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Abstract

Olefin metathesis is one of the most significant transformations in organic chemistry and an ex-
cellent example for efficient homogeneous catalysis. Although most currently used catalysts are
primarily based on 4d and 5d metals, cycloaddition and cycloreversion reactions can also be at-
tributed to first-row transition metals, such as iron. Surprisingly, the potential of Mn(I) based cat-
alysts for olefin metathesis has been unexplored, despite its prominence in homogeneous catalysis
and its diagonal relationship to Ru(II). In the present paper, we have investigated the prospective
capabilities of rationally designed Mn complexes for cycloaddition and reversion reactions, using
density functional theory. To keep our model complexes as synthetically feasible as possible, we in-
cluded CO as co-ligands and imposed octahedral coordination. Like iron systems, a singlet ground
state is required for Mn based catalysts to facilitate olefin metathesis and to prevent undesired
cyclopropanation. However, the stabilization of the singlet state requires a careful selection of
σ-donor and π-acceptor properties. Our results show that bidentate ligands in conjunction with
CO work best. Our findings support the isodiagonal relationship and show the viability of Mn(I)
complexes as catalysts for olefin metathesis.

1 Introduction

Metathesis reactions are among the most important chemical processes in modern organic syn-
thesis. They are used to efficiently break and rearrange carbon-carbon bonds obeying excellent
atom economy, both in industrial-scale applications as well as in chemical and pharmaceutical
research.1 From a mechanisitc perspective, olefin metathesis (OM) is a [2+2]-cycloaddition that
is catalyzed by proficient and well-defined metal-alkylidene complexes involving a metallacycle in-
termediate (Figure 1). For their pioneering work in this very field, Chauvin, Schrock and Grubbs
were awarded the Nobel Prize in chemistry in 2005.2,3

Consequently, the most widely used types of catalysts for metathesis (of any type and flavor) are
the Mo(NHC)(Imido) (NHC = N-heterocyclic carbene) based complexes developed by Schrock,
the Ru(NHC) based systems later developed by Grubbs, as well as modifications of them as re-
ported by Hoveyda4 or Buchmeiser (see lower panel of Figure 1).5,6 Even though the current
catalysts provide high yields under mild conditions, the development of sustainable, base-metal
catalysts is highly desirable.7 One area of research, that is currently of significant interest, is the
substitution of ruthenium with iron, the corresponding 3d transition metal of the first series of
the periodic table. Numerous research groups have been working on the design of operational
iron systems for OM both experimentally and theoretically.8–17 Within this context, Milstein and
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Figure 1: Olefin metathesis according to Chauvin’s mechanism including cyclopropanation, the
undesired side reaction encountered in first-row TM complexes (top). Prototypical operative
metathesis catalysts with variable organic residues (Ri) influencing the reactivity and selectivity
of the catalyst (bottom). One possible improvement of the Schrock-type system as devised by
Buchmeiser is depicted in grey color (bottom, right).

coworkers recently reported on a new low-valent iron system supported by a bidentate PN ligand
to be active in ring-opening metathesis polymerization.18 While iron is well accepted as a sur-
rogate to ruthenium in OM, it is somehow surprising not to find any investigations or at least
considerations on the use of manganese for the same purpose. In recent years, several catalytic
transformations involving Mn(I) complexes have been reported to exhibit similar structure, re-
activity and stability as compared to the established Ru(II) and Fe(II) systems.19–23 Alike the
similar chemical properties between elements of the second and third period, it can be assumed
that Ru(II) and isoelectronic Mn(I) comprise a diagonal relationship in the periodic table.24,25

Unfortunately, the total number of currently known and stable manganese carbene complexes is
low and mostly comprised of Fischer-type complexes that readily undergo cyclopropanation reac-
tions.26,27 Fischer-type carbenes are defined as M=CRX with X being a hetero atom and are thus
electrophilic by nature in contrast to Schrock-type carbenes (M=CR2). The only Mn system that
resembles elements of OM was reported by Braunschweig and coworkers in 2013 and involves the
formation of [MnCp(CO)2(=CPh2)] via cycloreversion of a Mn borylene metallacycle.28 Conse-
quently, manganese catalyzed olefin metathesis has (in contrast to iron) neither been theoretically
studied nor experimentally attempted before.

All approaches to use elements of the first transition metal series for olefin metathesis face certain
intrinsic challenges that need to be addressed in order to devise an active catalyst: (i) The metal-
carbene (M=CR2) bond tends to be weaker in 3d metal systems than in 4d/5d transition metal
systems.12,29 This fact leads to cyclopropanation being the preferred reaction in first row transition
metal (carbene) complexes.30 (ii) While heavier metals such as Ru and Mo favour low-spin closed
shell configurations, first row metals usually exhibit a wide range of possible spin-states, which are
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close in energy. (iii) Surface crossings between single and triplet states are likely to take place.31

(iv) Open shell systems hamper the coordination of an olefin and could very likely also undergo
other radical reactions. However, in the absence of experimental data, theoretical studies can aid
to guide experimental synthesis, predict trends and patterns and exclude unsuitable systems. Due
to the complex electronic structure and the multitude of accessible spin states in Mn (and Fe)
systems, the computational chemist faces the problem of accurately describing these states and
their relative energies.32 For this reason, it is not surprising that the first Fe systems to show
activity in OM were discovered years after their computational exploration. In this contribution,
we explore the feasibility of low-valent manganese alkylidene complexes supported by rationally
designed mono-, bi- and tridentate ligand-systems for potential use in OM by means of density
functional theory. The focus was on the conception of systems that are feasible to make in a
laboratory rather than direct analogues of known Ru/Mo catalysts.

2 Computational Methods

All computations in the present study were performed with the ORCA 5.0 program package33 uti-
lizing the Vienna Scientific Cluster (VSC 4) in part. Electronic ground state calculations, including
geometry optimizations, frequencies and transition-state searches were carried out with density
functional theory (DFT) using the TPSSh meta-hybrid functional34 together with Grimme’s D3
dispersion correction35 and Ahlrichs’ def2-SVP basis set.36 The resolution of identity (RI) approx-
imation was used along with the corresponding auxiliary basis sets to accelerate the calculations.
Free energies at 298 K were calculated using the rigid-rotor harmonic oscillator (RRHO) approx-
imation as implemented in ORCA and real frequencies below 100 cm-1 were raised to 100 cm-1 to
improve accuracy.37 Final single-point energies were calculated with TPSSh/def2-TZVP/D3 on
already obtained geometries, while Gibbs energies were obtained by adding zero point energies,
thermal and entropic corrections at 298 K. For geometry optimizations and single-point calcu-
lations implicit solvation was included via the CPCM model and dichloromethane as solvent.38

Transition states were localized with the help of the nudged elastic band (NEB) method as im-
plemented in ORCA and confirmed to be first-order saddle points by analysis of the Hessian.
Intrinsic reaction coordinate (IRC) calculations have been employed to verify the correct assign-
ment of transition states by following the eigenvector of the corresponding imaginary frequency,
starting from the TS structures and connecting with reactants and products. Minimum Energy
Crossing Points (MECP) were calculated using the algorithm implemented in ORCA and the
SurfCrossOpt keyword.39 DLPNO-CCSD(T) calculation were performed on previously obtained
geometries, using the def2-TZVP basis set and a converged BP8640 UKS reference wave func-
tion.41 Orbital plots and graphics were visualized and generated with ChemCraft.42 Following
literature, we further define the parameter δ as ∆∆G‡ = ∆G(TScycloprop) – ∆G(TScyclorevers) to
describe the likeliness of metathesis over cyclopropanation if the singlet spin state is maintained.11
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3 Results and Discussion

In pursuit of an in silico operational manganese system for olefin metathesis, we first developed a
series of suitable model complexes that allow for a comparison with already known and investigated
(Fe or Ru) complexes regarding spin state splittings and thermodynamic parameters. Figure 2
displays a compilation of Mn complexes supported by mono-, bi- and tridentate ligands considered
in this work and represents the starting point of our study. Despite the lack of knowledge on the
synthetic realisation, these molecules are presented as olefin adducts, being the necessary first step
of a cycloaddition in OM with ethylene as the test substrate. For direct comparison with a litera-
ture known Fe system, we initially adopted the simple, but effective model catalyst 1 reported by
Mauksch and Tsogoeva16 and substituted the putative Fe(II) center with formally isoelectronic
Mn(I). For simplicity reasons, only one topological isomer was considered, bearing the coordinated
olefin, a CO ligand and the carbene fragment in the equatorial plane. Since these simple trigonal
bipyramidal model systems are very challenging (if not impossible) to realize experimentally, we
have chosen models that are closer to molecules already known in the literature. The preparation
of low-spin Mn(I) complexes is commonly based on the reaction of a suitable carbonyl precursor
such as Mn(CO)5Br or Mn2(CO)10 with bidentate or tridentate ligands and subsequent chemical
modifications. Bidentate ligands and more so pincer ligands allow for easy modifications of steric
and electronic parameters and could stabilize the obtained Mn complexes.43 Moreover, chemical
experience dictates that the presence of carbon monoxide is an inherent component of most low-
spin manganese complexes and that a coordination number of five or more likely six is usually
encountered in these molecules.44–46 These factors and the need for strongly σ-donating ligands
seem highly relevant for stabilizing singlet states throughout the metathesis process. A consequent
improvement over 1 in terms of experimental and structural feasibility, as well as donor strength
could be the introduction of a bidentate ligand and carbon monoxide (see Fig. 2, complex 2).

Figure 2: Manganese model systems for olefin metathesis investigated in this work.

Experimentally, such a compound could be obtained from a carbonyl precursor [Mn(NHC-P)(CO)3R]
(R = Alkyl, Aryl, OAc) or even a putative dinuclear pre-catalyst.23,47 To further increase the
donor strength of the ligand, a bis-NHC system could be employed, which is also well estab-
lished in literature (see Figure 2, complex 3).48 For both systems with the general formula [(L-
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L)Mn(=CHCH3)(CO)2(C2H4)] for the initial olefin adduct, various isomeric structures can be
drawn, having either a trans-CO or a cis-CO configuration. Depending on the synthetic ap-
proaches and possible isomerisation reactions, all of them could be accessible. For simplicity
reasons, only one isomer was considered in the following. In accordance with the suggestions by
Truhlar and Solans-Monfort, we have additionally chosen tridentate pincer ligands of the type
CNC49 and (anionic) PCP50 (see 4 and 5 in Figure 2) as the scaffolds for our Mn systems to be
investigated.

For a selection of these model systems, relevant stationary points along the OM reaction path were
calculated including the initial olefin adduct, and the corresponding metallacyclobutane structure,
as well as the transition states (TS) for [2+2] cycloaddition, cycloreversion and cyclopropanation –
both, for the singlet and triplet spin-state. Since all model complexes exhibit a d6 electron configu-
ration, a low-spin (S = 0) singlet state, a triplet state (S = 1) and a quintet high-spin (S = 2) state
can be relevant. As mentioned initially (see Computational Methods), we adopted the meta-hybrid
exchange-correlation functional TPSSh (with 10% HF exchange), as it was found to accurately
predict spin state splittings of manganese and iron based spin cross-over compounds.51,52 Table 1
summarizes the relative Gibbs energies of all considered species with respect to the initial olefin
adduct and also provides literature values for the active Grubbs system [Ru(IMesH2)(Cl2)(=CH2)]
(IMesH2 = 1,3-dimesityl-imidazol-4,5-dihydro-2-ylidene) (Ru). According to the literature, OM
with this well known Ru catalyst displays a barrier of 12.7 kcal/mol for cycloaddition of ethylene
and is characterized by a high δ value of 18.2 kcal/mol.10

Table 1: Relative Gibbs free energies (kcal/mol) of relevant species involved in OM and cyclo-
propanation reactions with respect to the initial singlet olefin adduct.

Model system Olefin Adduct Metallacycle Cyclopropanation

S = 0 S = 1 S = 0 S = 1 S = 0 S = 1

Ru [ref. 10] 0.0 19.5 −6.8 8.2 8.6 −7.4
1 0.0 8.6 5.1 −0.6 −4.4 −15.0
2 0.0 22.1 −8.1 4.2 −16.1 −10.6
3 0.0 18.5 −7.5 0.7 −18.0 −12.9
4 0.0 20.8 −8.4 −15.9 −23.9 −25.7
5 0.0 12.7 1.3 −5.3 −11.9 −11.9

The reaction energy profile for the simple model catalyst 1 with a Grubbs-type N-heterocyclic
carbene (NHC) moiety is depicted in Figure 3. The starting point for the olefin metathesis cycle
is the formation of a stable olefin adduct as first intermediate. As opposed to the reported Fe
system, it can be observed that the Mn=CH2 unit in the optimized closed-shell olefin adduct is
rotated by almost 90° and results in a non-collinear arrangement with the coordinated olefin (see
Supporting Information, S1). This small change in geometry resembles the reported Fe triplet
geometry instead of the anticipated singlet state. Additionally, it was found that the calculated
M-Cα bond lengths in the optimized singlet Mn metallacycle are 0.10 Å shorter than for the Fe
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case. The singlet metallacycle displays a trigonal bipyramidal geometry, while the triplet geome-
try resembles a distorted square pyramid. In contrast to the iron system, the metallacyclobutane
formation is also slightly endergonic with 5.1 kcal/mol, but the metathesis process is feasible and
clearly preferred over cyclopropanation as indicated by a difference (δ) of ∆G(TScycloprop) and
∆G(TScyclorevers) of 16.7 kcal/mol. Furthermore, the initially mentioned rotation of the Mn=CH2

unit is likely responsible for the slight increase in the energy of the consecutive transition state for
[2+2]-cycloaddition as compared to the iron congener.

Figure 3: Reaction energy profile for OM with model catalyst 1. The reaction paths describing
cyclopropanation are depicted with dotted lines and red color. The transition states for cycload-
dition and cycloreversion are identical for symmetry reasons. All energies are given in kcal/mol
obtained using TPSSh/def2-TZVP/D3//TPSSh/def2-SVP/D3 in dichloromethane.

The singlet-triplet energy splitting for the metallacyclobutane intermediate is one of the most
crucial parameters in first-row TM metathesis and was calculated to be ∆GST = −5.7 kcal/mol
with TPSSh and ∆GST = −5.4 kcal/mol employing DLPNO-CCSD(T) in favor of the triplet
state. A survey on the performance of various exchange-correlation functionals on the singlet-
triplet splitting for metallacyle 1 can be found in the electronic Supporting Information (see Table
S1). The quintet state of the metallacyclobutane is located just 0.4 kcal/mol above the triplet
state and could also play a role in surface crossing events and deactivation processes. Similar to
the reported iron system, the transition state for the [2+2]-cycloaddition in the singlet state also
exhibits aromatic character with a NICS(1) value (NICS = Nucleus Independent Chemical Shift)
of −18.7 ppm (cf. −19.4 ppm) which further supports our initial assumption on the isodiagonal
relationship between Ru(II)/Fe(II) and Mn(I) (vide supra).53

The implementation of bidentate ligands in complexes 2 and 3, as well as sixfold coordination
to increase the degree of synthetic viability has significant impact. As an example, the reaction
energy profile for olefin metathesis with the NHC-P complex 2 is depicted in Figure 4.
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Figure 4: Reaction energy profile for OM with model catalyst 2. The reaction path describing
cyclopropanation is depicted with dotted lines and red color. All energies are given in kcal/mol
obtained using TPSSh/def2-TZVP/D3//TPSSh/def2-SVP/D3 in dichloromethane.

The energetic barrier for the initial [2+2]-cycloaddition of the simple test substrate ethylene is
low (∆G‡ = 3.5 kcal/mol) and quickly leads to formation of a stable singlet metallacycle. In
the absence of surface crossings (vide infra) and isomerisation reactions, the most important side
reaction is cyclopropanation and formation of methylcyclopropane. The barrier for this process
was calculated to be 22.4 kcal/mol in the singlet state. The cycloreversion process forming the
propene adduct at 2.9 kcal/mol displays a barrier of ∆G‡ = 15.5 kcal/mol and therefore an overall
δ value of 6.9 kcal/mol is obtained. Under the same conditions, complex 3 behaves similar with
a barrier for cyclopropanation of 20.0 kcal/mol and δ = 6.0 kcal/mol (see Supporting Informa-
tion). Most importantly, the observed inversion of the spin state ordering (∆GST > 0, see Table
1) and the preference for the singlet state of the metallacycles can be primarily attributed to the
presence of the strong π-acceptor ligand CO as an additional ligand, but also to the changes in
electronic structure induced by altering the (ligand field) symmetry. The ligand systems in use
can be easily varied in the precursor molecules or precatalysts in order to tune ∆GST and the reac-
tivity in OM. Analyzing the reaction energy profiles for 2 and 3 (see also Table 1) shows that the
reactivity on the S = 0 potential energy surface is initially similar and rather independent of the
bidentate ligands used. Consequently, both complexes, if generated (in-situ), could have the neces-
sary prerequisites to act as catalysts in OM, likely using a more appropriate and reactive substrate.

Regarding the geometries of the olefin adducts 2 and 3 in the triplet state, we observed that the ob-
tained minima are higher in energy. However, small displacements and applying tight optimization
criteria leads to significant structural rearrangements and a CO ligand migrating to the alkylidene
carbon forming a very stable Mn-C(H)(CH3)(C=O) motif (see Figure 5). A similar optimization
behavior was also found using other exchange-correlation functionals, including BP86. Hence, it
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is not an artefact of the approximated exchange-correlation functional. The quintet states for
the adducts and the metallacycles showed dissociative character with respect to ethylene or CO,
and thus could not be fully converged. We assume that both observed behaviors, the migratory
insertion-like reactivity of the nucleophilic alkylidene in the triplet state and dissociation of CO
or olefin in higher spin states could lead to early deactivation of the catalyst or precatalyst. It
should not go unmentioned that migratory insertion of highly nucleophilic ligands such as alkyl
groups is also a well-known concept in manganese carbonyl chemistry in the ground state.47

Figure 5: Rearrangement reaction of carbonyl complex 2 (a) in the triplet state to a ketene-like
system (b). Singlet metallacycle of 4 in octahedral geometry (c) and relaxation to a trigonal
bipyramidal structure after (hypothetical) removal of a CO ligand (d).

In order to stabilize metallacyclobutane intermediates in the singlet state and disfavor alkene
cyclopropanation, various authors advocated for the use of strongly donating pincer ligands.10,11

Whereas the pincer ligands in the model systems 4 and 5 do show a trend to stabilize the presented
olefin adducts (see Figure 2) in the singlet state, surprisingly, stronger donation destabilizes the
metallacycles. Consequently, for system 4 a singlet-triplet splitting of −7.5 kcal/mol was obtained
and for system 5 a value of −6.5 kcal/mol, respectively, making the triplet state energetically
favored. These finding are further supported by single-point BP86/def2-TZVP/D3 calculations
– with BP86 being a pure GGA functional – yielding ∆GST values of −4.4 kcal/mol and −1.5
kcal/mol, respectively. This observation is somehow surprising, as the CNC and related pincer
ligand systems are known to be strong donors and were found to be excellent candidates in compu-
tational studies on Fe catalysts for OM. However, in the majority of these studies on iron catalysts,
five-fold coordinated systems were investigated, and CO is rarely utilized as a co-ligand.8 If a CO
ligand molecule is removed from designated the catalyst 4, and the metallacycle structures re-
optimized again for the S = 0 and S = 1 state, a singlet-triplet splitting of −19.2 kcal/mol is
obtained (see Supporting Information). It can be seen that the magnitude of the splitting in-
creases and the triplet state still remains the more favorable one. If the Mn atom is additionally
replaced by Fe in complex 4 and the CO ligand removed, a singlet-triplet splitting of −0.5 kcal/mol
is obtained, a value close to as reported by Yang and Truhlar for a similar but promising Fe(CNC)
system.11 It is noteworthy that for the Fe species the deviation from <S2> in the triplet state is
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with 0.10 very low, but in the Mn species it increases to 0.72 – pointing towards a more complex
electronic structure of the Mn systems. The distinct behavior of Mn vs. Fe illustrates the striking
difference between manganese and iron based isostructural complexes regarding the stability of
spin states. The sole use of strongly σ-donating polydentate ligands is therefore not sufficient for
developing an operative manganese based catalyst for metathesis.

It is well known in literature that metallacycles in five-fold coordinated Fe and Ru complexes
(such as Ru) usually display a trigonal bipyramidal geometry in the singlet state and a square
pyramidal geometry in the triplet state.10 Indeed, this behavior is also observed in the simple
five-fold coordinated complex 1. In contrast, a six-fold octahedral coordination (see complexes
2-6) imposes geometrical constraints on the metallacycle and forces the metallacycle to adopt a
square pyramidal geometry rather than a trigonal bipyramidal coordination. As a consequence,
the singlet state is destabilized in comparison to the triplet state. While for complexes with
bidentate ligands (2 and 3) the singlet state remains to be the ground state, for complexes with
tridentate ligands (4 and 5) the triplet state is now energetically favored. To alleviate the un-
favorable geometrical constraints, we investigated how a hypothetical removal of a CO molecule
from complex 4 impacted the metallacycle geometry. We observed that re-optimization of the
metallacycle geometry on the singlet surface led to relaxation and a change towards the desired
trigonal bipyramidal geometry (see Figure 5, lower panel). While we anticipated a stabilization of
the singlet state, in sharp contrast, we found that the triplet state was even more favorable. This
seemingly contradicting behavior can be explained by the nature of the removed CO ligand: As
a strong field ligand, CO has a significant impact on the electronic structure of the metal, aiding
the relative stabilization of the singlet state. Consequently, this effect over-compensates the struc-
tural relaxation of the metallacycle in a five-fold coordinated environment. To achieve the desired
stabilization of the singlet state an intricate balance of ligands and geometry is required. Hence,
it would be of interest to examine the influence of various polydentate ligands in more detail, but
this is beyond the scope of this current article.

Lastly, degradation reactions caused by surface crossings between singlet and triplet surfaces re-
quire closer inspection. A well known concept in this regard is the use of minimum energy crossing
points (MECP) to approximate the adiabatic transition between two spin states. Such processes
are formally spin-forbidden in the absence of spin-orbit coupling. As suggested by Harvey, these
points can be calculated using an optimization algorithm utilizing combined gradients for the sin-
glet and triplet PES to eventually yield a geometry where ∆EST,SCF = 0.54 As mentioned before,
our simple test system 1 displays a metallacyclobutane intermediate with the triplet state being
5.7 kcal/mol more stable than the singlet state. The question arises, how easy such a crossing
to the high-spin state and consequently decomposition via cyclopropanation would be. We could
localize a MECP at ∆GMECP ≈ 2.3 kcal/mol above the singlet state, low enough to be of relevance
and allow thermal deactivation of the catalyst. Similarly, for the PCP complex 5 a MECP could
be localized at ∆GMECP ≈ 2.9 kcal/mol above the singlet state. These surface crossing points are
well-accessible at reaction conditions and can compete with cycloreversion.
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4 Conclusions

The present work investigated the potential of olefin metathesis with a series of Mn based catalysts
by exploring thermodynamics and energetics of homo metathesis with DFT. Our study highlights
challenges that have to be addressed in the design of functional catalysts. Based on our findings
we conclude: (i) The overall thermodynamics and free energy profiles for the metathesis cycle with
Mn based systems are feasible and comparable to literature known Fe systems. (ii) Cyclopropa-
nation is a viable side reaction in iron and manganese based systems with the associated barriers
being lower in the triplet state than in the singlet state. The cyclopropanation products are very
stable with respect to educts. (iii) Similar to iron, control of spin states plays a crucial role in the
conception of manganese catalyst for metathesis. (iv) Surface crossings are likely to take place if
the triplet state is lower in energy. Together, this supports our assumptions on the isodiagonal
relationship and the suitability of low-valent manganese. The focus of our investigation was on
designing systems that could be prepared in a laboratory and are feasible from a synthetic point
of view. Therefore, we have established the requirement of an octahedral geometry, six-fold coor-
dination and the inclusion of carbon monoxide as a co-ligand. As cyclopropanation is the major
side reaction, the structure and spin state splittings of the involved metallacycles are of paramount
importance. Consequently, any attempt to design Mn catalysts needs to obey the principle "Keep
it singlet" and focus on the stabilization of the singlet metallacycle intermediate.

Our preliminary results show that the mere use of polydentate ligands is not sufficient to stabilize
the singlet states of these Mn species and that a sensible screening and selection needs to take place.
In this context, bidentate ligands were shown to be potentially interesting. A major drawback of
the mandated octahedral geometry is the increase in spacial demand leading to easier migratory
insertion-like reactivity and the destabilization of the singlet metallacycle. Consequently, five-fold
coordination to prevent the destabilization of the trigonal bipyramidal singlet metallacycle could
be necessary or a delicate balance between a constrained geometry due to polydentate ligand and
strong donors/acceptors has to be achieved. Despite these yet to be tackled issues, the high abun-
dance of first-row transition metals provides an opportunity to develop inexpensive and non-toxic
catalysts. Our contribution may serve as a first guideline for the experimental chemist to pave the
way for the design of novel manganese based catalysts for olefin metathesis.
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