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2-MeTHF 2-methyltetrahydrofuran 
Acac  Acetylacetonate 
aq.  aqueous 
Ar   aryl  
Bppf  1,1 -Bis(diphenylphosphino)ferrocene 
Cod  cyclooctadiene 
Cp*  pentamethyl cyclopentadienyl 
Cp  cyclopentadienyl   
Dba  dibenzylideneacetone 
DCM   dichloromethane  
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DIBAL-H diisobutyl aluminum hydride 
Dipp  2,6-diisopropylphenyl 
DMSO dimethylsulfoxide  
Ebthi  ethylenebis-(4,5,6,7-tetrahydro-1-indenyl)-  
equiv.  equivalents  
et al.  and others  
Et  ethyl 
Et2O  diethylether 
EtOAc ethyl acetate  
H  hours   
HBpin pinacolborane 
i-Bu  iso-butyl 
iPr  iso-propyl-  
Kcal  kilocalories  
LHMDS Lithium bis(trimethylsilyl)amide 
MAO  methylaluminoxane   
Me  methyl  
Mes   mesitylene  
Min  minutes  
Ms  Mesyl-  
Naph  naphtalene 
NBS  N-Bromosuccinimide  



n-Bu  normal-butyl- 
n-Hex  normal-hexane 
NMI  neomenthylindenyl 
NMP  N-methyl pyrrolidine  
NMR  nuclear magnetic resonance  
OAc  acetate 
PNP  bis[2-(diphenylphosphine)phenyl]amine 
Ph  phenyl 
Rac  racemic   
Rf   retention factor 
rt  room temperature 
sat.  saturated  
SN2   bimolecular nucleophilic substitution  
TBAB tetrabutylammonium bromide 
TBACl tetrabutylammonium chloride 
t-Bu  tert-butyl 
TFA  trifluoracetic acid   
THF  tetrahydrofuran 
TIPS  triisopropylsilyl   
TLC  thin layer chromatography 
TMEDA N,N,N',N'-tetramethylethylenediamine   
TMSCl trimethylsilyl chloride 
TOF  Turnover frequency 
TON  Turnover number 
Xantphos 4,5-bis(diphenylphosphino)-9,9-dimethylxanthene
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1 Introduction 

Catalysis has played a central role in enabling groundbreaking transformations, 
while improving efficiency and atom-economy. This thesis presents two new 
zirconium-catalyzed methodologies: a bond-cleavage reaction (cyclopropane 
opening) and a bond-forming transformation (hydrosilylation). 

Since 1909, several Nobel Prizes in Chemistry have been awarded for the 
development of catalytic processes.1 Many of these, such as Grubbs’ olefin 
metathesis and palladium-catalyzed cross-couplings, rely on precious late 
transition metals and have provided efficient routes to the formation of new 
carbon-carbon bonds. However, other bond-forming transformations awarded 
with Nobel Prize are based on earth-abundant group IV transition metals, most 
notably the Ziegler- Natta polymerization, which was a key discovery for the 
production of polyolefin plastics. 

While bond-forming methodologies are well-established, complementary 
strategies involving bond cleavage reactions are much less explored. Such 
processes would allow access to base chemicals and even to open new 
pathways for the synthesis of challenging molecules via the selective bond 
cleavage in substrates containing multiple stereocenters.2, 3  

In this context, zirconium complexes have proven to be versatile catalysts, 
enabling both functionalization and cleavage reactions. Moreover, their ability 
to isomerize internal alkenes to the terminal position of the chain has already 
been applied to the realization of remote transformations.4-7 This unique 
reactivity, combined with the earth abundance and low toxicity characteristic 
of early transition metals, makes zirconium complexes excellent tools to 
integrate new catalytic reactions.8, 9  

The following chapters introduce the state of the art in hydrosilylation and 
cyclopropane bond opening methodologies together with the fundamental 
chemistry of zirconium complexes before presenting the two methodologies 
developed in this thesis.  
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1.1 Catalyzed alkene hydrosilylation 
Hydrosilylation is a key catalytic industrial process for the production of 
organosilicon compounds which have broad application in the synthesis of 
functional polymers.10-15  The reaction can proceed with two distinct 
regioselectivities, leading to the formation of either linear product A or the 
branched one B (Scheme 1).16 For industrial applications, particularly in 
polymer production, the linear product is generally preferred and is most 
commonly obtained through transition-metal-catalyzed hydrosilylation. In 
contrast, selective formation of the branched product is more challenging, and 
only a few examples have been reported to date.17, 18 

 
Scheme 1. Possible regioisomers obtained from hydrosilylation reactions. 

Over the years, a variety of different metal complexes have been employed 
for the regioselective hydrosilylation of alkenes. Selected examples of these 
methods will be discussed below. 

1.1.1 Precious and late transition metals 
Platinum- based catalysts are widely used in industry, combining high 
reactivity, and air/moisture stability. Among them, Karstedt’s catalyst, 
developed in the 1973, has found broad application in hydrosilylation 
reactions (Scheme 2). Despite its high reactivity, several drawbacks are 
associated to its use, including side reactions and product contamination with 
colloidal platinum.12 Between the side reactions observed there are reduction 
of the alkene, silane polymerization and dehydrogenative silylation. More 
recently, Pt(0) complexes bearing strongly coordinating ligands such as N-
heterocyclic carbenes have been developed. Although slightly less reactive 
than Karstedt’s catalyst, they offer significant advantages by suppressing the 
formation of colloidal platinum, which is responsible for the undesired 
reactions.19 Concerns about Pt consumption remain, prompting the 
development of more sustainable alternatives.12 
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Scheme 2. Karstedt’s catalyst and its typical TON (turnover number). 

Certain Rh complexes such as Wilkinson’s catalyst  [RhCl(PPh3)3] have also 
been employed for alkene hydrosilylation.11  

Interestingly, Pt and Rh catalyzed hydrosilylation proceed through two 
distinct mechanistic pathways, the Chalk Harrod and the modified Chalk-
Harrod mechanism respectively (Scheme 3). Both catalytic cycles begin with 
the oxidative addition of the silane into the metal center and coordination of 
the olefin to the resulting complex. In the Chalk-Harrod mechanism, insertion 
of the alkene into the metal-hydride bond (hydrometalation) followed by C-Si 
reductive elimination affords the product. In contrast, in the modified Chalk-
Harrod pathway the substrate inserts into the metal-silicon bond 
(silametalation) instead and the product is released by C-H reductive 
elimination.20 Most of the late transition metals undergo alkene 
hydrosilylation following one of these two mechanisms. 

 

 
Scheme 3. Chalk-Harrod and modified Chalk-Harrod mechanisms. In the Chalk-
Harrod mechanism hydrometalation followed by reductive elimination affords the 
product, whereas the modified Chalk–Harrod mechanism proceeds through 
silametalation. 
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1.1.2 Earth abundant metals 
The introduction of iron catalysts for hydrosilylation marked an important step 
toward the use of base metal catalysts. A key breakthrough came from 
Chirik’s group, who developed Fe(0) complexes bearing redox-active 
bis(imino)pyridine ligands. These complex show very high catalytic activity, 
in particular, complex 2 in Scheme 4, has an activity comparable to that of Pt- 
based catalysts.12, 13 13, 21 However, one important drawback is that these 
catalysts are very air and moisture sensitive. For this reason, following this 
work, a variety of bench-stable Fe(II)-based pre-catalysts have been 
developed, which can be conveniently reduced in situ using EtMgBr or 
NaEt3BH (Scheme 4, compound 3) 12  

 
Scheme 4. Iron (pre)-catalysts for the hydrosilylation of terminal alkenes. Reported 
under each complex are the catalyst loading, silane substrates and TON and TOF 
values (where available). 

An alternative mechanistic pathway is the migratory hydrosilylation, where 
the metal catalyst promotes chain-walking of the internal alkene moiety to the 
terminal position prior to Si–C bond formation. In 2015, Holland and co-
workers employed a combination of two Co(I) complexes to catalyze the 
hydrosilylation of cis/trans-2-hexene and cis-3-hexene. The two species act in 
synergy to promote isomerization and consequent hydrosilylation.13, 22, 23  

Additionally, Hu’s group investigated the use of a bis(amino)amide–Ni(II) 
pincer complex for the migrative hydrosilylation of alkenes (Scheme 5, 
complex 4).24 Interestingly, the active nickel hydride species can be formed in 
situ by reaction between a nickel alkoxide precursor with the diphenylsilane, 
yielding a silane alkoxide byproduct. The following year, the same group 
reported a protocol using Ni nanoparticles, prepared by reaction of 
Ni(TMEDA)Cl2 with KOt-Bu to produce Ni(Ot-Bu)2 x KCl (Scheme 5, 
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compound 5). This method showed a significant improvement in the migrative 
hydrosilylation efficiency compared to the previous method.25 

 

 
Scheme 5. Nickel (pre)-catalysts for the migratory hydrosilylation of internal alkenes. 
Reported under each complex are the catalyst loading, silane substrates, yields range 
and ton and tof values. 

The role of NaOt-Bu in transition metal activation was further investigated by 
Thomas and co-workers.26 27 They demonstrated that a combination of NaOt-
Bu and PhSiH3 in THF can generate low valent Fe, Co and Mn species in situ 
from the corresponding higher oxidation state pre-catalysts. The active catalysts 
generated with this method were employed for several transformations, 
including hydrosilylation. According to their mechanistic hypothesis, the active 
reducing species is a silicon “ate” complex formed by reaction of the silane with 
the alkoxide. Notably, this strategy circumvents the challenges associated with 
handling these air and moisture sensitive catalysts while also avoiding the use 
of strong organometallic reagents for their activation.  

Interestingly, it was more recently demonstrated that NaOt-Bu alone can 
promote the branched product selective hydrosilylation of alkenes through a 
radical pathway.17  

Over the years, other protocols of transition metals- free hydrosilylation 
have also been developed, mostly relying on the use of Lewis acids. 28 
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1.1.3 Early transition metals  
Reports on alkene hydrosilylation catalyzed by group IV transition metals 
are rare.  

In 1990 three groups independently reported their mechanistic 
investigations about a Zr(II) catalyzed hydrosilylation which will be discussed 
in more detail in chapter 1.3.6.129-32  

In 2009 a study on vinyltrimethoxysilane using Cp2Ti(OPh)2 demonstrated 
that the active titanocene hydride catalyst could be formed in situ without the 
need for an external activator.33  

Although both precious and earth-abundant transition metals have been 
used in hydrosilylation, the reported systems still present practical limitations. 
Most rely on air and moisture-sensitive complexes, require strong 
organometallic activators for in situ reduction, or involve elaborate ligand 
synthesis. This highlights the need for a straightforward hydrosilylation 
protocol based on a readily available early transition-metal catalyst under mild 
conditions.  

1.2 C-C Single bond activation 
While bond-forming reactions have long been central to organic synthesis, 
strategies that rely on selective C–C bond cleavage remain comparatively 
underexplored. Such approaches, however, offer valuable opportunities to 
access new building blocks and they hold great potential for enabling 
unconventional disconnections. In the following sections, key concepts and 
methods for C–C bond activation will be outlined, with a particular focus on 
cyclopropane characteristics and opening strategies. 

1.2.1 Oxidative addition vs -elimination 
The activation of C-C bonds with transition metals is intrinsically more 
difficult than that of C–H bonds, for both kinetic and thermodynamic reasons. 
An important consideration is that C-H bonds are more accessible and 
statistically more abundant in organic molecules. Moreover, metal-hydrogen 
bonds are more stable than metal-carbon bonds, making a transition metal-
catalyzed C-H activation thermodynamically more favored than a C-C 
activation. Other factors that increase the activation barrier for the C-C bond 
activation are their stability (90 kcal/mol) and the more directed nature of the 
C-C bond in comparison to C-H bond.34-37  

C-C activation therefore typically requires a strong driving force, which 
can be provided by high-energy starting materials and strained substrates such 
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as cyclopropanes and cyclobutanes. In this case the strain release is the driving 
force for the transformation.  Other strategies employ aromatization as driving 
forces.3, 38 

In general, there are two ways transition metals can activate C-C single 
bonds: oxidative addition and -elimination.39  

In the oxidative addition pathway, the metal inserts into the C-C bond 
increasing its oxidation state and cleaving the bond to form two new metal–
carbon bonds. Mechanistically, one empty d orbital of the metal reacts with 
the  orbital of the C-C bond and, at the same time, a filled d orbital of the 
metal donates electron density to the * orbital of the C-C bond (back-
donation).40, 41 This process is typical for late transition metals, possessing 
filled d orbitals, while early transition metals with a  d0 configuration do not 
undergo C-C activation via this mechanism. The reverse reaction is a reductive 
elimination, where two metal-C bonds, cis to each other, are broken and a new 
C-C bond is formed. This process results in a decrease in the oxidation state 
of the metal (Scheme 6).  

  
Scheme 6. Oxidative addition and its reverse, reductive elimination, of a generic C-C 
bond with a late transition metal. 

Alternatively, C-C bond activation can take place via -elimination, a syn-1,2-
elimination that requires a small dihedral angle between the metal and the 
group being eliminated (not to be confused with 1,2-anti eliminations such as 
Grob fragmentations). In this process, a metal–carbon bond and an adjacent 
C–C bond are cleaved, leading to the formation of a new metal–alkyl fragment 
and an unsaturated product (Scheme 7). While -hydride elimination is very 
common, -alkyl elimination has also been demonstrated.42 In contrast to the 
oxidative addition, early transition metals can undergo this mechanism, which 
does not result in a change in the oxidation state of the metal. 
 

  
Scheme 7. -hydride or alkyl elimination. 
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Since one project of this thesis covers the opening of cyclopropanes via Zr-
catalyzed β-C elimination, the following sections will outline the key features 
of cyclopropanes and methods for cyclopropane ring opening. 

1.2.2 Cyclopropane: characteristics 
Cyclopropanes are three member rings, characterized by high ring strain (28 
kcal/mol), that derives from angle strain and torsional tension. Indeed, the size 
of the ring forces the C-C bonds angle to deviate significantly from the 
tetrahedral angle (109.5°). This constriction causes angle strain (Baeyer 
strain).43, 44 Another contribution to the total ring strain energy of the molecule 
is the torsional tension (Pitzer strain), caused by the eclipsed conformation of 
all the C-H bonds.45 In order to relieve the angle strain, the C-C bonds in the 
cyclopropane bend in a “banana shape”.46 Although in this way the orbital 
overlapping is less efficient, the bond angle between the carbons orbitals 
become 105°, closer to the tetrahedral value.43  

Two main theories have been proposed to explain the bonding in 
cyclopropanes. According to Förster and Couson, each carbon in the 
cyclopropane ring adopts a sp5 hybridization, meaning that the hybrid orbitals 
have greater p character, which allows for wider bond angles and results in 
electron density directed outside the ring plane.35,47, 48  

In contrast, Walsh’s molecular orbital theory describes the cyclopropane as 
a “pseudo ” system, characterized by three MO. The lowest in energy ( ) 
results from the linear combination of three sp2 orbitals, responsible for 
electron density inside the ring. The other two, degenerate, derive from the 
combination of three p orbitals and account for the electron density outside 
the ring and its “  like” properties. This model explains several 
cyclopropane’s properties which are similar to those of alkenes. For instance, 
cyclopropanes can engage in conjugation with adjacent  systems (visible 
from UV analysis) and the C-H bond lengths are consistent with those of 
carbon hybridized sp2. Additionally, cyclopropyl chloride has a lower dipole 
moment than isopropyl chloride, which would be again explained by the sp2 

hybridization of its carbons, increasing their electronegativity.46, 47, 49, 50 
Both theories highlight how the cyclopropane C-C bonds have a significant 

p character, which helps to relieve the angle strain. The “banana bonds” push 
the electron density outside the ring, resulting in less efficient orbital overlap. 
This feature, combined with the thermodynamic driving force provided by 
strain relief, makes the C-C bonds of cyclopropanes accessible for reactions 
with electrophiles and transition metals. In the next section, an overview of 
the different methods for the ring opening and the factors influencing the 
selectivity will be presented. 



 

 19

1.2.3 Cyclopropane bond activation and cleavage strategies  
The transition metal mediated C-C cleavage of cyclopropanes can proceed 
either via oxidative addition into the C-C bond, forming a metallocyclobutane 
(Scheme 8a), or through -carbon elimination, which typically follows an 
initial carbometallation step (Scheme 8b).2, 34  

 
Scheme 8. Transition metal-mediated pathways for cyclopropane opening: a) 
oxidative addition, b) -elimination. 

The use of donor-acceptor cyclopropanes as substrates for C-C cleavage 
allows to direct the cleavage to a specific bond, highly polarized by the 
presence of an electron-withdrawing and electron-donating group on adjacent 
carbons. Their opening with nucleophiles under Lewis acids conditions gives 
access to 1,3-difunctionalized products.2, 51  

However, achieving the selective opening of unactivated cyclopropanes 
remains challenging. This issue has been addressed either by accurate 
substrate design or by introducing metal chelating or coordinating substituents 
on the cyclopropane, which direct the metal towards a specific C-C bond of 
the cyclopropyl ring.34, 52 Representative examples of this second strategy have 
been independently reported by Takai and Yamaguchi, where pyridine and 
amide directing groups, respectively, allow coordination of the metal center, 
enabling selective ring-opening and hydrosilylation (Scheme 9a).53, 54  In 
another example reported in 1997 by Barrett and Tam, the regioselectivity of 
the ring-opening depended on the substituents present on the cyclopropane.55 
With an alkene or a phenyl substituent, selective cleavage of the C2–C4 bond 
occurs, facilitated by double coordination of the palladium to the two  
systems. In contrast, in presence of aliphatic substituents, the metal 
preferentially inserts into the C2-C3 bond, leading to the formation of a 
branched product (Scheme 9b and c).  
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Scheme 9. a) Ir-catalyzed ring-opening hydrosilylation by Takai and co-workers. The 
ring opening is facilitated by coordination of the Ir to the nitrogen of the pyridine. b, 
c) Pd-catalyzed cyclopropane ring opening reported by Barrett and Tam using phenyl- 
and cyclohexyl-substituted cyclopropanes, respectively.  

In the substrate-controlled selectivity case, trisubstituted cyclopropanes are 
typically employed as starting materials. Their reaction with transition metals 
can lead to the formation of either a primary or a tertiary organometallic 
species. Because the primary organometallic species is thermodynamically 
favored, selectivity arises from cleavage of the bond that generates it. This 
type of selectivity is observed independently of the pathway followed by the 
metal, whether oxidative addition or -elimination (Scheme 10).2, 56 The 
presence of an alkene moiety conjugated with the cyclopropane also facilitates 
the oxidative addition by coordination of the metal complex and enhances the 
selectivity of the C-C cleavage.  
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Scheme 10. Selectivity in the opening of alkylidene cyclopropanes by transition 
metal-mediated oxidative addition or -elimination. The formation of the primary 
organometallic species is favored.  

In this context, alkylidene cyclopropanes, featuring an exocyclic alkene, 
possess a higher ring strain energy (39 kcal/mol) compared to 
alkenylcyclopropanes (28 kcal/mol for vinylcyclopropanes).57, 58 As a result, 
several protocols have been developed that combine the opening of alkylidene 
cyclopropanes with a following functionalization, employing late transition 
metals.59-62 Among these, ring-opening hydrosilylation has been reported 
using Rh, La and Ni catalysts, while Co catalysis has enabled a tandem 
hydrosilylation-hydroboration sequence.63-67. In addition, asymmetric variants 
of these and related ring-opening-functionalizations have also been 
developed. (Scheme 11).68, 69 
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Scheme 11. Examples of late transition metal-catalyzed combined opening and 
hydrosilylation of alkylidenecyclopropanes. a) Marek’s Rh-catalyzed ring opening 
and hydrosilylation of alkylidenecyclopropanes. b) Zhao’s group’s Ni(0)-catalyzed 
opening and hydrosilylation of alkylidenecyclopropanes. The reaction is E selective 
and enantioselective at the silicon. C) Shaozhong Ge’s Co-catalyzed one-pot 
hydrosilylation and hydroboration of alkylidenecyclopropanes. The same 
transformation could be realized in two steps in an enantioselective fashion employing 
a Cu-based catalyst.  

Recently an interesting alternative method to control the selectivity has been 
reported, involving the cobalt catalyzed ring opening of vinylcyclopropanes. 
In this methodology the ligand choice determines the mechanism of the 
reaction (oxidative addition or -carbon elimination) and the selectivity in 
bond cleavage (Scheme 12).70 
 

 
Scheme 12. Co-catalyzed ring opening of vinylcyclopropanes. a) Using xantphos as 
ligand, a CoI species is generated and selective C2-C4 cleavage occurs via oxidative 
addition. b) Using PNP as ligand results in the generation of a Co-H species and 
selective C2-C3 cleavage occurs via -carbon elimination. 
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In contrast, the remote ring opening of unactivated cyclopropanes remains a 
significant challenge, and only a few examples have emerged in recent years. 
In 2018, Marek and co-workers introduced several protocols that enabled the 
distal cleavage of cyclopropylcarbinols and cyclopropanols, based on a 
catalytic palladium chain-walk triggered by an initial Heck coupling. In this 
case, the regioselectivity is directed by the alcohol, which coordinates the 
metal center (Scheme 13a). Notably, a walk up to nine carbons units could be 
achieved, yielding the E product with high regioselectivity.71,72, 73 
Mechanistically different, remote cyclopropane opening has been 
accomplished also using the ruthenium-based “alkene zipper” catalyst. 
Interestingly, in this case the ring opening takes place by by retro-ene 
rearrangement (Scheme 13b).74  

 
Scheme 13. Remote cyclopropane opening strategies. a) Marek’s Pd-catalyzed ring 
opening, proceeding via -C elimination. b) Marek’s Ru-catalyzed ring opening 
proceeding via retro-ene rearrangement.  

Additionally, several protocols have demonstrated that cyclopropane ring 
opening can occur via Lewis acid activation rather than through transition 
metal-mediated processes. For example, Shi’s group recently demonstrated 
that the ring opening of unactivated cyclopropanes can be achieved using 
strong Lewis acids, such as BBr3, in the absence of a directing group. This 
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strategy enables a one pot ring opening-hydroboration sequence with PhSiH3 
as the hydride source.75 A related transformation has been developed using 
cyclopropylamides as substrates. In this case, the amide functions as a 
directing and C-C bond activating group, allowing the use of milder Lewis 
acids such as catecholborane.76, 77 Similar strategies have been reported 
independently by Marek and Sun and Tang, where the Lewis acid catalyzed 
ring opening is combined with nucleophilic substitution.78-80  

Methodologies combining the ring opening and hydrosilylation of 
unactivated cyclopropanes have also been developed by Oestreich and co-
workers using silylium ions and by Yamamoto employing AlCl3.81-85 Despite 
these significant advances in cyclopropane opening catalyzed reactions, the 
development of strategies for the remote activation of cyclopropanes without 
directing groups remains necessary, ideally under mild conditions and 
employing early, non-toxic transition metals. Additionally, combining the 
opening with further functionalizations would also be desirable, as it would 
allow to broaden the synthetic toolbox to obtain complex molecules.  

1.3 Zirconocene complexes chemistry 
1.3.1 General introduction on zirconocene chemistry 
Early transition metal-based complexes exhibit a unique reactivity pattern, often 
orthogonal to that of their late counterparts. Among them, zirconium, the 18th 
most abundant element in earth’s crust, stands out for its low toxicity and cost-
effectiveness and is therefore highly attractive for applications in catalysis.9, 86, 

87 Unlike late transition metals, zirconium remains predominantly in the +4 
oxidation state and rarely undergoes redox processes during catalysis. 
While Zr(II) compounds are also known, they are highly reducing and 
considerably less stable than their Zr(IV) counterparts so they are generally 
transient species generated and reacted in situ.88 This redox stability 
provides a mechanistically distinct platform for catalysis compared with 
late transition metals.  

Among Zr(IV) compounds,  Cp2ZrCl2 and methylated complexes such as 
Cp2ZrMe2 have played a central role in catalytic olefin polymerization 
reactions, typically initiated by the addition of methylaluminoxane (MAO) or 
other strong Lewis acids which lead to the generation of an electrophilic 
cationic zirconocene species (Scheme 14a).89 This reactivity will be described 
in chapter 1.3.6.3.  

Beyond polymerization, the discovery of hydrozirconation by Wailes and 
co-workers and subsequent studies by Schwartz in the early 1970 marked the 
beginning of zirconocene hydride chemistry.90-92 These compounds typically 
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react with alkenes or alkynes to produces the corresponding alkyl or 
alkenylzirconium intermediates, which can react with electrophiles, providing 
a straightforward route to the functionalization of simple alkenes under 
remarkably mild conditions. Representative examples include alogenation, 
formylation, amination and oxidation.86, 93-98 The discovery that 
organozirconium compounds readily undergo transmetalation reactions 
greatly expanded their synthetic utility, enabling bond-forming 
transformations such as conjugate additions, Pd-catalyzed cross-coupling 
reactions and, ultimately, the zirconium-catalyzed asymmetric 
carboalumination (ZACA), (Scheme 14b).86, 99-106  

Overall, Zr complexes exhibit versatile reactivity, promoting both bond-
forming and bond-cleavage reactions. Additionally, the ability of zirconium 
to “walk” along an alkyl chain enables transformations remote from the initial 
alkene anchor site.  

Since our group’s 2019 report, zirconium(IV) hydride catalysis has gained 
renewed interest, driven by the development of milder strategies to generate 
them in situ, alternative to the classic use of strong hydride sources. 
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Scheme 14. a): Overview of the most common zirconium(II) and (IV) complexes. b): 
some applications of organozirconocene complexes in organic synthesis: conjugate 
addition, Negishi coupling, ZACA reaction. 

1.3.2 Properties and Generation of Zr(II) Species  
As mentioned in the previous paragraph, unlike Zr(IV) compounds, “pure” 14 
e- Zr(II) species have never been isolated, as they are too reactive and they are 
easily oxidazed to the more stable Zr(IV) state.107  

Originally, they have been prepared by metal reduction of Cp2ZrCl2, in 
particular using Mg and HgCl2, in presence of -accepting ligands as alkenes and 
alkynes.108, 109 This results in the formation of 16 e- alkene (or alkyne)-ZrII 
complexes, which react as an effective equivalent of “Cp2ZrII”. Later on, a more 
chemoselective and less toxic method was developed using 2 equiv of n-BuLi in 
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THF at -78 °C, which yields Cp2ZrBu2. Dialkylzirconium complexes containing 
-hydrogens are unstable, thus this species readily undergoes -hydrogen 

abstraction generating Cp2Zr( 2-butene) and releasing 1 equivalent of butane 
(Scheme 15a).110 This compound, known as Negishi’s reagent, acts as a 
“masked” source of Cp2ZrII that can be described as a resonance hybrid with its 
zirconacyclopropane form, which is formally a Zr(IV) complex. In a similar way, 
Zr(II)-alkyne complexes, such as Rosenthal’s reagent, are also known, and they 
are resonance hybrids with their zirconacyclopropene form (Scheme 15b).107,73 

 

 
Scheme 15. a) Generation of Negishi’s reagent. b) Rosenthal’s reagent. 

Zr(II) reagents can interact with another -ligand leading either to ligand 
substitution or to cyclic carbometallation, resulting in the formation of five-
membered zirconacycles.8, 107, 110 Interestingly, when enynes or dienes are 
employed, the corresponding zirconocene bicycles are formed.107, 109-112  

In particular, the enyne bicyclization has found application in some natural 
product synthesis, such as dendrobine.110 

More recent application of Negishi’s reagent in synthetic methodology will 
discussed in chapter 1.3.6.1. 

1.3.3 Zr(IV) hydrozirconation and generation of zirconocene  
hydrides. 

As mentioned in chapter 1.3.1, zirconocene hydrides, such as Schwartz’s reagent, 
represent a key class of Zr(IV) complexes. Most transformations involving them 
begin with hydrozirconation, which is an overall syn addition of the zirconium 
and the hydride across a double or triple bond to yield an alkyl- or 
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alkenylzirconium(IV) species, respectively.86 The hydrozirconation is reversible 
by -hydride elimination. Via multiple cycles of hydrozirconation and -hydride 
elimination, zirconocene hydrides are able to isomerize internal olefins to place 
Zr in the terminal, less hindered position of an alkyl chain.5 Several zirconocene 
hydride complexes have been isolated and characterized, the most common being 
zirconocene dihydride (Cp2ZrH2, 41) and Schwartz’ reagent (Cp2ZrHCl, 26). In 
particular, Cp2ZrH2 has been described as a polymeric and poorly soluble species; 
nevertheless 1H NMR studies revealed a dimeric structure, featuring both bridging 
and terminal hydrides.113, 114 Ballhausen and Dahl rationalized its polymeric 
character by proposing that the 16-electron d0 zirconium center possesses a vacant 
hybrid orbital available for intermolecular coordination.115 The structure of 
Schwartz’s reagent is also dimeric and it has been solved by micro-ED.116  

A summary of the methods to prepare different zirconocene hydride 
complexes is shown in Scheme 16. Zirconocene dihydride can be prepared by 
reaction of the corresponding zirconocene dichloride with LiAlH4, either 
directly or with the corresponding oxo-bridged chloride complex obtained by 
hydrolysis of the dichloride precursor.117 In contrast, replacement of LiAlH4 
with LiAl(Ot-Bu)3H allowed controlled hydride transfer, enabling the 
synthesis of either Schwartz' reagent (1 equiv) or zirconocene dihydride (2 
equiv).114, 117 In addition to the overreaction to Cp2ZrH2, the selective 
synthesis of Schwartz’s reagent using aluminum hydrides is also complicated 
by the sluggish filtration of aluminum salts, which interferes with the isolation 
of a pure product. Both of these problems were solved by using a filtered 
solution of LiAlH4 in ether, which allows to minimize salt contamination, and 
by introducing a wash with dichloromethane to efficiently convert Cp2ZrH2 
into Schwartz’s reagent.118 In an alternative procedure reported by Negishi, 
this reagent can be selectively synthetized with DIBAL-H in THF and it can 
be easily isolated as a pure compound by filtration of the byproduct, 
i-Bu2AlCl.THF. 119 

Interestingly, other hydride species have also been characterized. In 
particular, Wailes and Weigold isolated complex 42 obtained by reaction of 
Schwartz’s reagent with one additional equivalent of LiAlH4. Importantly, 
unlike zirconocene dihydride, this complex is soluble in organic solvents.117 
Boron-containing zirconocene hydrides have also been described. Treatment 
of zirconocene dichloride with two equivalents of LiBH4 affords the 
borohydride-bridged complex 43, characterized by a double hydrogen bridge 
with the tetrahydroborate. This complex readily reacts with trialkylamines, 
which promote bridge cleavage to generate zirconocene hydride species. 
Depending on the equivalents of amine employed, either the monohydride 
complex 44 or zirconocene dihydride 41 are obtained, together with the 
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corresponding amine–borane adduct.115, 120 These studies not only led to the 
characterization of new boron-bridged zirconocene hydrides, but also 
provided an alternative route to zirconocene dihydride.  

Zirconocene dichloride complexes are bench-stable, whereas zirconocene 
hydrides exhibit varying degrees of sensitivity to air and moisture, generally 
requiring glove-box storage and handling.86 For this reason, several protocols 
have been reported for their generation in situ from their corresponding 
dichloride complexes. Among these, the use of tert-butylmagnesium chloride 
in combination with Cp2ZrCl2 has been documented for the hydrozirconation 
of terminal alkenes, where Schwartz’s reagent is generated in situ following 
elimination of isobutene.121 Particularly noteworthy is Negishi’s 
hydroalumination method in which alanes containing -hydrogen atoms such 
as i-Bu3Al produce Schwartz’ reagent in situ by a transmetalation/elimination 
of isobutene sequence.105 Additionally, a  method using LiEt BH (also called 
“super hydride”) was introduced specifically for the hydrozirconation of 
acetylenes with acid-labile alcohol protecting groups, overcoming the 
limitations associated with aluminum hydrides and t-BuMgCl.122  

 

 
Scheme 16. Summary of the methods to obtain different zirconocene hydrides. 
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1.3.4 Zirconium hydride catalysis: towards milder methods for 
the generation of Zr-H 

Recently, several strategies have emerged to generate the active zirconium 
hydride catalyst in situ using milder activation methods, thus circumventing 
the use of strong hydride reagents. The key mechanistic insight of these 
methods is that the Schwartz’s reagent can be regenerated from Zr-OR 
intermediates with milder hydride sources, such as silanes and pinacolborane. 
The transformation is thermodynamically driven by formation of a strong Si–
O  and B-O bond and benefits from the oxophilicity of both zirconium and 
silicon/boron. The first application of this concept was reported in 2020 by 
Lipeng Wu and co-workers for the remote synthesis of terminal 1,1-
diborylalkanes from terminal and internal alkenes. According to the proposed 
mechanism, LiOMe first reacts with Cp2ZrCl2 to form Cp Zr(OMe)2, a key 
intermediate that subsequently reacts with pinacolborane to form Cp2ZrH2 and 
methoxypinacolborane as a byproduct.  This species then reacts with a second 
equivalent of HBpin, releasing H2 and forming Zr(H)Bpin, which acts as the 
active catalytic species (Scheme 17a).7 Similarly, silanes have been 
successfully employed in combination with Schwartz’s reagent or Cp2ZrCl2 
in catalytic protocols for the reduction of carbonyls, polyesters and 
polycarbonates (with notable applications in plastic waste recycling) and even 
for the challenging selective conversion of esters and amides to imines or 
enamines.96, 123 In these examples the zirconocene alkoxide intermediates are 
generated in situ upon reduction of the carbonyl. This species further reacts 
with silane to form siloxanes, regenerating the Schwartz’ reagent.  

The generality of this activation mode was further illustrated by Romero 
and co-workers in a catalytic semireduction of alkynes using 
dimethoxymethylsilane and isopropanol.124 Notably, Schwartz's reagent could 
be replaced by Cp2ZrCl2 in the presence of catalytic amounts of NaOMe, 
providing strong evidence for catalyst regeneration through a zirconocene 
alkoxide intermediate (Scheme 17b). 
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Scheme 17. Methods to generate zirconocene hydrides. a) Wu’s 1,1-diboration 
employing LiOMe and pinacolborane. b) Romero’s semireduction of alkyne 
employing NaOMe and dimethoxymethylsilane. 

Finally it is noteworthy to mention that HBpin has also been employed directly 
with both Schwartz's reagent and zirconocene dihydride in catalytic 
hydroboration and dehydrogenative boration reactions, where it regenerates 
the acive zirconocene hydride without the need for additional activators.125  

All these examples clearly show how the regeneration of the zirconocene 
catalysts from milder hydride sources is possible. 

1.3.5 Chain walking mechanisms and regiochemistry of 
hydrozirconation 

The ability of transition metals to migrate along a hydrocarbon chain ("metal 
walk") has emerged as a powerful strategy for remote functionalization, 
allowing transformations to occur independently of the initial position or 
geometry of the olefin.126 The selectivity of the process can be controlled when 
coupled with a thermodynamically favored termination event.127 As 
mentioned in chapter 1.3.1, zirconocene complexes display such “metal walk” 
ability with different mechanisms. In particular, zirconium(IV) complexes are 
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discussed to operate through a 1,2-hydride shift pathway, while zirconium(II) 
complexes are proposed to follow a 1,3-hydride shift mechanism.   

The 1,2-hydride shift mechanism, operated by Zr(IV) complexes requires 
a metal center with an empty orbital. The alkene inserts into the zirconium – 
hydride bond (hydrozirconation), generating an alkylzirconium species Q that 
can than undergo -hydride elimination with a different -hydride. This step 
restores the zirconocene hydride and forms a new olefin S with the double 
bond shifted relative to its original position. As the process is reversible, 
multiple iterations are possible, generally leading to the thermodynamically 
favored primary organometallic species (Scheme 18a). Consistent with this 
mechanism, the use of deuterozirconocenes such as Cp Zr(D)Cl results in 
extensive deuterium scrambling along the alkyl chain as a consequence of 
repeated hydrozirconation/ -hydride or deuteride elimination cycles.128  

The 1,3-hydride shift may occur through an inner or outer-sphere 
mechanism. The inner-sphere pathway, followed by Zr(II) complexes, 
requires a metal complex with two empty orbitals; one used to coordinate the 
olefin and one for the C-H allylic activation. This interaction leads to the 
formation of ³-allyl–metal–hydride intermediate V, which then releases the 
isomerized olefin-metal complex W through reductive elimination. 
Importantly, the formation of a W-shaped allylzirconocene is favored, leading 
to the formation exclusively of trans-zirconacyclopropanes (Scheme 18b).126, 

129 In contrast to Zr(IV) chemistry, stoichiometric deuterium-labeling studies 
employing Negishi’s reagent consistently revealed regioselective isotope 
migration, rather than extensive scrambling, in agreement with the proposed 
1,3-hydride shift mechanism.5, 130 
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Scheme 18. Mechanisms for the zirconium-walk. a) 1,2-hydride shift mechanism with 
Zr(IV) complexes. b) 1,3 hydride shift mechanism with Zr(II) complexes. 

Complementary quenching experiments with D2O have been instrumental in 
elucidating the regiochemistry of the hydrozirconation-isomerization of 
alkenes because they allow the “trapping” of the alkyl zirconocene 
intermediates formed. This approach enabled two key observations: a) that 
chelation of the zirconocene by some functional groups in the alkene moiety 
can favor isomerization of the alkene in specific positions b) that kinetically 
controlled hydrozirconation favors the site with more negative electrostatic 
potential, in particular benzylic positions.86, 128, 131 

An example of remote functionalization is the hydrosilylation reaction, 
which will be discussed in detail in the next chapter. 

1.3.6 Zr- mediated transformations 
1.3.6.1 Zr(II) catalyzed hydrosilylation 
A series of studies conducted in 1991 by Negishi and Takashi, Waymounth 
and Corey explored the feasibility of a Zr(II)-catalyzed hydrosilylation.29-31 
These reports all employed the highly reactive Negishi’s reagent, generated in 
situ using stoichiometric amounts of organometallic activators (EtMgBr or n-
BuLi).  The primary objective was elucidating the reaction mechanism and 
investigating how reaction conditions influence the chemoselectivity, 
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particularly in comparison to other competing processes observed, specifically 
alkane reduction, dehydrogenative hydrosilylation and silane polymerization.  

During mechanistic investigations, Negishi isolated the 
silyl(hydrido)zirconocene dimer 51 (Scheme 19), proposed to arise from 
oxidative addition of diphenylsilane to Negishi's reagent. Although this dimer 
was catalytically inactive, addition of the donor ligand PMe3 enabled the 
isolation of the corresponding monomeric complex 52, which efficiently 
promoted the hydrosilylation of 1-octene at 60 °C. These experiments 
provided the first experimental evidence that monomeric 
silyl(hydrido)zirconocene complexes are the catalytically active species.  

 

 
Scheme 19. Negishi and Takashi’s Zr(II)-catalyzed hydrosilylation and related 
mechanistic studies. 

A more in-depth theoretical study elucidating the mechanism of the Zr(II) 
catalyzed alkene hydrosilylation was later conducted by Sakaki in 2004 on 
SiH4 and ethylene using a combination of DFT and MP2-MP4(SDQ) 
methods.132 A summary of the proposed catalytic cycles is shown in Scheme 
20. These studies concluded that both Cp2Zr(ethylene) 54 and the 
silyl(hydrido)-zirconocene monomer 55 postulated by Negishi are competent 
active catalyst for the reaction. These species are in thermal equilibrium, 
therefore when the concentration of silane exceeds that of ethylene, the 
silyl(hydrido)-zirconocene 55 is present in much higher concentration. A 
fundamental finding of this investigation is that olefin insertion into the Zr-Si 
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bond from 55 is highly endergonic, thereby excluding the modified Chalk–
Harrod mechanism as a viable pathway. In contrast, ethylene insertion into the 
Zr-H bond proceeds with a low activation barrier, affording 56. Another key 
observation is that the catalytic cycle can also begin with the coupling reaction 
between Negishi’s reagent and SiH4, leading to intermediates 56 or 57 through 
Si-H -bond activation, similar to metathesis. This reaction proceeds through 
the bonding overlap between the d - * bonding orbital of Negishi’s reagent 
and the Si-H * orbital.  Importantly, their investigation ruled out product 
formation through direct C-Si reductive elimination and C-H reductive 
elimination from intermediates 56 and 57 respectively, which are the key final 
steps of the Chalk-Harrod and modified Chalk-Harrod mechanisms. These 
pathways are associated with a large activation barriers and are highly 
endergonic, because the d orbitals of Zr(II) are significantly higher in energy 
than those of late transition metals. However, ethylene assisted C-H or C-Si 
reductive elimination (X and Y, respectively) are feasible scenarios because 
the coordination of the ethylene to the Zr strongly stabilizes the corresponding 
transition states. The product can also be released through metathesis with the 
silane from intermediates 56 or 57 (Z and AA).  
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Scheme 20. Energetically feasible pathways for the Zr(II) catalyzed hydrosilylation 
according to the theoretical studies of Sakaki using SiH4 and ethylene as model 
substrates. 

Although these calculations provided important insight into this reaction, they 
were conducted on a simplified model system, consisting of ethylene and SiH4 
and it does not take into account bulkier and sterically more hindered 
substrates. The scope exploration for this reaction remained limited to only 
few examples and a broadly applicable method for the Zr(II) catalyzed 
hydrosilylation was not realized. The methodology was limited by the 
competing alkane reduction and dehydrogenative silylation and by the use of 
reactive organometallic reagents to generate the low valent Zr species in situ. 
Nonetheless, the reaction was shown to be highly terminal-regioselective and 
even a couple of internal alkenes such as -methylstyrene and 2-octene could 
be successfully converted into the terminal hydrosilylated product, 
highlighting the potential for a migrative alkene hydrosilylation catalyzed by 
a non-toxic group IV metal.  

1.3.6.2 Zr mediated and catalyzed -heteroatom elimination  
As mentioned in chapter 1.3.1, both Schwartz’s reagent and Negishi’s reagent 
are able to promote cleavage reactions. In particular, in 1994 and 1996 Cénac 
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et al. reported that unsaturated heterocycles undergo ring-opening by reaction 
with stoichiometric quantities of Cp2ZrHCl.133, 134 Interestingly, while the opening 
of five-membered phosphorus-containing heterocycles is triggered by the 
addition of an electrophile after hydrozirconation, dihydrofurans undergo 
spontaneous ring opening through a hydrozirconation/ -O elimination sequence. 
This mechanistic difference is due to the oxophilic nature of zirconium, which 
remains bonded to the oxygen at the end of the process (Scheme 21 a and b). Six- 
and seven-membered oxygen-containing heterocycles can also be successfully 
opened, while silicon and boron ones are unreactive. 

 
Scheme 21. Zr-mediated opening of unsaturated heterocycles. a) opening of 
phosphorus containing heterocycles. b) opening of dihydrofurans. 

Following the initial reports on heterocycle opening, the ability of zirconocene 
complexes to promote -heteroatom elimination was rapidly expanded to a 
broader range of substrates. In particular, Marek and Liard extended this 
transformation to enol ethers using Negishi's reagent, and a catalytic version 
was later reported (Scheme 22a).5, 135-137 More importantly, Marek and co-
workers later exploited the chain-walking ability of Negishi's reagent to 
achieve the remote cleavage of ethers, chlorides and alcohols, extending the 
transformation to functional groups located up to six carbon atoms away from 
the initial alkene (Scheme 22b).5, 138 Additionally, the remote cleavage of ether 
functionalities was also achieved using stoichiometric amounts of Schwartz's 
reagent. However, this protocol is not applicable to hydroxy groups because 
the zirconium intermediate is trapped in the -position as an oxazirconocyclic 
intermediate.5, 139 Building on these studies, our group reported in 2019 the 
first catalytic protocol for the defunctionalization of allylic, vinylic and enol 
ethers, as well as allylic amines, using catalytic amounts of Cp2ZrCl2. 140 One 
year later, this methodology was extended to the catalytic remote cleavage of 
the same functional groups using rac-ebthiZrCl2, representing the first 
example of catalytic chain walking promoted by an early transition metal 
(Scheme 22c).6  
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Scheme 22. Zirconium-mediated cleavage reactions of ethers. a) cleavage of enol 
ethers using stoichiometric quantities of Negishi’s reagent. b) remote ether cleavage 
using stoichiometric quantities of Negishi’s reagent c) our group’s Zr-catalyzed 
remote cleavage of ethers, amines and thioethers using catalytitc quantities of rac-
ebthiZrCl2. 

1.3.6.3 Zr- promoted -carbon elimination reactions 
In addition to -heteroatom cleavage reactions, a few examples of Zr- 
mediated -carbon eliminations have been reported. In particular, Tang’s 
group demonstrated that 1,4-polybutadiene undergoes controlled 
depolymerization in presence of Cp2ZrHCl.141 Interestingly, their results 
showed that exclusively polyene containing at least three double bonds could 
undergo such chain scission reaction, while simple alkenes were not affected. 
According to their mechanistic hypothesis, the reaction proceeds via 
hydrozirconation followed by -alkyl elimination (Scheme 23).  
 

 
Scheme 23. 1,4-polybutadiene chain-scission mediated by the Schwartz’s reagent. 
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Inspired by Negishi’s hydroalumination reaction, 105 they were also able to 
perform the same transformation in a catalytic fashion employing Cp2ZrCl2 in 
combination with i-Bu3Al as hydride donor. Following this study, the same 
group reported the scission of polychloroprene mediated by Schwartz’s 
reagent. 142 After initial hydrozirconation, the mechanism of the chain scission 
involves an alternative sequence of -Cl and -carbon elimination, yielding 
oligomers partially dechlorinated. The authors were able to perform this 
transformation catalytically using a combination of LiH and H2 to regenerate 
the active Cp2ZrHCl catalyst.  

Finally, it is worth mentioning that -Me elimination has been observed as 
chain-terminating step in early transition metal catalyzed polymerization of 
propylene, especially using zirconocene catalysts.89 In these reactions the 
active species involved is a cationic zirconocene, generated by reaction of 
zirconocene dichloride or demethylzirconocene with methylaluminoxane 
(MAO) or other strong Lewis acids. After several cycles of 1,2-insertions, the 
chain terminating event is usually a -hydride elimination. However, in 
particular conditions, such as the presence of bulky ligands on the metal 
center, it has been observed that -Me elimination takes place instead. This 
experimental observation has been rationalized by Teuben. In his study he 
highlights that the group undergoing -elimination aligns with the metal d 
orbital. When the catalyst employed for the polymerization has bulky ligands, 
such as Cp2*ZrCl2, the transition state for -hydride elimination lies at a higher 
energy than that of -Me elimination, due to steric repulsion between the Cp* 
ligand and the methyl group. Therefore, -Me elimination results favored 
(Scheme 24). 
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Scheme 24. -Me elimination observed as chain-terminating step during 
polymerization reactions using cationic zirconocene catalysts. 
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1.3.6.4 Cyclopropane opening 
Building on previous reports,143, 144 Marek’s group extensively investigated 
the remote activation of cyclopropanes with stoichiometric quantities of 
Negishi’ s reagent.145-148 In several subsequent studies, they applied their 
methodology to the opening of alkylidene cyclopropanes, -ene 
cyclopropanes, -ene spiro[2,2]pentanes and -ene cyclopropyl methyl 
ethers. Mechanistically, this method allowed the selective C2-C3 cleavage of 
cyclopropanes and functionalization with two different electrophiles. 
Addition of THF and stirring the reaction mixture for additional 3 h at 55 °C 
before functionalization revealed to be necessary to obtain the E product with 
high stereoselectivity.2 According to their mechanistic hypothesis, Negishi’s 
reagent reacts with the remote double bond forming zirconacyclopropane 
species 73. Subsequent isomerization via consecutives 1,3 hydride shifts leads 
to the formation of species 74, with the zirconacyclopropane in proximity to 
the cyclopropane ring. At this point, an irreversible ring opening takes place 
via selective C2-C3 -elimination with formation of the -alkyl- -
allylzirconocene intermediate 75. Such a bimetallic species can react 
selectively with two different electrophiles. Indeed, the more reactive 
allylzirconocene moiety reacts first with carbonyls, while the 
alkylzirconocene reacts with smaller electrophiles like I2, leading to the 
formation of the final product 72. (Scheme 25).  

 
Scheme 25. Mechanism of Marek’s Zr(II)-catalyzed cyclopropane opening. 

Despite the broad applicability of the protocol and the structural versatility 
achievable by varying the electrophiles, the method currently relies on 
stoichiometric amounts of the highly reactive Negishi’s reagent, requiring 
organometallic activators and cryogenic conditions in the first step. 
Nevertheless, this strategy paved the way for achieving this transformation 
under catalytic conditions. Building on the results for the remote -heteroatom 
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cleavage, 6, 140 our group became interested in realizing a method for the 
zirconium catalyzed C-C cleavage of alkenylcyclopropanes. Preliminary 
results were obtained using model substrate 76 (Scheme 26). In particular, the 
optimized conditions were found in the use of 10 mol% rac-(ebthi)ZrCl2 as 
catalyst, 1.5 equiv of LiAlH4 as hydride donor and 0.5 equiv of N-
methylpyrrolidine. Under these conditions, selective C2-C3 cleavage took 
place, affording the ring-opened product 77 in 90% yield. In the -heteroatom 
cleavage protocol it was already found that the addition of 0.5 equiv NMP has 
a large impact on the yield, probably due to the formation of intermediate 82, 
hypothesized by Chris Matt by 1H and 27Al NMR.149 This species is a strong 
Lewis acid and could be the active hydride donor for the (re)generation of the 
zirconocene hydride. With the optimized conditions in hand, two more 
substrates (78 and 80) were synthetized and tested by Chris Matt and Florian 
Saß, obtaining the corresponding products resulting from the selective C2-C3 
cleavage 79 and 81 in high yields (Scheme 26).  
 

 
Scheme 26. Preliminary results by Christof Matt and Florian Saß for the Zr-catalyzed 
cyclopropane opening. 

While the work in this thesis was in progress, a protocol for the tandem 
opening of cyclopropylamides and hydroboration has been reported by Wu’s 
group.52 The reaction is catalyzed by Cp2ZrCl2 and uses K2CO3 as mild catalyst 
activator. Interestingly, the author proposed that these two reagents form 
Cp2ZrCO3 in situ, which then reacts with pinacolborane to generate the active 
species, Cp2ZrH2. The key steps of their proposed mechanism involve N-H 
activation via metathesis with Cp2ZrH2 producing intermediate AF, which 
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undergoes -carbon elimination (Scheme 27). This method represents the first 
Zr(IV) catalyzed protocol for the opening of cyclopropanes; however, the 
scope of this method is limited to cyclopropanes in direct conjugation with 
amides, making a remote opening inaccessible. 
 

 
Scheme 27. Zr(IV) catalyzed opening of cyclopropyl amides, mechanistic aspects and 
catalyst generation 

In conclusion, the selective C-C bond cleavage of unactivated cyclopropanes 
remains a significant challenge, therefore the development of a catalytic 
protocol is highly desirable. The ability of zirconocene complexes to promote 

-elimination reactions, together with their chain-walking ability, makes them 
suitable candidates to realize this transformation in a remote fashion, in 
absence of directing groups.  

1.4 Aim and thesis outline 
This thesis investigates both bond-forming and bond-cleavage reactivity of 
Zr(IV) complexes. In particular, chapter 2.1 describes the work presented in 
manuscript I, which focuses on the development of a novel C-C bond cleavage 
reaction of unactivated alkenylcyclopropanes.  Chapter 2.2 summarizes the 
results of paper II, about a novel hydrosilylation reaction. Both 
transformations rely on an efficient zirconium migration along the alkyl chain, 
enabling remote transformations.  

Chapter 2.1 begins with the synthesis of the alkenylcyclopropane substrates, 
followed by the substrate scope under the reaction conditions developed by 
Christof Matt. Limitations were found that prompted a new optimization 
(chapter 2.1.3) and the new conditions were applied to monosubstituted 
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alkenylcyclopropane substrates (chapter 2.1.4). One of the objectives was to 
find an alternative hydride donor to generate the active zirconocene hydride 
catalyst in situ and it was discovered that a combination of LiOMe and silanes 
was successful. This led to the development of a combined remote ring-opening 
and hydrosilylation reaction (chapter 2.1.6). The same activation strategy was 
subsequently applied to the zirconium complex used in the hydrosilylation 
methodology (chapter 2.2). Mechanistic investigation and proposed mechanism 
are presented for both projects (chapters 2.1.5 and 2.2.3, respectively). 
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2 Results and discussion  

2.1  Zr catalyzed remote C-C bond cleavage reaction of 
alkenylcyclopropanes 

2.1.1 Substrate synthesis 
To investigate the scope of the C-C cleavage, a series of disubstituted and 
monosubstituted alkenylcyclopropanes were synthetized (Scheme 28b and 
Scheme 33b respectively) The disubstituted series was prepared through a 
common strategy involving a Simmons-Smith cyclopropanation on an allylic 
alcohol or homoallylic alcohol derivative, followed by Swern oxidation to the 
corresponding aldehyde and Wittig reaction with a phosphonium salt to yield 
the final product as a cis/trans mixture (Scheme 28a).  
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Scheme 28. a) General synthetic route for the disubstituted substrates series. 
Conditions A: Et2Zn (2.5 equiv - 3.0 equiv) , CH2I2 (2.0 - 3.0 equiv), DCM (0.1 M), 
0 °C to rt, 16 h. Conditions B: oxalyl chloride (1.1 equiv), DMSO (2.2 equiv), Et3N 
(5.0 equiv), DCM (0.2 M), -78 °C to rt, 2 h. Conditions C: n-BuLi (1.4 - 2.4 equiv), 
THF (0.1 M), 0 °C to rt, 16 h. b) disubstituted substrates synthetized following the 
general route showed in a). Below each compound the E/Z ratio is indicated. 

Different synthetic approaches were employed to access the allylic and 
homoallylic alcohol precursors required for the Simmons–Smith 
cyclopropanation, depending on the availability of commercial starting 
materials. For example, homoallylic alcohol 93, used in the synthesis of 91, was 
readily obtained through a Wittig olefination between 1-naphthaldehyde and pre-
synthesized 3- hydroxypropyltriphenylphosphonium bromide 94 (Scheme 29a). 
In contrast, the synthesis of precursor 95, required for 92, involved an initial 
Horner–Wadsworth–Emmons olefination. (Scheme 29b).  
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Scheme 29. a) synthesis of precursor 93. Conditions A: n-BuLi (2.4 equiv), THF (0.1 
M), 0 °C to rt, 16 h. b) synthesis of precursor 95. Conditions B: NaH (1.5 equiv), THF 
(0.4 M), 0 °C to rt, 20h.  

The Simmons–Smith cyclopropanation, performed using Et2Zn and CH2I2 was 
particularly efficient on allylic alcohols, due to coordination of the alcohol 
substrate to the Zn, while on homoallylic alcohols the reaction required a 
larger excess of Et2Zn to achieve full conversion. Nonetheless, the reaction 
consistently afforded the desired cyclopropanes in high yield and with 
complete retention of the E stereochemistry of the alkene. On compound 95, 
however, an alternative approach based on the Corey-Chaykovsky 
cyclopropanation was initially investigated, using trimethylsulfoxonium 
iodide and NaH in DMSO.150 Although formation of the desired cyclopropane 
was observed, the reaction consistently suffered from incomplete conversion. 
In particular, the outcome was highly sensitive to the temperature profile, 
requiring an initial stirring period at room temperature prior to mild heating, 
a condition that proved challenging to reproduce consistently. Since a robust 
Corey–Chaykovsky protocol could not be established, the ester was reduced 
with DIBAL-H, affording the corresponding allylic alcohol 96 in 98% yield, 
which was then subjected to a Simmons–Smith cyclopropanation, giving 97 
in quantitative yield. The synthesis of 92 was completed by oxidation to 
aldehyde 98 (27% yield) followed by Wittig homologation, which was 
performed in two steps: synthesis of the enol ether 99 using 
methoxymethyltriphenylphosphonium chloride and LHMDS (58% yield), 
followed by acidic hydrolysis (2 M HCl, 90 °C) to afford the homologated 
aldehyde 100 in 91% yield. Subsequent Wittig reaction with pre-synthesized 
isobutyltriphenylphosphonium bromide 101 furnished 92 in 74% yield 
(Scheme 30). Compound 92 was obtained in 5% yield over six steps.  
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Scheme 30. Steps for the synthesis of 92 starting from 95. Conditions A:  DIBAL-H 
(2.0 equiv), DCM (0.3 M), 0 °C to rt, 16 h. Conditions B: Et2Zn (2.5 equiv), CH2I2 
(2.0 equiv), DCM (0.1 M), 0 °C to rt, 16 h. Conditions C: Oxalyl chloride (1.1 equiv), 
DMSO (2.2 equiv), Et3N (5.0 equiv), DCM (0.2 M), -78 °C to rt, 2 h. Conditions D: 
methoxymethyltriphenylphosphonium chloride (1.2 equiv), LHMDS (1.4 equiv), 
THF (0.1 M), 0 °C to 55 °C, 3 h. Conditions E: 2 M HCl (10.0 equiv), THF (0.2 M), 
90 °C, 30 min. Conditions F: n-BuLi (1.4 equiv), THF (0.1 M), 0 °C to rt, 16 h.  

The synthesis of 91 from 93 was concluded with a Simmons-Smith 
cyclopropanation, affording 102 in 72% yield. Subsequent oxidation of the 
alcohol furnished 103 in 61% yield. Wittig with isobutyltriphenylphosphonium 
bromide 101 gave the final product 91 in 69% yield (Scheme 31).  
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Scheme 31. Synthesis of substrate 91. Conditions A: Et2Zn (3.0 equiv), CH2I2 (3.0 
equiv), DCM (0.15 M), 0 °C to rt, 22h. Conditions B: oxalyl chloride (1.1 equiv), 
DMSO (2.2 equiv), Et3N (5.0 equiv), DCM (0.2 M), -78 °C to rt, 2 h. Conditions C: 
n-BuLi (1.4 equiv), THF (0.1 M), 0 °C to rt, 17 h.     

In contrast, the synthesis of substrates 89 and 90 started with the reduction of 
(E)-4-Phenylbut-3-enoic acid methyl ester with LiAlH4 to obtain the 
corresponding homoallylic alcohol 104 in 92% yield. Simmons-Smith 
cyclopropanation afforded 105 in quantitative yield. Swern oxidation gave 
106 in 70% yield. Wittig reaction with phosphonium salt 94 furnished 107 in 
66% yield. This precursor was converted into substrate 89 via SN2 reaction 
with iodomethane (80% yield). Substrate 90 was instead obtained by reaction 
of 107 with TIPS chloride in 89% yield (Scheme 32). 

Phosphonium salts 94 and 101 were synthetized by refluxing the 
corresponding alkyl bromides with triphenylphosphine in toluene and 
obtained in 18-91% yield. 
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Scheme 32. Synthesis of substrates 89 and 90. Conditions A: LiAlH4 (2.0 equiv), Et2O 
(0.25 M), 0 °C to rt, 2h. Conditions B: Et2Zn (3.0 equiv), CH2I2 (3.0 equiv), DCM 
(0.15 M), 0 °C to rt, 19h. Conditions C: oxalyl chloride (1.1 equiv), DMSO (2.2 
equiv), Et3N (5.0 equiv), DCM (0.2 M), -78 °C to rt, 3 h. Conditions D: n-BuLi (2.4 
equiv), THF (0.1 M), 0 °C to rt, 17 h. Conditions E: NaH (60% in mineral oil, 2.0 
equiv), iodomethane (3.0 equiv), THF (0.1 M), 0 °C to rt, 16 h. Conditions F: TIPS 
chloride (1.1 equiv), imidazole (3.0 equiv), DCM (0.1 M), 0 °C to rt, 16h.    

The monosubstituted cyclopropanes 109-120 in Scheme 37  were readily 
synthetized in two steps via a Wittig reaction between pre-synthetized 
(cyclopropylmethyl)triphenylphosphonium bromide 108 and various 
commercially available aldehydes. 
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Scheme 33. Synthesis of alkenylcyclopropanes 109-120. Below each structure is 
reported the E/Z ratio and the yield.  
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While (cyclopropylmethyl)triphenylphosphonium bromide 108 was 
synthetized using the same procedure as compounds 94 and 101, starting from 
cyclopropylmethyl bromide, the phosphonium salts 121 and 122 required for 
the synthesis of 118, 119, and 120 necessitated a more elaborate synthetic 
route. (Scheme 34).  

 
Scheme 34. a) Synthesis of phosphonium salt 121. Conditions A: TIPSCl (1.1 equiv), 
imidazole (3.0 equiv), DCM (0.2 M), rt, 16 h. Conditions B: CHBr3 (12 equiv), KOH 
(18 equiv), EtOH (5 mol%), benzyltriethylammonium chloride (10 mol%), DCM (0.2 
M), 0 °C to rt, 3 h. Conditions C: EtMgBr (3.0 equiv), Ti(O-iPr)4 (10 mol%), THF 
(0.3 M), 0 °C to rt, 20 h. Conditions D: 3M HCl in MeOH (30 equiv), MeOH (0.3 M), 
rt, 30 min. Conditions E: NBS (1.2 equiv), PPh3 (1.2 equiv), TBAB (0.5 equiv), DCM 
(0.5 M), 0 °C to 45 °C, 2 h. Conditions F: PPh3 (1.1 equiv), toluene (2.0 M), 120 °C, 
24 h. b): Synthesis of phosphonium salt 122. Conditions G: Et2Zn (2.5 equiv), CH2I2 
(2.5 equiv), TFA (2.5 equiv), DCM (0.2 M), 0 °C to rt, 20h. 

For the synthesis of 121, Simmons-Smith cyclopropanation of 4-penten-1-ol 
resulted in very low yield. Therefore, an alternative synthetic route was 
developed (Scheme 34a). The olefinic alcohol, protected with TIPS chloride 
(123), was subjected to dibromocyclopropanation, using bromoform and 
ground KOH, affording 124 in 92% yield. The resulting gem-
dibromocyclopropane was then subjected to double debromination to afford 
the corresponding cyclopropane. Initial reduction attempts using Zn in acetic 
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acid or Zn in methanol saturated with NH4Cl proved unsuccessful. While both 
systems are effective for the reduction of dibromoalkanes, they exhibited poor 
selectivity towards dibromocyclopropanes, affording mixtures of mono- and 
debrominated products. Therefore, an alternative procedure was tested to 
achieve complete selectivity, which involved a Ti-catalyzed reduction using 
Ti(Oi-Pr)4 and an excess of EtMgBr.151 Interestingly, with this method the 
extent of the dehalogenation process can be controlled by tuning the amount of 
Grignard reagent employed: with 1.0-1.3 equiv the monodehalogenated product 
is obtained, while a larger excess (3.0-4.0 equiv) allows the full dehalogenation. 
The reduced product 125 was obtained in 51% yield. Finally, the protecting 
group was removed using 3 M HCl in MeOH providing alcohol 126 in 64% 
yield, which was converted into bromide 127 via a modified Appel reaction in 
64% yield. The addition of tetrabutylammonium bromide proved essential for 
complete conversion of the intermediate alkoxyphosphonium species. Finally, 
treatment of the 127 with triphenylphosphine furnished phosphonium salt 121 
in 75% yield. 121 was obtained in 8% total yield over six steps.  

For the synthesis of 122 (Scheme 34b), instead, an alternative Simmons-
Smith protocol was investigated. In particular, it has been reported that the 
addition of TFA improves the conversion for challenging cyclopropanations 
due to the formation of a more electrophilic zinc carbenoid species, Et-Zn-
OCOCF3. Application of this protocol to 10-undecen-1-ol afforded the 
corresponding cyclopropyl alcohol 128 in 72% yield. Subsequent Appel-type 
bromination and phosphonium salt formation as described above afforded 129 
and 122 in 82% and 47% yield respectively. Isolation of the phosphonium salt 
proved challenging due to its wax-like consistency. 122 was obtained in 27% 
total yield over three steps. 

Phosphonium salt 121 was reacted with 4-(dimethylamino)benzaldehyde 
and 3-(4-isopropylphenyl)-2-methylpropanal to afford substrates 118 and 119, 
in which the alkene moiety is positioned two carbons away from the 
cyclopropane unit. Phosphonium salt 122 was combined with 3-(4-
isopropylphenyl)-2-methylpropanal to obtain substrate 120, featuring eight 
carbon separation between the double bond and the cyclopropane.  

The resulting collection of mono and disubstituted alkenylcyclopropanes 
was subjected to the C-C cleavage conditions, which are be descrived in the 
following sections.  
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2.1.2 Scope and limitations with disubstituted cyclopropanes 
The scope for the C-C cleavage of disubstituted alkenylcyclopropane is shown 
in Scheme 35.  
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Scheme 35. Scope of the Zr-catalyzed C-C cleavage on disubstituted 
alkenylcyclopropanes. [a] amount of product deriving from ether cleavage observed. 
[b] mixture of alkene-containing ring-opened products isolated. 

Both substrates where the cyclopropane is directly conjugated with the alkene 
unit (87-88) and one carbon distant were investigated (89-92). These last ones 
were added to determine whether a remote C-C cleavage could be achieved. 
Gratifyingly both classes delivered the desired products. In particular, 
compound 135 was obtained in high yield (74%), establishing that this 
methodology can be applied to substrates in which a “chain walk” event is 
required prior to C-C cleavage.  
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However, when subjecting to the C-C cleavage conditions substrates 
containing an ether moiety (87-90) a side product arising from -ether 
cleavage (14-25%) was observed, indicating that -carbon and -ether 
cleavage are competing pathways when both functionalities are present in the 
molecule. The simultaneous formation of both products is consistent with a 
reversible hydrozirconation mechanism followed by bidirectional Zr-walk 
along the alkyl chain: the desired product results from migration in  position 
to the cyclopropane and subsequent C-C cleavage, while the side product 
derives from migration and consequent C-O cleavage in the opposite 
direction. The desired open chained products (130-133) were isolated in 
moderate yields (44-56%). Additionally, as discussed in chapter 1.2.3 the 
selectivity in the C-C cleavage of disubstituted or tetrasubstituted 
cyclopropanes is challenging since the cleavage of either cyclopropane bond 
would generate a similarly stable primary organozirconium intermediate. 
Nevertheless, across all scope entries only minor amounts of the linear 
product P-2 were observed (5–16%), indicating a surprisingly high degree 
of regioselectivity. As expected, the trisubstituted cyclopropane substrates 
synthetized by Florian Saß (78 and 80, Scheme 26) as well as substrate 92 
underwent selective ring opening to afford exclusively the branched isomer, 
while the linear product was not detected. However, from the catalysis with 
these substrates, products containing unreduced alkene units were also 
isolated. This indicates that the increased steric hindrance associated with 
the substitution pattern hampers the reduction of the double bond formed 
after -C elimination takes place (see paragraph 2.1.5). In particular, 134 
was obtained in 50% yield and a mixture of alkene isomers (25%) was 
isolated as well.  

Having established the reactivity of disubstituted alkenylcyclopropanes 
and the factors governing the bond cleavage selectivity, attention was turned 
to monosubstituted substrates. These substrates enabled the investigation of 
longer migration pathways, but also revealed the formation of new side 
products, prompting a new round of optimizations of the reaction conditions. 

2.1.3 Optimization of conditions for monosubstituted 
cyclopropanes 

 In contrast to the disubstituted series, exposing alkenylcyclopropane 109 to 
the C-C cleavage conditions led to two byproducts: 137 (9%), resulting from 
premature alkene reduction and 138 (11%), in which the double bond formed 
after the -elimination remained unreduced. The yield of the desired product 
136 was 61%, as determined by 1H NMR using mesitylene as an internal 
standard. (Scheme 36). 
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Scheme 36. Product distribution when submitting substrate 109 to the standard 
catalytic conditions. Yields were determined by analysis of the crude reaction mixture 
by NMR using mesitylene as an internal standard.   

To improve the yield and chemoselectivity we carried out a separate 
optimization, shown in Table 1. Increasing the temperature to 90 °C did not 
significantly affect the product distribution (entry 1).  Interestingly, 
switching the solvent to toluene resulted in the formation of compound 139, 
bearing a terminal double bond in 18% yield (entry 2). Decreasing the 
amount of LiAlH4 to 1.0 equivalents resulted in an improvement of the yield 
of the desired product 136, and compound 138 was no longer detected; 
however, the amount of 137 increased to 12% (entry 3). Using 1.0 equivalent 
of LiAlH4 in toluene led to a significant decrease in the formation of product 
137, while the amount of 138 remained unchanged in comparison to the 
earlier conditions in 2-MeTHF (entry 4). At this stage it became evident that 
a higher reaction temperature might be beneficial to reduce such a 
conjugated double bond. Indeed, performing the reaction at 100 °C with 1.5 
equiv of LiAlH4 afforded the desired product 136 in 67% yield with only trace 
amounts of product 137 and 138 (entry 5). Finally using 1.0 equivalents of 
LiAlH4 at 100 °C, the product was isolated in 71% yield and the byproducts 
were no longer detected (entry 6). Therefore, these conditions were chosen for 
the C-C cleavage protocol of monosubstituted alkenylcyclopropanes. 
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Table 1. Optimization of the reaction conditions using substrate 109. 

 
Entry X Solvent T / ºC Conversion (products 136, 

137, 138, 139)[a] 

1 1.5 2-MeTHF 90 55% of 136, 10% of 137, 
8% of 138 

2 1.5 Toluene 70 55% of 136, 7% of 137, 
18% of 139 

3 1.0 2-MeTHF 70 70% of 136, 12% of 137 

4 1.0 Toluene 70 50% of 136, 3% of 137, 
11% of 138 

5 1.5 Toluene 100 67% of 136, 4% of 137, 
traces of 138 

6 1.0 Toluene 100 71% of 136, 137 and 138 
n.d. (isolated) 

[a] Conversion determined by analysis of the crude reaction mixture using mesitylene as an 
internal standard. 

2.1.4 Scope and limitations of monosubstituted cyclopropanes 
These newly optimized conditions were applied to the monosubsituted 
alkenylcyclopropanes synthetized (substrates 109-120, Scheme 33). 
Gratifyingly, all the products were obtained in moderate to high yields (33-
91%, see Scheme 37).  
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Scheme 37. Scope of the Zr-catalyzed C-C cleavage of cyclopropanes using 
monosubstituted alkenylcyclopropanes 109-120 as substrates. [a] Reaction performed 
at 100 °C. [b] Amount of BP-1 obtained. [c] amount of BP-2 obtained.  

While products 140, 141 and 142 were obtained in 71%, 33% and 48% yield, 
respectively, by heating at 100 °C, byproduct BP-2 was still detected in the 
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catalysis with other substrates (7% for substrate 112 and 20% for 113 by crude 
NMR analysis). Therefore, it became evident that the alkene reduction is 
slower on styrene-like substrates, requiring higher temperatures to achieve 
complete conversion. In order to ensure complete suppression of this side 
product, the temperature was increased to 125 °C for these and all following 
scope entries. With this adjustment, BP-2 was not observed anymore. In 
contrast, minor amounts of BP-1 were consistently observed and from the 
catalysis with the naphtyl-substituted alkenylcyclopropane 116 it was isolated 
in 41% yield, while the desired product 145 was obtained in 29% yield. BP-1 
may arise from hydrozirconation with reversed regioselectivity, placing the 
zirconium in benzylic position. Such regioselectivity could be favored for this 
substrate because of a stabilizing interaction between the zirconium and the 
naphtyl ring. The amount of BP-1 in each catalysis may be substrate-
dependent and, in particular, the electronic nature of the aryl substituent may 
play a central role by stabilizing the organozirconium intermediate to different 
extents. Consistent with this hypothesis, it was not detected from the catalysis 
with non-styrene substrates 111, 115, 119 nor for ortho-toluene substituted 
alkenylcyclopropane 117, where steric hindrance in ortho position likely 
disfavors the formation of a benzylic organozirconium species. Importantly, 
these examples also demonstrate that steric hindrance either in the -position 
of the alkene or in the ortho position of the aryl ring does not prevent the 
desired transformation. Under the optimized conditions, product 143 was 
isolated in 67% yield (with 7% of BP-1) and 144 in 80% yield. Compounds 
146 and 147 were afforded in 73% and 84% yield, respectively, and 7% of 
BP-1 was detected in the catalysis with substrate 114. Notably, 148 was 
obtained in 78% yield. Finally, an efficient Zr-walk followed by C-C cleavage 
enabled the formation of the desired open chain products 149, 150 and 151 in 
high yields and selectivity. With substrate 118 deconjugation followed by 
walk over two carbons delivered product 149 in 78% yield, with 4% of BP-1 
and 5% of BP-2. Substrate 119 underwent selective opening to give 
exclusively ring opened product 150 in 91% yield. Remarkably, in substrate 
120 a migration over eight carbons takes place, affording the desired product 
151 in 67% yield. 

In contrast, substrates bearing a thiophene, a para-CF3 and a 
trimethoxybenzyl groups (152-154, Scheme 38) were not tolerated and 
decomposed under the reaction conditions. Interestingly, a substrate 
containing a diene moiety (155) delivered the open chain product but together 
with a complex mixture of alkenes, inseparable by column chromatography. 
Surprisingly, substrate bearing a para-benzyloxy substituent 156 gave the 
desired product in 51% yield, together with a byproduct arising from a double 
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defunctionalization: cyclopropane opening and debenzylation, in 44% yield. 
The reaction was Zr-catalyzed and could not be suppressed by shortening the 
reaction time. This represents an intriguing result because the ether 
functionality is not in conjugation with any alkene moiety; therefore, this 
transformation likely proceeds through a different pathway.  

 
Scheme 38. Limitations of the Z-catalyzed cyclopropane opening with 
monosubstituted alkenylcyclopropanes 152-156.  

Lastly, “electrophile trapping experiments” were performed to probe the 
possible formation of an alkylaluminum species (AG) at the end of the 
catalytic cycle. After subjecting substrate 115 to the catalytic conditions, the 
work-up procedure was modified by replacing quenching with 1 M HCl with 
NBS and D2O, respectively. With these modifications, the terminally 
brominated product 158 was obtained in 65% yield, and terminally 
deuterated product 157 was afforded in 80% yield (Scheme 39). The 
terminal-functionalized product was obtained with complete selectivity, 
confirming that a terminal alkylaluminum species is formed at the end of the 
catalytic cycle. 
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Scheme 39. Electrophile trapping experiments on model substrate 115. Conditions A: 
NBS (4.0 equiv), toluene (2 mL), 0 °C to 80 °C, 150 min. Conditions B: 4.0 mL D2O, 1 h. 

These experiments are interesting because they enable the combination of C-
C cleavage with further functionalization, realizing a one pot procedure. 
Additionally, they provide important mechanistic insight. 

2.1.5 Investigation of mechanism 
In order to understand the mechanism of this reaction, a series of experiments with 
reduced reaction time were carried out on model substrate 113 (Scheme 40).  
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Scheme 40. Experiments with reduced reaction time on model substrate 113. Yields 
were determined by NMR using mesitylene as internal standard. 

From these experiments resulted that the reaction does not have an induction 
time and the C-C opening is completed in only 45 min, yielding alkene product 
159. This observation is consistent with a -carbon elimination mechanism. 
In the following hours the alkene is reduced to give product 144. This process 
is slower, taking 24 h to reach completion and dependent on the stirring rate.  

To gain further insight into the mechanism, an experiment using 
stoichiometric quantities (1 equiv) of the zirconocene precatalyst was 
performed. Quenching with D2O then allows identification of the 
alkylzirconium species present at the end of the cycle. The experiment was 
performed by initially pregenerating the active catalyst by stirring the 
zirconocene, LiAlH4 and NMP (0.5 equiv, as in the standard catalytic 
conditions), followed by addition of substrate 113. The use of 0.25 equiv of 
LiAlH4 led to no conversion, therefore 0.5 equiv were employed instead. 
Quenching after 20 h afforded a 3:2 mixture of 144-d and 159 and (Scheme 
41a). As evident, deuterium incorporation was detected only for the saturated 
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product, while the alkene product was almost completely non-deuterated (87% 
and 9% respectively by GC). Although the mechanism for the formation of 
non-deuterated 159 under these conditions is not clear yet, our current 
hypothesis is that, since in absence of an excess of LiAlH4 transmetallation is 
not possible, the zirconium catalyst disconnects from the alkyl chain after -
C elimination with an unknown mechanism, leading to the formation of 159. 
Part of this species then undergoes hydrozirconation followed by Zr-walk to 
the end of the chain, forming 144-d.  

In the future, a control experiment performed by quenching the reaction 
with D2O after a reduced reaction time would help rule out this pathway under 
the catalytic conditions. Although probably not fully representative of the 
catalytic conditions, the stoichiometric experiment nevertheless revealed 
several important points. First, 0.5 equiv of LiAlH4 are necessary to generate 
the active catalyst species, suggesting that the active species is a dihydride. 
Second, deuterium incorporation occurs exclusively at the terminal position. 
This result is in contrast with the Zr(II)-mediated ring-opening reported by 
Ilan Marek.130 In that case, the allylzirconium intermediate generated at the 
end of the reaction is bivalent, resulting in deuterium incorporation at two 
positions of the chain in a 1,5 relative position of the chain upon quenching 
with D2O (Scheme 41b). This difference makes us hypothesize that a Zr(II) 
species is not involved in our catalysis.  
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Scheme 41. a) Experiment with stoichiometric amount of zirconocene. The ratio 
between the products was determined by GC analysis. b) result of electrophile 
trapping reported by Ilan Marek in his Zr(II)-mediated ring opening. 

Further evidence against the involvement of a Zr(II) species was obtained by 
replacing LiAlH4 with LiAlD4, which allowed to track the migration of 
zirconium along the carbon chain (Scheme 42). The product obtained from 
this catalysis presents scrambling of deuterium at all positions. This result is 
consistent with the involvement of a zirconium hydride species and a 
reversible hydrozirconation process, in which repeated hydrozirconation and 

-hydride/deuterium elimination events redistribute deuterium throughout the 
chain. This is also in contrast with the involvement of a Zr(II) species, because 
in this case no deuterium incorporation would be observed.  
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Scheme 42. Experiment using LiAlD4 in place of LiAlH4. Deuterium scrambling was 
observed along the whole alkyl chain. 

At this stage, since 0.5 equiv of LiAlH4 were required to achieve conversion 
in the stoichiometric experiment, we hypothesized that rac-(ebthi)ZrH2 could 
be the active catalyst species. To test this possibility, an experiment was 
performed using pre-synthesized rac-(ebthi)ZrH2 (see SI for synthetic details). 
No conversion was observed under these conditions, suggesting that this 
species is not the active catalyst involved in the reaction. Additionally, no 
conversion was observed under the catalytic conditions in absence of N-
methylpyrrolidine either. At this point, we hypothesized that a different 
zirconocene hydride species might be involved in the catalysis. As mentioned 
in chapter 1.3.3, Cp2Zr(H)(AlH4) 42 has previously been isolated from the 
reaction of Cp2ZrHCl with an excess of LiAlH4 and it has been reported to be 
soluble in organic solvents.152, 153 An analogous species could therefore be 
involved in the catalysis. Alternatively, rac-ebthiZr(H)(AlH3

.NMP) complex 
162b could also represent a reasonable candidate, and would provide an 
explanation for the requirement of NMP for the catalysis. Although 162b 
has never been structurally characterized, analogous adducts of Cp2ZrH2 
with AlH3

.quinuclidine and with AlH3
.NMe3 have been characterized by 

X-ray structure.153   
Based on these studies, a tentative mechanism is proposed, shown in 

Scheme 43. The zirconocene dichloride precatalyst reacts with LiAlH4, 
producing the active zirconocene hydride species, presumably 162 or 162b. 
The substrate undergoes hydrozirconation, forming Int-I. At this point, a -
carbon elimination takes place, resulting in the open-chain product Int-II, 
which undergoes transmetalation with LiAlH4 to form the corresponding 
alkylaluminum product Int-III and the zirconocene hydride catalyst is re-
generated. As mentioned above, the alkene present in Int-III is further 
reduced under the reaction conditions, probably with a 
hydrozirconation/hydride transfer mechanism. This alkene reduction is slower 
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with monosubstituted alkenyl cyclopropanes substrates because of the 
stabilizing conjugation of the double bond and it is not complete for sterically 
hindered substrates, such as 92. This reduction allows to release the reduced 
product Int-IV. Upon acidic work-up, the alkylaluminum species is 
protonated and the product is released.  

 

 
Scheme 43. Hypothesized mechanism for the Zr-catalyzed C-C cleavage of 
alkenylcyclopropanes. 

Based on this mechanistic hypothesis, the formation of byproduct BP-2 can 
be explained by isomerization of the double bond formed in intermediate Int-
II to a position conjugated with the aromatic ring (Int-IIa). The increased 
stability of this isomer may account for the need of elevated temperatures to 
achieve full reduction.  

BP-1 may instead result from reversed regioselectivity in the initial 
hydrozirconation step, placing the zirconium at the benzylic position (Int-Ia). 
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This unproductive pathway may be influenced by the electronics properties of 
the aromatic ring as zirconium complexes are known to preferentially bond to 
more electron rich positions. 

2.1.6 Remote C-C clavage and hydrosilylation of 
alkenylcyclopropanes: optimization and scope 

Replacement of the pyrophoric LiAlH4 with a milder hydride source is highly 
desirable. Moreover, it is useful from a synthetic point of view identifying 
conditions that enable a one-pot catalytic bond cleavage and functionalization. 
With this aim, several boron-based hydride donors have been screened, 
including NaEt3BH, LiBH4, pinacolborane, NaBH4 and 9-BBN, but none of 
these gave any conversion. Inspired by Romero’s protocol for zirconium-
catalyzed carbonyl reduction with silanes, 123 similar conditions were tested as 
well, in particular using a combination of diethoxysilane and diethyl amine as 
catalyst activators; but this also proved ineffective. Additionally, the method 
developed by Wu’s group for the in situ generation of zirconocene hydride 
employing LiOMe and pinacolborane was also reproduced, yet no conversion 
was observed under those conditions either. However, a noteworthy feature of 
these reports is the ability to (re)generate the active zirconocene hydride 
species from a zirconium alkoxide intermediate using silanes or 
pinacolborane. Motivated by this observation, a catalytic system was tested 
on model substrate 76 using rac-ebthiZrCl2, LiOMe and 
diethoxymethylsilane, which afforded the desired product 77 in 40% isolated 
yield together with 5% of 77a (Table 2, entry 1). Encouraged by these 
promising results, we continued optimizing the system and found that using 
phenylsilane improved the outcome, as it enables a lower catalyst loading 
(entry 2). Under these conditions the desired product 77 was obtained in 47% 
NMR yield together with 5% of 77a (entry 2). Interestingly, substitution of 
LiOMe with NaOt-Bu delivered the product in a similar yield (entry 3). 
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Table 2. Screening of reaction conditions using LiOMe and silane on substrate 76. 

 

Entry 
X 

mol% 
Additive  
(Y equiv) 

Silane  
(Z equiv) 

Solvent 
(M) 

T / ºC  
%Conversion 
(products 77, 

77a)[a] 

1 20 
LiOMe 

(2) 
(EtO)2Me
SiH (3) 

2-
MeTHF 
(0.6 M) 75  

40 % of 77, 5% 
of 77a[b] 

2 10 
LiOMe 

(1) PhSiH3 (2) 

2-
MeTHF 
(1.0 M) 70  

47% of 77 and 
5% of 77a 

3 10 
NaOt-Bu 

(1) PhSiH3 (2) 

2-
MeTHF 
(1.0 M) 70  46% of 77 

[a] Yields determined by analysis of the crude NMR using mesitylene as an internal standard. 
[b] Isolated yield 

Although a further optimization of this system could not be achieved, the 
conditions of entry 2, Table 2 were applied to monosubstituted cyclopropane 
substrate 113, (see Table 3). Interestingly, full conversion of the substrate was 
reached, and four principal products were observed: alongside with products 
144 and 159, the corresponding hydrosilylated species P-3 and P-4 were 
formed (entry 1). Due to coelution during column chromatography and the 
presence of unidentified byproducts, accurate yield determination was not 
possible. Nevertheless, products 144 and 159 were identified as the major in 
an approximately 1:1 ratio, while P-3 and P-4 were obtained in smaller 
amounts. The subsequent optimization focused on improving the yield and the 
selectivity of the hydrosilylated product P-3. Surprisingly, using the standard 
hydrosilylation conditions with rac-ebthiZrCl2 as catalyst led to no conversion 
(entry 2). Replacing phenylsilane with hexylsilane led to suppression of 
product 144 but the reaction was incomplete and still not selective (entry 3). 
Increasing the amount of hexylsilane resulted in a reduction of the selectivity, 
with multiple hydrosilylated species observed by NMR and around 45% of 
product 159 (entry 4). Increasing the temperature to 110 °C while lowering 
the equivalents of hexylsilane to 2 improved the outcome (67% yield of P-3 
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by crude NMR) and significantly reduced the formation of 159 (entry 5). 
However, these conditions require operating at temperatures well above the 
boiling point of 2-MeTHF (78 °C). Switching to the higher-boiling solvent 
diglyme enhanced the selectivity and the best results were obtained using 4 
equivalents of hexylsilane at 130 °C, affording P-3 in 63% isolated yield with 
only traces amounts of 159 (entry 6).  

Table 3. Screening of reaction conditions using LiOMe and silane on substrate 113. 

 

Entry 
Silane (Y 

equiv) 
Solvent (M) T / ºC 

%Conversion (products 144, 
159, P-3, P-4) 

1 
PhSiH3 (2) 

2-MeTHF 
(1.0 M) 70 °C 

1:1 144 and 159, ~27% of P-3, 
minor P-4[a] 

2 
Ph2SiH2 (2) 

Toluene (0.5 
M) 100 °C 0 

3 
n-HexSiH3 

(2) 
2-MeTHF 
(1.0 M) 70 °C 

39% of 159, 30% of P-3, 21% 
of P-4[b] 

4 
n-HexSiH3 

(6) 
2-MeTHF 

(1.0 M) 70 °C 
45% of 159, ~15% of P-3, 

~34% of P-4 

5 
n-HexSiH3 

(2) 
2-MeTHF 

(1.0 M) 110 °C 
8% of 159, 67% of P-3, traces 

of P-4 

6 
n-HexSiH3 

(4) 
Diglyme (1.0 

M) 110 °C 
16% of 159, 66% of P-3, traces 

of P-4 

7 
n-HexSiH3 

(4) 
Diglyme (1.0 

M) 130 °C 63% of P-3, traces of 159[c] 

[a] Precise yield calculation was not possible due to coelution by column chromatography and 
presence of traces amounts of unidentified byproducts. [b] Yields reported are after column. 
There other unidentified byproducts. [c] Isolated yield. 

The elevated temperature appears to promote full conversion of the alkene 
intermediate. Using exactly 4 equivalents proved crucial to maintain high 
selectivity.  
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Under these optimized conditions (entry 7), a scope investigation was 
performed, using the synthesized monosubstituted alkenylcyclopropanes 
(Scheme 44). 

 
Scheme 44. Scope for the remote C-C cleavage and hydrosilylation of 
alkenylcyclopropanes. [a] reaction run with 15 mol% of catalyst. [b] by 1H NMR 
analysis of the crude reaction mixture using mesitylene as internal standard. [c] 
amount of BP-2 isolated [d] amount of BP-1 isolated [e] amount of BP-3 isolated. 

After successfully isolating product 163 in 63% yield (see Table 3), products 
164, and 165 were obtained in 74% and 94% yield, respectively, with 
complete selectivity. However, when styrene-like substrates were subjected to 
the catalytic conditions, byproducts BP-2, BP-3 and BP-4 were again 
observed, depending on the substrate and the electronic properties of the aryl 
substituent (about 20% of BP-2 and BP-4 combined by crude NMR for p-
N,N-dimethylaniline-substituted substrate 109). Therefore, new optimization 
studies were performed on model substrate 109, aimed at improving the 
selectivity. In particular it was investigated whether the use of a combination 
of Cp2ZrCl2 and rac-ebthiZrCl2 could increase the conversion of to the desired 
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product. However, none of the catalyst combinations tested (10 and 10, 5 and 
5 and 10 + 5 mol%) resulted in any improvement of the selectivity. Lowering 
the temperature (100 °C, 80 °C) also led to a reduced selectivity, as the 
amounts of byproducts BP-2 and BP-4 increased, once again highlighting that 
high temperatures are required for the conversion of these species. In contrast, 
when 15 mol% of rac-ebthiZrCl2 was employed, 168 was observed in 78% 
yield together with 12% of BP-3 and 8% of BP-2, while byproduct BP-4 was 
completely suppressed. Interestingly, the use of 15 mol% of Cp2ZrCl2 alone 
also resulted in full conversion, however, the selectivity was lower, yielding 
an approximately 1:1 mixture of the desired product 168 and BP-2. Although 
168 could not be isolated due to its instability, using 15 mol% of catalyst, 166 
was isolated in 64% yield with 9% of BP-3 and 8 % of byproduct BP-1. 
Remarkably, when substrate 120 was subjected to the catalytic conditions 
employing 15 mol% of catalyst, product 167 was isolated in 61% yield, 
demonstrating that also under these conditions a catalytic chain walk and C-C 
cleavage is feasible. A catalyst loading of 15 mol% was necessary to achieve 
a higher conversion, whereas at lower catalyst loading the main products were 
isomers of the starting material, 120, indicating that the catalyst turnover 
number is not high enough to promote chain-walking till the end of the chain 
and hydrosilylation. Unfortunately, substrates 110 and 114 afforded other 
hydrosilylated products at multiple positions along the chain.  

Overall, the reaction performs well with substrates in which the alkene is 
not conjugated to an aryl ring, including remote systems, which is remarkable. 
In contrast, the styrene-like series is strongly affected by the electronic 
properties of the aryl substituent, and only a limited number of electron-rich 
substrates proved successful.  

Although mechanistic experiments have not been performed yet, a tentative 
mechanism can be proposed (Scheme 45). In analogy to the hydrosilylation 
conditions (see chapter 2.2.3), the active catalyst may be formed through 
double chloride-methoxide exchange between rac-ebthiZrCl2 and LiOMe 
followed by metathesis with hexylsilane to form the active zirconium dihydride 
catalyst and n-HexSiH2OMe. In analogy to the mechanism with LiAlH4, 
hydrozirconation followed by -carbon elimination would enable the formation 
of intermediate Int-I and Int-II, respectively. At this stage, metathesis with the 
silane may take place to produce either Int-V, or Int-VI, depending on whether 
hydride or silyl transfer takes place. Subsequently, intermediate Int-V may 
undergo migratory-hydrosilylation, with a mechanism analogous to that described 
in our hydrosilylation protocol (see chapter 2.2.3), furnishing the final product 
Int-VII. This hypothesis is consistent with the observation of BP-2, which may 
correspond to an isomer of Int-V that failed to undergo the final conversion into 
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product. Int-VI, instead, may be reduced to afford the final product Int-VII via a 
hydrozirconation/hydride metathesis sequence. Importantly, byproduct BP-4 may 
similarly arise from isomerization of Int-VI. It should be noted that, in addition 
to the desired catalytic process, extensive hexylsilane polymerization occurs 
under the reaction conditions. As discussed in chapter 2.2, this is a Zr catalyzed 
process and may therefore compete directly with the productive catalytic cycle. 
Consumption of active zirconium species through this side process would reduce 
the effective catalyst turnover number, providing a plausible explanation for the 
need of an increased catalyst loading for the long-walk substrate 120. 

 

 
Scheme 45. Proposed mechanism for the remote C-C cleavage and hydrosilylation of 
alkenylcyclopropanes method. 
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2.2  Methoxide-Enabled Zirconium-Catalyzed 
Migratory Alkene Hydrosilylation 

2.2.1 Optimization 
In the course of the remote C-C cleavage of alkenylcyclopropane project, 
while testing alternative conditions to LiAlH4 for generating the active Zr-H 
catalyst, I found that the addition of LiOMe enabled its generation using mild 
hydride sources such as silanes (see chapter 2.1.6). This observation prompted 
us to investigate whether the same system could catalyze hydrosilylation of 
alkenes. Therefore, together with Miran Lemmerer and Sanne Albers, we 
started developing the envisioned hydrosilylation method studying the 
reaction between Cp2ZrCl2, LiOMe, Ph2SiH2 and 4-phenyl-1-butene as 
substrate (Table 4). Our initial screenings were conducted in 2-MeTHF, a 
solvent previously used in our Zr-catalyzed defunctionalization protocols.6, 140 
To our delight, the use of 20 mol% of Cp2ZrCl2, 2 equivalents of LiOMe and 
3 equivalents of diphenylsilane afforded the desired hydrosilylated product 
171 in 87% yield (entry 1). Subsequent optimization revealed that the 
catalyst loading could be reduced to 5 mol% with 1.0 equivalent of LiOMe 
and 1.5 equivalents of Ph2SiH2, with a slight yield reduction (77%, entry 2). 
Switching to toluene as solvent improved the yield to 94% (entry 3). 
Interestingly, a catalyst loading of 3 mol% still gave 87% yield (entry 4). 
While further decrease led to an incomplete conversion, a moderate yield of 
66% and 48% is still observed with 2 mol% and 1 mol% of catalyst, 
respectively (entry 5 and 6).  Decreasing the temperature to 50 °C diminished 
the yield as well (entry 7).  
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Table 4. Optimization of the hydrosilylation reaction. Yields were determined by 
NMR using mesitylene as an internal standard.  

 
Entry X mol% Y equiv Z equiv Solvent T / ºC Yield (%)a 

1 20 2 3 2-MeTHF 75 87 
2 5 1 1.5 2-MeTHF 75 77 
3 5 1 1.5 Toluene 75 94 
4 3 1 1.5 Toluene 75 87 
5 2 1 1.5 Toluene 75 66 
6 1 1 1.5 Toluene 75 48 
7 5 1 1.5 Toluene 50 55 
8 - 2 3 2-MeTHF 75 0 
9 5 - 3 2-MeTHF 75 0 

[a]: yields determined by NMR using mesitylene as internal standard 

Throughout the screening, the reaction proceeded with complete linear 
selectivity. After confirming that both Cp2ZrCl2 and LiOMe are crucial for the 
catalysis (entry 8 and 9), we explored whether alternative additives to LiOMe 
could be used under the optimized conditions (Table 5). Substituting it with 
LiBr or larger alkoxides, such as LiOn-Bu, LiOi-Pr and LiOt-Bu led to no 
conversion (entries 2-5), while replacement by NaOMe gave a comparable 
yield (87%, entry 6). These results revealed that the methoxide is necessary 
for the catalysis but that the cation can be switched. Moreover, the activation 
process seemed to be sensitive towards the steric demand of the alkoxide.  
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Table 5. Screening of alternative additives. Yields were determined by NMR using 
mesitylene as an internal standard.  

 
Entry Additive Yield (%)a 

1 LiOMe 94 
2 LiBr 0 
3 LiOn-Bu 0 
4 LiOi-Pr 7 
5 LiOt-Bu 0 
6 NaOMe 87 

[a]: yields determined by NMR using mesitylene as internal standard 

With the optimized conditions in hand (entry 3, Table 4), we explored the 
substrate scope using terminal alkenes as substrates. However, with some of 
them, we observed unproductive alkane formation as a side reaction, which 
had already been reported in earlier studies with Negishi’s reagent and 
rationalized as a zirconium-mediated process.29, 31, 132 Specifically, when we 
tested the reaction conditions with internal alkenes, we consistently observed 
the alkane as byproduct in significant amounts, prompting us to explore 
alternative conditions, using 172 as model substrate (Table 6). Other 
zirconocene catalysts, including rac-ebthiZrCl2, that were previously effective 
in our remote defunctionalization protocol, were inactive under these 
conditions, even when increasing the catalyst loading (entries 1-4). However, 
reverting to our original conditions but increasing the temperature to 125 °C 
effectively suppressed alkane reduction and increased the yield of the 
hydrosilylated product for all the internal alkenes substrates as well as for 
some selected terminal alkenes substrates (see next chapter for details).  
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Table 6. Optimization of the hydrosilylation conditions on internal alkenes. Yields 
were determined by NMR using mesitylene as an internal standard.  

 
 

Entry Catalyst (mol%) Solvent T / ºC Yield (%)a 
1 Cp*2ZrCl2 (5 mol%) Toluene 75 0 
2 Cp*2HfCl2 (5 mol%) Toluene 75 0 
3 rac-ebthiZrCl2 (5 mol%) Toluene 75 0 
4 rac-ebthiZrCl2 (10 mol%) Toluene 100 0 
5 Cp2ZrCl2 (5 mol%) Toluene 100 77 
6 Cp2ZrCl2 (5 mol%) Toluene 125 82 

[a] Yields determined by NMR using mesitylene as internal standard 

2.2.2 Scope and limitations 
At 75 °C different terminal alkenes could be converted into the corresponding 
terminal hydrosilylated products in high yields, including substrates bearing 
an acetal, a carbazole group and a methyl in -position to the double bond 
(Scheme 46, compounds 174-176). All the reactions were conducted on a 0.5 
mmol scale but to demonstrate scalability a reaction with eugenol was also 
run on a 6 mmol scale and gave the desired product 173 in a comparable yield 
of 84% (vs 87% on a 0.5 mmol scale). Different variously functionalized 
styrene derivatives were tested as well and both electron-donating and 
electron-withdrawing groups as well as a boronic ester were well tolerated, 
therefore proving that the reaction is not affected by electronic properties 
(compounds 180-185). While the reaction proceeded smoothly with terminal 
monosubstituted alkenes, for a 1,1-disubstituted alkene like -methylstyrene 
the hydrosilylation reaction was significantly competed by reduction of the 
alkene, which was successfully reduced by performing the reaction at 125 °C 
(44 % yield, product 186). Additionally, substrates carrying leaving groups, 
i.e. a trimethylsilyl, a tosylate, and a sulfone could be converted into the 
respective products 177-179 at 125 °C. Product 187 was also obtained in high 
yield (93%). 
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Scheme 46. Scope of the zirconium-catalyzed hydrosilylation reaction using terminal 
alkenes and diphenylsilane as substrates. 
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We then investigated the scope with internal alkenes, carrying out all reactions 
at 125 °C (Scheme 47). In this case, the double bond isomerizes to the 
terminal position through an efficient Zr-walk, affording the corresponding 
terminal hydrosilylated product. Under these conditions, not only (E) and (Z) 
4-octene could be successfully hydrosilylated (product 188), but even β-alkyl 
styrene derivatives (189-195) that required a deconjugation of the alkene 
followed by a chain walk over several carbons to give the final product. 
Notably, a nine-carbon migration was achieved in the case of 195. As 
observed for terminal alkenes, the yield was not affected by the presence of 
electron withdrawing or electron donating substituents on the phenyl group. 

 
Scheme 47. Scope of the zirconium-catalyzed hydrosilylation reaction using internal 
alkenes and diphenylsilane as substrates. 

After exploring the alkene scope, we investigated the use of different silanes, 
employing 4-phenyl-1-butene or eugenol as substrates (Scheme 48). Using 
hexylsilane as the hydrosilane source, product 196 was obtained in 63% yield 
at 125 °C. In contrast, trisubstitued silanes were incompatible with this method 
and led to no conversion, probably due to steric hindrance (compounds 197-
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199). Product 200 was not obtained, and decomposition of the starting 
material was observed instead. Diethylsilane and diethoxysilane proved to be 
less selective reagents. Specifically, when eugenol and diethylsilane were 
used as substrates, the corresponding isomerized alkene (product 201) was 
observed in 52% yield by crude NMR, along with minor amounts of 
hydrosilylated product and alkane reduction. With 4-phenyl-1-butene, instead, 
a complex mixture of alkene isomers was obtained. The reaction with 
diethoxysilane also yielded as main product 201 in 66% yield, with minor 
amounts of hydrosilylated product. Finally using phenylsilane resulted in 
extensive polymerization and product 202 was isolated in 63% yield with 26% 
of alkane reduction.  
 

 
Scheme 48. Scope exploration of the zirconium-catalyzed hydrosilylation reaction 
using 4-phenyl-1-butene or eugenol and different silanes as substrates. 

Diphenylsilane dimerization was also observed in lower amounts for all the 
scope entries and, although the exact mechanism for its formation was not 
investigated, we hypothesize it occurs via a Zr-catalyzed process. Indeed, 
various Zr, Hf, Ti based complexes have been reported to catalyze silane 
oligomerization, yielding products of different molecular weights depending 
on their substitution pattern and the  reaction conditions.154-157 While the 
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reaction stops for diphenylsilane at the dimer stage, other silanes such as 
phenylsilane polymerize, even at low temperatures. 

Alkenes bearing carbonyl, amine, amide, nitrile or ester functionalities 
were found to be incompatible with the reaction conditions, leading to no 
conversion to the desired product. This lack of reactivity is likely due to 
coordination of the functional group to the zirconium center, resulting in 
catalyst deactivation. With cyclohex-2-en-1-one reduction of the double bond 
was observed instead. Cyclic alkenes such as cyclohexene predominantly 
underwent alkane reduction under the reaction conditions. Limonene also 
could not be converted into the product (Scheme 49). 

 

 
Scheme 49. Scope limitation of the zirconium-catalyzed hydrosilylation reaction 

2.2.3 Mechanistic studies and proposed mechanisms 
To gain better understanding of the reaction, we determined the yield at 
various reaction time using 4-phenyl-1-butene as substrate and heating at 75 °C 
(Scheme 50). However, this analysis proved to be challenging, as minor 
fluctuations in stirring rate and temperature of the stirring plate caused 
variations in the yield. This was attributed to the heterogeneity of the reaction 
mixture. Therefore, each experiment was repeated up to four times to calculate 
an average. These experiments revealed the presence of a 2–6 h induction 
period, after which product formation proceeded rapidly.  
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Scheme 50. Reaction monitoring over time. 

At this point, we hypothesized that the induction time could be explained by 
the time required for formation of the active catalyst species. However, 
attempts to pre-generate it by stirring Cp ZrCl2, LiOMe, and silane in various 
sequences and for different durations did not shorten the induction period 
(Table 7). Nevertheless, the hypothesis that the absence of the alkene leads to 
catalyst deactivation or decomposition proved wrong, as the product 
formation was observed after 20 h (79% yield). Therefore, we concluded that 
the presence of the alkene is necessary to overcome the induction time. 
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Table 7. Analysis of the hydrosilylation reaction using a pre-stirred solution of 
Cp2ZrCl2, LiOMe, Ph2SiH2 

 
 

Time Yield / % 
1 0 
2 0 

20 79 

After these observations, we carried out a series of experiments to identify the 
active catalyst and elucidate the mechanism behind its generation. In 
particular, we turned our attention to the role of LiOMe in the catalysis, 
performing different reactions varying its amount. Notably, a minimum of 20 
mol% of LiOMe was required to achieve conversion (86% yield) while with 
less there was no product formation at all (Scheme 51). 

 

 
Scheme 51. Experiment varying the amount of LiOMe. 
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Complementing experiments made by Sanne Albers revealed the low 
solubility of LiOMe in toluene (0.11 mol L 1).  

Additionally, in contrast to Thomas’ studies, we observed that no “silicon 
ate complex” is formed upon reacting LiOMe with diphenylsilane or 
phenylsilane in an apolar solvent such as toluene.158 Instead, following Wu’s 
mechanistic proposal that LiOMe reacts directly with Cp2ZrCl2, we analyzed 
the reaction between these two species by NMR.7, 95 In particular, over the 
course of 2 hours we observed the formation of a new species, which we 
assigned to Cp2Zr(OMe)2, in analogy to Wu’s report. These experiments also 
showed that using 20 catalyst equivalents of LiOMe was essential to shift the 
equilibrium towards the methoxide species and that the reaction was still 
incomplete after two hours. Following addition of diphenylsilane to this 
mixture revealed the formation of Ph2SiHOMe and a new set of Cp signals 
that could not be assigned (see SI for details). 

Although no Zr-H species could be directly observed by NMR, we 
concluded that the active species is probably Cp2ZrH2, which readily forms 
the poorly soluble dimer [Cp2ZrH2]2 in toluene. The related dimer 
[(MeCp)2Zr( -H)H]2 was previously isolated and characterized by single 
crystal X-ray diffraction analysis.114

 Furthermore, Perrotin’s report on the 
reaction of Cp2ZrH2 and alkoxysilanes to give zirconocene dialkoxide and 
silanes led us to the hypothesis that the reverse reaction takes place under our 
conditions.159  

Additional experiments carried out by Sanne Albers using Cp2ZrHCl in 
place of Cp2ZrCl2 in the catalysis without LiOMe resulted in no reaction; 
nevertheless, product was formed in 93% yield when LiOMe was added. 
These results excluded the intermediacy of Cp2ZrHCl in the catalytic cycle 
but demonstrated that it can act as a precatalyst and be converted into the 
active species in the presence of LiOMe.  

Ultimately, the use of deuterium-labeled diphenylsilane in the catalysis 
with -methylstyrene and 172 as substrates enabled to clarify the mechanism 
of the “Zr-walk”. Specifically, Miran Lemmerer observed deuterium 
incorporation at all positions of the chain, consistent with a 1,2-shift 
mechanism and supporting the intermediacy of a Zr(IV) species. In line with 
earlier observations using Negishi’s reagent, we detected D–H exchange at 
the silicon center, reinforcing a -bond metathesis exchange mechanism 
(Scheme 52). 156, 157 
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Scheme 52. Deuterium-labeling studies conducted by Miran Lemmerer elucidating 
the mechanism of the zirconium-walk. 

Based on these results and supporting DFT calculations performed by Jan 
Streuff, we propose a catalytic cycle involving only Zr(IV) species (Scheme 
53). Initially, Cp2ZrCl2 is converted into Cp2Zr(OMe)2 47 through reaction 
with LiOMe. This species then reacts with Ph2SiH2 via substitution of the two 
methoxides with hydrides, forming Ph2SiHOMe and the active Cp2ZrH2 

catalyst. As known, dimerization to [Cp2Zr( -H)H]2 is a favored process, 
nonetheless under our reaction conditions these zirconium  species are in 
equilibrium and the monomeric Cp2ZrH2 can further react with the alkene via 
reversible hydrozirconation, producing Int-VIII with a low activation barrier 
of 7.6 kcal mol–1. After isomerization of the alkene to the terminal position 
(Int-IX), the product Int-XI is released by a rate-limiting -bond metathesis 
step (Int-X), which is exergonic (– 4.9 kcal mol–1) and at the same time 
Cp2ZrH2 is regenerated. As expected, the formation of Cp2Zr(H)(SiHPh2) or 
of a Zr(II) species from Cp2ZrH2 with release of H2 required more energy than 
direct hydrozirconation. For this reason as well, we find reasonable to discard 
the involvement of Zr(II) species in our catalytic cycle. 
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Scheme 53. Mechanism of the zirconium-catalyzed hydrosilylation using an internal 
alkene as substrate. 
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3 Concluding remarks and outlook 

In conclusion, we developed a new method for the hydrosilylation of terminal 
and internal alkenes using Cp2ZrCl2, an inexpensive and commercially 
available precatalyst and a combination of LiOMe and diphenylsilane as mild 
catalyst activators. Compared to previously reported protocols, this approach 
avoids complex catalyst synthesis, organometallic activators, and glovebox 
handling, thereby considerably simplifying the hydrosilylation process. 

We also developed a novel C-C cleavage reaction of alkenylcyclopropane. 
This transformation represents a rare example of cyclopropane opening that is 
not triggered by a coordinating group and can be combined with a catalytic Zr 
walk to achieve the cleavage of cyclopropanes positioned several carbons 
distant from the alkene unit. Furthermore, the resulting terminal 
alkylaluminum product could be “trapped” with different electrophiles and the 
opening could be combined with hydrosilylation using LiOMe and n-
hexylsilane as mild catalyst activators. In the future the scope of compatible 
electrophiles could be expanded and a combined cleavage-cross-coupling 
reaction could be attempted.  

Another interesting direction would be the extension of this strategy to the 
selective cleavage of unactivated C–C bonds. Indeed, Zr-catalyzed chain-
scission has already been reported but it’s not selective and it is limited to 
polyene substrates. Moreover, cationic zirconium complexes have been 
reported to cleave simple alkyl groups under specific conditions, suggesting 
that suitably designed catalysts could provide this transformation. The 
development of such a catalytic transformation would represent a significant 
advance given the high strength of unactivated C–C bonds (90 kcal mol 1). 

Additionally, during scope exploration using LiAlH4, we observed the 
unexpected cleavage of benzyl ethers and para-methoxy groups, which were 
not in conjugation to a double bond. Interestingly, this ether cleavage occurred 
only in combination with cyclopropane opening, possibly because this 
transformation is slower, therefore it takes place only after ring opening. 
Investigating the mechanism responsible for this reactivity, as well as 
exploring the substrate scope of this transformation, represents another 
interesting direction for future work.  
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Finally, additional mechanistic experiments on the cyclopropane opening 
protocol would provide further insight into the mechanism. In particular, the 
nature of the active zirconium species is still unknown. The lack of conversion 
without NMP under the catalytic conditions could indicate that 162b is the 
active species involved. This hypothesis could be tested through a 
stoichiometric experiment using pre-synthetized 162b or a 1:1 mixture of rac-
ebthiZrH2 and AlH3

.NMP in absence of additional LiAlH4 and NMP. 
Moreover, the mechanism for the reduction of the alkene generated after -
carbon elimination is still to be clarified and additional experiments could be 
designed to elucidate it. As mentioned in paragraph 2.1.5, performing 
experiments at shorter reaction times followed by quenching with D2O could 
help follow the evolution of metalated species during catalysis and provide 
further mechanistic insight. Importantly, an experiment reproducing Ilan 
Marek’s conditions using Negishi’s reagent followed by D2O quenching 
would be helpful to fully exclude the involvement of a Zr(II) species in the 
catalysis. If the resulting deuteration regioselectivity differs from that 
observed under our condition, this would provide further support for the 
proposed Zr(IV) pathway.  

The mechanism of the one-pot cyclopropane opening–hydrosilylation 
sequence could also be elucidated in additional studies. In particular, 
reaction-time experiments could determine which pathway is followed, 
migratory hydrosilylation from intermediate Int-V or -bond metathesis to 
produce Int-VI, followed by alkene reduction. Also in this case, the nature 
of the active species could be investigated by using pre-synthetized rac-
ebthiZrH2 in the catalysis in absence of LiOMe and hexylsilane. 
Additionally, the formation of the active catalyst could be monitored by 
NMR, in analogy to the experiments performed in the hydrosilylation 
protocol. This would help establish whether the active catalyst is formed 
through the same pathway or a “silicon-ate complex” is involved in the more 
polar diglyme solvent. It would also be interesting to investigate whether the 
selectivity observed for styrene substrates can be improved, potentially by 
investigating different zirconium catalysts.  

More broadly, the mild conditions developed for the generation of 
zirconocene hydride catalysts may be applicable to other zirconium-catalyzed 
transformations. 
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4 Popular scientific summary 

To make the products we use in everyday life, such as medicines and 
materials, we need to connect different molecules. The type of molecules and 
the way they are connected have a major impact on the properties of the final 
product. Unfortunately, making the molecule we want is often not as simple 
as mixing the building blocks we need. For this reason, tools, in the form of 
reactions, to make these connections in efficient ways are always required and 
this is the goal of the synthetic methodology field. Researchers in this field 
develop new reactions to form bonds between molecules and then study them 
to understand how they work and what the limitations are. Developing these 
new tools expands the possibilities for making increasingly complex 
molecules in the most efficient and less toxic way.  

An important breakthrough in this search was the discovery of catalysis. 
Many compounds that cannot react with each other or can only do so under 
harsh conditions, can react efficiently by adding a small amount of another 
one, called catalyst. This compound facilitates the reaction by bonding one or 
more of the building blocks of the reaction and it is not consumed during the 
process, but continuously regenerated, allowing to use only a small amont of 
it. Often the catalyst contains a metal. These processes are therefore more 
efficient and they allowed to achieve transformations that were previously 
impossible. Nowadays, several catalytic reactions have been developed that 
allow bonds to be formed in very specific ways. In particular, two important 
goals are the use of non-precious metals and making processes that are easy 
to reproduce and don’t require complex setup.  

In the second project that I describe in this thesis, this is what I 
accomplished: I developed a new reaction to form bonds between carbon 
chains and silicon groups, called hydrosilylation. This reaction is of industrial 
interest because the resulting compounds find application in material building. 
Several methods to perform this reaction have already been described and all 
of them require a catalyst, usually a metal which is either precious either the 
catalyst complex is difficult to synthetize. The method I developed, instead, 
uses a catalyst based on zirconium, relatively abundant, inexpensive, 
commercially available, and stable under air. Such zirconium-based catalyst 
is used in combination with a salt. Indeed, the zirconium is sold in an inactive 
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form that is air-stable and the addition of this salt enables its conversion into 
the active form, able to perform the reaction, directly inside the reaction. By 
studying how the reaction works (the mechanism) we were able to determine 
how this happens: the zirconium bonds sequentially first to this salt and then 
to the silicon compound. Once active, the zirconium can bond molecules in a 
specific “anchor” point, called alkene and from there it can “walk” till it 
reaches the end of the molecule, where it enables the formation of the bond 
between the carbon chain and the silicon. This is interesting because it doesn’t 
matter where this anchor point is located in the molecule, the same product is 
always obtained selectively.  

The first project described instead had somewhat a different focus. Many 
methods have been developed to form new bonds between molecules, but 
methods to selectively break molecules at specific points and potentially 
convert them into something different are much less developed. This is an 
unconventional strategy that could be interesting in many different ways, for 
example for degradation of waste or to access different molecules by 
converting a molecule into another.  

In particular, this project focused on the development of a reaction to 
selectively break carbon-carbon bonds, which are between the most difficult 
to break, because they are very strong. In particular, the reaction I developed 
is capable of breaking carbon-carbon bonds arranged in a triangle shape, 
called cyclopropane. In this form, the carbon atoms are forced into an 
arrangement that is not favorable, making these bonds easier to break using 
metals. I again used a zirconium- based catalyst to break these bonds, since 
this metal is known to be able to break molecules in specific points. Also in 
this case, it binds the molecule in its specific alkene anchor point and is then 
able to open these cyclopropanes. The interesting part is that there are two 
possibilities: the molecule can simply be opened to obtain a new product, 
without any new group, or the bond-breaking process can be combined with 
the formation of a new bond to a different group. This has been achieved by 
simply adding the desired group we want at the end of the reaction or by 
changing the activation method of the zirconium. Indeed, by using the same 
salt and silicon compound as in the previous reaction, we were able to combine 
carbon–carbon bond breaking with the formation of a new bond to silicon, 
obtaining the same class of products as in the previous project.    
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5 Populärvetenskaplig sammanfattning på 
Svenska 

För att tillverka de produkter vi använder vardagligt, som läkemedel och 
material, måste vi koppla samman olika molekyler. Vilken typ av molekyler 
det rör sig om och hur de kopplas samman har stor inverkan på slutproduktens 
egenskaper. Tyvärr är det ofta inte så enkelt att framställa den molekylen man 
vill ha endast genom att blanda byggstenarna. Av den anledning behövs alltid 
verktyg i form av reaktioner, för att skapa dessa kopplingar på ett effektivt sätt 
vilket är målet med forskning inom syntetisk metodik. Forskare inom detta 
området utvecklar nya reaktioner för att bilda bindningar mellan molekylerför 
att sedan kunna studera hur de fungerar och dess begränsningarUtvecklingen 
av dessa nya verktyg utökar möjligheterna att framställa allt mer komplexa 
molekyler på det mest effektiva sättet och med mindre farliga metoder. 

En inflytelserik milstålpe i denna strävan var utvecklingen av katalys. Då 
många molekyler  ej reagerar med varandra, eller endast under extrema 
förhållanden, kan de reagera med hjälp av en så kalladkatalysator. 
Katalysatorer är en molekyl eller förening som deltar i reaktionsprocessen 
men ej förbrukas vilket gör att endast en liten mängd behövs. Den underlättar 
reaktionen genom att binda en eller flera av reaktanterna vilket möjliggör nya 
reaktionsvägarOfta innehåller katalysatorn en metall. Dessa processer har 
möjliggjort omvandlingar som tidigare var omöjliga, förbättrad selektivitet 
och sänkt energibehov. Två viktiga mål inom katalysutveckling är 
användningen av katalysatorer som ej innehåller ädelmetaller, och att skapa 
processer somenkla och robusta. 

Denna avhandling innehåller två project som strävar efter detta genom 
användandet av katalysatorer baserade på zirconium. Ett av projektensom 
beskrivs i den här avhandlingen fokuserar på en ny reaktion för att bilda 
bindningar mellan kolkedjor och kiselgrupper, kallad hydrosilylering. Denna 
reaktion är av industriellt intresse eftersom de resulterande föreningarna har 
tillämpningar inom materialframställning. Flera metoder för att genomföra 
denna reaktion har redan beskrivits.  Alla kräver en metallbaserad katalysator 
antingenen ädelmetall eller ett metallkomplex som är komplicerat att 
framställa. Den metod som utvecklats i denna avhandlingen använder istället 
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en katalysator baserad på zirkonium. Zirkonium är relativt förekommande i 
naturen, kommersiellt tillgängligt samt konstnadseffektivt.  

Zirkoniumkatalysatorn som används är baserad på zirconium i 
oxidationstillstånd +4, då den är mest stabil mot exempelvis luft. Den här 
zirkoniumbaserad katalysatorn används i kombination med ett salt. Tillsatsen 
av detta salt möjliggör omvandlingen till den aktiva formen, som kan utföra 
reaktionen direkt i reaktionssystemet. Genom att studera hur reaktionen 
fungerar , kan man förstå den, så kallad reaktionsmekanismen. Det här 
projektet har visat att mekanismen sker genom att zirkoniumet binder sig 
sekventiellt först till detta salt och sedan till kiselföreningen. När zirkoniumet 
väl är aktivt kan det binda molekyler vid en specifik funktionellgrupp i 
kolkedjan, så kallad alken. Därifrån kan den röra sig tills dess att den når 
kolkedjans ände, där bildandet av bindningen mellan sista kolet och kisel 
möjliggörs. Förflyttning längs kolkedjan kallas “zirkoniumpromenad”. Detta 
är intressant eftersom det inte spelar någon roll var denna förankringspunkt är 
belägen i molekylen – samma produkt erhålls alltid selektivt. 

I det andra projektet som beskrivs, utvecklas metoder för att bilda nya 
bindningar mellan molekyler.Metoden bryter molekyler selektivt vid 
specifika punkter. Detta är en okonventionell strategi som kan vara intressant 
på många olika sätt, till exempel för nedbrytning av avfall eller för att få 
tillgång till olika molekyler genom att omvandla en molekyl till en annan. 

Detta projektet fokuserade på utvecklingen av en reaktion för att selektivt 
bryta kol-kolbindningar, vilka hör till de svåraste att bryta eftersom de är 
mycket starka. Den reaktion som utvecklades kan framförallt bryta kol-
kolbindningar som är ordnade i en triangulär ringstruktur, så kallad 
cyklopropan. I denna form tvingas kolatomerna in i en ordning som som är 
spänt, vilket gör dessa bindningar lättare att bryta med hjälp av exempelvis 
metaller. En annan zirkoniumbaserad katalysator användes för att bryta dessa 
bindningar, eftersom den sen tidigare är känd för att även kunna bryta 
molekyler vid specifika punkter. Även i detta fall binder den molekylen vid 
dess specifika förankringspunkter, en alken. Sedan kan katalysator molekylen 
promenera längs kolkedjan och när den träffar på en cyklopropanring, öppna 
den.. Det är intressant då  det finns två möjligheter: molekylen kan helt enkelt 
öppnas för att ge en ny produkt utan tillsats av en ny funktionellgrupp, eller så 
kan brytningsprocessen kombineras med bildandet av en ny bindning till en 
annan grupp. Detta har uppnåtts genom att  lägga till den önskade gruppen i 
slutet av reaktionen eller genom att ändra aktiveringsmetoden för zirkoniumet. 
Genom att använda samma salt och kiselförening som i den föregående 
reaktionen kunde brytningen av kol–kol-bindningar kombineras med 



 

 92 

bildandet av en ny bindning till kisel, vilket resulterade i samma typ av 
produkter som i det föregående projektet. 
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6 Sintesi scientifica divulgativa 

Per creare tutto ciò che usiamo nella vita quotidiana, come medicine e 
materiali, dobbiamo connettere diverse molecole. Il tipo di molecole e il modo 
in cui sono connesse ha un grande impatto sulle proprietà del prodotto finale. 
Sfortunatamente, spesso fare queste molecole non è semplice come mescolare 
insieme i blocchi di cui abbiamo bisogno. Per questa ragione, strumenti, in 
forma di reazioni, per creare queste connessioni in modi efficienti sono sempre 
richieste e sono l’obiettivo della metodologia sintetica. I ricercatori in questo 
campo sviluppano nuove reazioni che formano legami tra molecole, poi le 
studiano per capire come funzionano e quali sono i loro limiti. Sviluppare 
questi nuovi strumenti espande le possibilità per per creare molecole sempre 
più complesse nel modo più efficiente e meno tossico possible. Un’importante 
scoperta in questo capo è stata la catalisi. Molti composti che non potevano 
reagire o potevano solo in condizioni drastiche, possono reagire 
efficientemente aggiungendo una piccola quantità di un altro composto, 
chiamato catalizzatore. Questo composto facilita la reazione legandosi a uno 
o più componenti della reazione e non si consuma durante il processo, ma si 
rigenera continuamente, consentendo di usarne in una minore quantità. Spesso 
il catalizzatore contiene un metallo. Questi processi sono più efficienti e 
permettono di realizzare trasformazioni prima impossibili. Attualmente tante 
reazioni catalitiche sono state sviluppate, che sonsentono di formare legami 
molto specifici. In particolare due importanti obiettivi sono l’uso di metalli 
non preziosi e realizzare processi facilmente riproducibili e che non richiedano 
macchinari complicati.  

Nel secondo progetto che descrivo in questa tesi ho realizzato questo: ho 
sviluppato una nuova reazione per formare legami tra catene di carbonio e 
gruppi silicio, chiama idrosililazione. Questa reazione è di interesse 
industriale perchè i composti che ne risultano sono usati nella produzione di 
materiali. Diversi metodi per realizzare questa reazione sono stati pubblicati e 
tutti richiedono un catalizzatore, solitamente a base di metalli preziosi o 
difficili da sintetizzare. Il metodo che ho sviluppato, invece, usa un 
catalizzatore a base di zirconio, un metallo abbondante, economico, 
commercialmente disponibile e stabile all’aria. Questo catalizzatore a base di 
zirconio è usato in combinazione con un sale. Infatti lo zirconio è venduto in 
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una forma inativa che è stabile all’aria e l’aggiunta di questo sale lo converte 
nella sua forma attiva, direttamente nella reazione. Studiando come funziona 
la reazione (il meccanismo) siamo stati in grado di capire come:  lo zirconio 
si lega prima al sale e poi al gruppo con silicio. Una volta attivo, lo zirconio 
si può legare alle catene carboniose in uno specifico punto di ancoraggio, 
chiamato alchene e da qui può camminare fino alla fine della catena e formare 
il legame con il composto a base di silicio. Questo è interessante perchè non 
importa dove è situato il punto di ancoraggio sulla molecola, si ottiene sempre 
lo stesso prodotto in modo selettivo.  

Il primo progetto descritto invece ha un obiettivo un po’ diverso. Molti 
metodi sono stati sviluppati per formare legami tra molecole ma metodi per 
romperli in punti specifici e convertirli in prodotti diversi sono molto poco 
esplorati. Questa è una strategia non convenzionale che potrebbe essere 
interessante per diversi motivi, per esempio per la degradazione di rifiuti o per 
convertire una molecola in un’altra.  

In particolare, questo progetto si è concentrato sullo sviluppo di una 
reazione per rompere selettivamente i legami tra molecole di carbonio che 
sono tra i più difficili da rompere perchè sono molto forti. Specificamente, la 
reazione che ho sviluppato può rompere legami tra molecole di carbonio 
disposte in una forma a triangolo chiamata ciclopropano. In questa forma i 
carboni sono forzati in una disposizione sfavorita, rendendo più facile la loro 
rottura con metalli. Ancora una volta ho usato un metallo a base di zirconio, 
poichè è noto che è capace di rompere legami in punti specifici. Anche in 
questo caso, lega la molecola nel suo punto di ancoraggio specifico e apre 
questi triangoli. La parte interessante è che ci sono due possibilità: la molecola 
può semplicemente essere aperta, ottenendo un prodotto lineare, senza nuovi 
gruppi, oppure l’apertura del triangolo può essere combinate con la 
formazione di un nuovo legame con un gruppo diverso. Questo è stato ottenuto 
aggiungendo semplicemente il gruppo desiderato alla fine della reazione o 
cambiando il metodo per attivare lo zirconio. Infatti usando lo stesso sale e 
composto a base di silicio della reazione precedente, abbiamo potuto 
realizzare, in una sola reazione, rottura del legame tra due molecole di 
carbonio e formazione di un nuovo legame ad un gruppo silicio, ottenendo 
quindi lo stesso prodotto del progetto precedente.  
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for the coffee. It is of course really good and it kept alive me together with 
other several burnt-out people in the university.  
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wish to spend even more time with you Martha. Your clothes are top elegance 
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I am taking you with me.  

Thank you, Eva, Evelina, Evans, Ezra. You guys always know how to 
make my day. I love your energy and we have maaany more adventures to do 
together.  

Thank you Scovia. You are a kind soul and I am happy to have you in my life. 
Thank you, employee of success motors! It’s always nice having your 

warm welcome.  
 

Thank you, Alexandr Shafir. You have been my mentor. You welcomed me 
as a naive and scared girl who had never gotten out of her country and barely 
knew any English and made me the researcher I am today and I will always 
be grateful to you for that. Thank you for choosing me and teaching me both 
the practical lab skills and the scientific thinking. I still take with me everyday 
all your lessons.  

Thank you, Jan. Thank you for choosing me, and for bearing my never-
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particularly enjoyed working together on the hydrosilylation project, where 
we made a great team and your support was invaluable. The cyclopropane 
project has been a challenging one and it has required a great deal of 
dedication and sacrifice, but I am very proud of how far I have brought it. I 
would have loved to explore some of the ideas that emerged along the way 
more deeply, nevertheless I am grateful that you believed in my ability to bring 
this project to completion and that you encouraged me not to give up.  

Thank you, Mate. I appreciate you taking time for me, listening to me. And 
I appreciate that you always have a kind word and a smile for everyone. One 
day I will offer you a great coffee! 

Thank you, Helena. I appreciated a lot that you believed in me and all of 
your support and help. 

Thank you, Rui. I appreciated all your knowledge in NMR, your stories 
and your company in the coffee club. 

Thank you, Farshid. You literally saved my PhD with your quick help with 
that vacuum pump, you have a lot on your shoulder and still find time for 
everyone. You’re my hero. 

Thank you, Chris K and Chris M for welcoming me in the group and 
helping a scared young PhD student. I will always remember your help. 
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Special thanks also to my students: Erik, Ebba, Anton, Hussain for helping 
me with the cyclopropane project.  
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say, it was very dark but I barely noticed because you all were very nice to me. 

Thank you, Tomas. Thank you for laughing at all the stupid things I say 
everyday and for always listening to anything that goes through my mind 
(important and not…). Thank you for patiently bearing my overthinking and 
my …solo talking. Thank you for being always available to help, you made 
this last year of my PhD fun, and I knew I could always count on you, which 
I will always be grateful for. It is amazing how you always remember 
everything about people. You are a good person, brilliant and sensitive and I 
hope you always remember that. You deserve a lot from life.  

Thank you, Miran and Sanne. I have learnt a lot from you. We joined 
forces really nicely and we made a great paper, modesty aside. I loved all of 
our long discussions about the mechanism. Apart from the paper, I enjoyed a 
lot your company. Miran: I really appreciated your wisdom and all the 
knowledge you shared with me. I appreciated how you were supporting and 
mentoring us. Sanne: We have a quite different mindset but I am really happy 
of how we managed to complement each other. I really enjoy talking to you 
(as you may have noticed, since I disturb you a lot) and appreciate your 
advices and support. I won’t forget it. I hope we don’t lose contact. 

Thank you, Hussain. I am honestly surprised we didn’t blow up the lab 
together, nevertheless working and then teaching with you has been fun. 
You’ve been very supportive and helped me staying calm. You will always be 
my son.  

Thank you, Eline. You have been an unexpected friendship towards the 
end of the PhD and I appreciate your company a lot. Thank you for being 
patient when I ditch our plans to work, when I am late (99% of the time) and 
for very patiently listening to me. I appreciate it a lot. And thank you for 
remembering everything I tell you and for being honest with me. I appreciate 
I can count on you. I am looking forward to all the great time we will spend 
together painting and being a nice aunt for Gandalf. 

Thank you, Wouter. I consider you a friend and a good one I can always 
count on. I appreciated a lot your invaluable help and advice, you taught me 
so much and supported me when I was feeling really lost. And of course I 
loved all of our evenings together, the dinners, and conversations in front of a 
beer. Hope we have many more! 

Thank you, Merve. You are my mom here in Uppsala and you will keep 
being it if I manage to stay here. I literally owe you for having a roof over my 
head, since you taught a naïve Orsola how difficult it is to find housing here. 
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I will always remember your help, and especially your kindness. You are a 
good person. 

Thank you, Susanna. Pooostdoc! I will never forget your cakes! Wow they 
are absolutely amazing, they definitely boosted my mood. 

Thank you, Philipp. You are a really kind and helpful person. Thank you 
for all your help in these past days and for all the help with the teaching! 

Thank you, Mauricio. Thanks for encouraging me to experiment with food! 
You taught me that there are other good cuisines aside from Italian (yes…I did 
not know that). Thanks for all the help and advice, especially when I was a 
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and that you always drop to say hi even when I am hiding in the lab or office. 

Thank you, past and present members of BMC: Carolina, Manuel, Andrew, 
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the stressful days better and I will never forget the moments together. Judith: 
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was a great and smooth collaboration and we made an amazing team. I love 
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always available to help and listen and for all the fun conversations. 
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it has been a great BMC hangout place to recharge. I still have to name a 
chevalier to keep the tradition going.      
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