , . (5.2) 

is a viable variable for the construction of local mixing functions (hence commonly 

termed “t-LMFs”).
32,34

 In this ratio,  W,σ r  is the von Weizsäcker kinetic energy density 

and  σ r  is the local kinetic energy density. We focus here on three different types of  

t-LMFs. The first is a simple one-parameter linear function,
33

 

 σ r      σ r ,                  1,   σ    , , (5.3) 

where b is an adjustable scaling parameter. This mixing function has already shown to 

provide promising results for various properties like atomization energies and reaction 

barriers, for instance.
33,70,71

 The hitherto used optimal value of this parameter, b = 0.48, 

was determined on the basis of the G2-1 reference set
72,73

 for atomization energies of  

main-group element molecules. In the following, we will occasionally refer to the  

Lh-SVWN functional that uses this linear mixing function simply as “t-LMF” for 

convenience. A further refinement of the linear t-LMF is a two-parameter function which 

includes the spin polarization ζ (the corresponding Lh-SVWN functional being referred to 

as “t-ζ-LMF”) as an additional variable
35

 (argument r is omitted for brevity): 

 σ    
      ζ   
      ζ   

 . (5.4) 

Here,    and    are separately defined for the two spin channels and 

ζ   
 
 
    

 

 
 
    

 

. (5.5) 
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The parameters b and c were fitted previously against the AE6 set of six atomization 

energies and the BH6 set of six reaction barriers (b = 0.446, c = 0.0531).
35

 This  

spin-polarized t-LMF has shown to provide superior results for the G3 atomization energy 

set
72-76

 compared to the scaled linear mixing function, while maintaining good results for 

reaction barriers. Finally, the third t-LMF which will be considered is a reformulation of 

the linear t-LMF (eqs. 5.2 and 5.3) in terms of a “common” LMF that employs the same 

approach for both spin channels
77

 (the corresponding functional being referred to as 

“common-t-LMF”): 

   r       r      r     
 W r 

  r 
      r ,                  1. (5.6) 

The prefactor b was optimized previously to 0.534 for the AE6/BH6 test sets.
77

 

Furthermore, two LMFs based on the so-called dimensionless density gradient, s, as basic 

variable have been used (“s-LMFs”).
34

 The first takes the analytical form of a  

one-parameter Gauss error function of s, 

 σ r    erf   σ r  ,                  1,   σ    , , (5.7) 

with b being a fitting parameter (cf. eqs. 5.3, 5.4, 5.6) that was optimized to 0.22. Similar 

to the linear one-parameter t-LMF, this function can be rewritten in terms of a  

two-parameter function including the spin polarization ζ (cf. eqs. 5.4 and 5.5): 

 σ    
erf       ζ    

erf       ζ    
       (optimized values: b = 0.197, c = 0.0423). (5.8) 

As noted before, Lh-SVWN functionals utilizing these two LMFs will occasionally be 

referred to simply as “s-LMF” and “s-ζ-LMF” in the following. 
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5.3 Results and Discussion 

5.3.1 Equilibrium Bond Lengths of Diatomics M−X 

Since the present work has its main focus on the assessment of bond energetics in 

transition-metal complexes, we discuss only briefly the results obtained for equilibrium 

bond lengths of the diatomic molecules (Table 5.2). Our results for standard functionals 

are largely in agreement with previous studies, which the interested reader may consult 

for more detailed analyses. Table 5.2 shows that the EBLs of the covalent dimers are best 

reproduced by GGA or meta-GGA functionals. All global hybrid functionals render the 

bond lengths much too long, as indicated by the large positive MEs. Amongst these, 

TPSSh shows the smallest MAE, which is nevertheless still more than four times larger 

compared to the best non-hybrid (BLYP) considered here. The local hybrids behave 

similarly to the global hybrids in this respect, yet the best local hybrid (common-t-LMF) 

shows a slightly better performance than TPSSh. Independent of global or local EXX, 

most hybrid functionals exhibit the largest error for Cr2. An exception is BHLYP, for 

which the largest error is found for Ti2. Numerous quantum-chemical studies
78-84

 have 

shown that an accurate computational treatment of the chromium dimer is especially 

challenging, since it exhibits strong multireference character and a (weak) 

antiferromagnetically coupled singlet ground state.
85

 Even some of the more sophisticated 

ab inito methods tend to struggle with a proper description.
80,83

 However, most GGA and 

meta-GGA functionals that have been tested against Cr2 qualitatively reproduced the 

experimentally determined shelf-like potential energy curve.
86

 Hence, significantly better 

agreement with the experimental equilibrium bond lengths is provided by these 

functionals. The pronounced failure of exact-exchange-based functionals has been studied 

in more detail by Truhlar and co-workers.
13

 Using the meta-GGA functional 

mPWKCIS
87,88

, they demonstrated that the shelf-structure quickly deteriorates with 

successively increasing EXX (in their test case it was essentially gone when 8% were 

reached). As a consequence, the Cr2 minimum is shifted to spuriously larger bond lengths. 

This might partly explain the slightly better performance of the TPSSh functional for Cr2, 

as it incorporates the smallest amount of EXX. Within the framework of the present 

study, we attempted to determine the optimum value of the LMF prefactor b separately 

for each subset (using the one-parameter t-LMF and common-t-LMF, see Appendix  

B-3). Essentially the same dependence described by Truhlar et al. was found in these 

calculations for the Cr2 EBL. That is, only for low values of b the shelf-like potential 

energy curve could be reproduced. The local hybrid ansatz thus does not improve on this 

issue. Considering again the results of local hybrids in Table 5.2, it is nevertheless 

interesting to note in this context that the functional with the potential largest admixture 

of exact exchange, the common-t-LMF, exhibits the best result for Cr2. We note in 

passing, that the performance of DFT methods for the chromium dimer can be improved 
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Table 5.2. Calculated mean errors (ME), mean absolute errors (MAE), and maximum errors (MaxE; the corresponding molecule is given in 

parentheses) for equilibrium bond lengths (EBLs) re [Å] of the five benchmark sets for diatomic molecules M−X (M   4
th

 period metal, X = M, H, N, 

O, F).
a
 

EBL  re(M2) 
 re(MH)  re(MN)  re(MO)  re(MF) 

Functional  ME MAE MaxE  ME MAE MaxE  ME MAE MaxE  ME MAE MaxE  ME MAE MaxE 

 
 

   
 

   
 

   
 

   
 

   

BP86 

 

-0.008 0.038 
0.079 

(K2) 
 -0.025 0.029 

-0.144 

(MnH) 

 

-0.013 0.017 
-0.021 

(ScN) 

 

-0.007 0.008 
-0.019 

(MnO) 

 

0.000 0.013 
-0.029 

(CaF) 

BLYP 

 

0.013 0.036 
0.085 

(K2) 
 -0.018 0.027 

-0.139 

(MnH) 

 

-0.002 0.010 
0.016 

(TiN) 

 

0.008 0.009 
0.017 

(NiO) 

 

0.011 0.021 
0.035 

(ScF) 

PBE 

 

-0.004 0.038 
0.095 

(K2) 
 -0.023 0.028 

-0.142 

(MnH) 

 

-0.015 0.017 
-0.023 

(CrN) 

 

-0.007 0.008 
-0.020 

(MnO) 

 

0.001 0.014 
-0.029 

(CaF) 

TPSS 

 

0.009 0.055 
0.191 

(K2) 
 -0.008 0.012 

-0.031 

(CaH) 

 

-0.009 0.015 
-0.018 

(VN) 

 

-0.004 0.004 
-0.017 

(MnO) 

 

-0.001 0.013 
-0.029 

(CaF) 

TPSSh 

 

0.124 0.162 
0.797 

(Cr2) 
 -0.005 0.012 

-0.028 

(CaH) 

 

-0.019 0.019 
-0.031 

(VN) 

 

-0.007 0.009 
-0.018 

(MnO) 

 

-0.001 0.013 
-0.030 

(CaF) 

B3LYP 

 

0.141 0.176 
0.837 

(Cr2) 
 -0.015 0.024 

-0.114 

(MnH) 

 

-0.025 0.025 
-0.036 

(ScN) 

 

-0.003 0.009 
0.032 

(CuO) 

 

0.010 0.016 
0.026 

 (ScF) 

PBE0 

 

0.148 0.195 
0.937 

(Cr2) 
 -0.003 0.012 

-0.024 

(CaH) 

 

-0.035 0.035 
-0.055 

(ScN) 

 

-0.014 0.020 
-0.031 

(CaO) 

 

0.004 0.018 
0.053 

(ScF) 

BHLYP 

 

0.562 0.562 
1.092 

(Ti2) 
 0.012 0.015 

0.037 

(CuH) 

 

-0.001 0.083 
0.163 

(CrN) 

 

0.013 0.036 
0.106 

(CrO) 

 

0.016 0.021 
0.071 

(ScF) 

Lh-SVWN:b,c 

 

       
 

   
 

   
 

   

aσ = 0.48tσ (σ = α, β) 

 

0.121 0.170 
0.923 

(Cr2) 
 -0.003 0.012 

0.023 

(KH) 

 

-0.034 0.034 
-0.056 

(ScN) 

 

-0.013 0.017 
-0.028 

(CaO) 

 

0.015 0.022 
0.065 

(ScF) 

aα = (0.446 + 0.0531ζ)tα 

aβ = (0.446 − 0.0531ζ)tβ 

 

0.110 0.163 
0.910 

(Cr2) 
 -0.004 0.013 

-0.020 

(FeH) 

 

-0.035 0.035 
-0.056 

(ScN) 

 

-0.014 0.017 
-0.029 

(CaO) 

 

0.012 0.020 
0.061 

(ScF) 

aσ = erf(0.22sσ) (σ = α, β) 

 

0.137 0.184 
1.003 

(Cr2) 
 -0.004 0.014 

-0.028 

(CaH) 

 

-0.037 0.037 
-0.056 

(ScN) 

 

-0.016 0.020 
-0.033 

(CaO) 

 

0.010 0.021 
0.058 

(ScF) 

aα = erf[(0.197 + 0.0423ζ)sα] 

aβ = erf[(0.197 − 0.0423ζ)sβ] 

 

0.115 0.167 
0.920 

(Cr2) 
 -0.007 0.014 

-0.030 

(CaH) 

 

-0.038 0.038 
-0.055 

(ScN) 

 

-0.018 0.020 
-0.034 

(CaO) 

 

0.006 0.021 
0.054 

(ScF) 

aα = aβ = a = 0.534t 

 

0.118 0.160 
0.847 

(Cr2) 
 -0.001 0.012 

0.028 

(KH) 

 

-0.042 0.042 
-0.057 

(ScN) 

 

-0.013 0.017 
-0.027 

(CaO) 

 

0.019 0.023 
0.069 

(ScF) 

 
 

   
 

   
 

   
 

   
 

   
a All calculations employed def2-QZVP(UC) basis sets. Here and in subsequent tables, the equilibrium bond length, mean error, mean absolute error, and maximum error will be 

denoted as EBL, ME, MAE, and MaxE. b EBLs of local hybrid functionals were obtained by a least squares fitting procedure. c Results from non-self-consistent calculations based 

on B3LYP orbitals. 
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Table 5.3. Averaged MEs and MAEs for BDEs [kcal mol
-1
] and EBLs [Å] of the five M−X 

test sets (M = 4
th

 period metal, X = M, H, N, O, F).
a
 Values in parentheses omitted the Cr2 

dimer. 

 BDE  EBL 

Functional ME MAE  ME MAE 

          
BP86 11.8 (12.0) 12.1 (12.3)  -0.011 (-0.012) 0.021 (0.021) 

BLYP 11.6 (11.6) 12.3 (12.3)  0.002 (0.003) 0.021 (0.021) 

PBE 12.9 (13.2) 13.1 (13.3)  -0.010 (-0.010) 0.021 (0.022) 

TPSS 8.7 (8.9) 9.3 (9.4)  -0.002 (-0.004) 0.020 (0.019) 

TPSSh 0.9 (1.0) 7.7 (7.6)  0.018 (0.001) 0.043 (0.027) 

B3LYP -4.1 (-4.2) 8.5 (8.5)  0.022 (0.004) 0.050 (0.033) 

PBE0 -7.1 (-7.1) 10.3 (10.3)  0.020 (0.000) 0.056 (0.037) 

BHLYP -23.7 (-24.0) 25.0 (25.3)  0.120 (0.110) 0.143 (0.133) 

Lh-SVWN:b          

aσ = 0.48tσ (σ = α, β) -4.3 (-4.2) 9.7 (9.6)  0.017 (-0.003) 0.051 (0.035) 

aα = (0.446 + 0.0531ζ)tα 

aβ = (0.446 − 0.0531ζ)tβ 
-2.6 (-2.5) 8.9 (8.8)  0.014 (-0.006) 0.050 (0.034) 

aσ = erf(0.22sσ) (σ = α, β) -4.3 (-4.2) 11.0 (10.9)  0.018 (-0.004) 0.055 (0.038) 

aα = erf[(0.197 + 0.0423ζ)sα] 

aβ = erf[(0.197 − 0.0423ζ)sβ] 
-2.2 (-2.1) 9.7 (9.7)  0.012 (-0.008) 0.052 (0.036) 

aα = aβ = a = 0.534t -1.9 (-1.8) 7.9 (7.9)  0.016 (-0.002) 0.051 (0.037) 

          
a All calculations employed def2-QZVP(UC) basis sets. b Results from non-self-consistent calculations based on 

B3LYP orbitals. 

 

by applying approximate spin-projection schemes, as shown by Edgecombe and Becke
79

 

and Siegbahn and Blomberg.
84

 To test the overall impact of the cumbersome Cr2 on the 

error statistics, MEs and MAEs were also evaluated without this particular dimer (see 

Table 5.3 and Figure 5.1 for averaged values). While this, as expected, improves MAEs 

of the global and local hybrid functionals significantly, the general trends are not affected. 

That is, the semilocal functionals still outperform the hybrid functionals roughly by a 

factor of 2 for MAEs. Notably, exclusion of Cr2 also does not change the qualitative 

performance of the functionals for BDEs (vide infra). 

Compared to the metal dimers, the performances of the functional types appear to be 

almost reversed for the monohydrides. The largest deviations of the calculated EBLs are 

found for the GGAs and B3LYP in this case. The TPSS meta-GGA and all other hybrid 

functionals, including the local hybrids, predict reasonably accurate EBLs on average 

(MAEs of 1.5 pm or less). Except for BHLYP, all functionals (slightly) underestimate the 

metal−hydride bond lengths. Note that the larger MAEs of BP86, BLYP, PBE, and 

B3LYP are mainly a consequence of these functionals predicting a wrong ground state for 

MnH (
5
   instead of 

7  ). We point out that FP used the MnH 
7   state for these 

functionals in their calculations.
10

 This was already noted by other authors before,
9
 and 
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Figure 5.1. Averaged MEs and MAEs of calculated EBLs of the five benchmark sets for 

diatomics M−X (M = 4
th

 period metal, X = M, H, N, O, F). 

 

results in improved error statistics for these cases. Turning to the mononitrides, the GGA 

functionals as well as TPSS and TPSSh clearly provide the best agreement with 

experimental bond lengths. Although all functionals tend to render the bond lengths too 

short in this case, the local hybrids significantly underestimate the bond lengths by more 

than 3 pm. PBE0 exhibits deviations of the same order of magnitude. Only the BHLYP 

functional with a MAE of more than 8 pm performs significantly worse. Notably, among 

the local hybrid functionals the common-t-LMF, which has shown good results 

considering the overall performance of local hybrids for the preceding subsets, performs 

worst for the mononitrides. Similarly, the local hybrid functionals perform rather poorly 

for the metal oxides. With the exception of PBE0 and BHLYP, all of the standard 

functionals exhibit excellent MAEs below 1 pm. The TPSS meta-GGA shows the best 

agreement with the experimental data in this case. In contrast, the local hybrids give 

errors that are about twice as large. For the monofluorides, most of the common 

functionals show MAEs of the same order of magnitude (with values around 1.5 pm). 

However, with the exception of BLYP, the GGA functionals and TPSS once again 

perform slightly better on average than the hybrid functionals. Only TPSSh achieves an 

equally good result in predicting accurate EBLs. The local hybrid functionals show a 

comparatively poor performance, with MAEs similar to BHLYP and BLYP (  2 pm). 

Among all tested functionals, the common-t-LMF exhibits the largest error in predicting 

the bond lengths of the monofluorides. 

Averaged values over all five subsets are listed in Table 5.3 and graphically shown in 

Figure 5.1. Except for the BLYP functional, GGA functionals and the meta-GGA TPSS 

on average tend to underestimate EBLs, whereas the hybrid functionals render the bonds 
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too long. Among the hybrid functionals, TPSSh provides the best agreement with 

experimental data while BHLYP dramatically fails. The local hybrids on average perform 

similar to B3LYP and PBE0. As discussed above, a careful selection of the applied 

functional is still indicated in order to minimize errors in calculated EBLs of different 

bond types. However, the results of Table 5.3 show that GGA or meta-GGA functionals, 

respectively, on average tend to be the preferable choice over hybrid functionals for the 

prediction of accurate MX 3d transition-metal−ligand bond lengths. Among all tested 

functionals, TPSS furnishes the overall lowest MAE. Similar conclusions have been 

drawn before for test sets of larger 3d transition-metal complexes.
9,17,19

 As a side note, 

this situation potentially changes when considering bond lengths of 4d or 5d  

transition-metal compounds, for which hybrid functionals are often found to be 

superior.
9,18

 Exclusion of the notoriously difficult Cr2 does not change the overall trends 

for the averaged MAEs in Table 5.3, but in most cases significantly reduces the gap 

between the corresponding results for the semilocal and hybrid functionals. 

 

5.3.2 Bond Dissociation Energies of Diatomics M−X 

We start our discussion on the performance of local hybrids for bond energetics for the 

small transition-metal diatomic systems. These systems offer a challenging task for 

density functionals, as has already been demonstrated in the preceding section for EBLs, 

as well as in numerous analogous studies before. This is due to their great diversity in 

different bonding patterns, which requires a high degree of flexibility for any functional if 

the aim is to provide an accurate description of a wider range of metal-bonding situations. 

An illustrative example of the potential complexity of such bonds can be given by means 

of the metal hydrides. At first glance, diatomic first row transition-metal hydrides may be 

considered as being seemingly simple in terms of bonding and its description by 

quantum-chemical methods. Yet, despite the limitation to form  ust one σ-bond with the 

1s orbital of hydrogen, they already represent a challenge for density functionals as well 

as post-HF methods.
89

 The difficulty of describing these systems accurately is a 

consequence of two possible transition-metal electronic states that can be involved, which 

in turn results in different types of bond formation.
90,91

 A 4s
2
3d

n
 configuration would lead 

to the formation of two sd hybrids, of which one can interact with the 1s hydrogen orbital 

to establish the σ-bond. The second possibility would be the formation of a 4s−1s-based 

bond when the metal atom exhibits a 4s
1
3d

n+1
 configuration. For a correct description of 

the binding mode and thus the physical properties of these systems, both of these states 

need to be weighted properly by any quantum-chemical method. 
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Table 5.4. Calculated MEs, MAEs, and MaxEs (the corresponding molecule is given in parentheses) for bond dissociation energies (BDEs) 

De [kcal mol
-1

] of the five benchmark sets for diatomic molecules M−X (M   4
th

 period metal, X = M, H, N, O, F).
a
 

BDE  De(M2) 
 De (MH)  De (MN)  De (MO)  De (MF) 

Functional  ME MAE MaxE  ME MAE MaxE  ME MAE MaxE  ME MAE MaxE  ME MAE MaxE 

 
 

   
 

   
 

   
 

   
 

   

BP86 

 

11.8 12.4 
30.9 

(Ti2) 
 12.0 12.0 

20.1 

(MnH) 

 

9.5 9.5 
13.2 

(TiN) 

 

19.1 19.1 
35.4 

(MnO) 

 

6.5 7.6 
11.8 

(CrF) 

BLYP 

 

12.6 14.6 
29.3 

(Ti2) 
 11.1 11.1 

19.7 

(FeH) 

 

11.1 11.1 
16.5 

(VN) 

 

17.6 17.6 
30.1 

(MnO) 

 

5.8 7.1 
14.3 

(CrF) 

PBE 

 

13.7 13.7 
32.5 

(Ti2) 
 8.9 9.2 

17.7 

(FeH) 

 

12.7 12.7 
17.0 

(TiN) 

 

21.7 21.7 
38.1 

(MnO) 

 

7.8 8.2 
12.9 

(CrF) 

TPSS 

 

8.0 9.6 
25.4 

(Ti2) 
 13.4 13.4 

21.5 

(FeH) 

 

3.2 3.3 
7.1 

(VN) 

 

13.6 13.6 
30.8 

(MnO) 

 

5.5 6.7 
11.5 

(CrF) 

TPSSh 

 

-4.1 8.3 
-22.9 

(V2) 
 12.1 12.1 

20.5 

(FeH) 

 

-9.0 9.0 
-13.8 

(CrN) 

 

3.7 4.2 
17.2 

(MnO) 

 

1.9 4.8 
7.6 

(CrF) 

B3LYP 

 

-12.1 12.1 
-33.4 

(V2) 
 8.3 8.4 

16.1 

(FeH) 

 

-13.9 13.9 
-18.5 

(ScN) 

 

-2.1 3.6 
-8.3 

(CaO) 

 

-0.8 4.4 
-9.7 

(CuF) 

PBE0 

 

-16.3 16.3 
-53.7 

(V2) 
 5.5 6.7 

12.6 

(MnH) 

 

-18.8 18.8 
-27.3 

(CrN) 

 

-4.4 5.8 
-10.5 

(CrO) 

 

-1.3 4.0 
-10.2 

(CuF) 

BHLYP 

 

-28.5 28.5 
-55.7 

(V2
+) 

 2.1 4.4 
10.7 

(VH) 

 

-49.1 49.1 
-52.1 

(ScN) 

 

-31.9 31.9 
-42.7 

(CoO) 

 

-11.1 11.1 
-18.4 

(CuF) 

Lh-SVWN:b,c 

 

       
 

   
 

   
 

   

aσ = 0.48tσ (σ = α, β) 

 

-12.3 12.3 
-42.3 

(V2) 
 8.2 8.3 

16.0 

(FeH) 

 

-18.7 18.7 
-28.6 

(CrN) 

 

-0.8 4.8 
-9.2 

(CrO) 

 

2.3 4.5 
8.1 

(CaF) 

aα = (0.446 + 0.0531ζ)tα 

aβ = (0.446 − 0.0531ζ)tβ 

 

-9.8 10.6 
-36.1 

(V2) 
 7.4 7.7 

15.6 

(FeH) 

 

-16.1 16.1 
-25.7 

(CrN) 

 

1.9 4.8 
11.2 

(FeO) 

 

3.5 5.4 
9.2 

(CaF) 

aσ = erf(0.22sσ) (σ = α, β) 

 

-16.6 16.6 
-44.0 

(V2) 
 10.8 10.8 

20.6 

(FeH) 

 

-17.3 17.3 
-26.9 

(CrN) 

 

-0.1 5.7 
11.3 

(MnO) 

 

2.0 4.5 
8.5 

(CaF) 

aα = erf[(0.197 + 0.0423ζ)sα] 

aβ = erf[(0.197 − 0.0423ζ)sβ] 

 

-13.4 13.9 
-36.6 

(V2) 
 9.4 9.5 

19.7 

(FeH) 

 

-14.1 14.1 
-23.6 

(CrN) 

 

3.6 5.6 
15.4 

(MnO) 

 

3.6 5.6 
10.2 

(CaF) 

aα = aβ = a = 0.534t 

 

-9.5 10.1 
-29.4 

(V2) 
 8.1 8.1 

16.1 

(FeH) 

 

-12.7 12.7 
-21.3 

(CrN) 

 

1.7 3.9 
9.4 

(FeO) 

 

2.9 4.7 
7.7 

(CrF) 

 
 

   
 

   
 

   
 

   
 

   
a All calculations employed def2-QZVP(UC) basis sets. Here and in subsequent tables, the bond dissociation energy will be denoted as BDE. b EBLs of local hybrid 
functionals were obtained by a least squares fitting procedure. c Results from non-self-consistent calculations based on B3LYP orbitals. 
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Most of the presently employed hetero-diatomics have been shown to exhibit various 

degrees of multireference character,
22,92

 and most of the bare metal dimers are no 

exception in this respect. The corresponding calculated BDEs are listed in Table 5.4. 

Inspection of the results shows that GGA and meta-GGA functionals consistently 

overestimate the BDEs and exhibit their maximum error for the Ti2 dimer. TPSS 

mitigates some of this overbinding, and thus provides the lowest absolute error  

(9.6 kcal mol
-1

) of all semilocal functionals. In contrast, the hybrid functionals 

underestimate the BDEs on average, and consistently show the maximum error for the 

vanadium dimer. Notably, a closer inspection of the individual calculated values in Tables 

B-2.1.3 and B-2.1.5 in Appendix B reveals that the largest deviations are actually of the 

same order of magnitude as the experimental binding energies. In particular, Sc2, V2
+
, and 

V2 are consistently seen to be problematic cases for the hybrid functionals. For the 

semilocal functionals, these are Ti2 and Fe2. Note also, that BHLYP actually predicts 

some molecules to be unbound (Sc2, Ti2, Fe2). In accordance with the results of FP, the 

hybrid TPSSh gives the overall lowest MAE of all tested functionals (8.3 kcal mol
-1

), 

closely followed by the parent TPSS (9.6 kcal mol
-1

). Among the local hybrid functionals, 

the t-ζ-LMF (MAE: 10.6 kcal mol
-1

) and common-t-LMF (MAE: 10.1 kcal mol
-1

) show a 

favorable improvement at least over the hybrid functionals B3LYP and PBE0 due to a 

reduced tendency to underbind. However, the linear t-LMF and both s-LMF functionals 

perform worse, and show error statistics similar to B3LYP and PBE0. 

As discussed by FP,
10

 some of the metal hydrides strongly benefit from the inclusion 

of exact exchange as a consequence of the resulting reduction of self-interaction error. 

Accordingly, most of the hybrid functionals outperform the semilocal functionals for this 

particular subset. TPSSh is the only exception among the standard DFT functionals, 

because it inherits the, in this case, unfavorable characteristics of the parent meta-GGA. 

Most likely, an additional drawback for TPSSh on this subset also results from its 

comparatively low admixture of EXX. This may be contrasted with the overall superior 

results of the BHLYP functional in terms of providing accurate BDEs. In general, it 

seems that independently of the DFT exchange and correlation a successively higher 

amount of EXX coincides with a lowering of the ME and MAE in this case (note that all 

functionals overestimate the BDEs on average). Consequently, the BHLYP functional 

performs best among all tested functionals. Likewise to the preceding subset of metal 

dimers, the t-ζ-LMF (MAE: 7.7 kcal mol
-1

) and common-t-LMF (MAE: 8.2 kcal mol
-1

) 

give the best results among the local hybrid functionals, closely followed by the linear  

t-LMF. While these three local hybrids (slightly) improve upon the results of the global 

hybrids B3LYP and TPSSh, the position-dependent admixture of EXX still seems to be to 

too low on average to match the good results of PBE0 and BHLYP. In fact, in case of the 

metal hydrides the optimum value of the prefactor b would be close or equal to 1 in order 

to minimize the errors for the BDEs, which sets the hydrides distinctly apart from the 

corresponding requirements of all other types of metal−ligand bonds considered in the 
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Figure 5.2. Averaged MEs and MAEs of calculated BDEs of the five benchmark sets for 

diatomics M−X (M = 4
th

 period metal, X = M, H, N, O, F). 

 

present study (see Appendix B-3 for a more detailed discussion). 

The BDEs of the multiply bonded mononitrides are seen to be best described by the 

meta-GGA TPSS, which provides an astonishingly low MAE of only 3.3 kcal mol
-1

. With 

the exception of TPSSh, the GGA functionals show an overall better performance than 

the hybrids for this subset. The second best hybrid functional after TPSSh is the  

common-t-LMF, which exhibits a MAE of 12.7 kcal mol
-1

. The remaining local hybrid 

functionals perform worse than B3LYP but still (slightly) better than PBE0, and thus 

overall resemble the results obtained for the calculations of the MN EBLs. For the 

monoxides, all hybrid functionals except BHLYP show a quite reasonable agreement with 

experimental data. The semilocal functionals perform significantly worse, and all of them 

exhibit MAEs considerably larger than 10 kcal mol
-1

. Overall, B3LYP predicts the most 

accurate BDEs for the metal oxides (MAE: 3.6 kcal mol
-1

). Most notably, the  

common-t-LMF ranks second among all functionals, and is only slightly inferior to 

B3LYP by 0.3 kcal mol
-1

. The BDEs of the metal fluorides are generally described 

reasonably well by all functional types, albeit the hybrid functionals (save BHLYP) 

perform somewhat better by roughly 2 kcal mol
-1

 on average. 

Averaged values over all five subsets are listed in Table 5.3 and graphically shown in 

Figure 5.2. Overall, the TPSSh functional (averaged MAE of 7.7 kcal mol
-1

) provides the 

best agreement with experimental data when the BDEs of all types of metal−ligand bonds 

are taken into account. Concerning the local hybrid functionals, the most promising result 
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Table 5.5. Calculated MEs, MAEs and MaxEs (the corresponding reaction 

is given in parentheses) for the FP reference set of 18 transition-metal 

complex reaction energies (in kcal mol
-1

).
a
 

Functional ME MAE               MaxE 

     
BP86 9.6 11.1 33.8 (MnO   Mn   O) 

BLYP 6.7 12.0 28.4 (MnO   Mn   O) 

PBE 11.1 11.8 36.5 (MnO   Mn   O) 

TPSS 8.5 10.8 29.2 (MnO   Mn   O) 

TPSSh 1.8 9.2 -23.2 (V2   2  ) 

B3LYP -7.7 12.4 -33.7 (V2   2  ) 

PBE0 -5.4 9.6 -54.0 (V2   2  ) 

BHLYP -23.4 24.6 -85.8 (V2   2  ) 

Lh-SVWN:b     

aσ = 0.48tσ (σ = α, β) -5.0 10.6 -43.3 (V2   2  ) 

aα = (0.446 + 0.0531ζ)tα 

aβ = (0.446 − 0.0531ζ)tβ 
-3.3 9.8 -37.3 (V2   2  ) 

aσ = erf(0.22sσ) (σ = α, β) -5.4 12.1 -44.9 (V2   2  ) 

aα = erf[(0.197 + 0.0423ζ)sα] 

aβ = erf[(0.197 − 0.0423ζ)sβ] 
-3.1 11.0 -37.7 (V2   2  ) 

aα = aβ = a = 0.534t -4.2 10.2 -30.2 (V2   2  ) 

     
a All calculations employed def2-QZVP(UC) basis sets. b Results from non-self-

consistent calculations based on B3LYP orbitals. 

 

is provided by the common-t-LMF. The averaged MAE of this functional is only slightly 

inferior to the corresponding value for TPSSh (by 0.2 kcal mol
-1

), and thus achieves the 

second best overall result. 

 

5.3.3 Reaction Energies Reference Set 

The results for the reaction energies reference set of FP are listed in Table 5.5. This set 

has been compiled with the aim of providing a benchmark for 3d transition-metal 

thermochemistry which is based on diversity, while at the same time including only 

molecules for which accurate experimental data is available. Hence, it mostly consists of 

a selection of small diatomics which have already been discussed in the preceding 

section, supplemented by some larger 3d transition-metal complexes (cf. Table 5.1). 

Where applicable, our results for the common functionals largely agree with literature 

data,
9,10,93

 and we refer the reader to ref. 10 for a more detailed discussion. Among the 
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presently used functionals, TPSSh gives the lowest MAE (9.2 kcal mol
-1

), closely 

followed by PBE0 (9.6 kcal mol
-1

). Semilocal functionals show somewhat larger mean 

absolute errors, but still perform better than B3LYP and BHLYP. As has been found for 

most of the previous test sets (except for the metal hydrides), the latter functional once 

again fails spectacularly. This commonly failure of the BHLYP functional for  

transition-metal compounds is in agreement with results
12,13,23

 of other functionals like 

BMK.
94

 The comparatively high admixture of EXX in these functionals in turn reduces 

the amount of nondynamical correlation, which, however, is oftentimes crucial for an 

accurate description of transition-metal systems.
93

 Concerning the local hybrids, the  

t-LMF-based functionals provide slightly superior results over the two s-LMF 

functionals, and the MAE of the t-ζ-LMF (9.8 kcal mol
-1

) is closest to the corresponding 

value of PBE0 and TPSSh, respectively. The common-t-LMF, which has been proven to 

give a good average performance for the small diatomics (see section 5.3.2), also 

performs reasonably well for this test set (MAE: 10.2 kcal mol
-1

). While the present local 

hybrid functionals reflect their relatively poor performance for some of the corresponding 

transition-metal diatomics (Sc2, V2, Ni2, TiO), inspection of Table B-5.29 shows that all 

of them provide quite accurate reaction energies for most of the polyatomic complexes. 

The good performance of local hybrids for the latter compounds is also retained for the 

more comprehensive benchmark set of larger closed-shell transition-metal complexes, as 

will be shown in the next section. 

 

5.3.4 Mean Ligand-Removal Enthalpies 

Table 5.6 lists the calculated MEs and MAEs of the JB benchmark set for MLREs of 

32 closed-shell 3d transition-metal complexes. We first note that the present results for 

standard DFT functionals are in good agreement with those obtained by Johnson and 

Becke (BP86, BLYP, PBE, TPSS, B3LYP, PBE0, TPSSh; 6-311++G(3df,3pd)), and the 

overall relative performance of the functionals is mostly retained. The only exception is 

the identical MAE for B3LYP and TPSSh (JB obtained a value for B3LYP that is lower 

by 0.2 kcal mol
-1

 as compared to TPSSh). For reasons of comparison, Table 5.6 also 

includes the JB results for the DF07 functional, which has been shown superior to other 

common functionals it was tested against on this benchmark set. As was already found by 

different authors,
9,11

 the hybrid functionals (MAEs of 2.8 – 5.0 kcal mol
-1

) outperform the 

semilocal functionals (MAEs of 5.6 – 9.5 kcal mol
-1

) in predicting accurate MLREs for 

this test set, with BHLYP (17.9 kcal mol
-1

) being an exception here. Table 5.6 also shows 

that the hybrids save TPSSh and the two s-LMFs tend to underestimate the MLREs on 

average, whereas the GGA functionals and TPSS significantly overbind. Most functionals 

exhibit their maximum error for oxides, again consistent with previous findings.
9,11

 PBE0 
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Table 5.6. Calculated MEs, MAEs and MaxEs (the corresponding molecule is given 

in parentheses) for the mean ligand-removal enthalpies (MLREs) of 32 closed-shell 

transition-metal complexes (JB benchmark set). All values are given in kcal mol
-1

.
a
 

 Mean Ligand Removal Enthalpy  Dispersion-corrected 

Functional ME MAE MaxE  ME MAE MaxE 

        
BP86 7.0 8.0 

14.7 

(TiO2) 
 8.6 9.3 

14.9 

(TiO2) 

BLYP 2.6 5.6 
13.2 

(CrO3) 
 4.3 6.3 

13.5 

(CrO3) 

PBE 9.1 9.5 
17.5 

(TiO2) 
 9.9 10.3 

17.6 

(TiO2) 

TPSS 7.4 8.2 
15.5 

(MnH(CO)5) 
 8.4 9.0 

16.3 

(MnH(CO)5) 

TPSSh 3.9 5.0 
9.6 

(MnH(CO)5) 
 5.0 6.1 

10.5 

(MnH(CO)5) 

B3LYP -4.9 5.0 
-21.7 

(FeCp2) 
 -3.5 3.6 

-16.9 

(FeCp2) 

PBE0 -2.1 2.8 
-16.4 

(CrO3) 
 -1.2 2.7 

-16.3 

(CrO3) 

BHLYP -17.9 17.9 
-46.9 

(CrO3) 
 -15.9 15.9 

-46.9 

(CrO3) 

DF07b 0.2 2.3 
7.1 

(TiF2O) 
 − − − 

Lh-SVWN:c        

aσ = 0.48tσ (σ = α, β) -2.1 3.2 
-12.5 

(CrO3) 
 -0.3 2.4 

-12.1 

(CrO3) 

aα = (0.446 + 0.0531ζ)tα 

aβ = (0.446 − 0.0531ζ)tβ 
-0.1 2.9 

-9.5 

(CrO3) 
 1.4 3.1 

-9.2 

(CrO3) 

aσ = erf(0.22sσ) (σ = α, β) 0.6 3.2 
-12.5 

(CuF) 
 0.8 3.0 

-10.8 

(CuF) 

aα = erf[(0.197 + 0.0423ζ)sα] 

aβ = erf[(0.197 − 0.0423ζ)sβ] 
0.6 3.2 

-12.5 

(CuF) 
 3.0 4.2 

-8.8 

(CuF) 

aα = aβ = a = 0.534t -2.1 3.5 
-8.7 

(CuF) 
 0.1 2.4 

-8.7 

(CuF) 

        
a All calculations employed def2-QZVP(UC) basis sets and used the structure data given in ref. 11 for 

all 32 transition-metal complexes. All underlying data include enthalpy corrections taken from 
ref. 11. Here and in subsequent tables, the mean ligand-removal enthalpy will be denoted as MLRE. 
b Results from basis-set-free NUMOL calculations of ref. 11. c Results from non-self-consistent 

calculations based on B3LYP orbitals. 

 

performs best among the employed functionals, showing a very low MAE of only  

2.8 kcal mol
-1

. However, all of the local hybrid functionals (MAEs of 2.9 –  

3.5 kcal mol
-1

) perform almost equally well as PBE0, particularly the spin-polarized  

t-ζ-LMF, which gives an MAE of 2.9 kcal mol
-1

. Thus, local hybrids can further improve 

on the already quite reasonable results of the hybrid B3LYP and TPSSh. In addition, we 

note that the previously attested transferability
11

 of the performance of the functional 

from main-group thermochemistry to the JB benchmark set is also valid for the local 

hybrid functionals. 

As this test set contains complexes with extended organic substituents, we also 

evaluated MLREs using the empirical dispersion correction of Grimme (DFT-D3).
43-46

 As 

reported previously,
39

 the sr,6 and s8 scaling factors of the dispersion model have been 

optimized separately for all local hybrid functionals in order to minimize the errors for the 
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S22 test set
95,96

 (using the reference values of ref. 96) while keeping the corresponding 

LMF parameters at their previously optimized values. For the common DFT functionals 

the standard parameters provided by the DFT-D3 program in its version 1.2 were 

employed. Note also that the calculations did not use the Becke-Johnson damping 

implemented more recently in DFT-D3.
46

 The thus obtained results are additionally listed 

in Table 5.6. Apparently, not all of the functionals actually benefit from the application of 

the dispersion corrections. All semilocal functionals and TPSSh show somewhat higher 

MAEs compared to the uncorrected results, with the largest increase (by 1.3 kcal mol
-1

) 

found for BP86. Among the local hybrids, the same effect is seen for the spin-polarized  

t-ζ-LMF and s-ζ-LMF. The remaining hybrid functionals in contrast exhibit a lowering of 

the MAE when the D3 correction is applied. Inspection of the uncorrected and 

corresponding dispersion-corrected mean errors in Table 5.6 shows that the latter are 

generally shifted to higher (i.e., less negative) values as a consequence of the D3 

correction. While this mitigates the underbinding found for several of the hybrid 

functionals, the already existing tendency of the semilocal functionals as well as TPSSh 

and the s-ζ-LMF to overbind is further increased, whereas actually a change of sign of the 

ME is found for the t-ζ-LMF. In consequence, the performance of those functionals 

deteriorates somewhat. In contrast, the overall largest decrease of the MAE (by  

2.0 kcal mol
-1

) is found for BHLYP. Among the local hybrids, particularly the linear  

t-LMF and the common-t-LMF benefit from the dispersion correction (by 0.8 and  

1.1 kcal mol
-1

, respectively), while the effect on the s-LMF is rather modest  

(0.2 kcal mol
-1

). Similar to the latter functional, only a minor improvement over the 

uncorrected result is gained for PBE0 (0.1 kcal mol
-1

). As a consequence, both local 

hybrid t-LMFs now perform slightly better than PBE0 and thus in this case provide the 

overall best agreement with experimental data (showing a MAE of 2.4 kcal mol
-1

, 

respectively). 

 

5.4 Summary and Conclusion 

In this study, the performance of five local hybrid density functionals with different 

local mixing functions has been assessed against a broad variety of 3d transition-metal 

complexes. The main focus was on the prediction of bond energetics in systems of 

various sizes and bonding characteristics. The employed test sets included small, mostly 

open-shell diatomic molecules as well as larger closed-shell complexes. Overall, we 

found that the spin-polarized t-ζ-LMF and the more recently introduced common-t-LMF 

show the most consistent and accurate performances among the local hybrid functionals. 

They often provide results for the individual subsets which compare well with or exceed 

the corresponding performances of the best global hybrids. 



 

Chapter 6 

Summary 

In this work Density Functional Theory methods were used to study a broad range of 

chemical problems and systems. The thesis, therefore, is made up from three connected 

parts. The main focus of the first part was on the electronic structure and spectroscopic 

properties of novel, unusual main-group element compounds of silicon and germanium. 

Such compounds are currently receiving considerable interest, for instance, due to their 

potential application for the activation and transformation of small, organic compounds. 

The transformation of inorganic silicon compounds by means of transition-metal 

complexes was the subject of the second part, in which the results of a joint experimental 

and quantum-chemical project were presented. This project focused on the development 

of new approaches for a possible catalytic deoxygenation of alkoxysilanes, as the 

resulting organo derivatives are promising alternative precursors for the production of 

silicones. Finally, a validation study of the performance of local hybrid functionals for the 

calculation of thermochemical properties of 3d transition-metal complexes was presented 

in the last part. 

Going into more detail, the quantum-chemical studies reported in Chapter 2 aimed at 

shedding light on the molecular and electronic structure of an unprecedented  

NHC-stabilized N-heterocyclic dioxasilirane as well as on the product of its 

reorganization, a cyclourea−sila-urea adduct. It could be shown that the unusual  

square-pyramidal configuration around silicon in the  HC−dioxasilirane originates 

mostly from electronic rather than steric effects of the NHC moiety. Experimentally, the 

dioxasilirane was found to undergo a thermally induced oxygen transfer into the Si−CNHC 

bond. Electron Localization Function (ELF) and Natural Resonance Theory (NRT) 

analyses of the resulting adduct clearly confirmed that it is a complex with dative 

interaction between a cyclic sila-urea acceptor and a cyclourea donor. The cyclic sila-urea 

moiety features a particularly short silicon−oxygen bond. By comparison with simpler 
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silanone species, the ELF and NRT analyses showed that cyclic resonance in this 

compound further reduces the covalent character of the already highly ionic Si=O bond. 

These results thus highlighted the importance of the Si=O bond description in terms of an 

ionic Si
+
−O

−
 resonance structure. This bonding picture is in agreement with previous 

theoretical studies by other authors on related systems. Further studies aimed at providing 

insight into the thermodynamic features that governs the activation of ammonia by a  

p-dimethylaminopyridine-stabilized N-heterocyclic silanone. Calculated reaction energies 

pointed to a rapid dynamic exchange between p-dimethylaminopyridine and ammonia in 

solution. Experimentally, a sila-hemiaminal and a silanoic amide were found as products 

of subsequent ammonia activation. The use of a polarizable continuum solvent model 

confirmed that the equilibrium between both tautomers is dependent on the solvent 

polarity. By comparison of their relative thermodynamic stabilities, it was suggested that 

two independent competing reaction pathways during ammonia activation lead to their 

formation instead of subsequent tautomerization of a single activation product. 

In Chapter 3 EPR parameters have been calculated for the first neutral, monomeric 

germanium(I) radical. The successful synthesis of this species has been based on the use 

of an electronically and kinetically stabilizing bulky  -diketiminate ligand. For the 

calculations different density functionals have been compared. It was found that the 

hybrid functional BHLYP with a high exact-exchange admixture provided the best 

agreement with experimental data. The corresponding calculated g-tensor and 
73

Ge 

hyperfine-coupling constants thus corroborated the assignment of a germanium(I) radical 

of predominantly  -type character. Accordingly, the calculated spin-density distribution 

showed only little spin delocalization onto the  -diketiminate ligand. Further support was 

provided by analysis of the molecular orbitals, which showed that the singly occupied 

frontier molecular orbital consists of an almost purely germanium-centered 4p orbital. 

The computational results of a combined experimental and computational project were 

presented in Chapter 4. The project focused on the development of new synthetic routes 

towards a transition-metal complex-assisted deoxygenation of tetraalkoxysilanes. 

Alkylalkoxysilanes are potentially promising alternative precursors for silicones. 

Currently, the industrial standard for the production of silicones is the hydrolytic 

condensation of organohalosilanes. Employing alkylalkoxysilanes would avoid  

halogen-containing compounds in this process, which is advantageous regarding technical 

and ecological considerations. A feasible and, ideally, catalytic process for the generation 

of alkylalkoxysilanes starting from the parent tetraalkoxysilanes is thus a most promising 

task. All experimental works of this project were done in the group of  

Prof. Dr. Wolfgang Malisch. These efforts as well as parallel extensive computational 

studies were carried out to test the feasibility of two suggested general mechanistic 

approaches. One approach was based on oxidative addition of alkoxysilanes followed by 

reductive elimination of the corresponding alkyl-derivatives, whereas the second 
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mechanism focused on σ-bond metathesis reactions as key steps. The corresponding first 

proposed reaction cycle was therefore computationally tackled by detailed studies on the 

reactivity of both an early and late transition-metal model complex towards the activation 

of specific bonds in alkoxysilanes. These studies suggested that the pursued objective, the 

specific activation of Si−O  units, is most likely hampered by kinetically competitive or 

even favored initial oxidative addition of C−H bonds. The results thus provided an 

indication why experimental efforts employing different transition-metal complexes 

failed to provide products of a simple Si−O bond activation. In contrast, the successful 

experimental conversion of tetramethoxysilane with representatives of early  

transition-metal metallocene complexes provided evidence for the feasibility of a σ-bond 

metathesis-based reaction process. In this context, two aspects have been computationally 

examined in more detail: (a) the observed reactivity difference between dimethyl- and 

dibutylzirconocene, and (b) the relative oxo- and carbophilicity ratio of early to mid 

transition-metal metallocenes. Motivation for a closer computational investigation of the 

first issue was provided by the fact that the Cp2ZrCl2/2n-BuLi system facilitated easy  

n-butyl group-transfer to tetramethoxysilane. In contrast, Cp2ZrMe2 showed only a 

sluggish reaction. Based on the assumed σ-bond metathesis mechanism the latter system 

should, however, exhibit a similar or better reactivity towards ligand exchange with 

alkoxysilanes. The well-known thermal instability of the Negishi reagent Cp2Zr(n-Bu)2 

provided the basis for a rationalization of this observation. Indeed, quantum-chemical 

calculations of the key steps of the decomposition process led to the proposal of a 

reaction mechanism with the following sequence of steps: (a) in situ generation of 

methoxyhydrosilanes by reaction of tetramethoxysilane with intermediately formed 

zirconocene hydrides, (b) σ-bond metathesis of these hydrosilanes with reactive  

n-butylzirconocene(III) species to afford (n-Bu)Si(OMe)3, (c) ligand redistribution 

between zirconocene(III) and zirconocene(IV) complexes to recover the active species, 

predominantly by means of hydride-bridged bimetallic intermediates. In this way a 

possible, straightforward explanation for the reactivity difference between 

dimethylzirconocene and di(n-butyl)zirconocene was provided. With respect to a 

plausible catalytic cycle, the deoxygenation reagent has to meet specific requirements. 

One important aspect is to provide a thermochemically flat reaction profile. For this 

reason, the relative oxophilicity and carbophilicitiy ratio in methylmethoxysilanes as well 

as group 3   6 transition-metal metallocene complexes were calculated. The ratio in 

methylmethoxysilanes may be viewed as a constant thermochemical quantity within the 

framework of the present studies. Thus, the overall thermochemistry for ligand exchange 

is consequently determined by the selection of the corresponding reactant complex. The 

computational studies demonstrated that particularly complexes of group 5 and 6 

transition-metals show a beneficial oxophilicity/carbophilicity ratio. Hence, these 

complexes were suggested to be particularly suitable for the realization of a 

thermochemically feasible catalytic exchange process. 
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In the last chapter the performance of local hybrid functionals for the calculation 

mainly of thermochemical properties of 3d transition-metal complexes was assessed. 

Local hybrid functionals are a comparatively new class of density functionals. In contrast 

to global hybrids these functionals introduce a position-dependent admixture of exact 

Hartree-Fock exchange by means of a local mixing function. Thus, they potentially offer 

a more flexible approach for the description of various atomic and molecular properties. 

Previous efforts have demonstrated that local hybrid functionals developed in our group 

can provide a surprisingly good performance for various properties of main-group 

compounds, e.g., atomization energies and barrier heights. Hence, the motivation for the 

presented study was to verify if this performance is also retained for transition-metal-

containing compounds. To this end, five local hybrid functionals (all based on Slater 

exchange and VWN correlation) were compared against a set of eight common density 

functionals. The employed test sets for benchmarking bond dissociation energies and 

equilibrium bond lengths included the archetypical transition-metal dimers as well as 

diatomic metal hydrides, nitrides, oxides, and fluorides. Furthermore, test sets for 

benchmarking reaction energies as well as mean ligand-removal enthalpies were 

considered. Overall it was found that both the spin-polarized t-ζ-LMF and the more 

recently introduced common-t-LMF provided the most consistent and accurate 

performances among all tested local hybrid functionals. Moreover, these functionals often 

provided results which compared well with the best global hybrid functionals. In the light 

of this study, local hybrids seem to be promising future functionals which can accurately 

describe a broad variety of molecular properties of compounds including elements from 

across the whole periodic table. 
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Appendix A 

A-1 Direct Reactions to Form Silicon Compounds from SiO2 

To date, most of organosilicon chemistry is based on elemental silicon as starting 

material.
1-3

 In general, besides some more specialized reactions, there are three major 

procedures for the generation of organosilicon compounds. They rely either directly on 

raw silicon metal or make use of silane species which correspondingly have been 

produced beforehand using raw silicon. As shown in Scheme A-1.1, these procedures are 

1) oxidative addition of haloalkanes (the direct synthesis), 2) nucleophilic substitution 

using metal alkyls (metathesis reaction), and 3) alkene insertion reactions like the  

metal-catalyzed hydrosilylation.
2
 Organooxysilanes are usually prepared from reaction of 

SiCl4 or organic derivatives with an alcohol or by alcoholysis, preferably acid or base 

catalyzed.
1,4,5

 In this context, the direct conversion of SiO2 to species suitable for further 

chemical processing would be a major advantage. As outlined in the introduction (section 

4.1), in this way the costly reduction of Si(IV) in SiO2 to Si(0) and subsequent 

reoxidation to Si(IV) compounds would be avoided. Indeed, there is a steady and 

recurring interest in developing new approaches to depolymerize SiO2 from different 

sources. Nevertheless, besides long known procedures such as the dissolution of silica in 

hydrogen fluoride, it appears that there is currently only a very limited pool of techniques 

known. Additionally, these may exhibit quite dramatic differences in reactivity with 

respect to the chosen source material.
6
 A selection of approaches without the claim of 

being comprehensive will be given in the following. They exemplify current indications 

for the feasibility of “Step 1” in Scheme 4.1, section 4.1, and outline some interesting 

developments that could potentially add to the importance of the present pro ect’s aims. 

One of the earlier examples of a direct conversion was described by Rosenheim et al. 

in 1931 and is depicted in Scheme A-1.2a.
7
 The procedure involves the reaction of SiO2 

 

 

Scheme A-1.1. Main synthetic routes (oxidative addition, nucleophilic substitution, alkene insertion) to 

organosilicon compounds starting from elemental silicon. 
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Scheme A-1.2. Dissolution of silica in (a) catechol and (b) ethylene glycol with alkali metal 

hydroxide, respectively, and (c) fluoroanhydride and methanol (L   2,2’-bipyridyl, 

1,10-phenanthroline, or Py2). 

 

with catechol in the presence of an alkali base. Dissolution of silica in organic diols under 

basic conditions has later been extended, besides others,
8,9

 by Laine and co-workers, for 

instance.
10,11

 They demonstrated the facile conversion of SiO2 by use of ethylene glycol in 

the presence of one equivalent of base, usually an alkali metal hydroxide or oxide, to 

yield anionic penta- and hexacoordinate glycolato silicate complexes 

(Scheme A-1.2b). Changing to catalytic amounts of hydroxide led to the formation of 

neutral tetracoordinate species and their oligomers. Neutral pentacoordinate adducts were 

obtained when instead amine-N bases (e.g. triethylenetetraamine) were employed as 

catalyst.
12

 These products may well serve as valuable precursors for, e.g., the sol−gel 

process or glasses. However, the limited applicability of these approaches in the context 

of the present study is quite obvious because there are no suitable silicon tetraalkoxides 

obtained directly, that is without prior acidification, to any great extent. These listed 

procedures are nevertheless worth mentioning because they exemplify an important 

aspect. As Laine already pointed out before, a feasible direct conversion that proceeds at 

rather low temperatures seems to be bound to reactions where equivalently strong 

silicon−element bonds are formed. This in turn would render the overall transformation 

thermodynamically neutral and the conversion could potentially proceed at rather low 

temperatures. Viable new strategies for depolymerizing SiO2 can consequently also be 

based on the formation of Si−F instead of Si−O bond-containing compounds. This has 

been disclosed, for example, by the dissolution of silica gel in fluoroanhydrid and 

methanol to yield silicon tetrafluoride with subsequent precipitation using tertiary amines 

(Scheme A-1.2c).
13

 

In principle, tetraalkoxysilanes can be synthesized directly from raw silicon metal or 

silicate minerals using monoalcohols, but these procedures are of rather low commercial 

relevance due to the manifold of different by-products.
1,14

 A more recent example in 
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Scheme A-1.3. Synthesis of TMOS via reaction of silica gel 

with gaseous DMC and potassium hydroxide. 

 

this regard was given by Chibiryaev and co-workers who showed that the reaction of 

methanol with different SiO2-containing materials at high temperatures leads to the 

formation of TMOS.
15

 

Probably the most interesting approach in recent years in the context of a direct 

production of tetraalkoxysilanes from SiO2 came, however, from the group of Ono in 

1992. Their method leads directly and quantitatively, with respect to the SiO2 source, to 

Si(OR)4 free of silane polymerization byproducts.
16

 This sets the procedure distinctly 

apart from the above discussed methods. In particular, Ono et al. demonstrated that SiO2 

from silica gel reacted with gaseous dimethyl carbonate (DMC) in a fixed-bed reactor 

setup at 200-350 °C to yield tetramethoxysilane (Scheme A-1.3). The silica gel was 

completely converted during the reaction course of this seemingly simple gas-solid 

reaction. Potassium hydroxide served as supported catalyst on the silica but other alkali 

metal hydroxides and halogens can be employed as well. Notably, complete conversion of 

the silica gel can also be achieved, albeit at higher temperatures, employing diethyl 

carbonate (DEC) as alkylating reagent.
17

 Moreover, the reaction procedure can also be 

adapted for other metal oxides (Ti, Ge).
18,19

 Shortly after, a similar reaction using rice hull 

ash was reported by the same group.
20

 This finding is particularly intriguing for two 

reasons. Firstly, similarly to the initially reported reaction it avoids halogen-containing 

reactants by employing the environmentally beneficial DMC.
21-25

 Secondly, it involves a 

low-cost silicon dioxide source which renders the process more suitable for a potential 

industrial application.
22,23

 Indeed, the synthesis of silicon-containing materials starting 

from rice hulls has attained much interest in the past and encompasses, for instance, the 

preparation of silicon carbide, silicon nitride, and zeolite,
26

 or the dissolution to form 

silicates.
27

 Suzuki and co-workers demonstrated that the above described method can also 

be applied for the deoligomerization of siloxanes,
28

 which makes it potentially interesting 

for the recycling of silicones.
29
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A-2 Transformations of Alkoxysilanes and Related Si−O-containing Compounds 

Although the Si−O bond ranges among the strongest bonds that can be found in nature, 

its cleavage in the common chemist’s lab is not as uncommon as one might expect. For 

example, silyl groups in the form of SiMe3 or SiEt3 are ubiquitous in organic synthesis as 

protecting groups for alcohols.
30

 The subsequent removal of SiR3 involves the use of 

carboxylic acids or some fluoride ion source. In a similar fashion, silyl groups with 

intermediate  −O−Si ’3 formation are made use of in the Mukaiyama aldol reaction, 

where the Si−O bond is typically cleaved using TiCl4.
31,32

 As mentioned before in the 

context of dissolving SiO2 in bases or HF (cf. Appendix A-1), the thermodynamic driving 

force in these exemplary cases is the substitution of a strong  O−Si unit by an 

approximately equally strong Si−halide or Si−O  bond. Other common reactions in the 

arsenal of chemists like the retro-Brook rearrangement (also known as Silyl-Wittig 

reaction)
33,34

 rely on Si−O bond activation, which in this case is followed by Si−C bond 

formation. Besides, main-group metal compounds
35

 and several reactions involving 

transition-metal complexes other than TiCl4 are know in the literature in which the 

breaking of silicon−oxygen bonds is involved in one way or another. For instance, 

exchange reactions of siloxanes or trimethylmethoxysilane with WF6 have been studied 

by Viswanathan et al. and Handy et al..
36,37

 Similar investigations using siloxanes or 

alkyl(silyl) ethers with fluorine complexes of tungsten, molybdenum, or tellurium were 

conducted by Winfield and co-workers.
38-41

 In the context of the directing influence of 

heteroatoms for cleaving specific bonds, van Koten and co-workers reported on a 

naphthalene-derivative-bonded amino group which is found to direct Si−C(sp
2
) or Si−O 

activation in the vicinity of a palladium complex.
42

 More examples on intramolecular 

silicon−oxygen bond activations are provided in section 4.5.2. 

Besides the ubiquitous directed exchange of silicon-bonded hydrides or halides, 

redistribution (disproportionation) or transesterification reactions of alkoxy-,  

alkoxyalkyl-, or alkoxyhydrosilanes by main-group metals
43

 or transition-metal 

complexes
44-46

 have been reported. In particular, Tilley and Harrod exemplified the 

titanocene and zirconocene catalyzed dehydrocoupling
47

 of hydrosilanes and 

redistribution of alkoxysilanes. For instance, [CpCp
*
ZrH2]2 is an active catalyst for the 

dehydrocoupling, but also catalyzes the disproportionation of HSiMe(OMe)2 to MeSiH3 

and MeSi(OMe)3.
48

 According to Tilley, [CpCp
*
ZrH2]2 is completely converted to 

CpCp
*
Zr(OMe)2 during this reaction. The latter complex still catalyzes the redistribution 

reaction, but only at higher temperatures. It is worth mentioning that apparently only 

hydrogen and methoxy groups are involved in this process. In general, Tilley proved that 

zirconium and hafnium complexes of the types Cp
*
MCl3 and Cp’2MX2 (M = Zr, Hf;  

Cp’   Cp, Cp ; X   H, alkyl, silyl, alkoxide, halide) can act as catalysts for the 

disproportionation of alkoxy- and siloxyhydrosilanes.
48

 The following order of reactivity 
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Scheme A-2.1. A proposed catalytic cycle for the redistribution of alkoxy- and 

siloxyhydrosilanes employing Cp2TiMe2 as catalyst, adapted from ref. 50;  

(X/R) = (Me/Me3Si), (alkoxy/Me), (Me/SiMe2H). 

 

was found in these studies: X = H, alkyl, silyl > halide > alkoxide; M    r ≈ Hf. Harrod 

and co-workers demonstrated that Cp2TiMe2 acts as an extremely efficient catalyst for the 

redistribution reaction of, e.g., HSi(OMe)3 to SiH4 and Si(OMe)4.
49-52

 Based on all 

experimental observations, the generalized catalytic cycle shown in Scheme A-2.1 was 

proposed. Harrod speculated that the alkoxy-hydrogen exchange reaction between the 

titanocene(III)-bonded silyl group and the titanocene(III) hydride could take place by 

means of the formation of a hydride-bridged bimetallic intermediate as depicted in 

Scheme A-2.1. Alternatively, exchange could be due to a simple σ-bond metathesis 

mechanism involving the usual four-center transition state.
50

 

 umerous examples for the generation of carbon−silicon bonds starting from various 

precursors and transition-metals are known in the literature. In most cases they are based 

on the substitution of hydrogens in silanes, probably the most renowned case being the 

hydrosilylation. One particularly interesting discovery was reported by Schattenmann et 

al.. The authors disclosed the conversion of tetraalkoxysilanes to mono-alkylated 

trialkoxysilanes at temperatures above 275 °C in a fixed-bed reactor setup and in the 

presence of different alkali metal hydride species (NaH, LiH, LiBH4).
53

 Sodium hydride  

 

 

Scheme A-2.2. Conversion of TMOS to 

methyltrimethoxysilane at elevated temperatures 

employing NaH in a fixed-bed reactor setup. 
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was found to exhibit the highest activity when reacted with TMOS (Scheme A-2.2). LiH 

and NaBH4 reacted similarly but required higher temperatures. Within the process setup 

NaH was even reactive enough to convert the higher alkoxide homologue silanes Si(OEt)4 

and Si(O-n-Pr)4 to the corresponding alkyltrialkoxysilanes. A similar disproportionation 

reaction employing various hydrides of transition-metals (e.g., Ti and Zr) and metal 

fluorides serving as catalyst (e.g. KF, LiF) has been reported earlier by the same author.
54

 

These results are most notably regarding the hydrocarbon source. Apparently, TMOS 

itself can act as a source for methyl groups. The authors of these studies proposed a 

mechanism which favors an intermolecular transfer reaction. 
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A-3 Selected Phase I Results for Oxidative Addition of Silyl Ethers 

Table A-3. Calculated reaction energies ΔE for the oxidative addition of silyl ethers (C−O and Si−O 

activation) to a variety of organotransition-metal complexes, adapted from ref. 69 (RI-BP86/SVP). All 

reaction energies (kJ mol
-1

) are given relative to the separate complex and silyl ether.
a,b

 

Complex Metal Ligand      Ether ΔE(C−O) ΔE(Si−O) ΔΔE 

         

 

Tid   CO  MeOSiH3 91.9  173.6  81.7 
  PH3  MeOSiH3 -92.9  -11.2  81.7 

  PMe3  MeOSiH3 -88.5  -6.9  81.6 

Zrd   CO  MeOSiH3 2.8  108.8  106.0 

 EtOSiMe3 39.4  166.0  126.6 

 MeOSi(OMe)3 -0.3  144.8  144.5 
  PH3  MeOSiH3 -164.7  -58.7  106.0 

  PMe3  MeOSiH3 -152.1  -43.7  108.4 

                  

 

Pde   MeOSiH3 24.0  74.6  50.6 

  MeOSi(OMe)3 14.1  98.8  84.7 

Pte   MeOSiH3 -0.7  55.1  55.8 

  MeOSi(OMe)3 -8.9  75.0  83.9 

                  

 

 

 

 MeOSiH3
f 32.9 

 

63.5 

 

30.6 

                  

 

   COg  MeOSiH3 24.9  70.0  45.1 
   PH3

g  MeOSiH3 26.2  38.4  12.2 

  MeOSi(OMe)3 17.9  68.0  50.1 

   PMe3
g  MeOSi(OMe)3 14.6  106.6  92.0 

   P(i-Pr)3
g  MeOSiH3 66.6  107.2  40.6 

  MeOSi(OMe)3 82.3  120.6  38.3 

   NHCc,g  MeOSiH3 29.6  52.8  23.2 
  MeOSi(OMe)3 -117.4  -53.0  64.4 

                  

 

 

 

 MeOSi(OMe)3
g 10.9 

 

70.8 

 

59.9 

                  

 

   COh  MeOSiH3 73.0  89.7  16.7 
  MeOSi(OMe)3 47.9  76.7  28.8 

   PH3
h  MeOSiH3 47.6  68.8  21.2 

   P(i-Pr)3
h  MeOSiH3 27.6  58.9  31.3 

   NHCc,h  MeOSiH3 55.9  80.4  24.5 

         
a All values are in kJ mol-1. b ΔΔE   ΔE(Si−O) – ΔE(C−O). 
c NHC = 1,3-dimethylimidazoline-2-ylidene. 
d Overall reaction: Cp2ML2   ether   2 L   Cp2M(O ’)(SiR3)/Cp2M( ’)(OSiR3); 

 ’ Me, Et;   H, Me. 
e Overall reaction: [M]   ether   [M](OMe)(SiR3)/[M](Me)(OSiR3); 

R=H,Me; [M] = MMe2[(κ
2-P,N)-Me2NCH2CH2PMe2]. 

f Overall reaction: [Rh]( η2-C2H4)   ether   C2H4 + [Rh](OMe)(SiR3)]/[Rh(Me)(OSiR3)]; 

R=H,Me; [Rh] = [ h{(κ2-P,P)-Me2PCH2PMe2}
+. 

g Overall reaction: [ u]   ether   [ u](OMe)(Si 3)/[Ru](Me)(OMe); 

[Ru] = Ru(Cl)(Cp)(L), Ru(Cl)(Cp*)(L). 
h Overall reaction: [Ru(Et2O)(L)]+ +ether   Et2O+ [Ru(L)(OMe)(SiR3]

+/[Ru(L)(Me)(OSiR3]
+; 

R=H,Me.
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A-4 Case Studies of Oxidative Addition of Silyl Ethers to Zirconocene Complexes 

 

Scheme A-4.1. Free enthalpy profile for possible oxidative addition of Me3Si(OMe) to Cp2Zr(PH3)2 by C−O, 

Si−O (left-hand side) and C−H (right-hand side) bond cleavage All energies (kJ mol-1) are given relative to 

the separate zirconocene and the silyl ether (B3LYP/def2-TZVPP//RI-BP86/def2-TZVP). [Zr] = Cp2Zr. 

 

 

Scheme A-4.2. Free enthalpy profile for possible oxidative addition of Me3Si(OMe) to Cp2Zr(CO)2 by C−O, 

Si−O (left-hand side) and C−H (right-hand side) bond cleavage, as well as CO insertion. All energies 

(kJ mol-1) are given relative to the separate zirconocene and the silyl ether (B3LYP/def2-TZVPP// 

RI-BP86/def2-TZVP). A red dashed line indicates reaction on the triplet surface, black dashed lines refer to 

the singlet surface. [Zr] = Cp2Zr. 
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Table A-4. Calculated reactions energies (∆E, ∆E0, ∆G)
a
 and activation energies ( E╪,  E0

╪,   ╪)
a
 for the 

reaction of Me3Si(OMe) and Si(OMe)4 with Cp2Zr. All values (kJ mol
-1

) and are given relative to the 

separate Cp2Zr in its triplet ground state and the corresponding silyl ether. The labels correspond to the 

reaction products and transition states of Schemes 2.7, 2.8, and 2.9. 

 Cp2Zr + Me3Si(OMe)  

 Label: 2 2’ 3 4 5 6 7 8 9 10  

             
 ΔE -17.0 11.4 -29.1 14.0 -164.8 -367.5 -129.3 -117.0 -113.7 -81.1  

 ΔE0 -16.1 14.7 -29.0 16.3 -160.0 -367.8 -133.3 -118.8 -118.3 -79.8  

 Δ  37.2 66.5 29.9 74.0 -107.1 -319.2 -78.4 -62.0 -65.1 -26.4  

             

 Label: 
TS 

2-5 

TS 

2-6 

TS 

2-7 

TS 

3-8 

TS 

4-9 

TS 

4-10 

TS 

7-6 

TS 

8-10 
   

             
 ΔE

╪ 22.5 31.8 -1.5 -25.1 32.8 88.7 -24.3 80.9    

 ΔE0
╪ 23.9 27.3 -7.8 -29.3 28.0 90.4 -38.2 72.7    

 Δ 
╪ 81.6 80.5 44.9 31.1 89.1 148.4 16.9 129.0    

             

 Cp2Zr + Si(OMe)4 
 

 Label: 11 12 12’ 13 14 15 16 17    

             
 ΔE -37.1 -13.4 -41.8 -6.3 -161.3 -369.3 -120.4 -95.9    

 ΔE0 -35.9 -12.0 -38.9 -5.5 -159.5 -368.6 -124.8 -97.6    

 Δ  20.5 43.9 13.8 55.1 -107.9 -316.1 -67.4 -33.1    

             

 Label: 
TS 

12-14 

TS 

12-15 

TS 

12-16 

TS 

13-17 
       

             
 ΔE

╪ 8.5 29.2 9.5 15.4        

 ΔE0
╪ 8.9 24.2 4.3 11.4        

 Δ 
╪ 65.5 78.0 61.0 76.8        

             

a  E0  E0
╪ are ZPE-corrected     energies of reaction activation;      ╪ are Gibbs free energies of reaction/ 

activation at 298.15 K and 0.1 MPa. 
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A-5 Case Studies of Oxidative Addition of Silanes to Pt(PMe3)2 

Table A-5. Calculated reaction energies (ΔE, ∆E0, ∆G)
a
 and activation energies (ΔE╪,  E0

╪,   ╪)
a
 for 

different bond activations of silanes MenSi(OMe)4-n (n = 0 – 4), SiH4, and HSi(OMe)3 at Pt(PMe3)2 

(B3LYP/def2-TZVPP//RI-BP86/def2-TZVP). All energies (kJ mol
-1

) are given relative to the separate 

complex and silane. [Pt] = Pt(PMe3)2. 

Silane 
Bond 

activation 

Transition state  cis-[Pt](  X)( ’ X’)  trans-[Pt](  X)( ’ X’) 

∆E
╪ ∆E0

╪ ∆G
╪  ∆E ∆E0 ∆G  ∆E ∆E0 ∆G 

             

Si(OMe)4 
Si−Ob 162.3 161.3 228.8  113.5 114.6 182.8  93.1 91.9 159.2 
C−Oc 244.9 237.9 294.2  -37.4 -38.6 20.8  -47.2 -49.5 11.9 

COMe−Hb 156.9 146.5 201.2  54.7 51.3 113.1  46.7 41.7 103.7 

             

MeSi(OMe)3 

Si−Ob 158.2 157.7 222.2  151.3 152.4 225.2  95.7 95.2 163.2 

C−Oc 247.1 239.4 294.6  -26.3 -28.2 31.0  -44.6 -46.2 14.9 
Si−Cb 158.9 156.7 218.1  36.0 40.2 102.5  30.2 32.6 96.0 

COMe−Hb 156.5 145.7 199.4  48.8 43.3 99.8  93.3 88.6 152.1 

CSiMe−Hb 143.3 134.0 192.9  41.9 40.0 101.5  37.6 34.1 104.1 
             

Me2Si(OMe)2 

Si−Ob 178.7 178.9 243.6  152.2 152.9 217.1  109.8 109.4 174.1 

C−Oc 256.3 248.8 303.2  -27.6 -28.6 32.4  -35.7 -37.8 21.7 
Si−C 165.3 162.7 213.6  37.3 41.4 104.4  38.4 42.1 107.9 

COMe−Hb 163.6 152.1 200.5  64.1 59.6 117.6  56.9 51.4 111.6 

CSiMe−Hb 145.1 135.7 193.6  45.6 43.9 105.5  38.2 35.0 97.7 
             

Me3Si(OMe) 

Si−Ob 183.6 183.9 245.2  138.6 139.6 202.4  120.4 120.9 184.3 

C−Oc 264.4 256.8 311.1  -23. -21.4 30.8  -23.6 -24.1 36.0 
Si−Cb 161.8 160.7 217.9  60.1 64.9 127.5  60.3 64.3 129.4 

COMe−Hb 160.5 149.4 199.7  61.8 56.2 107.2  44.5 38.1 93.3 

CSiMe−Hb 146.9 137.1 190.6  45.3 42.9 101.4  42.5 38.7 98.5 
             

SiMe4 
Si−Cb 166.5 165.1 219.6  62.0 67.6 129.8  73.7 77.5 145.8 

CSiMe−Hb 154.1 143.2 191.6  57.2 53.6 113.9  57.5 53.0 109.5 
             

             

SiH4 Si−Hb 19.7 18.9 58.0  -58.9 -53.8 -4.7  -59.1 -54.7 -3.9 
             

             

HSi(OMe)3 
Si−Hb 39.1 36.5 91.6  -51.8 -51.0 7.7  -45.3 -45.8 12-9 
Si−Ob 143.3 143.1 208.6  117.7 117.4 182.8  86.9 85.7 150.0 

             

a  E0  E0
╪ are ZPE-corrected     energies of reaction activation;      ╪ are Gibbs free energies of reaction/ 

activation at 298.15 K and 0.1 MPa. b Transition state leads to the cis-product. c Transition state leads to the 

trans-product. 
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A-6 Thermochemical Considerations I. Bond Energetics in TMS, TMOS, and 

Methylmethoxysilanes 

Table A-6.1. Selected averaged structural parameters of silanes MenSi(OMe)n-4  

(n       4) from optimizations employing different density functionals (RI-BP86 and 

B3LYP) in conjunction with def2-TZVP basis sets, respectively. Distances (r) are given 

in Å, angles (∡) are in degrees. 

          

Silane 

 r(Si−O)  r(Si−Me)  

 BP86 B3LYP Exp.  BP86 B3LYP Exp. 
 

Si(OMe)4  1.643 1.630 1.613a  − − −  

MeSi(OMe)3  1.652 1.640 1.632(±0.004)b  1.863 1.858 1.842(±0.013)b  

Me2Si(OMe)2  1.666 1.652 −  1.871 1.866 −  

Me3Si(OMe)  1.673 1.660 1.639c  1.882 1.877 1.864c  

Me4Si  − − −  1.890 1.885 1.875((±0.002)d  

          

          

Silane 

 r(O−Me)  ∡(Si−O−Me)  

 BP86 B3LYP Exp.  BP86 B3LYP Exp. 
 

Si(OMe)4  1.430 1.421 1.414a  124.5 126.2 122.3a  

MeSi(OMe)3  1.427 1.418 1.425(±0.004)b  124.8 126.6 123.6(±0.5)b  

Me2Si(OMe)2  1.426 1.417 −  123.9 125.8 −  

Me3Si(OMe)  1.421 1.413 1.423c  124.3 126.3 122.5c  

Me4Si  − − −  − − −  

          

a Electron diffraction data, ref. 199. b Electron diffraction data, ref. 200. c Electron diffraction 

data, ref. 201. d Electron diffraction data, ref. (Monaghan J Mol Struc 1971). 

 

 

Table A-6.2. Calculated individual (De) and average (   ) alkyl, chloro, and methoxy bond dissociation 

energies (0 K, no ZPE correction) of silanes (R/X)nSi(OMe)4-n (n = 0 – 4; R = Me, n-Bu, Ph, H; X = Cl) 

(B3LYP/def2-TZVPP//RI-BP86/def2-TZVP). All values are in kJ mol
-1

. 

 
 Si−R/X  Si−OMe  

Silane R/X: Me n-Bu Ph H Cl  Me n-Bu Ph H Cl  

              

R4Si  368.9 337.2 370.8 397.9 423.4  − − − − −  

R3Si(OMe)  371.1 330.6 387.5 397.1 438.9  465.0 451.2 446.8 444.2 457.3  

R2Si(OMe)2  378.9 347.9 406.1 407.2 452.0  478.6 473.1 474.2 470.9 465.1  

RSi(OMe)3  386.8 358.1 411.6 415.0 472.0  484.1 479.0 483.5 484.6 479.7  

Si(OMe)4  − − − − −  492.1 492.1 492.1 492.1 492.1  

              

D    376.4 343.3 394.0 404.3 446.6  480.0 473.8 474.2 472.9 473.6  

 D  
a  103.5 130.4 80.2 68.6 27.0        

              
a  D     D   Si-OMe    D  (Si-  X) 
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Table A-6.3. Calculated individual (De) and average (D  ) Me−O bond dissociation energies in 

methoxysilanes RnSi(OMe)4-n (n = 0 – 3) (B3LYP/def2-TZVPP//RI-BP86/def2-TZVP). All values 

are in kJ mol
-1

. 

 Me3Si(OMe) Me2Si(OMe)2 MeSi(OMe)3 Si(OMe)4  D  (O−Me)  

        
D (O−Me) 374.7 378.4 386.4 390.5  382.5  

        

 

 

Table A-6.4. Calculated individual (De, D0) and average (   ,    ) methyl and methoxy bond dissociation 

energies (0 K) of silanes MenSi(OMe)4-n (n = 0 – 4) at different computational levels.
a
 All values are given 

in kJ mol
-1

. 

Silane  BP86 BLYP PBE TPSS TPSSh B3LYP PBE0 BHLYP Spread 

           

Si(OMe)4 
De(Si−O) 476.6 470.1 484.9 479.4 485.4 492.1 500.0 505.8 35.6 

D0(Si−O) 455.0 448.6 463.4 457.8 463.9 470.5 478.5 484.2 35.6 

           

MeSi(OMe)3 

De(Si−O) 471.2 464.7 479.4 473.1 478.1 484.1 491.6 494.9 30.2 

D0(Si−O) 450.2 443.7 458.5 452.2 457.1 463.2 470.6 473.9 30.2 

De(Si−C) 380.8 371.0 393.9 376.4 381.4 386.8 402.3 396.7 31.2 

D0(Si−C) 360.7 350.9 373.8 356.2 361.3 366.7 382.2 376.6 31.2 

           

Me2Si(OMe)2 

De(Si−O) 468.1 462.1 475.9 469.4 473.0 478.6 484.7 485.8 23.7 

D0(Si−O) 447.5 441.5 455.3 448.8 452.4 458.0 464.1 465.2 23.7 

De(Si−C) 375.2 365.3 388.1 370.2 374.4 378.9 394.2 386.4 28.9 

D0(Si−C) 355.2 345.3 368.2 350.3 354.4 359.0 374.2 366.5 28.9 

           

Me3Si(OMe) 

De(Si−O) 455.7 451.2 463.3 456.9 459.5 465.0 469.3 469.6 18.4 

D0(Si−O) 435.8 431.3 443.4 437.0 439.6 445.1 449.3 449.7 18.4 

De(Si−C) 368.6 359.5 380.8 363.8 367.1 371.1 376.5 376.5 25.3 

D0(Si−C) 348.9 339.8 361.1 344.1 347.4 351.4 356.8 356.8 25.3 

           

Me4Si 
De(Si−C) 367.7 359.7 379.4 363.3 365.5 368.9 381.0 371.7 21.3 

D0(Si−C) 347.5 339.5 359.3 343.2 345.4 348.7 360.8 351.6 21.3 

           
           

Average 

D   (Si−O) 467.9 462.0 475.9 469.7 474.0 480.0 486.4 489.0 27.0 

D   (Si−O) 447.1 441.3 455.1 449.0 453.2 459.2 465.6 468.3 27.0 

D   (Si−C) 373.1 363.9 385.6 368.4 372.1 376.4 390.6 382.8 26.7 

D   (Si−C) 353.1 343.9 365.6 348.5 352.1 356.5 370.6 362.9 26.7 

           
           

OMe−Me a 

Exchangeb 

∆D  
 94.8 98.2 90.3 101.3 101.9 103.5 95.9 106.2 15.9 

∆D  
 94.1 97.4 89.5 100.5 101.1 102.7 95.1 105.4 15.9 

           

a BDEs from single-point calculations employing def2-TZVPP basis sets. All single-point calculations are based on 

RI-BP86/def2-TZVP optimized structures. b  D   D  Si-OMe    D (Si-  X). 
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A-7 σ-Bond Metathesis Reactions at Metallocene Complexes 

Table A-7. Selected geometrical data of σ-bond metathesis transition states for the reaction of TMOS 

with Cp2ZrR2 (R = Me, n-Bu) via different attacking modes (RI-BP86/def2-TZVP). Distances are given 

in Å, angles are in degrees. Refer to Figure A-7.1 for structure labeling. 

          

Mode R Zr−R1 Zr−R2 Zr−O Si−R1 Si−O R1−Zr−O R1−Zr−R2 R1−Si−O 

          

          

outside attack Me 2.429 2.362 2.423 2.414 1.709 70.361 75.286 83.483 

 n-Bu 2.545 2.417 2.389 2.360 1.731 68.447 76.130 84.031 
          

inside attack Me 2.564 2.347 2.355 2.353 1.732 66.157 141.680 80.830 
 n-Bu 2.588 2.409 2.372 2.449 1.755 62.119 136.847 73.747 

          

 

 

Figure A-7.1. Structure labeling for σ-bond metathesis 

transition states (R = Me, n-Bu). Only the atoms/groups 

depicted in blue are considered in Table A-7. The 

labeling applies for both the outside (as shown here) and 

inside attacking mode (cf. Scheme 2.14). 

 

 

Figure A-7.2. Comparison of calculated activation energies (ZPE-corrected) of 

intramolecular  -H abstraction in Cp2ZrMe2 and σ-bond metathesis of TMOS 

with Cp2ZrMe2 and Cp2ZrMe(OMe). All values are in kJ mol
-1

 (B3LYP/ def2-

TZVPP//RI-BP86/def2-TZVP). 
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Figure A-7.3. Comparison of calculated activation energies (ZPE-corrected) of 

intramolecular  -H abstraction in CpHfMe3 and σ-bond metathesis of TMOS with 

CpHfMe3, CpHfMe2(OMe), and CpHfMe(OMe)2. All values are in kJ mol
-1

 (B3LYP/ 

def2-TZVPP//RI-BP86/def2-TZVP). 
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A-8 Thermochemical Considerations II. Cp2MMe2 and Cp2M(OMe)2 Metal-Ligand 

Bond Dissociation Energies and their Significance for the Selection of Suitable 

Catalysts 

Table A-8.1. Spin state splitting (ΔEe, ΔE0) and <S
2
> expectation values in metallocene complexes Cp2M  

(M = Ti, Zr, Hf, V, Nb, Ta, Mo, W). Values are from single point calculations (def2-TZVPP) on  

RI-BP86/def2-TZVP structures, optimized separately for every spin state.
a,b

 

           

Metallocene 

 Functional 
Range 

 BP86 BLYP PBE TPSS TPSSh B3LYP PBE0 BHLYP 

           

Cp2Ti ΔEe(S-T) 29.3 39.2 34.7 45.5 57.6 40.8 66.8 104.0 29.3 - 104.0 

 ΔE0(S-T) 26.8 36.8 32.3 43.1 55.2 38.4 64.4 101.6 26.8 - 101.6 

            S2(singlet) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00  

 S2(triplet) 2.01 2.01 2.01 2.01 2.01 2.01 2.01 2.01  

           

Cp2Zr ΔEe(S-T) 29.9 20.7 24.7 28.8 32.3 28.1 35.2 40.8 20.7 - 40.8 

 ΔE0(S-T) 25.5 16.3 20.4 24.4 28.0 23.8 30.8 36.4 16.3 - 36.4 

            S2(singlet) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00  

 S2(triplet) 2.01 2.00 2.01 2.01 2.01 2.00 2.01 2.01  

           

Cp2Hf ΔEe(S-T) 43.3 38.5 35.2 43.0 47.4 47.9 48.8 64.1 35.2 - 64.1 

 ΔE0(S-T) 38.3 33.6 30.3 38.1 42.5 42.9 43.9 59.2 30.3 - 59.2 

            S2(singlet) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00  

 S2(triplet) 2.01 2.00 2.01 2.01 2.01 2.00 2.01 2.01  

           

Cp2V ΔEe(D-Q) 61.7 55.3 59.7 54.8 58.7 65.3 70.9 73.4 55.3 - 73.4 

 ΔE0(D-Q) 59.7 53.3 57.7 52.8 56.7 63.4 68.9 71.4 53.3 - 71.4 

            S2(doublet) 1.75 1.75 1.75 1.75 1.75 1.75 1.76 1.75  

 S2(quartet) 3.77 3.77 3.77 3.77 3.77 3.77 3.77 3.76  

           

Cp2Nb ΔEe(D-Q) 43.5 35.8 41.2 42.0 43.9 41.1 46.7 45.3 35.8 - 46.7 

 ΔE0(D-Q) 41.2 33.5 38.9 39.7 41.6 38.8 44.4 43.0 33.5 - 44.4 

            S2(doublet) 1.73 1.72 1.73 1.75 1.75 1.74 1.74 1.75  

 S2(quartet) 3.76 3.76 3.76 3.76 3.76 3.76 3.76 3.76  

           

Cp2Ta ΔEe(D-Q) 41.1 32.1 39.3 39.6 40.7 35.7 42.6 37.1 32.1 - 42.6 

 ΔE0(D-Q) 39.5 30.5 37.7 38.0 39.1 34.1 41.0 35.5 30.5 - 41.0 

            S2(doublet) 1.76 1.75 1.76 1.76 1.76 1.76 1.76 1.76  

 S2(quartet) 3.76 3.76 3.76 3.76 3.76 3.76 3.76 3.76  

           

Cp2Mo ΔEe(S-T) 63.0 65.7 55.6 71.5 81.8 86.6 84.7 122.5 55.6 - 122.5 

 ΔE0(S-T) 62.3 64.9 54.8 70.7 81.0 85.8 83.9 121.7 54.8 - 121.7 

            S2(singlet) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00  

 S2(triplet) 2.01 2.01 2.01 2.01 2.01 2.01 2.01 2.01  

           

Cp2W ΔEe(S-T) 63.6 63.7 56.6 70.3 77.9 79.2 78.7 106.4 56.6 - 106.4 

 ΔE0(S-T) 61.8 61.9 54.8 68.5 76.1 77.4 76.9 104.6 54.8 - 104.6 

            S2(singlet) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00  

 S2(triplet) 2.01 2.01 2.01 2.01 2.01 2.01 2.02 2.01  

           

a Energies are given in kJ mol-1. b ZPVE corrections from vibrational analyses at the RI-BP86/def2-TZVP level of 

theory. 
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Table A-8.2. Selected structural parameters for metallocene complexes Cp2M (M = Ti, Zr, Hf, V, Nb, Ta, 

Mo, W). Bond lengths are given in [Å], angles in [°]. All complexes have been optimized at the  

RI-BP86/def2-TZVP level. 

          

Compound  Cp2Ti Cp2Zr Cp2Hf Cp2V   Cp2Nb  

          Multiplicity  3 3 3 2 4  4  
Symmetry  C2v C2v C2v D5h D5h Exp. D5h  
          
          
Cp−M−Cp  179.1 148.3 165.1 179.3 180.0  179.9  

M−Cp  2.044 2.173 2.199 1.913 1.930  2.090  
M−C1  2.422 2.517 2.571 

2.266 2.280 2.280 2.417 

 

M−C2  2.390 2.508 2.531  

M−C3  2.340 2.456 2.461  

C1−C2  1.420 1.424 1.419 

1.428 1.427 1.434 1.428 

 

C2−C3  1.426 1.428 1.429  

C3−C3  1.430 1.433 1.434  

C−H  1.087 1.087 1.087 1.087 1.087 1.133 1.087  

          

Compound  Cp2Ta  Cp2Cr  Cp2Mo  Cp2W  

          Multiplicity  2 4 3  1 3 1 3 
Symmetry  C2v D5h C2v Exp. C2v C2v C2v C2v 
          
          
Cp−M−Cp  178.6 180.0 177.7  150.6 175.9 153.0 175.8 

M−Cp  2.074 2.082 1.797  1.888 1.960 1.886 1.958 
M−C1  2.407 

2.411 

2.109  2.249 2.242 2.260 2.239 

M−C2  2.406 2.151 2.169 2.276 2.287 2.274 2.286 

M−C3  2.403 2.222  2.228 2.363 2.227 2.366 

C1−C2  1.430 

1.430 

1.443  1.441 1.445 1.445 1.450 

C2−C3  1.431 1.430 1.431 1.438 1.432 1.445 1.434 

C3−C3  1.431 1.421  1.455 1.422 1.459 1.423 

C−H  1.086 1.086 1.086 1.108 1.086 1.086 1.086 1.086 

          

Compound  Cp2Sc Cp2Y Cp2La Cp2Ti Cp2Zr Cp2Hf Cp2Nb Cp2Cr 

          Multiplicity  2 2 2 1 1 1 2 1 

Symmetry  eclip stagg stagg      

          
          
Cp−M−Cp  167.1 138.8 132.1 161.8 151.0 154.9 178.6 177.7 
M−Cp  2.131 2.352 2.538/2.537 1.950 2.119 2.096 2.074 1.798 

M−C1  2.479 2.640 2.768/2.784 2.189 2.312 2.288 2.395 2.108 

M−C2  2.420 2.638 2.797/2.806 2.223 2.412 2.339 2.399 2.166 
M−C3  2.405 2.646 2.845/2.836 2.361 2.547 2.509 2.411 2.233 

M−C4  2.455 2.653 2.849/2.824 2.410 2.544 2.558 2.413 2.214 

M−C5  2.502 2.644 2.800/2.800 2.312 2.407 2.434 2.402 2.136 
C1−C2  1.426 1.421 1.425/1.423 1.455 1.455 1.469 1.431 1.440 

C2−C3  1.435 1.428 1.422/1.418 1.437 1.430 1.443 1.430 1.426 

C3−C4  1.432 1.420 1.419/1.422 1.415 1.412 1.414 1.428 1.420 
C4−C5  1.421 1.421 1.420/1.425 1.421 1.431 1.424 1.429 1.432 

C5−C1  1.420 1.422 1.425/1.422 1.455 1.455 1.456 1.431 1.443 

C−H  1.088 1.087 1.088 1.087 1.087 1.087 1.087 1.086 
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Figure A-8.1. Calculated average metal−methyl BDEs D0 (ZPE-corrected) in metallocene complexes 

Cp2MMe (M = Sc, Y, La) and Cp2MMe2 (M = Ti, Zr, Hf, V, Nb, Ta, Mo, W) employing different DFT 

functionals. BDEs have been obtained from single point calculations employing def2-TZVPP basis sets on 

RI-BP86/def2-TZVP optimized structures. All values are given in kJ mol
-1

. 

 

 

 

 

Figure A-8.2. Calculated average metal−methoxy BDEs D0 (ZPE-corrected) in metallocene complexes 

Cp2MOMe (M = Sc, Y, La) and Cp2MOMe2 (M = Ti, Zr, Hf, V, Nb, Ta, Mo, W) employing different DFT 

functionals. BDEs have been obtained from single point calculations employing def2-TZVPP basis sets on 

RI-BP86/def2-TZVP optimized structures. All values are given in kJ mol
-1

. 
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Figure A-8.3. Calculated average total reaction energies   rE0 for ligand exchange of MenSi(OMe)4-n  

(n       3) with metallocene complexes Cp2MMe1/2 employing different DFT functionals. All values are 

given in kJ mol
-1

.   rE0 = { rE0[(M−Me)   (M−OMe)]    rE0[(Si−OMe)   (Si−Me)]} (cf. Figures A-8.1 

and A-8.2). 
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Appendix B 

B-1 Identification of Atomic and Molecular Electronic Ground States 

The computational identification of the correct (broken-symmetry) electronic ground 

state of systems containing transition-metals can be a complex task due to the manifold of 

close-lying, low-energy states in certain cases. Besides the transition-metal atomic ground 

states, this is particularly true for the diatomic molecules considered in this study. 

Moreover, a given atomic or molecular minimum-energy solution for one specific 

functional does not necessarily translate into the ground state of other functionals. 

Additionally, the size of the applied basis set may be of relevance as well. To avoid a 

cumbersome trial-and-error-like procedure, attempts were made to reroute the latter to a 

more consistent and systematic approach for identifying the lowest energy 

broken-symmetry solutions (that is, all calculations used c1 symmetry). Note that some 

other authors have also reported their strategies for this task,
1-4

 and the present procedure 

shares some similarities. Depending on the system at hand, the present strategy may be 

somewhat lengthy from a computational point of view (as one may easily end up with 

hundreds of initial MO occupation guesses, see below), but should lead to the desired 

functional-specific electronic ground state in most cases. Evidence for this is provided by 

the fact that the present results are largely in line with reported literature values of related 

DFT studies. The exceptions found for the test sets at hand will be discussed in Appendix 

B-2. However, it is worth mentioning that for the majority of atoms and molecules 

studied here, the solution obtained based on a simple extended Hückel-Theory (EHT) 

guess already afforded the electronic state with lowest energy. The presently applied 

procedure is based on simple orbital rotations (by 90°) and involves the following 

sequence of steps: (a) After settling on a specific atomic or molecular multiplicity, an 

initial EHT guess (using the experimental structure where available) is subsequently 

converged/optimized without symmetry restrictions employing unrestricted (spin-

polarized) DFT. (b) Depending on the atom or molecule at hand, a fraction of the highest 

occupied alpha and beta frontier orbitals as well as a continuous range of corresponding 

virtual orbitals are selected. The inclusion of both occupied alpha and beta frontier 

orbitals at this point was often found to be important. Note also that the selection of 

included unoccupied orbitals should not necessarily be guided by chemical 

understanding, as in some difficult cases a rather counterintuitive starting guess provided 

the lowest-energy broken-symmetry solution. (c) New starting guesses are generated by 

permuting the selected occupied and virtual orbitals, with one simultaneous alpha and 

beta permutation applied per guess. These are subsequently self-consistently converged 

or, in case of diatomics, fully optimized. No SCF-related convergence option like, e.g., 

level shift or damping was commonly applied. The outlined procedure has the advantage 
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that it can be applied fully automatically as a black-box method without prior inspection 

of the orbital solution obtained in the first instance. By doing so, there is no need for a 

“manual” picking of virtual MOs as long as the sampling space is chosen sufficiently 

large. However, as a side result a lot of potentially less useful guesses are generated. 

The following tables also provide the assigned molecular term symbols. The meaning 

of these may be arguable in symmetry-unrestricted calculations, especially in case of 

strong symmetry breaking. Thus, some authors restricted the characterization of such 

atomic or molecular electronic states exclusively to the corresponding spin multiplicity.
3-5

 

Nevertheless, the entire term symbols have been determined and included in the present 

work mainly because they provide an additional guideline beyond simple multiplicities. 

As pointed out by FP,
1
 in case of strong symmetry breaking the assignment is rather 

tentative. For such cases, numerical analyses of the molecular orbitals in terms of the 

corresponding atomic orbital contributions provided additional indications beside the 

simple inspection of the plotted MOs. 

 

B-2 Detailed Listing of Individual Results 

General Remarks. For the standard DFT functionals, we note that the computed 

results show only a moderate dependence on the applied basis set (uncontracted or 

standard contracted def2-QZVP) in the majority of cases. That is, the differences found in 

BDEs or EBLs are usually less than ~0.4 kcal mol
-1

 and ~0.004 Å, respectively. If any, 

exceptions were often encountered for Cr2, Fe2, Ni2, and the cationic V2
+
 and Ni2

+
, for 

which some functionals exhibit discrepancies of up to 1.5 kcal mol
-1

 and 0.008 Å. 

However, there usually was no indication of a change in the electronic ground state for 

these cases. The only quite dramatic example encountered for the dimers was the 

deviation in bond lengths (Δre = 0.041 Å) of Ni2
+
 using the BLYP functional. In this case, 

the origin of the discrepancy clearly was the prediction of two different ground-state 

electronic configurations (
4
 u

-  and 
4
Δg) depending on the applied basis set. However, we 

were not able to enforce one common ground state for this particular functional and 

molecule (e.g., by using large level shifts). A similar unresolvable discrepancy regarding 

the results for both basis sets was encountered for the CoCl2 reaction energy of the FP
1
 

test set and BHLYP. In general, the present results are mostly in excellent agreement with 

the reported literature data of FP and others. Yet some notable exceptions were found 

which will be discussed in the following. Results of non-self-consistent and  

self-consistent local hybrid functional calculations usually were found to be in good 

agreement with each other, which validates the stability of the employed molecular states. 

Furthermore, this also confirms that the use of the post-SCF results for the present 
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assessment purpose of local hybrid functionals is justified to a good extent. Nevertheless, 

some exceptions were found and will be listed below. 

Metal Dimers. Among the transition-metal dimers, particularly Ni2 exhibits a lot of 

close-lying electronic states. This is fairly well demonstrated by the fact that in the 

present study more than five different states (of the same multiplicity) were identified 

within an interval of 30 mHartree above the B3LYP ground state. Hence, the proper 

determination of the minimum-energy state is especially difficult in this case. This is most 

likely also the reason behind the numerous deviations found for our calculated BDEs and 

EBLs as compared to the results of FP. In contrast, the difference found for the BDE of 

the titanium dimer is clearly the result of a wrong reference electronic ground state used 

for the Ti atom (s
1
d

3
 instead of s

2
d

2
) by the latter authors. When the high-spin state was 

employed in our calculations, we were able reproduce their reported BDE. For V2, most 

functionals predict a state that exhibits a significantly longer EBL and a larger BDE as 

compared to the reference values of FP. By inspection of the molecular orbitals, we 

nevertheless can assign the identical 
3 g

- molecular state. In case of BHLYP and Sc2, we 

can retrace a state that is roughly the same as the one of Barden et al.
6
 in terms of BDE 

and EBL. However, we could determine a state which is lower in energy. 

Metal Hydrides. In the present studies, a MnH 
7
 

+
 ground-state was not only found 

for TPSS, as stated by FP, but also for all hybrid functionals except B3LYP. The latter 

and all GGA functionals predict a 
5
 

+
 ground-state configuration. The calculated BDE of 

KH for the TPSS functional differs by more than 3 kcal mol
-1

 in comparison with the 

value of FP. Since essentially the same result is obtained with the def2-QZVP basis 

(which was also used by FP), we have no explanation for this deviation. Note also that a 
2
Δ ground state for  iH was found for the hybrid functionals B3LYP and TPSSh, in 

contrast to the state assignment of 
2
 

+
 by FP. However, in these cases we were also able 

to reproduce their incorrectly assigned ground states. 

Metal Nitrides. Comparing the present B3LYP results to the ones by FP, a notable 

difference of ~11 kcal mol
-1

 for the BDE and ~2.5 pm for the EBL is found for VN. Even 

when tighter convergence criteria were applied we could not reproduce their results. The 

predicted 
3
Δ molecular ground state is, however, in accordance with the assignment of 

FP. The deviation of the calculated TiN BDE in case of B3LYP can be traced back once 

again to the (presumably) incorrect use of a Ti(s
1
d

3
) atomic state by FP. However, the 

titanium nitride is a peculiar issue for all other common functionals when comparison is 

drawn to the literature values (BP86, PBE, TPSS, TPSSh). That is, the BDEs are 

consistent or at least largely in agreement with the values reported by FP. Yet at the same 

time, our calculated EBLs are significantly longer by  . 25− . 3  Å (for comparison, the 

B3LYP results only differ by about 0.005 Å), the largest deviation is found for the TPSS 

functional. These deviations clearly do not originate from a different molecular electronic 
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state, as all functionals predict the correct 
2
 

+
 ground state. Given the fact that the BDEs 

largely agree, as do the Mulliken d-populations and the calculated frequencies, we have 

no explanation for these discrepancies in EBLs. 

Metal Oxides. The present calculations showed a ~5 kcal mol
-1

 lower BDE of TiO in 

case of B3LYP as compared to the results of FP. The reported value could be reproduced 

when the Ti(s
1
d

3
) atomic state was used. 

Metal Fluorides. In their studies of neutral transition-metal−main-group element 

dimers, Jensen et al.
4
 reported a triplet state for ScF in case of PBE. We found the singlet 

state to be ~1.7 kcal mol
-1

 more stable in our calculations. Moreover, we cannot confirm 

their result of a doublet ground-state for TiF in case of BLYP. According to the present 

calculations, the TiF singlet state is, however, merely ~0.8 kcal mol
-1

 lower in energy. 

Note, that these authors included zero-point energies and enthalpy corrections in their 

calculations, which, together with the smaller TZVP basis set, might be the reasons for 

these discrepancies. 

MLRE benchmark set. For the purpose of verification, the MLREs were calculated 

using the B3LYP functional in conjunction with the same basis set employed by JB
7
  

(6-311++G(3df,3pd)). Note that in this case the B3LYP functional used the VWN-I 

LSDA correlation, whereas it is based on VWN-V LSDA in all other calculations. 

Identical results were obtained except for the complexes Co2(CO)8 and CoH(CO)4, for 

which a slightly higher MLRE (by 0.5 kcal mol
-1

) was found. We were not able to resolve 

this discrepancy. 
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Table B-2.1. Calculated mean errors (ME), mean absolute errors (MAE), and maximum errors (MaxE; the corresponding molecule is given in parentheses) for 

equilibrium bond lengths (EBLs) re [Å] of the five benchmark sets for diatomic molecules M−X (M   4
th

 period metal, X = M, H, N, O, F).
a
 Values in italics were 

evaluated without diatomics of the main-group metals (K, Ca). 

EBL  re(M2) 
 re(MH)  re(MN)  re(MO)  re(MF) 

Functional  ME MAE MaxE  ME MAE MaxE  ME MAE MaxE  ME MAE MaxE  ME MAE MaxE 

 
 

   
 

   
 

   
 

   
 

   

BP86 

 

-0.008 

-0.019 

0.038 

0.033 

0.079 (K2) 

-0.057 (Ti2) 
 

-0.025 

-0.029 

0.029 

0.032 

-0.144 (MnH) 

-0.144 (MnH) 

 

-0.013 0.017 -0.021 (ScN) 

 

-0.007 

-0.007 

0.008 

0.007 

-0.019 (MnO) 

-0.019 (MnO) 

 

0.000 

0.004 

0.013 

0.011 

-0.029 (CaF) 

0.021 (ScF) 

BLYP 

 

0.013 

0.004 

0.036 

0.030 

0.085 (K2) 

0.077 (Ni2
+) 

 

-0.018 

-0.023 

0.027 

0.028 

-0.139 (MnH) 

-0.139 (MnH) 

 

-0.002 0.010 0.016 (TiN) 

 

0.008 

0.008 

0.009 

0.009 

0.017 (NiO) 

0.017 (NiO) 

 

0.016 

0.019 

0.020 

0.019 

0.035 (ScF) 

0.035 (ScF) 

PBE 

 

-0.004 

-0.016 

0.038 

0.031 

0.095 (K2) 

-0.052 (Ti2) 
 

-0.023 

-0.026 

0.028 

0.030 

-0.142 (MnH) 

-0.142 (MnH) 

 

-0.015 0.018 -0.023 (CrN) 

 

-0.007 

-0.007 

0.008 

0.008 

-0.020 (MnO) 

-0.020 (MnO) 

 

0.001 

0.005 

0.014 

0.012 

-0.029 (CaF) 

0.021 (ScF) 

TPSS 

 

0.009 

-0.013 

0.055 

0.038 

0.191 (K2) 

0.082 (Cr2) 
 

-0.008 

-0.006 

0.012 

0.011 

-0.031 (CaH) 

-0.021 (TiH) 

 

-0.010 0.015 -0.019 (VN) 

 

-0.004 

-0.003 

0.004 

0.004 

-0.017 (MnO) 

-0.017 (MnO) 

 

-0.001 

0.004 

0.013 

0.011 

-0.029 (CaF) 

0.026 (ScF) 

TPSSh 

 

0.124 

0.116 

0.162 

0.159 

0.797 (Cr2) 

0.797 (Cr2) 
 

-0.005 

-0.004 

0.012 

0.011 

-0.028 (CaH) 

-0.020 (TiH) 

 

-0.019 0.019 -0.031 (VN) 

 

-0.007 

-0.007 

0.009 

0.009 

-0.018 (MnO) 

-0.018 (MnO) 

 

-0.001 

0.004 

0.013 

0.011 

-0.030 (CaF) 

0.023 (ScF) 

B3LYP 

 

0.141 

0.150 

0.176 

0.190 

0.837 (Cr2) 

0.837 (Cr2) 
 

-0.015 

-0.017 

0.024 

0.026 

-0.114 (MnH) 

-0.114 (MnH) 

 

-0.025 0.025 -0.036 (ScN) 

 

-0.003 

-0.002 

0.009 

0.009 

0.032 (CuO) 

0.032 (CuO) 

 

0.010 

0.014 

0.016 

0.015 

0.026 (ScF) 

0.026 (ScF) 

PBE0 

 

0.148 

0.154 

0.195 

0.206 

0.937 (Cr2) 

0.937 (Cr2) 
 

-0.003 

-0.001 

0.012 

0.011 

-0.024 (CaH) 

-0.022 (TiH) 

 

-0.035 0.035 -0.055 (ScN) 

 

-0.014 

-0.012 

0.020 

0.018 

-0.031 (CaO) 

0.029 (CuO) 

 

-0.002 

0.004 

0.012 

0.011 

-0.031 (CaF) 

0.018 (CuF)  

BHLYP 

 

0.562 

0.623 

0.562 

0.623 

1.092 (Ti2) 

1.092 (Ti2) 
 

0.012 

0.015 

0.015 

0.016 

0.037 (CuH) 

0.037 (CuH) 

 

-0.001 0.083 0.163 (CrN) 

 

0.013 

0.018 

0.036 

0.037 

0.106 (CrO) 

0.106 (CrO) 

 

0.009 

0.015 

0.014 

0.015 

0.034 (CuF) 

0.034 (CuF) 

Lh-SVWN:b,c 

 

       
 

   
 

   
 

   

aσ = 0.48tσ (σ = α, β) 

 

0.121 

0.121 

0.170 

0.191 

0.923 (Cr2) 

0.923 (Cr2) 
 

-0.003 

-0.004 

0.012 

0.010 

0.023 (KH) 

-0.019 (FeH) 

 

-0.034 0.034 -0.056 (ScN) 

 

-0.013 

-0.011 

0.017 

0.016 

-0.028 (CaO) 

-0.021 (MnO) 

 

0.010 

0.011 

0.016 

0.014 

0.027 (KF) 

0.026 (ScF) 

aα = (0.446 + 0.0531ζ)tα 

aβ = (0.446 − 0.0531ζ)tβ 

 

0.110 

0.110 

0.163 

0.183 

0.910 (Cr2) 

0.910 (Cr2) 
 

-0.004 

-0.006 

0.013 

0.011 

-0.020 (FeH) 

-0.020 (FeH) 

 

-0.035 0.035 -0.056 (ScN) 

 

-0.014 

-0.013 

0.017 

0.015 

-0.029 (CaO) 

-0.024 (MnO) 

 

0.006 

0.008 

0.015 

0.012 

0.023 (ScF) 

0.023 (ScF) 

aσ = erf(0.22sσ) (σ = α, β) 

 

0.137 

0.138 

0.184 

0.207 

1.003 (Cr2) 

1.003 (Cr2) 
 

-0.004 

-0.003 

0.014 

0.013 

-0.028 (CaH) 

-0.023 (TiH) 

 

-0.037 0.037 -0.056 (ScN) 

 

-0.016 

-0.014 

0.020 

0.019 

-0.033 (CaO) 

-0.028 (MnO) 

 

0.006 

0.009 

0.017 

0.015 

0.028 (ScF) 

0.028 (ScF) 

aα = erf[(0.197 + 0.0423ζ)sα] 

aβ = erf[(0.197 − 0.0423ζ)sβ] 

 

0.115 

0.115 

0.167 

0.188 

0.920 (Cr2) 

0.920 (Cr2) 
 

-0.007 

-0.006 

0.014 

0.013 

-0.030 (CaH) 

-0.025 (TiH) 

 

-0.038 0.038 -0.055 (ScN) 

 

-0.018 

-0.016 

0.020 

0.019 

-0.034 (CaO) 

-0.030 (MnO) 

 

0.002 

0.005 

0.016 

0.014 

-0.027 (CaF) 

0.023 (ScF) 

aα = aβ = a = 0.534t 

 

0.118 

0.115 

0.160 

0.180 

0.847 (Cr2) 

0.847 (Cr2) 
 

-0.001 

-0.003 

0.012 

0.009 

0.028 (KH) 

-0.017 (FeH) 

 

-0.042 0.042 -0.057 (ScN) 

 

-0.013 

-0.012 

0.017 

0.016 

-0.027 (CaO) 

-0.022 (MnO) 

 

0.013 

0.014 

0.017 

0.015 

0.035 (KF) 

0.026 (ScF) 

 
 

   
 

   
 

   
 

   
 

   
a All calculations employed def2-QZVP(UC) basis sets. Here and in subsequent tables, the equilibrium bond length, mean error, mean absolute error, and maximum error will be denoted as EBL, ME, MAE, 

and MaxE. b EBLs of local hybrid functionals were obtained by a least squares fitting procedure. c Results from non-self-consistent calculations based on B3LYP orbitals. 
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Table B-2.2. Calculated MEs, MAEs, and MaxEs (the corresponding molecule is given in parentheses) for bond dissociation energies (BDEs) 

De [kcal mol
-1

] of the five benchmark sets for diatomic molecules M−X (M   4
th

 period metal, X = M, H, N, O, F).
a
 Values in italics were evaluated without 

diatomics of the main-group metals (K, Ca). 

BDE  De(M2) 
 De (MH)  De (MN)  De (MO)  De (MF) 

Functional  ME MAE MaxE  ME MAE MaxE  ME MAE MaxE  ME MAE MaxE  ME MAE MaxE 

 
 

   
 

   
 

   
 

   
 

   

BP86 

 

11.8 

13.1 

12.4 

13.5 

30.9 (Ti2) 

30.9 (Ti2) 
 

12.0 

13.4 

12.0 

13.4 

20.1 (MnH) 

20.1 (MnH) 

 

9.5 9.5 13.2 (TiN) 

 

19.1 

20.0 

19.1 

20.0 

35.4 (MnO) 

35.4 (MnO) 

 

6.5 

6.4 

7.6 

8.2 

11.8 (CrF) 

11.8 (CrF) 

BLYP 

 

12.6 

13.8 

14.6 

16.1 

29.3 (Ti2) 

29.3 (Ti2) 
 

11.1 

12.9 

11.1 

12.9 

19.7 (FeH) 

19.7 (FeH) 

 

11.1 11.1 16.4 (VN) 

 

17.6 

18.7 

17.6 

18.7 

30.1 (MnO) 

30.1 (MnO) 

 

5.8 

6.2 

7.1 

8.2 

14.3 (CrF) 

14.3 (CrF) 

PBE 

 

13.7 

14.9 

13.7 

14.9 

32.5 (Ti2) 

32.5 (Ti2) 
 

8.9 

10.4 

9.2 

10.4 

17.7 (FeH) 

17.7 (FeH) 

 

12.6 12.6 17.0 (TiN) 

 

21.7 

22.7 

21.7 

22.7 

38.1 (MnO) 

38.1 (MnO) 

 

7.8 

8.0 

8.2 

8.6 

12.9 (CrF) 

12.9 (CrF) 

TPSS 

 

8.0 

8.5 

9.6 

10.3 

25.4 (Ti2) 

25.4 (Ti2) 
 

13.4 

14.6 

13.4 

14.6 

21.5 (FeH) 

21.5 (FeH) 

 

3.2 3.2 6.9 (VN) 

 

13.6 

14.3 

13.6 

14.3 

30.8 (MnO) 

30.8 (MnO) 

 

5.5 

5.4 

6.7 

7.1 

11.5 (CrF) 

11.5 (CrF) 

TPSSh 

 

-4.1 

-4.8 

8.3 

8.9 

-22.9 (V2) 

-22.9 (V2) 
 

12.1 

13.2 

12.1 

13.2 

20.5 (FeH) 

20.5 (FeH) 

 

-9.0 9.0 -13.8 (CrN) 

 

3.7 

4.2 

4.2 

4.5 

17.2 (MnO) 

17.2 (MnO) 

 

1.9 

1.5 

4.8 

5.0 

7.6 (CrF) 

7.6 (CrF) 

B3LYP 

 

-12.1 

-13.2 

12.1 

13.2 

-33.4 (V2) 

-33.4 (V2) 
 

8.3 

9.4 

8.4 

9.6 

16.1 (FeH) 

16.1 (FeH) 

 

-13.9 13.9 -18.5 (ScN) 

 

-2.1 

-1.4 

3.6 

3.1 

-8.3 (CaO) 

-6.0 (NiO) 

 

-0.8 

-1.2 

4.4 

5.0 

-9.7 (CuF) 

-9.7 (CuF) 

PBE0 

 

-16.3 

-17.9 

16.3 

17.9 

-53.7 (V2) 

-53.7 (V2) 
 

5.3 

6.6 

6.6 

7.4 

12.6 (MnH) 

12.6 (MnH) 

 

-18.8 18.8 -27.3 (CrN) 

 

-4.4 

-4.0 

5.8 

5.4 

-10.5 (CrO) 

-10.5 (CrO) 

 

-1.6 

-2.2 

3.9 

3.6 

-10.2 (CuF) 

-10.2 (CuF) 

BHLYP 

 

-28.5 

-31.2 

28.5 

31.2 

-55.7 (V2
+) 

-55.7 (V2
+) 

 

1.8 

2.4 

4.1 

4.9 

10.7 (VH) 

10.7 (VH) 

 

-49.1 49.1 -52.1 (ScN) 

 

-31.9 

-31.7 

31.9 

31.7 

-42.7 (CoO) 

-42.7 (CoO) 

 

-11.8 

-13.1 

11.8 

13.1 

-18.4 (CuF) 

-18.4 (CuF) 

Lh-SVWN:b,c 

 

       
 

   
 

   
 

   

aσ = 0.48tσ (σ = α, β) 

 

-12.3 

-13.2 

12.3 

13.2 

-42.3 (V2) 

-42.3 (V2) 
 

8.0 

9.1 

8.1 

9.2 

16.0 (FeH) 

16.0 (FeH) 

 

-18.7 18.7 -28.6 (CrN) 

 

-0.8 

-0.5 

4.8 

4.9 

-9.2 (CrO) 

-9.2 (CrO) 

 

1.9 

0.6 

4.2 

4.1 

8.1 (CaF) 

-6.8 (CuF) 

aα = (0.446 + 0.0531ζ)tα 

aβ = (0.446 − 0.0531ζ)tβ 

 

-9.8 

-10.5 

10.6 

11.3 

-36.1 (V2) 

-36.1 (V2) 
 

7.2 

8.3 

7.5 

8.6 

15.6 (FeH) 

15.6 (FeH) 

 

-16.1 16.1 -25.7 (CrN) 

 

1.9 

2.3 

4.8 

5.1 

11.2 (FeO) 

11.2 (FeO) 

 

3.2 

2.1 

5.1 

4.9 

9.2 (CaF) 

6.3 (CrF) 

aσ = erf(0.22sσ) (σ = α, β) 

 

-16.6 

-17.7 

16.6 

17.7 

-44.0 (V2) 

-44.0 (V2) 
 

10.6 

11.4 

10.6 

11.4 

20.6 (FeH) 

20.6 (FeH) 

 

-17.3 17.3 -26.9 (CrN) 

 

-0.1 

-0.1 

5.7 

6.3 

11.3 (MnO) 

11.3 (MnO) 

 

1.6 

0.2 

4.2 

4.1 

8.5 (CaF) 

-7.7 (CuF) 

aα = erf[(0.197 + 0.0423ζ)sα] 

aβ = erf[(0.197 − 0.0423ζ)sβ] 

 

-13.4 

-14.2 

13.9 

14.8 

-36.6 (V2) 

-36.6 (V2) 
 

9.2 

10.2 

9.4 

10.3 

19.7 (FeH) 

19.7 (FeH) 

 

-14.1 14.1 -23.6 (CrN) 

 

3.6 

3.7 

5.6 

6.0 

15.4 (MnO) 

15.4 (MnO) 

 

3.3 

2.1 

5.2 

5.0 

10.2 (CaF) 

6.4 (ScF) 

aα = aβ = a = 0.534t 

 

-9.5 

-10.4 

10.1 

11.1 

-29.4 (V2) 

-29.4 (V2) 
 

8.0 

9.3 

8.1 

9.4 

16.1 (FeH) 

16.1 (FeH) 

 

-12.7 12.7 -21.3 (CrN) 

 

1.7 

2.2 

3.9 

4.0 

9.4 (FeO) 

9.4 (FeO) 

 

2.8 

1.7 

4.6 

4.3 

7.7 (CrF) 

7.7 (CrF) 

 
 

   
 

   
 

   
 

   
 

   
a All calculations employed def2-QZVP(UC) basis sets. Here and in subsequent tables, the bond dissociation energy will be denoted as BDE. b EBLs of local hybrid functionals were obtained by a 

least squares fitting procedure. c Results from non-self-consistent calculations based on B3LYP orbitals. 
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B-2.1 4
th

 Period Metal Dimers M2 

Table B-2.1.1. Summary of MEs, MAEs and MaxEs (the corresponding molecule 

is given in parentheses) for BDEs (in kcal mol
-1

) and EBLs (in Å) of 4
th

 period 

metal dimers M2.
a
 

M2 BDE  EBL 

Functional ME MAE MaxE  ME MAE MaxE 

        
BP86 11.8 12.4 30.9 (Ti2)  -0.008 0.038 0.079 (K2) 

BLYP 12.6 14.6 29.3 (Ti2)  0.013 0.036 0.085 (K2) 

PBE 13.7 13.7 32.5 (Ti2)  -0.004 0.038 0.095 (K2) 

TPSS 8.0 9.6 25.4 (Ti2)  0.009 0.055 0.191 (K2) 

TPSSh -4.1 8.3 -22.9 (V2)  0.124 0.162 0.797 (Cr2) 

B3LYP -12.1 12.1 -33.4 (V2)  0.141 0.176 0.837 (Cr2) 

PBE0 -16.3 16.3 -53.7 (V2)  0.148 0.195 0.937 (Cr2) 

BHLYP -28.5 28.5 -55.7 (V2
+)  0.562 0.562 1.092 (Ti2) 

Lh-SVWN:b        

aσ = 0.48tσ (σ = α, β) -12.3 12.3 -42.3 (V2)  0.099 0.150 0.923 (Cr2) 

aα = (0.446 + 0.0531ζ)tα 

aβ = (0.446 − 0.0531ζ)tβ 
-9.8 10.6 -36.1 (V2)  0.090 0.143 0.910 (Cr2) 

aσ = erf(0.22sσ) (σ = α, β) -16.6 16.6 -44.0 (V2)  0.112 0.162 1.003 (Cr2) 

aα = erf[(0.197 + 0.0423ζ)sα] 

aβ = erf[(0.197 − 0.0423ζ)sβ] 
-13.4 13.9 -36.6 (V2)  0.115 0.167 0.920 (Cr2) 

aα = aβ = a = 0.534t -9.5 10.1 -29.4 (V2)  0.097 0.144 0.847 (Cr2) 

        
a All calculations employed def2-QZVP(UC) basis sets. b Results from non-self-consistent calculations 

based on B3LYP orbitals. 

Table B-2.1.2. Functional-specific molecular term symbols for the M2 reference set.
a
 

Functional K2 Sc2 Ti2 V2
+ V2 Cr2 Fe2 Co2 Ni2

+ Ni2 Cu2 

            
BP86 

1 g
  5 u

-  
3Δg 

4 g
-  3 g

-  
1 g

  7Δu 
5Δg 

4Δg 
3 g

-  
1 g

  

BLYP 
1 g

  5 u
-  

3Δg 
4 g

-  3 g
-  

1 g
  7Δu 

5Δg 
4Δg 

3 g
-  

1 g
  

PBE 
1 g

  5 u
-  

3Δg 
4 g

-  3 g
-  

1 g
  7Δu 

5Δg 
4Δg 

3 g
-  

1 g
  

TPSS 
1 g

  5 u
-  

3Δg 
4 g

-  3 g
-  

1 g
  7Δu 

5Δg 
4Δg 

3 g
-  

1 g
  

TPSShb 1 g
  5 u

-  
3Δg 

4 g
-  3 g

-  
1 g

  7   5 g
-  

4Δg 
3 g

-  
1 g

  

B3LYPb 
1 g

  5 u
-  

3Δg 
4 g

-  3 g
-  

1 g
  7   5 g

-  
4Δg 

3 g
-  

1 g
  

PBE0 
1 g

  5 u
-  

3Δg 
4 g

-  3 g
-  

1 g
  

7   5Δg 
4Δg 

3 g
-  

1 g
  

BHLYP 
1 g

  5 u
-  

3Δg 
4 g

-  3 g
-  

1 g
  7   5Δg 

4Δg 
3 g

-  
1 g

  

Lh-SVWN:            

aσ = 0.48tσ (σ = α, β) 
1 g

  5 u
-  

3Δg 
4 g

-  3 g
-  

1 g
  7Δu 

5Δg 
4Δg 

3 g
-  

1 g
  

aα = (0.446 + 0.0531ζ)tα 

aβ = (0.446 − 0.0531ζ)tβ 
1 g

  5 u
-  

3Δg 
4 g

-  3 g
-  

1 g
  7Δu 

5Δg 
4Δg 

3 g
-  

1 g
  

aσ = erf(0.22sσ) (σ = α, β) 
1 g

  5 u
-  

3Δg 
4 g

-  3 g
-  

1 g
  7Δu 

5Δg 
4Δg 

3 g
-  

1 g
  

aα = erf[(0.197 + 0.0423ζ)sα] 

aβ = erf[(0.197 − 0.0423ζ)sβ] 
1 g

  5 u
-  

3Δg 
4 g

-  3 g
-  

1 g
  7Δu 

5Δg 
4Δg 

3 g
-  

1 g
  

aα = aβ = a = 0.534t 
1 g

  5 u
-  

3Δg 
4 g

-  3 g
-  

1 g
  7Δu 

5Δg 
4Δg 

3 g
-  

1 g
  

            
a All calculations employed def2-QZVP(UC) basis sets. 
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Table B-2.1.3. Calculated BDEs De [kcal mol-1] and EBLs re [Å] of 4th period metal dimers M2 using eight 

standard functionals. Values in parentheses are excluded from ME and MAE evaluations (no experimental 

reference data available). Maximum errors for each functional and property are indicated in bold typeface.a 

a Normal typeface indicates results of def2-QZVP(UC) calculations, values in italics are from def2-QZVP calculations. 
b Experimental data taken from ref. 1.

Complex Property BLYP B3LYP BHLYP BP86 PBE PBE0 TPSS TPSSh Exp.b 

           

K2 

De 
12.2 11.5 10.3 11.3 13.3 11.6 14.7 14.2 12.0 

12.3 11.5 10.3 11.3 13.3 11.6 14.7 14.2  

re 
3.990 3.974 3.976 3.984 4.000 4.011 4.096 4.091 3.905 

3.991 3.974 3.977 3.988 4.002 4.013 4.099 4.094  

           

Sc2 

De 
27.1 11.5 -7.2 36.1 38.4 17.6 32.3 24.6 38.4 

27.4 11.6 -7.1 36.2 38.6 17.6 32.4 24.6  

re 
(2.642) (2.581) (2.944) (2.559) (2.573) (2.556) (2.562) (2.588) − 

(2.639) (2.578) (2.941) (2.554) (2.568) (2.555) (2.558) (2.585)  

           

Ti2 

De 
65.4 28.8 -4.2 67.0 68.6 27.9 61.5 46.2 36.1 

66.2 28.9 -4.1 66.9 68.7 27.8 61.4 46.1  

re 
1.914 1.872 3.035 1.886 1.891 1.851 1.896 1.879 1.943 

1.913 1.871 3.039 1.886 1.891 1.850 1.896 1.879  

           

V2
+ 

De 
93.6 42.9 17.5 90.9 91.8 25.7 83.4 57.0 73.2 

93.4 42.6 17.3 90.1 91.7 25.5 81.9 55.7  

re 
1.713 1.698 2.689 1.698 1.697 1.683 1.700 1.682 1.735 

1.712 1.698 2.699 1.697 1.697 1.683 1.700 1.690  

           

V2 

De 
82.2 30.9 15.9 74.7 76.5 10.6 67.4 41.4 64.3 

82.1 30.7 15.9 74.5 76.4 10.4 67.2 41.1  

re 
1.749 1.732 2.842 1.732 1.733 1.719 1.737 1.729 1.770 

1.748 1.731 2.844 1.732 1.733 1.719 1.736 1.729  

           

Cr2 

De 
46.6 24.2 20.1 35.6 35.1 18.5 31.2 23.9 33.9 

46.3 24.2 20.0 35.2 34.8 18.4 31.0 23.8  

re 
1.685 2.516 2.666 1.707 1.691 2.616 1.761 2.476 1.679 

1.685 2.517 2.667 1.714 1.697 2.617 1.769 2.477  

           

Fe2 

De 
52.5 19.9 -13.9 54.2 57.1 18.3 44.5 31.4 26.9 

52.3 19.9 -13.8 53.3 57.0 18.3 44.5 31.4  

re 
2.020 2.302 2.457 1.999 2.005 2.315 1.996 2.218 2.020 

2.020 2.302 2.457 1.999 2.005 2.315 1.996 2.218  

           

Co2 

De 
54.8 36.7 4.0 55.3 59.1 34.5 48.7 39.4 39.4 

55.6 36.6 4.0 55.1 58.9 34.4 48.8 39.5  

re 
(1.989) (2.306) (2.401) (1.967) (1.973) (2.313) (2.094) (2.220) − 

(1.988) (2.306) (2.401) (1.967) (1.973) (2.312) (2.095) (2.220)  

           

Ni2
+ 

De 
68.0 49.2 45.6 68.2 69.4 46.2 68.3 58.5 52.2 

67.7 49.3 45.6 68.7 69.9 46.3 69.3 59.2  

re 
2.300 2.256 2.410 2.227 2.235 2.241 2.225 2.230 2.223 

2.259 2.255 2.410 2.227 2.235 2.241 2.224 2.230  

           

Ni2 

De 
60.1 41.2 34.3 60.7 63.1 39.7 59.3 44.8 48.1 

60.8 41.2 34.4 60.4 62.9 39.7 60.3 45.3  

re 
2.138 2.299 2.331 2.112 2.120 2.290 2.102 2.231 2.155 

2.138 2.298 2.330 2.112 2.120 2.289 2.102 2.230  

           

Cu2 

De 
46.9 41.8 34.8 47.3 48.9 41.0 47.5 44.5 46.7 

46.9 41.7 34.8 47.3 48.9 41.0 47.7 44.6  

re 
2.271 2.281 2.312 2.244 2.252 2.274 2.233 2.244 2.219 

2.271 2.281 2.311 2.244 2.252 2.274 2.233 2.244  

           

ME 

De 
12.6 -12.1 -28.5 11.8 13.7 -16.3 8.0 -4.1  

12.7 -12.1 -28.5 11.6 13.6 -16.4 8.0 -4.1  

re 
0.013 0.141 0.562 -0.008 -0.004 0.148 0.009 0.124  

0.008 0.141 0.563 -0.007 -0.003 0.149 0.010 0.125  

           

MAE 

De 
14.6 12.1 28.5 12.4 13.7 16.3 9.6 8.3  

14.7 12.1 28.5 12.1 13.6 16.4 9.6 8.5  

re 
0.036 0.176 0.562 0.038 0.038 0.195 0.055 0.162  

0.032 0.176 0.563 0.040 0.039 0.195 0.056 0.162  

           

MaxE 

De 
29.3 -33.4 -55.7 30.9 32.5 -53.7 25.4 -22.9  

30.1 -33.6 -55.9 30.8 32.6 -53.7 25.3 -23.2  

re 
0.085 0.837 1.092 0.079 0.095 0.937 0.191 0.797  

0.086 0.838 1.096 0.083 0.097 0.937 0.194 0.798  
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Table B-2.1.4. Calculated vibrational frequencies ωe [cm
-1

], Mulliken metal d populations N(d), and 

<S
2
> expectation values of 4

th
 period metal dimers M2 using eight standard functionals.

a
 

a Normal typeface indicates results of def2-QZVP(UC) calculations, values in italics are from def2-QZVP calculations. 
b Experimental data taken from ref. 1. 

Complex Property BLYP B3LYP BHLYP BP86 PBE PBE0 TPSS TPSSh Exp.b 

           

K2 
ωe 

86 89 92 88 88 91 85 86 92 
85 89 92 88 88 91 85 86  

N(d) 
0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01  
0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01  

 
<S2> 

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00  
 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00  

           

Sc2 
ωe 

238 259 153 205 209 268 212 236 239 
238 259 156 206 209 268 211 235  

N(d) 
1.47 1.43 1.39 1.54 1.53 1.41 1.56 1.44  
1.46 1.43 1.39 1.55 1.54 1.41 1.56 1.44  

 
<S2> 

6.00 6.01 6.01 6.02 6.02 6.01 6.02 6.01  
 6.00 6.01 6.01 6.02 6.02 6.01 6.02 6.01  

           

Ti2 
ωe 

456 520 122 480 469 539 477 506 408 
460 522 122 481 471 540 477 507  

N(d) 
2.96 2.95 2.49 2.96 2.96 2.94 2.93 2.93  
3.00 2.98 2.49 3.00 3.00 2.97 2.97 2.96  

 
<S2> 

2.00 2.00 3.99 2.00 2.00 2.00 2.00 2.00  
 2.00 2.00 3.99 2.00 2.00 2.00 2.00 2.00  

           

V2
+ 

ωe 
705 666 160 725 722 691 725 767 − 
706 667 160 725 722 690 725 661  

N(d) 
3.81 3.79 3.50 3.82 3.82 3.79 3.81 3.80  
3.85 3.83 3.50 3.87 3.86 3.83 3.85 3.83  

 
<S2> 

3.75 3.75 3.76 3.75 3.75 3.75 3.75 3.75  
 3.75 3.75 3.76 3.75 3.75 3.75 3.75 3.75  

           

V2 
ωe 

642 597 136 662 658 612 661 587 538 
644 598 135 664 659 612 661 588  

N(d) 
3.91 3.89 3.52 3.90 3.90 3.88 3.89 3.88  
3.95 3.93 3.52 3.94 3.94 3.92 3.92 3.92  

 
<S2> 

2.00 2.00 2.01 2.01 2.01 2.01 2.01 2.01  
 2.00 2.00 2.01 2.01 2.01 2.01 2.01 2.01  

           

Cr2 
ωe 

435 153 154 367 392 149 272 145 481 
434 153 154 353 379 149 257 145  

N(d) 
4.94 4.98 4.99 4.94 4.94 4.99 4.94 4.98  
4.97 4.99 4.99 4.97 4.97 4.99 4.96 4.98  

 
<S2> 

1.36 5.03 5.17 1.90 1.69 5.27 2.39 5.05  
 1.37 5.03 5.17 1.96 1.75 5.27 2.45 5.05  

           

Fe2 
ωe 

391 207 199 404 401 212 411 223 300 
391 207 199 404 401 212 411 223  

N(d) 
6.90 6.94 6.98 6.89 6.89 6.94 6.88 6.92  
6.90 6.94 6.98 6.89 6.90 6.94 6.89 6.92  

 
<S2> 

12.06 12.07 12.04 12.07 12.07 12.07 12.09 12.07  
 12.06 12.07 12.04 12.07 12.07 12.07 12.09 12.07  

           

Co2 
ωe 

379 222 212 394 390 225 269 236 297 
379 222 212 393 390 225 269 236  

N(d) 7.94 7.95 7.98 7.94 7.94 7.96 7.92 7.94  
7.95 7.95 7.98 7.94 7.94 7.95 7.91 7.93  

 
<S2> 

6.03 6.03 6.02 6.04 6.04 6.03 6.05 6.03  
 6.03 6.03 6.02 6.04 6.04 6.03 6.05 6.03  

           

Ni2
+ 

ωe 
248 273 201 267 263 281 274 281 − 
256 274 201 267 263 281 275 282  

N(d) 
8.76 8.52 8.49 8.74 8.75 8.51 8.67 8.57  
8.72 8.52 8.49 8.73 8.74 8.51 8.67 8.57  

 
<S2> 

3.75 3.77 3.76 3.76 3.76 3.78 3.76 3.77  
 3.76 3.77 3.76 3.76 3.76 3.78 3.76 3.77  

           

Ni2 
ωe 

300 253 240 317 313 255 325 260 259 
304 254 241 317 313 256 325 261  

N(d) 
8.95 8.93 8.97 8.94 8.95 8.95 8.94 8.94  
8.95 8.93 8.97 8.94 8,94 8.94 8.94 8.93  

 
<S2> 

2.01 2.02 2.01 2.02 2.01 2.01 2.02 2.02  
 2.01 2.02 2.01 2.02 2.02 2.01 2.02 2.02  

           

Cu2 
ωe 

247 240 227 257 254 242 261 256 266 
247 241 227 257 255 243 262 256  

N(d) 
9.95 9.97 9.98 9.95 9.95 9.97 9.95 9.96  
9.95 9.97 9.98 9.94 9.95 9.97 9.94 9.96  

 
<S2> 

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00  
 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00  
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Table B-2.1.5. Calculated BDEs De [kcal mol
-1

] and EBLs re [Å] of 4
th

 period metal dimers M2 using five Lh-SVWN functionals with different local mixing 

functions (LMFs). Values in parentheses are excluded from ME and MAE evaluations (no experimental reference data available). Maximum errors for each 

functional and property are indicated in bold typeface.
a
 

Lh-SVWN                 LMF: aσ = 0.48tσ (σ = α, β) 
aα = (0.446 + 0.0531ζ)tα 

aβ = (0.446 − 0.0531ζ)tβ 
aσ = erf(0.22sσ) (σ = α, β) 

aα = erf[(0.197 + 0.0423ζ)sα] 

aβ = erf[(0.197 − 0.0423ζ)sβ] 
aα = aβ = a = 0.534t  

Compound Propertyb post-SCF RI Numerical post-SCF post-SCF RI Numerical post-SCF post-SCF Exp.c 

            
K2 

De 8.9 9.4 9.4 9.0 6.7 7.6 7.6 6.4 11.6 12.0 

re 4.028 4.043 4.043 4.016 4.034 4.061 4.061 4.020 4.047 3.905 

            
Sc2 

De 24.8 24.9 23.5 26.5 22.5 21.9 23.1 25.1 17.4 38.4 

re (2.561) (2.562) (2.565) (2.561) (2.560) (2.562) (2.565) (2.561) (2.570) − 

            
Ti2 

De 35.7 36.1 35.0 40.3 32.3 32.9 34.5 37.7 39.5 36.1 

re 1.845 1.845 1.845 1.844 1.839 1.837 1.836 1.838 1.845 1.943 

            
V2

+ 
De 36.6 38.2 37.4 42.3 34.7 36.2 37.1 41.0 45.8 73.2 

re 1.651 1.658 1.659 1.648 1.655 1.658 1.657 1.650 1.664 1.735 

            
V2 

De 22.0 23.4 22.6 28.2 20.3 21.1 21.9 27.7 34.9 64.3 

re 1.683 1.689 1.689 1.678 1.691 1.688 1.687 1.683 1.695 1.783 

            
Cr2 

De 17.7 18.5 18.5 18.5 15.6 17.1 17.0 15.5 22.0 33.9 

re 2.602 2.594 2.608 2.589 2.682 2.681 2.634 2.599 2.526 1.679 

            
Fe2 

De 23.3 23.5 23.9 26.0 24.8 20.3 20.5 28.2 25.1 26.9 

re 2.205 2.191 2.224 2.161 2.240 2.235 2.218 2.174 2.192 2.020 

            
Co2 

De 36.1 36.4 36.3 37.8 28.1 28.7 29.1 31.3 39.2 39.4 

re (2.240) (2.234) (2.239) (2.222) (2.268) (2.267) (2.257) (2.238) (2.244) − 

            
Ni2

+ 
De 46.5 48.3 48.4 48.2 34.6 38.0 37.7 37.8 44.7 52.2 

re 2.225 2.215 2.217 2.222 2.224 2.211 2.208 2.220 2.231 2.223 

            
Ni2 

De 41.6 42.1 42.1 42.7 33.6 34.7 34.6 36.0 42.9 48.1 

re 2.261 2.250 2.251 2.254 2.271 2.263 2.261 2.261 2.271 2.155 

            
Cu2 

De 43.1 43.2 43.1 43.9 35.2 35.5 35.2 37.2 43.9 46.7 

re 2.249 2.249 2.249 2.244 2.258 2.259 2.259 2.250 2.256 2.219 

            
            

ME 
De -12.3 -11.6 -11.9 -9.8 -16.6 -16.1 -15.7 -13.4 -9.5  

re 0.121 0.119 0.125 0.110 0.137 0.137 0.129 0.115 0.118  

            
MAE 

De 12.3 11.6 11.9 10.6 16.6 16.1 15.7 13.9 10.1  

re 0.170 0.165 0.170 0.163 0.184 0.184 0.177 0.167 0.160  

            
MaxE 

De -42.3 -40.9 -41.7 -36.1 -44.0 -43.2 -42.4 -36.6 -29.4  

re 0.923 0.915 0.929 0.910 1.003 1.002 0.955 0.920 0.847  

            
a All calculations employed def2-QZVP(UC) basis sets. The local hybrid potential used for the SCF iterative procedure is indicated as post-SCF (non-self-consistent evaluation based on B3LYP 
orbitals), RI and Numerical (self-consistent evaluation). b EBLs of local hybrid functionals were obtained by a least squares fitting procedure. c Experimental data taken from ref. 1. 
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B-2.2 4
th

 Period Metal Hydrides MH 

Table B-2.2.1. Summary of MEs, MAEs and MaxEs (the corresponding molecule is 

given in parentheses) for BDEs (in kcal mol
-1

) and EBLs (in Å) of 4
th

 period metal 

hydrides MH.
a
 

MH BDE  EBL 

Functional ME MAE MaxE  ME MAE MaxE 

        
BP86 12.0 12.0 20.1 (MnH)  -0.025 0.029 -0.144 (MnH) 

BLYP 11.1 11.1 19.7 (FeH)  -0.018 0.027 -0.139 (MnH) 

PBE 8.9 9.2 17.7 (FeH)  -0.023 0.028 -0.142 (MnH) 

TPSS 13.4 13.4 21.5 (FeH)  -0.008 0.012 -0.031 (CaH) 

TPSSh 12.1 12.1 20.5 (FeH)  -0.005 0.012 -0.028 (CaH) 

B3LYP 8.3 8.4 16.1 (FeH)  -0.015 0.024 -0.114 (MnH) 

PBE0 5.5 6.7 12.6 (MnH)  -0.003 0.012 -0.024 (CaH) 

BHLYP 2.1 4.4 10.7 (VH)  0.012 0.015 0.037 (CuH) 

Lh-SVWN:b        

aσ = 0.48tσ (σ = α, β) 8.2 8.3 16.0 (FeH)  -0.003 0.012 0.023  (KH) 

aα = (0.446 + 0.0531ζ)tα 

aβ = (0.446 − 0.0531ζ)tβ 
7.4 7.7 15.6 (FeH)  -0.004 0.013 -0.020 (FeH) 

aσ = erf(0.22sσ) (σ = α, β) 10.8 10.8 20.6 (FeH)  -0.004 0.014 -0.028 (CaH) 

aα = erf[(0.197 + 0.0423ζ)sα] 

aβ = erf[(0.197 − 0.0423ζ)sβ] 
9.4 9.5 19.7 (FeH)  -0.007 0.014 -0.030 (CaH) 

aα = aβ = a = 0.534t 8.1 8.1 16.1 (FeH)  -0.001 0.012 0.028  (KH) 

        
a All calculations employed def2-QZVP(UC) basis sets. b Results from non-self-consistent calculations 
based on B3LYP orbitals. 

Table B-2.2.2. Functional-specific molecular term symbols for the MH reference set.
a
 

Functional KH CaH ScH TiH VH CrH MnH FeH CoH NiH CuH 

            
BP86 

1 + 2 + 1 + 4Φ 5Δ 6 + 5 + 4Δ 3Φ 2Δ 1 + 

BLYP 
1 + 2 + 1 + 4Φ 5Δ 6 + 5 + 4Δ 3Φ 2Δ 1 + 

PBE 
1 + 2 + 1 + 4Φ 5Δ 6 + 5 + 4Δ 3Φ 2Δ 1 + 

TPSS 
1 + 2 + 1 + 4Φ 5Δ 6 + 7 + 4Δ 3Φ 2Δ 1 + 

TPSSh 
1 + 2 + 1 + 4Φ 5Δ 6 + 7 + 4Δ 3Φ 2Δ 1 + 

B3LYP 
1 + 2 + 1 + 4Φ 5Δ 6 + 5 + 4Δ 3Φ 2Δ 1 + 

PBE0 
1 + 2 + 3Δ 4Φ 5Δ 6 + 7 + 4Δ 3Φ 2Δ 1 + 

BHLYP 
1 + 2 + 3Δ 4Φ 5Δ 6 + 7 + 4Δ 3Φ 2Δ 1 + 

Lh-SVWN:            

aσ = 0.48tσ (σ = α, β) 
1 + 2 + 3Δ 4Φ 5Δ 6 + 7 + 4Δ 3Φ 2Δ 1 + 

aα = (0.446 + 0.0531ζ)tα 

aβ = (0.446 − 0.0531ζ)tβ 
1 + 2 + 3Δ 4Φ 5Δ 6 + 7 + 4Δ 3Φ 2Δ 1 + 

aσ = erf(0.22sσ) (σ = α, β) 
1 + 2 + 3Δ 4Φ 5Δ 6 + 7 + 4Δ 3Φ 2Δ 1 + 

aα = erf[(0.197 + 0.0423ζ)sα] 

aβ = erf[(0.197 − 0.0423ζ)sβ] 
1 + 2 + 3Δ 4Φ 5Δ 6 + 7 + 4Δ 3Φ 2Δ 1 + 

aα = aβ = a = 0.534t 
1 + 2 + 3Δ 4Φ 5Δ 6 + 7 + 4Δ 3Φ 2Δ 1 + 

            
a All calculations employed def2-QZVP(UC) basis sets. 
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Table B-2.2.3. Calculated BDEs De [kcal mol-1] and EBLs re [Å] of 4th period metal hydrides MH using eight 

standard functionals. Values in parentheses are excluded from ME and MAE evaluations (no experimental 

reference data available). Maximum errors for each functional and property are indicated in bold typeface.a 

a Normal typeface indicates results of def2-QZVP(UC) calculations, values in italics are from def2-QZVP calculations. 
b Experimental data taken from ref. 1.

Complex Property BLYP B3LYP BHLYP BP86 PBE PBE0 TPSS TPSSh Exp.b 

           

KH 

De 
43.2 42.8 40.8 44.3 40.7 39.2 46.7 46.1 42.2 

43.3 42.9 40.8 44.3 40.7 39.3 46.7 46.1  

re 
2.261 2.254 2.253 2.250 2.252 2.249 2.247 2.247 2.243 

2.259 2.252 2.252 2.249 2.251 2.248 2.247 2.247  

           

CaH 

De 
46.8 46.3 44.3 50.2 46.5 45.4 53.1 52.2 41.0 

46.9 46.4 44.3 50.3 46.6 45.4 53.2 52.2  

re 
1.979 1.982 1.993 1.971 1.972 1.979 1.972 1.975 2.003 

1.978 1.981 1.992 1.970 1.971 1.978 1.971 1.975  

           

ScH 

De 
61.5 57.7 52.8 63.4 60.4 56.8 64.8 62.8 47.5 

61.6 57.8 52.8 63.4 60.5 56.8 64.8 62.8  

re 
(1.798) (1.788) (1.867) (1.796) (1.796) (1.850) (1.800) (1.798) − 

(1.797) (1.788) (1.867) (1.795) (1.795) (1.849) (1.800) (1.797)  

           

TiH 

De 
65.2 61.7 53.6 66.6 63.0 61.6 68.8 68.2 50.0 

65.6 61.8 53.6 66.6 63.1 61.6 68.8 68.2  

re 
1.761 (1.761) 1.776 (1.752) 1.754 1.757 1.758 1.759 1.779 

1.760 (1.760) 1.776 (1.752) 1.753 1.756 1.757 1.759  

           

VH 

De 
64.1 62.9 62.1 63.0 59.2 56.9 65.2 64.2 51.4 

64.2 62.9 62.1 63.0 59.2 56.9 65.2 64.2  

re 
(1.690) (1.691) (1.702) (1.680) (1.681) (1.686) (1.686) (1.687) − 

(1.689) (1.690) (1.702) (1.679) (1.681) (1.686) (1.685) (1.687)  

           

CrH 

De 
57.3 54.9 51.5 56.3 52.4 48.7 57.4 55.9 46.8 

57.3 54.9 51.5 56.3 52.4 48.7 57.4 55.9  

re 
1.658 1.663 1.675 1.651 1.653 1.664 1.655 1.659 1.656 

1.657 1.663 1.675 1.651 1.653 1.664 1.655 1.659  

           

MnH 

De 
49.7 41.8 37.3 51.1 48.1 43.6 52.3 50.9 31.0 

49.4 41.5 37.1 50.8 47.8 43.5 52.1 50.8  

re 
1.592 1.617 1.750 1.587 1.589 1.726 1.715 1.721 1.731 

1.592 1.618 1.750 1.587 1.589 1.726 1.715 1.721  

           

FeH 

De 
58.9 55.3 41.3 59.0 56.9 51.7 60.7 59.7 39.2 

58.9 55.3 41.4 59.0 56.9 51.7 60.7 59.7  

re 
1.569 1.572 1.603 1.565 1.567 1.573 1.569 1.570 1.589 

1.569 1.571 1.603 1.564 1.567 1.573 1.569 1.570  

           

CoH 

De 
63.7 61.6 44.4 63.8 61.8 57.5 64.3 62.8 48.4 

64.2 61.5 44.4 63.9 61.8 57.5 64.4 62.9  

re 
1.523 1.524 1.532 1.518 1.521 1.526 1.525 1.526 1.520 

1.523 1.524 1.532 1.518 1.521 1.526 1.524 1.526  

           

NiH 

De 
68.6 65.5 60.0 69.2 66.7 61.6 69.5 67.5 61.3 

68.6 65.7 60.0 69.0 66.6 61.6 69.0 67.7  

re 
1.474 1.474 1.484 1.468 1.471 1.474 1.473 1.473 1.475 

1.474 1.474 1.484 1.467 1.470 1.473 1.472 1.473  

           

CuH 

De 
65.7 62.7 57.4 67.3 64.5 59.6 67.2 65.5 63.4 

65.7 62.7 57.3 67.3 64.5 59.6 67.3 65.5  

re 
1.478 1.482 1.500 1.471 1.475 1.484 1.476 1.479 1.463 

1.477 1.482 1.500 1.471 1.475 1.484 1.475 1.479  

           

ME 

De 
11.1 8.3 2.1 12.0 8.9 5.5 13.4 12.1  

11.2 8.3 2.1 12.0 8.9 5.5 13.4 12.2  

re 
-0.018 -0.015 0.012 -0.025 -0.023 -0.003 -0.008 -0.005  

-0.019 -0.015 0.012 -0.026 -0.023 -0.003 -0.008 -0.006  

           

MAE 

De 
11.1 8.4 4.4 12.0 9.2 6.7 13.4 12.1  

11.2 8.4 4.4 12.0 9.2 6.7 13.4 12.2  

re 
0.027 0.024 0.015 0.029 0.028 0.012 0.012 0.012  

0.027 0.024 0.015 0.029 0.028 0.012 0.013 0.012  

           

MaxE 

De 
19.7 16.1 10.7 19.8 17.7 12.6 21.5 20.5  

19.7 16.1 10.7 20.1 17.7 12.5 21.5 20.5  

re 
-0.139 -0.114 0.037 -0.144 -0.142 -0.024 -0.031 -0.028  

-0.139 -0.113 0.037 -0.144 -0.142 -0.024 -0.032 -0.028  
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Table B-2.2.4. Calculated vibrational frequencies ωe [cm
-1

], Mulliken metal d populations N(d), and 

<S
2
> expectation values of 4

th
 period metal hydrides MH using eight standard functionals.

a
 

 a Normal typeface indicates results of def2-QZVP(UC) calculations, values in italics are from def2-QZVP calculations. 
b Experimental data taken from ref. 1. 

Complex Property BLYP B3LYP BHLYP BP86 PBE PBE0 TPSS TPSSh Exp. 

           

KH 
ωe 

945 974 1001 957 954 982 974 982 707 
948 975 1002 958 955 982 975 983  

N(d) 
0.08 0.08 0.08 0.10 0.09 0.09 0.09 0.09  
0.08 0.09 0.08 0.10 0.09 0.09 0.09 0.09  

 
<S2> 

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00  
 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00  

           

CaH 
ωe 

1280 1300 1319 1294 1293 1313 1322 1325 1298 
1283 1302 1320 1297 1295 1314 1323 1326  

N(d) 
0.32 0.27 0.21 0.33 0.32 0.26 0.28 0.26  
0.33 0.28 0.21 0.33 0.32 0.26 0.28 0.26  

 
<S2> 

0.75 0.75 0.75 0.75 0.75 0.75 0.75 0.75  
 0.75 0.75 0.75 0.75 0.75 0.75 0.75 0.75  

           

ScH 
ωe 

1507 1537 1475 1516 1513 1480 1535 1544 − 
1512 1540 1477 1519 1516 1482 1537 1545  

N(d) 
1.26 1.22 1.34 1.30 1.28 1.44 1.29 1.27  
1.27 1.22 1.34 1.31 1.28 1.43 1.29 1.27  

 
<S2> 

0.70 0.65 2.00 0.75 0.73 2.00 0.78 0.76  
 0.70 0.65 2.00 0.75 0.73 2.00 0.78 0.76  

           

TiH 
ωe 

1543 1567 1569 1557 1554 1579 1578 1584 1405 
1547 1569 1569 1560 1557 1581 1580 1586  

N(d) 
2.63 2.56 2.42 2.65 2.64 2.56 2.58 2.55  
2.64 2.57 2.41 2.65 2.65 2.56 2.59 2.55  

 
<S2> 

3.76 3.76 3.76 3.76 3.76 3.76 3.76 3.76  
 3.76 3.76 3.76 3.76 3.76 3.76 3.76 3.76  

           

VH 
ωe 

1611 1633 1648 1626 1624 1644 1651 1655 − 
1615 1635 1649 1629 1626 1645 1652 1656  

N(d) 
3.70 3.65 3.52 3.72 3.72 3.66 3.66 3.64  
3.70 3.65 3.52 3.73 3.72 3.66 3.66 3.64  

 
<S2> 

6.01 6.02 6.01 6.02 6.02 6.03 6.02 6.02  
 6.01 6.02 6.01 6.02 6.02 6.03 6.02 6.02  

           

CrH 
ωe 

1634 1632 1611 1640 1635 1622 1662 1654 1581 
1636 1633 1611 1641 1637 1622 1662 1654  

N(d) 
4.84 4.82 4.82 4.85 4.85 4.84 4.82 4.82  
4.84 4.83 4.82 4.86 4.85 4.84 4.82 4.82  

 
<S2> 

8.78 8.79 8.79 8.79 8.80 8.81 8.79 8.80  
 8.78 8.79 8.79 8.79 8.80 8.81 8.79 8.80  

           

MnH 
ωe 

1710 1633 1528 1725 1720 1550 1551 1555 1548 
1707 1629 1527 1721 1716 1552 1554 1557  

N(d) 
5.45 5.34 5.06 5.46 5.46 5.10 5.15 5.12  
5.45 5.33 5.05 5.45 5.45 5.09 5.14 5.11  

 
<S2> 

6.19 6.45 12.00 6.19 6.19 12.00 12.00 12.00  
 6.20 6.47 12.00 6.20 6.20 12.00 12.00 12.00  

           

FeH 
ωe 

1778 1772 1688 1792 1787 1770 1807 1797 1827 
1778 1771 1689 1792 1787 1769 1805 1795  

N(d) 
6.65 6.63 6.37 6.66 6.66 6.63 6.67 6.67  
6.66 6.64 6.37 6.66 6.66 6.63 6.67 6.68  

 
<S2> 

3.81 3.89 4.32 3.80 3.81 3.92 3.78 3.80  
 3.81 3.89 4.32 3.81 3.81 3.92 3.78 3.80  

           

CoH 
ωe 

1834 1826 1806 1851 1844 1822 1862 1851 1925 
1835 1825 1805 1851 1845 1822 1862 1850  

N(d) 
7.72 7.74 7.73 7.72 7.72 7.75 7.72 7.73  
7.72 7.74 7.73 7.73 7.73 7.75 7.72 7.73  

 
<S2> 

2.02 2.04 2.12 2.02 2.02 2.04 2.02 2.03  
 2.02 2.04 2.12 2.02 2.02 2.04 2.02 2.03  

           

NiH 
ωe 

1938 1928 1878 1964 1953 1928 1962 1851 1927 
1939 1928 1878 1928 1954 1928 1975 1851  

N(d) 
8.75 8.78 8.81 8.75 8.75 8.79 8.81 9.05  
8.75 8.78 8.82 8.75 8.75 8.79 8.74 8.75  

 
<S2> 

0.75 0.76 0.77 0.76 0.76 0.76 0.76 0.76  
 0.75 0.76 0.77 0.76 0.76 0.76 0.76 0.76  

           

CuH 
ωe 

1906 1884 1827 1933 1921 1883 1944 1925 1941 
1905 1883 1826 1932 1920 1882 1942 1923  

N(d) 
9.83 9.86 9.90 9.83 9.83 9.87 9.82 9.84  
9.83 9.86 9.90 9.83 9.83 9.87 9.83 9.84  

 
<S2> 

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00  
 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00  
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Table B-2.2.5. Calculated BDEs De [kcal mol
-1

] and EBLs re [Å] of 4
th

 period metal hydrides MH using five Lh-SVWN functionals with different local mixing 

functions (LMFs). Values in parentheses are excluded from ME and MAE evaluations (no experimental reference data available). Maximum errors for each 

functional and property are indicated in bold typeface.
a
 

Lh-SVWN                 LMF: aσ = 0.48tσ (σ = α, β) 
aα = (0.446 + 0.0531ζ)tα 

aβ = (0.446 − 0.0531ζ)tβ 
aσ = erf(0.22sσ) (σ = α, β) 

aα = erf[(0.197 + 0.0423ζ)sα] 

aβ = erf[(0.197 − 0.0423ζ)sβ] 
aα = aβ = a = 0.534t  

Compound Propertyb post-SCF RI Numerical post-SCF post-SCF RI Numerical post-SCF post-SCF Exp.c 

            
KH 

De 42.8 43.8 43.8 41.5 46.2 46.7 46.7 44.1 44.1 42.2 

re 2.266 2.273 2.272 2.263 2.255 2.259 2.259 2.252 2.271 2.243 

            
CaH 

De 48.9 49.4 49.4 47.7 52.6 53.0 52.9 50.8 47.0 41.0 

re 1.987 1.990 1.989 1.985 1.975 1.977 1.977 1.973 1.992 2.003 

            
ScH 

De 60.3 60.7 60.7 59.3 64.3 64.0 63.9 62.7 57.6 47.5 

re (1.857) (1.859) (1.859) (1.855) (1.848) (1.850) (1.849) (1.845) (1.861) − 

            
TiH 

De 63.6 64.1 64.3 62.7 65.7 66.1 66.1 63.9 63.2 50.0 

re 1.763 1.765 1.765 1.761 1.756 1.758 1.758 1.754 1.765 1.779 

            
VH 

De 58.1 58.7 58.9 57.3 60.7 61.2 60.9 58.9 60.1 51.4 

re (1.692) (1.694) (1.694) (1.690) (1.685) (1.688) (1.687) (1.683) (1.691) − 

            
CrH 

De 51.0 51.5 51.5 50.2 53.8 54.2 54.1 52.1 52.3 46.8 

re 1.666 1.668 1.670 1.664 1.662 1.664 1.665 1.661 1.663 1.656 

            
MnH 

De 45.1 45.6 45.6 44.1 49.5 49.9 49.8 47.9 42.7 31.0 

re 1.722 1.725 1.724 1.720 1.713 1.717 1.717 1.710 1.723 1.731 

            
FeH 

De 55.2 55.4 55.7 54.8 59.8 57.5 57.5 58.9 55.3 39.2 

re 1.570 1.571 1.570 1.569 1.574 1.575 1.575 1.573 1.572 1.589 

            
CoH 

De 59.9 60.1 60.2 59.4 60.1 60.4 60.6 59.5 60.9 48.4 

re 1.519 1.520 1.520 1.518 1.528 1.530 1.529 1.525 1.521 1.520 

            
NiH 

De 64.6 64.8 64.9 63.9 64.5 64.7 64.7 63.9 64.8 61.3 

re 1.468 1.469 1.469 1.467 1.475 1.476 1.476 1.473 1.470 1.475 

            
CuH 

De 63.1 63.3 63.3 62.3 63.5 63.7 63.6 62.7 63.0 63.4 

re 1.474 1.475 1.475 1.472 1.481 1.482 1.482 1.478 1.476 1.463 

            
            

ME 
De 8.2 8.6 8.7 7.4 10.8 10.8 10.8 9.4 8.1  

re -0.003 0.000 -0.001 -0.004 -0.004 -0.002 -0.002 -0.007 -0.001  

            
MAE 

De 8.3 8.7 8.7 7.7 10.8 10.8 10.8 9.5 8.1  

re 0.012 0.012 0.013 0.013 0.014 0.014 0.014 0.014 0.012  

            
MaxE 

De 16.0 16.2 16.5 15.6 20.6 18.9 18.8 19.7 16.1  

re 0.023 0.030 0.029 -0.020 -0.028 -0.026 -0.026 -0.030 0.028  

            
a All calculations employed def2-QZVP(UC) basis sets. The local hybrid potential used for the SCF iterative procedure is indicated as post-SCF (non-self-consistent evaluation based on B3LYP 
orbitals), RI and Numerical (self-consistent evaluation). b EBLs of local hybrid functionals were obtained by a least squares fitting procedure. c Experimental data taken from ref. 1. 
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B-2.3 3d Transition-Metal Nitrides MN 

Table B-2.3.1. Summary of MEs, MAEs and MaxEs (the corresponding molecule is given in 

parentheses) for BDEs (in kcal mol
-1

) and EBLs (in Å) of 3d transition-metal nitrides MN.
a
 

MN BDE  EBL 

Functional ME MAE MaxE  ME MAE MaxE 

        
BP86 9.5 9.5 13.2 (TiN)  -0.013 0.017 -0.021 (ScN) 

BLYP 11.1 11.1 16.5 (VN)  -0.002 0.010 0.016 (TiN) 

PBE 12.6 12.6 17.0 (TiN)  -0.015 0.018 -0.023 (CrN) 

TPSS 3.2 3.3 7.1 (VN)  -0.009 0.015 -0.018 (VN) 

TPSSh -9.0 9.0 -13.8 (CrN)  -0.019 0.019 -0.031 (VN) 

B3LYP -13.9 13.9 -18.5 (ScN)  -0.025 0.025 -0.036 (ScN) 

PBE0 -18.8 18.8 -27.3 (CrN)  -0.035 0.035 -0.055 (ScN) 

BHLYP -49.1 49.1 -52.1 (ScN)  -0.001 0.083 0.163 (CrN) 

Lh-SVWN:b        

aσ = 0.48tσ (σ = α, β) -18.7 18.7 -28.6 (CrN)  -0.034 0.034 -0.056 (ScN) 

aα = (0.446 + 0.0531ζ)tα 

aβ = (0.446 − 0.0531ζ)tβ 
-16.1 16.1 -25.7 (CrN)  -0.035 0.035 -0.056 (ScN) 

aσ = erf(0.22sσ) (σ = α, β) -17.3 17.3 -26.9 (CrN)  -0.037 0.037 -0.056 (ScN) 

aα = erf[(0.197 + 0.0423ζ)sα] 

aβ = erf[(0.197 − 0.0423ζ)sβ] 
-14.1 14.1 -23.6 (CrN)  -0.038 0.038 -0.055 (ScN) 

aα = aβ = a = 0.534t -12.7 12.7 -21.3 (CrN)  -0.042 0.042 -0.057 (ScN) 

        
a All calculations employed def2-QZVP(UC) basis sets. b Results from non-self-consistent calculations 
based on B3LYP orbitals. 

Table B-2.3.2. Functional-specific molecular term symbols 

for the MN reference set.
a
 

Functional ScN TiN VN CrN 

     
BP86 

1 + 2 + 3Δ 4 + 

BLYP 
1 + 2 + 3Δ 4 + 

PBE 
1 + 2 + 3Δ 4 + 

TPSS 
1 + 2 + 3Δ 4 + 

TPSSh 
1 + 2 + 3Δ 4 + 

B3LYP 
1 + 2 + 3Δ 4 + 

PBE0 
1 + 2 + 3Δ 4 + 

BHLYP 
1 + 2 + 3Δ 4 + 

Lh-SVWN:     

aσ = 0.48tσ (σ = α, β) 
1 + 2 + 3Δ 4 + 

aα = (0.446 + 0.0531ζ)tα 

aβ = (0.446 − 0.0531ζ)tβ 
1 + 2 + 3Δ 4 + 

aσ = erf(0.22sσ) (σ = α, β) 
1 + 2 + 3Δ 4 + 

aα = erf[(0.197 + 0.0423ζ)sα] 

aβ = erf[(0.197 − 0.0423ζ)sβ] 
1 + 2 + 3Δ 4 + 

aα = aβ = a = 0.534t 
1 + 2 + 3Δ 4 + 

     
a All calculations employed def2-QZVP(UC) basis sets. 
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Table B-2.3.3. Calculated BDEs De [kcal mol
-1

] and EBLs re [Å] of 3d transition-metal nitrides MN 

using eight standard functionals. Values in parentheses are excluded from ME and MAE evaluations 

(no experimental reference data available). Maximum errors for each functional and property are 

indicated in bold typeface.
a 

 a Normal typeface indicates results of def2-QZVP(UC) calculations, values in italics are from def2-QZVP calculations. 
b Experimental data taken from ref. 1. 

Table B-2.3.4. Calculated vibrational frequencies ωe [cm
-1

], Mulliken metal d populations N(d), and 

<S
2
> expectation values of 3d transition-metal nitrides MN using eight standard functionals.

a
 

a Normal typeface indicates results of def2-QZVP(UC) calculations, values in italics are from def2-QZVP calculations. 
b Experimental data taken from ref. 1. 

Complex Property BLYP B3LYP BHLYP BP86 PBE PBE0 TPSS TPSSh Exp.b 

           

ScN 

De 
114.7 94.5 60.9 118.2 121.6 94.7 112.9 102.8 113.0 

114.7 94.5 60.8 118.1 121.5 94.6 112.8 102.6  

re 
1.684 1.651 1.617 1.666 1.666 1.632 1.672 1.657 1.687 

1.684 1.651 1.617 1.666 1.666 1.632 1.672 1.658  

           

TiN 

De 
138.0 112.8 72.6 137.2 141.0 112.1 129.2 118.0 124.0 

137.2 112.5 72.3 137.0 140.7 111.8 128.9 117.7  

re 
1.586 1.554 1.521 1.577 1.574 1.539 1.582 1.567 1.570 

1.586 1.554 1.521 1.577 1.574 1.539 1.581 1.567  

           

VN 

De 
133.5 108.1 72.5 129.4 132.6 99.2 124.1 111.2 117.0 

133.2 107.7 72.1 129.1 132.3 98.9 123.8 110.9  

re 
1.561 1.535 1.521 1.551 1.549 1.522 1.552 1.539 1.570 

1.560 1.534 1.521 1.551 1.549 1.522 1.552 1.539  

           

CrN 

De 
109.3 80.0 48.4 104.2 106.5 69.7 97.6 83.2 97.0 

108.9 79.6 48.3 103.8 106.2 69.4 97.2 82.8  

re 
1.551 1.550 1.726 1.543 1.540 1.557 1.547 1.549 1.563 

1.551 1.551 1.728 1.543 1.540 1.558 1.547 1.549  

           

ME 

De 
11.1 -13.9 -49.1 9.5 12.7 -18.8 3.2 -9.0  

10.7 -14.2 -49.4 9.2 12.4 -19.1 2.9 -9.2  

re 
-0.002 -0.025 -0.001 -0.013 -0.015 -0.035 -0.009 -0.019  

-0.002 -0.025 -0.001 -0.013 -0.015 -0.035 -0.009 -0.019  

           

MAE 

De 
11.1 13.9 49.1 9.5 12.7 18.8 3.3 9.0  

10.7 14.2 49.4 9.2 12.4 19.1 3.0 9.2  

re 
0.010 0.025 0.083 0.017 0.017 0.035 0.015 0.019  

0.010 0.025 0.083 0.017 0.017 0.035 0.015 0.019  

           

MaxE 

De 
16.5 -18.5 -52.1 13.2 17.0 -27.3 7.1 -13.8  

16.2 -18.5 -52.2 13.0 16.7 -27.6 6.8 -14.2  

re 
0.016 -0.036 0.163 -0.021 -0.023 -0.055 -0.018 -0.031  

0.016 -0.036 0.165 -0.021 -0.023 -0.055 -0.018 -0.031  

           
           

Complex Property BLYP B3LYP BHLYP BP86 PBE PBE0 TPSS TPSSh Exp.b 

           

ScN 
ωe 

892 944 1005 934 922 983 924 945 795 
891 945 1006 933 921 983 925 946  

N(d) 
1.94 1.96 1.95 1.98 1.96 1.97 1.92 1.93  
1.95 1.96 1.96 1.99 1.96 1.97 1.92 1.93  

 
<S2> 

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00  
 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00  

           

TiN 
ωe 

1057 1139 1216 1075 1081 1173 1064 1088 1033 
1055 1139 1217 1073 1080 1174 1063 1087  

N(d) 
2.58 2.46 2.41 2.61 2.60 2.44 2.65 2.60  
2.60 2.48 2.42 2.63 2.62 2.45 2.67 2.62  

 
<S2> 

0.75 0.75 0.75 0.76 0.76 0.76 0.76 0.76  
 0.75 0.75 0.75 0.76 0.76 0.76 0.76 0.76  

           

VN 
ωe 

1071 1100 872 1088 1093 1107 1084 1100 1033 
1069 1098 864 1085 1091 1106 1082 1099  

N(d) 
3.62 3.54 3.48 3.68 3.68 3.52 3.62 3.53  
3.65 3.56 3.49 3.70 3.70 3.54 3.65 3.55  

 
<S2> 

2.03 2.06 2.20 2.04 2.04 2.08 2.04 2.06  
 2.03 2.06 2.20 2.04 2.04 2.08 2.05 2.06  

           

CrN 
ωe 

1012 840 489 1017 1030 738 988 896 1050 
1008 832 489 1013 1026 731 984 891  

N(d) 
4.67 4.62 4.67 4.67 4.66 4.61 4.65 4.63  
4.69 4.65 4.68 4.69 4.68 4.63 4.67 4.64  

 
<S2> 

3.88 4.10 5.26 3.91 3.90 4.27 3.94 4.05  
 3.88 4.10 5.27 3.91 3.90 4.27 3.94 4.05  
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Table B-2.3.5. Calculated BDEs De [kcal mol
-1

] and EBLs re [Å] of 3d transition-metal nitrides MN using five Lh-SVWN functionals with different local mixing 

functions (LMFs). Values in parentheses are excluded from ME and MAE evaluations (no experimental reference data available). Maximum errors for each 

functional and property are indicated in bold typeface.
a
 

Lh-SVWN                 LMF: aσ = 0.48tσ (σ = α, β) 
aα = (0.446 + 0.0531ζ)tα 

aβ = (0.446 − 0.0531ζ)tβ 
aσ = erf(0.22sσ) (σ = α, β) 

aα = erf[(0.197 + 0.0423ζ)sα] 

aβ = erf[(0.197 − 0.0423ζ)sβ] 
aα = aβ = a = 0.534t  

Compound Propertyb post-SCF RI Numerical post-SCF post-SCF RI Numerical post-SCF post-SCF Exp.c 

            
ScN 

De 97.9 98.3 97.4 99.9 100.5 100.4 100.9 103.4 100.9 113.0 

re 1.631 1.632 1.631 1.631 1.631 1.632 1.632 1.632 1.630 1.687 

            
TiN 

De 112.9 113.2 112.2 115.6 112.5 112.9 113.8 115.9 118.2 124.0 

re 1.542 1.543 1.543 1.543 1.540 1.542 1.542 1.541 1.540 1.570 

            
VN 

De 96.9 97.3 97.5 99.8 98.6 98.9 98.8 101.8 105.4 117.0 

re 1.526 1.527 1.527 1.526 1.524 1.525 1.525 1.525 1.521 1.570 

            
CrN 

De 68.4 68.9 68.7 71.3 70.1 70.5 70.3 73.4 75.7 97.0 

re 1.554 1.555 1.554 1.549 1.546 1.546 1.547 1.539 1.532 1.563 

            
            

ME 
De -18.7 -18.3 -18.8 -16.1 -17.3 -17.1 -16.8 -14.1 -12.7  

re -0.034 -0.033 -0.034 -0.035 -0.037 -0.036 -0.036 -0.038 -0.042  

            
MAE 

De 18.7 18.3 18.8 16.1 17.3 17.1 16.8 14.1 12.7  

re 0.034 0.033 0.034 0.035 0.037 0.036 0.036 0.038 0.042  

            
MaxE 

De -28.6 -28.1 -28.3 -25.7 -26.9 -26.5 -26.7 -23.6 -21.4  

re -0.056 -0.055 -0.056 -0.056 -0.056 -0.055 -0.055 -0.055 -0.057  

            
a All calculations employed def2-QZVP(UC) basis sets. The local hybrid potential used for the SCF iterative procedure is indicated as post-SCF (non-self-consistent evaluation based on B3LYP 
orbitals), RI and Numerical (self-consistent evaluation). b EBLs of local hybrid functionals were obtained by a least squares fitting procedure. c Experimental data taken from ref. 1. 
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B-2.4 4
th

 Period Metal Oxides MO 

Table B-2.4.1. Summary of MEs, MAEs and MaxEs (the corresponding molecule is given 

in parentheses) for BDEs (in kcal mol
-1

) and EBLs (in Å) of 4
th

 period metal oxides MO.
a
 

MO BDE  EBL 

Functional ME MAE MaxE  ME MAE MaxE 

        
BP86 19.1 19.1 35.4 (MnO)  -0.007 0.008 -0.019 (MnO) 

BLYP 17.6 17.6 30.1 (MnO)  0.008 0.009 0.017 (NiO) 

PBE 21.7 21.7 38.1 (MnO)  -0.007 0.008 -0.020 (MnO) 

TPSS 13.6 13.6 30.8 (MnO)  -0.004 0.004 -0.017 (MnO) 

TPSSh 3.7 4.2 17.2 (MnO)  -0.007 0.009 -0.018 (MnO) 

B3LYP -2.1 3.6 -8.3 (CaO)  -0.003 0.009 0.032 (CuO) 

PBE0 -4.4 5.8 -10.5 (CrO)  -0.014 0.020 -0.031 (CaO) 

BHLYP -31.9 31.9 -42.7 (CoO)  0.013 0.036 0.106 (CrO) 

Lh-SVWN:        

aσ = 0.48tσ (σ = α, β) -0.8 4.8 -9.2 (CrO)  -0.013 0.017 -0.028 (CaO) 

aα = (0.446 + 0.0531ζ)tα 

aβ = (0.446 − 0.0531ζ)tβ 
1.9 4.8 11.2 (FeO)  -0.014 0.017 -0.029 (CaO) 

aσ = erf(0.22sσ) (σ = α, β) -0.1 5.7 11.3 (MnO)  -0.016 0.020 -0.033 (CaO) 

aα = erf[(0.197 + 0.0423ζ)sα] 

aβ = erf[(0.197 − 0.0423ζ)sβ] 
3.6 5.6 15.4 (MnO)  -0.018 0.020 -0.034 (CaO) 

aα = aβ = a = 0.534t 1.7 3.9 9.4 (FeO)  -0.013 0.017 -0.027 (CaO) 

        
a All calculations employed def2-QZVP(UC) basis sets. b Results from non-self-consistent calculations based on 

B3LYP orbitals. 

Table B-2.4.2. Functional-specific molecular term symbols for the MO reference set.
a
 

Functional CaO ScO TiO VO CrO MnO FeO CoO NiO CuO 

           
BP86 

1 + 2 + 3Δ 4 − 5  6 + 5Δ 4Δ 3 − 2  

BLYP 
1 + 2 + 3Δ 4 − 5  6 + 5Δ 4Δ 3 − 2  

PBE 
1 + 2 + 3Δ 4 − 5  6 + 5Δ 4Δ 3 − 2  

TPSS 
1 + 2 + 3Δ 4 − 5  6 + 5Δ 4Δ 3 − 2  

TPSSh 
1 + 2 + 3Δ 4 − 5  6 + 5Δ 4Δ 3 − 2  

B3LYP 
1 + 2 + 3Δ 4 − 5  6 + 5Δ 4Δ 3 − 2  

PBE0 
1 + 2 + 3Δ 4 − 5  6 + 5Δ 4Δ 3 − 2  

BHLYP 
1 + 2 + 3Δ 4 − 5  6 + 5Δ 4Δ 3 − 2  

Lh-SVWN:           

aσ = 0.48tσ (σ = α, β) 
1 + 2 + 3Δ 4 − 5  6 + 5Δ 4Δ 3 − 2  

aα = (0.446 + 0.0531ζ)tα 

aβ = (0.446 − 0.0531ζ)tβ 
1 + 2 + 3Δ 4 − 5  6 + 5Δ 4Δ 3 − 2  

aσ = erf(0.22sσ) (σ = α, β) 
1 + 2 + 3Δ 4 − 5  6 + 5Δ 4Δ 3 − 2  

aα = erf[(0.197 + 0.0423ζ)sα] 

aβ = erf[(0.197 − 0.0423ζ)sβ] 
1 + 2 + 3Δ 4 − 5  6 + 5Δ 4Δ 3 − 2  

aα = aβ = a = 0.534t 
1 + 2 + 3Δ 4 − 5  6 + 5Δ 4Δ 3 − 2  

           
a All calculations employed def2-QZVP(UC) basis sets.
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Table B-2.4.3. Calculated BDEs De [kcal mol
-1

] and EBLs re [Å] of 4
th

 period metal oxides MO 

using eight standard functionals. Values in parentheses are excluded from ME and MAE evaluations 

(no experimental reference data available). Maximum errors for each functional and property are 

indicated in bold typeface.
a 

a Normal typeface indicates results of def2-QZVP(UC) calculations, values in italics are from def2-QZVP calculations. 
b Experimental data taken from ref. 1. 

 

Complex Property BLYP B3LYP BHLYP BP86 PBE PBE0 TPSS TPSSh Exp.b 

           

CaO 

De 
117.7 102.5 77.6 122.0 123.3 102.2 117.8 109.5 110.8 

117.7 102.5 77.5 122.0 123.3 102.1 117.7 109.4  

re 
1.832 1.810 1.796 1.810 1.812 1.791 1.815 1.807 1.822 

1.832 1.810 1.795 1.810 1.811 1.791 1.815 1.807  

           

ScO 

De 
175.2 160.0 133.7 179.0 182.3 161.0 171.6 164.1 163.0 

175.2 159.9 133.5 179.0 182.3 160.9 171.6 164.0  

re 
1.678 1.658 1.642 1.665 1.663 1.644 1.668 1.659 1.668 

1.677 1.658 1.642 1.665 1.663 1.644 1.668 1.659  

           

TiO 

De 
179.1 159.8 127.3 180.8 183.3 160.6 174.1 165.7 161.0 

179.2 159.7 127.0 180.6 183.1 160.4 173.9 165.5  

re 
1.630 1.612 1.596 1.618 1.616 1.598 1.621 1.613 1.620 

1.630 1.611 1.596 1.618 1.616 1.598 1.621 1.613  

           

VO 

De 
167.2 147.2 118.1 166.5 168.7 141.4 159.1 148.8 150.0 

166.9 146.8 117.7 166.2 168.4 141.1 158.9 148.6  

re 
1.598 1.580 1.566 1.585 1.585 1.567 1.589 1.582 1.589 

1.598 1.580 1.566 1.586 1.585 1.567 1.589 1.582  

           

CrO 

De 
122.4 100.7 72.8 119.1 120.9 92.5 113.8 102.8 103.0 

122.2 100.5 72.7 118.9 120.7 92.3 113.6 102.6  

re 
1.621 1.614 1.721 1.609 1.608 1.608 1.613 1.612 1.615 

1.621 1.615 1.723 1.610 1.609 1.608 1.614 1.612  

           

MnO 

De 
119.6 94.0 60.5 124.9 127.6 94.0 120.3 106.7 89.5 

119.5 93.8 60.4 124.8 127.5 93.9 120.1 106.5  

re 
1.641 1.636 1.688 1.627 1.626 1.629 1.629 1.628 1.646 

1.641 1.636 1.689 1.627 1.627 1.629 1.629 1.628  

           

FeO 

De 
122.5 100.8 63.4 125.2 128.3 99.5 119.3 109.2 97.4 

122.3 100.6 63.3 125.0 128.1 99.4 119.2 109.1  

re 
1.620 1.612 1.640 1.605 1.605 1.602 1.605 1.603 1.616 

1.620 1.612 1.641 1.605 1.606 1.602 1.606 1.603  

           

CoO 

De 
111.6 90.3 49.4 112.2 115.8 86.0 105.9 94.8 92.1 

112.0 90.1 49.3 112.1 115.6 85.9 105.9 94.8  

re 
1.643 1.625 1.622 1.615 1.617 1.613 1.629 1.622 1.629 

1.643 1.625 1.622 1.616 1.618 1.614 1.629 1.623  

           

NiO 

De 
108.9 84.4 51.5 109.7 112.8 80.2 104.4 92.2 90.4 

108.8 84.3 51.4 109.4 112.6 80.1 104.4 92.4  

re 
1.644 1.626 1.617 1.629 1.630 1.614 1.629 1.622 1.627 

1.644 1.627 1.618 1.630 1.631 1.614 1.629 1.623  

           

CuO 

De 
75.0 63.4 50.9 75.3 77.8 62.1 73.0 66.8 66.6 

74.9 63.3 50.8 75.2 77.7 62.0 73.0 66.8  

re 
1.734 1.756 1.799 1.719 1.719 1.753 1.722 1.734 1.724 

1.734 1.757 1.799 1.719 1.719 1.754 1.722 1.734  

           

ME 

De 
17.6 -2.1 -31.9 19.1 21.7 -4.4 13.6 3.7  

17.5 -2.2 -32.0 18.9 21.5 -4.6  3.6  

re 
0.008 -0.003 0.013 -0.007 -0.007 -0.014 -0.004 -0.007  

0.008 -0.002 0.014 -0.007 -0.007 -0.013  -0.007  

           

MAE 

De 
17.6 3.6 31.9 19.1 21.7 5.8 13.6 4.2  

17.5 3.7 32.0 18.9 21.5 5.9  4.2  

re 
0.009 0.009 0.036 0.008 0.008 0.020 0.004 0.009  

0.010 0.009 0.037 0.008 0.008 0.019  0.009  

           

MaxE 

De 
30.1 -8.3 -42.7 35.4 38.1 -10.5 30.8 17.2  

30.0 -8.3 -42.8 35.3 38.0 -10.7  17.0  

re 
0.017 0.033 0.106 -0.019 -0.020 -0.031 -0.017 -0.018  

0.017 0.033 0.108 -0.019 -0.019 -0.031  -0.018  
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Table B-2.4.4. Calculated vibrational frequencies ωe [cm
-1

], Mulliken metal d populations N(d), and 

<S
2
> expectation values of 4

th
 period metal oxides MO using eight standard functionals.

a
 

a Normal typeface indicates results of def2-QZVP(UC) calculations, values in italics are from def2-QZVP calculations. 
b Experimental data taken from ref. 1. 

Complex Property BLYP B3LYP BHLYP BP86 PBE PBE0 TPSS TPSSh Exp.b 

           

CaO 
ωe 

743 780 818 772 764 806 776 791 732 
742 780 819 771 764 807 776 791  

N(d) 
0.90 0.88 0.83 0.94 0.93 0.90 0.91 0.90  
0.91 0.88 0.83 0.94 0.93 0.89 0.91 0.90  

 
<S2> 

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00  
 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00  

           

ScO 
ωe 

951 997 1039 971 972 1021 975 995 965 
950 996 1040 970 971 1021 974 995  

N(d) 
1.35 1.29 1.20 1.36 1.35 1.28 1.32 1.29  
1.37 1.31 1.21 1.37 1.37 1.29 1.33 1.30  

 
<S2> 

0.75 0.75 0.75 0.75 0.75 0.75 0.75 0.75  
 0.75 0.75 0.75 0.75 0.75 0.75 0.75 0.75  

           

TiO 
ωe 

993 1040 1086 1014 1014 1066 1017 1038 1009 
990 1038 1085 1011 1012 1065 1015 1036  

N(d) 
2.48 2.41 2.31 2.49 2.49 2.40 2.45 2.42  
2.50 2.42 2.31 2.51 2.50 2.40 2.46 2.43  

 
<S2> 

2.01 2.01 2.01 2.01 2.01 2.02 2.01 2.01  
 2.01 2.01 2.01 2.01 2.01 2.02 2.01 2.01  

           

VO 
ωe 

1001 1041 1070 1021 1021 1062 1017 1034 1011 
998 1038 1068 1018 1018 1060 1015 1032  

N(d) 
3.59 3.52 3.40 3.60 3.60 3.50 3.59 3.55  
3.61 3.53 3.41 3.62 3.61 3.52 3.60 3.56  

 
<S2> 

3.78 3.79 3.81 3.79 3.79 3.81 3.79 3.80  
 3.78 3.80 3.81 3.79 3.79 3.81 3.79 3.80  

           

CrO 
ωe 

908 875 476 920 922 848 914 891 898 
906 871 482 918 919 844 912 889  

N(d) 
4.52 4.47 4.54 4.52 4.51 4.46 4.51 4.48  
4.54 4.48 4.55 4.53 4.53 4.47 4.52 4.49  

 
<S2> 

6.07 6.14 6.71 6.09 6.09 6.19 6.10 6.13  
 6.07 6.14 6.71 6.09 6.09 6.19 6.10 6.14  

           

MnO 
ωe 

883 872 661 907 906 866 908 899 840 
882 870 660 905 904 863 906 897  

N(d) 
5.44 5.36 5.21 5.42 5.42 5.32 5.41 5.37  
5.45 5.37 5.21 5.43 5.43 5.33 5.41 5.38  

 
<S2> 

8.78 8.82 9.11 8.79 8.79 8.86 8.80 8.82  
 8.78 8.83 9.11 8.79 8.79 8.86 8.80 8.82  

           

FeO 
ωe 

891 901 754 919 916 912 923 925 880 
890 900 751 917 914 911 922 923  

N(d) 
6.62 6.54 6.35 6.60 6.60 6.50 6.58 6.55  
6.63 6.55 6.35 6.61 6.61 6.51 6.59 6.55  

 
<S2> 

6.02 6.04 6.20 6.02 6.02 6.05 6.02 6.03  
 6.02 6.04 6.21 6.02 6.02 6.05 6.02 6.03  

           

CoO 
ωe 

848 892 884 837 831 915 881 897 853 
847 891 883 837 831 914 880 896  

N(d) 
7.46 7.43 7.31 7.56 7.55 7.41 7.45 7.44  
7.47 7.43 7.31 7.57 7.55 7.42 7.45 7.44  

 
<S2> 

3.79 3.84 3.93 3.77 3.77 3.84 3.76 3.77  
 3.79 3.84 3.93 3.77 3.77 3.84 3.76 3.77  

           

NiO 
ωe 

819 863 915 844 842 890 853 870 838 
819 863 914 844 841 889 852 870  

N(d) 
8.67 8.67 8.56 8.67 8.67 8.65 8.67 8.66  
8.68 8.67 8.57 8.68 8.67 8.66 8.67 8.67  

 
<S2> 

2.02 2.04 2.06 2.01 2.01 2.04 2.01 2.01  
 2.02 2.04 2.06 2.01 2.01 2.04 2.01 2.01  

           

CuO 
ωe 

649 603 583 668 669 606 665 637 640 
649 603 583 669 668 606 665 637  

N(d) 
9.65 9.77 9.88 9.65 9.64 9.79 9.66 9.72  
9.65 9.77 9.88 9.65 9.64 9.79 9.66 9.72  

 
<S2> 

0.76 0.77 0.77 0.76 0.76 0.77 0.76 0.76  
 0.76 0.77 0.77 0.76 0.76 0.77 0.76 0.76  
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Table B-2.4.5. Calculated BDEs De [kcal mol
-1

] and EBLs re [Å] of 4
th

 period metal oxides MO using five Lh-SVWN functionals with different local mixing 

functions (LMFs). Values in parentheses are excluded from ME and MAE evaluations (no experimental reference data available). Maximum errors for each 

functional and property are indicated in bold typeface.
a
 

Lh-SVWN                 LMF: aσ = 0.48tσ (σ = α, β) 
aα = (0.446 + 0.0531ζ)tα 

aβ = (0.446 − 0.0531ζ)tβ 
aσ = erf(0.22sσ) (σ = α, β) 

aα = erf[(0.197 + 0.0423ζ)sα] 

aβ = erf[(0.197 − 0.0423ζ)sβ] 
aα = aβ = a = 0.534t  

Compound Propertyb post-SCF RI Numerical post-SCF post-SCF RI Numerical post-SCF post-SCF Exp.c 

            
CaO 

De 106.8 107.1 107.2 108.7 110.5 110.9 111.0 113.1 108.2 110.8 

re 1.794 1.795 1.795 1.793 1.789 1.790 1.790 1.788 1.795 1.822 

            
ScO 

De 165.7 165.9 165.1 168.2 166.8 166.5 167.3 170.3 166.1 163.0 

re 1.649 1.650 1.649 1.649 1.646 1.646 1.646 1.646 1.649 1.668 

            
TiO 

De 162.7 163.0 162.8 165.4 162.8 163.1 163.8 166.1 165.8 161.0 

re 1.602 1.603 1.603 1.602 1.599 1.600 1.600 1.599 1.602 1.620 

            
VO 

De 143.6 144.0 143.7 146.6 144.6 145.0 145.4 148.2 148.9 150.0 

re 1.573 1.575 1.575 1.573 1.570 1.571 1.571 1.569 1.571 1.589 

            
CrO 

De 93.8 94.3 94.4 96.7 95.3 95.9 95.8 98.8 99.6 103.0 

re 1.622 1.625 1.615 1.617 1.610 1.608 1.607 1.605 1.609 1.615 

            
MnO 

De 96.8 97.0 97.1 99.9 100.8 101.1 101.1 104.9 98.3 89.5 

re 1.625 1.625 1.625 1.622 1.618 1.619 1.619 1.616 1.624 1.646 

            
FeO 

De 105.6 105.7 105.5 108.6 108.4 106.2 106.5 112.5 106.8 97.4 

re 1.597 1.597 1.597 1.596 1.593 1.594 1.594 1.592 1.599 1.616 

            
CoO 

De 91.1 91.3 91.3 94.3 87.7 88.2 89.4 92.8 94.0 92.1 

re 1.613 1.614 1.614 1.613 1.613 1.620 1.602 1.613 1.615 1.629 

            
NiO 

De 87.2 87.5 87.5 90.2 84.7 85.4 85.9 89.5 88.8 90.4 

re 1.614 1.615 1.616 1.614 1.615 1.616 1.616 1.614 1.616 1.627 

            
CuO 

De 62.4 62.5 62.5 63.8 61.2 61.4 61.4 63.4 64.3 66.6 

re 1.740 1.740 1.740 1.735 1.745 1.745 1.745 1.737 1.745 1.724 

            
            

ME 
De -0.8 -0.6 -0.7 1.9 -0.1 0.0 0.4 3.6 1.7  

re -0.013 -0.012 -0.013 -0.014 -0.016 -0.015 -0.017 -0.018 -0.013  

            
MAE 

De 4.8 4.7 4.6 4.8 5.7 5.2 5.2 5.6 3.9  

re 0.017 0.017 0.016 0.017 0.020 0.019 0.021 0.020 0.017  

            
MaxE 

De -9.2 -8.7 -8.6 11.2 11.3 11.6 11.6 15.4 9.4  

re -0.028 -0.027 -0.027 -0.029 -0.033 -0.032 -0.032 -0.034 -0.027  

            
a All calculations employed def2-QZVP(UC) basis sets. The local hybrid potential used for the SCF iterative procedure is indicated as post-SCF (non-self-consistent evaluation based on B3LYP 

orbitals), RI and Numerical (self-consistent evaluation). b EBLs of local hybrid functionals were obtained by a least squares fitting procedure. c Experimental data taken from ref. 1. 



194 |   Appendix B 

 

B-2.5 4
th

 Period Metal Fluorides MF 

Table B-2.5.1. Summary of MEs, MAEs and MaxEs (the corresponding molecule is given 

in parentheses) for BDEs (in kcal mol
-1

) and EBLs (in Å) of 4
th

 period metal fluorides MF.
a
 

MF BDE  EBL 

Functional ME MAE MaxE  ME MAE MaxE 

        
BP86 6.5 7.6 11.8 (CrF)  0.000 0.013 -0.029 (CaF) 

BLYP 5.8 7.1 14.3 (CrF)  0.011 0.021 0.035 (ScF) 

PBE 7.8 8.2 12.9 (CrF)  0.001 0.014 -0.029 (CaF) 

TPSS 5.5 6.7 11.5 (CrF)  -0.001 0.013 -0.029 (CaF) 

TPSSh 1.9 4.8 7.6 (CrF)  -0.001 0.013 -0.030 (CaF) 

B3LYP -0.8 4.4 -9.7 (CuF)  0.010 0.016 0.02 (ScF) 

PBE0 -1.3 4.0 -10.2 (CuF)  0.004 0.018 0.053 (ScF) 

BHLYP -11.1 11.1 -18.4 (CuF)  0.016 0.021 0.071 (ScF) 

Lh-SVWN:b        

aσ = 0.48tσ (σ = α, β) 2.3 4.5 8.1 (CaF)  0.015 0.022 0.065 (ScF) 

aα = (0.446 + 0.0531ζ)tα 

aβ = (0.446 − 0.0531ζ)tβ 
3.5 5.4 9.2 (CaF)  0.012 0.020 0.061 (ScF) 

aσ = erf(0.22sσ) (σ = α, β) 2.0 4.5 8.5 (CaF)  0.010 0.021 0.058 (ScF) 

aα = erf[(0.197 + 0.0423ζ)sα] 

aβ = erf[(0.197 − 0.0423ζ)sβ] 
3.6 5.6 10.2 (CaF)  0.006 0.021 0.054 (ScF) 

aα = aβ = a = 0.534t 2.9 4.7 7.7 (CrF)  0.019 0.023 0.069 (ScF) 

        
a All calculations employed def2-QZVP(UC) basis sets. b Results from non-self-consistent calculations based 

on B3LYP orbitals. 

Table B-2.5.2. Functional-specific molecular term symbols for the MF reference set.
a
 

Functional KF CaF ScF TiF CrF FeF CuF 

        
BP86 

1 + 2 + 1 + 4Φ 6 + 6Δ 1 + 

BLYP 
1 + 2 + 1 + 4Φ 6 + 4Δ 1 + 

PBE 
1 + 2 + 1 + 4Φ 6 + 6Δ 1 + 

TPSS 
1 + 2 + 1 + 4Φ 6 + 6Δ 1 + 

TPSSh 
1 + 2 + 1 + 4Φ 6 + 6Δ 1 + 

B3LYP 
1 + 2 + 1 + 4Φ 6 + 6Δ 1 + 

PBE0 
1 + 2 + 3Δ 4Φ 6 + 6Δ 1 + 

BHLYP 
1 + 2 + 3Δ 4Φ 6 + 6Δ 1 + 

Lh-SVWN:        

aσ = 0.48tσ (σ = α, β) 
1 + 2 + 3Δ 4Φ 6 + 6Δ 1 + 

aα = (0.446 + 0.0531ζ)tα 

aβ = (0.446 − 0.0531ζ)tβ 
1 + 2 + 3Δ 4Φ 6 + 6Δ 1 + 

aσ = erf(0.22sσ) (σ = α, β) 
1 + 2 + 3Δ 4Φ 6 + 6Δ 1 + 

aα = erf[(0.197 + 0.0423ζ)sα] 

aβ = erf[(0.197 − 0.0423ζ)sβ] 
1 + 2 + 3Δ 4Φ 6 + 6Δ 1 + 

aα = aβ = a = 0.534t 
1 + 2 + 3Δ 4Φ 6 + 6Δ 1 + 

        
a All calculations employed def2-QZVP(UC) basis sets 
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Table B-2.5.3. Calculated BDEs De [kcal mol
-1

] and EBLs re [Å] of 4
th

 period metal fluorides MF 

using eight standard functionals. Values in parentheses are excluded from ME and MAE evaluations 

(no experimental reference data available). Maximum errors for each functional and property are 

indicated in bold typeface.
a 

a Normal typeface indicates results of def2-QZVP(UC) calculations, values in italics are from def2-QZVP calculations. 
b Experimental data taken from ref. 1. 

 

 

 

 

 

 

Complex Property BLYP B3LYP BHLYP BP86 PBE PBE0 TPSS TPSSh Exp.b 

           

KF 

De 
118.5 114.4 105.8 119.4 119.7 112.5 118.5 115.8 117.5 

118.5 114.3 105.8 119.4 119.7 112.4 118.5 115.7  

re 
2.201 2.188 2.179 2.180 2.182 2.172 2.177 2.174 2.171 

2.201 2.188 2.179 2.181 2.182 2.172 2.177 2.174  

           

CaF 

De 
135.8 130.5 120.9 138.6 139.7 131.2 137.7 134.1 127.2 

135.9 130.5 120.8 138.6 139.8 131.2 137.7 134.1  

re 
1.955 1.950 1.950 1.938 1.938 1.936 1.938 1.938 1.967 

1.955 1.949 1.950 1.938 1.938 1.936 1.938 1.937  

           

ScF 

De 
152.2 143.1 131.3 153.9 155.7 144.5 151.4 146.5 143.3 

152.2 143.0 131.3 153.9 155.6 144.5 151.4 146.5  

re 
1.823 1.814 1.859 1.809 1.809 1.841 1.814 1.811 1.788 

1.823 1.815 1.859 1.810 1.809 1.841 1.814 1.811  

           

TiF 

De 
142.7 134.5 119.7 143.7 145.0 136.6 142.4 139.1 137.0 

143.0 134.5 119.7 143.6 145.0 136.5 142.4 139.1  

re 
1.833 1.830 1.836 1.816 1.817 1.817 1.818 1.818 1.834 

1.833 1.830 1.836 1.816 1.816 1.817 1.817 1.818  

           

CrF 

De 
120.6 113.8 105.3 118.1 119.2 109.1 117.8 113.9 106.3 

120.6 113.7 105.2 118.1 119.1 109.1 117.8 113.9  

re 
1.802 1.797 1.790 1.787 1.789 1.787 1.786 1.787 1.784 

1.802 1.797 1.791 1.788 1.789 1.788 1.786 1.787  

           

FeF 

De 
(113.9) (108.8) (99.3) (113.6) (115.9) (113.6) (113.3) (113.4) − 

(113.9) (108.8) (99.3) (113.6) (115.9) (113.7) (113.4) (113.4)  

re 
1.756 1.789 1.791 1.780 1.782 1.779 1.778 1.777 1.780 

1.756 1.788 1.791 1.780 1.781 1.779 1.778 1.777  

           

CuF 

De 
98.8 93.1 84.4 99.3 101.5 92.6 99.3 95.9 102.8 

98.7 93.1 84.3 99.3 101.5 92.5 99.4 95.9  

re 
1.772 1.770 1.779 1.756 1.760 1.763 1.754 1.756 1.745 

1.771 1.770 1.779 1.756 1.760 1.763 1.754 1.756  

           

ME 

De 
5.8 -0.8 -11.1 6.5 7.8 -1.3 5.5 1.9  

5.8 -0.8 -11.2 6.4 7.8 -1.3 5.5 1.9  

re 
0.011 0.010 0.016 0.000 0.001 0.004 -0.001 -0.001  

0.010 0.010 0.016 0.000 0.001 0.004 -0.001 -0.001  

           

MAE 

De 
7.1 4.4 11.1 7.6 8.2 4.0 6.7 4.8  

7.2 4.4 11.2 7.6 8.2 4.0 6.7 4.7  

re 
0.021 0.016 0.021 0.013 0.014 0.018 0.013 0.013  

0.021 0.016 0.021 0.013 0.014 0.018 0.013 0.013  

           

MaxE 

De 
14.3 -9.7 -18.4 11.8 12.9 -10.2 11.5 7.6  

14.3 -9.7 -18.5 11.8 12.8 -10.3 11.5 7.6  

re 
0.035 0.027 0.071 -0.029 -0.029 0.053 -0.029 -0.030  

0.035 0.027 0.071 -0.029 -0.029 0.053 -0.029 -0.030  
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Table B-2.5.4. Calculated vibrational frequencies ωe [cm
-1

], Mulliken metal d populations N(d), and 

<S
2
> expectation values of 4

th
 period metal fluorides MF using eight standard functionals.

a 

a Normal typeface indicates results of def2-QZVP(UC) calculations, values in italics are from def2-QZVP calculations. 
b Experimental data taken from ref. 1. 

Complex Property BLYP B3LYP BHLYP BP86 PBE PBE0 TPSS TPSSh Exp.b 

           

KF 
ωe 

407 420 432 416 414 426 421 425 428 
408 420 432 416 414 426 421 424  

N(d) 
0.18 0.16 0.14 0.18 0.18 0.16 0.18 0.17  
0.18 0.16 0.14 0.18 0.19 0.16 0.18 0.17  

 
<S2> 

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00  
 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00  

           

CaF 
ωe 

581 591 599 594 593 601 601 604 581 
581 591 599 594 592 601 601 603  

N(d) 
0.36 0.31 0.25 0.37 0.37 0.30 0.35 0.33  
0.37 0.32 0.25 0.37 0.37 0.31 0.35 0.33  

 
<S2> 

0.75 0.75 0.75 0.75 0.75 0.75 0.75 0.75  
 0.75 0.75 0.75 0.75 0.75 0.75 0.75 0.75  

           

ScF 
ωe 

672 685 654 687 686 661 689 693 736 
673 685 654 687 686 662 689 692  

N(d) 
1.13 1.05 1.33 1.17 1.15 1.41 1.18 1.14  
1.14 1.06 1.33 1.19 1.16 1.41 1.19 1.15  

 
<S2> 

0.69 0.65 2.00 0.74 0.71 2.00 0.76 0.74  
 0.69 0.65 2.00 0.74 0.71 2.00 0.76 0.74  

           

TiF 
ωe 

641 653 661 657 655 666 663 666 − 
641 654 661 657 655 666 663 666  

N(d) 
2.49 2.42 2.31 2.60 2.50 2.40 2.48 2.44  
2.50 2.42 2.32 2.51 2.50 2.41 2.48 2.45  

 
<S2> 

3.75 3.75 3.75 3.75 3.75 3.75 3.75 3.75  
 3.75 3.75 3.75 3.75 3.75 3.75 3.75 3.75  

           

CrF 
ωe 

632 640 665 644 641 647 653 653 664 
631 640 665 644 641 647 653 653  

N(d) 
4.66 4.61 4.47 4.67 4.67 4.60 4.65 4.62  
4.66 4.61 4.47 4.67 4.67 4.60 4.65 4.63  

 
<S2> 

8.76 8.76 8.76 8.76 8.76 8.76 8.76 8.76  
 8.76 8.76 8.76 8.76 8.76 8.76 8.76 8.76  

           

FeF 
ωe 

644 648 660 643 641 660 652 659 663 
644 649 661 644 642 661 653 660  

N(d) 
6.55 6.21 6.14 6.28 6.28 6.19 6.27 6.23  
6.55 6.21 6.14 6.28 6.28 6.19 6.27 6.23  

 
<S2> 

4.05 8.75 8.76 8.75 8.75 8.75 8.75 8.75  
 4.06 8.75 8.76 8.75 8.75 8.75 8.75 8.75  

           

CuF 
ωe 

592 597 596 609 604 604 614 612 623 
592 598 597 609 604 604 615 612  

N(d) 
9.82 9.86 9.92 9.81 9.82 9.88 9.81 9.84  
9.82 9.86 9.92 9.82 9.82 9.88 9.81 9.84  

 
<S2> 

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00  
 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00  
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Table B-2.5.5. Calculated BDEs De [kcal mol
-1

] and EBLs re [Å] of 4
th

 period metal fluorides MF using five Lh-SVWN functionals with different local mixing 

functions (LMFs). Values in parentheses are excluded from ME and MAE evaluations (no experimental reference data available). Maximum errors for each 

functional and property are indicated in bold typeface.
a
 

Lh-SVWN                 LMF: aσ = 0.48tσ (σ = α, β) 
aα = (0.446 + 0.0531ζ)tα 

aβ = (0.446 − 0.0531ζ)tβ 
aσ = erf(0.22sσ) (σ = α, β) 

aα = erf[(0.197 + 0.0423ζ)sα] 

aβ = erf[(0.197 − 0.0423ζ)sβ] 
aα = aβ = a = 0.534t  

Compound Propertyb post-SCF RI Numerical post-SCF post-SCF RI Numerical post-SCF post-SCF Exp.c 

            
KF 

De 118.2 118.3 118.5 118.9 117.8 117.8 118.1 118.7 121.0 117.4 

re 2.198 2.199 2.198 2.193 2.191 2.191 2.191 2.186 2.206 2.171 

            
CaF 

De 135.3 135.3 135.5 136.4 135.7 135.9 136.1 137.4 133.9 127.2 

re 1.951 1.952 1.952 1.948 1.944 1.944 1.944 1.940 1.956 1.967 

            
ScF 

De 148.3 148.4 148.4 149.7 148.7 148.3 148.6 150.7 146.2 143.3 

re 1.853 1.853 1.853 1.849 1.846 1.846 1.846 1.842 1.857 1.788 

            
TiF 

De 138.9 139.1 139.0 140.3 137.5 137.8 138.3 139.3 139.2 137.0 

re 1.827 1.827 1.828 1.823 1.821 1.821 1.820 1.816 1.831 1.834 

            
CrF 

De 111.0 111.5 111.6 112.6 111.0 111.5 111.5 112.7 114.0 106.3 

re 1.803 1.802 1.803 1.799 1.799 1.798 1.799 1.795 1.803 1.784 

            
FeF 

De (116.1) (116.1) (116.0) (117.3) (116.6) (114.2) (114.6) (118.2) (114.0) − 

re 1.783 1.784 1.784 1.780 1.778 1.778 1.778 1.774 1.785 1.780 

            
CuF 

De 96.0 96.0 96.2 97.1 95.1 95.3 95.4 96.9 97.5 102.8 

re 1.761 1.762 1.762 1.758 1.763 1.764 1.764 1.759 1.766 1.745 

            
            

ME 
De 2.3 2.4 2.5 3.5 2.0 2.1 2.3 3.6 2.9  

re 0.015 0.016 0.016 0.012 0.010 0.010 0.010 0.006 0.019  

            
MAE 

De 4.5 4.7 4.7 5.4 4.5 4.6 4.8 5.6 4.7  

re 0.022 0.022 0.022 0.020 0.021 0.021 0.022 0.021 0.023  

            
MaxE 

De 8.1 8.1 8.3 9.2 8.5 8.7 8.9 10.2 7.7  

re 0.065 0.065 0.065 0.023 0.058 0.058 0.058 0.054 0.069  

            
a All calculations employed def2-QZVP(UC) basis sets. The local hybrid potential used for the SCF iterative procedure is indicated as post-SCF (non-self-consistent evaluation based on B3LYP 

orbitals), RI and Numerical (self-consistent evaluation). b EBLs of local hybrid functionals were obtained by a least squares fitting procedure. c Experimental data taken from ref. 1. 
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B-2.6 Reaction Energies Benchmark Set for 18 Transition-Metal Complexes 

Table B-2.6.1. Calculated reaction energies (in kcal mol
-1

) for the 18 transition-metal complexes of 

the FP reference set using eight standard DFT functionals. The MaxE for each functional is indicated 

in bold typeface.
a
 

Complex BLYP B3LYP BHLYP BP86 PBE PBE0 TPSS TPSSh 
Ref. 

valueb 

          
Sc2   2 Sc 

26.7 11.4 -11.0 35.5 37.9 17.6 32.3 24.5 39.8 

27.0 11.6 -10.9 36.2 38.6 17.6 32.4 24.5  

          

V2   2   
82.0 30.9 -21.2 74.7 76.4 10.6 67.4 41.4 64.6 

82.0 30.7 -21.4 74.5 76.4 10.3 67.1 41.1  

          

Ni2   2  i 
60.6 37.2 28.9 60.1 63.1 36.2 58.6 43.5 49.7 

60.6 37.4 28.9 60.9 62.9 36.3 58.7 43.7  

          

CrH   Cr   H 
57.3 54.9 51.4 56.3 52.4 48.7 57.4 55.9 45.7 

57.3 54.9 51.4 56.3 52.4 48.7 57.4 55.9  

          

MnH   Mn   H 
48.2 39.3 37.2 49.4 46.5 43.6 52.3 50.9 32.3 

47.9 40.6 37.0 49.0 46.2 43.4 52.1 50.8  

          

CoH   Co   H 
63.7 61.5 44.4 63.8 61.8 57.5 64.3 62.8 46.6 

64.2 61.5 44.4 63.8 61.7 57.5 64.3 62.8  

          

TiO   Ti   O 
180.0 128.5 95.5 180.8 183.3 160.3 174.1 165.6 158.8 

179.2 128.4 95.4 180.6 183.1 160.1 173.9 165.5  

          

MnO   Mn   O 
119.5 93.9 59.6 124.9 127.6 94.0 120.3 106.7 91.1 

118.3 92.5 58.0 123.5 126.3 92.5 119.0 105.3  

          

CuO   Cu   O 
75.0 63.2 49.6 75.3 77.8 61.8 73.0 66.8 63.7 

74.9 63.1 49.5 75.2 77.7 61.8 73.0 66.8  

          

ScF   Sc   F 
152.1 143.1 130.7 153.9 155.7 144.3 151.4 146.5 143.0 

152.1 143.0 130.7 153.8 155.6 144.3 151.4 146.5  

          

CrF   Cr   F 
120.6 113.8 105.3 118.1 119.2 109.1 117.8 113.9 105.1 

120.5 113.7 105.2 118.1 119.1 109.1 117.8 113.9  

          

CuF   Cu + F 
98.7 93.0 84.2 99.3 101.5 92.5 99.3 95.9 102.5 

98.7 93.0 84.2 99.3 101.5 92.5 99.4 95.9  

          

Fe2Cl4   2 FeCl2 
23.3 12.3 9.1 29.0 32.1 17.3 25.1 19.4 35.0 

23.5 12.4 9.2 29.2 32.3 17.4 25.2 19.5  

          

CoCl3   ½ Cl2 + CoCl2 
26.5 15.2 -0.2 28.0 28.6 13.6 25.5 19.5 16.7 

26.6 15.2 -7.2 28.0 28.6 13.6 25.5 19.5  

          

Fe(CO)5   Fe(CO)4 + CO 
37.4 37.3 34.2 45.3 47.3 45.0 46.4 45.5 42.2 

37.6 37.4 34.2 45.4 47.5 45.2 46.6 45.7  

          

Ni(CO)4    i(CO)3 + CO 
21.6 19.4 14.3 27.7 29.3 24.6 28.8 26.8 24.9 

21.7 19.4 14.3 27.8 29.4 24.7 28.9 26.9  

          

½ CrBz2   ½ Cr   Bz 
22.8 12.8 -3.5 32.7 37.2 21.5 38.6 32.1 31.8 

23.0 12.9 -3.5 32.9 37.4 21.5 38.7 32.1  

          

½ FeCp2   ½ Fe   Cp 
78.3 67.1 43.8 91.2 96.4 78.3 94.8 88.0 80.1 

78.3 67.1 43.7 91.5 96.5 78.3 94.8 88.0  

          
ME 

6.7 -7.7 -23.4 9.6 11.1 -5.4 8.5 1.8  

6.6 -7.7 -23.9 9.6 11.1 -5.5 8.5 1.7  

          

MAE 
12.0 12.4 24.6 11.1 11.8 9.6 10.8 9.2  

11.8 12.4 25.1 11.0 11.6 9.5 10.7 9.1  

          

MaxE 
28.4 -33.7 -85.8 33.8 36.5 -54.0 29.2 -23.2  

27.2 -33.9 -86.0 32.4 35.2 -54.3 27.9 -23.5  

          
a Normal typeface indicates results of def2-QZVP(UC) calculations, values in italics are from def2-QZVP calculations. 

All calculations used the structure data given in ref. 1 for all 18 transition-metal complexes and fragments. b Adjusted 
experimental data (zero-point vibrational energy, thermal and first-order relativistic corrections) taken from ref. 1. 
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Table B-2.6.2. Calculated reaction energies (in kcal mol
-1

) for the 18 transition-metal complexes of the FP reference set using five Lh-SVWN 

functionals with different local mixing functions (LMFs). The MaxE for each functional is indicated in bold typeface.
a
 

Lh-SVWN 

LMF: 
 aσ = 0.48tσ (σ = α, β) 

aα = (0.446 + 0.0531ζ)tα 

aβ = (0.446 − 0.0531ζ)tβ 
aσ = erf(0.22sσ) (σ = α, β) 

aα = erf[(0.197 + 0.0423ζ)sα] 

aβ = erf[(0.197 − 0.0423ζ)sβ] 
aα = aβ = a = 0.534t  

Compound  post-SCF RI Numerical post-SCF 
post-

SCF 
RI Numerical post-SCF post-SCF 

Ref. 

valueb 

                        Sc2   2 Sc  24.8 24.9 23.5 26.5 22.5 21.9 23.1 25.1 17.4 39.8 

V2   2    21.3 22.5 21.8 27.3 19.7 20.4 21.0 26.9 34.4 64.6 

Ni2   2  i  39.4 40.0 39.9 40.9 30.8 32.1 31.7 33.8 40.5 49.7 

CrH   Cr   H  50.9 51.5 51.5 50.2 53.8 54.2 54.1 52.1 52.3 45.7 

MnH   Mn   H  45.1 45.6 45.6 44.1 49.6 49.9 49.8 47.9 42.7 32.3 

CoH   Co   H  59.9 66.8 66.7 59.4 60.1 67.6 67.3 59.5 60.9 46.6 

TiO   Ti   O  133.8 162.8 162.6 136.4 134.8 162.9 163.6 138.3 136.4 158.8 

MnO   Mn   O  96.8 97.0 97.1 99.9 100.7 101.0 101.1 104.8 98.3 91.1 

CuO   Cu   O  62.3 62.4 62.5 63.8 61.0 61.3 61.3 63.3 64.2 63.7 

ScF   Sc   F  146.1 146.1 145.6 147.7 146.7 146.6 147.3 148.7 145.4 143.0 

CrF   Cr   F  111.0 111.4 111.6 112.5 110.9 111.5 111.5 112.7 113.9 105.1 

CuF   Cu   F  96.0 96.0 96.2 97.1 95.1 95.3 95.4 96.9 97.5 102.5 

Fe2Cl4   2 FeCl2  14.9 15.0 14.7 17.0 11.5 11.5 11.9 14.4 14.6 35.0 

CoCl3   ½ Cl2 + CoCl2  18.0 18.1 17.2 19.7 17.0 17.0 17.4 19.4 17.5 16.7 

Fe(CO)5   Fe(CO)4 + 

CO 
 40.9 41.1 41.1 42.4 40.8 40.9 41.0 42.5 38.5 42.2 

Ni(CO)4    i(CO)3 + 

CO 
 21.6 21.7 21.8 23.1 21.2 21.4 21.4 22.9 19.4 24.9 

½ CrBz2   ½ Cr   Bz  17.8 18.1 18.4 21.0 17.8 18.0 17.7 21.6 20.4 31.8 

½ FeCp2   ½ Fe   Cp  82.9 83.4 83.0 85.9 82.1 81.1 81.2 86.2 82.9 80.1 

            
            ME  0-5.0 0-2.7 0-2.9 0-3.3 0-5.4 0-3.3 0-3.1 0-3.1 0-4.2  

MAE  10.6 0-9.8 0-9.8 0-9.8 -12.1 -11.3 -11.3 -11.0 -10.2  

MaxE  -43.3 -42.1 -42.8 -37.3 -44.9 -44.2 -43.6 -37.7 -30.2  

            
a All calculations employed def2-QZVP(UC) basis sets. The local hybrid potential used for the SCF iterative procedure is indicated as post-SCF (non-self-consistent evaluation 

based on B3LYP orbitals), RI and Numerical (self-consistent evaluation). All calculations used the structure data given in ref. 1 for all 18 transition-metal complexes and fragments. 
b Adjusted experimental data (zero-point vibrational energy, thermal and first-order relativistic corrections) taken from ref. 1. 
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B-2.7 MLRE Benchmark Set for 32 Closed-Shell Transition-Metal Complexes 

Table B-2.7.1. Calculated MLREs (in kcal mol
-1

) for the 32 closed-shell transition-metal complexes of 

the JB benchmark set using eight standard DFT functionals. The MaxE for each functional is indicated 

in bold typeface.
a
 

Complex BLYP B3LYP BHLYP BP86 PBE PBE0 TPSS TPSSh DF07b Exp.c 

           
TiBr4 91.3 86.6 77.5 94.8 96.7 89.9 96.3 93.2 93.7 87.9 

Ti(C5H5)2Cl2 84.6 81.8 74.3 90.8 94.0 88.9 93.5 92.9 91.3 91.0 

TiCl4 104.4 99.6 90.5 107.6 109.7 102.8 108.6 105.5 105.3 102.8 

TiCl2O 128.5 120.5 105.7 131.2 133.6 122.6 130.6 126.0 126.1 120.3 

TiF4 147.2 139.4 125.7 148.3 150.1 138.9 147.2 143.0 145.3 139.9 

TiF2O 155.2 144.8 126.5 156.6 158.7 144.4 154.4 148.9 150.9 143.8 

TiO2 165.1 147.8 117.6 167.3 170.1 147.3 162.6 153.6 153.7 152.6 

Cr(CO)5 29.3 22.0 10.8 32.7 34.6 23.7 33.3 30.3 25.0 23.4 

Cr(pyridine)(CO)5 28.0 22.0 12.6 31.6 33.4 24.2 32.3 30.0 25.4 24.5 

Cr(piperidine)(CO)5 27.8 21.9 12.5 31.4 33.3 24.1 32.2 30.0 25.5 25.3 

Cr(pyrazole)(CO)5 28.1 22.1 12.8 31.6 33.5 24.3 32.4 30.1 25.5 25.4 

Cr(CO)6 30.1 23.9 14.2 34.0 35.8 26.5 34.6 32.3 26.9 25.6 

Cr(C6H6)(CO)3 30.3 22.3 9.7 35.6 38.0 26.0 37.0 33.5 27.9 29.8 

CrO3 127.8 104.5 67.7 127.4 130.1 98.2 121.6 110.6 110.3 114.6 

Mn2(CO)10 28.1 19.4 5.5 33.6 35.9 23.0 37.4 30.4 22.9 22.7 

Mn(COCH3)(CO)5 29.5 21.4 8.7 34.8 37.0 25.0 38.2 31.8 25.0 24.5 

Mn(C6H5)(CO)5 31.1 23.4 11.1 36.4 38.6 27.0 39.8 33.7 27.2 26.2 

MnH(CO)5 34.4 26.6 14.1 39.6 40.8 29.3 42.9 37.0 29.0 27.4 

MnCl(CO)5 30.5 22.9 11.4 35.5 37.5 26.2 39.2 37.3 25.8 30.7 

Fe(CO)4 33.3 22.5 3.3 38.4 40.4 25.0 37.0 32.5 25.8 24.7 

Fe(C2H4)(CO)4 30.4 22.4 7.3 36.6 38.9 26.8 36.2 33.1 26.1 27.1 

Fe(CO)5 33.6 25.0 9.1 39.4 41.6 28.8 38.6 35.3 28.4 28.0 

FeH2(CO)4 41.0 34.8 22.8 46.1 46.6 36.9 45.5 44.0 36.8 38.1 

Fe(C5H5)2 74.7 63.8 41.0 87.3 92.4 74.6 90.7 87.6 79.1 85.5 

Co2(CO)8 34.0 25.7 12.2 39.9 42.0 29.4 39.3 35.6 31.2 30.6 

CoH(CO)4 41.1 34.0 22.0 46.5 47.5 36.6 45.7 43.2 38.1 36.9 

Ni(CO)4 35.9 28.7 16.6 41.2 42.8 31.9 41.0 37.8 34.5 35.3 

Ni(CO)3 40.9 32.1 17.4 46.0 47.7 34.5 45.3 41.2 39.1 38.8 

CuCl 78.9 78.3 75.9 83.5 85.9 83.2 85.7 84.6 85.9 87.9 

CuF 94.9 89.3 80.0 96.2 98.3 89.2 96.4 93.1 96.5 102.6 

Zn(C2H5)2 29.4 30.4 29.6 33.9 36.2 35.7 34.8 36.9 35.0 37.3 

Zn(CH3)2 37.6 38.4 37.3 42.1 44.5 43.6 42.3 44.5 41.9 44.1 

           
ME 2.6 -4.9 -17.9 7.0 9.1 -2.1 7.4 3.9 0.2 − 

MAE 5.6 5.0 17.9 8.0 9.5 2.8 8.2 5.0 2.3 − 

MaxE 13.2 -21.7 -46.9 14.7 17.5 -16.4 15.5 9.6 7.1 − 

a All calculations employed def2-QZVP(UC) basis sets and used the structure data given in ref. 7 for all 32 transition-metal 

complexes. All values include enthalpy corrections taken from ref. 7. b Results from basis-set-free NUMOL calculations of 

ref. 11. c Experimental data is taken from ref. 7. 
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Table B-2.7.2. Calculated MLREs (in kcal mol
-1

) for the 32 closed-shell transition-metal complexes of the JB benchmark set using five Lh-SVWN functionals 

with different local mixing functions (LMFs). The MaxE for each functional is indicated in bold typeface.
a
 

Lh-SVWN 

LMF: 
 aσ = 0.48tσ (σ = α, β) 

aα = (0.446 + 0.0531ζ)tα 

aβ = (0.446 − 0.0531ζ)tβ 
aσ = erf(0.22sσ) (σ = α, β) 

aα = erf[(0.197 + 0.0423ζ)sα] 

aβ = erf[(0.197 − 0.0423ζ)sβ] 
aα = aβ = a = 0.534t Exp.b 

Compound  post-SCF RI Numerical post-SCF post-SCF RI Numerical post-SCF post-SCF  

                        TiBr4  90.3 90.2 90.0 92.5 89.2 89.2 89.4 92.4 91.0 87.9 

Ti(C5H5)2Cl2  86.8 86.8 86.6 89.4 85.0 85.0 85.2 88.6 87.1 91.0 

TiCl4  103.2 103.2 102.9 105.4 102.6 102.6 102.8 105.7 104.2 102.8 

TiCl2O  124.2 124.2 123.9 126.9 123.9 124.0 124.4 128.0 126.3 120.3 

TiF4  141.8 141.8 141.7 144.4 140.8 140.9 141.3 144.6 143.1 139.9 

TiF2O  147.7 147.8 147.6 150.8 147.2 147.3 147.9 151.8 150.1 143.8 

TiO2  150.9 151.1 150.7 155.3 151.2 151.5 152.2 157.8 154.7 152.6 

Cr(CO)5  20.8 21.0 21.0 22.7 21.7 21.9 21.8 23.8 20.9 23.4 

Cr(pyridine)(CO)5  21.1 21.3 21.3 22.9 21.4 21.5 21.5 23.4 20.8 24.5 

Cr(piperidine)(CO)5  21.0 21.1 21.2 22.8 21.2 21.3 21.2 23.2 20.7 25.3 

Cr(pyrazole)(CO)5  21.2 21.4 21.4 23.0 21.6 21.7 21.7 23.6 21.0 25.4 

Cr(CO)6  23.3 23.5 23.5 25.1 23.9 24.1 24.0 26.0 23.0 25.6 

Cr(C6H6)(CO)3  23.2 23.4 23.5 25.4 23.6 23.7 23.7 26.1 23.5 29.8 

CrO3  102.1 102.2 102.2 105.1 103.8 104.0 104.0 107.7 106.8 114.6 

Mn2(CO)10  21.1 21.3 21.3 23.1 21.9 22.0 22.0 24.2 20.0 22.7 

Mn(COCH3)(CO)5  23.2 23.3 23.4 25.0 24.0 24.1 24.1 26.2 22.2 24.5 

Mn(C6H5)(CO)5  25.1 25.3 25.3 27.0 25.8 26.0 25.9 28.1 24.2 26.2 

MnH(CO)5  28.1 28.3 28.3 29.7 29.6 29.8 29.7 31.4 27.1 27.4 

MnCl(CO)5  24.4 24.5 24.6 26.2 25.3 25.4 25.3 27.4 23.6 30.7 

Fe(CO)4  26.5 26.8 26.4 28.6 27.2 26.7 26.8 29.8 25.0 24.7 

Fe(C2H4)(CO)4  26.7 26.9 26.7 28.7 27.1 26.7 26.8 29.6 25.0 27.1 

Fe(CO)5  29.2 29.4 29.1 31.2 29.7 29.3 29.4 32.1 27.4 28.0 

FeH2(CO)4  37.7 38.0 37.8 38.9 39.0 38.7 38.8 40.4 36.3 38.1 

Fe(C5H5)2  79.1 79.6 79.2 82.0 78.3 77.2 77.3 82.3 79.2 85.5 

Co2(CO)8  30.1 30.2 30.0 32.0 29.2 29.3 29.5 31.7 28.2 30.6 

CoH(CO)4  37.8 38.0 37.8 39.2 37.8 37.9 38.0 39.6 36.1 36.9 

Ni(CO)4  32.8 32.8 32.7 34.5 32.0 32.1 32.2 34.2 30.8 35.3 

Ni(CO)3  36.8 36.8 36.6 38.5 35.8 35.9 36.1 38.2 34.9 38.8 

CuCl  84.2 84.2 84.2 85.0 82.9 83.1 82.9 84.2 85.2 87.9 

CuF  92.7 92.7 92.9 93.9 91.7 91.9 92.0 93.7 93.9 102.6 

Zn(C2H5)2  34.1 34.2 34.2 35.0 35.0 35.1 35.0 36.0 34.8 37.3 

Zn(CH3)2  41.2 41.3 41.3 42.2 42.9 43.1 43.0 44.0 41.9 44.1 

            
            ME  -2.1 -2.0 -2.1 -0.1 -2.0 -2.0 -1.9 0.6 -2.1  

MAE  3.2 3.1 3.1 2.9 3.1 3.0 3.0 3.2 3.5  

MaxE  -12.5 -12.4 -12.4 -9.5 -10.9 -10.7 -10.6 -8.9 -8.7  

            
a All calculations employed def2-QZVP(UC) basis sets. The local hybrid potential used for the SCF iterative procedure is indicated as post-SCF (non-self-consistent evaluation based on B3LYP 
orbitals), RI and Numerical (self-consistent evaluation). All values include enthalpy corrections taken from ref. 7. Calculations used the structure data given in ref. 7 for all 32 transition-metal 

complexes. b Experimental data is taken from ref. 7. 



202 |   Appendix B 

 

Table B-2.7.3. Calculated MLREs (in kcal mol
-1

) for the 32 closed-shell transition-metal 

complexes of the JB benchmark set using eight standard DFT functionals in conjunction with an 

empirical dispersion-correction (DFT-D3). The MaxE for each functional is indicated in bold 

typeface.
a
 

Complex BLYP B3LYP BHLYP BP86 PBE PBE0 TPSS TPSSh Exp.b 

          
TiBr4 92.9 88.0 77.5 96.3 97.3 90.7 96.6 94.2 87.9 

Ti(C5H5)2Cl2 89.9 86.2 83.3 95.7 96.3 91.6 96.3 96.4 91.0 

TiCl4 105.5 100.5 90.5 108.6 110.1 103.3 108.6 106.2 102.8 

TiCl2O 129.0 120.9 105.7 131.7 133.8 122.8 130.0 126.3 120.3 

TiF4 147.6 139.7 125.7 148.7 150.2 139.1 146.7 143.2 139.9 

TiF2O 155.5 145.0 126.5 156.8 158.8 144.6 153.6 149.0 143.8 

TiO2 165.3 147.9 117.6 167.5 170.2 147.3 161.3 153.7 152.6 

Cr(CO)5 31.1 23.4 10.8 34.4 35.4 24.6 34.5 31.5 23.4 

Cr(pyridine)(CO)5 30.8 24.4 12.6 34.2 34.8 25.7 34.3 32.0 24.5 

Cr(piperidine)(CO)5 31.0 24.5 12.5 34.4 34.9 25.8 34.4 32.2 25.3 

Cr(pyrazole)(CO)5 30.9 24.5 12.8 34.2 34.8 25.8 34.3 32.0 25.4 

Cr(CO)6 32.1 25.6 14.2 35.9 36.8 27.5 36.0 33.7 25.6 

Cr(C6H6)(CO)3 32.8 24.4 9.7 38.0 39.2 27.3 38.7 35.1 29.8 

CrO3 128.1 104.7 67.7 127.7 130.2 98.3 121.8 110.8 114.6 

Mn2(CO)10 30.7 21.5 5.5 36.0 37.1 24.3 39.2 32.1 22.7 

Mn(COCH3)(CO)5 31.6 23.1 8.7 36.8 38.0 26.0 39.7 33.3 24.5 

Mn(C6H5)(CO)5 33.6 25.4 11.1 38.7 39.9 28.3 41.6 35.4 26.2 

MnH(CO)5 35.5 27.5 14.1 40.7 41.4 29.9 43.7 37.8 27.4 

MnCl(CO)5 32.0 24.2 11.4 36.9 38.2 27.0 40.2 38.3 30.7 

Fe(CO)4 34.3 23.3 9.9 39.2 40.9 25.4 37.6 33.1 24.7 

Fe(C2H4)(CO)4 32.6 24.2 12.5 38.7 39.9 27.9 37.7 34.6 27.1 

Fe(CO)5 34.9 26.1 14.3 40.6 42.2 29.5 39.5 36.1 28.0 

FeH2(CO)4 41.9 35.6 27.2 47.0 47.0 37.4 46.2 44.6 38.1 

Fe(C5H5)2 80.5 68.6 72.1 92.7 95.1 77.6 94.6 91.5 85.5 

Co2(CO)8 36.0 27.3 12.2 41.7 43.0 30.4 40.7 37.0 30.6 

CoH(CO)4 42.0 34.7 22.0 47.4 47.9 37.0 46.3 43.8 36.9 

Ni(CO)4 36.8 29.5 16.6 42.0 43.3 32.4 41.6 38.4 35.3 

Ni(CO)3 41.6 32.6 17.4 46.6 48.0 34.9 45.8 41.7 38.8 

CuCl 78.9 78.3 75.9 83.5 85.9 83.2 85.7 84.6 87.9 

CuF 94.9 89.3 80.0 96.2 98.3 89.2 96.4 93.1 102.6 

Zn(C2H5)2 32.5 33.1 29.6 36.8 37.6 37.3 36.8 39.0 37.3 

Zn(CH3)2 39.8 40.4 37.3 44.2 45.4 44.8 43.8 46.0 44.1 

          
ME 4.3 -3.5 -15.9 8.6 9.9 -1.2 8.4 5.0  

MAE 6.3 3.6 15.9 9.3 10.3 2.7 9.0 6.1  

MaxE 13.5 -16.9 -46.9 14.9 17.6 -16.3 16.3 10.4  

a All calculations employed def2-QZVP(UC) basis sets and used the structure data given in ref. 7 for all 32 

transition-metal complexes. All values include enthalpy corrections taken from ref. 7. b Experimental data is taken 
from ref. 7. 
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Table B-2.7.4. Calculated MLREs (in kcal mol
-1

) for the 32 closed-shell transition-metal complexes of the JB benchmark set using five Lh-SVWN functionals 

with different local mixing functions (LMFs) and an empirical dispersion-correction (DFT-D3). The MaxE for each functional is indicated in bold typeface.
a
 

Lh-SVWN + D3 

LMF: 
 aσ = 0.48tσ (σ = α, β) 

aα = (0.446 + 0.0531ζ)tα 

aβ = (0.446 − 0.0531ζ)tβ 
aσ = erf(0.22sσ) (σ = α, β) 

aα = erf[(0.197 + 0.0423ζ)sα] 

aβ = erf[(0.197 − 0.0423ζ)sβ] 
aα = aβ = a = 0.534t Exp.b 

Compound  post-SCF RI Numerical post-SCF post-SCF RI Numerical post-SCF post-SCF  

                        TiBr4  91.8 91.7 91.5 93.7 91.5 91.5 91.7 94.5 93.3 87.9 

Ti(C5H5)2Cl2  92.1 92.1 91.9 94.0 92.5 92.5 92.7 95.4 94.1 91.0 

TiCl4  104.4 104.4 104.1 106.4 104.3 104.3 104.5 107.2 105.8 102.8 

TiCl2O  124.7 124.7 124.4 127.4 124.6 124.7 125.1 128.6 127.0 120.3 

TiF4  142.2 142.2 142.1 144.7 141.3 141.4 141.8 145.1 143.5 139.9 

TiF2O  148.0 148.1 147.9 151.1 147.5 147.7 148.2 152.1 150.4 143.8 

TiO2  151.1 151.2 150.9 155.4 151.5 151.8 152.5 158.1 154.9 152.6 

Cr(CO)5  22.6 22.8 22.8 24.2 24.6 24.7 24.7 26.2 23.1 23.4 

Cr(pyridine)(CO)5  24.0 24.1 24.2 25.4 25.8 25.9 25.9 27.2 24.4 24.5 

Cr(piperidine)(CO)5  24.3 24.4 24.4 25.6 26.1 26.2 26.2 27.4 24.7 25.3 

Cr(pyrazole)(CO)5  24.0 24.2 24.2 25.4 25.9 26.0 26.0 27.2 24.4 25.4 

Cr(CO)6  25.3 25.5 25.5 26.9 27.2 27.4 27.3 28.7 25.5 25.6 

Cr(C6H6)(CO)3  25.8 26.0 26.0 27.6 27.5 27.6 27.6 29.5 26.6 29.8 

CrO3  102.4 102.5 102.5 105.4 104.4 104.6 104.6 108.2 107.2 114.6 

Mn2(CO)10  23.7 23.8 23.9 25.3 26.0 26.1 26.1 27.6 23.1 22.7 

Mn(COCH3)(CO)5  25.3 25.5 25.5 26.9 27.3 27.5 27.4 29.0 24.7 24.5 

Mn(C6H5)(CO)5  27.6 27.7 27.8 29.1 29.7 29.8 29.8 31.2 27.1 26.2 

MnH(CO)5  29.3 29.5 29.5 30.7 31.7 31.8 31.7 33.0 28.4 27.4 

MnCl(CO)5  26.0 26.1 26.1 27.5 27.9 28.1 28.0 29.5 25.5 30.7 

Fe(CO)4  27.5 27.8 27.4 29.4 28.8 28.3 28.5 31.1 26.1 24.7 

Fe(C2H4)(CO)4  28.9 29.2 28.9 30.6 30.7 30.3 30.4 32.5 27.7 27.1 

Fe(CO)5  30.5 30.7 30.5 32.3 31.8 31.5 31.6 33.9 28.9 28.0 

FeH2(CO)4  38.8 39.0 38.8 39.7 40.8 40.5 40.6 41.7 37.4 38.1 

Fe(C5H5)2  84.7 85.2 84.8 86.9 85.8 84.7 84.8 89.3 86.7 85.5 

Co2(CO)8  32.1 32.2 32.0 33.7 32.4 32.5 32.7 34.4 30.6 30.6 

CoH(CO)4  38.8 38.9 38.7 40.0 39.4 39.6 39.7 40.9 37.2 36.9 

Ni(CO)4  33.8 33.8 33.7 35.3 33.8 33.9 34.0 35.6 32.0 35.3 

Ni(CO)3  37.5 37.6 37.4 39.1 37.2 37.3 37.4 39.3 35.8 38.8 

CuCl  84.2 84.2 84.2 85.0 82.9 83.1 83.0 84.2 85.2 87.9 

CuF  92.7 92.7 92.9 94.0 91.8 91.9 92.0 93.8 93.9 102.6 

Zn(C2H5)2  37.2 37.3 37.3 37.6 40.0 40.1 30.1 40.2 39.1 37.3 

Zn(CH3)2  43.6 43.7 43.7 44.0 47.0 47.2 47.1 47.4 45.4 44.1 

            
            ME  -0.3 -0.2 -0.3 1.4 0.8 0.8 0.9 3.0 0.1  

MAE  2.4 2.4 2.4 3.1 3.0 3.0 3.0 4.2 2.4  

MaxE  -12.2 -12.2 -12.4 -9.2 -10.8 -10.7 -10.6 -8.8 -8.7  

            
a All calculations employed def2-QZVP(UC) basis sets. The local hybrid potential used for the SCF iterative procedure is indicated as post-SCF (non-self-consistent evaluation based on B3LYP 
orbitals), RI and Numerical (self-consistent evaluation). All values include enthalpy corrections taken from ref. 7. Calculations used the structure data given in ref. 7 for all 32 transition-metal 

complexes. b Experimental data is taken from ref. 7. 
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B-3 Optimization of LMF Prefactor b for the M−X Test Sets 

As noted in section 5.2, the optimal value of the t-LMF prefactor b was determined 

previously (b = 0.48) on the basis of the atomization energies of the G2-1 benchmark set. 

Reoptimization for the newer common-t-LMF used the smaller AE6/BH6 sets and 

increased the value to 0.534. In order to see how well these prefactors are suited for the 

specific requirements of the individual classes of small transition-metal diatomics, the 

optimal value was determined separately for each of these two Lh-SVWN functionals and 

the five subsets. Note, that the relative stability of different electronic states has not been 

thoroughly verified for all molecules and test sets. However, we have rechecked and 

adjusted the minimum-energy electronic states in case of the metal hydrides and 

fluorides. The overall qualitative and quantitative impact on the determined minimum 

value of b was found to be small in these cases, and a similar outcome is expected for the 

remaining subset. Nevertheless, the thus obtained values provide only an estimate. 

The results for the t-LMF and common-t-LMF are graphically shown in Figure 

B-3.1 and B-3.2, respectively. Apparently, the different metal−ligand bonding situations 

in part require fundamentally different amounts of local EXX admixture. This is true 

independently of the used LMF. As has already been stated by Goerigk and Grimme
8
 in 

the context of the calculation of various properties and reaction energies for main-group 

compounds in the GMTKN30
9
 benchmark set, no single functional is as yet equally 

applicable to every kind of these tasks. The present results convincingly demonstrate this 

for the calculation of transition-metal−ligand bond energetics. From both graphs it can be 

seen that particularly the metal hydrides demand dramatically more exact exchange than 

any of the remaining sets. Most interestingly, a shallow minimum is found at about 

b=0.95 in case of the t-LMF functional, whereas the common-t-LMF does not exhibit a 

minimum at all. In general, the dimers and nitrides request lower amounts of exact 

exchange admixture as compared to the previously determined values of b. On the 

contrary, the fluorides and hydrides request a higher value. Note that for the oxides, the 

“standard” values of the corresponding LMF prefactors already provide an almost 

excellent starting point, and little improvement can be gained by a variation of b. 

At first glance, there seem to be no major differences in the graphs of both local hybrid 

functionals. Notably, the depths of the individual minima approach roughly the same 

value for both functionals, albeit at quite different optimum values for b. However, a 

closer inspection (see Figure B-3.3) reveals that, firstly, the optimum prefactors of the 

common-t-LMF are shifted consistently to higher values of EXX (by roughly 0.07 on 

average) as compared to those of the linear t-LMF. This is a general, intrinsic result as 

consequence of the construction of the common-t-LMF. Accordingly, as the latter 

functional tends to request higher amounts of EXX admixture for the optimum parameter 

b, this explains the lack of a minimum in the graph for the metal hydrides. Secondly, 
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Figure B-3.1. MAE for the BDEs of the five M−X test sets as a function of the t-LMF 

parameter b (Lh-SVWN, aσ = btσ, σ    , ). 

 

 

 
Figure B-3.2. MAE for the BDEs of the five M−X test sets as a function of the 

common-t-LMF parameter b (Lh-SVWN, a  = a  = bt). 
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Figure B-3.3. Comparison of the calculated MAEs for the Lh-SVWN-based linear t-LMF and 

common-t-LMF functionals as a function of the prefactor b. 

 

while the gradients of the common-t-LMF curves on the right-hand side of the minima 

seem to be slightly smaller, an overall resulting flattened profile for the common-t-LMF 

is obtained due to the steeper decline of the t-LMF values on the left-hand side of the 

minima. In consequence, a fixed value of parameter b that is applied uniformly to all 

subsets and is higher than the optimum value for any subset results in a larger relative 

error for the t-LMF than for the common-t-LMF. This explains the overall better 

performance of the latter functional as compared to the former when comparison is drawn 

between the averaged MAEs of all five M−X test sets (see Table 5.3). 
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B-4 Optimization of LMF Prefactor b and the Impact of Different Correlation 

Functionals for the MLRE Benchmark Set 

 

 
Figure B-4.1. MAE for the MLREs of the JB benchmark set using local hybrid functionals with 

different correlation functionals in combination with Slater exchange as a function of the t-LMF and 

common-t-LMF prefactor b. 
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