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1. Introduction
Carbon-carbon bond formation is a fundamental reaction in organic chemistry. Among the metalcatalyzed transformations, cross-coupling reactions and olefin metathesis have been attracting a
special attention. This is evidenced from 2005 Nobel Prize given to Robert H. Grubbs, Richard R.
Schrock and Yves Chauvin for the development of the metathesis method in organic synthesis and
2010 Nobel Prize awarded to Richard F. Heck, Ei-ichi Negishi and Akira Suzuki for palladiumcatalyzed cross couplings in organic synthesis.
Over the last two decades, olefin metathesis has become a powerful tool for straightforward formation
of carbon-carbon double bonds. It has been used for synthesis of heterocycles[1] and in total
synthesis[2], in pharmaceutical[3] and supramolecular chemistry,[4–6] for green chemistry[7] and for
protein modifications.[8,9]
In general, olefin metathesis is a chemical reaction between two olefins in which two carbon-carbon
double bonds exchange with one another, forming new olefins with another substitution pattern
around the double bond (Scheme 1).

Scheme 1. General representation of olefin metathesis reaction.
In 1971, Yves Chauvin and Jean-Louis Hérisson proposed the mechanism for olefin metathesis
generally known as “Chauvin mechanism” (Scheme 2). As seen in Scheme 2, the catalytic cycle is a set
of [2+2] cycloaddition and cycloreversion reactions. First, the initial metal alkylidene (M=) reacts
with an oleﬁn, forming a metallacyclobutane intermediate. Next, this intermediate undergoes
cycloreversion, forming either the initial metal alkylidene or, productively, ethylene and a new metal
alkylidene (M=CHR). The new metal alkylidene (M=CHR) reacts with second molecule of olefin to
give metallacyclobutane intermediate which then cycloreverts to form the product and original metal
alkylidene species.

Scheme 2. Mechanism of olefin metathesis proposed by Chauvin.
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Some fields of olefin metathesis, in particular ring-closing metathesis at low catalyst loading, ringclosing metathesis of hindered olefins, switched control over ring-opening metathesis polymerization,
selective formation of Z-olefins via cross-metathesis, metathesis of renewable raw materials and
efficient catalyst recycling are of great interest to scientific community because of their potential
application.
Consequently, the presented dissertation deals with the development of fast initiating ruthenium
catalysts for ring-closing metathesis at low catalyst loading, efficient catalysts for ring-closing
metathesis reactions of challenging substrates and redox-switched catalysts for ring-opening metathesis
polymerization which undergo electrochemical activation under mild conditions.

1.1. Types of Olefin Metathesis Transformations
Among the various types of metathesis reactions the most practically important are: Ring-Closing
Metathesis (RCM), Cross Metathesis (CM), Enyne Metathesis (EM), Ring-Opening Metathesis
Polymerization (ROMP) and Acyclic Diene Metathesis (ADMET) (Scheme 3).

Scheme 3. Some types of olefin metathesis transformations.
Ring-closing metathesis is thermodynamically favorable for the formation of medium-sized cycles (C5C7). The probability of encounter between reactive double bonds decreases for large cycles. This
partitioning depends on substrate, catalyst, and reaction conditions. [10] Ring-opening metathesis
polymerization is thermodynamically favored for strained ring systems, such as norbornene
derivatives, dicyclopentadiene, cyclooctene, cyclooctadiene etc. The ROMP reaction often occurs
rapidly to form polymers with good yields. The cross metathesis reaction between two different olefins
usually results in the formation of a statistical mixture of predominantly E-olefins. However, the
chemo- and stereoselectivity of cross-metathesis can be adjusted by the appropriate selection of the
catalyst and substrates as well as by the use of an excess of the more readily available olefin.
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1.1.1. Ring-Closing Metathesis
Ring-closing metathesis was found to be an excellent synthetic tool providing straightforward approach
to aromatic heterocycles.[11] As an example the synthesis of 2-phosphonopyrroles[12] via a one-pot
RCM/oxidation sequence and the preparation of furnished bis-furan[13] via the tandem cyclisation of
bis-allylic acetal are highlighted in Scheme 4.

Scheme 4. Synthesis of heterocycles via ring-closing metathesis.
Ring-closing metathesis is often applied in synthesis of natural compounds and their analogues.[14–16]
Nemoto and co-workers described the synthesis of sominone starting from dehydroepiandrosterone on
the basis of an RCM strategy for the construction of a δ-lactone side chain.[17] In addition, this synthetic
protocol was applied for design of several analogous derivatives including 1-deoxy-24-norsominone
(denosomin), which was revealed to exhibit notable bioactivities for new antidementia chemotherapy
(Scheme 5).

Scheme 5. Ring-closing metathesis in synthesis of sominone and denosomin.

1.1.2. Cross-Metathesis
Like ring-closing metathesis, cross-metathesis is often utilized in total synthesis of natural products. [18–
21]

A convergent and efficient synthesis of cruentaren A, an antifungal benzolactone produced by the
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myxobacterium Byssovorax cruenta, was reported based on ring-closing metathesis and crossmetathesis as the key steps (Scheme 6).[22]

Scheme 6. Cross-metathesis in synthesis of cruentaren A.
Cross-metathesis has become a powerful method for the production of fine chemicals from renewable
raw materials.[23–26] The synthesis of α,ω-aminoesters, the precursors of polyamides, from acrylonitrile
and unsaturated fatty acids, derivatives of plant oils, via tandem cross-metathesis/hydrogenation
sequence was published by Couturier et al. (Scheme 7).[27]

Scheme 7. Cross-metathesis of a renewable raw materials.

1.1.3. Enyne Metathesis
Enyne metathesis is particularly useful synthetic method for the construction of complex molecules,
such as fused bicycles and polycycles.[28–30] In combination with Diels-Alder cycloaddition reaction
enyne metathesis opens an easy access to otherwise difficult available polycycles. For example, the
synthesis of (–)-tetrangomycin, the angucycline antibiotic, have been recently reported based on enyne
metathesis and Diels–Alder reaction as key steps (Scheme 8).[16]

Scheme 8. Enyne metathesis in synthesis of (–)-tetrangomycin.
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1.1.4. Ring-Opening Metathesis Polymerization and Acyclic Diene Metathesis Polymerization
Ring-opening metathesis polymerization (ROMP) turned out to be powerful tool for synthesis of
polymers with various architectures and useful functions. [31–36] Recently, Grubbs and co-workers have
found a potential application of ROMP reaction in photolithography.[37] The most common monomers
used in ROMP are cyclic olefins possessing high ring strain, such as norbornene derivatives, ciscyclooctene, cyclooctadiene and dicyclopentadiene (Scheme 9).

Scheme 9. ROMP monomers.
The general mechanism for ROMP is depicted in Scheme 10. It comprises of three main steps:
initiation, propagation and termination.

Scheme 10. Representative mechanism for ROMP reaction.[38]
The molecular weight and polydispersity of polymers obtained via ROMP strongly depend on the rate
at which the respective catalyst is initiated. Slowly initiating catalysts normally provide polymers with
high molecular weights and broad polydispersities. This is due to initiation rate being slow compared
to the rate of propagation. In case of polymers with conformationally flexible chains, the polydispersity
can also be affected by competing chain-transfer reactions (Scheme 11). When the rate of initiation is
faster or comparable to the rate of propagation the ROMP can result in formation of monodisperse low
molecular weight material. That is why fast initiating complexes display high activity in ROMP
providing polymers with shorter chain length and low PDIs.

5

Scheme 11. Secondary metathesis reactions in ROMP.[38]
Although secondary metathesis reactions are undesirable in ROMP, they can be controlled by catalyst
choice and reaction conditions, thus producing cyclic oligomers.[39]
Acyclic diene metathesis polymerization is a step-growth polymerization driven by the release of a
condensate, usually ethylene.[40,41] This is why ethylene formed during the reaction has to be removed
from the reaction media to shift the equilibrium towards polymer formation. ADMET polymerization
affords high molecular weight polymers at high monomer conversion. It is normally performed in bulk
to avoid the formation of cyclic oligomers. In acyclic diene metathesis polymerization the non-strained
a,ω-olefins are used as monomers instead of the strained cyclic olefins in ROMP. The representative
ADMET monomers are given in Scheme 12. The reactive double bonds in these molecules are
separated in space to avoid competing RCM reaction.

Scheme 12. Representative ADMET monomers.

1.2. Types of Well-Defined Olefin Metathesis Catalysts
Among various types of olefin metathesis catalysts,[42–45] the complexes summarized below represent
common structural motifs.
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Scheme 13. Well-defined olefin metathesis catalysts.
Schrock and Grubbs together with co-workers synthesized numerous important olefin metathesis
catalysts. Schrock et al. described well-defined molybdenum alkylidene complexes like catalyst 1 which
is one of the most recognizable Schrock-type catalyst. Complex 1 is highly active in olefin metathesis,
however, it remains sensitive towards oxygen and moisture and shows low tolerance towards
functional groups. Nevertheless, it became the basis for the synthesis of modified Schrock-type
catalysts for various metathesis applications. The first well-defined ruthenium-based olefin metathesis
catalyst 2 was reported by Grubbs and co-workers in 1992.[46] In 1995, they reported the synthesis of a
catalyst 3 which is now known as Grubbs 1st generation catalyst.[47] The ruthenium-based catalysts
appear to be more resistant to oxygen and moisture than Schrock-type catalysts. Replacement of one of
the phosphine ligand in complex 3 by SIMes carbene led to Grubbs 2nd generation catalyst 4 which
turned out to be more active and stable than 3.[48] In fact, the synthesis of Grubbs 2nd generation
catalyst has turned out to be a significant improvement and most of known ruthenium complexes
contain N-heterocyclic carbene ligands. Complex 5 with two pyridine ligands instead of phosphine is
known as Grubbs 3rd generation catalyst.[49] The labile pyridine ligands dramatically increase initiation
rate, thus making this catalyst useful for ring-opening metathesis polymerization. In 1998, Hoveyda et
7

al. reported the synthesis of complex 6 in which benzylidene ligand has a chelating ortho-isopropoxy
group.[50] The phosphine ligand in 6 was then replaced by SIMes carbene to provide stable and highly
reactive Hoveyda 2nd generation catalyst 7.[51] Ruthenium indenylidene-type complexes 8 and 9
represent a family of robust and efficient catalysts which are quite resistant to harsh reaction
conditions (temperature and functional group tolerance).[52] In 2012, Grubbs and co-workers described
C-H activated catalyst 10 for Z-selective olefin metathesis.[53]
In general, phosphine-based ruthenium complexes like 3, 6 and 8 are rarely used in catalysis, but they
serve as precursors for the synthesis of more active and structurally diverse ruthenium-N-heterocyclic
carbene catalysts.

1.3. Synthesis of Ruthenium Complexes Bearing N-Heterocyclic Carbene (NHC) Ligands
Several methods enable the formation of ruthenium complexes containing N-heterocyclic carbene
ligands (Scheme 14). The most common method includes deprotonation of the respective azolium salts
and subsequent reaction of generated free NHCs with ruthenium precursors. The advantages of this
method are the ready availability and stability of azolium salts. The use of strong bases which are
incompatible with many functional groups and the formation of typical byproducts (e.g., inorganic
salts and alcohols), in some cases, limit the scope of this method. According to Grela and co-workers
the reaction between azolium salts and ruthenium precursors is sensitive to the quality of reagents and
solvents, reaction scale, and some subtle experimental setup.[54] The reaction between in situ generated
NHC carbenes and ruthenium precursors sometimes results in low yields and formation of byproducts.
The respective ruthenium hydride[55] and alkoxide[56] species act as possible contaminants which can
induce side reactions (Scheme 15). Alternatively, NHCs are first prepared and isolated as the free
carbenes and subsequently used for the synthesis of ruthenium complexes. This method has
advantages, since the reaction is accompanied by the formation of fewer byproducts. However, free
NHCs are very sensitive towards moisture and oxygen and need to be handled under inert conditions.
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Scheme 14. Synthetic pathways to ruthenium catalysts bearing NHC ligands.

Scheme 15. Hydride and alkoxide species as potential contaminants.
There are several types of reagents, generally known as NHC-transfer reagents or protected carbenes,
able to generate free NHCs upon heating. The well-known NHC-transfer reagents are imidazoli(ni)um
hydrogen carbonates,[57] imidazole(in)ium-2-carboxylates,[58,59] 2-(trichloromethyl)imidazolidines,[60,61]
2-(pentafluorophenyl)imidazolidines[62] and silver-NHC complexes.[63] These compounds are stable in
air and some of them possess high solubility in nonpolar organic solvents such as benzene, toluene and
hexane.

Imidazolium-2-carboxylates,

2-(trichloromethyl)imidazolidines,

2-

(pentafluorophenyl)imidazolidines and silver-NHC complexes were found to be suitable reagents for
the preparation of ruthenium-based olefin metathesis catalysts.

1.3.1. Imidazol(in)ium-2-carboxylates
The synthesis of well-known NHC-ruthenium complexes 4, 7, 9, 11 and 12 by phosphane exchange
between first generation ruthenium benzylidene-type or ruthenium indenylidene-type complexes and
NHCs generated in situ from imidazol(in)ium-2-carboxylates was reported in 2009 (Scheme 16).[64]
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The reactions were run in THF or toluene, but NHC·CO2 adducts turned out to be better soluble in THF
rather than in toluene and their thermolysis in THF at 66°C proceeded faster than in toluene at 80°C.

Scheme 16. Synthesis of ruthenium complexes from imidazol(in)ium-2-carboxylates.

1.3.2. 2-(Trichloromethyl)imidazolidines
2-(Trichloromethyl)imidazolidines are relatively stable and highly soluble compounds which are
normally prepared from imidazolinium salts and chloroform under basic conditions. [60] In 2002,
Grubbs and co-workers reported the straightforward and high-yield synthesis of complex 4 from
SIMes·CHCl3 adduct which undergoes thermolysis at 60°C in toluene (Scheme 17).[60] The bis-NHCruthenium complex 13 was also prepared by using SIMes·CHCl3 adduct and Grubbs 3rd generation
complex 5 bearing labile pyridine ligands.[60] Verpoort and co-workers followed this method to obtain
indenylidene-type complexes 9, 15 in excellent yields.[65]
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Scheme 17. Synthesis of ruthenium complexes from 2-(trichloromethyl)imidazolidines.

1.3.3. 2-(Pentafluorophenyl)imidazolidines
In

2004,

Waymouth,

Hedrick,

and

co-workers

reported

the

synthesis

of

2-

(pentafluorophenyl)imidazolidines as useful NHC-transfer reagents.[66] Later Grubbs expanded the
range of available NHC·C6F5H adducts and described their application in synthesis of commonly used
ruthenium complexes (Scheme 18).[67] In most cases the desired complexes were obtained in moderate
to excellent yields with the exception of complex 16b which was isolated in 25% yield. However, other
methods that were attempted to prepare this complex failed. Verpoort with co-workers reported a
straightforward synthesis of ruthenium indenylidene-type complexes 9, 15 from SIMes·C6F5H adduct
and commercially available ruthenium precursors 8, 14.[68]
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Scheme 18. Synthesis of ruthenium complexes from 2-(pentafluorophenyl)imidazolidines.

1.3.4. Silver-NHC Complexes
Silver-NHC complexes are useful reagents for transferring of NHC carbenes to a variety of other
metals.[63] Although they are primarily applied for the synthesis of Au, Cu, Rh, Ir, Pd, Pt, Ni complexes,
a few examples of their use in the preparation of olefin metathesis catalysts have been reported.

Mono-NHC-ruthenium complexes
In 2005, Hoveyda and co-workers described ruthenium complexes chelated with chiral bidentate Nheterocyclic carbene ligand (Scheme 19).[69] These complexes promote highly enantioselective ringopening metathesis/cross-metathesis reactions. The catalyst 20 was prepared by treatment of chiral
silver-NHC complex 18 with ruthenium precursor 19 at 70oC in THF. The Ru-chloride 20 was isolated
in 42% yield due to its partial decomposition during purification by column chromatography.
Therefore, the chlorine atom in complex 20 was replaced by iodine to give stable Ru-iodide 21.
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Scheme 19. Synthesis of ruthenium catalyst from chiral silver-NHC complex.
In the same year Gilbertson and Xu reported the synthesis of complex 22 containing SIMes ligand
modified with amino acid chain and complex 23 bearing unusual peptide-base SIMes carbene from the
corresponding NHC-silver salts and Grubbs 1st generation complex 3 (Scheme 20).[61]

Scheme 20. Ruthenium complexes prepared from silver-NHC complexes.
Bis-NHC-ruthenium complexes
Silver-NHC complexes are particularly useful for the synthesis of bis-NHC-ruthenium catalysts which
are not easily accessible by other methods. This simple and straightforward synthetic approach to
ruthenium

complexes

of

the

general

formula

(NHC)(NHCewg)RuCl2(CHPh)[70]

and

(NHC)(NHCewg)RuCl2(3-phenylindenylid-1-ene)[71] was explored by Plenio et al. (Scheme 21). The
suggested procedure allows to obtain final compounds 26a-g and 27a-h in moderate to excellent
yields depending on the structure of electron-withdrawing NHCewg ligand.
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Scheme 21. Synthesis of bis-NHC-ruthenium catalysts from silver-NHC complexes.

1.4. Initiation Rate – an Important Parameter Determining the Scope of Catalyst Application
The rate at which catalysts for olefin metathesis are activated has a strong influence on the rate of
substrate conversion. Recently, Plenio and co-workers have studied a large number of Hoveyda 2nd
generation complexes with differently substituted styrene ligands in various RCM reactions. [72]
According to the dissociative or interchange mechanism of initiation for Hoveyda-type catalysts in RCM
reactions (Scheme 22), all these catalysts result in the same active species and would exhibit the same
catalytic activity. However, it was found that the activity of the catalyst depends on the substituents at
styrene ligand. Thus, initiation plays an important role in the reaction outcome.

Scheme 22. Dissociative and interchange mechanisms of initiation for Hoveyda-type catalysts.
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The ruthenium-based catalysts can be divided into three types based on their initiation rate (Fig. 1).

Initiation rate

Rapidly initiating
catalysts

Switchable catalysts

Slowly initiating
(latent) catalysts

Figure 1. Types of olefin metathesis catalysts based on their initiation rate.
Switchable catalysts combine properties of both rapidly and slowly initiating complexes. It means that
they are normally inactive (active) in olefin metathesis and their initiation rate can be increased
(decreased) by external stimuli. However, the definition of switchable catalysts is somewhat broader.
There are ruthenium complexes containing switched tags that, when exposed to an external trigger,
can alter the solubility of the catalyst in nonpolar solvents. Although such catalysts are considered to
be switchable, their ability to switch is not related to initiation kinetic.
Rapidly initiating complexes provide good substrate conversion within a short time and low
temperatures. These catalysts are useful for the synthesis of low-dispersity polymers by ring-opening
metathesis polymerization, which requires a faster rate of initiation than the rate of chain growth.
Slowly initiating complexes require high temperatures, and appear to be useful for ring-closing
metathesis reactions of sterically hindered substrates. Switchable complexes enable control over olefin
metathesis reactions, in particular over ring-opening metathesis polymerization.

1.5. Rapidly Initiating Ruthenium-Based Olefin Metathesis Catalysts
In 2004, Piers and co-workers synthesized four-coordinate cationic complex 29 which does not contain
any ligand in trans-position to SIMes-carbene and exists as 14-electron specie (Scheme 23).[73]
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Scheme 23. Synthesis of Piers 2nd generation catalyst.
This catalyst is initiated very fast, because it doesn’t require any ligand dissociation to be activated.
Since metathesis reactions often are initiation step limited, complex 29 is exceptionally active in RCM
at low temperature in comparison to Grubbs 2nd generation catalyst 4 which requires dissociation of
PCy3 ligand. For example, at 0°C catalyst 4 reaches approximately 25% conversion of diethyl
diallylmalonate (DEDAM) after 4h, while Piers catalyst 28 performs much better, providing about 90%
conversion after the same reaction time. More importantly, catalyst 29 allowed to observe a
ruthenacyclobutane intermediate in an olefin metathesis reaction by NMR at –50 °C.[74]
The rate of the initiation step can be drastically increased by replacing the phosphine ligand with more
labile pyridine ligands. Grubbs and co-workers reported the synthesis of fast-initiating pyridine
complexes 30a,b, commonly referred to as Grubbs 3rd generation catalysts (Scheme 24).[75] The
initiation rates for these catalysts were measured by using both NMR and UV/Vis kinetic studies.
Complex 30b bearing 3-bromopyridine ligand is initiated 20 times faster than pyridine complex 30a
and six orders of magnitude faster than Grubbs 2nd generation catalyst 4. The high ratio of the rate of
initiation to the rate of propagation makes these catalysts useful for the preparation of polymers with
narrow polydispersities and for the synthesis of block copolymers. Catalyst 30b appeared to be
extremely effective in ring-opening metathesis polymerization of norbornene and oxa-norbornene
derivatives.
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Scheme 24. Synthesis of Grubbs 3rd generation catalysts and subsequent ROMP reactions.
Nonetheless, pyridine complexes have been rarely applied in RCM reactions, apparently due to their
modest stability under the reaction conditions.
In 2002, Blechert and co-workers showed that aryl group ortho to the ether oxygen significantly
increased metathesis activity (Scheme 25).[76] Initially, complex 31 was obtained to catalyze
enantioselective metathesis reactions, but no asymmetric induction was found. However, this catalyst
exhibited superior RCM activity compared to Grubbs and Hoveyda 2nd generation complexes.
Thereafter, catalyst 32 with even greater efficiency in metathesis processes was prepared. When the
RCM reaction of N-tosyl diallylamine was carried out at 0°C in the presence of 1 mol% of the
respective catalyst, 32 exhibited higher activity than 31 and Hoveyda 2nd generation complex 7 which
turned out to be completely inactive under the reaction conditions.

Scheme 25. Synthesis of Blechert catalysts and RCM reaction of N-tosyl diallylamine.
In RCM, CM, and ring-opening cross metathesis of miscellaneous substrates complex 32 was more
active than Grubbs 2nd generation catalyst 4. These observations prove that the presence of steric aryl
substituents ortho to the chelating isopropoxy moiety is responsible for the high initiation rates
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observed and even a small variation in the isopropoxystyrene ligand can result in a massive change in
the activity of the catalyst.
Having been impressed by results published by Blechert, Grela and co-workers investigated the role of
electronic effects in the isopropoxystyrene ligand. They assumed that strong electron-withdrawing
group para to isopropoxy group would weaken Ru-O interaction and thus facilitate initiation step.
Consequently, complex 33, commonly known as Grela catalyst, was prepared starting from 2-hydroxy5-nitrobenzaldehyde and Grubbs 2nd generation catalyst 4 (Scheme 26).[77] The respective 4-nitro
isomer 34 was also synthesized using related synthetic pathway.[78] Both complexes turned out to be
very active in model metathesis reactions.

Scheme 26. Synthesis of nitro-substituted Hoveyda-type complexes.
Even faster catalyst 35 with 2-methoxy group was synthesized by Plenio et al. (Scheme 27)[79] It was
isolated in 24% yield due to its modest stability in solution and partial decomposition during
chromatographic purification.

Scheme 27. Synthesis of ruthenium complex with methoxy group.
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The reactions of ruthenium complexes with butyl vinyl ether (BuVE) serve as a reasonable model for
the initiation reactions. Plenio and co-workers carried out detailed kinetic studies and calculated the
respective rate constants (kobs) for the reaction between 33-35 and BuVE using UV/Vis
spectroscopy.[79] The results given in Fig. 2 reveal that catalyst 35 initiates much faster than 33 and 34
containing isopropoxystyrene ligands.
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Figure 2. Reaction with BuVE and plot of kobs vs [BuVE] for catalysts 33-35.
In order to better understand the structure-reactivity relationship, Grela et al. decided to prepare
complexes 36-38 (Scheme 28).[78] The design of these complexes was based on the idea that
decreasing the electron density in the styrene and simultaneously applying a steric bulk close to the
chelating isopropoxy fragment could result in an even higher increase of catalytic activity.
However, all attempts to isolate complexes 36 and 37 failed. Obviously, the combination of two modes
of activity, electronic and steric, results in their significant instability. The decrease of the steric bulk
ortho to isopropoxy group led to a more stable catalyst 38 in 46% yield. In a solid state, this compound
can be stored in the fridge for several days, but it decomposes quickly in solution.

Scheme 28. Hoveyda-type complexes with modified styrene ligands.
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The catalyst 38 is characterized by fast activation rate and converts 50% of 2-allyl-2-(2methylallyl)malonate into the cyclic product within only 15 min, however, no activity is observed after
this time.
The interaction between the NHC and the benzylidene ether ligands can play a role in the catalyst
performance. Percy and co-workers investigated the influence of both steric and electronic properties
of benzylidene ether and NHC ligands on the initiation rate. [80] The authors proposed an alternative
design for a fast-initiating metathesis catalysts, which combine properly balanced steric and electronic
properties in a chelating benzylidene ligand (Scheme 29).

Scheme 29. Synthesis of benzylidene-chelating ruthenium complexes by Percy et al.
The synthesis of complex 40 from oxazinone-type benzylidene and Grubbs 2nd generation complex 4
appeared to be difficult (<10% isolated yield), confirming the high reactivity of 40 for which initiation
rate constant could not be accurately obtained. However, the respective complex 41 with SIPr ligand
was isolated in 71% yield. The kinetic profiles of these catalysts were investigated in RCM reaction of
benchmark substrates and compared with Hoveyda 2nd generation 7, Blechert 32 and Grela 33
complexes. Complexes 40 and 41 proved to be more active than Hoveyda 2nd generation and Grela
catalysts, but slightly less active than Blechert complex. The related catalyst 42 immobilized onto a
silica-based cationic-exchange resin was reported to be recyclable and useful for RCM, CM or enyne
metathesis both under batch and circulating-flow conditions (Scheme 30).[81]

Scheme 30. Immobilization of ruthenium complex onto a silica-based cationic-exchange resin.
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It should be noted that the design of stable rapidly initiating complexes is highly relevant to catalysis,
since very rapidly initiating catalysts suffer from a lack of stability under the reaction conditions.

1.6. Switchable Olefin Metathesis Catalysts
The switchable control of chemical reactivity is an important issue in catalysis. [82] The chemical
reactivity of ruthenium-based catalysts can be turned on and off by applying some external stimuli.
The internal signals may have physical nature (e.g., mechanical force, irradiation, heating) or chemical
nature. Stable and switchable initiators are of great interest to polymer chemists, since they provide
temporal and spatial control over the polymerization processes.[83]

1.6.1. Light Responsive Ruthenium Catalysts
Pretty simple and interesting concept of light-switchable catalysts was proposed by Liu and Wang who
prepared Grubbs-Hoveyda-type catalyst 43 bearing light-active nitrobenzospiropyran group (Scheme
31).[84] Irradiation of 43 with light causes the nitrobenzospiropyran tag to convert from its neutral
state to the charged state, thus forming catalyst 44. In the dark complex 44 converts back into 43.
Catalysts 43 and 44 are characterized by different solubility in polar and nonpolar solvents. The
neutral form is good soluble in cyclohexane, while the charged form 44 is soluble in polar
glycol/methanol mixture. This difference in solubility enabled the separation of homogeneous catalyst
from the products and its easy recycling.

Sheme 31. Solubility switches control catalysis by the photoswitching of spiropyran.
Grubbs et al. demonstrated indirect tandem photoactivation or ruthenium complexes for olefin
metathesis (Scheme 32).[85] Combining catalysts 45 and 46 with photoacid generators (PAG) 47 and
48 in the presence of sub-300 nm UV lights resulted in activation of these catalysts by replacement of
labile acac ligands with chlorine atoms. This activation mechanism is evidenced by the fact that the use
of the PAG with non-nucleophilic nonaflate counterion resulted in a complete loss of activity. In
addition, one of the possible catalytically active species 49 containing chlorine ligands were trapped
with (E)-1-isopropoxy-2-(prop-1-en-1-yl)benzene to give well-known complex 6 (Scheme 33).
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Scheme 32. Ruthenium complexes and photoacid generators used for light induced metathesis.

Scheme 33. Trapping of reactive intermediate.
Lemcoff and co-workers utilized sulfur-chelated ruthenium complexes as photoswitchable catalysts for
RCM and ROMP reactions (Scheme 34).[86] The cis-chelated complexes were shown to be completely
inert at room temperature, but they underwent photoisomerization to active trans-dichloro complexes
upon irradiation at 365 nm. The thermodynamically more stable cis-isomer can be restored by heating
of its trans counterpart to 80°C in solution.

Scheme 34. Proposed mechanism for the photoactivation of cis-sulfur-chelated ruthenium complexes.
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More examples of light-induced olefin metathesis based on early and well-defined tungsten catalysts
and ruthenium-arene complexes have been summarized by Vidavsky and Lemcoff in their review.[87]

1.6.2. Redox-Switched Catalysts
The concept of redox-switched ruthenium olefin metathesis catalysts, which is based on the different
solubility of neutral and oxidized forms of the catalyst was reported by Plenio and Süβner.[88] They
synthesized Grubbs-Hoveyda-type catalyst 51 with two redox-active ferrocene groups (Scheme 35).

Scheme 35. Ferrocenyl-tagged ruthenium complexes.
The neutral form 51 is highly soluble and active in toluene. On the other hand, the oxidized catalyst
52 is insoluble in toluene, and thus shows no activity in RCM. Addition of two equivalents of
acetylferrocenium tetrafluoroborate (oxidizing agent) to 51 causes oxidation and precipitation from
solution, thus stopping catalytic reaction. Addition of octamethylferrocene (reducing agent) restores
catalyst to its neutral form and the RCM reaction proceeds to completion. Moreover, the catalyst can
also be switched off and on several times after completion of the RCM reaction, allowing multiple
recycling of the catalyst.
Christopher Bielawski and co-workers described the synthesis of redox-switchable complex 53 bearing
redox-active N, N-dimethyldiaminocarbene[3]ferrocenophane (Scheme 36).[89] It is interesting that the
reaction between NHC and indenylidene-type ruthenium precursor 14 resulted in formation of cisdichloro complex 53 rather than expected catalyst 54 with trans-dichloro configuration.

Scheme 36. Redox-switched ruthenium complexes reported by Bielawski et al.
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Complex 53 was studied in redox-controlled ROMP of cis,cis-1,5-cyclooctadiene. Oxidation of ferrocene
center with DDQ over the course of polymerization reaction reduced the rate constant of the reaction
(pre-oxidation: kobs = 0.045 s-1; post-oxidation: kobs = 0.0012 s-1). Subsequent reduction of the
oxidized species with decamethylferrocene restored catalytic activity. The authors attributed this
difference in catalytic activity to the relative donating ability of the redox-active ligand. The Tolman
electronic parameters (TEP)[90,91] for both neutral and oxidized states of the NHC ligand were
calculated using spectroelectrochemical FT-IR analysis of the respective iridium carbonyl complexes 55
and 56 (Scheme 37). In the neutral state the NHC ligand is characterized by lower value of TEP, and
thus is more electron donating than its oxidized form.

Scheme 37. Evaluation of the electronic properties of redox-active NHC ligand.
In addition, the authors attempted the synthesis of benzylidene-type 57 and indenylidene-type 58
catalysts (Scheme 38). The formation of these complexes was evidenced by diagnostic signals in the 1H
and
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P NMR spectrums recorded for the crude reaction mixtures. However, it was not possible to

isolate complex 57 in pure state. Catalyst 58 was isolated in quantities insufficient for further
investigation.

Scheme 38. Attempted synthesis of benzylidene- and indenylidene-type catalysts.
In the same year Bielawski group reported the synthesis of other redox-active NHC ligand and its
ruthenium complexes for redox-controlled ROMP and RCM reactions (Scheme 39).[92]
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Scheme 39. Redox-switched ruthenium catalysts reported by Bielawski et al.
Complexes 59a,b are active in RCM reaction of DEDAM. By adding [FcCOCH3][BF4] as an oxidant over
the course of RCM reaction, complexes are switched between neutral and oxidized states which exhibit
different catalytic activity. In oxidized state the catalytic activity of 59a is partially reduced and it can
be restored to some extend (ca. 13%) upon reduction by decamethylferrocene. In contrast to 59a, the
activity of complex 59b is almost completely restored (ca. 94%) after full redox-switching cycle.
Reduced catalytic activity of oxidized complexes 60a,b was attributed to the diminished electrondonating ability of the oxidized ligand.
Recently, Bielawski with co-workers have found that Grubbs 2nd generation catalyst 4 and Hoveyda 2nd
generation catalyst 7 display reversible ruthenium-centered oxidations via a series of electrochemical
measurements (Scheme 40).[93] These catalysts can be switched between two different states of activity
in RCM and ROMP, primarily through changes in catalyst solubility.

Scheme 40. Metal-centered oxidation of ruthenium complexes.
As summarized in Scheme 41, two metathesis reactions were studied: the ROMP of cis-cis-1,5cyclooctadiene and the RCM of diethyl diallylmalonate.
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a) 0.003 mol% [Ru], [COD] = 0.5 M, C6D6 b) 1 mol% [Ru], [DEDAM] = 0.1 M, CD2Cl2.
Scheme 41. Metathesis reactions studied using 4 and 7.
In general, the addition of oxidants to the reaction mixture significantly reduced catalytic activity,
which was surmised due to the precipitation of an oxidized derivative of the catalyst. The subsequent
addition of decamethylferrocene restores the catalytic activity of the aforementioned complexes.

1.6.3. pH-Responsive Ruthenium Catalysts
The pH-responsive olefin metathesis catalysts represent a family of ruthenium-based complexes
containing functional groups (e.g., amino, imino) that are able to be protonated and, hence, to alter
the activity of catalysts by change in electronic effect.
Plenio and co-workers prepared modified Grubbs 3rd generation 61 and Hoveyda 2nd generation 62
catalysts bearing NHC ligand substituted with two –NEt2 groups (Scheme 42).[94] The electron
donation of this NHC in the respective ruthenium complexes can be modulated by protonation of the
amino group (formation of complex 63). It was found that the change in the electron donation of the
NHC ligand upon protonation leads to a significant change in the double- bond geometry (from E/Z
ratio = 0.78 to E/Z = 1.04) and in the microstructure of polynorbornene prepared via ROMP. The E/Z
ratio of the resulting polynorbornene can be tuned by addition of acid and protonation of the living
catalyst attached to the polymer chain during the course of polymerization reaction.

Scheme 42. pH-Responsive ruthenium catalysts reported by Plenio et al.
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Complex related to 62 with two redox-active ferrocene units instead of –NEt2 groups was also prepared
and tested in redox-switched ROMP reaction of norbornene. However, it turned out to be not suitable
for this purpose, because both reduced and oxidized forms of this catalyst gave polymers with nearly
the same E/Z ratio.
Schanz and co-workers utilized similar complexes 64 and 65 for controlled ROMP reaction of exo-7oxanorbornene monomer (Scheme 43).[95] The catalytic activity of studied complexes in ROMP was
gradually reduced upon gradual protonation of the -NMe2 groups due to a significant change in
electron-donating ability of NHC ligand (-NMe2 – strong electron donor, -+NHMe2 – strong electron
acceptor). The average molecular weights of the produced polymers were gradually reduced with the
addition of acid, thus allowing partial control over the polymerization process.

Scheme 43. pH-Responsive ruthenium catalysts reported by Plenio, Schanz et al.
In addition, Schanz and co-workers suggested protocol that allows efficient removal of catalyst 65 (R1
= R2 = NMe2) from RCM reaction mixtures by acid addition. The protonated dicationic species (R1 =
R2 =

+

NHMe2) exhibit low solubility in the organic solvents (toluene, ethyl acetate) and can be

separated from the reaction medium by simple filtration.[96]
In 2006, Grela and co-workers discovered Hoveyda-type catalyst 66 with -NEt2 group at chelating
benzilydene ligand (Scheme 44).[97] The presence of electron-donating group results in slow catalyst
activation, and as a result very low activity in metathesis of benchmark substrates. Protonation of -NEt2
group (formation of 67) dramatically increases the initiation rate by weakening the iPrO→Ru
interaction. Catalyst 68 bearing -C(OH)Ph2 substituent shows similar activity to that of regular
Hoveyda 2nd generation catalyst 7. Nonetheless, its activity can be even increased in the presence of a
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weak Lewis acid which converts the neutral -C(OH)Ph2 substituent to electron withdrawing
carbocation.

Scheme 44. Switchable catalysts reported by Grela et al.
Grubbs et al. have prepared complex 69 containing SIMes ligand and mesoionic 1,2,3-triazole carbene
(MIC) (Scheme 45).[98] This complex is inactive in ring-closing metathesis at room temperature,
however, addition of Brønsted acid results in protonolysis of the Ru-MIC bond to generate an active
catalyst 71.

Scheme 45. Proposed mechanism for initiation of 69.
There are several indenylidene-type 72[99] and benzylidene-type 73[100] complexes described in the
literature which are latent at room temperature due to the presence of Schiff base ligands strongly
bound to ruthenium (Scheme 46). Addition of HCl to these catalysts leads to decoordination of
salicylaldimine ligands and subsequent generation of the catalytically active species.
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Scheme 46. Ruthenium catalysts bearing salicylaldimine ligands.
Recently, Pietraszuk and co-workers have developed aryloxybenzylidene ruthenium chelates 74 that
are inactive in their dormant forms and display a dramatic increase in initiation rate after addition of a
solution of HCl in ether (Scheme 47).[101] The proposed mechanism of activation involves protonation
of the phenoxides and the formation of catalytically active complexes 75 which are closely related to
Grubbs 2nd generation catalyst 4.

Scheme 47. Activation of aryloxybenzylidene ruthenium chelates.

1.6.4. Mechanical Activation of Ruthenium Catalyst
Sijbesma and Jakobs described latent ruthenium catalyst 76 bearing two NHC ligands substituted with
polytetrahydrofuran chains (Scheme 48).[102] This catalyst is inactive at room temperature, because of
strong NHC−Ru bonds which dissociate only at elevated temperatures. Mechanochemical scission of 76
under ultrasound irradiation results in cleavage of the NHC-Ru bond due to accumulation of stress in
polymer chain. The efficiency of initiation depends on the length of the polymer chain. The authors
noted that lower molecular weight polymer chains led to lower activity, and an analogue complex
containing short butyl chains was not activated at all.

Scheme 48. Scission of 76 under ultrasound.
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1.6.5. Thermal Activation of Ruthenium Catalysts
There are many ruthenium-based catalysts that are inactive or exhibit low activity in olefin metathesis
at ambient temperature, but when heated become significantly more active. Most of these complexes
either contain chelating ligands that are strongly bound to ruthenium or exist as inactive cis-dichloro
isomers. Some representative latent complexes 78,[103] 79,[104] 80,[104] 81,[105] 82,[105] 83,[105] 84,[106]
85,[107] 86,[108] 87,[109] 88,[110] 89,[111] 90,[112] 91[113] are summarized in Scheme 49.

Scheme 49. Thermally switchable latent ruthenium olefin metathesis catalysts.

1.7. Ruthenium-Based Catalysts for Ring-Closing Metathesis of Hindered Olefins
The synthesis of hindered tetrasubstituted olefins by olefin metathesis remains a significant challenge.
Normally, ring-closing metathesis of such olefins requires elevated temperatures, high catalyst loading,
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and extended reaction times. The conventional catalysts such as Grubbs 2nd generation 4 and Hoveyda
2nd generation 7 exhibit low activity in RCM of sterically demanding substrates. [114] In RCM of diethyl
dimethallylmalonate these catalysts gave only 6% and 17% conversion at high catalyst loading (5
mol%) after 4 days at 30°C, while Grubbs 3rd generation catalyst 5 appeared to be completely inactive
under the same reaction conditions (Scheme 50).
In 2007, Clavier and Nolan described indenylidene-type ruthenium complexes 9 and 12 which were
more active than benzylidene analogues (Scheme 50).[115] These stable catalysts allowed the reaction
to proceed at higher temperature (80°C), however, relatively high catalyst loading (5 mol%) was still
required to reach good conversions.

Scheme 50. Activity of conventional ruthenium catalysts in RCM of diethyl dimethallylmalonate.
In 2008, Grubbs and co-workers improved the catalytic activity of ruthenium complexes by reducing
the steric bulk of the NHC ligands (Scheme 51).[116] Complexes 92a and 93a bearing small methyl
substituent at ortho positions of the N-aryl rings showed higher activity in RCM reactions of model
hindered olefins than their ethyl and isopropyl substituted analogues. Under optimized conditions
catalyst 93a afforded different tetrasubstituted olefins in high yields within one hour.
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r
Scheme 51. Ruthenium complexes with a sterically reduced NHC ligands for RCM of hindered olefins.
In the same year Grubbs et al. offered a concept, according to which an N-phenyl-substituted NHC
ligand has to be resistant to decomposition through C-H activation (Scheme 52).[117] Complex 94
turned out to be even more active in RCM reaction of DEDAM than aforementioned catalyst 93a.

Scheme 52. Hoveyda-type catalyst with N-phenyl-substituted NHC ligand for RCM of hindered olefins.
Some of the aforementioned complexes are suitable for RCM reactions of hindered substrates under
mild reaction conditions. However, the need to use high catalytic loading prompted the scientific
community to develop new catalysts. Plenio and co-workers reported a new types of ruthenium
complex 26a-g,[71] 27a-h[70] and 95[118] with mixed NHC ligands, one of them being electron-rich, the
other one being electron-deficient (Scheme 53). The latter ligand should be released from ruthenium
to generate the catalytically active species. These complexes display high stability in solution at
elevated temperatures and excellent activities in RCM reactions leading to tetrasubstituted olefins.
Number of cyclic products derived from hindered olefins were prepared in excellent yields using only
0.1-1 mol% of the respective catalyst. In 2010, Nolan and co-workers reported structurally related
complexes 96a-c which required higher temperature (110°C) to be activated (Scheme 53).[119]
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Scheme 53. Bis-NHC-ruthenium complexes for RCM of hindered olefins.
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2. Scope of the dissertation
This dissertation covers the synthesis of new ruthenium-based catalysts and their application in specific
olefin metathesis transformations which are outlined in Scheme 54.

Scheme 54. Scope of the dissertation.
Ring-closing metathesis of sterically demanding diolefinic substrates is a difficult reaction and requires
development of new catalysts with improved stability at elevated temperatures. The most efficient
ruthenium-based catalysts for RCM of challenging substrates were prepared in our group. These slowly
initiating catalysts contain two NHC ligand one of which is electron-withdrawing and acts as leaving
group. Chapter 3.1 describes the synthesis of similar catalysts bearing new hexahydro-s-indacene based
NHC ligand instead of traditional SIMes carbene. The structure of this ligand was properly designed in
order to get catalysts which are less prone to decomposition via C-H activation. The synthesized
complexes were tested in RCM reactions of various hindered olefins and were shown to be very
efficient catalysts.

Rapidly initiating catalysts provide good substrate conversion within a short time or at low
temperatures. Extremely fast ruthenium catalysts, such as Grubbs 3rd generation or Piers-type
complexes, are useful for the synthesis of low-dispersity polymers by ring-opening metathesis
polymerization, however, these catalysts have been rarely employed in ring-closing reactions due to
their low stability under the reaction conditions. On the other hand, Hoveyda 2 nd generation and Grela
complexes initiate slower, possess higher stability and have found widespread application in ring-
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closing metathesis. Nonetheless, relatively high loading of these catalysts is required to reach high
conversions within a short period of time. That is why the development of new ruthenium catalysts
which initiate faster than traditional Hoveyda-type complexes, but remain stable enough under the
reaction condition is very relevant to catalysis. In chapters 3.2 and 3.3, the high-yield and scalable
synthesis of new rapidly initiating N-Hoveyda and O-Hoveyda-type complexes is described. These
catalysts appear to be very active in ring-closing metathesis reactions at catalyst loadings as low as 15200 ppm.

Chapter 3.4 presents our contribution to switchable catalysts for olefin metathesis. Switchable catalysts
are of great interest to polymer chemists since they allow control over polymerization reactions. For
example, such catalysts can be mixed with the desired monomer, providing homogeneous mixture
which can then be injected into a mold prior to polymerization. Redox-switched complexes that can be
activated by oxidation of the redox-active unit at room temperature and mild conditions seems to be
best suited. We prepared eight ruthenium complexes containing ferrocene-based redox-switches and
studied their catalytic behavior in ring-opening metathesis polymerization of cis-cyclooctene. Two of
eight complexes were found to be suitable for redox-controlled ROMP reactions employing chemical,
as well as electrochemical, stimuli.

The synthesis of the respective metal complexes is the initial step of any research related to catalysis.
Most of the known ruthenium-based catalysts for olefin metathesis contain NHC ligands. The transfer
of N-heterocyclic carbene to ruthenium is often a crucial synthetic step. Chapter 3.5 highlights the use
of 2-(pentafluorophenyl)imidazolidines as NHC-transfer reagents. Special attention is given to the
application of 2-(pentafluorophenyl)imidazolidines in the synthesis of Hoveyda-type and indenylidenetype ruthenium complexes which are widely used in catalysis.
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3. Cumulative part of the dissertation
Only part of the supporting information is included in the printed version of this dissertation and the
full experimental details are contained in the electronic versions of the respective manuscripts.
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3.1. A hexahydro-s-indacene based NHC ligand for oleﬁn metathesis catalysts
The content of this chapter has already been published:
Roman D. Savka, Herbert Plenio, “A hexahydro-s-indacene based NHC ligand for olefin metathesis
catalysts”, Journal of Organometallic Chemistry 2012, 710, 68-74.

Catalytically active species are highly reactive complexes which are able to participate in
decomposition reactions other than the desired catalytic transformation. Therefore, the life time of the
active species is an important factor determining its performance in catalysis.

N-Heterocyclic carbenes were shown to improve activity and stability of ruthenium metathesis
catalysts. Nonetheless, N-heterocyclic carbenes can also take part in catalyst decomposition. One of the
possible ways of decomposition involves sp3-CH activation reaction (Scheme 55). The chances for
undesired C-H activation are decreased by lowering the number of available C-H bonds and by
restricting the conformational flexibility of these units. Consequently, the objective of this work was to
prepare NHC ligand with two N-hexahydro-s-indacenyl units in which conformational mobility of the
CH2-groups in the annelated five-membered rings is significantly reduced (Scheme 55).

Scheme 55. Rational design of NHC ligand with reduced ability to participate in decomposition
reactions.
 Lowering the number of available sp3-CH-bonds
 Restricting the conformational flexibility of sp3-CH-bonds
In this chapter, the synthesis of a new hexahydro-s-indacene based NHC ligand and its Ag, Ir and Ru
complexes is described. The electronic properties of this NHC are evaluated by IR spectroscopy and
cyclic voltammetry. The buried volume for the new NHC is calculated based on X-ray structure of
(NHC)Ir(CO2)Cl complex. Both electronic and steric parameters are shown to be similar to those of the
SIMes ligand.
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Finally, a few ruthenium-based catalysts bearing hexahydro-s-indacene based NHC ligand are
described (Scheme 56) and their catalytic activity in ring-closing metathesis of various sterically
hindered olefins is tested. The catalytic activity of the bis-NHC complexes is comparable to the best
complexes with SIMes ligands. The activity of indenylidene and Hoveyda-type complexes is higher
with respect to their relatives with SIMes ligand.

Scheme 56. Ruthenium-based complexes containing a hexahydro-s-indacene based NHC ligand.
The restricted mobility in the ortho-alkyl substituents results in stabilization of the less stable
indenylidene and Hoveyda-type complexes, thus making them suitable catalysts for the synthesis of
tetrasubstituted olefins.
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3.2. Fast Olefin Metathesis at Low Catalyst Loading
The content of this chapter has already been published:

Lars H. Peeck, Roman D. Savka, Herbert Plenio, “Fast Olefin Metathesis at Low Catalyst Loading”,
Chemistry – A European Journal 2012, 18, 12845–12853.
In this chapter, the synthesis and catalytic activity of a rapidly initiating N-Hoveyda-type complexes are
discussed. Ruthenium complexes with (alkyl)2N-derived styrene ligand are known to be latent due to
the strong Ru-N interaction and slow initiation. The replacement of a single alkyl substituent by a
phenyl group leads to a pronounced weakening of the Ru-N interaction, and consequently to a
significant increase in the initiation rate of the catalysts (Scheme 57).

Scheme 57. The basic concept of the project.
From the synthetic point of view, rapidly initiating Hoveyda-type complexes are hardly available. The
procedures reported in the literature usually afford such complexes in low yield. In this chapter, an
improved scalable procedure that enables the preparation of such fast catalysts in high yields is
proposed.

The presented complexes are characterized by fast catalyst activation, which translates into their high
efficiency in RCM reactions of sterically unhindered olefins. The catalytic activity of the synthesized
complexes is tested in RCM reactions of 13 different diolefinic substrates (Scheme 58).
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Scheme 58. Tested ring-closing metathesis reactions.
Catalyst loadings of 15-150 ppm are sufficient for the conversion of a wide range of substrates into the
respective cyclic RCM products. Based on the results of the screenings N-Hoveyda-type complexes
reported here outperform other known catalysts in RCM reactions.

My estimated contribution to this work is 50%.
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3.3. Fast Olefin Metathesis: Synthesis of 2-Aryloxy-Substituted Hoveyda-Type Complexes
and Application in Ring-Closing Metathesis
The content of this chapter has already been published:
Pavlo Kos, Roman Savka, Herbert Plenio, “Fast Olefin Metathesis: Synthesis of 2-Aryloxy-Substituted
Hoveyda-Type Complexes and Application in Ring-Closing Metathesis”, Advanced Synthesis & Catalysis
2013, 355, 439–447.
This chapter deals with the synthesis and catalytic activity of a rapidly initiating 2-aryloxy-substituted
Hoveyda-type complexes. The objective of this work was to replace an sp3-carbon by an sp2-carbon in a
phenyl groups in order to decrease oxygen donation (Scheme 59). This resulted in faster initiation rate
due to the weakening of the Ru-O interaction in such complexes.

Scheme 59. The basic concept of the project.
The efficiency of the eight newly synthesized ruthenium complexes was demonstrated by an extensive
screening for eight different RCM substrates (Scheme 60). Catalyst loadings of between 15–200 ppm
are sufficient for the formation of >90% yield of the respective cyclic products. Complex with NHC =
SIMes and X = H and the respective SIPr-analogues with X = H, NEt2 appear to be the most efficient
catalysts. In general, complexes bearing SIPr ligands initiate slower than those with SIMes carbene
providing higher final conversion of the respective cyclic olefin at low temperature.

Scheme 60. Tested ring-closing metathesis reactions.
My estimated contribution to this work is 40%.
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3.4. Oxidation-triggered Ring-opening Metathesis Polymerization
The content of this chapter has already been published:

Roman Savka, Sabine Foro, Markus Gallei, Matthias Rehahn, Herbert Plenio, “Oxidation-triggered
Ring-opening Metathesis Polymerization” Chemistry – A European Journal 2013, 19, 10655–10662.
Spatial and temporal control over polymerization reactions can be achieved by using switchable
catalysts. Switchable catalysts require physical or chemical stimuli to convert a catalytically inactive
species into an active one.

In this chapter the synthesis of oxidation-activated ruthenium-based catalysts for ROMP reaction of ciscyclooctene is described. The synthesized complexes contain nitrogen donor and redox-active
ferrocene group (Scheme 61). The redox-active unit is either directly attached to the nitrogen donor
(Scheme 61, Type B) or in conjugation with ruthenium center (Scheme 61, Type A). The oxidation of
the ferrocene group changes the donor ability of the nitrogen, and thus affects the initiation rate of the
respective catalyst.

Scheme 61. The basic concept of the project.
 Oxidation of redox-active unit turns the catalyst on, to enable ROMP.
 Ferrocene as redox-active tag

easy to oxidize under mild conditions.
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Two of the eight complexes were found to be latent catalysts for ROMP reactions in the reduced state,
but are able to polymerize cis-cyclooctene following chemical or electrochemical oxidation of the
ferrocenyl group (Scheme 62, Figure 3).

Scheme 62. ROMP reaction of cis-cyclooctene catalyzed by oxidized complexes.

Figure 3. Electrochemical setup (left), electrochemical cell (middle) and platinum mesh anode (right).

My estimated contribution to this work is 90%.
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3.5. 2-(Pentafluorophenyl)imidazolidines
The content of this chapter has already been published:
Roman Savka, “2-(Pentafluorophenyl)imidazolidines”. Synlett 2013, 24, 1735–1736.

N-Heterocyclic carbenes (NHCs) have become ubiquitous organocatalysts and ligands for transitionmetal complexes. Several methods highlighted in Scheme 63 allow the formation of free NHCs. Among
them 2-(pentafluorophenyl)imidazolidines appear to be very useful reagents.

This chapter highlights the applications of 2-(pentafluorophenyl)imidazolidines in the formation of
free NHCs. The literature data concerning the synthesis of NHC-transition-metal complexes, including
ruthenium-based olefin metathesis catalysts, from 2-(pentafluorophenyl)imidazolidines are discussed.

Scheme 63. Different methods for the formation of free NHCs.

89

90

91

4. Summary and Conclusions
In the following paragraphs the most important aspects of my work will be presented as a short
summary.
1. A new hexahydro-s-indacene based NHC ligand and transition metal complexes with Ag, Ir and Ru
were prepared (Scheme 64).

Scheme 64. Transition metal complexes containing hexahydro-s-indacene based NHC ligand.
2. The stereoelectronic properties of the new NHC ligand were determined and found to be similar to
those of the SIMes ligand (Scheme 65).

Scheme 65. Evaluation of the stereoelectronic properties of hexahydro-s-indacene based NHC
ligand.
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3. The catalytic behavior of ruthenium complexes with the new NHC ligand in ring-closing metathesis
reactions of sterically demanding substrates was investigated (Scheme 66). The catalytic activity of
the bisNHC complexes is very good and comparable to the best complexes with the standard SIMes
ligand. However, an increase in the activity of the respective Hoveyda and indenylidene complexes
with hexahydro-s-indacene based NHC ligand compared to their SIMes analogues was observed.

Scheme 66. RCM reactions of sterically demanding olefins studied in this work.
4. New N-Hoveyda-type complexes were obtained by the reaction of the Grubbs 3 rd generation type
complexes [RuCl2(NHC)(Ind)(Py)]

(NHC = SIMes,

SIPr,

IPr) with

2-ethenyl-N-alkyl-N-

phenylaniline (alkyl = Me, Et) (Scheme 67). The new procedure, which is based on the use of
acidic Amberlyst resin as pyridine scavenger, allows the formation of the desired complexes in 5075% yield.

Scheme 67. Synthesis of new N-Hoveyda-type complexes.
5. New N-Hoveyda-type complexes (Scheme 67) are characterized by very fast initiation rates. Low
catalyst loadings of 15-300 ppm are sufficient for the conversion of a range of RCM substrates into
the respective cyclic olefins in reaction times of less than 15 min (Scheme 68). The most active
complex affords N-protected 2,5-dihydropyrroles (TOF of up to 232000 h-1) and N-protected
1,2,3,6-tetrahydropyridines (TOF of up to 147000 h-1) in yields of around 90%; the synthesis of the
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respective N-protected 2,3,6,7-tetrahydroazepines requires a catalyst loading of 50 ppm (95% yield,
TOF of up to 76000 h-1).

Scheme 68. Results for selected RCM reactions.
6. New 2-aryloxy-substituted Hoveyda-type complexes were synthesized in the reaction of the Grubbs
3rd generation type complexes [RuCl2(NHC)(3-phenylindeneylidene)(Py)] (NHC = SIMes, SIPr)
with 1-ethenyl-2-phenoxybenzenes (with EWG/EDG groups R para to oxygen) (Scheme 69). The
use of Amberlyst resin enables the formation of the desired catalysts in yields between 66-84%.

Scheme 69. Synthesis of O-Hoveyda-type complexes.
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7. The fast initiation of 2-aryloxy-substituted Hoveyda-type complexes translates into rapid olefin
metathesis reactions. The catalytic activity in various RCM reactions was probed and the new
complexes found to be highly efficient. Catalyst loadings as low as 15-100 ppm are sufficient to
reach >90% conversion within less than 15 min of reaction time for a variety of RCM substrates
(Scheme 70).

Scheme 70. . Results for selected RCM reactions.
8. Eight new Hoveyda-type complexes with ferrocenyl substituents were synthesized (Scheme 71). The
redox potentials for the new complexes were determined. An iron-centered oxidation reaction
occurs at potential close to E = +0.5 V, while the oxidation of ruthenium occurs at around E =
+0.8 V. Two of these complexes were found to be latent catalysts for ROMP reactions in the
reduced state, but are able to polymerize cis-cyclooctene following chemical or electrochemical
oxidation of the ferrocenyl group (Scheme 62). The other complexes are not switchable catalysts
and either inactive or active in both reduced and oxidized states.
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Scheme 71. Synthesis of the new ferrocenyl-substituted Hoveyda complexes.

Scheme 62. ROMP reaction of cis-cyclooctene catalyzed by oxidized complexes.
9. The electrochemical initiation of ROMP reaction through electrodes was done for the first time and
could enable microstructure control of the obtained polymers.
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5. Zusammenfassung der Ergebnisse
Im Folgenden sind die wichtigsten Aspekte meiner Arbeit kurz zusammengefasst.
1. Es wurden ein neuer Hexahydro-s-indacen-basierter NHC-Ligand, sowie die dazugehӧrigen
Übergangsmetallkomplexe mit Ag, Ir und Ru dargestellt (Schema 64).

Schema 64. Übergangsmetallkomplexe mit Hexahydro-s-indacen-basierten NHC-Liganden.
2. Die stereochemischen Eigenschaften des neuen NHC-Liganden wurden untersucht. Die ermittelten
Werte für „buried volume“, TEP sowie CV lassen sich mit denen des SIMes-Liganden vergleichen.

Schema 65. Untersuchung der stereochemischen Eigenschaften des Hexahydro-s-indacenbasierten NHC-Liganden.
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3. Das katalytische Verhalten der Hexahydro-s-indacen–basierten Rutheniumkomplexe wurde mittels
Ringschlussmetathese-Reaktion (RCM), unter Verwendung sterisch anspruchsvoller Substrate,
untersucht (Schema 66). Der Bis-NHC-Komplex weist eine hohe katalytische Aktivität auf. Diese ist
vergleichbar

mit

der

Aktivität

von

SIMes-basierten

Katalysatoren.

Verglichen

mit

den

entsprechenden SIMes-substituierten Komplexen, konnte eine signifikante Steigerung der Aktivität
sowohl bei den Hoveyda- als auch bei den Indenyliden-Komplexen beobachtet werden.

Schema 66. Untersuchte RCM-Reaktionen mit sterisch anspruchsvollen Olefinen.
4. Neue Verbindungen der N-Hoveyda-Klasse wurden durch die Reaktion von Grubbs-Komplexen der
dritten Generation [RuCl2(NHC)(Ind)(Py)] (NHC = SIMes, SIPr, IPr) mit 2-Ethenyl-N-alkyl-Nphenylanilin (Alkyl = Me, Et) erhalten (Schema 67). Die neue Synthesevorschrift, welche auf der
Verwendung von Amberlyst®15 basiert, führt zur Bildung der gewünschten Komplexe in Ausbeuten
von 50-75%.

Schema 67. Synthese neuer N-Hoveyda- Komplexe.
5. Charakteristisch für die neuen N-Hoveyda- Komplexe (Schema 67) ist eine sehr hohe
Geschwindigkeit der Präkatalysatoraktivierung. Die Ru-Komplexe zeigen eine sehr hohe katalytische
Aktivität und eine niedrige Katalysatorbeladung von 15-300 ppm ist für die Umsetzung eines
breiten Spektrums an RCM Substraten ausreichend. Die entsprechenden cyclischen Olefine werden
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in Reaktionszeiten von unter 15 Minuten gebildet (Schema 68). Der aktivste Komplex erlaubt die
Bildung N-geschützter 2,5-Dihydropyrrole (TOF bis zu 232000 h-1) und N-geschützter 1,2,3,6tetrahydropyridine (TOF bis zu 147000 h-1) in Ausbeuten von ca. 90%. Die Synthese der
entsprechenden N-geschützten 2,3,6,7-Tetrahydroazepine gelingt mit einer Katalysatorbeladung von
50 ppm (95% Ausbeute, TOF bis zu 76000 h-1).

Schema 68. Ergebnisse ausgewählter RCM-Reaktionen.
6. Neue 2-Aryloxy-substituierte Hoveyda-Komplexe wurden durch eine Reaktion von Grubbs–
Komplexen der dritten Generation [RuCl2(NHC)(3-phenylindeneyliden)(Py)] (NHC = SIMes, SIPr)
mit 1-Ethenyl-2-phenoxybenzenen (mit EWG/EDG Substituenten R para zum Sauerstoff)
synthetisiert (Schema 69). Die Verwendung von Amberlyst® 15 ermöglicht die Bildung der
gewünschten Produkte in Ausbeuten zwischen 66-84%.
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Schema 69. Synthese neuer O-Hoveyda-Komplexen.
7. Die schnelle Initiierung von 2-aryloxy-substituierten Hoveyda-Komplexen führt zu schnellen
Olefinmetathesereaktionen. Die katalytische Aktivität wurde in zahlreichen RCM-Reaktionen
untersucht und die neuen Komplexe als hoch effizient erkannt. Katalysatorbeladungen von lediglich
15-100 ppm sind ausreichend, um einen Umsatz > 90% in weniger als 15 min Reaktionszeit für
eine Vielzahl von RCM-Substraten zu erreichen (Schema 70).

Schema 70. Untersuchte RCM-Reaktionen mit ausgewählten Ergebnissen.
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8. Acht neue Hoveyda-Komplexe mit ferrocentragenden Substituenten wurden synthetisiert (Schema
71) und deren Redoxpotentiale bestimmt. Eine Oxidation des Eisenzentrums tritt bei einem
Potential von etwa E = +0.5 V auf, wohingegen die Oxidation des Rutheniums bei einem Potential
von ca. E = +0.8 V erfolgt. Zwei dieser Komplexe stellten im reduzierten Zustand latente
Katalysatoren für ROMP Reaktionen dar. Durch chemische oder elektrochemische Oxidation der
Ferroceneinheit am Katalysator konnte cis-Cycloocten polymerisiert werden (Schema 62). Die
restlichen Verbindungen erwiesen sich nicht als latent, sondern stellten, sowohl im oxidierten als
auch im reduzierten Zustand, entweder inaktive oder aktive Komplexe dar.

Schema 71. Synthese neuer ferrocensubstituierter Hoveyda-Komplexe.

Schema 62. ROMP-Reaktion von cis-Cycloocten, katalysiert durch oxidierte Komplexe.
9. Die elektrochemische Initiierung von ROMP-Reaktionen unter Verwendung von Elektroden wurde
erstmals durchgeführt und erlaubt die Kontrolle der Mikrostruktur des gebildeten Polymers.
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