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1. INTRODUCTION 

 

There have been and will be significant interest for compounds with unique electronic structure 

which can activate small molecules. I started my research in the group of Professor Tamás 

Veszprémi in 2007, when I was a second year undergraduate student, working in the field of 

low-valent silicon compounds. Studying the possible insertion reaction of small molecules to 

divalent silicon compounds, known as silylenes, provided the starting point of my thesis.  

 

I found that most of the experimentally realized insertion reactions could not be explained by 

direct insertion. Then, I successfully clarified the experimental observations, proving the non-

innocent role of the ligand, with one exception, namely, reactivity of white phosphorus, P4. The 

solution for this unique reactivity stemmed from an unexpected direction; I found that bulky 

groups, which are applied to hinder reactivity, made the reaction possible by enhancing the 

stability of the key transition state, intermediate and the product. I designed a silylene which 

should also possess similar enhanced properties showing that this enhanced reactivity caused 

by bulky substituents is transferable to other systems. As an appreciation for this very 

important recognition I was awarded to German Young Scientist Award by North Rheine 

Westphalia Bundestag in 2011. 

 

I was interested in to prove that the enhanced reactivity by applying appropriate bulky groups 

is a general feature. I found an interesting reactivity in case of the well-known Suzuki-reaction, 

for which Nobel prize was awarded in 2010, that the authors could not understand the effect of 

remote bulky groups which increased the reaction rate. My calculations revealed that the 

enhanced catalytic activity arises from the fortunately chosen bulky groups which act formally 

as an extra internal catalyst by favorable nonbonding interactions. This result inspired the title 

of the thesis. 

 

The thesis includes five main chapters. After the introduction, I provide a general literature 

overview, divided into three parts, which discusses the necessary background in low-valent 

Group 14 chemistry, Suzuki-coupling, and on the role of bulky groups in different chemistry. I 

continue with a Quantum Chemistry Review on the applied methods, then, I summarize the 
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Results from my early findings on the insertion reaction of silylenes through the peculiar case 

of white phosphorus activation till the investigation of the surprising catalytic activity in 

Suzuki-reaction. At the end, I summarize my results in the last chapter. 
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2. LITERATURE OVERVIEW 
 

2.1 History of Carbenes and Silylenes 

 

 It is well-known that the heavier group 14 elements like lead and tin tend to form 

divalent compounds. Therefore, the question immediately arises whether lighter elements of 

group 14, silicon and carbon, can also be stable in divalent structures. 

 Even in the XIX. century, there were attempts to stabilize divalent carbon and silicon 

compounds, carbenes and silylenes, and „successful” synthesis had already been reported in 

1835. Dumas
1
 added cc. sulfuric acid and phosphoric acid to methanol and claimed to 

synthesize methylene due to the known strong dehydrating properties of the acids.  

CH3OH "CH2" + H2O
H2SO4

H3PO4  

In that time there were no methods to analyze the forming product therefore the only 

evidence was the gaseous state of the product. Today, even high school students know that the 

product is dimethyl-ether which is also gaseous in standard conditions. The surprising turn of 

the story is that it was proved in the 1990s,
2
 methylene does form in the above mentioned 

reaction as an intermediate when zeolite catalyst is also present in the reaction.  

After the second half of the 1950s systemic search started to isolate carbenes and 

silylenes. Several reaction mechanisms were supposed back then which involved carbenes and 

silylenes as reactive intermediates. The first attempts tried to stabilize these intermediates using 

for example low temperature isolation techniques, however, because of the unlucky choice of 

reactions these experiments failed.   

Gleiter and Hoffmann stated in 1968 that carbenes could be stabilized with π-donor 

groups such as chlorine, ethoxy or amino groups
3
 which led to the systematic investigation of 

cyclic amino carbenes. Wanzlick synthesized 1 (Scheme 1) and claimed an equilibrium 

between 1 and 2 as the measured molecular weight was between 1 and 2.
4
 Later it was proved 

that only 1 was prepared.
5
 Nevertheless, it is important to note that 2 is different only in the 

size of the bulky group from a known stable carbene.  
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Scheme 1 

 

Other interesting paths to synthesize divalent compounds were also tried in the late 

1980s and found two structures (3 and 4) which seemed a promising candidate as the first 

divalent carbene structures (Scheme 2).
6,7

 It was proven based on X-ray crystallography that 3 

had very short S-C bond length which confirmed its triple bond resonance structure as the 

leading one (3b). Unfortunately, there has not been prepared a suitable crystal from 4 for X-ray 

measurements therefore only theoretical results have been analyzed. Calculations suggested a 

bent structure,
8,9

 with 138.2 degree SiCP bond angle. However, the question is still not fully 

solved because there has been no chemical reaction realized to date
10

 that can undisputedly 

support the leading reasonance structure of 4. Therefore it is possible that 4 was the very first 

stable carbene.  

 

F3S

C

CF3

F3S C CF3 Me3Si C P(NiPr2)2
Me3Si

C

P(NiPr2)2  

            3a                          3b                                4a                                      4b 

Scheme 2 

 

The first stable carbene beyond any doubt was synthesized by Arduengo and coworkers 

in 1991 (Scheme 3, 5).
11

 They wanted to prepare 6 which claimed to be an environmental 

friendly catalyst for the synthesis of a car varnish. They work out a synthetic route in which 5 

was a reactive intermediate leading to 6. They were ready for the low yield because of the side 

reactions of 5 with water and air but they found 5 unexpectedly stable. Then, they tried to 

optimize the reaction for 5 and it led to the successful synthesis with adamantyl protecting 

groups. Later, they were able to prepare this imidazole-2-ylidene type of carbene with smaller 

bulky groups such as t-butyl and methyl groups.
12
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As the next step carbenes with different backbones were tried to prepare. First the 

Wanzlick-type saturated 5-membered ring carbene was isolated (Scheme 4, 7),
13

 then acyclic 

carbene with only isopropyl bulky groups (8)
14

. The first non-diamino stabilized carbene was 9 

with thiazole group
15

 and 10 was synthesized in 2006.
16
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The quest for stable silylene was being occurred parallel with the development of 

carbenes.
17,18

 The first experimental data on silylenes was reported in the 1970s when the 

existence of silylenes was proved in photochemical reactions as short lived intermediates.
19,20

 It 

was tried to exploit steric hindrance to prevent the dimerization of silylenes with adamantyl 

and mesityl groups but these experiments did not afford the desired products.
21

 Although, in 

some cases low-valent silicon compounds have been idendified with this methology 

unfortunately in those cases the silylene character were questionable. The first example was the 

pentamethyl-cyclopentadienyl stabilized sandwich complex
22

 (Scheme 5, 11) or the phosphino 

protected tetrahedral silicon compound (12)
23

. 
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After the successful synthesis of 5 it immediately suggested an analog way to prepare 

the first stable germylene
24

 and silylene
25

 (Scheme 6, 13). 
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 Later, similarly to the carbenes several stable silylenes have been prepared.
26

 The 

Wanzlick-type cyclic silylene was synthesized by West and coworkers (14).
27

 The compound 

dimerizes at room temperature but it is stable at 10 °C in THF. The silylene with no carbene 

analog was reported in 1999 by Kira et al. (15).
28,29,30

 The peculiarity of the compound is that 

there is neither aromaticity nor π-donor nitrogen atoms, still, it is stable.  

 The most important carbenes and silylenes are summarized in Figure 1 with the year of 

their synthesis which shows the constant development of the field. In the beginning all 

carbenes and silylenes followed the path of Arduengo’s work; they were 5-membered rings and 

N-substituted compounds. Theoretical study of our group suggested long time ago that other 

cyclic silylenes could also be stable,
31

 however, this question was solved in 2006 by Driess and 

coworkers who synthesized the first six-membered ring germylene
32

 (Scheme 7, 16) and 

silylene
33

 (18). In both cases they applied β-diketimino ligandum {HC[CMeN(Ar)2}
-
 Ar=2,6-
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iPr2C6H3, which was previously used by Roesky who synthesized the first hypovalent 

aluminum compound.
34

 

The structure of six-membered ring silylene and germylene is very interesting as they 

contain 7 electrons in the π-system of the ring. Although, they have aromatic resonance 

structures (17, 19), calculations do not support aromaticity in the center ring suggesting that 16 

and 18 are the leading resonance structures.
35
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Figure 1. Important carbenes and silylenes in the order of their synthesis. 
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2.2 Structure and stability of carbenes and silylenes 

 

 In the previous section, it was shown that carbenes and silylenes were known as 

reactive intermediates for a long time and stable compounds were only found in the last three 

decades. Therefore, it is important to understand what factors led to the surprising stability of 

these compounds.  

 In the ground state, there can be two types of electronic structures. In one hand, it can 

be 
1
A1 singlet when the two nonbonding electrons are in the plane of molecule in the same 

molecular orbital. On the other hand 
3
B1 triplet electronic structure is also possible when the 

two nonbonding electrons are situated on different molecular orbitals (Scheme 8). SiH2 is a 

good example for the former case while CH2 is the latter. The reason for the difference is that 

the energy difference between the two orbitals is increasing going down in the periodic system. 

Therefore, the energy gain of the increasing multiplicity is not enough, even for silylenes, to 

stabilize the triplet structure as ground state. 

 

R1

R2

R1

R2

 

                        Singlet                                                        Triplet 

Scheme 8  

 

  To create a stable carbene or silylene one needs to stabilize the singlet state even more 

to prevent reactivity. To do that, usually two different approaches are used. First, appropriate 

substituents can stabilize the electronic structure of the divalent atom and second large bulky 

groups keep reactive species away from the divalent atom.  

 Pople and coworkers investigated the substituent effect of the second period elements,
36

 

while our group did for the third period.
37,38,39

 It was found that the singlet ground state can be 

stabilized by all adjacent –CH3, -NH2, -OH, -F, -PH2, -SH, and –Cl substituents. The largest 

effect was shown by the –NH2 and the –SH groups and double substitution also increased the 
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stability of the singlet groud state, though the second group had smaller effect.
40

 In general, it 

can be stated that the π-donor substituents with large electronegativity are the best for the 

stabilization of silylenes and carbenes. 

These results can be understood based on the qualitative analysis of the electronic 

structure (Scheme 9). The lone pair of the divalent atom is in the plane of the molecule 

therefore electron withdrawing groups in the σ-system can stabilize it (blue arrows) that is why 

adjacent atoms with large electronegativity are necessary. The vacant p-orbital of the divalent 

atom also needs stabilization which can be solved by π-donor (red arrows) substituents. Best is 

to apply groups with lone pairs which can form pπ-pπ conjugation creating a delocalized 

electron system. In addition, an effective overlap of the orbitals is necessary; the lone pair of 

the substituent has to be above and under the molecular plane and the size of the orbitals has 

also importance in this regard.  

 

R2N

R2N

 

Scheme 9. Substituent effects to stabilize singlet ground state. 

 

Based on these, the stabilization effect of nitrogen in alpha position is understandable. 

The large electronegativity and the small and compact lone pair makes the optimal interaction 

with the vacant p-orbital of the divalent center possible.   The forming 3 center 4 electron 

delocalized π-system provides large stability. It also explains why the second nitrogen has 

smaller stabilization because the stabilization increases only up to the full occupation of vacant 

p-orbital. Since the first nitrogen can almost saturate the vacant orbital, the second one has only 

minor effect in that case. This argument also shows why π-acceptor groups, such as cyano and 

formyl groups, have been found to destabilize divalent structures.
41

 

 After the first successful attempts to synthesize carbenes and silylenes, the interpreation 

of the stability has been started experimentally as well. The first question was to understand the 
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degree and role of the delocalization in the π-system. Arduengo investigated in 5
42

 the π-

interaction between the divalent carbon and the adjacent nitrogen and found that it is as strong 

as the interaction between the divalent carbene and fluorine in difluoro-carbene molecule. 

Later, other groups also confirmed this statement.
43,44

 Similar research was also conducted in 

case of analog silylenes and germylenes as well
45

 and based on photoelectronspectroscopy then 

suggested a chelate type structure (Scheme 10, 20)
46

. The divalent carbon, silicon, and 

germanium center interacts with the diazabutadiene ligand through the lone pairs of the 

nitrogen atoms.
47

 

 

N

X

N
R R
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Scheme 10 

  

All these thoughts neglect the role of aromaticity as stabilizing factor. High level ab 

inito calculations suggest however that aromaticity does have importance in the description of 

the molecules.
48

 In 5, the divalent carbene center has 30 percent larger π-charge than that in 7
49

 

which confirms the role of cyclic delocalization as staibilizing factor.
50,51

 In the case of silicon 

analogs, 13 and 14, on the pπ orbital of the silylene center π-electron density is 0.54 and 0.33, 

respectively.  

In Arduengo-type carbene (5) and Denk-type silylene (13) the partial aromatic character 

was proved both theoretically
52,53,54

 and experimentally
55,56,57,58

. Apeloig and coworkers 

determined based on experimental and theoretical considerations that over the large 

stabilization of adjacent nitrogen atoms the unsaturated ring provides additional 100 kJ/mol 

stabilization.
59

 In these cases, the aromatic character is significant; it can reach the 60 percent 

of the aromaticity of the benzene molecule. Nucleus-Independent Chemical Shift (NICS) index 

results also confirm this fact. The calculated NICS(2) index of 13 and 14 is -2.9 ppm illetve -

0.9 ppm which shows the weak aromaticity of 13 while in 14 has no aromatic character. It is 

important to note that the NICS(2) index of benzene is -5.3 ppm at that level of theory.  

The Kira-type silylene (15) is the only known stable compound in the history of 

carbenes and silylenes which does not posses adjacent heteroatoms linked to the divalent center 
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and there is no nitrogen in the molecule as well. In case of 15 the role of aromaticity can also 

be excluded owing to the sp
3
 carbon atoms in alpha position. This peculiar stability can be 

attributed to the large trimethyl-silyl bulky groups which can effectively hinder any reactivity. 

Besides, it turned out that the β-silyl groups had also importance as an electronic stabilization 

factor and their effect is similar to the role of amino-groups. The antisymmetric CSi2 sigma 

orbitals are almost parallel with the vacant orbital of the silylene center therefore they have 

significant overlap with the vacant orbital resulting in strong stabilization of that.
60

 

These explanations only considered electronic effects but, just as in the case of 15, 

kinetic reasons can also play important role. This is confirmed by the fact that neither diamino-

carbene nor diamino-silylene can be synthesized without bulky groups. It is necessary to apply 

large bulky groups for stabilization in β position. This also emphasizes the importance of 

nitrogen as it makes possible to substitute in β position. In the case of the first carbenes and 

silylenes, mesityl and adamantly groups were used. Later, it was realized that smaller bulky 

groups, such as t-butyl or isopropyl groups, were also appropriate to gain enough kinetic 

stability.  

 

2.3 Reactivity of carbenes and silylenes 

 

2.3.1 Dimerization and isomerization of carbenes and silylenes 

 

One of the most fundamental questions of the reactive compounds is their reactivity 

towards themselves which ultimately limits the stability of these structures. Good example is 

10, synthesized by Bertrand et al. in 2006, which is the isomer of the Arduengo carbene (5). 

Calculations on hydrogen substituted analogs suggest that 5 is more stable than 10 with 180 

kJ/mol, still, 10 is a stable molecule.
45

 The stability of 10 can be explained by its reactivity. It 

turned out by quantum chemical calculations that the 1,2 migration reaction, which is a usual 

way of the decomposition of divalent structures, had similarly high activation barrier in 5 and 

10.  

Dimerization is one of the most common reaction which hinder the stability of divalent 

compounds.
61,62,63

 Our group proved that the dimerization energy of silylenes and their 

stabilization energy, calculated from isodesmic reactions, have direct connection.
44

 Takahashi 
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and our group found correlation between dimerization energy and stability for carbenes as 

well.
64,65

 

 

C

H

H

C

H

H

C

H

H

C

H

H
 

Scheme 11. Dimerization of carbenes. 

 

Carbenes and silylenes dimerize differently which can be traced back to their different 

ground state multiplicity. Carbenes, with triplet ground state, approach each other in the same 

plane (the two CH2 molecules have D2h symmetry) and react without activation barrier as usual 

in radical reaction (Scheme 11).   
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Scheme 12. Dimerization of silylenes. 

 

In case of silylenes the situation becomes more complicated (Scheme 12). Trinquier and 

Apeloig showed that silylenes with singlet ground state can dimerize in two different ways.
66,67

 

In path a, the two silylene molecules approach each other in parallel planes, for SiH2 this 

means Cs symmetry,  and the reaction proceeds without activation barrier resulting in the so-

called trans-bent structure.
68

  

In some cases, the dimerization can occur according to pathway b. This time, the vacant 

orbital of the silylene interacts with the lone pair of the adjacent atom of the other silylene 
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forming a donor-acceptor complex. This reactivity requires appropriate substituents with lone 

pairs in suitable positions. Therefore, only –F, -NH2 és -OH substituents can favor this type of 

dimerization.  

In the case of Arduengo-type compounds (5, 13), there has not been reported 

dimerization reaction which is the consequence of their kinetic stability. Interestingly, in their 

saturated analog silylene, 14, West observed a third type of dimerization.
69

 Although, route b 

would be reasonable for 14 as a dimerization mechanism
70

 it has not been noticed so far. 

Instead, West crystallized the tetramer of 14 (Scheme 13) which is in equilibrium with its 

dimer and monomer. 
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Scheme 13. Dimerization of 14. 

 

The reason behind this peculiar dimerization process is that both reactivities are 

hindered. If we consider large t-butyl groups, calculations show that the cyclic structure is not 

stable on the Potential Energy Surface. Because direct dimerization is not possible, the first 

step is an insertion reaction of the silylene. In the resulting adduct the steric hindrance is 

reduced therefore path a becomes viable. Similar reactivity was observed in the germylene 

analog of 14 but equilibrium was not experienced.
71

 

Isomerization is also a common reaction which can terminate the divalent charcter of 

the molecule. For carbenes and silylenes, the usual way to isomerize is when groups in β 

position migrates to the divalent center forming a double bond as well (Scheme 14). 
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Scheme 14. General isomerization reaction of carbenes and silylenes. 
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Isomerization of carbenes is usually a very fast process because of their small kinetic 

stability. For silylenes, however, the isomerization is often a reversible transformation because 

the resulting Si=Y double bond is rather weak. 

The first isomerization reaction between Me2Si=SiMe2 és Me3Si-SiMe, involving a 

methyl migration, was investigated by Barton and coworkers in the 1970s.
72

 Later, calculations 

of different groups showed good agreement with the experimental studies, suggesting that 

disilene is more stable than silylene with 30-40 kJ/mol while the activation barrier is 40-50 

kJ/mol.
73,74

 

The most frequently investigated isomerization reaction in the literature is the silyl-

carbene – silaethene – methyl-silylene rearrangement (Scheme 15).
75

 Interestingly, the energy 

difference between silaethene and methyl-silylene is very small, depending on the level of 

theory, only 15-17 kJ/mol in the favor of silaethene.
75,76 

 Important to note that there is one big 

difference compared to disilene; the energy barrier of this reaction is extremely large even 170 

kJ/mol larger than that in case of disilenes.
73

 The investigation of the silaethene – methyl-

silylene rearrangement showed that the carbene is less stable, depending on the level of theory, 

the difference can be 200-300 kJ/mol
58,73

 and the activation barrier is negligible due to the 

large thermodynamic driving force. 

 

C Si

H

H

HH

C Si

H

H

H

H

C Si

HH

H

H

 

Scheme 15. Silyl-carbene – silaethene – methyl-silylene rearrangement. 

 

15 is the only silylene from the previously mentioned structures for which 

isomerization is the typical rearrangement. 15 is very stable at 0 °C up to years but at room 

temperature it isomerizes even in solution when a trimethyl-silyl group migrates to the silylene 

center (Scheme 16).
30

 The resulting structure was the first known example of cyclic structure 

containing C=Si moiety.
60,77
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Scheme 16. Izomerization of 15. 

 

2.3.2 Insertion reaction of carbene and silylenes 

 

Insertion (Scheme 17) is one of the most important reaction of carbenes and silylenes to 

eliminate hypovalency when a single bond of the reactant molecule (Y-Z) cleavages and 

saturates the divalent center forming two new bonds (X-Y and X-Z). The simplest insertion 

reaction is the reaction with hydrogen molecule.
78
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Scheme 17. Insertion reaction of carbenes and silylenes. 

 

 There are several papers in the literature which deal with some aspects of insertion 

reaction of silylenes.
79,80,81,82,83,84,85,86,87,88,89,90,91,92

 Insertion reaction has been observed with 

several simple molecules such as water
93,94,95

, alcohol
96

, ammonia
97

, hydrazine,
98

 or acetilene
99

. 

Besides, there are experimental results in the literuate for several type of bonds for example 

Li–C
100

, M–N
101,102

 (M = Li, Na, K), P–P
103

, C–X
104,105

 vagy Si–X
106,107

 (X = Cl, Br, I). 

 

  

2.4 Effect of bulky substituents on the reactivity 

 

 It is general chemical wisdom that bulky substituents prevent or reduce reactivity 

because of their steric hindrance.
108,109,110

 This concept arose in the late 19
th

 century when 

chemists observed the connection between steric effects and reactivity.
111,112,113,114,115,116

 In the 
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first decades of the 20
th

 century the principle of the bulky group effect was fully developed as 

chemists had greater knowledge about the mechanisms of the reactions.
117,118

 

 The use of bulky substituents, in connection with the concept of steric hindrance, has 

not changed in this regard during the last century; it is essential in the stabilization of reactive 

compounds. With the help of bulky groups numerous hitherto “exotic” compounds have been 

isolated including phosphaethyne derivatives,
119,120

 multiple bonded heavy element 

species
121,122

 and compounds containing divalent carbon, silicon or germanium.
123,124,125

 The 

investigation of the peculiar reactions of these compounds is one of the most important 

challenges of chemistry in these days. 

 Interestingly, steric hindrance can be exploited to catalyze reactions. Brown and others 

found in the 1940s
126,127,128,129,130

 and 50s
131,132,133,134,135,136,137,138

 that if there is steric 

congestion in the reactant itself which is reduced in the transition state then steric hindrance 

can promote reactions. This idea is behind the recently very popular Frustrated Lewis Pair 

(FLP) concept
139,140,141,142,143,144

 in which bulky groups hinder the reaction of Lewis acids and 

bases forming reactive acid base pairs
145

 that can activate small 

molecules
146,147,148,149,150,151,152,153,154,155,156

 especially hydrogen
157,158,159,160,161,162,163,164,165 ,166,167

.
 

 Very recently, it has been recognized independently in several different fields that 

bulky groups can increase the reaction rate exploiting another approach. Bulky groups as large 

structures can create significant nonbonding interactions with the reactant molecule in the 

transition state. In case of suitable orientation of bulky groups and reactants the emerging 

interaction can be attractive which decreases the activation barrier and speed up the reaction. 

Houk and Pápai highlighted the importance of secondary interactions in organocatalysis,
168,169

 

especially in enantioselective syntheses where the relatively small nonbonding interactions can 

cause dramatic impact.
170

 Similar considerations were emphasized in enantioselective 

transition metal catalytic reactions as well.
171
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3. THEORETICAL OVERVIEW 
 

 

Dirac-equation, the basic equation of relativistic quantum mechanics, can provide all 

the values of observables with high accuracy. The problem with this equation is that we cannot 

solve it only for very small systems. Therefore, several approximations have been introduced 

to reduce the computational difficulties. These approximations have to satisfy two somewhat 

contradictory conditions. On one hand, the approximations have to provide meaningful results, 

close to the real values, that can be interesting for scientist. On the other hand, these 

approximations have to reduce computational cost enough to be able to solve it within 

reasonable time for chemically important systems.
172,173,174

  

 

3.1 The hierarchy of approximations. The Hartree-Fock method 

 

The first approximation is always the neglect of relativistic effects which leads to the 

so-called Schrödinger-equation of which time independent form is (1): 

 

   rRrR ,,ˆ                                                        (1) 

 

where Ĥ is the Hamilton-operator, that depends on the number of electrons and nuclei and the 

charge of the nuclei. It contains the nucleus and electron kinetic energy operators, the nucleus-

electron attraction, nucleus-nucleus repulsion, and electron-electron repulsion operators. Ψ is 

the so-called wavefunction which depends on all spatial coordinates of the nuclei (R) and 

electrons (r). E is the total energy of the system.  

The problem of the Schrödinger-equation is that it does not contain spin, that is an 

inherent relativistic effect, which is however necessary for appropriate description. The usual 

correction is simply multiplying the wavefunction with an extra spinfunction. In general, the 

nonrelativistic approximation is a good approximation especially for the light elements in the 

first three periods. For heavier elements, in which the velocity of the core electrons is close to 

the speed of light, the applications of pseudopotentials can solve the problem.  
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The next approximation is the Bohr-Oppenheimer Approximation. The mass of even 

the lightest nucleus (proton) is almost 2000 times larger than that of the electron therefore the 

separation of the nucleus and electron movement seems natural. This approximation has been 

found very sound till nowadays.
175

  

The third approximation is the so-called Mean Field Approximation in which the 

electron-electron repulsion operator is replaced with an effective potential (Vi
eff

) that contains 

only the averaged effect of the other electrons. Formally, this means that the electrons move 

independently form each other; they only interact with each other through the effective 

potential. In this case, the total wavefunction is the product of one electron wavefunctions.  

Unfortunately, this approximation contradicts the Pauli-principle thus the wavefunction is 

given in the Slater-determinant form. 

The Mean Field Approximation is not a good approximation in the sense that if one 

electron moves it has to be an effect on the other electrons. The upside of this approximation is 

however that the resulted canonical Hartree-Fock equations can yield qualitative information 

about chemically interesting problems. Because of computational reasons, this form of Hartree-

Fock equations cannot be used in practice but when the one electron wavefunctions are built 

from the linear combination of basis functions (Hartree-Fock-Rothaan equations) and only 

their coefficients are varied.   

 

 3.2 Basis sets in Quantum Chemistry 

 

Since infinite basis set is not available in practice one has to consider carefully the 

chosen number and quality of the basis set. Nowadays, tipically Gauss type orbitals are used 

because of their computational advantages.  

Pople and coworkers developed
176

 the split-valence type basis sets
177

 which treat the 

inner shells and valence shell differently. Since usually valence electrons take part of chemical 

reactions and determine chemical properties, it is reasonable to think that they are more 

important than core electrons therefore more basis functions applied on valance shell 

significantly improves the wavefunction. In general, twice or three times more basis functions 

are used on the valence shell (double- and triple-ζ, DZ and TZ basis sets). Polarization and 

diffuse functions used to apply to replace non-atom centered basis functions and improve the 
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quality of the wavefunction. For example, the probably most widely used basis set is the 

double-ζ 6-31G(d) basis which includes polarization functions on non-hydrogen atoms. 

Another popular basis set family is the correlation consistent basis of Dunning and 

coworkers
178

 in which they already built in polarization functions. They also use the 

multiplication of valence shell basis resulting in cc-pVDZ (correlation-consistent, polarized, 

valence double-ζ), cc-pVTZ, cc-pVQZ, cc-pV5Z... basis sets. Other versions of these basis sets 

were also developed which were optimized for core-valence correlation
179

 (cc-pCVnZ) and 

core-core correlation
180

 (cc-pwCVnZ). They can also account for the relativistic effects in an 

effective core potential manner (cc-pVnZ-PP).
181,182

 

Basis sets are being developed continuously. (See for example the def2- family of 

Ahlrichs and coworkers.
183

) 

The applied quantum chemistry methodology and basis set is signed together eg. HF/6-

31G(d) which means the energy and geometry optimization occurred on the same HF level 

using double-ζ basis set. In some cases, the final energy calculation with larger basis set can 

deviate from the geometry optimization level. For example HF/cc-pVTZ//HF/6-31G* where 

the first part refers to the energy calculation and the second for geometry optimization.  

 

3.3 Post-Hartree-Fock methods 

 

Electrons interact with each other continuously that is why HF method is not exact even 

with infinite complete basis set (CBS), which is called HF-limit, and there is an approximately 

1 percent difference in energy between the exact and the HF-limit called correlation energy.  

The post-HF methods use the linear combination of determinants to approximate the exact 

solution. In theory, infinite number of determinants can give the exact energy but in practice 

there are different strategies to yield better and better approximations with finite number of 

determinants.  

 

Configuration Interaction (CI) method constructs a hierarchy of determinants by 

changing occupied one electron wavefunctions of the HF determinant to unoccupied ones 

which also resulted from HF calculations. Thus, one can define singly excited determinants by 

changing only one orbital and similarly doubly and even n-fold excited determinants. One can 
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choose, based on computational power, what excitations can handle in reasonable time getting 

better approximation of the energy.  

 Coupled cluster (CC) theory is built on the same idea of excited determinant but it uses 

an exponential form to produce the determinants. CC has a big advantage over CI because it is 

size-consistent that is why it is more widespread these days than CI. CCSD(T) is regarded as 

the “gold standard” of quantum chemistry which can provide chemical accuracy (1 kcal/mol) 

and used as a reference method.
184

 

 The other possible post-HF methodology is perturbation theory. In Møller-Plesset 

Perturbation Theory, following the usual Rayleigh-Schrödinger perturbation theory, HF 

solution is regarded as the model solution of which results are known. Depending on the 

perturbation series, one can define MP2, MP3, ... methods. In practice, usually only MP2 is 

used which can already recover the 80 or 90 percent of the correlation energy.  

 Post-HF methods are being developed with the aim of reducing the computational 

demands and/or increasing accuracy. Several methods are used to achieve this: Density 

fitting,
185,186,187,188,189,190

 localization schemes
191,192,193

 both for MP
194,195,196

 and 

CC
197,198,199,200,201

  methods, explicitly correlated methods,
202,203,204,205

 and  their combined 

applications
206,207,208

 are already known.  

 Grimme introduced the spin-component scaled MP2 (SCS-MP2)
209,210

 method in which 

the correlation energy contribution of the parallel (αα, ββ) and opposite (αβ) electron pairs are 

scaled with an empirical factor. Grimme found cαα=cββ=6/5 and cαβ=1/3 ideal but other works, 

using different training sets, reported other coefficients.
211,212,213

 Interesting initiation is the 

scaled-opposite-spin MP2
214

 (SOS-MP2, cαα= cββ=1,3 and cαβ=0) methods
215

 in which the 

parallel contribution is neglected reducing the computational requirements. Although, this 

scaling technique seems absolutely empirical, it has been found some theoretical background 

as well
216,217,218,219

 and their excellent results in practical applications justified its existence in 

quantum chemistry.
220,221,222

 Later, other empirically tuned post-HF methods were developed 

like MP2.5,
223

 MP2+ΔvdW
224

, SOS-CIS(D0),
225

 SCS-CI(D),
226

 SCS-CCSD
227

 or SCS-

MCPT2
228

 which also showed good results in test calculations.
229,230
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3.4 Density Functional-based methods 

 

In Density Functional Theory (DFT),
231,232

 the central quantity is the electron density 

not the wavefunction. Formally, the atomic nuclei provide an external potential in which the 

electrons form the energetically most favorable electron density.  

Modern DFT is based on the two Hohenberg-Kohn-theorems. The first postulates that 

there is a one-to-one mapping between the v(r) external potential and the ρ(r) ground state 

electron density therefore the ground state energy is the functional of the ground state electron 

density. The second provides the practical application by stating that in case of a given v(r) 

external potential the energy associated to the ground state electron density E[ρ0] is lower than 

any other E[ρ] if ρ0 ≠ ρ.  

Using Kohn-Sham formalism, similar equations to HF can be derived but their meaning 

is different since no approximations have been made so far. Writing down the parts of the 

energy as the functional of the electron density clearly show the problem (2):  

 

                         (2) 

 

where Ts[ρ] is the kinetic energy term of a hypothetic noninteracting system of which ground 

state electron density is the same than that of the investigated system and Vne[ρ] is the electron-

nucleus interaction term. Beside of the electron-electron repulsion term there is the so called 

exchange-correlation functional (Exc[ρ]). The terms are kept which can be calculated directly 

and Ts[ρ] is defined to be computable. All unknown parts are hidden in the exchange-

correlation functional.The different type of approximations of Exc[ρ] led to a certain hierarchy 

of approximations called Jacob’s ladder (Figure 2).
233,234
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Local Density Approximation

Generalized Gradient Approximation

Meta-Generalized Gradient Approximation

Hyper-Gradient Approximation

Generalized Random Phase Approximation

Heaven of Chemical Accuracy

Hartree World
 

Figure 2. Jacob’s ladder. The evolution of functionals. 

 

First often used approximation was the Local Density Approximation (LDA) in which 

the exchange functional was replaced with an expression derived for homogeneous electron 

gas while the correlation part could have several approximations. Some of them like 

VWN(III)
235

 correlation functional are used till today. Since molecules differ from 

homogeneous electron gas model therefore LDA was not satisfactory for molecules. Gradient 

correction in the energy functional (Generalized Gradient Approximation, GGA) yielded much 

better results. GGA resulted in functionals like BLYP
236,237

, PBE,
238

 or PW91
239

 which are still 

used in practice. Applying second order derivatives of electron density in the approximations 

(meta-GGA functionals) yielded new functionals such as TPSS
240

, MMGA,
241

 or M06-L.
242

 

However, this approximation resulted in only limited improvements thus the fourth rung is 

associated with the exact exchange functional.
243

 

Hybrid functionals, which already belong to the fourth rung, had been developed way 

before meta-GGA functionals appeared. Since HF theory describes exactly the exchange 

interaction Becke came up with the idea to add HF contribution to the exchange functional by 

using an empirical parameter. Several hybrid functionals have been developed such as 

B3LYP
244

, O3LYP
245

, X3LYP
246

, TPSSh
247

, PBE0,
248

 or mPW1PW91.
249

 Hybrid functionals 

can be regarded as a breaktrough in the evolution of functionals as they showed superior 

performance compared to previous functionals in many cases; this is especially true for the 

B3LYP functional which is ‘the DFT method’ for numerous noncomputational chemists.  
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Later on, hybrid functionals were also modified by adding meta-GGA parts eg. M05-

2X
250,251

 and M06-2X
252

 functionals.
253,254

 These functionals perform very well on functional 

tests
255

 but they are often overparameterized.
256

 Another direction is to eliminate empirical 

parameters constructing the so called empirical-free methods like TSPS
257

 or HGGA1
258

 by 

giving physical relevance to the parameters. Interesting concept is the so called long-range 

corrected hybrid functionals in which distance dependent empirical parameters are introduced. 

It has been shown that appropriate choice of distance dependence has physical meaning and 

can correct self-interaction error
259,260

 which is one of the general shortcoming of 

functionals.
261,262

 Several long-range corrected functionals have been developed such as LC-

ωPBE
263,264,265

, CAM-B3LYP,
266

 or ωB97X
267

 which showed good results according to the test 

calculations.
268,269

  

It is known a long time ago that density functionals do not account for dispersion 

interaction.
270,271

 Owing to the ever-increasing computational power, larger and larger 

molecules became available for DFT calculations. It was found that the calculated energy 

deviated from post-HF results even for moderate systems with 50-100 atoms
272,273,274

 though in 

geometry there were no significant differences.
275

  The easiest way to correct the lack of 

dispersion is to add an empirical London dispersion term
276,277,278

 with a damping 

function.
279,280,281,282,283

 Several different empirical dispersion correction schemes have been 

reported;
 
eg for the B3LYP functional at least six: B3LYP-D, B3LYP-D2

284
, B3LYP-D3

285
, 

B3LYP+XDM
286

, B3LYP-dDXDM
287

 vagy B3LYP-lg
288

. From our group, Dr. András Olasz 

took part in dispersion correction developments.
 289,290

 As further improvements, it was found 

that collective optimization of empirical parameters (dispersion term and functional) yielded 

even better functionals
291,292

 such as ωB97X-D.
293

 There is initiative for less empiricism as 

well. Becke and Johnson introduced the exchange-hole dipole moment method 

(XDM),
294,295,296

 in which coefficients are derived from the electron density of the system.
297,298

  

After the success of hybrid functionals and considering the shortcoming of functionals 

in dispersion interaction, it was proposed to add a post-HF term to the exchange correlation 

functional, which can account for dispersion.
299

 Several so called double-hybrid functionals 

have been developed such as B2GP-PLYP,
300

 MC3BB,
301

 mPW2PLYP,
302

 XYG3,
303

 or 

PWPB95.
304

  

In recent years, the number of functionals rapidly evolved thanks to the unlimited 

mixing of already known theoretical methods such as dispersion corrected double-hybrid 
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functional,
305,306

  spin-component scaled double-hybrid functional,
307

 long-range corrected 

double-hybrid functional,
308,309,310,311,312,313,314

  or CI,
315,316

 CC
317,318

 and other post-HF
319,320,321

 

modified functionals.   

Although, formally the double-hybrid functionals belong to the fifth rung of Jacob’s 

ladder, Perdew named this level Generalized Random-Phase Approximation (GRPA). 

Random-Phase Approximation
322,323,324

 (RPA) is known from the 1950s
325,326

 and it has 

important role in optics
327,328

 and particle physics
329,330

. Perdew and Lundgreth
331,332

 

introducted RPA in DFT
333,334

 but the resulted methods became too expensive for calculating 

real systems that is why one of the main directions is to derive less expensive methods.
335

 

Though, there are already such methods like direct RPA,
336

  RPA+,
337,338,339

 RPA++,
340

 or 

RSH+RPAx
341,342

 and the community knows several interesting features of them,
 

343,344,345,346,347,348,349
  still, GRPA level is far from fully explored and this means the forefront 

of DFT research. 

 

DFT methods are very popular both in the theoretical chemistry community and in 

practical use because they are similar to SCF methods but their accuracy can reach MP2. 

However, in the last few years so many empirical functionals have been reported that nobody 

can judge their true performance in real problems. That is why, it is necessary to test the 

performance of an unknown functionals before usage because there is no mathematical proof 

behind Jacob’s ladder; it is only a concept, which cannot guarantee better results for arbitrary 

problem. Paul Ragué von Schleyer said: “…the happy days of “black box” DFT usage are 

over, at least for energy evaluations. Confidence has been undermined. No available density 

functional is generally reliable for larger molecules.”
350
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4. RESULTS 
 

 

In the following, I review my results connected to my doctoral thesis. In each section, I 

analyze different questions, corresponding to different papers, showing our goal, the obtained 

results, and finally providing a short summary. First, I start with the direct insertion reaction of 

silylenes then show the special insertion reaction of 18. Next, I reveal the fascinating case of 

the reaction of white phosphorus and 18. Finally, I prove that the concept I introduced for the 

previous reaction is more general and as a proof-of-concept it is presented in Suzuki-reaction. 

 

4.1 Direct insertion reactions of silylenes 

 

 One of the most important reactions of silylenes is the insertion into different 

molecules. The simplest reaction is the silylene insertion into hydrogen. The reaction proceeds 

via a concerted transition state in which the vacant p-orbital and the lone pair on the silicon 

atom interact with the σ-bonding and σ*-antibonding orbitals of H2, respectively, forming a 

three-membered ring structure (Scheme 18). 

H
Si

H
+

H

H
H

Si
H

H

H

‡

Si
H

H

H

H

:

 

Scheme 18. Direct insertion of hydrogen into parent silylene, SiH2. 

 

 The aim of this work was to find a general scheme and conclusion for the insertion 

reaction of silylenes. I show how the mechanism depends on the type of the reactants and 

silylenes. I explain the differences between transition state geometries and energies, set up 

trends and compare our results with experimental data. Three simple model compounds (20, 

21, and 24, Scheme 19) and four essential stable silylenes (22, 23, 25, and 26) without bulky 

substituents were selected in order to analyze the deviations arising from the structure of 

silylenes. Eight different reactants (A-H), from the simplest H2 (A) to the most complicated P4 

(H), altogether 56 insertion reactions were studied. In the case of MeOH and N2H4 the 
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insertion of the silylene to the O-H and N-H bonds were studied, respectively. In this section 

we refer to an insertion reaction with the combination of a letter (silylene) and a number 

(reactant). E. g. 20A or 26F symbolizes the reaction between 20 and A or 26 and F, 

respectively. We use the TS and PR prepositions referring to transition states and products, 

respectively. In this case TS-20A and PR-20A mean the transition state and the product of the 

reaction 20A. 

 

 

Scheme 19. Silylenes and small molecules investigated in direct insertion reactions. 

 

 To test the reliability of our methods, I carried out calculations using several methods 

and basis sets for 20A. I also investigated the insertion reactions of 20 and 21 at the 

MP2/cc-pVTZ and CCSD/cc-pVTZ//B3LYP/cc-pVTZ levels of theory (Table 1). All the 

computed B3LYP and MP2 geometries are in excellent agreement both for transition states and 

for products. According to CCSD results, the B3LYP reaction energies (Table 1) agree 

reasonably well within 10 kJ/mol, however, the MP2 method systematically overestimates the 

energies by about 20-40 kJ/mol. B3LYP functional underestimates the reaction barriers by 

10-20 kJ/mol except for haloalkanes (20F, 20G) in which case the error is about 40 kJ/mol as 

compared to CCSD results. MP2 method also underestimates the TS energies by 5-40 kJ/mol. 

Based on the calculated results the B3LYP/cc-pVTZ method provides adequate outcomes. 

 All calculations were carried out using the GAUSSIAN 03
351

 quantum chemical program 

package. B3LYP hybrid density functional, MP2 and CCSD methods were used in conjunction 

with the cc-pVTZ basis set to explore transition states and local minima. On iodine atoms we 

employed the cc-pVTZ-PP basis set to consider relativistic effects. Stationary points on the 
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potential energy surface (PES) were characterized by harmonic vibrational frequency 

calculations. Transition states, with one imaginary frequency, were confirmed by intrinsic 

reaction coordinate (IRC) calculations. MOLDEN program
352

 was utilized for visualization and 

drawing. 

 

Table 1. Reaction energies (∆E), Gibbs free energies (∆G), activation energies (∆E
‡
) and activation Gibbs 

free energies (∆G
‡
) of the investigated reactions using B3LYP/cc-pVTZ, MP2/cc-pVTZ (italics), 

CCSD/cc-pVTZ// B3LYP/cc-pVTZ (bold) levels of theory. 

 

 H2 H2O CH3OH NH3 N2H4 CH3Cl CH3I P4 

 A B C D E F G H 

 

SiH2 

20 

∆E -246.8 -306.8 -303.6 -259.8 -257.7 -377.3 -345.9 -196.0 

-261.3 -328.5 -331.3 -284.9 -285.8 -415.4 -382.7 -223.9 

-247.3 -304.7 -305.9 -261.0 -260.0 -385.8 -353.5 -208.1 

∆G -196.7 -258.5 -253.8 -211.5 -209.8 -321.1 -288.7 -134.1 

-210.4 -279.6 -281.2 -236.3 -237.4 -359.5 -325.3 -168.0 

-196.2 -252.7 - -261.0 - - - - 

∆E
‡
 -5.0 19.5 11.4 38.0 17.4 92.7 83.7 -28.5 

-4.3 15.4 -5.0 29.4 0.0  112.3 97.6 -55.2 

11.2 48.3 33.4 61.2 40.6 129.7 120.1 -9.7 

∆G
‡
 33.5 57.3 51.8 77.8 58.0 134.1 126.4 23.5 

34.3 53.3 36.6 69.5 40.1 158 144.2 - 

50.1 89.1 - 103.7 - - - - 

 

Si(NH2)2 

21 

∆E -119.9 -214.8 -208.5 -159.7 -152.2 -275.9 -238.1 -97.3 

-137.1 -241.1 -242.6 -190.8 - - - - 

-133.8 -229.1 - -177.8 - - - -126.7 

∆G -73.0 -169.4 -163.2 -114.5 -107.0 -223.5 -184.9 -37.9 

-90.8 -194.8 -195.9 -145.0 - - - - 

∆E
‡
 177.7 111.8 109.7 155.1 146.4 192.4 184.3 131.3 

181.3 103.7 - 143.1 - - - - 

185.3 130.6 - 167.3 - - - 137.3 

∆G
‡
 214.9 141.1 138.4 183.2 178.4 229.1 223.3 179.1 

218.6 134.2 - 169.9 - - - - 

 

22 

∆E -191.0 -268.0 -250.2 -211.5 -212.8 -320.8 -280.7 -145.9 

∆G -137.8 -216.1 -192.8 -158.1 -158.8 -257.5 -214 -79.6 

∆E
‡
 78.4 54.0 57.9 82.9 77.5 135.9 139.3 67.4 

∆G
‡
 121.9 95.4 104.6 129.8 126.2 188.4 191 127.6 
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Table 1. cont.  H2 H2O CH3OH NH3 N2H4 CH3Cl CH3I P4 

  A B C D E F G H 

 
23 

 

∆E -90.4 -194.2 -188.6 -139.8 -134.8 -251.8 -216.4 -83.8 

∆G -43.6 -147.7 -140.4 -95.2 -89.5 -199.8 -165 -24.6 

∆E
‡
 212.0 117.4 114.3 165.9 151.0 195.6 188.5 153.4 

∆G
‡
 248.5 151.4 148.9 199.2 187.7 234.7 228.2 204.3 

         
24 

 

∆E -105.5 -207.0 -200.3 -152.7 -146.8 -264.6 -229.7 -92.4 

∆G -61.2 -162.1 -154.2 -112.2 -104.0 -213.8 -177.6 -34.9 

∆E
‡
 176.2 110.9 107.5 149.2 144.2 186.7 179.2 124.8 

∆G
‡
 208.9 143.0 141.2 183.6 177.7 225.4 219 173.5 

        
25 

∆E -95.6 -202.3 -196.7 -150.1 -143.2 -256 -219.1 -85.2 

∆G -56.1 -158.0 -150.9 -108.2 -100.5 -205.7 -167.2 -28.4 

∆E
‡
 201.3 115.8 111.4 157.4 151.3 196 193 145.7 

∆G
‡
 234.7 147.8 144.7 190.6 183.9 233.9 230.4 193.1 

 
26 

∆E -43.7 -148.2 -141.8 -100.6 -93.9 -210.2 -177 -44.7 

-50.4 -163.6 - -120.9 - - - - 

∆G -5.3 -108.2 -102.3 -62.6 -53.9 -162.3 -127.6 9.6 

-12.2 -123.7 - -84.9 - - - - 

∆E
‡
 259.5 149.6 145.2 197.2 173.3 217.7 - 188.3 

∆G
‡
 287.1 178.4 175.9 227.2 206.4 257.5 - 234.1 

         

 

 The mechanism of all the reactions is very similar to each other. The general scheme of 

the concerted, one step process is exhibited on the reaction 26D (Figure 3). In the transition 

state, both the nitrogen and one of the hydrogen atoms of ammonia interact with the silicon 

center (the Si-N and Si-H distances are 1.91 Å and 1.64 Å, respectively). The lone pair of N 

atom interacts with the vacant p-orbital of silicon while one of the hydrogens is approaching 

the in-plane lone electron pair. In the same time the N-H bond splits (d(N-H)=1.40 Å)  and the 

new Si-H bond forms before the transition state. The Wiberg-indices were calculated at the 

B3LYP/cc-pVTZ level for all the studied TS and product molecules. The results 

unambiguously support that new Si-X and Si-Y bonds form before the transition state. 
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Figure 3.  Gibbs free energy changes during the reaction of 26 and D and of the analogous carbene and D at 

the B3LYP/cc-pVTZ level of theory. Dark blue, orange, light blue, and tan colors refer to H, C, N, and Si 

atoms, respectively. 

 

 

 Insertion reactions of several carbenes with ammonia were recently studied by Bertrand 

and co-workers. As it can be seen on Fig. 3, the Gibbs free energy of the reactions is negative 

for the silylene and positive for the carbene in accordance with the fact that this reaction does 

not proceed with carbene.
353

 In contrast to silylenes, only the hydrogen atom is bonded to the 

carbon center (C-H distance is 1.09 Å) in the transition state while the -NH2 fragment remains 

far (2.38 Å) from the carbon atom.  

 Wiberg Bond Indices of the Si-Nammonia bond in TS-26D reaction was found to be 0.61, 

while it was only 0.38 for the analogous carbene’s reaction with ammonia (Table 2). This also 

highlights that the mechanism of the insertion reaction of carbenes and silylenes are very 

different. 
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Table 2. Wiberg Bond Index of the reaction 26D and of the analogous carbene + D reaction at the 

B3LYP/cc-pVTZ level of theory. 

  

 
+ 

NH3 

 

 
+ 

NH3 

TS Si-H 0.6223 C-H 0.8032 

 Si-N 0.6084 C-N 0.3797 

 N-H 0.3160 N-H 0.0772 

Product Si-H 0.8578 C-H 0.9061 

 Si-N 0.7500 C-N 1.0292 

 N-H 0.0208 N-H 0.0073 

 

 The difference between the two mechanisms can be explained with the difference 

between the occupancy of the vacant p-orbitals. The electron donation of the adjacent N atoms 

is much more efficient to the carbene vacant p-orbital than to that of the analogous silicon. The 

computed (NBO) π-electron charge on the carbon vacant p-orbital is 0.57 while that on the 

silicon is 0.25. Therefore, the ‘empty’ orbital represents a much weaker center for nucleophilic 

attacks in case of carbon than in silicon.  

 

 Table 1 summarizes the calculated reaction energies, Gibbs free energies, activation 

energies and activation Gibbs free energies of all the investigated reactions at the 

B3LYP/cc-pVTZ, MP2/cc-pVTZ and CCSD/cc-pVTZ//B3LYP/cc-pVTZ levels. In general, 

ΔG and ΔG
‡ 

measures the thermodynamic and kinetic stability of a molecule, respectively. 

Therefore it is understandable that reactions of the unsubstituted silylene, A, requires the 

largest Gibbs free energies and the smallest activation energies for all investigated 20A-26A 

reactions. It is reasonable to expect that SiH2 reacts with all the reactants in a facile process. 

Negative ΔE
‡
 values found in some cases are due to the formation of the relatively stable van 

der Waals complexes at the initial step of the reactions. In these cases the activation energy of 

these complexes are less than the energy gained from the complexation. 

 The calculated data is in good agreement with the experimental fact that the gas-phase 

reaction 20B was effectively stopped at the van der Waals complex stage and the complex was 
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found to be the actual reaction product. The complex certainly finds ways to react further in the 

solution phase. 

 It is known that the neighboring nitrogen stabilizes the reactive silylene therefore it is 

interesting to compare the insertion reactions of 21 and 22. In 22 the asymmetric σCSi2 orbital 

serves as two-electron pseudo π-donors resulting in similar effect to the π-donor nitrogen. 

Table 1 data shows that reaction 22 is 40-75 kJ/mol less exergonic than that of 20, but 25-

65 kJ/mol more exergonic than 21. This may indicate that the stabilizing effect of the -SiH3 

substituents is smaller than that of the two nitrogens. On the other hand 22 (with SiMe3 groups) 

is a stable molecule while Si(NH2)2 has not been synthesized, this indicates the importance of 

the steric shielding of the SiMe3 groups.  

 21, 23, 24, and 25 show very similar Gibbs free energies which implies similar 

stabilities for these compounds. In 21, 23, and 25 two nitrogens stabilize the molecules, in 24 

the aromaticity compensates the missing second nitrogen. Effects of the two nitrogens and the 

aromaticity stabilize 26; this is why the Gibbs free energies are at least 40-50 kJ/mol smaller 

and ΔG
‡
 values are 25-45 kJ/mol larger than for any other silylenes. 

 Figure 4 is a column bar chart which demonstrates the distribution and correlation of 

ΔG and ∆G
‡
 values. The Gibbs free energies are all negative (with the exception of 26H), these 

are depicted by the lower ends of the bars on the figure, while the ∆G
‡
 values are visualized as 

the upper ends. The bars are color coded according to the reactant molecules. The total length 

of each bar corresponds to the sum of the Gibbs free energy and activation Gibbs free energy 

of the respective reaction.   

 It can be seen that ΔG +
‡

G  is almost the same for different silylenes but the same 

reactant molecule (same colour), although it shifts up and down in the diagram. The deviation 

from the average ΔG+
‡

G  depends on the reaction but it is only between 1.5 % (for H2O) and 

11.5 % (for P4) depending on the reactant. This trend seems to be so reliable that it allows us to 

estimate the missing activation Gibbs free energy of reaction 26G. In that case the calculations 

failed to provide the TS structure and energy. The estimated value (shown by dotted line on 

Fig. 4) is 
‡

G = 2758 kJ/mol. PES scan was also carried out to estimate the height of the 

activation barrier. The estamited ~276 kJ/mol is in good agreement with the statistical analysis. 
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Figure 4. Gibbs free energies (negative) and activation Gibbs free energies (positive) of 

the investigated insertion reactions at the B3LYP/cc-pVTZ level.
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 According to the results a facile reaction is expected between H2 (A) and 20 or 22. 

The very small reaction energies and the large activation barriers prevent, however, the 

reaction with all the stable silylenes. To our knowledge, no experiment of hydrogenation 

of silylenes was carried out. On the other hand, di(amino)carbenes were found to be inert 

toward hydrogen. 

 It is easy to recognize that the lowest energies belong to F and G. These data are 

in accordance with the fact that even stable silylenes insert into the C-I bond of organic 

iodides. We found, however, fairly high activation barriers in the reactions of F and G. 

This is inconsistent with the fact that reactions of G and other haloalkanes were observed 

in several cases under mild conditions.
 
The discrepancies may suggest the existence of a 

more favorable reaction channel. According to the experiments 22 and 26 mostly form 

disilanes as final products in the reaction with monohaloalkanes, while 25 affords the 1,1-

insertion product with the same reactants.  

 It is known that silylenes usually react with water and alcohols under mild 

conditions.
 
The calculated high reaction energies and relatively low activation barriers 

support these findings. The reaction of the N-H bond has been studied with both D and E. 

The experimental data support that both 25D and 25E proceed well. The calculated data 

may suggest a similar facile reaction with 26 and 23 as well.  

 The Gibbs free energies with H are the smallest of all (in absolute value), the 

activation barriers are in almost every case larger than 150 kJ/mol. Therefore it is 

surprising that 25 reacts easily with H. An attempt of the insertion reaction of white 

phosphorus with 26 drew the conclusion that the silylene remained unreacted and simply 

catalyzed the conversion of white phosphorus to the more-stable allotropic red 

phosphorus.  

 It can be seen from Figure 4, that the activation barriers of 25 are generally very 

similar to those of 23 and 24 in all the reactions. As 25 shows unique reactivity with most 

of the reactants, this may suggest that the reactions may follow a different reaction 

channel. The activity of a silylene in the insertion reactions is determined by the number 

of the nitrogen atoms in  position to the silylene center and the degree of aromaticity. 

The reaction energies in the case of 25 is very similar to the saturated silylene 23, the 
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aromatic silylene 26 is the least active compound. The high activation barriers calculated 

for the reactions of 25 suggest the existence of a different reaction channel. 

 

 4.2 Special insertion reactions of 25 

 

 

 In the previous section, the direct, one step insertion reactions of seven different 

silylenes, including 25, into eight different reactant molecules were investigated. 

Considering the experimental conditions of the observed reactions, however, the direct 

insertion mechanism provides too high activation barriers suggesting that 25 may have 

other different complex reaction pathways which are not located only on the silicon 

center.  Some experimental results also support this idea. The reaction of 18 and 

Me3SiOTf leads to an 1,4-adduct as an intermediate in the first step, which then 

rearranges to the thermodynamic 1,1-product (OTf=OSO2CF3). In the reaction of 18 with 

B(C6F5)3 the 1,4-adduct was isolated as the final product. Besides the common 

1,1-insertion product (Product a, PRa) two other surprising products were observed 

(Scheme 20). In the case of H2S, instead of the expected 1,1-insertion a silicon sulfur 

double bond was found, forming a pentavalent silicon center, while the second hydrogen 

saturated the methylene group of the silicon ring (Product b, PRb). In the reaction with 

water a dimer product was observed (Product c, PRc). 

 
Scheme 20. Different products in the reactions of 18 and NH3, H2S, and H2O. 
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 The aim of this work was to explore and prove the unique mechanisms of 25 in 

different insertion reactions and with the help of them explain the experimental data. In 

order to analyze these mechanisms, nine different reactants (A-I, Scheme 21), the 

previous eight and H2S (I) were selected for investigation. The study was carried out with 

the same theoretical method as the direct insertion study therefore direct comparison can 

be made between them. 

H2 H2O CH3OH NH3 N2H4 H2SCH3Cl CH3I

A B C D E F G H

P4

I  

Scheme 21 

 

 First, I explored the initial steps (IS) of all the reactions towards the formation of 

an intermediate 1,4-adduct (IM, Scheme 22) which will then be the starting point towards 

the different final states (FS). The discussion follows this logics; first, I describe and 

characterize the possible reaction paths from the reactants to IM then the different steps 

between IM and the final products (PRa,b,c).   

+ X-Y

N

Si

N

H

H

Y

X

1,4-adduct

IM

PRa

PRb

PRc

N

Si

N

H

H

25

1
23

4

 

Scheme 22 

 

 Table 2 shows the calculated reaction energies, Gibbs free energies, activation 

energies and activation Gibbs free energies of the initial steps of all the reactions towards 

IM for three different types of mechanisms (ISI-ISIII). 
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Table 2. Reaction energies, Gibbs free energies, activation energies and activation Gibbs free 

energies (in kJ/mol) for the reaction of 25 + A-I for the initial step mechanisms (ISI-ISIII)
 
at 

B3LYP/cc-pVTZ level of theory.  

 
  H2 H2O CH3OH NH3 N2H4 CH3Cl CH3I H2S 

  A B C D E F G I 

ISI 
ISI -TS1 ∆E

‡
 185 54 53 71 87 196 186 59 

 ∆G
‡
 222 94 93 117 132 237 231 105 

ISII 

ISII-TS1 ∆E
‡
 168 46 47 77 89 211 221 75 

 ∆G
‡
 205 86 87 92 129 248 264 117 

ISII-IM1 ∆E 47 -40 -34 11 16 -46 -23 -12 

 ∆G 101 9 17 61 68 14 40 47 

ISII-TS2 ∆E
‡
 256 176 183 225 228 217 231 201 

 ∆G
‡
 293 210 218 259 263 252 268 242 

ISIII 
ISIII-TS1 ∆E

‡
 - - - - - 124 91 - 

 ∆G
‡
 - - - - - 171 138 - 

 
IM ∆E -43 -142 -135 -84 -85 -179 -160 -114 

 ∆G 6 -93 -86 -37 -37 -121 -101 -59 

 

 Mechanism ISI (Fig. 5) is a one step concerted process, in which the X-Y bond of 

the reactant molecule splits and a new Si-X and C4-Y bond is formed in one step 

(Scheme 22, where X= OH, OCH3, SH, NH, N-NH2, Cl, I and Y= H, CH3). ISI-TS1 is a 

moderate energy six-membered ring transition state. The X-Y bondlength increases with 

about 35% in ISI-TS1, while the forming Si-X and C4-Y bonds are only 13% and 36% 

longer in average than in the resulting product (IM). In the case of F and G the C4-Y 

bond is 78% longer than in IM. In the transition state ISI-TS1, the molecule is highly 

distorted, the dihedral angle of the backbone butadiene moiety changes between 127° and 

165°. The activation barriers in the reactions of 25 with B-E and I are significantly lower 

than those of the direct mechanism, which emphasizes the importance of 

1,4-mechanisms. In the reaction of 25 with CH3Cl and CH3I, however ∆E is high enough 

to justify the existence of some other processes. 
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Figure 5.  Mechanism ISI and ISII for the reaction of H2O and 25 at the B3LYP/cc-pVTZ level of 

theory. White, green, light blue, red, and tan colors refer to H, C, N, O, and Si atoms, respectively. 

 Mechanism ISII (Fig. 5) is a two step process. The first step is the formation of an 

1,2-adduct in which the TS is a four-membered Si-X-Y-N ring. The new Si-X and N-Y 

bonds are formed before the first transition state. It seems straightforward to reach the 

final product (PRa) from ISII–TS1 with a 2,1-hydrogen migration, however, in real 

systems, the bulky 2,6-(i-Pr)2C6H3 substituents on the nitrogens prevent this motion. This 

step might be possible only after the rearrangement of the ligand sphere of the nitrogen, 

which can occur with the consecutive 2,4- and 4,2-migration of Y. Therefore the second 

step of this process is a 2,4-migration of Y.  

 While the six membered ring of the molecule in the first transition state (ISII-TS1) 

is nearly planar, the 2,4-migration step (ISII-TS2) proceeds via a highly distorted 

geometry (with reactants A-F, the dihedral angle of the backbone butadiene moiety alters 

between 145° and 153°). Probably this is the main reason that the first step requires low 

barrier but the second step needs fairly high activation energy. Because of the second 

energetic step, this mechanism is not likely. 

 For the reaction of F and G with 25 a different one step mechanism (ISIII) with 

relatively low energy barriers is suggested (Fig. 6). In this process the first step is an 

electrophilic attack to the exocyclic double bond (C4), where in which the partially 
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positive methyl group turns toward the electron rich C4 atom of the butadiene moiety. In 

the transition state ISIII-TS1 the C-C distance between the approaching methyl group of 

the reactant and the methylene group of silylene is 2.02 Å (F) and 2.09 Å (G), 

respectively. The methyl group is almost planar and the C-X distance elongates from 

1.80 Å to 2.42 Å (X = Cl) and from 2.16 Å to 2.73 Å (X = I). This geometry suggests a 

typical SN2 type mechanism (Fig. 6). Then the halogen anion can migrate without 

activation barrier to the silicon center forming the stable intermediate IM.  

 

Figure 6.  Mechanism ISIII, FSV and FSVI for the reaction of CH3I and 25 at the B3LYP/cc-pVTZ 

level of theory. FSVI refers to the reaction of 2 x IM + CH3I reaction. White, green, light blue, purple, 

and tan colors refer to H, C, N, I, and Si atoms, respectively. 

 Table 3 shows the calculated reaction energies, Gibbs free energies, activation 

energies and activation Gibbs free energies of all the proposed mechanisms starting from 

IM towards the final products. The possible reaction paths between IM and the products 

are plotted on Fig. 7 using H2O as an example. 

 

 In FSI the 1,4-intermediate (IM) rearranges in a one step concerted process to 

provide the experimentally isolated 1,1-product (PRa). FSI-TS1 is a highly bent transition 

state. Y is about halfway between C4 and Si; since the molecule is strongly bent, the 
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forming Si-Y bond in FSI-TS1 is only 25-30% longer than in PRa, while the C4-Y bond 

is only 28% (in average) longer than in the starting point (IM). 

 

Figure 7.  Possible mechanisms FSI-FSIV for the reaction of H2O and 25 at the B3LYP/cc-pVTZ level 

of theory. FSIV refers to the reaction of 2 x 25 + H2O. White, green, light blue, red, and tan colors 

refer to H, C, N, O, and Si atoms, respectively. 
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Table 3.  Reaction energies, Gibbs free energies, activation energies and activation Gibbs free energies 

in kJ/mol of final step mechanisms (FSI-FSVI) starting from IM at the B3LYP/cc-pVTZ level of 

theory.  

   H2 H2O CH3OH NH3 N2H4 CH3Cl CH3I H2S 

   A B C D E F G I 

 
IM ∆E -43 -142 -135 -84 -85 -179 -160 -114 

 ∆G 6 -93 -86 -37 -37 -121 -101 -59 

FSI 

FSI-TS1 ∆E
‡
 211 101 108 151 152 193 211 143 

 ∆G
‡
 247 138 146 188 191 231 250 187 

PRa ∆E -96 -202 -197 -150 -143 -256 -219 -141 

 ∆G -56 -158 -151 -108 -100 -206 -167 -94 

FSII 

FSII-TS1 ∆E
‡
 274 189 197 246 234 -a -a 217 

 ∆G
‡
 310 223 231 278 270 -a -a 258 

FSII-IM1 ∆E 47 -40 -34 11 16 -52 -30 -12 

 ∆G 101 9 17 61 68 7 32 47 

FSII-TS2 ∆E
‡
 209 106 114 154 163 146 165 144 

 ∆G
‡
 241 141 150 188 197 193 212 185 

PRa ∆E -96 -202 -197 -150 -143 -256 -219 -141 

 ∆G -56 -158 -151 -108 -100 -206 -167 -94 

FSIII 

FSIII-TS1 ∆E
‡
 - 81 - 184 120 - - 48 

 ∆G
‡
 - 116 - 217 153 - - 95 

PRb ∆E - -176 - -51 -38 - - -198 

 ∆G - -129 - -8 2 - - -137 

FSIV
b 

FSIV-TS1 ∆E
‡
 - -38 - 65 62 - - -17 

 ∆G
‡
 - 46 - 154 154 - - 88 

PRc ∆E - -352 - -235 -221 - - -261 

 ∆G - -256 - -142 -127 - - -150 

FSV 

FSV-TS1 ∆E
‡
 - - - - - 123 140 - 

 ∆G
‡
 - - - - - 150 168 - 

FSV-IM1 ∆E - - - - - 110 127 - 

 ∆G - - - - - 92 110 - 

FSV-TS2 ∆E
‡
 - - - - - 150 155 - 

 ∆G
‡
 - - - - - 179 186 - 

PRa ∆E - - - - - -256 -219 - 

 ∆G - - - - - -206 -167 - 

FSVI 
FSVI-TS1 ∆E

‡
 2 -205 -183 -92 -85 -152 -112 -127 

 ∆G
‡
 140 -62 -44 43 53 4 45 23 

 FSVI-IM1 ∆E - - - - - -265 -224 - 

  ∆G - - - - - -108 -72 - 

 FSVI-TS2 ∆E
‡
 - - - - - -220 -169 - 

  ∆G
‡
 - - - - - -82 -24 - 

 PRa ∆E -96 -202 -197 -150 -143 -256 -219 -141 

  ∆G -56 -158 -151 -108 -100 -206 -167 -94 
a
 TS cannot be found 

b Energies and Gibbs free energies refer to the 2 x 25+(B,D,E or I) reactions 
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 FSII is a two step highly energetic process. The first step is a 4,2-migration of Y 

resulting the intermediate FSII-IM1, which is followed by a 2,1-migration of Y 

(Figure 7). We note that in the reactions of 25 and A-E and I intermediates ISII-IM1 are 

equal to FSII-IM1, since the substituents on the nitrogens are all hydrogens. In the case of 

F and G, when the migrating substituent is a methyl group, ISII-IM1 and FSII-IM1 are 

obviously different. 

 If the rearrangement reaction of IM proceeds via mechanism FSIII the resulting 

product is a Si=E double bonded pentavalent silicon (E = O, N, S). Although this reaction 

may take place with B, D, E and I, it seems to be reasonable only with B and I because of 

energetic reasons. In this path both the transition state FSIII-TS1 and the product PRb 

represent a nearly planar ring.  

 Mechanism FSIV suggests a further insertion reaction between 25 and IM. The 

silicon of 25 inserts into the (Si)E-H bond of IM forming a ‘dimer’ via a Si-E-Si 

structure. The relative position of the two rings in the calculated geometry somewhat 

differs from the experimentally observed data as we substituted the bulky 2,6-(i-Pr)C6H3 

groups with hydrogens. Nevertheless, the energy difference between the optimized and 

the experimental ring positions is negligible (7 kJ/mol). This reaction should be viable 

with E=O (H2O) or E=S (H2S). Although the reaction is also possible in the case of E=N 

(NH3 and N2H4) it requires high activation energy. We have to mention that the energy 

scale of this mechanism in Figure 7 is not comparable with that of the other mechanisms 

in Figure 7 because of the varying number of atoms. This visualization was chosen to 

simplify the representation of these mechanisms. 

 FSV is a two-step radical mechanism which proceeds only in the reaction of 25 

and CH3Cl or CH3I. In this path methyl radical leaves the exocyclic methylene group of 

the ring forming the radical intermediate FSV-IM1 (Figure 6). In FSV-TS1 the C4-Y bond 

stretches from 1.5 Ǻ (IM) to about 2.5 Ǻ. The silicon is slightly under the plane (dihedral 

angle of C6-N7-Si1-N2 is about 10°), while the butadiene moiety is in plane. The methyl 

group is nearly planar; the sum of H-C-H bond angles around the methyl carbon is 354°. 

In the radical intermediate, FSV-IM1, the methyl radical leaves and the molecule is 

almost planar (the silicon is under the plane of the ring by only 7°). In FSV-TS2 the Si-Y 
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distance is about 40% longer (2.5 Ǻ) than in the final product (PRa).  Since the 

mechanism requires too high energy compared to the experimental conditions, this 

reaction path is unlikely. 

 

Figure 8.  The rate determining step of FSVI at the 25 + D reaction. White, green, light blue, and tan 

colors refer to H, C, N, and Si atoms, respectively. 

 Finally we mention two multistep chain-like mechanisms when 1,1-insertion 

product is formed. First, the possible reaction between two IM intermediates (FSVI) in 

which the ”tail” (C4) of an IM reacts with the silicon center of another IM molecule. 

This kind of mechanism is possible with all the investigated reactants. In the reactions of 

A-E and I a proton (Figure 8) while for F and G a methyl cation (Figure 6) are 

transferred forming an ion pair. These ions can react with each other by simply changing 

roles, however, chain reaction-like mechanism with another IM is also possible; the “tail” 

of the cation interacts with the silicon center of the anion (Figure 6), forming two 

1,1-insertion products (PRa). These particles are extremely reactive: the proton-migration 

proceeds without activation barrier, and the methyl transfer is also favorable (Table 3). 

While the activation barriers of this process are considerably influenced by the bulky 

groups, they should be significantly lower than those of the other concurrent processes. 

The surprisingly low energy barriers of this chain mechanism suggest the general 

importance of this process in the reactivity of the six membered-ring silylene. 

 During the initial step of ISIII the leaving halogen anion can attack the silicon 

center of the same silylene or it can migrate toward a new silylene 25 and react with it 

forming CM-IM1 without an activation barrier (Figure 9). This chain-type mechanism 

(Scheme 23, CM) is probably operating mainly at the early stage of the reaction since its 

precondition is the high concentration of nonreacted silylene, 25. The stable anion CM-

IM1 formed in this way reacts further with a methyl-halogenid which dissociates to a 
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halogen anion and a methyl cation in the transition state CM-TS1. The reaction of the 

methyl cation provides the 1,1-insertion product (PRa) while the halogen anion reacts 

with a new 25 silylene. The activation barrier of this mechanism is rather small (Table 4) 

which may operate in room temperature at least the initial period of the reaction of F and 

G with 25. We have to also note that if there is catalytic amount of halogen anion in the 

haloalkane reagent, e. g. in the form of alkali-halide or hydrogen-halide, then this 

mechanism is a full catalytic cycle (Scheme 23) which can explain these reactions 

without the initial ISIII-TS1 step. Moreover, in this case, the reaction of every silylene, 

not only 25, with haloalkanes may be explained by this mechanism. 

 

 

Figure 9. Chain Mechanism for the reaction of CH3I + 25 at the B3LYP/cc-pVTZ level of theory. 

White, green, light blue, purple, and tan colors refer to H, C, N, I, and Si atoms, respectively. 

I-

CM-IM1

25PRa

G
 

Scheme 23. Catalytic cycle for the reaction of 25 and G. 
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Table 4. Reaction energies (∆E), Gibbs free energies (∆G), activation energies (∆E
‡
) and activation 

Gibbs free energies (∆G
‡
) in kJ/mol of the chain mechanism (CM) referring to the reaction of 25 + F 

+ I
-
 and 25 + G + Cl

-
 at the B3LYP/cc pVTZ level of theory. 

  CH3Cl CH3I 

  F G 

CM-IM1 
∆E -109 -56 

∆G -81 -30 

CM-TS1 
∆E

‡
 -89 -65 

∆G
‡
 10 -1 

PRa 
∆E -256 -219 

∆G -206 -167 

 

 

 Table 5. Suggested mechanisms of the reactions between 25 and A-I (reaction Gibbs free 

energies and activation Gibbs free energies in kJ/mol) at the B3LYP/cc pVTZ level of theory. 

A 

H2 

ISI-TS1 IM FSVI-TS1 FSVI-IM1 FSVI-TS2 Pra 

222 6 140 - - -56 

B
a
 

H2O 

ISI-TS1 IM FSIV-TS1 Prc   

94 -93 46 -256   

C 

CH3OH 

ISI-TS1 IM FSVI-TS1 FSVI-IM1 FSVI-TS2 Pra 

93 -86 -44 - - -151 

D 

NH3 

ISI-TS1 IM FSVI-TS1 FSVI-IM1 FSVI-TS2 Pra 

117 -84 43 - - -108 

E 

N2H4 

ISI-TS1 IM FSVI-TS1 FSVI-IM1 FSVI-TS2 Pra 

132 -85 53 - - -100 

F 

CH3Cl 

ISIII-TS1 IM FSVI-TS1 FSVI-IM1 FSVI-TS2 Pra 

171 -121 4 -108 -82 -206 

F
b
 

Cl
-
 + CH3Cl 

ISIII-TS1 M1 M2 Pra   

171 -81 10 -206   

G 

CH3I 

ISIII-TS1 IM FSVI-TS1 FSVI-IM1 FSVI-TS2 Pra 

138 -101 45 -72 -24 -167 

G
b 

I
-
 + CH3I 

ISIII-TS1 M1 M2 Pra   

138 -30 -1 -167   

I 

H2S 

ISI-TS1 IM FSIII-TS1 Prb   

105 -59 95 -137   
a referring to the 2 x 25 + B reaction 
b referring to the 25 + G/H + Cl

-
/I

- 
 reactions 
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 According to the general schemes described above we can easily select the most 

likely mechanisms (Table 5). For the reaction of H2 (A), in the most favourable 

mechanism the rate determining barrier is 222 kJ/mol, thus no reaction could be assumed 

between 25 and H2. Indeed this reaction has never been observed.  

 18 reacts with water (B) and hydrogen sulfide (I) in low temperature and forms 

the peculiar PRc and PRb. The product of 25+B reaction is a siloxy silylene, a formal 

dimer of the LSiOH and the SiL (L= HC[CMeN(2,6-isopropenylphenyl)]2) molecules . In 

contrast, the product of 18+I reaction is a LSi(=S)H silathioformamide. Indeed in these 

cases the formal dimerization (FSIV) and the 1,2H-rearrangement (FSIII) were found as 

the two competing reaction paths. In reaction 25+B mechanism FSIII (Si-OH→ Si(=O)H 

reorganisation) requires 116 kJ/mol activation barrier, while FSIV needs only 46 kJ/mol 

(ΔG
‡
, Table 3). The combination of ISI and FSIV can explain the experimental findings 

written above. The computed data suggest that in the 18+B reaction PRc is a product of a 

two step mechanism. The first step is an 1,4-addition of water to 25 (ISI, 

ΔG
‡ 

= 94 kJ/mol), the second is the insertion of 25 to the OH bond of IM. 

 ISI explains the initial step of the reaction 25+I to reach the 1,4-intermediate IM 

(ΔG
‡ 

= 105 kJ/mol). The activation Gibbs free energy, ΔG
‡
, in the reaction of 25 and H2S 

was found to be 95 kJ/mol in FSIII and 88 kJ/mol in FSIV. In this case the two alternative 

reaction paths (FSIII and FSIV) have comparable barriers. The isolable product is, 

however, a silathioformamide (PRb). This might be explained with the effect of the 

substituents of 18, which was not studied here, and the fact that an internal rearrangement 

(FSIII) is generally faster than a bimolecular reaction (FSIV) especiall in thep presence of 

bulky substituent. 

 The reaction of silylene 18 with ammonia (D) or hydrazine (E) resulted the 

isolable 1,1-substituted derivatives of 18 under mild conditions. The first 1,4-addition 

step provides moderate activation barrier in the reaction of 25 + D or E 

(ΔG
‡ 

= 117 kJ/mol and 132 kJ/mol respectively), but the path to the final product PRa 

requires high barrier on FSI and FSII. The formation of the experimentally found 1,1-

product can be explained with mechanism FSVI. The activation energy of the bimolecular 

hydrogen transfer was found to be only 43 kJ/mol in 25+E and 53 kJ/mol in 25+F 

reactions.  
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 FSVI can also explain the observed reactions of 18 with alcohols. Reaction 25 + C 

proceeds in two steps as a combination of ISI and FSVI. The calculated barrier was 

93 kJ/mol, almost the same as we found in the reaction of 25 + B. 

 ISI-ISII and FSI-FSV cannot properly explain the observed insertion reactions of 

18 to aliphatic halogenides at room temperature. For example the reaction of 18 with MeI 

(G) was completed after 2 h in room temperature. The direct radical mechanism was 

found unlikely by Driess at al. On the other hand we found a relatively low barrier ionic 

mechanism for the 1,4-addition of 25 to C-I bond (ISIII). Starting from ISIII-TS1, 

however, mechanism FSVI and CM also provide low activation barriers in the case of 

reactants F and G. Both mechanisms may be operative in 25 + F and 25 + G reactions 

since the rate determining step is certainly ISIII. 

 As a summary, the possible 1,4-mechanisms of the insertion reactions of silylene 

25 into H2, H2O, CH3OH, NH3, N2H4, CH3Cl, CH3I, and H2S (A-I) were characterized by 

DFT. We found that the direct mechanism cannot properly explain the experimental 

results. The isolated products and the observed intermediates suggest, that the reaction 

via an 1,4-adduct is more likely. We investigated three possible reaction paths to reach 

the 1,4-intermediate (IM), and six different mechanism from IM to the different final 

products (PRa,b,c). The experimental findings can be well explained based on the 

calculated reaction energies.  

 The activation barriers of the one step 1,4-addition (ISI) in the reactions of 25 and 

B-E and I are significantly lower than those of the direct mechanism. Starting from IM a 

consecutive proton transfer (FSVI) was found to be the most likely to reach the final 1,1-

insertion product (PRa) in the reactions with C, D, and E. The reaction of 25 with B can 

be explained with the formation of the 1,4-adduct (IM) and the subsequent insertion of 

25 to the OH bond of IM (FSIV). In the case of I the alternative reaction paths have 

comparable barriers. For the reactions with alkyl-halogenides (F and G) a one step ionic 

mechanism (ISIII) with relatively low energy barriers is suggested as an initial step. 

Depending on the reaction partner of ion formed in ISIII two alternative reaction paths 

(FSVI and CM) were found. 

 I have tried to explore 1,4-type mechanism for the reaction of 25 and H as well, 

however, I did not find such mechanism. It is because the white phosphorus tetrahedron 
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cannot break up into two parts with one P-P bond cleavage which should be the 

precondition of 1,4-type mechanisms. In the next section, I am going to analyze this 

reaction in detail to explain the observed experiments. 

 

 4.3 Reaction of P4 with six-membered ring silylene (18) 

 

 The activation and functionalisation of white phosphorus by transition metal 

complexes have recently been in the focus of research because of their potential industrial 

applications in the synthesis of organophosphorus compounds.
354,355,356,357,358,359,360,361,362

 

These reactions can often proceed on complicated multistep pathways to form different 

structures of new Pn (n = 1-12) groups.
363,364,365,366

 The synthesis of the first stable, six-

membered-ring silylene 18 (Scheme 24) in 2006 by Driess et al opened a new possibility 

as 18 reacts gently with P4 at ambient temperature to lead to the insertion product. After 

one week of stirring, another insertion step can be observed.
367
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Scheme 24. Reaction of P4 with 18. 

 The reaction of 18 with P4 was studied indepently by Schoeller
368

 who 

investigated the possible reaction mechanism by using DFT and MP2 methods. A direct 

one-step mechanism was found, similar to any other insertion reactions which we had 

investigated and ruled out earlier (see also in section 4.1). The aim of my work was to 

investigate and compare other possible mechanisms and demonstrate that there is more 

favorable mechanism than the direct insertion.  

 All calculations were carried out using the GAUSSIAN 03, TURBOMOLE 5.10, 

Aces II and Q-Chem 3.2 quantum chemical program packages.
369,370,371

 For the complete 

molecule (18), with the bulky 2,6-iPr2C6H3 groups, B3LYP density functional was 
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employed with the 6-31G* basis set for geometry optimization. To obtain reliable 

energies B3LYP hybrid functional was not satisfactory owing to the incomplete 

description of non-bonding interactions. Due to the considerable intramolecular van der 

Waals surfaces, the application of dispersion corrected methods was necessary for 

accurate energy description. Therefore, using B3LYP/6-31G* geometries single point 

energies were calculated with Grimme`s empirical dispersion correction method together 

with Dunning correlation consistent cc-pVTZ basis set (B3LYP-D/cc-pVTZ). This 

method has been applied successfully in various cases.
372,373,374

 To enhance the reliability 

of our energy results we computed the energies of the long-range and atom-atom 

dispersion corrected hybrid density functional ωB97X-D/cc-pVTZ. Since MP2 method 

notably overestimate dispersion energy
375,376

 therefore scaled opposite-spin MP2 

(SOS-MP2/cc-pVTZ) method with the resolution of identity approximation (RI) was used 

which was designed to compensate the basic MP2 method failures. SOS-MP2 method has 

also been tested in a wide range with excellent results.
377,378,379,380,381,382

 The consonance 

of these three fundamentally different methods insures the quantitative description of the 

mechanisms for the reaction of the full molecule with P4. Stationary points on the 

potential energy surfaces (PES) were characterized by harmonic vibrational frequency 

calculations. Transition states, with one imaginary frequency, were confirmed by intrinsic 

reaction coordinate (IRC) calculations.  

 In this section we extend our previous notation of TS, IM, and PR with roman 

numbers referring to different mechanisms.  E. g. 18-TSIII2 and 18-IMIII2 mean the 

second transition state and intermediate of the third mechanism in the reaction of 18 and 

P4, respectively. 

 To test the reliability of our computational methods, we investigated the insertion 

reactions of SiH2 with P4 by using the B3LYP/cc-pVTZ, B3LYP-D/cc-pVTZ, 

ωB97X-D/cc-pVTZ, MP2/cc-pVTZ, SOS-MP2/cc-pVTZ and 

CCSD(T)/cc-pVTZ//B3LYP/cc-pVTZ levels of theory (Table 6). The computed 

geometries are in good agreement both for transition states and for intermediates with the 

exception of two cases. Fig. 10 indicates that B3LYP/cc-pVTZ and MP2/cc-pVTZ give 

basically different geometries for IMIII1. B3LYP suggests tetravalent silicon structure 

(Si-P2, Si-P3 and Si-P4 distances are 228.8 pm, 276.4 pm and 230.4 pm, respectively) 
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whereas MP2 indicates pentavalent silicon center (Si-P2, Si-P3 and Si-P4 distances are 

230.6 pm, 243.3 pm and 243.3 pm, respectively). All the geometries of 

B3LYP-D/cc-pVTZ and ωB97X-D/cc-pVTZ are in good agreement to B3LYP/cc-pVTZ. 

Even SOS-MP2/cc-pVTZ geometries are similar to B3LYP/cc-pVTZ. For this geometry 

(IMIII1), the calculated coupled cluster energy of the DFT and MP2 geometries 

(CCSD(T)/cc-pVTZ//B3LYP/cc-pVTZ and CCSD(T)/cc-pVTZ//MP2/cc-pVTZ) showed 

lower energy for the DFT geometry.  

 In the case of IMIV2, MP2 method does not provide a stable intermediate and 

TSIV2 leads to the product directly. All other methods give similar description of the 

PES. To select between the methods we carried out CCSD/6-311G** optimization 

calculations on the relevant cases (IMIII1 and IMIV2) which also confirmed the B3LYP 

results. 

 

 

                IMIII1 (B3LYP)                          IMIII1 (MP2)                         IMIV2 (B3LYP) 

Figure 10. Discrepancies between the B3LYP/cc-pVTZ and MP2/cc-pVTZ geometries in the reaction 

of SiH2 with P4. Yellow, grey and white colors refer to P, Si and H atoms, respectively.  

 

In Table 6, the calculated energies of the van der Waals complexes (Complex), the 

transition states, intermediates, and the product and also the root mean squares (RMS) 

can be compared in kJ/mol for the reaction of SiH2 with P4 where RMS is compared to 

CCSD(T)/cc-pVTZ//B3LYP/cc-pVTZ. All five methods provide similar RMS data (7-15 

kJ/mol). B3LYP result is the relatively worst (RMS = 15 kJ/mol) which is improved by 

the empirical dispersion correction with 3 kJ/mol (B3LYP-D RMS = 12 kJ/mol). MP2 

result is the relatively best (RMS = 7 kJ/mol), however, MP2 method provides inadequate 

geometries in two places (IMIII1 and IMIV2). Both ωB97X-D and SOS-MP2 have similar 

RMS data (10 kJ/mol and 13 kJ/mol, respectively) to B3LYP-D data. Based on the 
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calculated results, we have found that the B3LYP functional provides adequate outcomes 

for geometries while for energies B3LYP-D, ωB97X-D and SOS-MP2 give similarly 

good results. 

 

Table 6. Relative energies of complexes, transition states (TS), intermediates (IM) (in each reaction 

paths: I, II, III and IV) and products in kJ/mol at various computational methods for the reaction of 

SiH2 with P4. Root mean square (RMS) is compared to CCSD(T)/cc-pVTZ//B3LYP/cc-pVTZ results. 

Complex1 and Complex2 refer to the initial adducts found as minima on the PES. 

 

B3LYP / 

cc-pVTZ 

B3LYP-D/ 

cc-pVTZ 

ωB97X-D/ 

cc-pVTZ 

MP2/ 

cc-pVTZ 

SOS-MP2/ 

cc-pVTZ 

CCSD(T)/ 

cc-pVTZ* 

Complex1 -49 -58 -58 -63 -50 -60 

Complex2 -33 -42 -38 -58 -35 -45 

TSI -29 -41 -26 -55 -28 -42 

TSII 66 56 79 63 85 63 

TSIII1 48 39 34 30 46 31 

IMIII1 20 10 -1 -12 12 -1 

TSIII2 25 14 5 11 27 10 

IMIII2 -116 -128 -139 -123 -118 -131 

TSIII3 8 -4 -17 -14 2 -13 

TSIV1 16 5 31 8 1 7 

IMIV1 -40 -51 -38 -23 -22 -32 

TSIV2 -27 -43 -29 -14 -11 -23 

IMIV2 -29 -47 -29 - -14 -26 

TSIV3 -6 -21 -8 - -4 -16 

Product -196 -205 -232 -224 -218 -226 

RMS 15 12 10 7 13 - 
* on B3LYP/cc-pVTZ geometry. 
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Figure 11. Energy profile for the reaction of 18a + P4 at the SOS-MP2/cc-pVTZ//B3LYP/cc-pVTZ 

level. Yellow, grey, cyan, orange and white colors refer to P, Si, N, C and H atoms, respectively. 

Roman numbers indicate different mechanisms while TS1, IM1, TS2, IM2, and TS3 refer to the 

different states.  

 

The possible reaction channels of the 18a + P4 reaction can be seen on Fig. 11 at 

SOS-MP2/cc-pVTZ//B3LYP/cc-pVTZ level of theory. Note that the only difference 

between 25 and 18a, is in the methyl group on the backbone. Table 7 contains the 

corresponding energy values. Two direct insertion mechanisms (I and II) and two 

complex reaction schemes (III and IV) were found. In channel I, the vacant orbital of 

silicon interacts with a P-P single bond forming two Si-P bonds while the P-P bond is 

breaking. This mechanism was characterized by Schoeller and by me previously. A 

second direct mechanism (18a-TSII) proceeds via the interaction of the lone pair of 

silicon atom and a P atom while a P-P bond is broken. A higher activation barrier (18a-

TSII = 209 kJ/mol, according to SOS-MP2/cc-pVTZ//B3LYP/cc-pVTZ) belongs to this 

mechanism therefore this reaction path is also unlikely. 
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 Reaction channels III and IV contain two intermediates and three TS. In III, the 

first step to 18a-TSIII1 is the interaction of the silicon atom and two phosphorus atoms. 

Before the transition state, two Si-P single bonds are formed and in the same time a P-P 

bond is broken on the back side of the P4 molecule. The rate determining step of this 

mechanism is the second step (18a-TSIII2 = 147 kJ/mol, according to 

SOS-MP2/cc-pVTZ//B3LYP/cc-pVTZ) when another P-P bond breaks leading to an 

extremely stable intermediate (18a-IMIII2 = -5 kJ/mol, according to 

SOS-MP2/cc-pVTZ//B3LYP/cc-pVTZ). In 18a-IMIII2, the four P atoms form a planar 

tetragon. Two P atoms are connected to the silicon center, the other two form a P=P 

double bond. This displacement stabilizes the four-membered P-ring and also causes the 

next high energy transition states (18a-TSIII3 = 119 kJ/mol, according to 

SOS-MP2/cc-pVTZ//B3LYP/cc-pVTZ). Stable, planar P4 ring is not a unique structure. 

Similar planar P4 units were observed in niobium, cobalt, rhenium and zirconium 

complexes [81-84]. 

 During the first step of channel IV (18a-TSIV1), the silicon center interacts with a 

phosphorus atom forming a Si=P double bond. Meanwhile, two P-P bonds are breaking, 

forming a cyclo-triphosphirene ring and leading to a stable intermediate  18a-IMIV1. In 

the next step, 18a-IMIV1 transforms into 18a-IMIV2 with a rotation of a single P-P bond 

and finally into the insertion product via  18a-TSIV3. In  18a-TSIV3, the Si=P double 

bond partially breaks while another phosphorus atom interacts with the silicon. The rate 

determining step of this mechanism is the first step (18a-TSIV1 = 110 kJ/mol, according 

to SOS-MP2/cc-pVTZ//B3LYP/cc-pVTZ).  

 ωB97X-D and SOS-MP2 methods provide similar results (within 15 kJ/mol) for 

all four mechanisms. B3LYP-D also gives similar outcomes for mechanism I and III, 

however, for mechanism II and IV it underestimates the intermediates and the barrier 

heights with ~25 kJ/mol. For these two mechanisms, the results of the original B3LYP 

functional are in good agreement with the ωB97X-D and SOS-MP2 results. These results 

suggest that empirical dispersion correction for small molecules (less than 10-12 heavy 

atoms) can be unnecessary, moreover, it can spoil the results.   

 According to all methods, mechanism IV is the best favorable, the activation 

barrier of the rate determining step (18a-TSIV1) is lower than that of the other three 
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mechanisms. However, considering the mild reaction conditions, the activation barrier 

seems too high to explain the reaction. 

 

Table 7. Relative energies of transition states (TS), intermediates (IM) and products of the reactions 

of P4 and 18a and P4 and 18 with various computational methods in kJ/mol. Geometries were 

computed at B3LYP/cc-pVTZ and B3LYP/6-31G* for the reaction of 18a and 18, respectively. 

 18a + P4 18 + P4 

 

B3LYP / 

cc-pVTZ 

B3LYP-D/ 

cc-pVTZ 

ωB97X-D/ 

cc-pVTZ 

SOS-MP2/ 

cc-pVTZ 

B3LYP / 

cc-pVTZ 

B3LYP-D/ 

cc-pVTZ 

ωB97X-D/ 

cc-pVTZ 

SOS-MP2/ 

cc-pVTZ 

TSI 146 122 124 129 181 109 118 109 

TSII    193 173 192 209 224 173 203 196 

TSIII1 136 117 108 118 171 109 106 103 

IMIII1   135 116 105 112 170 106 101 97 

TSIII2 163 142 134 147 200 128 122 121 

IMIII2 14 -10 -22 -5 62 -17 -21 -12 

TSIII3 137 112 105 119 206 128 125 122 

TSIV1 105 89 109 110 118 81 96 85 

IMIV1 59 41 46 62 73 26 36 38 

TSIV2 79 53 66 82 123 67 75 86 

IMIV2 78 51 65 80 120 62 75 83 

TSIV3 88 62 75 81 146 71 90 85 

TSV1 - - - - 156 89 101 114 

Product -85 -106 -133 -126 -48 -124 -149 -148 

         

 In the next step we studied the effect of the bulky groups of 18. Since the 

calculated B3LYP/6-31G* geometries provide almost the same P4-Si moiety for all 

critical points of the PES therefore, they can also be viewed on Fig. 11. When steric 

groups cause relevant alterations those cases can be seen on Fig. 12. Owing to the 

considerable van der Waals radius of white phosphorus (~500 pm), to describe the 

relevant mechanisms and activation barriers it is important to examine the interaction of 

P4 and the bulky 2,6-iPr2C6H3 groups. Therefore, to obtain accurate energies, 

B3LYP-D/cc-pVTZ, ωB97X-D/cc-pVTZ and SOS-MP2/cc-pVTZ methods were used 

that incorporate proper dispersion description to obtain reliable energies and test these 

methods. To consider the magnitude of dispersion interaction, B3LYP/cc-pVTZ results 
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are also reported. Table 7 summarizes the relative energies of transition states, 

intermediates and products of the 18 + P4.  

 

 18a + P4 18 + P4 

Reactant  

 

TSI 

 

 

TSIV1 

 
 

TSIV3 

 

 

TSV1  

 

Figure 12. Several relevant structures at B3LYP/cc-pVTZ level for the reaction of 18a + P4 and at 

B3LYP/6-31G* level for the reaction of 18 + P4, respectively. Yellow, grey, cyan, orange and white 

colors refer to P, Si, N, C and H atoms, respectively.  

 

 The effect of the bulky groups significantly changes both the geometries and the 

energetics during the reaction. In mechanism I, in the reaction of 18 + P4 (18-TSI), the 



 59 

initially planar silylene ring is distorted and the dihedral angle of the butadiene moiety is 

45° (Fig. 12). The bulky substituent groups are twisted to provide enough space for P4. 

Although these changes are energetically unfavorable, thanks to the dispersion 

interactions, the activation barrier is considerably decreased by 20 kJ/mol (18-TSI = 109 

kJ/mol, according to SOS-MP2/cc-pVTZ//B3LYP/6-31G*) comparing to the reaction of 

18a + P4. Due to the bulky substituents the activation barrier of 18-TSII also decreases by 

13 kJ/mol (18-TSII = 196 kJ/mol, according to SOS-MP2/cc-pVTZ//B3LYP/6-31G*) 

comparing to the reaction of 18a + P4. Because of the changes of the potential energy 

surface, this transition state leads to the intermediate, 18-IMIV1, and not directly to the 

insertion product. The transition state and intermediate energies in path III also decrease 

by 5-20 kJ/mol, according to SOS-MP2/cc-pVTZ//B3LYP/6-31G*, comparing to the 

reaction of 18a + P4.  

 The rate determining step in mechanism IV is 18-TSIV1. This activation barrier is 

significantly decreased by 25 kJ/mol (18-TSIV1 = 110 kJ/mol, according to 

SOS-MP2/cc-pVTZ//B3LYP/6-31G*). Owing to this reduction the barrier height 

corresponds with the experimental conditions. In case of 18-IMIV1, the reduction is also 

notable (24 kJ/mol, according to SOS-MP2/cc-pVTZ//B3LYP/6-31G*). The energy of 

the other three stationary points (TSIV2, IMIV2, TSIV3) is similar both for the reaction of 

18 + P4 and 18a + P4 (see Table 7). 

 An interesting consequence of the steric groups is the appearance of a new 

reaction path (18-TSV1, in Fig. 12). Between 18-IMIV1 and the insertion product the 

reaction channel splits and a new, direct transition state, 18-TSV1 appears and a new 

mechanism becomes possible via 18-TSIV1 - 18-IMIV1 - 18-TSV1 (mechanism V). In 

contrast to 18-TSIV3, the forming P-P bond is the main process in 18-TSV1 despite the 

formation of the Si-P bond. The energy of 18-TSV1 is higher than any barriers of 

mechanism IV (114 kJ/mol, according to SOS-MP2/cc-pVTZ//B3LYP/6-31G*), 

therefore it is less favorable than mechanism IV. 

 B3LYP-D/cc-pVTZ, ωB97X-D/cc-pVTZ and SOS-MP2/cc-pVTZ energies are in 

good agreement (typically within 10 kJ/mol) so far for all mechanisms which show the 

reliability of our results and these methods in the same time. Based on the deviation of 

B3LYP/cc-pVTZ and B3LYP-D/cc-pVTZ results, we can estimate the magnitude of the 
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dispersion interaction.  The dispersion energy increases continuously with the proceeding 

of the reaction. In 18-TSIV1, the dispersion correction is 37 kJ/mol while it is 78 kJ/mol 

in the insertion product. Though the results are in good agreement two notable 

discrepancies can be mentioned in connection with mechanisms IV and V.  

 Firstly, in 18-TSIV1, ωB97X-D/cc-pVTZ provides higher activation barrier than 

the other two methods (81, 96 and 85 kJ/mol, according to 

B3LYP-D/cc-pVTZ//B3LYP/6-31G*, ωB97X-D/cc-pVTZ//B3LYP/6-31G* and 

SOS-MP2/cc-pVTZ//B3LYP/6-31G*, respectively). However, ωB97X-D tends to 

overestimate this transition state according to CCSD(T)/cc-pVTZ results for the reaction 

of SiH2 + P4 (see Table 6).  

 Secondly, SOS-MP2 gives higher results for 18-TSIV2, 18-IMIV2 and 18-TSV1 

than B3LYP-D and ωB97X-D functionals. In case of TSIV2 and IMIV2, CCSD(T)/cc-

pVTZ results, for the reaction of SiH2 + P4, also confirms this statement. Since MP2 

method completely fails to describe this region of the PES, therefore it is not a surprise 

that the improved SOS-MP2 can only partly provide the right answers in this area. 

However, these errors do not confute our statement, that is, mechanism IV is the most 

favorable reaction path. In case of 18-TSV1, since it is not far from 18-TSIV2 on the PES 

we can assume that SOS-MP2 overestimates the barrier and B3LYP-D and ωB97X-D 

functionals give more appropriate results (89 and 101 kJ/mol, according to 

B3LYP-D/cc-pVTZ//B3LYP/6-31G* and ωB97X-D/cc-pVTZ//B3LYP/6-31G*, 

respectively). These results suggest that this new, two-step mechanism via 18-TSIV1 - 18-

IMIV1 - 18-TSV1 can compete with mechanism IV and cannot exclude in practice, 

though mechanism IV is still likely. 

 Bulky substituents generally prevent or reduce the reactivity of a reactive 

compound because of their steric hindrance. In this case, however, the activation barriers 

and intermediates are significantly stabilized by the bulky groups of 18, also accelerate 

the reaction and act as an internal catalyst. This accelerating effect especially dominates 

in 18-TSIV1, which is the rate determining step of the reaction. Considering this 

stabilization effect of the bulky groups the computed results become in closer agreement 

with the experimental conditions. This suggestion can also explain that why other N-

heterocyclic silylenes cannot react with white phosphorus since the bulky groups of 18 
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have never been applied before in case of any other silylenes. Since 25 has no special 

feature, which is proved in section 4.1, there is no other options to explain this unique 

reaction.  

 

 4.4 Reaction of P4 with different N-heterocyclic silylenes and 

carbenes 

 

 In this section, as a continuation of the previous work, I analyze the electronic 

effects of the widely used bulky substituents in the reaction of white phosphorus and 

different silylenes and carbenes. The goal is to show if other compounds with carefully 

selected steric substituents can have similar positive effect to the reaction rate and thus it 

can be another option promoting chemical reactions. 

 Four substituents were selected, the parent H substitution (a), t-butyl (b), 2,6-

diisopropylphenyl (c), and 2,6-diisopropylcyclohexyl (d) groups for the core structure of 

7, 13, 14, and 18 (Scheme 25). Note that, for example 18c is the same as 18 before, 

however, for the sake of consistent notation, it is better to refer to this structure as 18c in 

this section.  
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Scheme 25. Selected carbene and silylenes with different substituents for the analysis of the effect of 

bulky groups in the reaction with white phosphorus. 

 

Bertrand reported that 7 and cyclic alkyl-amino carbene can also react with white 

phosphorus (Scheme 26).
383,384

 Interestingly, these carbenes also have 2,6-
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disiopropylphenyl bulky group similar to silylene 18 which also reacts with P4. This may 

indicate the importance of the bulky groups in these reactions.  
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Scheme 26. Reaction of carbenes with white phosphorus.  

 

 Geometries were computed at B3LYP/cc-pVTZ and B3LYP/6-31G* levels
 
for 

hydrogen derivatives and substituted compounds, respectively, using the GAUSSIAN 09 

program. B3LYP geometries have been tested in the previous section and found to yield 

adequate descriptions. To obtain accurate energies for large molecules, single point 

energy calculations with B3LYP-D, ωB97X-D, and SOS-RI-MP2 methods in 

conjugation with correlation consistent cc-pVTZ basis set were carried out using the Q-

Chem 3.2 program. Since these have different theoretical background, the consonant 

result of these methods indicates the accurate description of the reaction paths for the 

reaction of the bulky molecules with P4. The highest level SOS-MP2 results are discussed 

only for the sake of clarity as the previous section showed that the different 

methodologies yield similar results.  

 In the case of carbene 7a, similar reaction channels were explored for the reaction 

of 7a and P4 that was discussed for 18a in section 4.3 (Figure 12). Mechanism IV, with 

the formation of a cyclo-triphosphirene ring, is significantly more favorable than other 
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routes. Interestingly, the final step of the mechanism differs from that for silylenes (18a-

TSIV3). In this case, the cyclo-triphosphirene ring does not interact with the carbene 

center but the fourth phosphorus atom, forming a P-P single bond before the TS. That is 

why we denote this TS as TSIV3a to emphasize the difference. 

 

 

Figure 12. Several relevant structures at SOS-MP2/cc pVTZ//B3LYP/cc pVTZ level for the reaction 

of 7a + P4. Yellow, grey, cyan, orange and white colors refer to P, Si, N, C and H atoms, respectively.  

 

 The difference between the two mechanisms can be explained by the difference in 

the occupancy of the vacant p-orbital of carbenes and silylenes. Electron donation of the 

adjacent nitrogen atoms is much more efficient to the carbene vacant p-orbital than to that 

of the analogous silicon (see section 4.1). Therefore, the ‘empty’ orbital represents a 

much weaker center for nucleophilic attacks in the carbon than in the silicon compound. 

The energy of the activation barriers and the intermediate is significantly lower for the 

carbenes than for the silylenes. The activation barrier of both 7a-TSIV1 and 7a-TSIV3a is 

42 kJ/mol. The forming C=P double bond is much stronger than the Si=P double bond, 

accounting for the difference of the energetics. 

 Figure 13 shows the graphical visualization of the energy profile of mechanism 

IV in the reaction of 18a + P4 (red curve), 18b + P4 (blue curve), 18c + P4 (black curve) 

and 18d + P4 (green curve). All data can also be found in Table 7. Interestingly, in the 

rate determining step (TSI1), 18c-TSIV1 (85 kJ/mol) is significantly reduced compared to 
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18a-TSIV1 (110 kJ/mol). In general, unless otherwise mentioned, comparison is always 

drawn between a stationary point and the analogous unsubstituted stationary point. A 

similar effect can be found in 18c-IMIV1 and the product. Here the stability is increased 

by 27 and 22 kJ/mol, respectively, compared to the reaction of 18a, owing to the bulky 

substituents. In the other stationary points the stability changed only moderately.  

 

Table 7. Calculated energies in the reaction of P4 and various carbenes or silylenes at 

SOS-MP2/cc-pVTZ//B3LYP/cc-pVTZ (a) and SOS-MP2/cc-pVTZ//B3LYP/6-31G* (b, 

c, and d) level in kJ/mol.  

  TSIV1 IMIV1 TSIV2 IMIV2 TSIV3 TSIV3a Product 

7a 42 5 - - - 42 -54 

7b 91 73 - - - 80 23 

7c 24 -17 - - - 23 -51 

7d 155 60 - - - -* 102 

13a 128 92 107 107 105 - -84 

13b 118 99 - - 102 - -71 

13c 107 75 -* 96 92 - -115 

13d 93 71 - - - 111 -93 

14a 110 62 81 77 78 - -122 

14b 102 74 - - 86 - -115 

14c 89 46 - - 61 - -152 

14d 78 53 - - - 106 -122 

18a 110 62 82 80 81 - -126 

18b 96 66 - - 98 - -139 

18c 85 38 86 83 85 114 -148 

18d 96 80 - - 124 148 -94 

* barriers are not located. 
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Figure 13. Energy profile for mechanism IV in the reaction of 18a + P4 (red curve), 18b + P4 (blue 

curve), 18c + P4 (black curve) and 18d + P4 (green curve). 

 

 In the case of other substituents (b and d), a smaller, but similar effect can be 

found in the first step, however, in the later steps of the reaction the bulky substituents act 

as it is written in the textbooks. 18b-IMIV1 is already less stable than 18a-IMIV1 (by 4 

kJ/mol) while in 18b-TSIV3 this effect is more obvious (17 kJ/mol, compared to 18a-

TSIV3). In the reaction of 18d, the usual effect of bulky substituents is more remarkable. 

The stability of 18d-IMIV1 is significantly smaller than that in 18a-IMIV1 and in 18d-

TSIV3 the activation barrier increased dramatically with 43 kJ/mol which is more than a 

50 percent increase.  

 To gain deeper insight to this peculiar effect, other silylenes were also 

investigated with the same substituents (Figure 14 and 15). In the reactions of 13 or 14 

with P4, similar considerations arise as in the analogous reactions of 18. In the first and 

rate determining step, TSIV1, the activation barrier decreased with every substituent, 

compared to the reaction of the unsubstituted silylene. While in the reaction of t-butyl 

substituted silylenes the energy reduction is only a minor effect (<10 kJ/mol), applying 

the other two substituents it is much more noticeable. Using substituent c, the activation 
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barrier is reduced more than 20 kJ/mol, while in the reaction of 13d and 14d, the 

reduction exceeds 30 kJ/mol. In TSIV3, the effect of bulky substituents is diverse. In 13b-

TSIV3, 13d-TSIV3a and 14b-TSIV3 the activation barrier slightly changed comparing to 

the appropriate unsubstituted stationary point while in 14d-TSIV3a, the barrier notably 

increased (28 kJ/mol). In 13c-TSIV3 and 14c-TSIV3, the activation barrier decreased 

compared to the appropriate unsubstituted analog (11 and 17 kJ/mol). (13c-TSIV2 is only 

an estimate because we cannot locate the exact stationary point on the extremely flat 

potential surface, however, this minor inaccuracy, which is probably less than 1 kJ/mol, 

has no influence on the main points).  

  

 

Figure 14. Energy profile for mechanism IV in the reaction of 13a + P4 (red curve), 13b + P4 (blue 

curve), 13c + P4 (black curve) and 13d + P4 (green curve). 
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Figure 15. Energy profile for mechanism IV in the reaction of 14a + P4 (red curve), 14b + P4 (blue 

curve), 14c + P4 (black curve) and 14d + P4 (green curve). 

 

In the reaction of 13d and 14d, TSIV3 does not exist, instead TSIV3a is the real barrier as 

has been mentioned in the reaction of carbene 7a. This dramatic change is the 

consequence of the extremely bulky groups which prohibit the usual reaction channel.  

 Analyzing the results of 13 and 14, the energetics is constantly higher for 13 than 

that for 14. This is because of the aromaticity of 13 which has to break up during the 

reaction and thus requires energy investment. The barrier height of 14c-TSIV1 (89 

kJ/mol), which is the rate determining step of the reaction, is similar to that in the 

reaction of 18c. In addition, the internal catalytic effect appears in both transition states of 

the reaction of 14c (14c-TSIV3 = 61 kJ/mol), therefore the reaction of 14c is somewhat 

more likely than that of 18c, which makes it a potential synthetic target to achieve a 

reaction between a silylene and white phosphorus.  

 The substituent effect was also analyzed for carbene 7a analogs (Figure 16). In 

these reactions, the previous findings emerge in an emphasized way. The effect of 

substituent c is similar to that in silylenes, especially to 14c which is the silylene 

analog of 7c. An activation barrier decreasing effect is found in both transition states 
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(7c-TSIV1 and 7c-TSIV3, 18 and 19kJ/mol, respectively), compared to the barriers of 

the reaction of 7a. The stability of the intermediate also increases by 22 kJ/mol. In 

contrast, the reaction of 7b indicates a surprisingly different character. The activation 

barriers (7b-TSIV1 and 7b-TSIV3) increase by 49 and 38 kJ/mol, while the stability of 

the intermediate and product decreases with 68 and 77 kJ/mol. The influence of the 

well-known steric hindrance of bulky groups becomes operative here and determines 

the energetics of the reaction.  

 

Figure 16. Energy profile for mechanism IV in the reaction of 7a + P4 (red curve), 7b + P4 (blue 

curve), 7c + P4 (black curve) and 7d + P4 (green curve). 

 

  More remarkable results can be noticed in the reaction of 7d and P4. The 

activation barrier 7d-TSIV1 and 7d-TSIV3, increases by 113 and 80 kJ/mol, 

respectively, compared to 7a-TSIV1 and 7a-TSIV3, while the stability of the 

intermediate and product decreases by 55 and 156(!) kJ/mol, respectively. In this 
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case, the very high activation barriers and positive reaction energy (+102 kJ/mol) 

clearly prohibit the reaction.  

  The dramatic difference between the effects of substituents, comparing to 

those of silylenes, is probably the consequence of the shorter C-P bond length. The C-

P single and C=P double bond lengths are 199 and 179 pm in 7d-IMIV1 and the 

product of the reaction of 7d, respectively, while the Si-P and Si=P bond lengths are 

229 and 210 pm in the corresponding stationary points of the reaction of 18d. Owing 

to the ~30 pm shorter bondlenghts in 7d, the repulsive interaction of the substituent 

and the P4 moiety becomes more important which has to result in the increasing 

activation barriers. This effect clearly shows up in the results of 7b but not in 7c when 

repulsion is overcompensated by attractive forces.  

  One can conclude that substituent c has great importance in the reaction of 

silylenes or carbenes with white phosphorus. The expected steric hindrance does not 

arise, moreover, the activation barriers decrease significantly in the determining 

reaction steps. This can be explained by attractive long range interactions, especially 

with van der Waals forces. Due to appropriate distances and large inner surfaces 

dispersion interaction can be sizeable and can play an important role in the reaction. 

This suggestion can be simply confirmed by analyzing van der Waals surface 

representation of molecules. To gain comparable information about substituents and 

also about carbenes and silylenes, the van der Waals representation of the product of 

7b, 7c, 7d, 14b, 14c and 14d can be seen in Figure 17 and 18. The bond structure of 

the products is the most well-defined along the reaction path, and less influenced by 

single effects, therefore these geometries can be compared in the widest range, both 

for substituents and for reactive centers, concentrating to the secondary interactions. 

Similar logic dictates the choice of silylene 14. The center ring of 14 is the same as in 

7 thus this silylene provides the best comparison to 7. 
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Figure 17. Van der Waals surface representation of the product of the reaction of 14b, 14c or 

14d with white phosphorus. Orange, grey, white, blue and tan spheres refer to phosphorus, 

carbon, hydrogen, nitrogen and silicon atoms. Green arrows show the overlap between the P4 

moiety and the substituents. 

 

  On Figure 17 and 18 green arrows show the overlap between the P4 moiety and 

the substituents. In case of 14b and 14d, several arrows suggest the steric hindrance 

between the inner surfaces. This effect can explain the higher energy of the product, 

compared to 14a. It is reasonably small, only a few kJ/mol, which can be attributed to 

the favorable van der Waals interaction with other nearby atoms. Interestingly, in case 

of 14c, there are no green arrows, the interlock of the P4 moiety and the substituents is 

almost perfect. Therefore the van der Waals interaction dominates along the inner 
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surfaces. This statement easily answers the strange results of the previous section, the 

increased stability of the product (by 30 kJ/mol), compared to 14a, and also the 

decrease of the activation barriers (14c-TSIV1 and 14c-TSIV3, 21 and 17 kJ/mol, 

respectively). This perfect lock-key connection resembles to the effect of enzymes 

where the appropriate structure, via secondary interactions, significantly reduces the 

activation barrier of the reaction. Similar consequence can be drawn here, where 

dispersion interaction acts in the same way. 

  In the case of carbenes, the van der Waals representation also explains the 

energies of the reaction paths. The product of the reaction of 7b is a highly bent 

structure, the t-butyl group and the P4 moiety also turn out of the plane of the center 

ring to reduce steric hindrance. This effect clearly arises in the decrease of the 

stability (77 kJ/mol), compared to 7a. A similar, more unambiguous effect can be 

seen in case of 7d. Although substituents do not turn out of the plane, because of the 

lack of space, all adjacent hydrogens, like little spikes, hit the P4 moiety, generating 

extreme steric hindrance. As mentioned, in this case the decrease of the stability is 

more than 150(!) kJ/mol. In 7c, considerable favorable dispersion interactions can be 

observed similarly to 14c. However, due to the shorter C-P and C-N bond lengths, 

compared to the Si-P and Si-N bond lengths, the carbon bonding P atoms get close to 

a hydrogen of the isopropyl groups which creates repulsion. The sum of these two 

effects results in the stability of the product which only changes by 3 kJ/mol 

comparing to the unsubstituted 7a. This change is negligible comparing to that of 7b 

and 7c but it is still enough to decrease their stability, similarly to the case of 14b and 

14d.  
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Figure 18. Van der Waals surface representation of the product of the reaction of 7b, 7c or 7d 

with white phosphorus. Orange, grey, white and blue spheres refer to phosphorus, carbon, 

hydrogen and nitrogen atoms. Green arrows show overlap between the P4 moiety and the 

substituents. 

 

 4.5 Internal catalytic effect of bulky groups in Suzuki-reaction 

 

  After the recognition, that bulky groups may accelerate the chemical reaction of 

silylenes and white phosphorus through favorable nonbonding interactions, the question 

immediately arised whether how general this phenomenom is. Literature search for 
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unexpected and unresolved reactivities including large bulky groups provided an 

interesting example from the field of Suzuki-reaction.  

  The Suzuki-Miyaura reaction is widely used to form carbon-carbon cross 

coupling (Scheme 27).
385
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Scheme 27. General scheme of Suzuki-Miyaura cross-coupling reaction. 

 

  The reaction, originally with phosphine ligands on the Pd center, has been 

widely studied both experimentally
386,387,388,389,390,391

 and 

theoretically
392,393,394,395,396,397,398,399,400 

in several aspects. These studies have 

determined that the most important step is the formation of the active Pd(0) 

compound and its stability is the key for more efficient catalysts.
401,402

 The effect of 

the bulky phosphine ligand has been deeply investigated
15,18

 and found that both steric 

and electronic effects have considerable impact on the catalytic features though these 

effects cannot be separated from each other to understand them precisely and tune the 

ligand for optimum.
403

  

N-heterocyclic carbenes (NHC) have been recently reported as successful ligands for 

Suzuki-Miyaura coupling (Scheme 27).
404,405,406,407,408,409,410,411

 In these cases, steric 

and electronic effects can be separated and understood well; electronic effects are 

induced by the center carbene ring while steric effects stem from the bulky groups on 

the carbene ring. Steric groups are necessary for the catalyst; it gives kinetic  stability 

of the compound, supporting reductive elimination,
412

 on the other hand, it may cause 

the failure of the catalytic reaction by the increasing steric hindrance in oxidative 
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addition especially for sterically demanding ortho-substituted aryl reagents.
413

 

 

Table 8. Suzuki-Miyaura cross-coupling reaction using NHC ligands. 

entry R-Cl R’-B(OH)2 cat. Temp 

(°C) 

time 

(h) 

yield/ 

conv.

* (%) 

ref

. 

1 
Cl

 

B(OH)2

 

28c 

65 24 

<2 71 

2 28d 70 

3 

B(OH)2

 

28c 0 

4 
28d 65 

5 

Cl

 

B(OH)2

 

28c 0 

6 
28d 61 

7 

Cl

 

28c 0 

8 28d 95 

9 
B(OH)2

 

28c 0 

10 28d 88 

11 
Cl

 

B(OH)2

 

28c 0 

12 
28d 80 

13 F3C Cl

 
B(OH)2

 
27c 60 1.5 9 73 

14 27e 60 1.5 75 

15 27c 60 3 17 

16 27e 60 3 84 

17 27c 60 15 57 

18 27e 60 15 85 

* Estimated conversion in entry 1-6 based on Fig. 7 of ref 73. 

 

Several interesting results were reported in the past few years (Table 8) which, 

however, contradicts the aforementioned logic. Organ et al.
414

 compared the effect of 

2,6-diisopropyl and 2,6-diisopentyl substituted phenyl groups (28c and 28d) in case 
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of several reagents and found that bulkier 28d compound had significant catalytic 

activity whereas less sterically demanding 28c did not have at all (Table 8, entry 1-

12). (We note that 27 and 28 refer to the type of Pd catalyst with NHC ligand, in 

accordance with Scheme 27. Small latin letters of Scheme 27 indicate the sterically 

demanding substituents of the NHC ligand). Since oxidative addition is  regarded as 

the critical step of reaction, additional steric hindrance is expected to reduce catalytic 

activity. To overcome this conflict, Glorius et al
415

 had introduced the concept of 

‘flexible steric bulk’ in case of bulky cycloalkyl substituents sugges ting that flexible 

bulky groups around the Pd center may be able to change their conformation allowing 

oxidative addition without significant steric hindrance, then other more sterically 

demanding conformations may enhance reductive elimination and also provide more 

ready access to the catalytically active monoligated Pd species. However, ‘flexible 

steric bulk’ is a never proved hypothesis which cannot provide full answer since it 

does not explain the dramatic improvement in catalytic activity observed by Organ et 

al.  

  Another surprising results have been very recently shown by Holland et al.
416

; 

the huge trityl substitution on para-position of 2,6-diisopropyl-phenyl group (27e) can 

also significantly enhance the reaction compared to the hydrogen substituted analogue 

(27c) (Table 8, entry 13-18). In this case, both the reaction rate and the total 

conversion increased, though, remote trityl groups could not induce steric hindrance 

around the Pd center for reductive elimination or change their conformation to 

support oxidative addition. 

  In spite of the broad experimental interest of Suzuki-Miyaura coupling with 

carbene ligands, theoretical works barely exist in this field.
417,418

 To our best 

knowledge, even the full catalytic cycle has not been studied yet, therefore our first 

task is to explore that. In our analysis we focus on the experimental results of Holland 

et al. (Scheme 28) in the first place because their reaction kinetic results (Table 8, 

entry 13-18) can be compared to calculated activation barriers directly. Reaction 

scheme of entry 1-2 has also been chosen for investigation from the results of Organ 

et al. The applied reaction conditions were selected based on the experimental data 

but it was unified (Scheme 28); HO
i
Pr solvent, 60 °C temperature, for adequate 
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comparison between the two reaction schemes. Further bulky groups on the NHC 

ligand (a and b) have also been investigated as interesting comparison; following the 

same reaction schemes, to gain deeper insight of the special effect of bulky groups.  

 

F3C Cl (HO)2B F3C+
iPrOH 60 °C 1 atm

Cl (HO)2B+

A type Pd complex

iPrOH 60 °C 1 atm

B type Pd complex

 

Scheme 28. The investigated Suzuki-Miyaura cross coupling reactions. 

 

Geometries were computed at the RI-B97-D/6-31G* level of theory then single point 

energy calculations were performed at the optima using RI-B97-D/cc-pVTZ level and 

Polarizable Continuum Model (PCM) to model isopropanol solvent (RI-B97-

D(PCM)/cc-pVTZ//RI-B97-D/6-31G*). For Pd atoms, cc-pVTZ-PP pseudo 

potential
419

 was used both for geometry optimization and for single point energy 

calculations. It has been recently shown that RI-B97-D method provides accurate 

result for Suzuki-Miyaura coupling in case of phosphine ligands.
420

 Minima and 

transition states on the potential energy surface (PES) were characterized by harmonic 

vibrational frequency calculations at RI-B97-D/6-31G* level. Thermodynamic 

corrections were calculated at 333 K temperature and 1 atm pressure. Gibbs free 

energies are computed as the sum of the energy at RI-B97-D(PCM)/cc-pVTZ level 

and the free energy correction at RI-B97-D/6-31G* level. Calculations were carried 

out using Gaussian09 program.  

 

Scheme 29 represents the general catalytic cycle of Suzuki-Miyaura coupling reaction 

whereas Figure 19 shows the proposed mechanism and reaction profile using 

substituents a, c, and e on the catalyst.  
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Scheme 29. General catalytic cycle of Suzuki-Miyaura cross-coupling reaction. 

 

  First the reaction mechanism using methyl substituted carbene ligand (a) was 

investigated to explore the catalytic cycle and to study the electronic effect of NHC 

ligand only, without the influence of bulky groups (Figure 19). The first steps of the 

reaction is the activation of the catalyst forming Pd(0) intermediate 27a-IM2. In the 

first step, carbon-chlorine bond (27a-TS1) is forming creating cinnamyl-chloride of 

which C-C double bond forms π-metal interaction with the Pd center in the 

subsequent intermediate, 27a-IM1. Then, cinnamyl-chloride can be eliminated 

without activation barrier resulted in 27a-IM2.  

  The further steps of the catalytic cycle are found to be similar to any Suzuki-

Miyaura coupling reaction (Scheme 29) independent of sterically demanding ligands. 

Three steps have relevant activation barriers which are the usual oxidative addition 

(27a-TS2), transmetallation (27a-TS3) and reductive elimination (27a-TS4).  

  The energetics of the reaction profile show that catalyst activation takes 

significant energy investment (175 kJ/mol) but oxidative addition has even larger 

activation barrier (27a-TS2, 197 kJ/mol) indicating the decisive role of oxidative 

addition in NHC stabilized Suzuki-reaction. The further steps, transmetallation and 

reductive elimination require negligible barriers compared to the initial state (27a-

TS3 18 kJ/mol, 27a-TS4 -43 kJ/mol) or to their previous intermediate (27a-TS2 - 

27a-IM3 = 55 kJ/mol, 27a-TS3 - 27a-IM6 = 27 kJ/mol, 27a-TS4 - 27a-IM8 = 25 
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kJ/mol) therefore oxidative addition is clearly the rate determining step of the 

reaction. 

 

 

Figure 19. Mechanism and reaction profile for Suzuki-Miyaura coupling with NHC substituents 

27a, 27c, and 27e. The schematic arrangement around the Pd center is plotted in every single 

step and also the main parts of the reaction profile are signed in accordance with Scheme 29. 

 

Figure 19 also shows the effect of bulky groups. 2,6-diisopropyl-phenyl substituent 

(c) is the most widely used steric group for carbenes, while e is resulted in the para 

substitution of c by trityl group. Interestingly, complexes with these large substituents 
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(27c and 27e) decrease all relevant activation barriers and stabilize intermediates 

compared to 27a in which the effect of the groups is negligible. In addition, 27e 

provides more favorable results compared to 27c in accordance with the experimental 

results. The activation barrier of the rate determining oxidative addition step (TS2) 

decreases from 197 kJ/mol (27a-TS2) to 175 kJ/mol (27c-TS2) and 142 kJ/mol (27e-

TS2). The stability of the active Pd complex (IM2) also increases compared to that of 

27a-IM2, their energy is 175, 159 and 132 kJ/mol in case of 27a-IM2, 27c-IM2, and 

27e-IM2, respectively. These results confirm the important role of bulky groups in 

the catalytic process and are in agreement with experimental findings; 27e has 

enhanced catalytic activity compared to that of 27c. 

  The above mentioned results are rather surprising since, according to the 

classic theory of bulky groups, their major effect is steric hindrance; the application 

of bulky groups increases activation barriers. In our case, however, the effect is just 

the opposite, bulky groups act as an internal catalyst. 

  As a naïve thinker, we can imagine two types of internal catalytic effect of 

bulky groups. First, when they destabilize the initial complex (steric repulsion) which 

is eliminated in the activation step, second, if bulky groups provide extra stabilization 

in the rate determining transition state (steric attraction). 

  These two types of steric effects may be hardly separable from each other 

because of the lack of adequate comparison and thus only the gross effect can be 

studied using groups with different bulkiness (e. g. on Fig. 19). Fortunately, in our 

case, the active Pd(0) compound (IM2) divides the reaction profile into two distinct 

parts. In the first part, we can analyze the interaction between the protecting cinnamyl 

group and the substituent groups of NHC, which is eliminated in IM2 (catalyst 

activation process). In the second part, starting from IM2, aryl-chloride reacts with 

the Pd(0) compound in the oxidative addition step (TS2) forming new interactions 

with the bulky groups. Based on these considerations, IM2 can be selected as a 

natural separator between the two types of steric factors.  

  Table 9 contains the energies of the two relevant steps (IM2 and TS2) and also 

their difference in kJ/mol for all investigated Pd complexes. The graphical 

representation of our model (Figure 20) simply suggests the two types of bulky group 
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effects, where only the three important states are shown (Catalyst + Reactant, IM2 as 

zero level and TS2). The increasing energy level of the catalysts indicates the 

extended inner steric repulsion of the compounds while the decreasing activation 

barriers refer to inner steric attraction of the compounds.  

 

Table 9. Energies and energy differences of IM2 and TS2 in kJ/mol. 

 27a 27b 27c 27e 28a 28b 28c 28d 

IM2 175 174 159 132 175 158 148 107 

TS2 197 191 175 142 194 167 154 110 

Difference 22 16 16 10 19 9 6 3 

 

 

Figure 20. Graphical representation of the effect of bulky groups in the initial state and in T S2 

using IM2 as a base free energy level according to our model. The increasing energy level of the 

catalysts indicates the extended inner steric hindrance of the compounds while the decreasing 

activation barriers refer to inner steric attraction of the compounds. The lines between the  states 

are used only for guiding one’s eyes, they do not represent direct reaction profiles.  

 

  Based on our model (Fig. 20), 2,6-diisopropyl-phenyl group containing 27c 

complex is less stable than 27a by 16 kJ/mol. The phenyl groups of the bulky 
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substituent are distorted in 27c; the dihedral angles between the center carbene ring 

and the phenyl moiety of the bulky groups are 68.7 and 69.9 deg. in 27c while the 

same values are 86.3 deg. in 27c-IM2. We compared the energy of 27c-IM2 moiety at 

the distorted geometry of 27c and relaxed structure of 27c-IM2. It showed that the 

energy of the distorted 27c-IM2 fragment of 27c is higher than that of the fully 

optimized 27c-IM2 with 26 kJ/mol which supports the steric repulsion between the 

bulky groups and the protecting group. In 27b, the isopropyl groups are replaced by 

less steric methyl groups. As a result, the stability of 27b and 27a is almost equal; the 

Gibbs free energy of 27a and 27b is -175 and -174 kJ/mol, respectively. These 

suggest that the isopropyl groups of c repel the cinnamyl moiety in 27c which causes 

the destabilization of 27c compared to 27a. 

  In case of 27e, the geometry becomes even more distorted than that in 27c. 

The dihedral angles between the center carbene ring and the connecting phenyl 

moiety of the bulky groups are 65.7 and 70.0 degrees while those angles are 88.7 

degrees in 27e-IM2. Moreover, the center planar aromatic carbene ring is also skewed 

in the linking carbon atoms of the bulky groups; the out-of-plane angles of those are 

165.7 and 171.8 degrees while these values are exactly 180.0 in 27e-IM2 and 177.0 

and 179.0 degrees, in 27c. According to our model 27e is less stable than 27a and 27c 

with 43 and 27 kJ/mol, respectively, in accordance with the expectations; the bulkier 

the group the larger the steric repulsion within the complex. The energy difference 

between the fully optimized structure of 27c-IM2 and the 27c-IM2 fragment of 27c is 

52 kJ/mol which is in good agreement with the instability of 27e, indicating enhanced 

steric strain and extended repulsion between the bulky groups and the cinnamyl 

moiety in 27e. One can see that the systematic increasing of the bulky group causes 

increasing steric repulsion in the precursor catalyst which can be regarded as the 

bulky groups repel the protecting group to promote the formation of the active IM2 

Pd(0) compound. 

  In the oxidative addition step, aryl-chloride compound reacts in the plane of 

the carbene ring in 27a-TS2 (Figure 21). The distance between the methyl substituent 

and the center of the phenyl ring is 3.55 Å. According to high level ab initio 

calculations,
421

 the optimal distance of the methane-benzene complex is around 3.6-
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3.8 Å depending on their arrangement suggesting attractive interaction between the 

methyl substituent and the phenyl ring in 27a-TS2. Applying larger substituents, b 

and c, the stability of 27b-TS2 and 27c-TS2 increases by 6 kJ/mol compared to 27a-

TS2, respectively, according to our model (Fig. 2). Their geometries indicate that the 

phenyl groups of the substituent and the aryl-chloride can form attractive π-stacking 

interaction. The distance between the centers of the phenyl rings is 4.07 Å in 27b-TS2 

and 4.02 Å in 27c-TS2 which is in good agreement with the optimal distance of the 

parallel displaced π-stacking (3.7-4.1 Å depending on the arrangement and 

substituents) suggested by high level ab initio studies.
422

 The estimated binding 

energy of benzene dimers is around 6-10 kJ/mol depending on the arrangement and 

substituents
423

 that is also in accordance with our results.  

  The trityl substitution of c results in 6 kJ/mol extra stabilization of 27e-TS2 

compared to 27c-TS2 according to our model (Fig. 20).  On Fig. 21, T-shaped π-π 

interaction can be observed between aryl-chloride and the phenyl moiety of the trityl 

group. The distance between the centers of the phenyl moieties is 4.58 Å; somewhat 

smaller than the optimal T-shaped π-stacking obtained from high level ab initio 

calculations (4.7-5.1 Å depending on the substituents). Though, it has been also 

shown that DFT-D methods tend to underestimate the optimal geometries with 0.1-0.2 

Å.
424

 The maximum of the T-shaped π-π interaction energy of benzene dimers varies 

around 8-12 kJ/mol depending on the substituents which is in good agreement with 

our results on the stabilization of 27e-TS2 over 27c-TS2 suggesting that inner 

favorable nonbonding interactions has formed between the reactant and the bulky 

groups. It can be seen that the application of large bulky substituents does not 

increase the steric hindrance around the Pd center but the formation of favorable 

nonbonding interactions which is responsible for the enhanced catalytic activity of Pd 

complexes. 
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Figure 21. Structures of oxidative addition activation step (27-TS2) using different substituents. 

Red points refer to the centre of phenyl rings while red dashed lines indicate the inner favorable 

π-stacking, C-H/π and C-H/C-H interactions. The bulkier the substituent the more red dashed 

lines suggest the increasing role of bulky substituent in the catalytic process by decreasing the 

rate determining activation barrier. 
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Figure 22. Structures of oxidative addition activation step (28-TS2) using different substituents. 

Red points refer to the centre of phenyl rings while red dashed lines indicate the inner favorable 

π-stacking, C-H/π and C-H/C-H interactions. The bulkier the substituent the more red dashed 

lines suggest the increasing role of bulky substituent in the catalytic process by decreasing the 

rate determining activation barrier. 
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  In the case of 28, chlorine atoms are situated above and below the center 

carbene ring similarly to the cinnamyl moieties in 27 suggesting analogue effects 

between the bulky groups and the protecting groups. Even 28b is less stable than 28a 

by 17 kJ/mol (Table 9 and Figure 20). The systematic increasing of the alkyl chain on 

the bulky substituents destabilizes the Pd complexes; 28c is less stable than 28b by 11 

kJ/mol whereas 28d is less stable than 28c with 41 kJ/mol. The conformation of bulky 

groups is distorted; the dihedral angles between the center carbene ring and the 

phenyl moiety of the bulky groups are 71.8 and 74.1 deg. in 28b, 66.8 and 70.1 deg. 

in 28c and 74.8 and 75.5 deg. in 28d. The twisted geometries suggest steric repulsion 

between the bulky groups and the chlorine atoms. We compared the energy of the 

IM2 fragment of the initial Pd complexes and that of the fully optimized structure of 

the corresponding IM2 compound. The energy of the distorted fragments is higher 

than that of the corresponding IM2 compound with 8, 25 and 42 kJ/mol, in case of 

28b, 28c, and 28d, respectively. This is in good overall agreement with the 

destabilization energy of the Pd complexes suggesting that the destabilization of 

larger Pd complexes stems from the steric strain between the bulky aryl groups and 

the chlorine substituents.  

  Interestingly, the destabilization energy of 28d compared to 28c is 

significantly larger than that between 28c and 28b or between 28b and 28a which is 

supported by calculated fragment energies. This dramatically increased steric 

repulsion could be an explanation of the experimental results of Organ et al. where 

28d has significant improvement in catalytic activity compared to 28c. 

  In the oxidative addition step, 27a-TS2 and 28a-TS2 have similar geometries 

(Fig. 21 and 22); the aryl-chloride compound reacts in the plane of the carbene ring. 

The distance between the methyl substituent and the center of the phenyl ring is 3.86 

Å in 28a-TS2 close to the optimal distance of the methane-benzene complex. Using 

larger substituents, some discrepancies emerge between 27 and 28 type reaction 

scheme due to the ortho-substitution of the aryl-chloride compound. Parallel 

displaced π-stacking interaction also appears in 28b-TS2, though the distance 

between the centers of the phenyl rings is larger (4.32 Å) than optimal because of the 

methyl group of the aryl-chlorine reagent which shows proper distance (3.91 Å) to 
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maximize its C-H/π interaction with b. In spite of the weak parallel displaced π-

stacking interaction 28b-TS2 is more stable than 28a-TS2 with 10 kJ/mol, which is 

greater than that between 27b-TS2 and 27a-TS2, owing to the increased C-H/π 

interactions which can reach 5 kJ/mol in a methane-benzene dimer.
425

 Applying 

isopropyl substitution (c), the aryl-chlorine reagent is situated fully below the center 

carbene ring; parallel displaced π-stacking interaction is negligible (5.39 Å). On the 

other hand phenyl group of the reagent can form more C-H/π interactions (3.64 Å and 

4.32 Å) As a result, the stability of 28c-TS2 increases with 3 kJ/mol compared to 

28b-TS2. Isopentyl substitution causes huge steric repulsion in 28d, however, 28d-

TS2 is more stable than 28c-TS2 with 3 kJ/mol. In this case, isopentyl groups can 

take a conformation in which the distances indicate favorable C-H/π interactions with 

the aryl-chlorine reagent (3.90 Å, 4.48 Å and 4.45 Å).  

  In overall, the bulky groups have two distinct effects which can significantly 

promote the reaction and can be summarized on Fig. 23. First, large bulky groups 

provide steric repulsion with the protecting group of the initial Pd complexes. 

Therefore the systematic increasing of the alkyl chain causes increased steric 

repulsion within the Pd complexes which triggers the elimination of the protecting 

group enhancing the formation of the active Pd species (IM2). Second, using large 

but flexible alkyl groups there is no evidence for increased steric hindrance in 

oxidative addition step. The results revealed that the bulky groups and the aryl-

chlorine reactant form favorable π-stacking and C-H/π interactions (steric attraction) 

decreasing the rate determining activation barrier and thus promoting the reaction. 

These results suggest that bulky groups can accelerate the oxidative addition step not 

just the reductive elimination step. Our model suggests that the whole catalytic cycle 

can be interpreted as an enzyme-like lock-key connection where bulky groups are 

designed for steric repulsion in the catalyst activation steps and steric attraction in the 

rate determining step significantly enhancing the catalytic process.  
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Figure 23. Lock-key model for internal catalytic effect of bulky groups. Bulky groups (yellow) 

cause steric repulsion (ruby red) with the protecting group (orange) of the initial Pd complex 

which enhances the elimination of the protecting group promoting the formation of the active 

Pd(0) species (IM2). In the oxidative addition step (TS2), favorable π-stacking and C-H/π 

interactions between the bulky groups and the joining aryl-halide reagent promotes the reaction 

towards IM4. After the conformation change in IM4, aryl reagent and the bulky groups provide 

enough space for transmetalation and reductive elimination to close the catalytic cycle resulting 

in the product and IM2. 
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5. Summary 

 

 

Activation of small molecules, like CO2, CO, N2, NH3, H2, and P4, is of center of 

interest. Numerous research groups worldwide are currently working on to explore new 

and enhanced activation modes which may help to solve several of the greatest problems 

of the world like global warming and global food supply.  

Theoretical investigation of low-valent group 14 compounds has long-standing 

history in the Department of Inorganic and Analytical Chemistry at Budapest University 

of Technology and Economics. Main research field of the group involves the 

understanding of the stability and reactivity of these compounds especially toward small 

molecules.  

This thesis dealt with the effect of bulky groups on chemical reactivity strongly 

related to low-valent group 14 compounds and small molecule activation using ab initio 

and DFT methods. In the first part, direct and special insertion reaction mechanisms were 

explored for the reaction of silylenes and several small molecules to explain experimental 

results. This led to the investigation of the extraordinary reaction of 18 and P4 which 

revealed the importance of bulky substituents in this reaction. In the second part, the 

effect of bulky groups was determined in the reaction of other carbenes and silylenes. 

Based on these, a new silylene was proposed which could also react with white 

phosphorus. Then, the reaction mechanism of Suzuki-reaction with carbene ligands were 

explored and showed the internal catalytic effect of bulky groups for this reaction. At the 

end, the effect of bulky groups was explained with a general model. My results can be 

summarized as follows: 

 

1. The difference between the transition state of carbenes and silylenes in the 

direct insertion mechanism was explained with the different occupancy of 

their vacant p-orbital. Based on the reaction of 7 silylenes and 8 small 

molecules, 56 overall reactions, the reactivity order of silylenes was elucidated 

and the effect of thermodynamic stabilization factors was quantified. It was set 
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up a relationship between the activation free energy barrier and the reaction 

free energy based on which one could estimate the activation energy barrier 

from the reaction free energy. It was proven that the reactivity of the silylene 

center in the six-membered ring silylene (25) and the five-membered silylene 

(23) is similar which contradicted the previous assumptions in the literature. 

Therefore, it was concluded that the direct insertion mechanism could not 

explain the experimental results of 18. [1] 

 

2. 18 possible special insertion mechanisms were explored in the reactions of 25 

and small molecules. A central intermediate, formally an 1,4-addition 

intermediate, was found where all mechanisms intersected each other. Based 

on these, the previously suggested mechanism for the reaction of alkyl-, and 

silyl-halides was modified and an SN2-type mechanism was proposed. A 

generally available proton-transfer reactivity of the backbone of 25 was found 

which explained the observed experimental results in the reaction of 18 with 

water, hydrogen-sulfide, ammonia, and hydrazine. These mechanisms also 

explained why other silylenes do not react similarly: the backbone of the 

previously known silylenes was different therefore these mechanisms could 

not proceed in those cases. [2] 

 

3. Four possible reaction mechanisms were found and explored in the reaction of 

white phosphorus and 18. A new mechanism with lower activation barrier 

than the previously proposed direct insertion mechanism was introduced in 

accordance with the nucleophile character of the molecules. The effect of the 

bulky ligands were also investigated and found that the bulky 

diisopropylphenyl ligand reduced the rate limiting activation barrier compared 

to the hydrogen substituted analog (18a) owing to favorable nonbonding 

interactions. This peculiar result was confirmed with different theoretical 

methods and provided the only explanation to this unique reaction because 

this bulky ligand had never been used for other silylenes. [3] 
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4. The effect of different bulky substituents were investigated in case of three 

silylenes and concluded that the diisopropylphenyl ligand can accelerate the 

reaction of silylenes and P4 in all cases through attractive nonbonding 

interactions. The previously commonly used t-butyl ligand, however, has 

larger activation barrier because of the steric hindrance which could explain 

the negative experiments with these compounds. Based on these results, a new 

silylene (14c) was proposed which could also react with white phosphorus. 

The potential reaction mechanisms were explored for the reaction of carbene 

(7) and white phosphorus as well and found that the same mechanism is more 

favorable than that for analog silylenes. I also found the peculiar effect of 

diisopropylphenyl ligand. This is in accordance with the experiments because 

carbenes that can react with white phosphorus all contained this bulky group. 

[4, 5] 

 

5. The reaction mechanism of Suzuki-reaction with carbene ligands was 

explored for the first time and found that the rate limiting step is the oxidative 

addition step. Mechanisms with different experimentally applied bulky 

substituents were investigated and found the reduction of the rate limiting 

activation barrier in case of 2,6-diisopropyl-4-tritylphenyl ligand compared to 

2,6-diisopropylphenyl ligand in accordance with the kinetic measurements. A 

favorable T-shape π-stacking interaction was revealed which was responsible 

for the reduction of the rate limiting activation barrier. It was also shown that 

the extremely bulky trityl-based ligand caused steric repulsion in the precursor 

boosting the formation of the active species and increasing the reaction rate. 

Based on these results, an enzyme-like lock-key model was introduced to 

explain the observed effects which provided a new concept for catalyst 

optimization. [6] 
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