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Olefin metathesis has traditionally been dominated by molyb-
denum and ruthenium-based catalysts, but the pursuit of sus-
tainable and earth-abundant alternatives has driven interest
in first-row transition metals particularly iron. While iron is an
attractive candidate due to its abundance, low toxicity, and
cost-effectiveness, significant challenges hinder its successful
implementation in metathesis reactions. This review examines
the electronic and structural properties of iron that contribute
to its catalytic limitations, including high-spin configurations,
weak metal-alkylidene interactions, and a pronounced ten-
dency toward cyclopropanation. Computational and experimen-
tal efforts to overcome these obstacles are discussed, focusing
on ligand design strategies and mechanistic insights. Addition-

1. Introduction

A core principle of green chemistry is the use of safe, remov-
able reagents in synthetic processes. One of the most promising
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ally, the potential of manganese as an alternative to iron is
explored. This work underscores the complexities of first-row
transition metal catalysts in olefin metathesis and highlights
future directions for achieving practical, efficient iron-based
systems. Future research should focus on refining ligand archi-
tectures to stabilize key intermediates, leveraging computational
insights to predict reactivity trends, and further investigating
the role of metal oxidation states in metathesis activity. While
the transition to first-row transition metals remains a challenge,
ongoing advancements continue to push the boundaries of
sustainable catalysis, bringing the dream of practical iron- or
manganese-based olefin metathesis closer to reality.

strategies to achieve this is employing first-row transition met-
als as catalysts. Metals such as iron, manganese, and copper are
not only more abundant but also less toxic and generally more
environmentally friendly than their heavier counterparts.?! By
leveraging their unique catalytic properties, chemists aim to
develop more sustainable methodologies that reduce waste and
minimize dependence on conventional synthetic approaches.
Replacing  traditional  metals like  ruthenium,’*”
molybdenum,®°! and tungsten™? with iron in organic and
organometallic catalysis offers significant advantages,>°!
and in some cases, they are even competitive with second-
and third-row homologues, such as the (de)hydrogenative
Knolker catalysts!”! and their derivatives,"®™! or in Wacker type
oxidations;’?*?"" and if not more efficient, at least more selective
in C—H bond oxidations.”?! As the most abundant transition
metal on earth, iron provides a cost-effective and sustainable
alternative addressing both economic and environmental con-
cerns associated with rare and precious metals. Additionally,
iron’s diverse oxidation states and coordination chemistry
enable unique reactivity and selectivity patterns, paving the
way for innovative catalytic applications. The development of
efficient iron-based catalysts has the potential to revolutionize
organometallic catalysis, making it more sustainable, widely
accessible, and aligned with green chemistry principles.
First-row transition metals exhibit distinct chemical behav-
ior compared to other d-block elements. Notably, their d-orbitals
experience smaller splitting, allowing access to high-spin con-
figurations. This leads to an increased number of stable non-
singlet multiplicity species, expanding their reactivity. However,
this characteristic can pose challenges when substituting larger

© 2025 The Author(s). ChemCatChem published by Wiley-VCH GmbH
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elements within the same group, as unintended reactivity may
arise.

A key distinction between traditional metal and iron com-
plexes in olefin metathesis lies in the nature of the carbene
bond in the alkylidene.>?! This bond is crucial to the 14-
electron intermediate, a fundamental component of Chauvin's
olefin metathesis mechanism (Scheme 1),1%) which consists
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of a 14-electron intermediate that leads to the formation of
the metallacycle through a coordination intermediate; upon
opening of the four-membered ring, a second coordination
intermediate is formed, ultimately yielding another 14-electron
species. Organometallic carbene ligands are classified as Fis-
cher or Schrock carbenes (see Figure 1)/! with Schrock car-
benes being essential for active olefin metathesis catalysts. In
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Scheme 1. Chauvin mechanism in olefin metathesis.
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Figure 1. Fischer and Schrock carbene electronic structure representation.

many olefin metathesis catalyst activation studies, ethyl vinyl
ether (EVE) is commonly used to ensure that only a single
reaction turnover occurs, corresponding to the preactivation
step. This is because ylidene groups with strong electron-
withdrawing substituents generate Fischer carbenes in tradi-
tional ruthenium-based catalysts. The inactivity of these catalysts
stems from the low electron density on the carbene carbon,
which prevents the cycloreversion step in the olefin metathesis
mechanism.

The metal to which the alkylidene is coordinated also influ-
ences the nature of the carbenel™ Due to weaker orbital
overlap between the metal center and the carbon atom, many
Schrock carbenes transition into Fischer carbenes when the
metal is replaced with the smaller iron nucleus. As a result,
the alkylidene bond in iron complexes is significantly weaker,
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exhibiting a lower bond dissociation energy (BDE) than in other
transition metals. Furthermore, transition metals such as iron are
characterized by smaller ligand field splitting, which allows high-
spin configurations and access to triplet states. These electronic
properties render iron catalysts inactive in olefin metathesis
processes while simultaneously promoting undesirable cyclo-
propanation reactions (Figure 1, right).[282°]

Research in this area has focused on mitigating the unfa-
vorable effects associated with incorporating iron into olefin
metathesis systems. This has been achieved through tailored lig-
and designs that impose specific constraints on the coordination
environment. Computational chemistry has been instrumental
in this effort, providing valuable insights into the behavior of
iron-based catalysts. Recent partial successes in this field are
largely attributed to theoretical analyses, which continue to
guide experimental advancements. These findings highlight the
critical role of theoretical frameworks in improving the efficiency
and applicability of iron catalysts in olefin metathesis reactions.
In addition, olefin metathesis supports green chemistry by being
catalytic and streamlining synthesis, minimizing waste, and inor-
ganic byproducts.?>3 |ts precision and functional group toler-
ance make it a powerful tool for converting simple molecules
into complex structures efficiently.*? However, before transition-
ing to first-row transition metals, it is important to acknowledge
that olefin metathesis, despite the success of existing catalysts,
still presents well-documented drawbacks, particularly related
to decomposition, which remain unresolved,'**38! even after
extensive experimental®®4°! and computational insights.[*"%!

The article will primarily review computational studies on
iron in olefin metathesis catalysis aligned with the review pub-
lished in 2022 by Meyer and coworkers*! followed by calcula-
tions to corroborate the main conclusions, and finally the current
limits and next challenges with other first row transition metals
will be delineated.

Dr. Albert Poater earned his PhD
in Chemistry from the University of
Girona in 2006. Following research
stays in Chile, Montpellier, and a
postdoctoral position at the Uni-
versity of Salerno, he joined the
University of Girona as a Ramén y
Cajal fellow in 2010. He has held vis-
iting researcher positions in Saudi
Arabia and Toulouse, and in 2019
was appointed Serra Hunter Asso-
ciate Professor. That same vyear,
he received the prestigious ICREA
Académia award. Author of over 350
publications with 16,000 citations
(H-index: 68), his work centers on
DFT-based studies in inorganic and
organometallic catalysis, with a focus
on green chemistry.

© 2025 The Author(s). ChemCatChem published by Wiley-VCH GmbH

85U8017 SUOLULLIOD BAIER.D 3|1 (dde aup Aq peueA0b S8 DO YO ‘88N JO S3IN1 104 ARIQIT BUIIUO AB]IM UO (SUORIPUD-PUR-SULBYW0D™ A8 | IM AR 1 pUTUO//SANY) SUORIPUOD PUE SIS L U3 885 *[G202/60/2T] U0 AR1q178uliuo AB)IM ‘(PepIUes 8p 0LRISIUIN) LOSIAOLG U0 N SURILI0D USILRAS AG 025005202 2190/200T OT/10p/wiod/a| imAse.q puljuoado.ns-Ansiweyd//sdny woiy papeojumod ‘€T [20¢ ‘668€98T



Chemistry

Review Europe
ChemCatChem doi.org/10.1002/cctc.202500570 Societes Publifing
HN/_\NH HN/_\NH HN/_\NH HN/_\NH HN/_\NH 10 aMes ¥ caMes =mr|;§c' *‘,—.‘
CI\M\(—CRR' e CI\M\(—CkR' —_— Cl‘M—CRR' \M( M—Cl Sl P c':!w—' F"l ; = e 73
CI";': a- (:l’:_ — C|_(';| o — (;I—- —Cl PH3 8.7 N\ i g Ph e
3 = R R 5 _":;ic;l
1 n m Y v 3 ~a
g o 0.0 ,ﬂ
®
Fe = ‘ » Ru I - @ ! CI'\MMFS Cll\n:;s
0.0 : Q5 17 g, P a N,
-3.9
\8.8 - 66 y
4.2 83/ -85 27 -0 C'Iyr:';s _‘
B - io as Fe ¢y 7‘«,,,, -10.9
E 0.0 . 203 -15
§ .. -0.6 lis.s ‘E -14.2 m
3 5o 15.4 1222933 Figure 3. Reaction pathway (Gibbs energies in kcal/mol) computed by
162 ﬁ o141 19.9 2645 ae Poater and coworkers with ethylene at M06/cc-pVTZ~SDD(PCM,
- -20.0 27.2 = dichloromethane)//BP86/TZVP~SDD level.
-10.7 === CF, 278
A6 -=== CHF |-25.6 3.7
) --—- CH; |55 325
I n n " ' | I n v Vv I n n v '

Figure 2. Thermodynamic profile for CRR' = CH, (grey), CHF (red), and CF,
(blue) at the CCSD(T)/aug-cc-pVDZ(-PP)//B3LYP/aug-cc-pVDZ level of theory
with enthalpies in kcal/mol by Dixon and coworkers.!*]

2. Computational Insight in Iron Olefin
Metathesis

Initial evaluations of iron catalysts primarily focused on assess-
ing the thermodynamics of a Chauvin-like mechanism by sub-
stituting iron into well-established ruthenium-based systems.
However, the inherently complex electronic behavior of iron
poses challenges for traditional density functional theory (DFT)
approaches, particularly in determining the ground-state multi-
plicity.

To address these limitations, Dixon and coworkers conducted
a series of studies employing post-Hartree-Fock, wavefunction-
based, highly accurate electron correlation methods, specif-
ically coupled-cluster with single, double, and perturbative
triple excitations (CCSD(T)). Their research focused on second-
generation Grubbs-type catalysts, simplifying ligand structures
to reduce the computational cost of these high-level calculations
(Figure 2, top).*Y Additionally, they modified the methylidene
unit in these catalysts by substituting hydrogen atoms with
fluorine.

Over the subsequent three years, their analysis expanded to
include the entire eighth group of the periodic table (Figure 2,
bottom).[*! As expected, ruthenium and osmium demonstrated
a clear preference for a singlet ground state. In contrast,
iron exhibited multiple accessible spin states, including singlet,
triplet, and quintet, all lying energetically close to one another.
This near-degeneracy complicates predictions of reactivity and
stability,!*64”) further highlighting the unique electronic prop-
erties of iron compared to its heavier congeners. In general,
spin-splittings are an exceedingly difficult problem for the whole
of computational chemistry.[*84°! The typical errors associated
with DFT approaches can span several dozens of kcal/mol, often
requiring costly ab initio methods even for the simplest sys-
tems. This represents the main source of error in modeling these
catalysts, exceeding all other contributing factors.

Conversely, when the metal center is lighter, the bond dis-
sociation energies (BDEs) of both the phosphine ligand in the

ChemCatChem 2025, 17, €00570 (4 of 16)

precatalyst and the alkene ligand in the 16-electron coordination
intermediate decrease (see Figure 2, grey pathways, specifically
the transition from the 14e species Il to the coordination inter-
mediate lll). This reduction poses a challenge, as it impairs the
cycloaddition step required for metallacyclobutane formation
and instead favors alkylidene transfer.

The introduction of fluorine further decreases the BDE val-
ues for all ligands across the coordination intermediates of each
metal. However, the trends observed for iron appear to be less
predictable and intuitive.!*®! To provide a more in-depth compar-
ison of the thermodynamic and kinetic behaviors of ruthenium
and iron, Poater and Cavallo conducted a study using a more
structurally detailed model.™ Their approach incorporated lig-
ands such as mesityl-substituted N-heterocyclic carbene (NHC)
ligands,®?! phosphines, and benzylidenes (see Figure 3). While
this model was less computationally accurate including such
realistic structural details was essential, as even minor modifi-
cations in catalyst design can determine whether a system is
catalytically active.

For all calculated iron structures, the singlet state was found
to be the ground state, except for the 14-electron species. In
these cases, the quintet state was the most stable in Figure 3
with the triplet following closely behind. This reduced singlet
stability is consistent with the findings of Dixon’s studies.[**°]
Additionally, the low BDE values associated with olefin coor-
dination suggest that Dixon’s model may have overestimated
them. Neither the first nor the second coordination intermediate
could be obtained, as the olefin was dissociated during geome-
try optimizations, likely due to steric hindrance from the mesityl
groups.[>354

In both cases, reducing the metal-alkene bond distance
directly led to metallacyclobutane formation. However, this
behavior was expected to change when more electron-rich
olefins were used. Indeed, a subsequent study by the same
authors confirmed the following premise: when methylvinyl
ether was introduced as a ligand, the coordination intermedi-
ate could be successfully obtained (see Figure 4).°* This second
study focused on activation differences between fourth-period
and fifth-period transition metals. The activation mechanism of
the iron-based catalyst was found to be analogous to that of
second-generation Grubbs-type ruthenium catalysts, proceed-
ing via dissociation of the labile ligand. However, the process

© 2025 The Author(s). ChemCatChem published by Wiley-VCH GmbH
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Figure 4. Reaction pathway (Gibbs energies in kcal/mol) computed by
Poater and coworkers in 2014 with an alkoxy-based alkene (BP86/Def2TZVP
~SDD(PCM, dichloromethane)).!!

required less activation energy when iron was used as the metal
center, in agreement with the BDE values previously reported by
Dixon.

One drawback of the previously discussed studies is their
omission of the cyclopropanation reaction (see Figure 5, top),
which may be considered a competing side reaction. Properly
assessing the system’s chemoselectivity between olefin metathe-
sis and cyclopropanation is crucial, as it directly impacts the cat-
alyst’s practical applicability. Addressing this, Solans—Monfort’s
group incorporated cyclopropanation into their computational
models, investigating how ligand modifications influence the

A B

Mes’N*Nxmes — Mes’NY

Cl-M =
cl-

—— Singlet

— triplet

354

t 30.9
251

204

10 12.7 8.2 12.7 8.6

-51 -6.8 |

A B C

iron catalyst’s tendency for carbene transfer.*®! Their study
began with reference calculations on second-generation Grubbs
ruthenium catalysts (see Figure 5, left). In these systems, cyclo-
propanation was determined to be an endergonic process
occurring at a considerably slower rate than olefin metathesis.
However, when the triplet state was enforced, the preference
shifted dramatically toward cyclopropanation. Fortunately, the
singlet state remained the ground state, aligning with experi-
mental data and preventing undesired reactivity in ruthenium-
based systems. In contrast, when ruthenium was replaced with
iron under identical conditions, both spin states exhibited nearly
identical energy levels (see Figure 5, right). As a result, cyclo-
propanation became an almost barrierless process with high
exergonicity.

To mitigate this issue, the authors proposed minimal struc-
tural modifications to steer the system toward the desired
reactivity (see Table 1, top). These adjustments involved replac-
ing conventional chloride ligands with stronger sigma-donors,
such as cyanide and alkyl groups. It is well-established that
increasing sigma donation to the metal center raises the d-
orbital energy splitting, making electron promotion to the triplet
state more difficult. Consequently, this substitution elevated the
energy of the triplet 14-electron carbene states, though not to
the same degree as observed in the ruthenium reference system.
Unfortunately, this did not extend to the metallacyclobutane

C Ny 4N
Mes— \r “Mes
“Mes = C-M=
cl”
A Mes—Ny >N
Cl~
Cl”
. Fe 25.2
20! 19.6 19.6
= 16.7 16.7
1014
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Figure 5. Gas phase Gibbs energy profiles (in kcal/mol) for the metallacyclobutane formation and cyclopropanation (top) for both singlet and triplet
multiplicities, for ruthenium (left) and iron (right) at OPBE-D2/6-3114+-+G(d,p)//OPBE-D2/6-31G(d,p) level of theory, including special basis sets for iron and

ruthenium, for which pseudopotentials were applied.!¢!
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Table 1. Relative Gibbs energies (gas-phase, kcal/mol) of key intermediates (14-electron carbene and metallacyclobutane in Scheme 1). Iron catalysts
proposed by Solans-Monfort involving stronger o-donors (N/A = not available).!*®!
14-Electron Carbene Metallacyclobutane
Complex Singlet Triplet Quintet Singlet Triplet Quintet
=Ru’CI
=l 0.0 19.5 49.1 —6.8 8.2 457
Mes’N N\Mes
— -Cl
I:e\C| 0.0 —4.1 —52 —6.6 —13.2 —1.4
MES/N N\Mes
=Fe’CN
CN 0.0 45 N/A —14.9 N/A N/A
Mes’N N\Mes
=Fe/CH2TMS
—
CH,TMS 0.0 45 9.9 161 67 36

Table 2. Relative Gibbs energies (gas phase, kcal/mol) of key intermedi-
ates (14-electron carbene and metallacyclobutane in Scheme 1). The iron
catalysts proposed by Solans-Monfort including C—H activated chelated
NHC ligands.[*®]

Carbene Metallacyclobutane

Complex Singlet Triplet Quintet Singlet Triplet Quintet

Mes—N N\Mes

—Cl

“Ru=¢ 0.0 19.5 491 -68 82 475
+

N N

E'\‘)—Fe\\—(Nj

\ /

Ph PR 0.0 43 26.9 —135 -59 34

oy
ates
PH 0.0 3.8 21.0 -Nn3 —11.8 0.1

- +

L Ph 0.0 62 27 —186 —99 —06

L 0.0 27 241 —15.2 -105 17

intermediate, as shown in Table 1. Ultimately, the study con-
cluded that sigma-donation alone is insufficient to effectively
suppress cyclopropanation. However, unfortunately none of the
predicted structures have yet been reproduced experimentally.

Solans-Monfort and coworkers then suggested employ-
ing Grubbs C—H activated chelate ligands (shown in Table 2,
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Figure 6. Gibbs energy profile (in kcal/mol) for metallacyclobutane
formation and alkene metathesis processes, in both singlet (black) and
triplet (gray) states. Cyclopropanation (red, light (singlet), and dark (triplet)).

top).°®! This proposal was inspired by the work of Veige and
coworkers,””) who demonstrated that tridentate ligands could
enhance the stability of the metallacyclobutane. While these
modifications slightly increased its stability, the triplet state still
remained the ground state. However, when evaluating the over-
all thermodynamics of the chelated system, even though the
cyclopropanation is still favored with respect to the alkene
metathesis, a significant shortening of the kinetic cost was
observed for the latter process (Figure 6).
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Figure 7. Molecular orbital diagrams of the trigonal bipyramid geometry
(left) and square-based pyramidal (right) of the metallacyclobutane
complexes of Solans-Monfort.!¢)

Table 3. Relative Gibbs energies (in kcal/mol) from the carbene to
the metallacyclobutane complexes of Solans-Monfort, compared to the

second-generation Grubbs catalyst.[>®]
) \S

\
ey sy
Fe Fe

z z
A B
14-Electron Carbene

Metallacyclobutane

Complex Singlet Triplet Quintet Singlet Triplet Quintet
[\
MGS’N?N\Mes
=pu=¢
=cl 0.0 19.5 49.1 —6.8 82 457
A 0.0 7.2 19.7 —-0.7 —-73 3.1
B 0.0 7.8 19.6 —03 —6.0 37

3. Metallacyclobutane Intermediate

Solans-Monfort also examined the correlation between spin
multiplicity and the geometry of the iron metallacycle coor-
dination complex.*®’ They observed that, in most cases, the
trigonal-bipyramidal (TBP) structure in the singlet state shifted
to a square-based pyramidal configuration in the triplet state.
This transition was explained using the orbital diagram of pen-
tacoordinate complexes and the associated changes in d-orbital
degeneracy (Figure 7). Additionally, the authors noted that,
unlike the TBP arrangement, square-based pyramidal (SBP) struc-
tures position a carbon atom of the olefin trans to the central
coordinating pincer ligand. Consequently, they proposed that a
strongly donating central ligand could destabilize the SBP struc-
ture and, therefore, the triplet state of the metallacycle. Based
on these findings, several square planar complexes incorporating
rigid chelate moieties were suggested for further investigation
(Table 3).

Regarding the ground state multiplicity, the newly proposed
systems exhibited results similar to those of the C—H activated
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Figure 8. Gas phase Gibbs energy profiles (in kcal/mol) for the
metallacyclobutane formation and cyclopropanation (top) for both singlet
and triplet multiplicities for a pincer-Fe complex.

chelated systems for the carbene (triplet state ~7.0 kcal/mol,
compared with data in Table 2), but demonstrated significantly
improved performance for the metallacycle, that is, the triplet
state of the metallacycle is lower in energy than the singlet.
In fact, when considering this aspect, the outcomes even sur-
passed those of the ruthenium reference system. Furthermore, in
these pincer-like ligands, the cyclopropanation reaction became
highly endergonic in all singlet state cases (see Figure 8), even
though in triplet state the process is barrierless apart from highly
exergonic.

In alignment with previous studies!>"**! stabilizing the singlet
state of the carbene is essential for the viability of iron cata-
lysts in olefin metathesis. This can be achieved by introducing
stronger sigma-donating ligands. However, the metallacycle still
predominantly favors the triplet state, which promotes unde-
sired cyclopropanation. To counteract this, the use of tridentate
pincer ligands with a strong o-donor group in the central posi-
tion has been proposed. This strategy enforces a trigonal bipyra-
midal geometry, thereby destabilizing the triplet state. Addition-
ally, the presence of strong donating ligands strengthens the
M=CH, bond, reducing the likelihood of cyclopropanation.

Two years later, in 2018 Solans—Monfort further explored this
subject, shifting focus to pentacoordinate systems.!*®! In coordi-
nation chemistry, the oxidation state of the metal center plays
a crucial role in determining orbital energetics. A higher pos-
itive charge on the metal center enhances ligand donation,
increasing d-orbital splitting and favoring low-spin configura-
tions such as the singlet state. To leverage these effects for
iron-based olefin metathesis catalysis, ligands were chosen to
stabilize high-valent iron-oxo complexes, as demonstrated by
Costas and coworkers!®-¢"! drawing inspiration from experimen-
tally validated cases (Figure 9). In particular, the computational
proposal led to stabilize the metallacycle intermediate.!®!

Many of the previous findings regarding the advantages of
sigma-donating ligands and chelating structures in stabilizing
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Figure 9. Tetradentate chelate iron-complexes proposed by Solans-Monfort
in order to stabilize metallacycle intermediate!*®! with a singlet ground
state.

the singlet state were reaffirmed. Notably, the most effective
systems were those incorporating chelating ligands with strong
sigma donors, while featuring a weaker sigma donor trans to the
carbene.

Additionally, reducing iron to its formal Fe(0) oxidation
state was found to further stabilize the singlet configuration
in both key intermediates. In fact, the thermodynamic behav-
ior of certain LsFe(0) = CH, carbene species closely mirrored
that of the highly efficient Grubbs second-generation cata-
lyst in metathesis and cyclopropanation reactions. However, a
key drawback emerged: for the most promising candidates,
the energy barriers for olefin metathesis were still higher than
those for cyclopropanation. This issue was primarily linked
to the L4Fe(0) = CH, complex being in an 18-electron state,
which hindered the necessary cycloreversion step. The authors
suggested that using labile ligands could resolve this limita-
tion, but they also noted that once ligand dissociation occurs,
cyclopropanation would likely become the preferred reaction
pathway.[>®!

4. Successful Iron Catalyzed ROMP

Despite extensive computational studies,®>>*%%8 only two
experimental examples of iron-catalyzed olefin metathesis, in
particular ring-opening metathesis polymerization (ROMP), have
been identified, with real successful catalytic results. Surpris-
ingly, none aligns with the computational models described
previously, both complexes are high-spin and deviate from the
suggested geometric patterns.

The first reported case is detailed in a 2021 communication
by Bukhryakov and coworkers.?! In Figure 10, a well-defined
iron catalyst was identified as a bisalkoxide homoleptic complex,
capable of performing ring-opening metathesis polymerization
of norbornene, producing highly stereoregular polynorbornene
with up to 99% cis in a syndiotactic way.

Characterization of the synthesized polymers revealed
notably high molecular weights and polydispersity indices (PDI),
indicative of initiators with activation rates lower than propaga-
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Figure 10. Iron system active on stereospecific ROMP of norbornene (NBE)
proposed by Bukhryahov in 2021.162)

Table 4. Summary of the conditions tested by Bukhryakov and cowork-
ers (M, = number-average molecular weight and M,, = weight-average
molecular weight).[6?!
Additive T(°C) Conw. Cis/Trans Tacticity M, My /M,
(%) (g/mol)
None 22 16 99:1 Synd. 262800 233
(CF3),CHOH 22 42 91:9 Synd. 590000 222
Ph(CF3),COH 22 84 >99:1 Synd 930700 1.97
Ph(CF3),COH 70 28 >99:1 Synd 362100 230
Ph(CF3),COH 100 10 >99:1 Synd 82300 3.31
Ph(CF3),COH —-35 43 >99:1 Synd 565700 236

tion rates. Additionally, a significant portion of the iron complex
in the reaction medium remained unaltered.

Various additives were evaluated, with fluorinated alkoxides
such as (CH3),CF3CO, CH3(CF3),CO, or Ph-(CF3),CO enhancing
the reaction rate and polydispersity while maintaining tacticity.
It was hypothesized that these additives formed corresponding
heteroleptic iron alkoxides upon substituting one of the original
HMTO ligands (HMTO = 0-2,6-(2,4,6-Me3;CsH,),CsHs).

Interestingly, fluorinated alcohols with a hydrogen atom on
the «-carbon (e.g., (CF3);CHOH) led to decreased selectivity
(cis/trans) and reduced both conversion and molecular weight
to half of that observed with Ph-(CF;),CO. In fact, Ph-(CF3),CO
was identified as the most effective additive at 22 °C. Focus-
ing on this, a decrease in activity was observed as the reaction
temperature increased, suggesting decomposition of the active
species. Indeed, lowering the temperature yielded better results
than heating (see Table 4). Since the M,,/M, ratios are close to
two or over, there is a distribution of chain lengths, with broader
molecular weight distribution.

The authors conducted a series of attempts to elucidate the
mechanism. In the context of computational studies, both iron
ylidene and metallacycle can be described as low-spin com-
plexes. However, the authors report that no diamagnetic signal
was detected during the reaction, which rules out the involve-
ment of alkylidene-based active species and the metallacycle
intrinsic to Chauvin’s mechanism.[®*64 Furthermore, the addi-
tion of cyclooctene or octa-1,7-diene during the reaction did not
result in their incorporation into the final polymer. This obser-
vation is incompatible with the hypothesis of an iron-carbene
active species.
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Regarding the observed tacticity, the authors cited com-
parable findings with molybdenum and tungsten, where the
chiral nature of Schrock-type catalysts is deemed responsible for
the observed ordering. However, this is incompatible with the
homoleptic nature of the presented iron system. As a result, the
authors proposed that a polynuclear iron aggregate may provide
a more accurate explanation, although this still does not explain
the apparent lack of iron-carbene.

A redox-initiated ROMP mechanism was also considered,
which typically involves a photosensitive additive and the for-
mation of radical intermediates. However, the reaction remained
unchanged upon the addition of 3,4-dihydro-2H-pyran or light
exposure. Moreover, radical-based ROMPs generally render atac-
tic chains.

Lastly, the possibility of a carbonyl-olefin metathesis (COM)
mechanism was explored due to the presence of metal-alkoxide
bonds. This was investigated by adding carbonyl compounds
to the reaction, but no improvement in ROMP was observed,
suggesting that this mechanism is unlikely.

In summary, the study by Bukhryakov and coworkers
presents a significant advancement in the field of ROMP using a
well-defined iron catalyst. The two-alkoxide homoleptic complex
demonstrated exceptional stereoregularity and high molecular
weights in the polymerization of norbornene. The investigation
into various additives revealed that fluorinated alkoxides, par-
ticularly Ph-(CF;),CO, significantly improved reaction rates and
polydispersity while maintaining high tacticity. The study also
explored the effects of temperature on the reaction, finding
that lower temperatures favored better outcomes. Despite exten-
sive mechanistic studies, the exact nature of the active species
remains elusive, with the authors proposing a polynuclear iron
aggregate as a potential explanation. Overall, this research pro-
vides valuable insights into the optimization of ROMP processes
and the role of iron catalysts in achieving high-performance
polymers.

More recently, Takebayashi, Milstein, and coworkers have suc-
cessfully demonstrated the ROMP of a range of cyclic olefins,!%°!
including NBE and its derivatives, as well as substituted cyclo-
propene, by using a tricoordinate iron(ll) catalyst. The catalyst
features a bidentate ligand, previously pyridine-based, and a
(trimethylsilyl)methylene group, which together form a trigo-
nal planar high-spin Fe(ll) complex (see Figure 11). A distinctive
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feature of this catalyst is the formation of carbenes, which is
suggested to occur following the coordination of norbornene.
This process involves the elimination of the «-hydrogen from
the alkyl ligands and the re-aromatization of the pyridine. It
is proposed that this step is rate-determining. The reaction
then proceeds via the Chauvin mechanism, forming a met-
allacyclobutane intermediate, which the authors hypothesize
exists in a triplet state. This intermediate undergoes topomer-
ization, involving the internal rotation of the Fe=C bond from
an apical to an equatorial position, yielding pure trans, isotac-
tic polynorbornene with a high molecular weight. Moreover,
the polymer formed was identified as only containing E-double
bonds, imposing complete trans-selectivity, even though it is
derived from a cis-alkene monomer like NBE. The authors claim
this to be unprecedented even among the already known
ROMP-catalysts.

The addition of 0.5 equiv of water notably enhanced the cat-
alyst’s activity. However, exceeding one equiv of water led to
catalyst deactivation. Introducing an equivalent of water during
an ongoing polymerization resulted in the premature cessation
of the ROMP before completion. Additional experiments, not
detailed here, suggested that water may act as a cocatalyst
rather than forming a new catalyst. Unfortunately, the precise
role of water could not be elucidated.

The substrate scope was examined, including derivatives of
NBE and strained alkenes. Interestingly, functionalities of similar
size exhibited different behaviors: silyl and phenyl functionali-
ties (e.g., —SiMe; and phenyl) yielded substituted homologous
polymers, while oxygen-containing substituents resulted in com-
plete inactivity (see Table 5). The authors attribute this to the
potential coordination ability of the latter cases, noting that
another inactive complex was observed with the addition of
(dimethylamino)pyridine, which also introduces an additional
coordination element in the form of nitrogen. Surprisingly, minor
modifications to NBE, such as adding a second double bond dis-
tant from the reacting one, also showed no reactivity. Moreover,
the catalyst’s activity appears to be highly dependent on the
monomer’s ring strain. Indeed, no ROMP product was observed
with other low-strain cycles like cyclooctene and cyclopentene.
However, the more strained norbornadiene remains unreactive.
When testing other strained candidates, although cyclopropene
underwent polymerization, the obtained chain corresponded
better to an addition-polymerization mechanism rather than a
ROMP reaction.

The authors sought to elucidate the mechanism behind
the observed reactivity using a combination of experimental
and computational techniques. While some mechanistic conclu-
sions have already been discussed to rationalize the observed
selectivity, the authors provide a more detailed justification.
This is particularly significant, as Bukhryakov's findings sug-
gest that the formation of the polymer does not necessarily
imply the occurrence of the ROMP reaction (i.e, Chauvin's
mechanism).[¢!

Regarding the initiation step, although it was previously
highlighted that this would be slower than propagation, the
exact nature of the initiation was not specified. Arising from
the observed addition-based polymerization of cyclopropene
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Table 5. Some of the most relevant cyclic olefins tested by Milstein in their system.[®!

Olefin Polymer Time (h) Isolated Yield (%)
ﬂb trans-polyNBE 12 >99
N

SiMe; n
A SiMe; 16 56
7 n
H Ph 16 >99
bR R = COOEt, OH,
7 Si(OEt)3, CONH, NA 16 0
4 NA 65 0
Ph : ;Ph
K n 7 84
(see last entry in Table 5), the authors initially considered an a)
organic radical mechanism./®®! However, electron paramagnetic
resonance monitoring indicated the absence of unpaired elec- SiMe, SiMe
. . . . . 3
trons, ruling out a radical mechanism. Notably, upon introducing b CeHe, 25°C, 5h D
. . . - D - D +
styrene as a potential chain transfer inducer, while the stereose- SM
iMe3

lectivity and tacticity of the polynorbornene remained unaltered,
methylene and phenylmethylene end groups were observed in
the polymer. This result demonstrates that the catalyst is capable
of promoting cross-metathesis between the polymer chain and
styrene, enhancing solubility. However, the absence of stilbene
and cyclopropanation products when styrene was reacted with
the catalyst in the absence of norbornene indicates that such
coupling capability is indeed limited.

The initiation mechanism involving the generation of
an iron-carbene complex through «-hydrogen elimination
was investigated.'’”] Thermolysis experiments conducted at
90 °C using Milstein’s catalyst resulted in the formation of 1,2-
bis(trimethylsilyl)ethylene.[®! Repeating the experiment with the
a-carbon deuterated yielded 1,2-bis(trimethylsilyl)ethylene-d, as
the outcome (see Figure 12a). The observation of this product
provides evidence supporting the existence of an iron-carbene
bond in each of the two coupling parts of the decomposition
(see Figure 12b).

Subsequently, attempts were made to trap the correspond-
ing iron-carbene complex. In this system, the carbene is
expected to form in situ, though similar formation pathways
exist.®® Upon testing several alkenes, the authors observed
isomerization of 1-octene and 2-octene under ROMP reaction
conditions. This suggests the presence of transient iron-hydride
species in the reaction, potentially formed via «-hydride elimina-
tion. This hypothesis was further supported by adding styrene
to the reaction medium and using a deuterated catalyst at the
a-carbon position.[®71 The reversible proton-transfer process
resulted in the formation of deuterated styrene after some reac-
tion time. Additionally, a detailed comparison of the ROMP rate
with both the original and «-deuterated catalysts indicated a
kinetic isotopic effect (KIE = 2.36 4 0.088), consistent with the
proposed mechanism.

ChemCatChem 2025, 17, €00570 (10 of 16)

Figure 12. Milstein’s tests on initiation mechanisms on their system.!%%]
(a) Decomposition products with deuterated atoms in the rearomatized
pyridine group. (b) Formation of an iron-carbene via a-hydrogen
elimination. (c) Proton transfer-based initiation assisted with water.

From the iron-hydride, a logical next step would be a proton
transfer to the pincer ligand, facilitating the re-aromatization of
its pyridine moiety. Interestingly, this reaction step is enhanced
by water, which explains the increased rates previously observed
(see Figure 12¢ for suggested water-assisted proton transfer).

Despite considerable support for a mechanism involving a-
hydride elimination to form an iron hydride and subsequent
proton transfer to re-aromatize the pincer ligand, DFT calcula-
tions conducted by the authors here yielded energies that were
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(a,0.0) (q,41.3) (0, 25.9)
Figure 13. Computed initiation mechanism by Milstein’s group!®®! following
the DFT model M06L-D4/def2-TZVPPD/SMD(benzene)//M06L-D3/def2-SVP.
The multiplicity of each intermediate corresponds to the most stable in
each case (relative Gibbs energies in kcal/mol between parentheses).

ool
Figure 14. Proton nuclear magnetic resonance proving compelling similarity

between the isolated norbordiene and the non-isolated norbornene
complexes.

Initiation;
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Figure 15. Initiation and propagation mechanisms studied by Takebayashi,
Milstein, and coworkers (relative Gibbs energy values in kcal/mol between
parentheses).[%%!

too high for the intermediates involved (see Figure 13). In par-
ticular, the iron-hydride intermediate exhibited an energy of
approximately 41 kcal/mol, making the entire catalyst initiation
kinetically unfeasible under the room temperature conditions in
which the reaction proceeds.

In this case, it is important to recognize that computa-
tional results should not be considered more reliable than
experimental data, which, as mentioned earlier, provides strong
evidence for the formation of iron hydrides,” bearing in mind
that their synthesis is not trivial,”>7®! with problems in their
formation!?”7-81 and characterization,!®"-84 particularly by DFT
calculations.!®>8%! On the other hand, discrepancies between
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experiments and calculations may be originated from the accu-
rate designation of spin states of iron-based catalytic systems,
which can be challenging for either DFT methods or spectro-
scopic techniques such as Mdssbauer and SQUID magnetometry
measurements./®%! What can be inferred from this analysis is
that a key aspect of the actual iron hydride may not be con-
sidered in either the chemical mechanism or the computational
model. Therefore, the possibility of hydride-transfer initiation
should not be ruled out.

An alternative initiation pathway was proposed, where coor-
dination of NBE is required. Although the exact reasons for
norbornadiene’s inactivity remain unclear, Takebayashi, Milstein,
and coworkers were able to use it to trap a potential interme-
diate in the activation process.®! The paramagnetic complex
formed resulted from a double-bond 7? coordination of the
cyclic hydrocarbon to the Fe center. Following this, while trap-
ping an intermediate with NBE was not successful, monitoring
the reaction at low temperatures allowed for the detection of a
paramagnetic entity. Its H-NMR pattern closely matches that of
an isolable intermediate from norbornadiene (shown in blue in
Figure 14).

DFT calculations have been employed to investigate the initi-
ation mechanism of ROMP using iron catalysts (Figure 15). These
studies suggest that the energy barriers for the formation of
iron-carbene complexes are significantly lower than those pro-
posed via earlier hydride transfer models,°®5°%°" indicating that
carbene formation is feasible at ambient temperatures.®?! In
these models, the activated initiator complex is approximately
22.8 kcal/mol higher in energy than the starting complex. The
subsequent propagation step involves the formation of inter-
mediates and transition states, with activation barriers that
are relatively high for reactions proceeding at room temper-
ature. Notably, the original calculations were based on the
NBE-activated complex rather than the precatalyst, which may
result in lower apparent activation energies. These findings help
explaining why initiation is observed to be slower than prop-
agation in experimental settings. However, due to the inability
to obtain transition state data for iron—carbene formation, this
explanation remains tentative.

Additionally, Aghazada and coworkers characterized a
methylidene structure using X-ray diffractometry (Table 6).1°%
Specifically, they synthesized, isolated, and analyzed a series
of closely related complexes in different oxidation states to
validate the electronic structure of the methylidene complex.
Computational analysis supported a Fischer-type electronic
description while highlighting strong Fe=CH, bond covalency,
significant double-bond character, and pronounced alkylidene
properties. Computationally, we explored here the feasibility of
the methylidene structure’s reactivity with a simple ethylene
substrate in olefin metathesis. Surprisingly, the potential forma-
tion of the metallacycle was not only kinetically unfavorable but
also thermodynamically unfeasible at any multiplicity. Table 6
summarizes the results, showing a reasonable metallacycle but
completely incoherent subsequent coordination intermediates,
both before and after its formation. Notably, the cleavage of
one of the Fe—P bonds with the chelated phosphine is neces-
sary, which explains the presence of two methylidene species
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Table 6. The iron methylidene catalysts proposed by Aghazada, Meyer, and coworkers (with the corresponding X-Ray structure, reproduced with per-
mission from Ref. [93]. Copyright 2021, ACS). Relative Gibbs energies of key intermediates in Scheme 1 (in kcal/mol, method 1: M0O6L-D3/def2-TZVPP(PCM,

dichloromethane)//BP86-D3/def2-SVP; Method 2: M06-D3/def2-TZVPP(PCM, dichloromethane)//BP86-D3/def2-SVP).

Method 1 Method 2

Complex Singlet Triplet Quintet Singlet Triplet Quintet
14e Carbene 1 0.0 0.0 0.0 0.0 0.0 0.0
Coordination intermediate 1 335 29.2 427 332 39.8 555
Metallacycle 12.8 38 11 14.9 1.9 247
Coordination intermediate 2 47.9 383 40.2 47.6 49.0 53.0
14e Carbene 2 31.6 17.0 327 331 254 447
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Figure 16. Mendeleev's 1871 periodic table, where the concept of
iso-diagonality was first introduced.

(from M-I to M-Il). In fact, this Fe—P bond cleavage accounts
for the destabilization of the initial methylidene precatalyst
structure. While this may seem like a simple and weak study
that led to unfavorable results, it rather confirms that the
mechanism initially proposed by Chauvin may not be feasi-
ble for any iron-based olefin metathesis catalyst. Instead, the
observed experimental activity for other studies in iron olefin
metathesis,!%2%! could be attributed to metal nanoparticles.[*!

5. The Future of Iron

Despite the advantages previously discussed, iron appears to
lack several essential characteristics for effective olefin metathe-
sis. In a recent study, Podewitz and coworkers questioned
whether manganese-based catalysts might be more promising
than iron-based ones.!®>%!

They explored the concept of the diagonal or isodiago-
nal relationship in the periodic table (Figure 16), which refers
to the similarities observed between elements that are diag-
onally adjacent. Notable pairs demonstrating this relationship
include lithium and magnesium, or boron and silicon.[*! These

ChemCatChem 2025, 17, €00570 (12 of 16)

0
Figure 17. Olefin metathesis active complexes with transition metals
showcasing an isodiagonal relationship between them.

pairs exhibit comparable properties, such as similar atomic radii
and electronegativities, and analogous compound behaviors. For
instance, boron and silicon, both semiconductors, form halides
that undergo hydrolysis in water and produce acidic oxides.

While this relationship is traditionally observed among the
first 20 elements of the periodic table, recent reports have
extended the concept to the d-block elements in organometal-
lic chemistry.!””? Within the Schrock family of olefin metathesis
complexes, a diagonal relationship between molybdenum and
vanadium was demonstrated by Bukhryakov and Belov,!*®! who
successfully adapted an alpha-hydrogen abstraction reaction
from Mo catalyst to a vanadium homologue (Figure 17).19%1%0!
Both systems exhibited olefin metathesis activity after phos-
phine dissociation. Additionally, 14-electron rhenium alkylidene
complexes have been reported to be active in olefin metathesis,
particularly in achieving highly active silica-supported catalytic
systems.'01%2] Similarly, isodiagonal relationships have been
observed between ruthenium (and iridium) with manganese.!®!
Examples include pincer-based complexes for hydrogenation
and transfer hydrogenation reactions (Figure 18).
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strated remarkable accuracy, with results closely aligning with
experimental data.'%%! The DLPNO variant of the CCSD(T)
method is particularly advantageous for assessing singlet and
triplet gaps in first-transition series elements, effectively evalu-
ating the multiplicity preference of the system.[°61°7]

6. Manganese Carbenes

Podewitz and coworkers acknowledge the limited number of
manganese carbene complexes reported to date.”” Among
these, most are Fischer-type carbenes, which are prone to rapid
cyclopropanation reactions, rendering them unreactive toward
olefin metathesis.!8!

A notable exception is the MnCp(CO),(=CPh;) complex
reported by Braunschweig and colleagues in 2013."! They
explored the isolobal relationship between metal carbenes
and borylene-containing metals in group 7, particularly iron
borylenes, which exhibit similar reactivity patterns.!"!

Podewitz et al. in their study (see Figure 19)°! examined
the nature of the alkylidene bond by using energy decompo-
sition analysis-natural orbital for chemical valence (EDA-NOCV)
from the ADF quantum chemistry software, as detailed in Table 7,
alongside the Wiberg bond index (WBI). This approach decom-
poses the total interaction energy (AE;:) between two frag-
ments into components: electrostatic interaction (AEgsa), Pauli
repulsion (AEp,,;), and orbital interaction (AEgy). This decom-
position enhances the chemical understanding of the metal-
carbene bond, helping determine whether a dative (Fischer-
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Ph Ph 1 [95]
"o Ph OH Ph OH consistency).
PhS th P | "Ph
oCiMn_ OCIHR“\H HUSBL, Table 7. Obtained EDA-NOCV values by Podewitz and coworkers.[*”!
oc oc PR
Bonding Model AEint AEeistat AEorn AEpauli
fi.gyre 18. Isodiagonal .examples involving manganese,.ruthenium and 1Fe Dative 149 _1768 1412 2055
iridium for hydrogenation and hydrogen transfer reactions.!®!
e-sharing —92.9 —124.0 —139.4 172.9
In their study, Podewitz and coworkers presented a computa- 1-Mn Dative —-110.7 —198.5 —1467 2384
tional work as a preliminary step to guide experimental synthesis e-sharing —95.8 —137 -1494 1712
toward feasible Mn olefin metathesis catalysts.!”> They identi- Ru-ll Dative 1304 3808 324 5788
fied challenges with Mn, such as high-spin configurations and e-sharing _987 _1584  —1726 2379
weak metal-alkylidene bonds that could lead to undesired cyclo- 2-Fe Dative 1261 2422 1714 292.9
propanation. The.studyllnvol\./ed a detalled.comparlson of Fe a.nd e-sharing 784 171 1551 2012
Mn complexes with various ligands, assessing the most effective )
) o 2-Mn  Dative —127.6 —2207 1733 2715
approaches to favor singlet multiplicity.
. . e-sharing —86.4 —122.7 —157.9 199.2
Notably, the study employed the domain-based local pair ]
natural orbitals coupled-cluster single, double, and perturbative 2Ru dative —1470 —3062 —2157 3799
triple (DLPNO-CCSD(T)) method. This approach has demon- e-sharing —1067  -1470  -1823 2278

type) or electron-sharing (Schrock-type) interaction is more suit-
able for the system. By imposing closed-shell configurations or
triplet states on the fragments, corresponding to the Fischer and
Schrock carbene situations respectively, one can evaluate which
configuration results in a more favorable AE.

Ruthenium complexes typically exhibit a lower orbital con-
tribution in their electron-sharing form, favoring the Schrock-
carbene configuration instead of the Fischer one, however the
reality is that both coexist.?’! Table 7 shows a lower AE,,, for
the dative (Fischer) interaction. In fact, for all complexes, AE,
AEqsat, and AE,,, are more favorable for the dative interaction.
However, in all cases, AEp,y; is higher for the dative complexes.
This suggests that Pauli repulsion may be the dominant fac-
tor, at least for the ruthenium center with oxidation state I,
which actually exhibits Schrock-type characteristics.!””! In con-
trast, manganese and iron systems show a significant different
behavior compared to ruthenium. Structurally, the WBI values
are 170 for 1-Fe and 1.91 for 1-Mn, compared to 2.11 for 2-Fe
and 2.19 for 2-Mn, indicating a more pronounced double bond
character in the latter systems.

Regarding energy profiles!®! the 1-Mn system’s coordina-
tion intermediate in the singlet geometry resembles that of
the corresponding iron complex in the triplet state more than
in the singlet state. This similarity includes a distorted bipyra-
midal geometry and a methylidene dihedral angle not prop-
erly aligned for cycloaddition (noncolinear). Additionally, the
computed metal-to-alpha carbon distance is 0.1 A shorter in Mn

© 2025 The Author(s). ChemCatChem published by Wiley-VCH GmbH

85U8017 SUOLULLIOD BAIER.D 3|1 (dde aup Aq peueA0b S8 DO YO ‘88N JO S3IN1 104 ARIQIT BUIIUO AB]IM UO (SUORIPUD-PUR-SULBYW0D™ A8 | IM AR 1 pUTUO//SANY) SUORIPUOD PUE SIS L U3 885 *[G202/60/2T] U0 AR1q178uliuo AB)IM ‘(PepIUes 8p 0LRISIUIN) LOSIAOLG U0 N SURILI0D USILRAS AG 025005202 2190/200T OT/10p/wiod/a| imAse.q puljuoado.ns-Ansiweyd//sdny woiy papeojumod ‘€T [20¢ ‘668€98T



Chemistry
Europe

European Chemical
Societies Publishing

Review

ChemCatChem doi.org/10.1002/cctc.202500570

T
NYN
P\ —P— 7LMn'C°
7 MSTS r’ly
co
6-Mn 8-Mn

Figure 20. Alternative manganese systems by Podewitz.[%]

compared to Fe-1. Despite the intermediate metallacyclobutane
being unexpectedly unstable, olefin metathesis is feasible and
kinetically preferred over cyclopropane formation in the singlet
state.

Conversely, for the 2-Mn system, although the triplet state is
energetically favored over the singlet in all reaction components,
olefin metathesis remains both kinetically and thermally pre-
ferred over cyclopropanation decomposition. Furthermore, the
cycloaddition becomes an endergonic process in this system.

In cases where one multiplicity state facilitates catalyst deac-
tivation, such as the triplet state in many iron and manganese
systems, it is crucial to assess transitions between multiplic-
ity states. The authors calculated the minimal energy crossing
points (MECP) for each metallacycle intermediate. For both Mn
systems under discussion, the respective MECPs were found to
be less than 2.8 kcal/mol from the singlet-metallacyclobutanes,
representing thermally accessible surface crossing points. Even
in the second system (2-Mn), which is selective toward olefin
metathesis even in the triplet state, these spin crossings typically
lead to undesired reactivity.

Finally, the authors proposed systems that might be more
accessible from a synthetic perspective.®! Since typical Mn pre-
cursors are carbonyl-based, the proposed systems incorporated
tridentate ligands with additional CO. Moreover, most known
low-spin Mn complexes contain a carbon monoxide moiety,
which is advantageous due to its strong donor capabilities.
Indeed, for the 6-Mn system (Figure 20), that is, 2-Mn includ-
ing an additional carbonyl on the metal center, the coordination
intermediate showed significant stabilization of the singlet state,
in detail by 8.1 kcal/mol. However, this candidate and others with
a tridentate ligand and CO produced a very strained structure,
complicating the octahedral geometry of the metallacyclobu-
tane intermediate. This rigidity ultimately destabilized the singlet
state at this key step.

A bidentate alternative was therefore proposed in the form
of 8-Mn (Figure 20). The presence of two CO moieties made the
octahedral geometry easily accessible and increased the stability
of the metallacyclobutane singlet. Unfortunately, a migratory CO
insertion into the carbene was found due to the CO in trans to
the NHC moiety, leading to a new deactivation pathway.

7. Conclusion

The investigation of iron catalysts for olefin metathesis has pro-
vided valuable insights into their potential and limitations. While
iron catalysts can be effective, their complex electronic behav-
ior and the challenges associated with stabilizing the desired
spin states make their application somewhat constrained. Tra-
ditional DFT approaches have shown limitations, particularly

ChemCatChem 2025, 17, e00570 (14 of 16)

in accurately determining the multiplicity of the ground state
configuration.

The geometry and stability of key intermediates, such as the
metallacyclobutane, are significantly influenced by the spin state
of the iron center. Efforts to stabilize the singlet state through
the introduction of strong sigma-donating ligands have shown
promise, but issues like undesired cyclopropanation remain a
challenge.

Mechanistic studies have highlighted the complexity of iron-
catalyzed ROMP, with various potential pathways and interme-
diates being proposed. Despite extensive research, the exact
nature of the active species in these reactions remains elusive,
and further experimental and computational studies are needed
to fully elucidate these mechanisms. In this context, the formu-
lation of new catalytic models should consider deviations from
the well-established Chauvin’s mechanism.

The comparative analysis of iron and manganese systems
suggests that manganese may offer a promising alternative to
iron for olefin metathesis. The recent work by Podewitz and
coworkers!®! which explores the potential of manganese-based
catalysts, opens new opportunities for developing more effi-
cient and selective catalysts. The potential relationship between
elements in the periodic table, such as iron and manganese,
provides a theoretical basis for this approach.

In conclusion, while iron catalysts have shown potential for
olefin metathesis, their application is currently limited by several
factors. Future research should focus on optimizing ligand envi-
ronments, exploring alternative metal centers like manganese,
and further investigating the mechanistic pathways to overcome
these limitations, as well as the concentration effects by microki-
netic simulations.™ The insights gained from this study provide
a foundation for the development of more effective catalysts
and open new avenues for research in this field. However, we
must be cautious with the existing results on olefin metathesis
using iron as the catalyst metal, as the available experimental
data are scarce—limited mainly to the work of Bukhryakov, Take-
bayashi, and Milstein—and completely lacking for manganese.
What is more concerning is that even for iron, there has been no
follow-up work, which makes these studies difficult to reproduce
and poor indicators of a promising future. While DFT calcula-
tions do not provide definitive proof, if we are being honest, they
might simply validate that the use of iron—especially in olefin
metathesis—is far from efficient. Even then, selectivity would still
need to be addressed. This should spark a debate: when we
reach such a point, should we continue investing further effort?
Perhaps the combination of existing results, both theoretical and
experimental, should help conclude the topic—at least in this
direction.

8. Experimental Details

We employed the Gaussianl6 software!™? to perform static cal-
culations grounded in DFT. For geometry optimizations, we
utilized the BP86 functional of Becke and Perdew,!">"! incor-
porating Grimme’s D3 dispersion corrections,"®"! and described
the electronic configurations with the def2-SVP basis set."®
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These optimizations were conducted without coordinates con-
straints, and stationary points were validated through analytical
frequency calculations, which also provided zero-point energy
(ZPE) and thermochemical corrections. Subsequently, single-
point energy calculations were executed using the MO06-D3
functional™™% combined with the def2-TZVPP basis set. Solvent
effects were modeled using the polarization continuum model
(PCM)I121221 o the SMD model,"™! to simulate the influence
of dichloromethane. The reported Gibbs energies encompass
electronic energies computed at the M06-D3/def2-TZVPP//BP86-
D3/def2-SVP level of theory, adjusted for ZPE, thermal correc-
tions, and entropy effects derived from the BP86-D3/def2-SVP
calculations (Supporting Information).

Supporting Information

All xyz coordinates and absolute energies (in a.u.) of the not pub-
lished calculations are available in the supplementary material of
this article.
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