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Artur Brotons-Rufes a, Sergio Posada-Pérez a,b,*, Juan Pablo Martínez c, Steven P. Nolan d,**,  
Albert Poater a,***
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A B S T R A C T

Olefin metathesis has become a cornerstone in modern synthetic chemistry, enabling diverse applications across 
organic synthesis, polymer science, and industrial processes. Despite its transformative impact, significant 
challenges persist, including catalyst stability, functional group tolerance, selectivity, and scalability. 
Ruthenium-based catalysts dominate the field, yet their sensitivity to oxygen, moisture, and harsh conditions 
limits industrial applicability. Functional group incompatibility and the difficulty in achieving precise product 
selectivity further hinder its versatility, particularly in cross-metathesis (CM) and ring-closing metathesis (RCM). 
Advances in catalyst recycling, green chemistry practices, and alternative systems using earth-abundant metals 
like iron are promising but remain underdeveloped. Expanding substrate scope, improving mechanistic under
standing, and integrating metathesis with other catalytic processes offer opportunities for innovation. Addressing 
these issues through predictive catalysis, novel ligand design, and artificial intelligence-driven insights will 
enhance the sustainability and efficiency of metathesis, cementing its role as a pivotal reaction in future chemical 
synthesis.

1. Introduction

Carbon’s exceptional bonding versatility makes it a cornerstone of 
molecular design [1]. Once confined to pharma and petrochemicals, 
carbon-based research now spans many fields. A surge in carbon–carbon 
bond studies has been observed, with synthesis dominating, affirming 
synthetic chemistry’s central role in expanding molecular innovation.

Synthesis from carbon containing molecules faces the challenge of 
working with a strong and unpolarized bond, arising from its covalent 
nature [1,2]. As a result, early synthetic methodologies primarily relied 
on the use of reactive molecular motifs or functional groups containing 
heteroatoms positioned near the target carbon atoms involved in 
cleavage or bonding (see Fig. 1 for an example of an aldol condensation). 
Other approaches often resorted to harsh reaction conditions to over
come the intrinsic strength of the C–C bond, frequently sacrificing 
molecular selectivity (e.g., vulcanization reactions). [3,4] Unfortu
nately, even in the former milder conditions, the inclusion of such 

reactive motifs compromised chemoselectivity. This often led to unse
lective cleavage or undesired functionalization, making functional 
tolerance a common problem.

In this context, organic chemistry focused for decades on exploring 
functional group configurations to enable novel synthetic pathways, 
while the development and use of protecting groups emerged as a 
pivotal strategy to address the reactivity and liability of functional 
groups. A significant milestone in organic synthesis was the introduction 
of transition metals. Beyond simply exploiting differences in electro
negativity to polarize bonds, the incorporation of d-orbitals revolu
tionized the field through the formation of coordinative bonds and metal 
complexes. These coordination molecules are now recognized for facil
itating well-defined reaction steps (e.g., oxidative addition, reductive 
elimination, migratory insertion), enabling alternative reaction path
ways that overcome the intrinsic thermodynamic limitations of tradi
tional organic chemistry [2]. Consequently, this advancement unlocked 
diverse and sophisticated strategies for carbon‑carbon bond formation. 
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Furthermore, when the synthetic process is optimized to allow the re
covery of the organometallic reagent, catalytic conditions can be ach
ieved. Organometallic catalysis enables repeated reaction cycles under 
stable conditions, offering economic and ecological benefits like 
improved atom economy, milder conditions, reduced waste, fewer de
rivatives, and enhanced selectivity over stoichiometric methods [6].

After years of extensive research and development, the field of 
organometallic catalysis has expanded into a vast and diverse domain, 
encompassing numerous subfields. Given this breadth, it is impossible to 
explore every detail without narrowing the scope of the discussion. 
Therefore, the next section focuses on carbon‑carbon double bond 
structures. In detail, alkenes, or olefins, are molecules with a carbon
–carbon double bond, comprising sigma and π interactions. Their unique 
electronic structure leads to shorter and stronger bonds with distinct 
reactivity. Ethylene exemplifies this, showing higher chemical activity 
due to accessible π-electrons. Notably, ethylene dominates global pro
duction volumes of organic compounds, driven by its widespread de
mand as a versatile synthetic precursor [2].

A variety of methods exist for obtaining double bonds, with elimi
nation reactions being among the most common approaches. It is 
important to emphasize, however, that in such cases, the double bond is 
formed from a pre-existing single bond. Similarly, widely utilized 
methodologies such as the Mizoroki-Heck coupling provides convenient 
routes for the functionalization of double bonds. [7,8] However, these 
approaches still rely on the presence of a pre-existing carbon‑carbon 
double bond.

The discussion that follows will focus exclusively on reactions that 
generate alkene bonds through the coupling of two molecules, to end in 
olefin metathesis. The first examples of such reactions correspond to 
homologation procedures, which in their simplest forms are equivalent 
to methylene couplings (Fig. 2) [9]. While some of these methods may 
appear outdated, it is critical to recognize that the practices of applied 
synthetic chemistry often diverge from cutting-edge methodologies 
developed in academic research.

The objective of this section is not to present an exhaustive com
pendium of the most innovative approaches reported over the past 
decade, nor to provide a chronological review of all alkene synthesis 
methodologies. Instead, the focus is on highlighting methods of signif
icant practical utility, offering a clearer understanding of the context in 
which olefin metathesis demonstrates its exceptional utility. Priority is 
given to methodologies that have proven to be broadly applicable for the 
efficient production of valuable products.

Traditionally, methodologies that lead to alkenes have relied on 
carbonyl bonds as an excellent starting point, given their widespread 
availability and high reactivity [10].

In the 1970s, Julia and Paris reported a versatile two-step olefination 
method. The first step involves a relatively standard nucleophilic attack 
of a phenylsulfonyl carbanion on the carbonyl bond of an aldehyde or 
ketone, followed by in-situ esterification. In the second step, the 

alkoxide derivative is reduced with sodium amalgam, leading to the 
formation of an E-alkene via reductive elimination [10,13–15]. While 
the mechanism of the first attack is well understood, the latter step’s 
mechanism is not fully defined. However, the stereoselectivity of the 
product suggests equilibrated intermediates involving vinylic radicals 
[9,16–18]. Numerous modifications of the reaction have broadened the 
scope of applications. One notable example is the Julia–Kocienski ole
fination, which replaces the phenyl substituent of the sulphone by a 
tetrazole ring. This increases the E-alkene selectivity and allows the 
reaction to proceed in a one-pot protocol. [19,20]

Alternatively, carbonyl olefination can be achieved using Grignard- 
like reagents derived from alkyl silanes [11]. Introduced in 1968 by 
Peterson, this method generates a beta-hydroxy silane as a mixture of 
enantiomers from substrates including an aldehyde group or a ketone’s 
asymmetric carbonyl. Upon separation, each enantiomer can be 
conveniently converted to the desired olefin-stereoisomer by acidic or 
basic treatment [21]. In basic media, elimination is triggered by 
deprotonation of the alcohol, typically forming a four-membered 1,2- 
oxasiletanide. This cyclic intermediate then reorganizes to produce the 
alkene and the hydroxysilonalate anion. Alternatively, acid treatment 
leads to hydrolytic elimination, placing the substituents in an anti- 
configuration and yielding the complementary stereoisomer [9].

Wittig proposed an earlier carbonyl olefination reaction for ketones 
and aldehydes [12]. The reaction and its ylide reagent, which make it 

Fig. 1. Aldol condensation reaction with trimethylsilyl triflate protecting group on the acetone group to avoid undesired functionalization [5].

Fig. 2. Three carbonyl methodologies widely used to form alkene 
bonds [10–12].
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possible, are named after him (i.e. the Wittig reagent). This method, the 
oldest among those mentioned, is also the most well-known due to its 
extensive and valuable application in a wide range of synthetic pro
tocols. Indeed, as a result of this contribution, Wittig was awarded the 
Nobel Prize in Chemistry in 1979. The reaction mechanism is believed to 
proceed via a betaine intermediate or a concerted oxaphosphetane, 
depending on the substituents of both the ylide and the carbonyl [22].

Regarding the olefination methods mentioned, the choice of tech
nique depends on the overall synthesis. The Wittig reaction is typically 
preferred as the final step in total synthesis protocols due to its superior 
functional group tolerance and high stereocontrol. In contrast, the Julia 
olefination is an attractive option for achieving high yields of E-alkenes 
(>80 %). Meanwhile, the Peterson olefination offers the versatility of 
controlling the stereoisomer by adjusting the acid-base conditions dur
ing the elimination step [9].

To conclude this section, it is important to note that all the afore
mentioned methods involve a bond rearrangement process in their 
mechanisms that thus is not entropically unfavored. This feature is 
crucial to the efficiency of these reactions and will be further explored in 
the following discussion.

With the exception of the Julia olefination, both the Wittig and 
Peterson mechanisms involve a four-membered cyclic intermediate. 
These ring structures are formed during cycloaddition processes, either 
through multiple steps or in a concerted manner. This type of reaction 
has extensive applications in synthetic chemistry, with paradigmatic 
examples such as the Diels-Alder reaction and the Huisgen reaction 
(Fig. 3). [23,24] The latter is particularly relevant in the context of ‘click 
chemistry,’ where 1,3-cycloadditions are ground-breaking.

During cycloadditions, unsaturated bonds interact to form new sin
gle bonds in a ring, thereby reducing the overall bond multiplicity of the 
reagents. From a thermodynamic perspective, this approach prevents 
the formation of unstable intermediates and keeps the reaction’s ener
getic cost moderate, except in certain cases under harsh conditions or 
when activation by light is required. [25,26] Cycloadditions are often 
used in intermediate steps of synthesis to couple two fragments. 
Therefore, it is not surprising that highly efficient alkene homologation 
reactions, such as the Wittig and Peterson reactions, involve four- 
membered cycles resulting from these bond rearrangements.

The viability of cycloadditions is governed by rules related to the 
symmetry and phase of molecular orbitals (MOs). For a rearrangement 
to occur, the interaction between the MOs must be favourable. This al
lows the removal of density from a molecule’s bonding orbital and its 

placement into an antibonding orbital of the other reagent. In the case of 
the Wittig reaction, for example, the planar rotation of the carbonyl 
molecule’s orbitals is crucial (see Fig. 4), made possible by the readily 
accessible unsubstituted oxygen.

Due to the abundance of carbon‑carbon double bonds in plant- 
derived products and other accessible feedstocks, alkenes are conve
nient reagents for [2+2]-cycloaddition reactions. However, thermody
namically, this reaction is prohibited by the orbital phase of the MOs 
(see Fig. 4). While it is possible to modify the orbital phase of the lowest 
unoccupied molecular orbital (LUMO) through photochemistry, a more 
fruitful approach is the use of metal ylidenes, traditionally referred to as 
olefin metathesis.

2. Why olefin metathesis?

Olefin metathesis excels in targeting carbon‑carbon double bonds. It 
is a straightforward and versatile chemical reaction with limitless ap
plications, making it an invaluable tool in chemistry. Take for instance, 
it is capable to lead to a high degree of control over the synthesis, as the 
reaction conditions can be tailored to meet the specific needs of the 
process. Additionally, olefin metathesis distinguishes itself from other 
methodologies due to its high precision and functional group tolerance, 
enabling the transformation of simple molecules into more complex 
ones. [27,28]

Moreover, metathesis reactions are regarded as environmentally 
friendly, because they do not require large quantities of co-reagents, 
thus producing significantly less waste. Consequently, the metathesis 
reaction aligns with green chemistry principles on two fronts: firstly, it is 
catalytic, and secondly, it reduces the number of steps in the synthetic 
process compared to other non-stoichiometric reactions, eliminating the 
need to handle and generate inorganic waste. This makes olefin 
metathesis a more sustainable choice for chemical reactions. [29,30]

The extensive field of alkene metathesis and its widespread imple
mentation are the results of many years of research and mechanistic 
investigation. Among the key contributors, Chauvin’s mechanistic in
sights were pivotal in establishing the foundations for a deeper under
standing of the reaction [31]. Furthermore, seminal contributions to the 
mechanistic understanding of the reaction were made by Katz, McGin
nis, and coworkers, particularly through a series of studies involving 
second- and third-row transition metals [32] such as molybdenum and 
tungsten. [33–35] Equally significant were the contributions of Schrock 
and Grubbs, who respectively developed the first practical catalysts and 
their more viable alternatives. Together with Chauvin the three scien
tists are regarded as the fathers of alkene metathesis, for which they 
were awarded the Nobel Prize in Chemistry in 2005. Their work paved 
the way for the development of a myriad of derivatives designed to fine- 
tune reaction performance for specific applications.

In fact, when it comes to double bond formation, metathesis re
actions can be integrated into a wide variety of synthetic processes. 
Moreover, only minor adjustments to the catalyst are typically required, 
which adds to the process’s appeal. Some of the most common scenarios 
for alkene transposition are illustrated in Fig. 5.

The decomposition of olefin metathesis catalysts is a significant 
challenge in achieving efficient and selective metathesis reactions. The 
primary decomposition pathways including ligand dissociation, beta- 
hydride elimination [36], metal-carbene dimerization [37], oxidation, 
and acid-induced protonation, each contribute to the loss of catalytic 
activity. Specially Jensen, Fogg and coworkers have highlighted the 
main issue, and how to control them. [38–40] Actually, by under
standing these processes and implementing stabilization strategies such 
as ligand modification, solvent control, and catalyst immobilization, 
researchers can enhance catalyst longevity and improve reaction effi
ciency. In detail, phosphine disproportionation and ligand dissociation 
for ruthenium catalysts, specially for first generation Grubbs series, can 
undergo decomposition due to phosphine dissociation and next forma
tion of dinuclear ruthenium species or inert ruthenium clusters [41], 

Fig. 3. Notable examples of supramolecular structures formed via rearrange
ment of unsaturated bonds.
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knowing that these species can be obtained by metal-carbene coupling, 
where two metal-carbene species react to form an inactive dinuclear 
complex. The replacement of phosphines by N-heterocyclic carbene 
(NHC) ligands is not trivial either, since the substituents on their imid
azole rings must be protected. [42–44] To point out that NHC ligands are 
protected toward oxidation by air, while molybdenum and tungsten 
catalysts, unlike their ruthenium counterparts, are highly sensitive to 
oxygen and moisture. However, it should be noted that with π-acidic 
compounds, even ruthenium catalysts can degrade due to activation of 
the ylidene group, which can react with the alkyl substituents of the 
NHC ligands, as demonstrated by Diver [45], Cavallo [46] and co
workers. When exposed to air, these catalysts rapidly oxidize, leading to 

the formation of oxo-metal species that are catalytically inactive. 
Another problem is the beta-hydride elimination where the ylidene bond 
undergoes a rearrangement toward the formation of a metal hydride 
species, [47,48] specially in presence of alcohols [49]. Olefin metathesis 
catalysts can also degrade in the presence of acidic protons. While the 
NHC ligand can dissociate once protonated its carbene group [50], this 
process is particularly relevant for molybdenum and tungsten systems, 
where acidic impurities in the reaction medium can protonate the metal- 
carbene complex, leading to loss of catalytic activity. Ongoing research 
continues to explore novel ligand architectures and reaction conditions 
that further extend the operational lifetime of these valuable catalytic 
systems.

Fig. 4. The viability of bond formation processes justified by the appropriate phase of the involved orbitals.

Fig. 5. Most relevant types of olefin metathesis reactions.
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3. Chronology of olefin metathesis

Olefin metathesis first emerged in a series of new polymerization 
protocols reported by various chemical companies. In 1960, the bio
pharmaceutical company DuPont published a groundbreaking article on 
the polymerization of norbornene (Fig. 6, left). A lithium‑aluminum 
complex combined with titanium tetrachloride catalyst facilitated the 
formation of a polymeric chain of cyclopentane rings, linked in a cis-1,3- 
fashion with trans C––C bonds. This reaction demonstrated remarkable 
stereospecificity and tacticity, allowing for the easy attainment of high 
molecular weight polymers [51].

Several years later, building on a prior publication by Ziegler et al. in 
which 1-butene was synthesized from ethylene [52], Natta’s group re
ported a similar polymerization protocol for cyclopentene. In this case, 
molybdenum and tungsten halides were used as catalysts, yielding both 
cis and trans-cyclopentanamers (Fig. 6, right) [53].

In 1964, researchers from the petrochemical group Phillips Petro
leum Co. presented a non-polymeric application of olefin metathesis. 
They described the coupling of short linear olefins, a process referred to 
as the disproportionation of olefins. This approach, similar to Natta’s 
work, utilized various molybdenum and tungsten catalysts. Despite the 
high temperatures involved (ranging from 100 to 200 ◦C), the substrates 
and products remained in equilibrium, making the process unsuitable 
for more ambitious synthetic applications [54].

At the same time, Calderon and coworkers at Goodyear made sig
nificant advancements in the field of polymerization. Their work led to 
the development of a soluble catalyst system capable of initiating ring- 
opening polymerization, which effectively converted propylene into 
ethylene and 2-butene [55]. Calderon’s investigations established a 
connection between the scrambling of acyclic olefins, as observed by 
Banks and Bailey, and the polymerization of cyclic olefins, as demon
strated by DuPont and Natta. He proposed that the reaction mechanism 
was driven by the cleavage of carbon‑carbon double bonds, rather than 
the transfer of alkyl groups between olefins through single-bond cleav
age. This crucial insight into the reaction mechanism paved the way for 
later breakthroughs in the field.

In this context, Calderon published a brief communication in the 
same year, which holds historical significance as it marks the first 
recorded use of the term “metathesis” to describe this type of reaction 
[56]. Furthermore, he proposed two distinct mechanisms for this bond 
rearrangement (Fig. 7).

Finally, Calderon further advanced the understanding of olefin 
metathesis by evaluating the reaction using deuterated alkenes to 
differentiate between the contributions of transalkylation and trans
alkylidenation mechanisms. The primary product of the metathesis of 2- 
butene with 2-butene-d8 was identified as C4H4D4, supporting a scheme 
based on alkylidene group exchange. Additionally, the reaction mixture 
from the metathesis of 2-pentene with 6-dodecene contained all six 
olefins predicted by the proposed transalkylidenation mechanism. The 
absence of other olefins suggested that side reactions involving double 
bond migration did not occur. Moreover, the cis-trans equilibria were 

achieved as a result of the transalkylidenation step itself, which was 
relatively non-selective in the formation of geometric isomers.

These contributions were pivotal in defining the novel reaction and 
clarifying the transformations taking place. However, a comprehensive 
understanding of the mechanism still required further investigation. The 
next section continues with the chronology of the mechanistic journey, 
which involved a combination of traditional experimental chemistry, 
enhanced by new technical developments, and the emerging field of 
computational studies.

3.1. Mechanistic discussion

Building on Banks and Bailey’s work, Bradshaw provided further 
insight into the ‘olefin dismutation’ process, proposing a pairwise 
mechanism known as the quasi-cyclobutane-based model (Fig. 8, top) 
[57]. While this mechanism was widely accepted for some time, Chauvin 
and Harrison demonstrated its limitations by evaluating different types 
of metathesis reactions: the disproportionation of acyclic olefins, the 
polymerization of cyclic olefins, and telomerization. Their findings 
revealed several key factors that any proposed mechanism had to fulfil 
across all three scenarios. These included the formation of a stable 
growth center enabling the reversible formation of high molecular 
weight polymers, as well as a statistically redistributed alkylidene 
group. Furthermore, a kinetically driven statistical distribution of low 
molecular weight cross-reaction products, with the conservation of un
saturated hydrocarbon fragments on the catalytic center, indicated that 
cross-reaction products arose from non-consecutive reactions.

As a result, the original quasi-cyclobutane intermediate model was 
considered unsatisfactory. In its place, alternative intermediates such as 
a one‑carbon metal carbene complex and metallacyclobutanes con
taining an odd number of carbons were proposed. This shift in under
standing led to the now widely accepted mechanism for olefin 
metathesis, established by Chauvin [31]. His model involves the for
mation of a metallacyclobutane intermediate and a fourteen-electron 
(14e) metal-ylidene complex as key intermediates (Fig. 8, bottom), 
even though Chen and co-workers stated that the metallocyclobutanes 
could not be intermediates, but really be considered as transition states 
[58].

In addition to Chauvin’s seminal work, other significant contribu
tions have furthered the understanding of this mechanism. Of particular 
importance is Cardin’s work on transition-metal carbenes as in
termediates, with a special focus on rhodium [59–62]. In particular, in 
1975 two parallel works were published giving importance to the for
mation of the metallacyle, by Katz and McGinnis [32], and also inter
estingly, although other mechanisms were proposed earlier, Grubbs’ 
subsequent experimental work provided additional support for Chau
vin’s model. [63,64]

3.2. First-practical catalysts

In 1978, Tebbe reported an efficient catalyst for olefin homologation 

Fig. 6. First reports of olefin metathesis on polymerization reactions reported by the DuPont company and by Herbert and Natta.
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[65]. While titanium-ylidenes were already known to facilitate olefin 
metathesis, they were prone to rapid decomposition into inactive spe
cies. Tebbe cleverly introduced the aluminum group to stabilize the 
methylene compound, which can be activated in situ (Fig. 9). However, 
a significant limitation of Tebbe’s approach is that longer alkylidenes 
tend to undergo unwanted methanation reactions [66].

Despite this drawback and the availability of more efficient 
metathesis catalysts, the use of the Tebbe reagent remains particularly 
advantageous in total synthesis protocols that involve olefin‑carbonyl 
steps. This is because the Tebbe reagent not only facilitates olefin 
metathesis but also enables the formation of carbon‑carbon double 
bonds between olefins and carbonyl compounds. Its versatility has found 
widespread application in the synthesis of complex organic molecules, 
including natural products and pharmaceuticals. Today, Tebbe’s reagent 
continues to be a popular choice due to its reliability, ease of use, and 
compatibility with a wide range of functional groups (see example in 
Fig. 9, below) [67].

Relevant contributions to olefin metathesis were made by Schrock, 
particularly through his work with tungsten and molybdenum alkyli
denes [68], which led to the discovery of the first stable transition- 
metal-methylidene (Fig. 10, top-left) [69]. This important develop
ment followed earlier reports on high oxidation state tantalum (Ta) and 
niobium (Nb) alkylidene complexes, which unfortunately were not 
suitable for olefin metathesis [70]. However, Schrock’s group later 

reported alkoxide-containing tantalum alkylidene complexes that 
proved effective as metathesis catalysts [71].

Molybdenum (Mo) and ruthenium (Ru)-based catalysts differ in 
several key ways, with the most notable being the reactivity of the M=C 
bond [72]. Direct comparisons of Mo and Ru catalysts are rare, but they 
show that catalyst conversions and selectivities can vary greatly, 
moderately, or minimally. Notably, some reactivities, such as alkyne 
metathesis, are only achievable with Mo and W catalysts. Moreover, Mo 
and W catalysts have had greater success when incorporated into solid 
supports for heterogenized homogeneous catalysis, which is crucial for 
industrial processes. Metal contamination of products, particularly a 
concern in the pharmaceutical industry (where contamination limits are 
set at 20 ppm), remains one of the key challenges. In the case of Ru, the 
high catalyst loading required (up to 20 %) due to its lower activity, 
exacerbates contamination issues. [73–76] However, more recently, the 
extraction of Ru following metathesis conversions is critical to prevent 
product contamination, degradation, or undesired isomerization caused 
by residual Ru traces. Indeed, Ru removal is a prerequisite for compli
ance with regulatory standards [73]. The use of scavengers emerges as a 
practical solution for Ru removal, as the inherent basicity of this species 
facilitates the precipitation of adducts through acid-base reactions [74].

Despite their sensitivity to water [77], oxygen [78], and protic 
functionalities, Mo-based catalysts are preferred in certain scenarios 
[75,76]. In general, they do not exhibit higher activity, but they have 

Fig. 7. Calderon’s work on metathesis of internal olefins and the two mechanisms proposed [56].

Fig. 8. Bond rearrangement configurations proposed in olefin metathesis. Supra: the diolefin quasi cyclobutane discarded mechanisms. Infra: the Chauvin’s 
mechanism with the ylidene/metallacyclobutane characteristic intermediates.
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also led to the development of commercial catalysts and chiral versions 
for pioneering asymmetric metathesis catalysis (Fig. 10, bottom). 
[79–85] In detail, one of their key applications is in ring-closing 
metathesis (RCM), where they facilitate the formation of cyclic al
kenes, critical in pharmaceuticals and complex natural products. Mo 
catalysts are particularly effective for ring-opening metathesis poly
merization (ROMP), used in the synthesis of specialty polymers with 
tailored properties, such as high-performance elastomers. Additionally, 
they excel in cross-metathesis (CM), enabling functionalization of al
kenes in organic synthesis. Compared to other Ru-based metathesis 
catalysts, Mo catalysts exhibit higher reactivity toward terminal olefins 
and alkynes and are less tolerant of functional groups [75]. However, 
their sensitivity to air and moisture and limited functional group 
compatibility remain challenges in industrial applications. Actually, this 
has hindered their widespread development and application in both 
industry and research, despite potential solutions [86].

3.2.1. The Grubbs catalyst
The most widely used metal in olefin metathesis made its debut in 

later years. Similar to the development of Schrock’s catalysts, the first 
reported Ru carbenes in 1971 were not active in olefin metathesis 
(Fig. 11, left) [87]. Indeed, the first Ru catalysts exhibiting metathesis 
reactivity were introduced by Grubbs in the late 1980s. These catalysts, 
much like the systems developed by Ziegler and Natta, facilitated the 
polymerization of 7-oxanorbornene in water as the solvent [88]. How
ever, no explicit carbene moiety was attributed to these catalysts at that 
time. It was not until 1992 that Grubbs introduced the first Ru-carbene 
complex with metathesis activity (Fig. 11, right) [89]. This pioneering 
complex efficiently catalyzed the RCM of functionalized dienes and the 
ROMP of low-strain olefins, all without the need for a co-catalyst. In this 
work, Grubbs demonstrated that these vinylidene complexes were 
highly efficient molecular catalysts, not only for various metathesis re
actions, such as the ring-closing of terminal diolefins, but also for 
polymerization reactions.

In that same year, Noel’s group contributed to the ROMP of cyclo
olefins using a Ru catalyst, with diazo esters as initiators (Fig. 12) [90]. 
Three years later, they demonstrated the in-situ formation of the active 
carbene catalyst upon the addition of the initiators, as confirmed by 
proton magnetic resonance [91]. That year, Grubbs attracted consider
able attention by reporting the well-defined catalyst, later known as the 
1st generation Grubbs catalyst (Fig. 13) [92]. Due to its ease of use (i.e. 
air stability and compatibility with a wide range of functional groups), 

Fig. 9. Tebbe’s titanium catalyst in a synthetic process first acts on a carbonyl bond, which is converted into an alkene to be further reacted in a ring closure 
metathesis reaction.

Fig. 10. Relevant examples of olefin metathesis catalysts of the Schrock type 
that are used in a wide range of different applications.

Fig. 11. First example of a stable ruthenium ylidene complex, and the first 
ruthenium complex active in olefin metathesis.

A. Brotons-Rufes et al.                                                                                                                                                                                                                         Coordination Chemistry Reviews 542 (2025) 216827 

7 



its use expanded rapidly, [92–94] and several variations soon followed. 
Indeed, until the last decade, it remained the most widely used olefin 
metathesis catalyst [29].

As knowledge of the metathesis reaction advanced, it became clear 
that the dissociation of one of the phosphines was necessary for the 
catalyst to enter the catalytic cycle. This led Grubbs to propose a new 
catalyst design, in which one of the phosphines was replaced by a NHC 
ligand [95]. Beyond its inherent stability, this modification was based on 
the fact that, like phosphines, NHCs exhibit strong sigma-donor prop
erties. [96–98] However, unlike phosphines, the π-accepting character 
of the NHC is significantly reduced due to delocalization between the 
carbon and the two nitrogens [99]. This modification had two key ef
fects: first, it increased the electron density on the Ru atom, [100–102] 
stabilizing the electron-deficient Ru-ylidene (14e); second, the trans- 
effect was greater, and the phosphine’s lability increased, facilitating 
catalyst activation. [103–106]

Although the role of the trans-effect in activation has been a topic of 
discussion in recent years, the catalyst proved to be excellent and an 
improvement over the previous bis-phosphine variants. More details on 
these catalysts are provided below, but it is important to note that 
Grubbs’ catalysts remain relevant even thirty years later. In fact, their 
reactivity is now being recognized even outside of metathesis applica
tions (Fig. 14). [107,108] The versatility of these catalysts increases 
with the library of NHC ligands used [96], where activity—and partic
ularly selectivity—is especially influenced by the steric hindrance 
[109,110] of ligands such as IMes, IPr, [111,112] and their saturated 
counterparts.

Finally, in 2002, the 3rd generation of Grubbs catalysts, characterized 
by higher activation rates, was introduced by Grubbs (Fig. 15). 
[113,114] Moreover, their preparation was straightforward, involving a 
single reaction step on already commercially available older-generation 

Grubbs catalysts. Despite their potential advantages, their imple
mentation in synthetic protocols has been limited due to several factors, 
most notably the lack of well-defined guidelines for their applications. 
This is even evident when compared to the extensive use and established 
protocols for 2nd generation Grubbs catalysts, making chemists more 
inclined to rely on the older, well-understood catalysts for their proven 
effectiveness.

Apart from the initial NHC ligands in Ru-based catalysts, new series 
of NHC ligands have emerged together with other ones to get the most 
versatile due to their functional group tolerance, air and moisture sta
bility, and wide applicability in both industrial and academic research. 
One class of ligands that has garnered significant attention in recent 
years is cyclic(alkyl)(amino)carbene (CAAC) ligands. [115,116] These 
ligands provide unique electronic and steric properties that influence the 
performance of olefin metathesis catalysts in significant ways. In olefin 
metathesis, CAAC ligands were first introduced by Bertrand and co- 
workers in 2005. [117,118] They differ from traditional NHCs by 

Fig. 12. Ring-opening olefin metathesis polymerization through in-situ formation of ylidene.

Fig. 13. Structures of Grubbs’ ruthenium catalysts.

Fig. 14. Example of an alternative use of a 2nd generation Grubbs catalyst.
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having an electron-donating alkyl group adjacent to the carbene carbon 
instead of an electronegative nitrogen. [119,120] This structural dif
ference imparts CAACs with several distinctive characteristics including 
greater σ-donating ability. CAAC ligands are stronger electron donors 
compared to NHCs, leading to more electron-rich metal centers. On the 
other hand, CAAC ligands exhibit better back-donation properties due to 
their vacant p orbital, making them electronically more flexible, and 
thus, enhancing their π-accepting ability. The cyclic framework provides 
a tunable steric environment that can influence catalyst stability and 
selectivity, and particularly, CAAC ligands are known to stabilize radical 
species, which can have implications in catalytic cycles where single- 
electron processes occur [121].

The synthesis of heteroleptic 2nd generation Grubbs complexes 
typically follows a ligand exchange approach, where a free NHC reacts 
with readily available 1st generation Grubbs complexes containing a 
replaceable phosphine ligand, such as PCy₃. This process often relies on 
the in situ generation of free carbenes by treating imidazolinium salts 
with a strong base [122]. Similarly, the formation of 2nd generation 
Grubbs complexes incorporating CAAC ligands instead of NHCs can be 
achieved from the 1st generation Grubbs catalyst via a comparable 
ligand exchange protocol. [120,123–125] A variety of CAAC-based 
catalysts has been developed by modifying the benzylidene moiety. 
For instance, Grela et al. demonstrated that introducing an amino group 
at position 4 of the benzylidene fragment led to a more active complex, 
attributed to the increased lability of the benzylidene unit [126]. 
Structural modifications of CAAC ligands in Ru complexes also involve 
altering substituents at the quaternary carbon or on the N-aryl group 
adjacent to the carbene. Further modifications, such as amino and 
ammonium groups attached to the N-aryl moiety [127], expand the 
structural diversity of CAAC Ru-based catalysts. These alterations not 
only enhance solubility in green protic media but also preserve catalytic 
activity and chemical stability.

One of the major advantages of CAAC ligands in olefin metathesis is 
their ability to enhance the stability and longevity of catalysts. Tradi
tional Grubbs-type catalysts with phosphine or NHC ligands tend to 
undergo decomposition via ligand dissociation or decomposition path
ways such as β-hydride elimination. [128,129] The strong σ-donating 
nature of CAAC ligands results in more robust metal-ligand bonding, 
thereby preventing unwanted decomposition pathways [36]. Addition
ally, CAAC ligands can protect the active species from undesired 
bimolecular deactivation processes. Their steric bulk ensures that metal 
centers remain well-protected, leading to longer catalyst lifetimes even 
in challenging reaction conditions.

The increased electron donation from CAAC ligands leads to more 
reactive metal centers, which can promote faster catalyst initiation and 
higher TOFs. This is particularly beneficial in RCM and CM, where fast 
catalyst activation is crucial for high product yields. Moreover, the 
improved π-accepting ability of CAAC ligands facilitates rapid ligand 
exchange and substrate coordination, ensuring that the catalytic cycle 
proceeds efficiently. Studies have demonstrated that CAAC-modified Ru 
catalysts exhibit significantly higher metathesis activity than their NHC- 
or phosphine-based counterparts [36,130,131]. And actually, CAAC- 
based catalysts have been shown to exhibit improved selectivity in 
certain cases due to their steric influence on the metathesis transition 
state. Finally, sustainability in catalysis is a growing concern, and the 
development of metathesis catalysts that can operate under green con
ditions is highly desirable. CAAC-based catalysts have shown promise in 
aqueous or solvent-free conditions, thanks to their enhanced stability 
and resistance to hydrolysis. This makes them particularly attractive for 
industrial applications where reducing the environmental impact of 
synthetic processes is a priority.

Fig. 15. Synthesis of 3rd generation Grubbs catalysts from 2nd generation Grubbs catalysts (supra). Adapted plot of comparison of initiation rates from Love’s 
work [113].
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4. Limitations and main challenges

Due to the wide range of applications in which olefin metathesis 
catalysts are used, the nature of their limitations varies depending on the 
desired outcome. A particularly illustrative example is the selectivity of 
a catalyst for dimerization (i.e. CM) or cyclization (i.e. RCM), which may 
or may not be suitable depending on the target product. This trade-off is 
part of the price paid for a highly versatile and multi-directional cata
lytic system.

Thus, while this section focuses on two of the most common limi
tations of Grubbs catalysts, many others may arise in more specific 
contexts, depending on the overall process in which the catalyst is 
employed.

4.1. Mechanistic understanding: Grubbs 1st vs 2nd generations case

Organometallic chemistry is fundamentally governed by a set of 
simple reaction steps involving interactions between a metal center and 
its coordinated ligands, such as oxidative addition, reductive elimina
tion, and ligand substitution (or exchange). While two catalysts may 
broadly follow the same reaction mechanism, subtle differences in 
ligand interactions can result in significant changes in reactivity. These 
variations arise because such differences profoundly influence the 
thermodynamics and kinetics of the process [132]. However, eluci
dating these effects is far from straightforward and often requires both 
detailed experimental and computational investigations. It is not un
common for initial hypotheses regarding the origins of these effects to 
prove incorrect. The following example illustrates a case where the 
initially proposed explanation for a catalyst’s superior activity turned 
out to be more nuanced than anticipated.

The difference in activity between the 1st and 2nd generation Grubbs 
catalytic systems was initially attributed to faster dissociation of the 
leaving phosphine in the 2nd generation catalyst. This behaviour was 
thought to result from the stronger trans-effect exerted by the NHC 
ligand. While this explanation regarding the coordination effect is ac
curate, a deeper understanding of the differences in initiation efficiency 
emerged from a landmark study by Grubbs in 2001 [133]. In the initial 
sections of their work, the authors investigated the mechanism of 
catalyst activation, with a specific focus on phosphine ligand displace
ment. However, since the activated complex and the coordinative in
termediate (CI) of the reacting olefin were incompatible with the 
spectroscopic techniques available at the time, the authors introduced 
an exchange rate parameter (kB) to evaluate the phosphine exchange 
process (see Fig. 16, supra). The data obtained provided compelling 
evidence for a dissociative mechanism rather than an associative 
pathway for both the 1st and 2nd generation systems. [134,135]

Specifically, the exchange rate was observed to be independent of 
phosphine concentration over a defined range (0.04–0.77 M), and the 
initiation entropies (ΔS‡) were found to have positive values exceeding 
10 au in most cases—both indicative of dissociative processes. 
Furthermore, an examination of the catalytic reactions of both genera
tions of catalysts with ethyl vinyl ether (EVE) (Fig. 16, infra) revealed 
that the 1st generation catalyst exhibited a dependence on the concen
tration of the alkene, while the 2nd generation catalyst showed no such 
dependence. Notably, phosphine dissociation in the 1st generation 
catalyst was actually faster once saturation of the olefin was achieved.

These findings led to the proposal of a revised paradigm: the superior 
efficiency of the 2nd generation catalyst is attributed not to faster 
phosphine dissociation but to a higher chemoselectivity of the 14-elec
tron species toward alkene binding and metathesis progression, as 
compared to phosphine re-coordination [136]. For the 2nd generation 
catalyst, the rate constant for alkene binding was demonstrated to 
exceed that of phosphine re-coordination (i.e. for L = SIMes, k2 > k− 1, 
see Fig. 16, infra).

Regarding the computational perspective, studies suggest that the 
dissociative mechanism is kinetically favoured for phosphine-containing 
Grubbs catalysts, with the rate-determining step identified as phosphine 
dissociation. [137–143] These computational findings are consistent 
with the experimental observations discussed earlier. Furthermore, 
calculations indicate that the Gibbs energy barrier for phosphine 
dissociation from the Grubbs complex is significantly influenced by both 
solvent effects and entropy contributions [144].

On the other hand, most 2nd generation Grubbs catalysts currently in 
use are in the form of the Hoveyda chelated precatalyst (HG), which 
exhibits distinct initiation behaviour. Spectroscopic investigations con
ducted by Plenio and co-workers on HG and its derivatives revealed that 
initiation occurs through a combination of dissociative and interchange 
pathways, depending on the size of the olefin [145]. The interchange 
pathway refers to an associative mechanism in which the entering olefin 
facilitates, in a concerted manner, the opening of the chelate. In both 
cases, the cleavage of the Ru–O bond is driven by the rotation of the 
benzylidene dihedral angle. The dominant reaction pathway is deter
mined by the steric and electronic properties of the Ru complex and the 
olefin involved in the metathesis reaction. [146,147]

With respect to the olefin side, since the interchange pathway is 
initiated by the binding of the alkene, it is favoured by less bulky and 
more electron-rich olefins, such as 1-hexene or butyl vinyl ether (BVE). 
In contrast, for olefins that are less electron-rich or more sterically 
demanding, such as diethyl-diallyl malonate (DEDAM) and styrene, the 
dissociative pathway becomes dominant. On the other hand, modifica
tions to the catalyst structure, such as the addition of electron- 
withdrawing groups to the benzylidene ether, result in an electron- 

Fig. 16. The diagram shows the phosphine exchange reaction (and associated constant of the process) on the top, and the competition between the phosphine and 
the alkene in a dissociation mechanism (with the respective constants) on the bottom.
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deficient Ru center, which accelerates both activation mechanisms. 
Additionally, substituting the 2-isopropoxy group with a smaller 2- 
methoxy group significantly enhances the olefin-dependent inter
change mechanism.

Except some discussion of the associative mechanism [145], the 
optimal scenario is to promote both dissociative and interchange acti
vation pathways, which occurs with olefins possessing high electron 
density and low steric hindrance. In general, a substantial increase in the 
rate of pre-catalyst activation is observed when olefin concentrations are 
elevated [148]. This enhancement is believed to result from an 
improvement in the interchange pathway.

4.2. Activity of the catalyst

Another challenge associated with Ru-based olefin metathesis cata
lysts is their relatively low activity, which can limit their range of ap
plications. This reduced activity stems directly from their enhanced 
stability. However, deactivation side-reactions can exacerbate this issue, 
often requiring high catalyst loadings to achieve effective catalytic 
processes. Such requirements can be problematic, particularly in fine 
chemical applications, where Ru contamination is strictly regulated 
[29]. The underlying cause of this reduced activity includes the 
increased strength of the metal-ylidene bond and the lower electrophi
licity of the metal center in Grubbs catalysts, compared to the more 
reactive counterparts in Schrock catalysts.

Moreover, as described in the previous subsection, the catalyst is 
typically found in its precatalyst form. This inactive state helps prevent 
undesired degradation during handling but necessitates an activation 
step, in which the 14-electron active complex must be formed for the 
catalytic cycle to begin. In olefin metathesis, this pre-catalyst-to-active- 
catalyst transition usually involves the removal of one of the ligands 
from the metal center, and it is often the slowest step in the process. As a 
result, this step ultimately determines the overall activity of the system. 
Significant efforts have been dedicated to understanding and optimizing 
this process. [133,137,149–153] One example that highlights the 
impact of the dissociation step on activity is Piers’ ruthenium catalyst 
(Fig. 17) [154]. This complex is a 14-electron catalyst that does not 
require ligand loss to initiate catalysis, leading to higher activity, though 
at the cost of some loss of robustness.

The initiation rate can be influenced by several factors, including the 
solvent, the concentration of olefin, the temperature, and the presence of 
additives [155]. With these factors in mind, the focus now shifts to the 
effects of the organometallic complex structure on activation processes, 
which can vary significantly even among Ru-based analogues. While this 
variability necessitates additional efforts to understand each specific 
case, it also provides an opportunity to tailor the catalyst to achieve 
desired behaviours. For example, introducing a sulfur donor into an HG- 
type pre-catalyst enables the development of a family of photo- 
switchable olefin metathesis systems, offering a high degree of control 
over olefin metathesis polymerization [156].

To gain a comprehensive understanding of the catalyst initiation 
process, both experimental and computational tools are typically 
required, as not all kinetic studies are feasible. On the experimental side, 
spectroscopic methods, such as hydrogen nuclear magnetic resonance 
(H-NMR) and UV–vis spectroscopy, have traditionally been employed, 
often using EVE or BVE as olefins. These alkenes form Fischer carbenes 
upon initiating the pre-catalyst [157], which, due to their electronic 

structure, cannot continue the olefin metathesis [133].

4.3. Diastereocontrol for Z-alkenes

In the formation of carbon‑carbon double bonds during olefin 
metathesis, mixtures of E and Z isomers are produced. However, the 
reversible nature of the reaction typically favours the thermodynami
cally stable E product. As a result, the trans-isomer (E) often dominates 
due to secondary metathesis events. One remarkable exception occurs in 
the RCM of small cycles, where the ring strain typically favours the 
formation of only the Z-isomer. For internal olefins, the E-isomer 
generally constitutes about 90 % of the product [158].

Since this thermodynamic control arises from the equilibrium be
tween reagents and product, the design of Z-selective catalysts must 
account for the following considerations:

a) Initial High Z-Selectivity:
In olefin metathesis catalysts, the product stereoisomerism is typi

cally determined by the orientation of the reacting olefins in the key 
metallocyclobutane intermediate [159]. Therefore, Z-selective catalysts 
are often designed to ensure that all substituents in the metal
locyclobutane adopt a cis configuration. This is typically achieved by 
manipulating the steric constraints around the metal center [160].

b) Avoiding secondary metathesis:
Due to the previously mentioned reversibility of the reaction, a ki

netic preference toward the Z-olefin alone is insufficient. It is crucial that 
the olefin does not re-enter the catalytic cycle, a process known as sec
ondary metathesis events. If this occurs, the olefin may react with the 
metal alkylidene, leading to isomerization and the formation of ther
modynamic E-products. Consequently, the catalyst must be engineered 
not only to promote the initial formation of Z-olefins but also to prevent 
their re-conversion into E-olefins, thereby preserving the stereochemical 
purity of the product. Factors that tend to induce secondary reactivity, 
even though they appear positive, such as long reaction times, must be 
avoided. Thus, achieving a delicate balance between the catalyst’s 
structure and activity is crucial. [161,162]

In the context of Mo and W catalysts, Z-selectivity has been suc
cessfully achieved through the use of directing groups and large ligands 
(Fig. 18). These modifications alter the geometry of the coordination 
sphere, ideally restricting the catalyst to conformations that lead 
exclusively to the Z-product. [163–167] Ru catalysts have also been 
subjected to similar strategies. However, the use of very large ligands on 
Ru has presented several drawbacks. This is mainly due to the inherently 
lower reactivity of Ru catalysts compared to their early-transition metal 
counterparts, which results in reduced activity in alkene metathesis 
when large ligands are employed. [154,168–172] Below, we present 
some of the most significant reported cases of Ru-based Z-stereoselective 
catalysts.

Some of the earlier approaches involved introducing asymmetries 
into the system. The use of unsymmetrical carbenes, including CAACs, 
resulted in a lower Z content compared to Grubbs and HG catalysts (see 
Fig. 19). While 2nd generation HG catalysts produced an E:Z ratio of 

Fig. 17. Initiation step of the Piers catalyst for an olefin metathesis reaction 
with ethylene.

Fig. 18. Example of a highly selective Schrock olefin metathesis for the 
coupling of terminal olefins.
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approximately 6:1, CAACs reduced the E:Z ratio to below 2.5:1, both at a 
conversion rate of 70 %. [124,173] Another promising development has 
been the use of acyclic diaminocarbene ligands as catalysts. These have 
been shown to enhance the formation of the Z-isomer in CM, resulting in 
an E:Z ratio of 1:1 at up to 75–80 % conversion (Fig. 20) [174].

Looking at another aspect of Ru catalyst structure, Grubbs made 
significant modifications by replacing a chloride ligand with a larger 
mesityl sulfonate anion and substituting an IMes ligand with a bulkier 
IPr ligand (i.e. 1,3-bis(2,6-diisopropylphenyl)imidazol-2-ylidene). This 
modification resulted in a catalyst that achieved a significantly lower E:Z 
ratio of 2.7 in CM, compared to the homologous bis-chloride complex 
which exhibited an E:Z ratio of 6.3. Furthermore, this newer catalyst 
displayed reduced susceptibility to secondary metathesis reactions, 
indicating enhanced control over the reaction [175]. Jensen further 
explored variations of thiolate-based ligands by replacing the isopropyl 
substituents with mesityl groups (Fig. 21). Similar to Grubbs’ catalyst, 
the performance of Jensen’s catalyst was highly dependent on several 
factors, including the properties of the substrate and the reaction con
ditions. Notably, catalyst loading and solvent choice were identified as 
critical parameters influencing the overall reaction efficiency, under
lining the importance of optimizing these conditions for maximal cata
lyst performance. [176,177]

The most notable Ru-based catalysts for Z-selectivity were reported 

by Grubbs. In these catalysts, accidental chelation of the ancillary NHC- 
ligand facilitated RCM and CM, yielding approximately 90 % of the 
product as the Z-isomer (Fig. 22). The performance of these catalysts was 
further enhanced by eliminating ethylene gas under tetrahydrofuran 
(THF) reflux conditions. Further research with chelated ligands focused 
on replacing the chloride ligands with bulky bidentate ligands (Fig. 23). 
Catalyst activity was assessed by determining initiation rates through 
their reaction with butyl vinyl ether (BVE), which undergoes only one 
catalytic cycle. The most significant difference in computed constants 
was observed between monodentate and bidentate ligands. While 
increasing the bulkiness of the ligands resulted in a decrease in the E:Z 
ratio, this came at the expense of the catalyst’s activity. Additionally, the 
electronics of the bidentate moiety were found to significantly affect 
catalyst performance. [133,178,179] Interestingly, non-C–H-activated 
catalysts did not exhibit such a pronounced effect under identical con
ditions and ligands. [180–182]

Further experimental observations have shown that, while the 
chelating bridge plays a key role in achieving Z-selectivity, increasing 
the size of the bridge does not further improve selectivity (Fig. 24, left). 
Surprisingly, increasing the size of the mesityl group on the non- 
chelated side of the catalyst resulted in enhanced activity and selec
tivity (Fig. 24, right). [183,184] Modifications to the backbone of the 
NHC ligand showed negligible effects on the performance of this 

Fig. 19. Comparison of cis:trans alkene ratio between traditional HG second-generation catalyst and improved catalysis with asymmetric systems.

Fig. 20. Ruthenium-acyclic diaminocarbene catalyst in a cross-metathesis example.
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adamantyl-chelated system [185]. However, it is crucial that the acti
vated carbon within the adamantyl group makes this family of catalysts 
particularly susceptible to decomposition, which presents a significant 
challenge to their long-term efficiency (Fig. 25). Although modifications 
to the chelating moiety had minimal impact on the selectivity and ac
tivity of the adamantyl-based chelate catalyst, the introduction of the 
highlighted aryl substituent significantly enhanced the reaction, 
achieving near-complete Z-selectivity with a Turn-Over Number (TON) 
of approximately 8000.

4.4. Size selective reaction

Building on previous discussions, CM reactions may offer significant 
environmental advantages. Actually, metathesis reactions theoretically 
require fewer co-reagents and generate considerably less waste, aligning 
well with the principles of green chemistry and enhancing synthetic 
efficiency. [186–188]

Knowing that CM represents a highly effective strategy for synthe
sizing complex molecules, achieving selectivity in CM protocols remains 
a notable challenge, particularly when dealing with specific 

Fig. 21. Selective self-metathesis for 1-octene carried with a ruthenium-thiolate catalyst. In this context, DMAN stands for 1,8-bis(dimethylamino)naphthalene.

Fig. 22. Cross-metathesis exhibiting high Z-selectivity facilitated by a ruthenium adamantyl-based chelate catalyst.

Fig. 23. The initiation rate constants, catalyst effectiveness, and Z selectivity are all impacted by the anionic X-ligand. Highlighted the systems with optimal Z- 
selectivity and activity rates.

A. Brotons-Rufes et al.                                                                                                                                                                                                                         Coordination Chemistry Reviews 542 (2025) 216827 

13 



combinations of functional groups. This challenge primarily stems from 
the catalyst’s intrinsic preference for one olefin over another, which is 
often dictated by the electronic richness of the alkene bond. As a result, 
CM reactions frequently yield predominantly homocoupling products, 
where terminal olefins couple with themselves. This behaviour was 
systematically explored in a landmark study by Grubbs and coworkers, 
who developed a predictive model categorizing alkenes into distinct 
reactivity groups. This model has provided critical insights into the 
outcomes of CM reactions [189]. The Grubbs group’s work culminated 
in a comprehensive empirical model for olefin reactivity in CM re
actions, designed to predict product preferences, regioselectivity, and 
chemoselectivity. By classifying olefins based on their tendency to un
dergo homodimerization and the subsequent reactivity of those homo
dimers in secondary metathesis reactions, they established a broad 
ranking of olefin reactivity in CM. This framework allowed researchers 
to fine-tune product selectivity by choosing olefins with contrasting 
reactivities, determined by their steric and electronic proper
ties—factors influenced by substituents, functional groups, or protective 
groups. In essence, the success of a CM reaction hinges on selecting 
cross-partners with low homodimerization rates and reactive 

homodimers that can readily participate in secondary metathesis cycles 
(Table 1). Additionally, the Grubbs group highlighted the critical 
importance of selecting an appropriate olefin metathesis catalyst to 
achieve the desired selectivity. This empirical framework has since 
served as a cornerstone for designing and optimizing selective CM re
actions, including more complex multicomponent CM processes.

However, the previously established model does not inherently 
provide solutions to overcome the limitations it describes. One signifi
cant challenge is the lack of chemoselectivity, which often prevents the 
efficient integration of metathesis into synthetic protocols for many 
target species.

Historically, various strategies have been employed to address 
selectivity issues in CM reactions. These include optimizing reaction 
conditions and employing kinetic control to favour the desired cross- 
coupling products over homocoupling. Adjusting parameters such as 
solvent polarity and temperature has also proven effective in influencing 
reaction kinetics and improving selectivity. In some cases, substrate 
selection or reversible modification has been used to facilitate the 
desired CM reactions, aligning more effectively with the Grubbs Model. 
Nonetheless, while post-reaction treatments can resolve selectivity 
challenges, they often require additional purification steps, which in
crease time and resource demands. In practice, a combination of these 
approaches is often necessary to optimize both selectivity and efficiency 
in CM reactions. [190–192] Despite these concerns on Grubbs catalysts, 
they are ideal for certain applications. [188,193] In detail, in organic 
synthesis, Grubbs catalysts enable the formation of complex molecules 
through selective alkene functionalization. They are widely used to 
synthesize fine chemicals, pharmaceuticals, and natural product de
rivatives, often simplifying multi-step synthetic routes. The compati
bility of Grubbs catalysts with polar functional groups, such as esters, 
amides, and alcohols, enhances their versatility in CM reactions. On the 
other hand, in materials science, they facilitate the preparation of 
functionalized polymers and specialty materials by incorporating tar
geted olefinic units into macromolecular backbones.

An additional and highly effective strategy to enhance selectivity 
involves modifying the catalyst itself [194]. This typically focuses on 

Fig. 24. Effect on selectivity and activity of the substituents on the imidazole ring of the NHC in Hoveyda catalysts, with chelating capacity.

Fig. 25. Main deactivation mechanisms of adamantyl-chelate olefin metathesis 
catalyst and C–H activated complexes.
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tailoring the ligand structure to improve selectivity for the desired 
products. Interestingly, these modifications do not always target the 
metal center directly but often involve adjustments to the second coor
dination sphere of the complex [195].

A novel approach to catalyst modification proposed by Diver lever
aged size recognition of alkenes to direct CM selectivity [196]. Diver’s 
insight was inspired by the observation that alkenes within the same 
type can exhibit notable size differences. This led to the development of 
a size-selective catalyst capable of distinguishing between alkenes based 
on their bulk. By confining the space around the active site, the catalyst 
restricted its activity toward bulkier olefins (Scheme 1). This configu
ration allowed selective homodimerization of smaller alkenes, operating 

reversibly alongside productive coupling. Notably, the persistent reac
tivity of Type 1 homodimers was anticipated to enable their continuous 
consumption, thereby generating active metal carbenes that facilitate 
CM product formation. This innovative approach exemplifies how 
catalyst design can overcome key limitations in CM selectivity, paving 
the way for broader applications.

In 2019, Diver and co-workers published a related study involving a 
macrocyclic azolium salt capable of forming carbene-based catalysts 
upon coordination with Ru, to improve the selectivity of metathesis. 
This system demonstrated utility in reactions such as enyne metathesis 
and palladium-catalyzed processes, including cross-coupling and 
Buchwald-Hartwig amination (Fig. 26) [197].

Later, in 2020, the same research team achieved a significant mile
stone with the synthesis of a macrocyclic ruthenium carbene catalyst 
[196], specifically engineered for precise cross-alkene metathesis 
(Fig. 27). This catalyst demonstrated varying reactivity with different 
type 1 alkenes during homodimerization, a behaviour linked to the 
aggregate size of the allylic substituents. This distinct reactivity profile 
allowed for selective product formation in competitive cross-alkene 
metathesis reactions involving two distinct type 1 alkenes and tert- 
butyl acrylate.

The observed selectivity was attributed to the macrocyclic catalyst’s 
ability to discriminate between alkenes based on their size, showcasing 
its potential for controlled and targeted transformations. Despite the 
success in introducing selective reactivity, the study also reported low 
TONs, highlighting a limitation that may need to be addressed for 
broader practical applications.

The introduction of bridges between the two ends of a heterocyclic 
carbene, while relatively uncommon, is not unprecedented. Several 
studies have explored the synthesis and application of macrocyclic li
gands containing heterocyclic motifs such as imidazolium, azolium, and 
NHC groups. These ligands have been investigated for their potential in 
diverse fields, including coordination chemistry, anion recognition, and 
catalysis. Research on their synthesis, characterization, and coordina
tion chemistry has often focused on the unique structural features of 
these ligands and their influence on the properties of transition metal 
complexes. [198–205]

4.5. Stereo-retention in metathesis reactions

As previously noted, the thermodynamic equilibrium of olefin 
metathesis reactions typically exerts a strong influence on trans-olefin 
formation. In RCM, however, the strain inherent in small cyclic products 
often prevents the formation of E-isomers, leading to high selectivity for 
less twisted macrocyclic moieties. E-selectivity generally re-emerges for 
larger rings, such as those with 12 or more members (Fig. 28). 
[206–208]

This trend holds true for classical Grubbs catalysts (1st and 2nd gen
eration), although the reaction outcome can vary significantly based on 
factors such as the [catalyst:substrate] ratio, solvent, cofactors, and, 
most critically, the catalyst system employed [193].

A significant proportion of medium- and large-sized macrocycles 
have the potential to exhibit biological activity. In biological applica
tions, stereoselectivity becomes an unavoidable factor due to the 
inherent complexity of biochemical structures and the intrinsic asym
metry of molecular receptors and targets. Historical examples in drug 
development underscore the risks of disregarding isomerism, from the 
infamous thalidomide tragedy to the more recent controversies sur
rounding resveratrol [209]. Furthermore, even in less critical applica
tions, such as the development of pheromones or fragrances, the 
selectivity of unsaturated carbon bonds is essential to achieving the 
desired outcomes (see Fig. 29). In industrial processes, many of these 
products are synthesized using reactive distillation—a powerful tech
nique that combines chemical reaction and distillation in a single step, 
improving efficiency and reducing costs. This approach is particularly 
significant in high-temperature processes, such as those used for the 

Table 1 
Types of olefins within Grubbs empirical model classification.

1st gen Grubbs 2nd gen Grubbs

Type I 
/fast 
homodimerization/  

Homo dimers still 
reacting

terminal olefins, 
allyl silanes, allylic 
alcohols, ethers, 
esters, allyl 
boronated esters, 
allyl halides

terminal olefins, 
allylic alcohols, 
esters, allyl 
boronated esters, 
allyl halides, 
styrenes (no large 
ortho 
substituent) 
allyl 
phosphonates, 
allyl silanes, allyl 
phosphine 
oxides, allyl 
sulphides, 
protected allyl 
amines

Type II 
/slow 
homodimerization/  

Homodimers 
hardly reacting

styrene, 
2◦ allylic alcohols, 
vinyl dioxolanes, 
vinyl boronates

styrenes (large 
ortho 
substituent), 
acrylates, 
acrylamides, 
acrylic acid, 
acrolein, 
vinyl ketones, 
unprotected 3◦

allylic alcohols, 
vinyl epoxides, 2◦

allylic alcohols, 
perfluorinated 
alkane olefins

Type III 
/no 
homodimerization/

vinyl siloxanes

1,1-disubstituted 
olefins, 
vinyl 
phosphonates, 
non-bulky 
trisubstituted 
olefins, 
phenyl vinyl 
sulfone, 
4◦ allylic carbons 
(every alkyl 
substituents), 
3◦ allylic alcohols 
(protected)

Reaction 
between 2 
Type I 
olefins

Statistical 
CM

Reaction 
between 2 
olefins of the 
same type 
(non-Type I)

Non- 
selective 
CM

Reaction 
between 
olefins of 
different 
types

Selective 
CM
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production of macrocyclic musks. Unfortunately, at elevated opera
tional temperatures, Mo, W, and Ru Z-selective catalysts tend to lose 
their selectivity or undergo decomposition. It is reasonable to assume 
that these deactivation pathways are exacerbated under high- 
temperature conditions, thereby limiting the synthetic utility of these 

catalysts. [210,211]
To address these challenges, the research team led by Kajetanowicz 

and Grela developed a novel catalyst capable of producing Z-alkenes 
with high selectivity, even under the extreme conditions described 
above [212]. Their investigations led to the design of an innovative 

Scheme 1. Schematic representation of cross-metathesis with chemoselectivity based on the size of the alkene substituents.

Fig. 26. Macrocyclic N-Heterocyclic Carbene presented by Davalos, Sylvester, and Diver [197].

Fig. 27. Macrocyclic ruthenium carbene for size-selective alkene metathesis presented by Zhang and Diver in 2020. Below, reported selectivity on competitive 
coupling reactions with tert-butyl acrylate.
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dithiolane-based ligand, thioquinoxaline. This ligand is stabilized by 
resonance, enabling the catalyst to maintain high Z-selectivity at tem
peratures as high as 150 ◦C in dense mixtures. Remarkably, this 
thioquinoxaline-based complex not only performs well under harsh 
conditions but also retains activity comparable to that of existing ster
eoretentive catalysts under standard reaction conditions.

The experimental work of Kajetanowicz and Grela focused on 
improving a catalyst for the synthesis of Z-configured macrocyclic 
musks, which are highly prized in the fragrance and food industries (see 
Fig. 29). The employed catalyst is a Z-stereoretentive type, meaning it 
preserves the Z-configuration of at least one of the starting alkenes 
throughout the reaction. Conceptually, it is important to note that the 
stereoretentive approach requires one of the coupling partners to be an 
internal olefin with Z-isomerism (see Fig. 30). This condition is 

attributed to the fact that the system enforces the retention of the 
starting alkene’s configuration, rather than directly inducing Z-olefin 
formation [213].

Previous studies achieved notable success in replacing the traditional 
chloride ligands in olefin metathesis catalysts with dithiolate-chelate 
ligands (Fig. 31). This substitution caused a shift in the bonding mode 
of the reacting alkenes, moving from the typical bottom-bound config
uration to a side-bound arrangement [214]. According to the prevailing 
model, this configuration reduces the mobility of alkene substituents 
during the catalytic cycle, effectively constraining them to remain on the 
same side, opposite the NHC moiety. While steric effects are believed to 
play a dominant role, some reports suggest that electronic factors may 
also contribute to this behaviour. [176,215]

Although the side-bound orientation might seem unconventional, it 

Fig. 28. Differences on stereoselectivity outcome depending on cycle size.

Fig. 29. Examples of bio-based macrocycles whose properties and applications depend on the Z-isomerism of their structures.

Fig. 30. Conceptual comparison on the differences between stereoselective and stereoretentive on cross-metathesis.
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is not uncommon, even in traditional dichloride olefin metathesis cat
alysts. Several studies have demonstrated that solvent and electronic 
factors significantly influence the configuration of chlorides in 2nd 

generation catalysts. For instance, Cavallo’s calculations revealed that, 
while the bottom-bound olefin complex is more stable by 3 kcal/mol in 
the gas phase, the side-bound complex becomes more stable by the same 
energy margin in CH₂Cl₂ due to differences in dipole interactions. In 
terms of reactivity, however, the bottom-bound complex was favoured 
for metallacyclobutane formation, with energy differences of 11 and 4 
kcal/mol in the gas and solution phases, respectively. Thus, despite the 
higher stability of the side-bound configuration in solution, olefin 
metathesis reactivity predominantly occurs via the bottom-bound trans- 
dichloride conformation, especially when steric effects are amplified by 
alkene substituents [216].

A notable limitation of the bis(sulfur)-based catalysts is their sus
ceptibility to deactivation via an additional pathway (Fig. 32). This 
arises from the proximity of the sulfur anion, a potent nucleophile, to the 
unsaturated ylidene carbon [215]. Although this deactivation mecha
nism does not completely inactivate the catalyst, it reduces its activity 
and compromises Z-selectivity.

The issue of catalyst deactivation remains a persistent challenge in 

catalysis, often stemming from catalyst aggregation or poisoning of the 
active sites. In thiocatechol-based systems for olefin metathesis cata
lysts, a common strategy to mitigate this involves reducing the nucleo
philicity of the sulfur atoms. By diminishing the sulfur atom’s electron- 
donating ability—effectively making it a “softer” nucleophile—the 
likelihood of undesired reactions is minimized (Fig. 32). This strategy 
has been validated through experimental and computational studies, 
showing improvements in both conversion and Z-selectivity.

A pioneering approach by Hoveyda introduced a 3,6-dichloro sub
stitution on the benzene-1,2-dithiolate ligand (Fig. 33, thio-2) [215]. 
This modification enhanced catalyst stability, increased functional 
group tolerance, and improved robustness—marking a significant 
advance over traditional Mo- and W-based Z-selective systems. 
Furthermore, these modified catalysts demonstrated superior perfor
mance in CM reactions, particularly with readily available disubstituted 
alkene feedstocks such as oleic acid, minimizing undesired substrate 
self-metathesis. The authors attributed these improvements to the 
electron-withdrawing effects of the 3,6-dichloro substitutions, which 
enabled enhanced catalytic protocols beyond Z-selective synthesis. 
[217,218]

Building on these findings, researchers in Tianjin and Beijing 

Fig. 31. Dithiolate-chelate catalyst for stereoretentive olefin metathesis.

Fig. 32. Mechanism of sulfur nucleophilic attack on the ylidene carbon as a proposed deactivation pathway.
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proposed an alternative system using a 3,4-dimercapto-3-cyclobutene- 
1,2-dione-chelated ligand (thio-3) [219]. This novel chelate was hy
pothesized to outperform previous systems due to the increased 
Brønsted acidity of the sulfur atoms in the ligands (Fig. 33). The relative 
stability of these complexes was evaluated by tracking their decompo
sition rates over time. Stored at room temperature without nitrogen 
protection, the catalysts were tested in the CM reaction of hex-5-en-1-yl 
benzoate with (Z)-but-2-ene-1,4-diol. While the other catalysts (thio-1 
and thio-2) lost completely the activity after 10 and 18 days, respec
tively, the thio-3-based catalyst retained 31 % product yield and 
remained active for up to 30 days. Importantly, no changes in stereo
selectivity were observed, with Z-stereoretention consistently main
tained throughout the study. These findings strongly support the 
approach proposed by Hoveyda. Interestingly, despite discrepancies in 
decomposition-activity experiments, DFT calculations revealed no sig
nificant differences in the associated energy profiles.

Another notable advancement involved the introduction of 
naphthalene-based ligands, designed to reduce the spatial distance be
tween sulfur atoms. These modifications altered the coordination angles 
at the metal center, yielding results comparable to those achieved with 
the thio-2 system [220]. Subsequently, higher catalytic activity was 
reported when four chloride atoms were incorporated at positions 2, 4, 
5, and 7 of 1,8-dimercaptonaphthalene [221]. This further validated the 
hypothesis that increasing the electron-withdrawing character of the 
ligands enhances catalytic performance.

5. Perspective: challenges and unsolved issues in olefin 
metathesis

As it has been reviewed in this manuscript, olefin metathesis is as a 
highly versatile and transformative reaction in synthetic chemistry, with 
broad applications in organic synthesis and polymer science. Despite its 
immense success and widespread utility, olefin metathesis continues to 
face numerous challenges and unresolved issues. These limitations stem 
from the complexity of the reaction mechanism, the diversity of sub
strates, and the inherent constraints of the catalysts themselves. This 
discussion till now outlined the major challenges and concerns in olefin 
metathesis, focusing on catalytic efficiency, selectivity, environmental 

impact, and industrial scalability. We must do a step forward toward 
predictive catalysis, [222,223] from the past insights. [224,225] Prob
ably the efforts on iron based catalysts will not be the solution, 
[226–228] despite the last seminal insights, [229,230] and maybe the 
use of catalysts soluble and active in water could be the solution, and/or 
in air [231]. In detail, iron and manganese olefin metathesis catalysts 
have gained attention as earth-abundant and environmentally friendly 
alternatives to traditional Ru-, Mo-, and W-based catalysts [227]. 
However, their practical applications remain limited due to several 
inherent weaknesses [232], primarily related to stability, reactivity, and 
selectivity [226]. One of the major challenges with iron and manganese 
catalysts is their susceptibility to rapid decomposition. Unlike Ru-based 
systems, which benefit from robust ligand frameworks and oxidation- 
resistant properties, iron and manganese catalysts readily undergo 
oxidation, leading to the formation of catalytically inactive species. This 
instability is particularly problematic under air or moisture exposure, 
necessitating strict handling conditions. Additionally, these catalysts 
often exhibit limited functional group tolerance. Iron and manganese- 
based systems are more prone to undesired side reactions such as hy
drogenation, homocoupling, and radical-induced decomposition. These 
side reactions not only reduce catalytic efficiency but also complicate 
the control of reaction selectivity. Another significant drawback is their 
relatively low efficiency in key metathesis reactions. While some ad
vancements have been made in ligand design to enhance their perfor
mance, iron and manganese catalysts still struggle to match the high 
turnover frequencies (TOFs) and turnover numbers (TONs) of their Ru 
and Mo counterparts. Their limited substrate scope further restricts their 
utility in industrial and synthetic applications. Efforts to improve these 
catalysts focus on ligand tuning, stabilization strategies, and exploring 
synergistic effects with co-catalysts. Despite these efforts, overcoming 
their inherent weaknesses remains a major challenge. Until these issues 
are addressed, iron and manganese catalysts will likely remain niche 
alternatives rather than mainstream replacements for more established 
metathesis systems.

The ongoing challenges of olefin metathesis are the following: 

1. Catalyst stability

Fig. 33. Enhanced stability of the thio-3 system (adapted from Reference 215).
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Catalyst stability remains a critical issue in olefin metathesis, 
particularly for processes requiring prolonged reaction times or elevated 
temperatures. Many commonly used catalysts, such as those based on Ru 
(e.g., Grubbs catalysts), Mo, or W, suffer from thermal degradation or 
decomposition under harsh conditions. For example, the 2nd generation 
Grubbs catalyst, while more stable than its predecessors, can still 
degrade in the presence of oxygen, moisture, or acidic byproducts 
formed during the reaction.

This instability limits the broader applicability of metathesis in in
dustrial processes, where reaction conditions are often challenging and 
need to be cost-effective. Furthermore, the reactivation of degraded 
catalysts is not yet feasible, leading to inefficiencies and increased costs. 
Research efforts are ongoing to design catalysts with improved robust
ness, such as those incorporating ligand frameworks that stabilize the 
active species. However, achieving a balance between stability and 
catalytic activity remains a significant challenge. 

2. Functional group tolerance

Although modern metathesis catalysts exhibit high functional group 
tolerance, certain functional groups still pose challenges, particularly in 
the presence of protic or highly electron-withdrawing species. For 
instance, alcohols, amines, nitriles, and carboxylic acids can deactivate 
metathesis catalysts through ligand exchange or coordination to the 
metal center. This sensitivity restricts the scope of substrates that can be 
efficiently employed in metathesis reactions, particularly in complex 
molecule synthesis where multiple functional groups are present.

Efforts to address this limitation have focused on developing cata
lysts with enhanced functional group tolerance, such as those incorpo
rating NHC ligands. While these catalysts have broadened the range of 
compatible substrates, challenges persist, especially when dealing with 
unprotected functionalities or highly functionalized molecules. Future 
advancements in this area will require a deeper understanding of 
catalyst-substrate interactions and the development of novel ligand 
architectures. 

3. Catalyst recycling and environmental impact

The recycling of olefin metathesis catalysts is a critical issue from 
both economic and environmental perspectives. Most current metathesis 
catalysts, particularly those based on precious metals like Ru, are 
expensive and generate waste upon disposal. The pharmaceutical and 
fine chemical industries are especially sensitive to this issue due to 
stringent regulatory limits on metal contamination in final products.

Although strategies for catalyst recycling have been explored, such 
as immobilizing catalysts on solid supports or designing recoverable 
catalyst systems, these approaches often lead to reduced activity or 
selectivity. Additionally, the development of heterogeneous metathesis 
catalysts, while promising, has yet to achieve the same level of efficiency 
and versatility as their homogeneous counterparts. Addressing these 
challenges will require innovative approaches to catalyst design and 
recovery [233], as well as the development of greener alternatives to 
current metathesis systems. Recovering at least the Ru metal should be a 
must in industrial applications [188].

On the other hand, the environmental impact of olefin metathesis is a 
growing concern, particularly in the context of green chemistry princi
ples. While metathesis reactions are often considered environmentally 
friendly due to their atom economy, the reliance on precious metal 
catalysts and the generation of toxic by-products remain significant is
sues. Using low level catalyst loading and metal recovery could mini
mize this risk. Moreover, the energy-intensive nature of some metathesis 
processes, such as those requiring high temperatures or pressures, can 
offset their environmental benefits. Ideally, most organometallic re
actions involved in olefin metathesis occur under relatively mild con
ditions, typically at temperatures below 100 ◦C, and often even lower, 
around 50 ◦C. Additionally, when applicable, such as in ethenolysis 

[234], these reactions generally proceed under pressures of 10 bar or 
less. However, defining the precise threshold for what constitutes “mild 
conditions” remains an open and somewhat subjective question in 
catalysis. The challenge lies in establishing a universal benchmark, as 
different reactions and catalyst systems may have varying tolerances 
and requirements. In addition, in the specific case of olefin metathesis, 
the lower temperature range, around 50 ◦C [235], could be considered a 
reasonable boundary for mild conditions, and specially Ru catalysts with 
CAAC ligands can achieve better than with NHCs, [236–238] and apart 
from working in open air [237,239], they have the capacity to bond to 
Mo, as well [240]. Moreover, another crucial aspect to consider is the 
solvent choice. While many metathesis reactions are typically conducted 
in organic solvents, performing them in water presents an unusual but 
noteworthy exception. The ability to conduct metathesis in aqueous 
media not only expands the scope of the reaction but also aligns with the 
principles of green chemistry, promoting sustainability and reducing the 
environmental impact of the process [231].

To address these concerns, researchers are exploring the use of more 
sustainable catalysts, such as those based on earth-abundant metals like 
iron or cobalt. While progress has been made in developing these cata
lysts, their performance still lags behind that of traditional Ru-based 
systems. Additionally, the development of solvent-free or aqueous- 
phase metathesis reactions represents an important area of research 
for improving the environmental profile of metathesis processes. 

4. Selectivity and control

Achieving precise control over product selectivity is a persistent 
challenge in olefin metathesis, [241–243] particularly for reactions 
involving multiple possible products, such as CM. Factors such as steric 
and electronic effects, catalyst molecular geometry, and reaction con
ditions can significantly influence the outcome of metathesis reactions, 
often leading to undesired byproducts or low yields of the target 
compound.

For example, in CM reactions, controlling selectivity between 
homodimerization and cross-product formation is notoriously difficult. 
Similarly, in RCM, the formation of different isomers (e.g., cis/trans) can 
complicate product isolation and purification. Advances in ligand design 
and catalyst engineering have improved selectivity to some extent, but 
achieving complete control over product distribution remains a formi
dable task, particularly in complex or highly functionalized systems. 

5. Industrial scalability and cost

While olefin metathesis has found widespread application in 
laboratory-scale synthesis, its adoption in industrial processes is hin
dered by several factors, including the high cost of catalysts, limited 
substrate availability, and challenges associated with reaction scalabil
ity. For instance, the use of Ru-based catalysts, which dominate the field, 
is economically prohibitive for large-scale applications due to the high 
cost of Ru and the low natural abundance of the metal.

Furthermore, the scalability of metathesis reactions often requires 
significant modifications to reaction conditions, such as solvent choice, 
temperature, and pressure. These changes can adversely affect catalyst 
performance and product yield, making the transition from laboratory to 
industrial scale challenging. Efforts to develop cost-effective and scal
able metathesis processes will require a combination of catalyst inno
vation, process optimization, and advances in reactor design. 

6. Substrate scope and reactivity

The reactivity of olefin metathesis catalysts is highly dependent on 
the electronic and steric properties of the substrates, which can limit the 
scope of compatible starting materials. For example, substrates with 
highly strained or sterically hindered double bonds often exhibit low 
reactivity or require specialized catalysts. Additionally, substrates with 
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electron-rich or electron-deficient olefins can pose challenges due to 
unfavorable interactions with the catalyst.

Expanding the substrate scope of olefin metathesis will require the 
development of catalysts that can accommodate a broader range of 
olefin conformations and electronic properties. This may involve the 
design of catalysts with tuneable ligand environments or the incorpo
ration of cooperative effects, such as bimetallic or metal-ligand 
cooperativity. 

7. Mechanistic understanding

Despite significant advances in the understanding of olefin metath
esis mechanisms, many aspects of the reaction remain poorly under
stood. For instance, the factors governing catalyst activation, 
deactivation, and product distribution are not yet fully elucidated. 
Additionally, the role of secondary interactions, such as non-covalent 
interactions in the catalyst, [244,245] and between the catalyst and 
substrate, in influencing reaction outcomes is an area of active investi
gation [246]. These non-covalent interactions as well as entropy ad
justments could lead to enhance the performance in latent olefin 
metathesis catalysis.

Improving mechanistic understanding will be crucial for addressing 
the challenges outlined above and for the rational design of next- 
generation catalysts. Advances in computational chemistry and in-situ 
spectroscopic techniques have provided valuable insights into metath
esis mechanisms, [172,247,248] but further work is needed to bridge 
the gap between theoretical predictions and experimental observations 
that will lead to assist artificial intelligence [224,225], feeding with big 
data, as well. 

8. Integration with other reactions

The integration of olefin metathesis with other catalytic trans
formations, such as hydrogenation, oxidation, or C–H activation, pre
sents an exciting opportunity for streamlining synthetic processes. 
However, achieving seamless integration is challenging due to the in
compatibility of metathesis catalysts with the conditions required for 
many other reactions. For example, the sensitivity of metathesis cata
lysts to oxygen and moisture often precludes their use in tandem with 
oxidative transformations.

Developing metathesis catalysts that can operate under a broader 
range of conditions or designing dual-function catalysts capable of 
performing multiple transformations will be critical for realizing the full 
potential of metathesis in integrated synthetic strategies.

In conclusion, Ru catalysts are generally more stable in air and 
tolerate a broader range of functional groups, whereas Mo and W cat
alysts are more reactive but highly sensitive to air and moisture. How
ever, while olefin metathesis has revolutionized modern synthetic 
chemistry, numerous challenges and concerns remain unresolved. 
Addressing these issues will require a multidisciplinary approach, 
combining advances in catalyst design, mechanistic understanding, and 
process optimization. By overcoming these limitations, olefin metathesis 
has the potential to become an even more powerful and sustainable tool 
for chemical synthesis, paving the way for new applications in phar
maceuticals, materials science, and beyond.
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[19] P.R. Blakemore, W.J. Cole, P.J. Kocieński, A. Morley, A stereoselective synthesis 
of trans-1,2-disubstituted alkenes based on the condensation of aldehydes with 
metallated 1-phenyl-1H-tetrazol-5-yl sulfones, Synlett 1998 (1998) 26–28, 
https://doi.org/10.1055/s-1998-1570.

[20] A.B. Smith, B.M. Brandt, Total synthesis of (− )-callystatin A, Org. Lett. 3 (2001) 
1685–1688, https://doi.org/10.1021/ol0158922.

[21] P.F. Hudrlik, D. Peterson, Stereospecific olefin-forming elimination reactions of 
beta-hydroxyalkylsilanes, J. Am. Chem. Soc. 97 (1975) 1464–1468, https://doi. 
org/10.1021/ja00839a031.

[22] M.M. Heravi, V. Zadsirjan, M. Daraie, M. Ghanbarian, Applications of Wittig 
reaction in the total synthesis of natural macrolides, ChemistrySelect 5 (2020) 
9654–9690, https://doi.org/10.1002/slct.202002192.
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[50] M. Rouen, P. Queval, E. Borré, L. Falivene, A. Poater, M. Berthod, F. Hugues, 
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Glossary

BVE: Butyl Vinyl Ether
CAAC: Cyclic (Alkyl)(Amino)Carbenes
CM: Cross-Metathesis
DEDAM: Diethyl-Diallyl Malonate
DFT: Density Functional Theory
DMAN: 1,8-Bis(Dimethylamino)Naphthalene
EVE: Ethyl Vinyl Ether
HG: Hoveyda-Grubbs
IMes: 1,3-bis(2,4,6-trimethylphenyl)imidazol-2-ylidene
IPr: 1,3-bis(2,6-diisopropylphenyl)imidazol-2-ylidene
LUMO: Lowest Unoccupied Molecular Orbital
NHC: Nitrogen-Heterocyclic Carbene
NMR: Nuclear Magnetic Resonance
RCM: Ring-Closing Metathesis
ROMP: Ring-Opening Metathesis Polymerization
SIMes: 1,3-bis(2,4,6-trimethylphenyl)-4,5-dihydroimidazol-2-ylidene
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