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Abstract

DFT (OPBE) calculations have been used to explore how the nature of the ligands, the coordination
around the metal center and the formal iron oxidation state tunes the ground state multiplicity of
LsFe=CH, carbenes and influences their reactivity with olefins. The study is focused on the competition
between olefin metathesis and alkene cyclopropanation. We examined carbenes bearing ligands,
which are already used in iron complexes, as well as other in-silico designed species in order to analyze
borderline cases. For each complex, the three potential spin states (singlet (S=0), triplet (S=1) and
quintet (5=2)) of the carbene, metallacyclobutane and metal fragment arising from cyclopropanation
have been considered. Results show that the addition of c-donating groups leads to singlet ground
state iron carbenes and, although for the majority of cases of formally Fe(ll) species the resulting
metallacyclobutane intermediates presents a triplet ground state, the presence of a weak o-donating
ligand trans to the carbene combined with donating groups cis to the carbene can lead to Fe(ll)
complexes with thermodynamic properties close to those of the Ru-based Grubbs catalyst.
Furthermore, the reduction of the metal center, to formally Fe(0) species implies significant changes
in the energetics: the carbene and metallacyclobutane species present a singlet ground state and the
alkene cyclopropanation becomes unfavorable in the singlet state. However, the energy barriers that
have to be overcome in the olefin metathesis reaction with our selected candidates are higher than
those for cyclopropanation. For the case of the Fe(ll) with weak ligands trans to the carbene, this arises
from the fact that the cycloreversion trans to this ligand is not favorable. On the other hand, the Fe(0)
pentacoordinated carbenes are formally eighteen electron complexes and thus, the coordination of
the olefin is hindered. Therefore, these species would only be potentially active with the use of labile
ligands that decoordinate in the presence of the incoming olefin. Overall, it was found that the set of
ligands that leads to the appropriate thermodynamics seems to be specific for each coordination

number and oxidation state.



Introduction

Olefin metathesis is a versatile reaction that allows the synthesis of a large variety of unsaturated
products by formal alkylidene-end exchange between different alkene molecules (Scheme 1a).2 It has
been applied to the synthesis of polymers, drugs, natural products and in the conversion of biomass
into fuels.*” The reaction only takes place in the presence of a metal carbene that acts as catalyst.
According to Chauvin’s mechanism,?® the reaction involves the formation of metallacyclobutanes,
which are the key reaction intermediates (Scheme 1b). The most common catalysts for olefin
metathesis are based on Mo, W32 and Ru.*3>728 They have been largely used and outstanding results

have been obtained.
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Lower, but still appreciable catalytic activity has been observed for carbene complexes of other metals.
519722 | this context, the use of more abundant Fe, Co, Ni based carbenes is a desirable goal in terms
of sustainability, since complexes of Fe, Co and Ni are usually cheaper and less toxic.?>?* However, to
the best of our knowledge, there are very few existing examples of first row transition metal carbene
complexes able to perform the alkene metathesis reaction.>!%2%22 They are based on Ti?? and V>19%
and the scope of the reactions in which they have been applied is still rather limited. Iron complexes
appear as an interesting alternative, since iron belongs to the same group of ruthenium and it is the
earth most abundant transition metal. Unfortunately, the synthesis of iron-carbenes is challenging®

and, consequently, the literature about such complexes is very limited. Furthermore these existing
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examples usually undergo alkene cyclopropanation or radical reactions when reacting with olefins.?*
28 |n this context, several difficulties can be easily identified when designing an iron carbene able to
catalyze olefin metathesis. First, the M=CR; carbene bond tends to be weaker for 3d metal containing
complexes than for 4d and 5d metal species.?® This decreases the metal carbene stability and favor the
alkene cyclopropanation and other carbene transfer reactions. 3°*? Second, while 4d and 5d metal
complexes usually present a singlet ground state, several spin states may be close in energy in first row
transition metal carbenes. This includes open shell systems that would more easily proceed through

radical reactions.

Computational chemistry can be used as a complementary tool to explore and rationalize the influence
of the nature of the ligands, the coordination number and the metal cation formal oxidation state on
the ground state multiplicity of the metal carbene, the metal-carbene bond strength and the reactivity
of these species towards olefins. The properties of hypothetical iron carbene complexes and their
reactivity towards olefins were analyzed in few previous computational studies.??#3*™ Eisenstein et al.

performed extended Hiickel calculations on LsFe=CH, and Cp,Fe=CH, iron containing complexes.*?

| 46,47 | 29

Poater et a and Vasiliu et al.”” analyzed the effect of substituting the ruthenium center by iron in
the most common L,Cl;Ru=CR; Grubbs type catalysts. Finally, we have recently analyzed how the
nature of the ligands and the geometry around the metal center can tune the properties of LsFe=CH;
in a way that the carbene and the metallacyclobutane intermediate presents a singlet ground state

and the alkene cyclopropanation is disfavored.*

In the study reported here, we extend our previous work* to pentacoordinated LsFe=CH, complexes.
We focus on how the nature of the ligands (flexibility and o-donating ability) and the formal oxidation
state of iron can favor the formation of a singlet carbene and metallacycle as well as disfavor the alkene
cyclopropanation. In order to achieve this goal, we computed all potential spin states of the metal
carbene complex, the metallacyclobutane intermediate and the metal fragment resulting from alkene
cyclopropanation. For the sake of simplicity, the carbene is represented as Fe=CH, and the reacting

olefin as ethene. We first analyze the electronic structure and energetics of an initial set of Fe(ll)
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carbenes (the carbene is counted as a neutral ligand) mainly based on existing ligands and, afterwards,
we analyze the effect of modifying the chelating ligand rigidity, the c-donating ability of the ligands
and metal reduction to Fe(0) by in-silico modifications to this first set of species. Results show that
there are different ways for stabilizing the singlet state of the carbene and metallacyclobutane
intermediate and disfavor alkene cyclopropanatiion, the most efficient strategy strongly depends on
the coordination number, the nature of the ligands around the metal center and its formal oxidation

state.

Computational details

All calculations were performed with the OPBE density functional.**! The geometries were optimized
in the gas phase without any geometrical constraint. Main group elements were represented with the
valence double-Z plus polarization 6-31G(d,p)°*** basis set and iron with the Wachters-Hay valence
triple-C plus polarization basis set enlarged with diffuse functions, 6-311+G(d,p).>>** Calculations for
open-shell systems were carried out considering the spin-unrestricted formalism. The possibility of a
low lying open-shell singlet state was also explored for some selected species, starting from the
optimized triplet state structure. However, in all cases, the optimization collapsed to the closed shell
solution. The nature of all stationary points was verified by vibrational analysis. The final energetics
was obtained by single point calculations employing the 6-311++G(d,p)*>**° basis set for main group
elements and the same basis sets used in the optimizations for iron. All the values reported as (Ggp +
D2) are based on gas phase Gibbs energies (Ggp), in which the thermal corrections were obtained at
298.15 Kand 1 atm with the smallest basis set, plus Grimme’s (D2) correction for the dispersion forces.
The Grimme’s contribution is evaluated at the optimized geometry using the S scaling factor for the
PBE functional (0.75).%¢ All calculations were performed with the Gaussian09 package.®” The Natural

Bond Orbital (NBO)>® and Atoms in Molecules (AIM)*° analyses were used for the rationalization of the



electronic structure. Associated Cartesian coordinates of all optimized structures are given in the

electronic supporting information (ESI).

It is worth mentioning that OPBE has been shown to properly describe energy differences between
spin states of iron metal complexes.®®2 This level of theory was used in our previous works and it
reproduced the ground spin state of several existing iron carbenes as well as their preferred
reactivity.**®® However, in order to evaluate the suitability of OPBE functional in properly describing
reaction thermodynamics, we have also performed calculations for some representative cases with
B3LYP, a highly tested functional for organometallic reactions. Results are reported in Table S1 of the
Supporting Information. First, regarding the spin multiplicity of the ground state of the different
considered species, B3LYP, as expected,®’* tends to overstabilize the triplet state in all cases.
Concerning the thermodynamics, B3LYP-D2 tends to destabilize both the metallacyclobutane and the
cyclopropanation products by around 5-7 kcal mol? with respect to the isolated reactants, when
compared to OPBE-D2 results. Since the obtained trends are similar for the two functionals, the choice
of the functional does not affect the conclusions drawn in the work and the less time consuming OPBE

functional was used.

Results and discussion

The goal of this work is analyzing how the nature of the ligands (rigidity and o-donating ability) and
the formal oxidation state of the metal cation influences the electronic ground state of the metal
carbene, the Fe=CH; bond strength and their reactivity towards olefins. For that, we first analyze a set
of initial Fe(ll) species mainly constructed considering ligands that have already been used for
synthetizing first row transition metal complexes. After that, we expand the study to other in-silico
designed ligands that represent borderline cases. Finally, we explore the effect of metal reduction to
formally Fe(0). In each case, we focus firstly on the electronic structure of the carbene and in a second

stage we discuss its reactivity towards olefins. Results are compared to the values computed in our
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previous work for the ruthenium based second-generation Grubbs active species (0 in Scheme 2).* In
the last part of the results and discussion section, the energetics of the transition state structures for
alkene metathesis and alkene cyclopropanation of representative complexes showing

thermodynamics close to those of 0 are discussed.

Initial set of carbenes. Complexes belonging to the first set of species are schematically shown in
Scheme 2. Complexes 1 to 4 are based on ligands that are already used in the synthesis of first row
metal complexes. The ligands of complex 1% and 2,%® were used by Costas and co-workers for the
synthesis of high oxidation state iron oxo complexes.®” Furthermore, it was suggested that a carbene,
whose structure is similar to the one labeled as 1 in Scheme 2 is involved in the carbene insertion in C-
H bonds of arenes.*? The ligand of complex 3 is a variation of the Scorpionato motive®® in which the
central boron is replaced by a triethyleneamine linker.%®7° A similar ligand with mesityl groups instead
of phenyls was used by Meyer and co-workers for the synthesis of a high oxidation state iron nitride
complex.® Finally, the ligand of complex 4 was used by Ribas and co-workers to synthesize a Co(lll)
complex catalytically active in the C-C bond formation through a metastable carbene complex.”? In
addition, two other complexes were studied in this reference set. Complex 34 is a modification of 3
where the phenyl groups were replaced by H atoms as N-substituents of the NHC. This was done with
the aim of understanding the role of the steric effect on the relative stabilities of the different spin
states and complex reactivity with olefins. Complex 5 is a variation of 1, where one of the pyrinine-
based ligands is replaced by a more o-donating neutral NHC ligand. The geometry around the metal
center in the initial carbene and the relative stabilities of the different spin states of the carbene,
metallacycle and metal fragment resulting from the cyclopropanation are reported Table 1. Values for
the well-known Ru-based 2" generation Grubbs catalyst (0) are also reported for comparison. The
optimized geometries of the structures discussed above are shown in Figures S1 to S6 of the ESI. Spin

density distribution as well as the NBO and AIM analyses are shown in Table S2.
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Table 1. Relative Gibbs (Gg, + D2) energies of the species involved in the metathesis and
cyclopropanation reactions of the Grubbs Ru complex and iron carbene complexes 1 to 5 with respect
to the carbene singlet state and ethene. All values are in kcal mol?

Complex Geometry® Carbene Metallacyclobutane Cyclopropanation®
=0 S=1 S$=2|5=0 S=1 =2 =0 =1 =2 =0 =1 =2
0¢ 0.0 195 49.1 | -6.8 82 475 | 86 -7.4 9.7
1 SBP SBP TBP| 0.0 -23 3.8 |-20.7 -23.1 -f -22.3 -28.6 -43.8
2 sBp sBp -4 |00 -63 51 |-234 -267 - |-268 -332 -50.8
3 SBP TBP TBP | 0.0 4.4 235 6.8 4.7 -f -25.1 -30.1 N.A.
34 SBP TBP ¢ |00 76 227 | -45 -6.0 -f1-183 -231 -32.1
4 SBP SBP 0.0 121 --€ -11.7 5.9 -7.4 | -17.4 -16.5 -13.9
5 SBP TBP 0.0 -3.9 --€ -159 -19.0 -f -17.8 -25.7 -37.3

2 Coordination around the metal center in the Fe-carbene.

bThe cyclopropanation values correspond to the Gibbs energy difference between cyclopropanation
products and initial carbene + ethene.

¢ Energies obtained for the methylidene active species of the second-generation Grubbs catalyst at the

same level of calculation.

4The coordination around the metal center is in between the SBP and TBP ones.

€The Fe=CH, carbene is not a minimum of the potential energy surface, optimization leads to carbene insertion
into one of the C-based ligands (see text and Table S3 of the ESI for further details).

f Optimizations spontaneously evolved to the formation of cyclopropane.



All singlet state carbenes present a square based pyramid (SBP) coordination around the metal center
with the carbene occupying one of the basal positions. The carbene substituents are located
perpendicular to the basal plane, suggesting that the Fe=C n-bond is formed by the overlap between
the iron dy, orbital of the basal plane and the corresponding py, carbon orbital (Figure 1a). Indeed, the
singlet state structure corresponds to a low spin SBP coordination around the metal center. The Fe=C
bond distance ranges from 1.708 A and 1.726 A, as in the LsFe=CH, carbenes and consistent with a
significant double bond character. This is further confirmed by the Wiberg bond index values obtained

with NBO analysis (1.61-1.55) and the delocalization index computed with AIM (1.71-1.66) (see Table

S2).
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Figure 1. Schematic Molecular Orbitals diagram of ideal SBP(a) and TBP (b) d® complexes.

The triplet state structures of 1, 2 and 4 also present a distorted SBP coordination around the metal

center (Figures S1 to S6 of the ESI). In contrast, complexes 3, 34 and 5 are characterized by a trigonal
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bipyramid (TBP) geometry. This can be, at least, partially explained analyzing the molecular orbital
diagrams of ideal SBP and TBP d® metal complexes. It was mentioned above that the low-spin state of
an ideal d® complex with a SBP coordination around the metal center corresponds to a singlet state.
However, if the splitting between the dy, or dy, and the d,; orbitals (Figure 1a) is small, the situation in
which one electron of either the dx, or the dy, orbital occupies the d,; orbital becomes energetically
accessible. On the other hand, an ideal TBP complex shows two degenerate orbitals (dyx, and dx,-y2) that
should be singly occupied in a d® electronic configuration, thus resulting also in a triplet state (Figures
1b and S11). The preference for one or other situation may depend on the constraints arising from the

chelating ligand as well as on the o-donating ability of the ancillary ligands.

Regardless of the coordination around the metal center, in all triplet states, the Fe=CH, bond distance
is larger than that of the singlet (between 1.749 and 1.792 A) and the carbene substituents are not
fully perpendicular to the plane in which the w-bond is formed. These two facts are associated with a
spin distribution suggesting a situation in between a formed Fe=CH, double bond with two unpaired
electrons on the metal center and a situation in which the © bond of Fe=CH; is not formed and thus
three unpaired electrons are located over the metal center and one (with the opposite spin) on the
carbene carbon (see Figure S11 for a schematic representation of the two limit situations). It is worth
mentioning that this latter configuration has already been described for the triplet ground state of the
(RPDI)Fe=CPh, (PDI = bis(imido)pyridine) complex synthetized by Chirik and co-workers.*! Overall, the
larger Fe=CH distance and the spin density distribution are indicative of a significantly weaker n-bond
in the triplet state and this is also highlighted by the smaller Wiberg bond index and delocalization
predicted by AIM (Table S2). In the case of the quintet states, the Fe=CH, bonds are even longer and
the spin distribution suggests a larger radical character on the carbene, thereby indicating that the nt

bond is even weaker in the S = 2 state.

Regarding the energetics (Table 1), complexes 1, 2 and 5 which mainly have neutral N-based ligands
except the carbene, present a triplet ground state. In contrast, complexes 3, 34 and 4, with either three

strong donating N-Heterocyclic carbene (NHC) ligands or one C-based anionic group, present a singlet
10



ground state. This difference between the two sets of complexes can be explained by the effect of o-
donating ligands that stabilizes the low spin state. Remarkably, the relative stabilities of the three spin
states are very similar for complexes 3 and 34 suggesting that the phenyl groups have a small influence

on the spin multiplicity of the ground state.

At this point it is worth mentioning that an isomer in which the carbene inserts in either the Fe-N bond
involving the pyridine ligand, the Fe-C bond of the N-heterocyclic carbene or the Fe-C bond involving
the phenyl ligand of 4 is found to be a minimum of the potential energy surface too. The resulting
species, hereafter referred to as bridged carbenes, resemble the ones recently reported as a masked
carbene complex (See Figure S12 of the ESI).?” The bridged carbenes of complexes 1 to 5 present a
quintet ground state (see Table S3) and they are usually more stable than the normal carbene. This

suggests that their formation should be prevented, in order to obtain a singlet state carbene.

Regardless of the electronic state, all stable metallacyclobutanes resulting from the reaction of the
methylidenes 1 to 5 with ethene present an octahedral coordination around the metal center.”? The
analysis of the spin densities suggests that, in all cases, the unpaired electrons are localised on the
metal atom. Significant differences in the geometrical features of the metallacyclobutane fragment
are observed as a function of the spin state. Singlet state metallacyclobutanes are characterized by
relatively short M-C,, distances, relatively large C,-Cg bonds and relatively large C,-Cp-Cq angles. This
three structural changes make the M-Cg distances shorter, as already described for the d°® and Ru-

based TBP metallacyclobutanes involved in alkene metathesis.”>”’

In  contrast, triplet
metallacyclobutanes present larger M-C, distances, shorter C,-Cg bonds and M-Cg distances that are
at least 0.3 A longer than those of the singlet state intermediates (Figures S1 to S6). Overall, the open
shell metallacycles are geometrically closer to those of the d® SBP metallacyclobutane that do not
perform metathesis.”>””> However, these geometrical differences of the metallacycle do not arise from
a change on the coordination around the metal center as it is the case for the pentacoordinated

metallacyclobutanes, but from a different occupation of the metal d orbitals. The importance of the

metal d orbital occupation is schematically represented in Figure 2, which shows (a) an ideal molecular
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orbital diagram for a d* octahedral metal complex (iron is formally Fe(lV) in the metallacycle) and (b)
the associated natural orbitals (NO) of the triplet state of 1. The dy, orbital in the triplet state
metallacycles is singly occupied and points towards the Cg. This produces a repulsive interaction of
such orbital with a doubly occupied orbital of the metallacyclobutane fragment that is minimized by
pushing the Cg away from the metal center. In contrast, the dy, orbital is empty in the singlet state and
thus, there is no repulsion with the occupied orbitals centered on metallacyclobutane fragment and
the Cp can be found closer to the metal atom. Overall, as already found for LsFe=CH, species,* the
Fe(CH,CH,CH,) geometrical features suggest that singlet state metallacyclobutanes are more prone to

undergo metathesis than the triplet state ones.

a) b) Virtual

( % o \
dzz a2

Figure 2. (a) Schematic Molecular Orbitals diagram for an ideal high field d* octahedral
metallacyclobutane intermediate. (b) The associated Natural Orbitals of the metallacyclobutane S=1

state arising from the reaction of 1 with ethane.

The metallacyclobutane formation from the reaction between the methylidene and ethene is
favorable for all singlet and triplet states, except for the case of 3, where the presence of the phenyl
substituents prevents the olefin coordination. Indeed, while the substitution of the Ph group by H
atoms has little influence on the relative stabilities of the different spin states, it dramatically modifies

the tendency to react with an incoming olefin (compare 3 with 3y in Table 1). Moreover, the addition
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of C-based ligands leads also to less stable metallacyclobutanes. However, in this case, this seems to
be appropriate because, while values for 1, 2 and 5 appear too negative for an efficient catalytic
process, the ones for 34 and 4 are closer to the values computed with the same methodology for the
efficient 2™ generation Grubbs catalyst (0).**”” Unfortunately, the metallacyclobutane intermediate
generally presents a triplet ground state, a spin state that it is less prone to undergo metathesis. The
unique exception, in the initial set of complexes, is 4. Note that iron is formally Fe(lV) in the
metallacycle intermediate and thus, S = 1 is the preferred spin state for an ideal low spin octahedral
complex (see Figure 2). However, the ligands of 4 present significantly different o-donating abilities.
This breaks the degeneracy of the t,; orbitals, the splitting between them being large enough to favor

a singlet ground state.

Finally, alkane cyclopropanation (the reported values for the cyclopropanation reaction correspond to
the Gibbs energy difference between the cyclopropanation products and the carbene + ethene) is
highly favorable for complexes 1 to 5 in all spin states. The reaction AG°®,9s« ranges from -50.8 to -13.9
kcal mol™. This shows that these complexes are not suitable candidates for alkene metathesis.
Complexes 34 and 4 present the least favorable cyclopropanation reaction energy, which is consistent
with the presence of stronger o-donor ligands. Indeed, the Fe=CH; bond in the singlet state is stronger
for complexes 34 and 4 than for the other species of this set (See Table 2) and the energetics for
cyclopropanation is found to be less favorable. The resulting metal fragment has a butterfly
coordination around the metal center in most singlet and triplet states, whereas it presents a trigonal
pyramid structure in the quintet states with flexible ligands. Regardless of the coordination around the
metal center, the quintet ground state presents four unpaired electrons that, as in the case of the
triplet state, are localized on the metal center. By comparing the energetics of 3 and 34 it can be
deduced that the presence of the phenyl groups makes the alkene cyclopropanation more favorable

and thus, overall, 34 appears to be the best candidate for further modifications.

Overall, complexes 1 to 5 do not appear to be good candidates for alkene metathesis. Three main

drawbacks can be identified: i) the singlet state is usually not the ground state for the metal carbene;
13



ii) the metallacyclobutane intermediate generally presents a triplet ground state and iii) the alkene
cyclopropanation is largely favored with respect to the alkene metathesis reaction. The addition of C-
based ligands appears to stabilize the singlet state carbene, destabilize the metallacyclobutane
intermediate and, makes the alkene cyclopropanation less favorable. Thus, complexes with o-donating
ligands seem to be good candidates that should be further analyzed. However, before that the

flexibility of the chelating ligands has been analyzed.

Table 2. Fe=CH, binding energies (kcal mol?). The binding energy corresponds to the energy
difference between the metal-carbene in the singlet state and the [M] and CH, neutral triplet state
fragments.

Complex BDE Species BDE Species BDE Complex BDE Complex BDE

0 -88.1 1s -57.1  Lpyreq -65.3  Sceqotrans  -58.7  Aceqowans  -86.1
1 -66.3  1ps -53.9  Lpyrap -56.0  Scapctrans  -65.3 1, -80.5
2 61.2  1a -63.5  Loyrtrans 52.8  2cpctrans  -71.6 2 -67.7
3 -65.0 133 -47.7  Lceqeap 779 3pcyams  -65.9 3, -81.0
3y 731 1a -48.7  lceqorans  -54.5 Acrans  -79.7 50 -84.1
4 -81.4 1y -51.0 lcwpctrans 747 Bowans  -78.8

5 -69.5 133 -46.0  Sceqcap 784 Bpegowans  -78.1

Chelating ligand flexibility. The complexes designed in-silico for exploring the effect of the chelating
ligand flexibility, are depicted in Scheme 3. They are all based on the complex 1 in which, either the
length of the alkyl chains between N based groups have been increased from ethyl to propyl, or one
of the amine ligands has been replaced by a pyridine molecule. This latter modification implies both a
change on the rigidity of the chelating ligand (pyridine can be linked to a maximum of two other
ligands, whereas the amine can be linked to three) and on the - and n-donating ability of the ligands.
By comparing the results for the complexes 1peq, 1rap, 1ptrans and 2, it is possible to understand how the
different connectivity and the pyridine position and orientation, influences the stabilities of the
different spin states and the thermodynamics for alkene metathesis and alkene cyclopropanation.
Results are shown in Table 2, where the coordination around the metal center in the carbene together

with all the energetics associated to the carbene, metallacyclobutane intermediate and
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cyclopropanation products are reported. The Cartesian coordinates of all optimized structures can be

found in the ESI.
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1233 n=1;m=2;|=2
1333 Nn=1,m=2;1=2

Scheme 3.

From these results, it can be observed that a change in the length of the alkyl chain between the N-
based ligands and the number of amine and pyridine groups has little influence on the geometries
around the metal center of the species discussed in this subsection, the most significant ones being
found for the carbene and the metal fragment resulting from the cyclopropanation. With respect to
the metal fragment resulting from the alkene cyclopropanation, the presence of flexible ligands leads
to a larger variety of coordination geometries around the metal center, the most common ones being
the butterfly and the trigonal pyramid structures. Regarding the carbene, all singlet state carbenes
present a square based pyramid (SBP) coordination around the metal center as in the case of
complexes 1 to 5. However, the larger flexibility of the chelating ligand seems to make angles larger
than 90° more favorable and thus, the majority of the triplet and quintet states present a trigonal

bipyramid structure (TBP). These two geometries are consistent with the low spin state of the
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molecular orbital diagrams shown in Figure 1. Therefore, the final geometry of the triplet state seems
to be at least in a large extend controlled by the constraints imposed by the flexibility of the chelating
ligand. It is also worth mentioning that the Fe=CH, bond dissociation are lower than that of 1 and this

effect is more pronounced for complexes having several propyl chains between N-based ligands.

Table 3. Relative Gibbs (Gg, + D2) energies of the species involved in the metathesis and
cyclopropanation reactions of iron carbene complexes 1nmi and 1py, with respect to the carbene
singlet state and ethene. All values are in kcal mol™.

Complex Geometry? Carbene Metallacyclobutane Cyclopropanation
S0 S=1 S=2 |S=0 S=1 S=2 | S=0 S=1 S=2 | S=0 S=1 §=2
132 SBp  --¢ -¢ 100 -98 0.0 |-193 -236 -9 |-31.2 -389 -534
1.3 SBP -¢ TBP|0OO -70 -34 (-103 -199 -9 [-27.3 -403 -545
1253 sBp TBP TBP |00 -111 6.2 | -68 -215 -4 [-257 -31.8 -51.4
133, SBP SBP TBP | 0.0 -11.7 -5.6 |-13.3 -249 -4 |-314 -475 -645
1323 SBP TBP TBP | 0.0 -126 -19 [-19.7 -488 -9 [-36.0 -47.2 -58.9
1233 SBP TBP TBP | 00 -109 -46 | NA. N.A. ¢ [-285 -428 -61.6
1333 SBP TBP TBP | 00 -165 -7.0 |(-10.7 -236 -4 [-37.8 -494 -71.9
1pyreq SBP TBP TBP | 0.0 -123 -2.6 |-23.8 -273 -4 [-23.7 -304 -52.7
Lpyrap SBP - TBP |00 -7.7 20 |-13.1 -185 -4 |-245 -39.2 -52.2
Lpyrirans SBP - TBP |00 -63 -60 | NA. -233 ¢ |-265 -47.0 -48.2

2 Coordination around the metal center in the carbene.

® The cyclopropanation values correspond to the Gibbs energy difference between cyclopropanation
products and the initial carbene + ethene.

¢Coordination in between the SBP and TBP.

4 Geometry spontaneously evolved towards the formation of cyclopropane upon optimization.

Regarding the energetics, it can be observed that: i) all the 1.m and 1p carbenes present a triplet
ground state, which lies between -6.3 and -16.5 kcal mol? below the singlet state; ii) the
metallacyclobutane has also a triplet ground state whose formation is exergonic with respect to the
isolated reactants and iii) the alkene cyclopropanation reaction is extremely favorable, the reaction
Gibbs energies ranging from -23.7 and -71.9 kcal mol™. These general trends are equivalent to those
found for complexes 1 and 2 and suggest that modifications on the ligand flexibility are not sufficient
to overcome the drawbacks found for the first set of complexes. However, the increased flexibility of
the ligands has several consequences. For example, the singlet state carbenes present a SBP geometry

with angles between ligands of 90° and most of the triplets have TBP structures which require angles
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of 120°. Therefore, increasing the length of the alkyl chain between N groups or increasing the
flexibility of the ligand, by replacing one amine group with a pyridine, stabilizes the triplet state. As a
matter of fact, the triplet state becomes more stable for the 1nmi and 1py, complexes than for complex
1. Similarly, the formation of the octahedral metallacyclobutane, which is characterized by the
presence of angles of 90° between the ligands too, is marginally destabilized in the singlet state when
using chelating ligands with larger chain between the donating groups. Finally, the alkene
cyclopropanation becomes even more favorable when the length of the alkyl chain is increased.
Overall, these trends suggest that rigid chelating ligands may stabilize the carbene singlet state and
make the alkene cyclopropanation less favorable. Consequently, complexes 1 to 5 appear more
appropriate than the 1,mi and 1p, derivatives for further studies of the effect induced by changing the

o-donating ability of the ligands on the initial metal carbeness.

Effect of the o-donating ability of the ligands. The results for the initial set of complexes shows that
the o-donating ability of the ancillary ligands has an important influence on the multiplicity of spin of
the ground state and on the thermodynamics of the cyclopropanation reaction. Therefore, we decided
to further analyze the consequences of modifying the c—donating ability of the ancillary ligands. In this
context, we adopted two different strategies. First, we considered the complexes of the initial set and
we substituted one or two N-based neutral ligands with alkyl groups, the number of substitutions was
determined in order to obtain a neutral compound. We chose alkyl ligands as they have a significantly
stronger donor character than the amines, although they could potentially be involved in undesired
side reactions, which are not considered here. We considered 3x.cand not 3¢ (where the N-substituents
are H atoms instead of phenyl groups) because 3y is more reactive towards olefins. In addition, we
explored the possibility of decreasing the o-donating ability of the group trans to the carbene by
substituting the N-based ligand with an ether group. We considered only derivates of the complex 4
as this one is the only one of the initial set presenting a singlet ground state for the carbene and the
metallacyclobutane. The resulting set of complexes are shown in Scheme 4, the associated energetics

are reported in Table 3 and the Cartesian coordinates of the optimized structures are given in the ESI.
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Scheme 4.

The substitution of N-based neutral ligands with alkyls has little influence on the geometry around the
metal center of the carbene, on the metallacyclobutane and on the fragments arising from the
cyclopropanation reaction. As a matter of fact, the most remarkable change is the presence of two
singlet state species (1capctrans and 2capctrans) Where the coordination around the metal center is
unexpectedly a trigonal bipyramid. Besides, the Fe=CH; bond becomes stronger when adding c-donor
groups cis to the carbene. Remarkably, the opposite trend is observed when the alkyl group is added

trans to the carbene (Table 2).
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Table 4. Relative Gibbs (Gg, + D2) energies of the species involved in the metathesis and

cyclopropanation reactions iron carbene complexes resulting from the substitution of N-based

ligands by either C-based or O-based ones with respect to the carbene in its singlet state and

the ethene. All values are in kcal mol™*?

Complex Geometry? Carbene Metallacyclobutane Cyclopropanation®
S=0 S=1 S=2 | $=0 S=1 S=2 | S=0 S=1 s=2 S=0 S=1 s=2
Lceqcap SBP SBP TBP 0.0 32 161 | -71 -13.38 2.3 -11.6 -19.0 -21.4
Lceqctrans SBP SBP --¢ 0.0 -12.3 -1.8|-20.1 -284 N.A |-30.7 -40.3 -34.1
Lcapctrans TBP TBP TBP 0.0 9.8 17.6| -3.7 N.A N.A |-23.8 -21.8 -18.3
S5ceqcap SBP SBP - 0.0 9.1 219| 5.3 -2.7 124 | -93 -17.5 -16.7
S5ceqctrans SBP - TBP 0.0 91 42 | NA -216 03 |[-26.1 -37.0 -299
Scapctrans SBP TBP TBP 0.0 -09 133 --¢ -8.5 56 |-29.0 -294 -23.0
2capctrans TBP TBP TBP 0.0 11.8 233 ]| -2.6 -1.3 3.7 -26.2 -219 -19.8
3u-ctrans SBP TBP TBP 0.0 53 20.1| -8.9 -80 244 | -36.2 -29.0 -29.4
Actrans SBP TBP TBP 0.0 5.1 70 | -154 -11.2 -12.0{ -25.3 -16.3 -16.4
40trans SBP - - 0.0 9.2 7.0 | -7.8 74 -125| -2.8 -19.0 -22.1
Apeqotrans SBP  SBP --¢ 0.0 56 -4 1-13.0 -102 15 | -1.9 -19.5 -13.9
4ceqotrans SBP SBP TBP 0.0 13.0 31.2 | -3.7 -5.3 13.0 11.8 -12.5 -1.7

2 Coordination around the metal center in the carbene.

b The cyclopropanation values correspond to the Gibbs energy difference between cyclopropanation
products and initial carbene + ethene.

¢Coordination in between the SBP and TBP.

4The Fe=CH, carbene is not a minimum of the potential energy surface, optimization leads to carbene insertion
into the C-based ligand .

¢ Geometry spontaneously evolved towards the formation of cyclopropane upon optimization.

As observed for the first set (1 to 5), the addition of C-based ligands generally stabilizes the singlet
state, destabilizes the metallacyclobutane intermediate and makes alkene cyclopropanation slightly
less favorable (Table 4). The latter can be associated with a Fe=CH; bond strengthening. However,
there are several exceptions to this general behavior. In this way, the ligands present in complexes
Lceqctrans, lcapctrans, Dceqctrans, Scapctrans, 31-c aNd dcirans Make the carbene singlet state less stable and the
cyclopropanation becomes even more favorable than their related compounds bearing N-based
ligands (1, 34, 4 and 5). This is related to the fact that the N to C substitution is performed trans to the
carbene, which generally weakens the Fe=CH; bond despite the increased electron density on the
metal. This data suggests that the strong donating groups should be cis to the carbene, indicating that,
as already found for LsFe=CH, complexes,’® there are preferred positions for the c-donating groups if

one wants to prevent the alkene cyclopropanation. Overall, most of the complex of this series present
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the desirable singlet ground state, but unfortunately, several drawbacks persist. In this view, although
the preference for cyclopropanation is reduced, this process is still usually largely more favorable than
metathesis in all spin states. In addition, results suggest that the metallacyclobutane intermediate has
a triplet ground state in most of the cases. In fact, for complexes 2capctrans, 3H-ctrans aNd detrans, the singlet
state is more stable than the triplet but only for the last one the energy difference is significant (4.2
kcal mol?). In fact, as mentioned above, one would expect a triplet ground state in all cases as it is the
ideal situation for a d* low spin octahedral complex (Figure 2). Therefore, the stabilization of the singlet
state can only be understood as a significant destabilization of the iron d orbital pointing toward the
Cp of the metallacycle. In this context, only when this destabilization is large enough, the ground state
becomes a singlet and this could eventually be a potential strategy to make the metallacyclobutane

singlet state more favorable.

With the aim of further confirming that the presence of a strong donating ligand trans to the carbene
is detrimental to the achievement of a singlet ground state for the carbene and for making the alkene
cyclopropanation reaction less favorable, we considered three additional complexes deriving from 4.
These three complexes present a furane ligand instead of the pyridine trans to the carbene and they
differ by the other ligands in the basal plane of the SBP carbene structure (amines vs. phosphines or
alkyls). The corresponding energetics show that the O by N substitution has little influence on the
relative stabilities of the different spin states of the carbene and the metallacyclobutane, but strongly
undermines the alkene cyclopropanation. This is associated with the strengthening of the Fe=CH;
bond. Indeed, complexes 4otrans, aNd 4peqotrans ShOW a singlet ground state for the metal carbene and
the metallacyclobutane intermediate, and cyclopropanation in the singlet state is not particularly more
favorable thermodynamically than metathesis. Similarly, complex 4ceqotrans Presents a singlet ground
state carbene and a non-favorable alkene cyclopropanation in the singlet state. However, in this latter
case, the metallacyclobutane has a triplet ground state, the singlet being 1.6 kcal mol? higher in
energy. Overall, complexes 4otrans, 4peqotrans aNd dceqotrans Can be considered as the first three species

reported here that show similar thermodynamics to those of the Ru-based reference system 0.
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Influence of metal reduction. Finally, we expected that metal reduction leading to formally Fe(0)
carbenes’® could stabilize singlet state metallacyclobutanes. This assumption arises from the fact that
this intermediate would present a formal Fe(ll) metal center with formally six d electrons in an
octahedral environment. In this way, the singlet state would be the ground state of the low spin
structure and this would not depend on the splitting between the ideal t,; orbitals. Furthermore, the
additional electrons could reinforce the Fe=CH, bond and thus, make alkene cyclopropanation less
favorable. We analyzed this hypothesis by reducing the metal center of the doubly positively charged
complexes 1, 2, 34 and 5, the resulting complexes 1q, 2o, 3u.0 and 5¢ being globally neutral (Scheme 2).
Table 5 lists the associated energetics and the optimized geometries can be found in the ESI (Figures

S7 to S10).

Results show that the reduction of the metal center on complexes 8 to 11 implies important
geometrical rearrangements in the carbene and in the metallacycle (Figures S7 to S10 of the ESI).
Regarding the carbene, the formally Fe(ll) complexes generally present a SBP coordination in the
singlet state but, the reduced species present a TBP one. This is accompanied by an elongation of the
Fe=CH, bond, which becomes around 1.76 A. All triplet state carbenes present a SBP geometry around
the metal center. The changes in the coordination geometry around the metal can be rationalized by
the increased number of d electrons of iron. Low spin pentacoordinated d® complexes are expected to
be TBP (see Figure 1). The metallacyclobutane intermediate presents the expected octahedral
coordination around the metal center, but the large C,-Cg-C, angle and the short M---Cg distance
typically found in metallacyclobutanes involved in metathesis is not observed in any of the spin states.
This can be attributed again to the two additional d electrons of iron that in the case of the singlet

state occupy the d orbital pointing towards Cg (Figure 2).

The thermodynamics of the formally Fe(0) complexes is substantially different from that of the formally
Fe(ll) complexes. First, in contrast to what is obtained for the analogous Fe(ll) 1, 2 and 5 complexes,
the reduced species present generally a singlet ground state. Moreover, the formation of the

metallacyclobutane is exergonic and leads to intermediates with the desirable singlet state. Finally,
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alkene cyclopropanation becomes unfavorable in the singlet state and, although it remains exergonic
for the triplet and most of the quintet states, the obtained values are closer to those computed for the
second generation Grubbs catalyst (0). This is particularly noticeable in the case of 5, which is an in-
silico modification of the ligands used by Costas and co-workers for the synthesis of iron oxo
complexes. Overall, from a thermodynamic point of view the reduced complexes appear to be

promising candidates, 5¢ being the most interesting one.

Table 5. Relative Gibbs (Gg + D2) energies of the species involved in the metathesis and
cyclopropanation reactions of iron carbene complexes 1o to 50 with respect to the carbene singlet state
and ethene. All values are in kcal mol™

Complex Geometry? Carbene Metallacyclobutane Cyclopropanation®
=0 =1 =2 =0 =1 =2 =0 =1 =2 =0 =1 =2
1 TBP SBP SBP 00 -04 0,2 |-265 -219 -189| 4.8 -17.1 -12.9

20 TBP SBP SBP 00 29 123]|-151 -123 --°© 4.9 -29.7 -21.7
30 TBP sBp -4 00 93 -9 |-234 -09 233]|-06 -16.6 0.9

50 TBP - SBP 00 49 7,6 |-23.3 -124 -10.2| 8.9 -12.2 -3.1
@ Coordination around the metal center in the carbene.

® The cyclopropanation values correspond to the Gibbs free energy difference between cyclopropanation
products and carbene + ethene.

¢Coordination in between the SBP and TBP.

4The Fe=CH, carbene is not a minimum of the potential energy surface, optimization leads to carbene insertion
into the C-based ligand

¢ Geometry spontaneously evolved towards the formation of cyclopropane upon optimization.

Energy barriers for selected carbenes. As mentioned above, the Fe(ll) complexes 4otrans 4peqotrans,
4ceqorrans and the reduced Fe(0) species 1o, 20 and 5¢ appear as potentially promising candidates, since
their thermodynamic properties resemble that of the second generation Grubbs catalysts. Therefore,
we decided to explore the energetics of the transition states associated with the cycloreversion and
other deactivation processes (mainly cyclopropanation) for one selected case of each set (4ceqotrans and
5¢). In the case of the deactivation process of 50, two pathways have been explored: the carbene
extraction by ethene that mainly leads to cyclopropanation through a stepwise (CP-SW) process and
the cyclopropanation from metallacyclobutane intermediate (CP-MC). Besides, while we have only

considered the singlet state in the alkene metathesis cycloreversion process, we explored both the
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singlet and triplet states in the deactivation pathways. In the case of cyclopropanation, a spin crossing
is expected as reactants have a singlet ground state, whereas cyclopropanation products have a triplet
one. For comparison purposes, we also considered the complex 5, which is the oxidized analogue of
5¢. The Gibbs energy profile associated with the reactivity of 4ceqotrans With ethene is reported in Figure
3. Results for 50 can be found in Figure 4 where the transition states of the alkene metathesis
cycloreversion process are reported. The Gibbs energy profile for the reactions involving 5¢ are

reported in Figure 5. Finally, results for 5 are reported in the ESI.

TS-CP-MC

11.8

0.0

Carbene \
+ ethene 53 |
Metallacycle
| ———
-12.5

Cyclopropanation

Figure 3. Gibbs energy profile (in kcal mol?) for the reaction of 4ceqotrans With ethene. Black lines
correspond to the alkene metathesis cycloreversion step while red lines correspond to the alkene
cyclopropanation involving the metallacyclobutane intermediate. Solid lines are used for the singlet

(5=0) state and dashed ones for the triplet (S=1) state.

Alkene metathesis involving 4ceqotrans takes place through the classical cycloaddition and cycloreversion
steps. Cycloreversion presents the highest transition state which is 18.2 kcal mol? higher in energy
than the separated reactants. This leads to a Gibbs energy barrier from the more stable
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metallacylobutane of 21.9 kcal mol™?, which is moderate but still higher than the traditional values for
cycloaddition and cycloreversion.®® The energy barriers for cyclopropanation from the
metallacyclobutane are significantly lower, both in the singlet and triplet state, suggesting that the
complex 4ceqotrans Would be more prone to undergo cyclopropanation. Remarkably, the moderate
energy barrier obtained for the cycloreversion process can be associated with the weak c-donating
ability of the furane ligand, which is in trans to the olefin that is being released.®>°! However, this
ligand is mandatory since it makes the cyclopropanation thermodynamically unfavorable, thus it
combines both beneficial and detrimental effects. As a consequence, only a subtle balance of the two
effects could lead to species with a kinetic preference for alkene metathesis. Alternatively, a labile
ligand could decoordinate during the cycloaddition and cycloreversion step leading to a
tetracoordinated system with larger flexibility to help both in the coordination of the olefin and its

release trans to an strong donating ligand. 8088

Regarding 50, the metallacyclobutane formation from separated reactants (methylidene + ethene)
takes place in two steps. These two steps correspond to: i) the formation of the Fe-C between one
carbon of the olefin and the metal center and ii) the formation of the C-C bond coupling between the
carbene and the other end of the olefin. These two steps are completely different from those reported
for the usual alkene metathesis reaction catalyzed by the Mo, W or Ru complexes (alkene coordination

)73,74.80,8188,82-87 3n( this can be rationalized by formal electron counting (see below).

and cycloaddition
In addition, the intermediate resulting from the formation of the Fe-C bond formation is largely
unstable, its energy is 26.3 kcal mol? higher than the separated reactants and it presents Fe:--N
distances that have been largely elongated. One of these Fe---N distance is so large (> 3.4 A) that
indicates a decoordination of the ligand. The release of the olefin from the metallacycle takes place in
equivalent steps, although the geometries and energetics are slightly different, since the two processes
take place with two different ligands in trans. The associated energetics suggest that alkene metathesis

with 5¢ is kinetically unfavorable. The highest energy barrier associated to the cycloaddition is 35.7 kcal

mol™? with respect to the reactant energy and that of the highest transition state in the cycloreversion

24



step lies 31.6 kcal mol™? with respect to the same asymptote. This implies that the energy barrier that
must be overcome from the metallacyclobutane is higher than 50 kcal mol™. This is indicative that this

process, with this specific set of ligands, would never occur.

Figure 4. Optimized geometries for ethene metathesis cycloreversion process catalyzed by 5.

Distances are in A

Results about the deactivation pathways from 5, show that both the energy barriers for
cyclopropanation from the metallacyclobutane intermediate and those associated with the direct
carbene transfer to the olefin have lower Gibbs energy than the transition states associated with the
alkene metathesis process. The carbene attack is globally preferred and it presents the triplet state
transition state at 26.8 kcal mol™ above reactants. The singlet state transition state lies, slightly higher
in energy (29.4 kcal mol? above separated reactants) and spontaneously evolves towards the
formation of an allyl hydride intermediate, which is an intermediate that has also been associated to

deactivation processes in olefin metathesis.’>%3
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Figure 5. Gibbs energy profile (in kcal mol™) for the reaction of 9 with ethene: a) alkene metathesis
(black) and alkene cyclopropanation involving the metallacyclobutane intermediate; b) alkene
cyclopropanation through the stepwise mechanism arising from the carbene extraction by the olefin.

Solid lines are used for the singlet (5=0) state and dashed ones for the triplet (S=1) state.
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In summary, neither complex 4ceqotrans NOr 50 appear to be good candidates for olefin metathesis,
despite their thermodynamics. For dceqotrans, the fact that cycloreversion takes place trans to the ether
group leads to moderate Gibbs energy barriers (~22 kcal mol?) that are higher than for
cyclopropanation. For 5¢, results suggest that its reaction with olefins would be unlikely and lead to
cyclopropanation through carbene extraction mainly in the triplet state, the highest energy barrier
being 26.8 kcal mol™. The generally high energy barriers associated with 5¢ can be explained by formal
electron counting. Indeed, 50 is an 18 electron complex and thus, it is not prone to accept the
coordination of the olefin. This explanation is further confirmed when comparing the results for 5 with
the reactivity of the analogous Fe(ll) complex 5 with ethene (see Figures S16 and S17 of the ESI). In the
case of 5, the initial carbene has 16 electrons and thus, the reaction pathway for metallacyclobutane
formation shows the traditional cycloaddition step characterized by lower Gibbs energy barriers (from

35.7 to 13.1 kcal mol™?).

Overall, results show that the addition of c-donating ligands in formally Fe(ll) LyFe=CH, complexes’
leads to carbene species with a singlet ground state. However, the presence of these c-donating
ligands does not guarantee the formation of a singlet state metallacyclobutane intermediate. This
arises from the fact that the resulting species present only four d electrons in an octahedral
environment, which preferentially leads to a triplet ground state. Only when the octahedral
environment is sufficiently distorted the singlet state was found to be the most stable one. This is the
case of complexes 4otrans peqotrans aNd dceqotrans, Which show thermodynamic properties close to the
Grubbs catalyst. Alternatively, metal reduction to Fe(0) leads to d® singlet state octahedral
metallacycles and destabilizes cyclopropanation products in the singlet state. The results obtained with
the unsymmetric Fe(ll) complexes and the Fe(0) carbenes are close to those computed for the efficient
second generation Grubbs catalyst. Unfortunately, the energy barriers for the cycloreversion step from
the metallacycle are moderate for the representative example of the first set and very high for the
second set, suggesting that the alkene metathesis with these complexes is prevented by kinetics. In

fact, the selected Fe(ll) species present a weak c-donating ligand trans to the olefin that is being
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released and although this is crucial for thermodynamically preventing the alkene cyclopropanation, it
is also well known that strongly undermines cycloreversion.®*°! Similarly, the Fe(0) LyFe=CH; carbenes
are formally 18 electron complexes and thus, olefin coordination is strongly compromised. In this
context, the use of labile ligands, which would coordinate to the metal in the carbene and the
metallacyclobutane to stabilize the singlet state but that could decoordinate during the metathesis
process without a large energy cost could potentially be a good strategy for the two types of

complexes.

Conclusions

Alkene metathesis is an important reaction in organic synthesis, which is typically catalyzed
by d° and Ru based metal carbenes. However, the substitution of Mo, W or Ru with most
abundant and less toxic first row transition metal complexes is a desirable goal, iron being of
particular interest. Here, DFT (OPBE)-D2 calculations were used to analyze the influence of
ancillary ligands, coordination around the metal center and the iron formal oxidation state on
the multiplicity of the carbene ground state and its reactivity towards olefins. Special attention
was devoted to the competition between alkene metathesis and the usually easier alkene
cyclopropanation reaction. For that, several complexes based on ligands already used in the
synthesis of iron complexes as well as other ones designed in-silico for covering borderline
cases have been considered. In each case, the singlet, triplet and quintet spin states have been

computed for reactants, products and metallacyclobutane intermediate.

Results show that the addition of o-donating ligands leads to a singlet ground state for the
iron carbene. However, when the carbene has a formally Fe(ll) metal center’ the addition of
c-donating ligands is not sufficient for achieving a singlet metallacyclobutane intermediate.

This arises from the fact that the metal center in the metallacyclobutane (formally Fe(IV)) has
28



only four d electrons and the ground state of a high field ideal octahedron is the triplet one.
Therefore, only in the presence of ligands characterized by very different c-donating abilities,
the metallacyclobutane can be found in a singlet ground state. Complexes with weak o-
donating ligands trans to the carbene are of particular interest, since they present a singlet
ground state both for the carbene and the metallacycle and the cyclopropanation is less
favorable than metathesis. Besides, iron reduction to formally Fe(0) in the carbene also leads
to singlet ground state both for the carbene and the metallacyclobutane intermediate and
destabilizes the alkene cyclopropanation at least in the singlet state. In fact, the resulting
thermodynamics for methathesis and cyclopropanation of some of the LsFe(0)=CH; carbene
species considered here are close to those of the efficient Grubbs second generation catalyst.
Regrettably, the energy barriers for olefin metathesis of most promising candidates are higher
than those for cyclopropanation. This is attributed to the fact that the suitable Fe(ll) has a too
weak c-donating ligand trans to the olefin that is being released in the cycloreversion step
and that the LsFe(0)=CH. complexes are formally eighteen electron complexes and thus, the
alkene coordination to them is unfavorable. In this way, the potential use of labile ligands
could be of interest since their coordination could stabilize the carbene and the
metallacyclobutane singlet state. However, an easy decoordination of this ligand could allow
the cycloaddition process to occur. Overall, the here reported data and that reported
previously by us on tetracoordinated complexes** suggests that there are no general rules for
obtaining an in-silico designed iron carbene complex with the appropriate preference for
alkene metathesis. In fact, the role of the ancillary ligands appears to be strongly related to

the coordination number and the formal metal oxidation state.
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