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A B S T R A C T

In this study we analyzed the mechanism of [2+2] cycloaddition and cycloreversion reactions
between trichlorovinylsilane and one first–generation Grubbs model catalyst M1 with a P(Me)3
ligand and two second– generation Grubbs model catalysts M2 with an N–heterocyclic carbene
(NHC) ligand and M3 with a 2,5-di–methyl–NHC ligand. As a mechanistic tool we applied the
Unified Reaction Valley Approach (URVA), based on reaction path calculations performed at the
B3LYP/6–31G(d,p)/SDD(Ru) level of theory. In addition, for all stationary points of these reac-
tions we performed a Local Mode Analysis (LMA) and QTAIM analysis of the electron density
at the B3LYP/6–31G(d,p)/NESC/Jorge–TZP(Ru) and DLPNO–CCSD(T)/def2–TZVP/ECP(Ru)
levels of theory. In all reactions investigated in this work four target bonds play a key role, either
being formed and/or broken or changing from double to single bonds and vice versa during the
catalytic process. As revealed by the URVA analysis in the cycloaddition reactions the bond
forming events leading to the intermediate metallacyclobutane occur in a concerted fashion af-
ter the transition state (TS), i.e. this process does not contribute to the energy barrier. The bond
breaking events of the following cycloreversion reactions transforming the intermediate into to
final product are also concerted, however they occur before the TS, i.e. this process contributes
to the barrier height. In this way URVA rationalizes why all cycloaddition reactions have a lower
activation energies than their cycloreversion counterparts. According to our results, M3 is the
most e�ective model catalyst. Its activity is related to a strong stabilization of the metallacy-
clobutane intermediate and specific interactions between the reacting species and the methyl
hydrogen atoms of the 2,5–di–methyl-NHC ligand of the catalyst . Based on LMA, we could
also quantify the important role of a 4–center–2–electron ↵,�–(CCC) agostic interaction in the
metallacyclobutane intermediate donating electron density to the Ru coordination center and fa-
cilitating the CC bond cleavage of the ring-opening cycloreversion step, lowering in this way the
energy barrier. Overall, the new mechanistic details obtained with the URVA and LMA anal-
ysis can serve as a roadmap for the optimization of current and the future design of the next
generations of Grubbs catalysts and beyond.
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1. Introduction
Ru olefin metathesis complexes, known as first, second, and third–generation Grubbs catalysts and Hoveyda-

Grubbs catalysts have become over the past decades one of the most prominent catalysts used for formation of new
CC bonds [1–13]. A recent review of Jawiczuk at al. [14] gives a comprehensive summary of 30 years of Ru olefine
metathesis and its use as a popular synthetic tool in academia and industry, ranging from pharmaceutical sciences
[15–19] to petrochemical production [20–22]. The generally accepted mechanism of the olefin metathesis cycle [23]
starts from a 16–electron alkylidene Ru(II) complex, which after dissociation of one ligand transforms into the active
14–electron form of the catalyst. The olefin binds to the active Ru-complex and undergoes a [2+2] cycloaddition
reaction leading to an intermediate metallacyclobutane. The next step of the metathesis is the cycloreversion of the
intermediate generating the new alkene and alkylidene. The pioneering work of Herisson and Chauvin [23] initiated
numerous theoretical investigation over the past (see for example Ref.s [24–59, 14, 60]), which have contributed to our
understanding of how structural and electronic features of a Ru-complex are coupled to its metathesis route, and have
led to suggestion how to improve the turnover numbers of current catalysts in use. However, because of the complexity
of the metathesis reaction, there are still numerous open questions.
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Figure 1: First and second–generation Grubbs catalysts GI and GII and the active form of three catalyst models (M1, M2,
and M3) used in our study. Only selected hydrogen atoms are indicated.

The first–generation Grubbs catalyst (GI) dichloro(benzylidene)bis(tricyclohexylphosphine)ruthenium(II) has two
tricyclohexylphosphine (P(Cy)3) ligands coordinated to the central Ru(II) atom in apical position to the equatorial
((Cl)2Ru**CHPh) base (see Figure 1). The catalytic activity of GI was originally attributed to a strong � donation
from the P(Cy)3 ligands to the metal center leading to the dissociation of one of the P(Cy)3 ligands and resulting in the
active 14–electron form of the catalyst [11, 1, 26]. In the second–generation catalyst (GII) dichloro[1,3-bis(2,4,6-
trimethylphenyl)-2-imidazolidinylidene](benzylidene)(tricyclohexylphosphine)ruthenium(II) one of the P(Cy)3 lig-
ands is replaced with an N–heterocyclic carbene ligand (NHC), which is significantly bulkier than the trialkylphosphine
(see Figure 1). Although NHC is a strong �–electron donor, K–edge X–ray absorption spectroscopy has revealed that
NHC ligation overall decreases electron density on the Ru center [61], which was supported by energy decompo-
sition analyses [62, 60], showing that the interaction between NHC and the metal is due to both, �–donation and
⇡–back–donation e�ects. GII catalysts with an NHC ligand are generally showing higher catalytic activity than the
GI bisphosphine complexes. They are more stable and inert while o�ering the possibility of steric and electronic
modifications through substitutions of the NHC ligand [8, 9, 4, 2, 63, 64]. Modifications of NHC in complexes with
di�erent transition metals lead in the literature to formulation of descriptors analyzing the role of steric and electronic
e�ects of this ligand [65], such as the buried volume [66], the extended Tolman electronic parameter [67–70], the
ligand knowledge base [71, 72] and the molecular electrostatic potential [73]. The multivariate QSAR model derived
from DFT calculations [74] provided a set of molecular descriptors for Grubbs catalysts, showing importance of the
electronic e�ect described by a Wiberg bond index [75] and a � bond order for the RuC bond, and the steric repulsion
of the NHC ligand with alkylidene. Although, the improved catalytic activity of the second–generation catalysts seem
to underly in the larger �–donor and weaker ⇡–acceptor properties of an NHC ligand compared to that of a phosphine
ligand [62, 76], a more comprehensive explanation of the di�erent catalytic activities of GI and GII catalysts, is still
under dispute [77–80, 1, 26, 46, 49] and has to be further investigated.

Our work focused on exploring the mechanistic details of the [2+2] cycloaddition of the metathesis followed by
the cycloreversion reaction, which according to pervious experimental observations [81] and DFT calculations [50] is
the rate–determining steps of the entire metathesis cycle. We chose the reaction between trichlorovinylsilane and the
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three Grubbs catalyst models M1 - M3 shown in Figure 1. Model M1 mimics Grubbs catalyst GI and models M2 and
M3 mimic Grubbs catalyst GII.
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Figure 2: Different types of agostic bonding.

For both the first and second–generation Grubbs catalysts, the formation of a stable metallacyclobutane inter-
mediate is a key element of the catalytic process, which is not fully understood yet. It has been suggested that the
metallacyclobutane benefits from of a specific 4–center–2–electron interaction, coined ↵,�–(CCC) agostic bond with
the metal [82, 83], which donates �–electron density to the Ru center increasing the total electron density of the 16–
electron Ru core [25, 28]. It has been further suggested that this interaction mimics ↵ and � agostic hydrogen-bonding
as sketched in Figure 2. Therefore, the investigation of the intermediate metallacyclobutane and the assessment of the
proposed ↵,�–(CCC) agostic metal-bonding was one particular focus of our study.
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Figure 3: Molecular sketches of the reaction R1 – R12 investigated in our study. Only selected hydrogen atoms are
indicated. For energetics see also Table 1.

Figure 3 summarizes all reactions investigated in this work. We investigated 6 di�erent [2+2] cycloaddition and
corresponding cycloreversion reactions resulting in a total of 12 reactions labelled as (R1 – R12). The 6 metallacy-
clobutane intermediates are labelled as (2, 5, 8, 11, 14, and 17). Reactions R1 – R4 describe the cycloaddition of
trichlorovinylsilane to GI model M1 accounting for the two di�erent positions of the trichlorosilane substituent; reac-
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tions R5 – R8 describe the cycloaddition of trichlorovinylsilane to GII model M2 and reactions R9 – R12 describe
the addition of trichlorovinylsilane to GII model M3, respectively.

2. Methodology
As a tool to shed more light into the details of the metathesis reactions we applied the Unified Reaction Valley

Approach (URVA) [84], which provides comprehensive mechanistic information about a chemical reaction based on
the curving of the reaction path [85–90] traced by the reaction compounds, i.e. the reaction complex on the potential
energy surface (PES) from reactants, through transition state (TS) to products. Substantial changes in the reaction
path curvature reflect important electronic and geometrical changes of the reaction complex, including bond cleavage,
bond formation, charge polarization and transfer, rehybridization, etc. [84]. The scalar reaction curvature displayed
as a function of the reaction coordinate provides a wealth of information. Curvature maxima indicate that substan-
tial changes of the reaction complex are taking place, and curvature minima characterize a location on the reaction
path were the reaction complex is preparing for a di�erent chemical event [85, 88, 89, 91–95], allowing to divide
the reaction into chemically meaningful reaction phases [86, 88]. The scalar reaction curvature is decomposed into
internal components such as bond lengths, bond angles, dihedrals, etc. clarifying which internal parameters dominate
a particular chemical event [85, 86]. If the contribution of a component has a positive sign, it supports the particular
chemical event whereas a negative sign shows a resisting nature. URVA has provided new mechanistic insights into a
variety of di�erent chemical reactions, including the Diels-Alder reaction [96], cycloaddition to 1,3–dipoles [97, 98];
pseudopericyclic reactions [99], �–hydride elimination in Au complexes [100], Au assisted [3,3]–sigmatropic rear-
rangement [101], hydrogen release from water with borane and alane catalysts [102], the Claisen rearrangement of
chorismate in the gas phase, water solution, and in Chorismate Mutase [103], and a hand-in-hand URVA and QTAIM
Approach [104], just to name a few. Reaction path curvature profiles were complemented by the analysis of changes
in the NBO charges [105–108] along the reaction path.

The URVA study was complemented by a comprehensive analysis of all stationary points; in particular the assess-
ment of the bond strength of all target bonds via local vibrational mode force constants obtained from the Local Mode

Analysis (LMA) [109]. The theoretical background of LMA, originally proposed by Konkoli and Cremer [110–114]
can be found in Ref. [109]. LMAs have a number of special properties. Zou, Kraka, Cremer et al. verified the unique-
ness of LMAs via an adiabatic connection scheme between local and normal vibrational modes [115]. In contrast to
normal mode force constants, local mode force constants have the advantage of not being dependent of the choice of
the coordinates used to describe the target molecule and in contrast to vibrational frequencies they are independent
of the atomic masses. They are of high sensitivity to electronic structure di�erences (e.g., caused by changing a sub-
stituent) [109] and they directly reflect the intrinsic strength of a bond or weak chemical interaction as shown by Zou
and Cremer [116]. LMA has been successfully applied to characterize covalent bonds [117–120, 116, 121–123] halo-
gen bonds [124–128], chalcogen bonds [129–131], pnicogen bonds [132–134], and tetrel interactions [135] as well
as H–bonding [136–142]. The LMA analysis was complemented with the analysis of the electron density using the
quantum theory of atoms–in–molecule (QTAIM) [143, 144].

3. Computational Details
All 12 reactions of our study were analyzed with the following computational methods. As reaction path for

each reaction we chose Fukui’s intrinsic reaction coordinate path (IRC) [145] which was followed with the modified
predictor-corrector method of Hratchian and Kraka[146] (step-size: 0.03 amu1_2Bohr; tight geometry optimization
convergence criterion) at the B3LYP/6–31G(d,p)/SDD(Ru) level of theory [147–150]. SDD is the abbreviation of
the Stuttgart–Dresden e�ective core potential, which is a quasi-relativistic ab initio pseudopotential substituting the
M(Z–28)+–core orbitals of the second row transition elements, used together with the corresponding optimized GTO
valence basis set and with the corresponding spin–orbit coupling operator [150]. All IRC calculations were performed
with the Gaussian 16 package [151]. Geometries of all stationary points were reoptimized using the B3LYP/6–
31G(d,p)/NESC/Jorge–TZP–DKH(Ru) level of theory [152]. The normalized elimination of the small component
method NESC is an exact two–component relativistic method originally introduced by Dyall [153, 154]. In a series
of previous publications [155–162], we report our NESC implementations with analytic gradients [163, 164] and an-
alytic Hessians [165], which makes it possible to routinely carry out all–electron relativistic calculations for large
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molecules with heavy atoms.These geometry optimizations were followed by single point energy point calculations at
the DLPNO-CCSD(T)/def2–TZVP/ECP(Ru) [166, 167] level of theory with ORCA [168], using the optimal geome-
tries from the B3LYP/6–31G(d,p)/NESC/Jorge–TZP–DKH(Ru) calculations. The URVA analysis of all reaction paths
was performed with the COLOGNE package [169], and atomic charges were calculated using the NBO6 program
[105].

Local vibrational modes and corresponding local mode force constants ka at all stationary points were calculated
using the LmodeA program [170]. Local mode force constants ka of selected bonds can be transformed into bond
strength orders (BSO) using a power relationship [89, 117]: BSO = A < (ka)B; where the constants A and B are
determined by two reference molecules with known BSO and ka values and the requirement that for a zero-force
constant BSO becomes zero. For RuC bonds we chose as references the axial RuC bond of the CH3 ligand in the
[(NHC)Cl2(CH3)Ru–CH3] ruthenium complex and the RuC double bond in the [(NHC)Cl2Ru=CH2] ruthenium com-
plex. Based on the corresponding Mayer bond orders [171–173] of 1.072 and 1.870 and corresponding ka values of
2.240 and 4.947 mDyn/Å calculated at the B3LYP/6–31G(d,p)/NESC/Jorge–TZP–DKH(Ru) level the power relation-
ship constants for the RuC bonds are A = 0.6085 and B = 0.7023. For CC single and double bonds we chose C2H6
and C2H4 as references calculated at the the B3LYP/6–31G(d,p) level of theory. Based on BSO values of 1 and 2 and
the corresponding ka values of 4.157 and 9.899 mDyn/Å the power relationship constants for the CC bonds are A =
0.3204 and B = 0.7989. Bond strength orders BSO as a function of the local mode force constants ka for reactions R1
– R12 are shown in Figures 10 – 12 of the Appendix.

Electron density ⇢(r) and energy density H(r) were assessed with the AIMALL software package [174, 144, 143].
The covalent nature of the bonds was characterized following the Cremer-Kraka criterion, which implies that covalent
bonding is characterized by a negative energy density, i.e., Hb < 0 at the bond critical point rb between the two atoms
forming the bond, whereas electrostatic interactions are indicated by positive energy density values, i.e., Hb > 0 [175–
177]. The Laplacian of the electron density and the bond paths connecting bond critical points were evaluated with
the AIMALL software package as well.

4. Results and Discussion
4.1. Energetics

Table 1 contains the energetics of reactions R1 – R12 investigated in our study at both the DFT and the CCSD(T)
levels of theory. Reactant and product data are based on the IRC end-points, i.e. ⇡–complexes of the Ru catalyst and
the corresponding trichlorovinylsilane or metallacyclobutane intermediates (see Figure 3). The following discussion
is based on the CCSD(T) free energies.

According to Table 1, the activation free energies Ga of the reactions R1 – R12 are in a range between of 2.4
and 17.1 kcal/mol, where the smallest Ga value of 2.4 kcal/mol is found for reaction R9 and the largest value 17.1
kcal/mol is found for reaction R10, both belonging to the same metathesis cycle. The same trend is observed for all
reactions investigated in our study showing that the first step, the [2+2] cycloaddition has a smaller activation free
energy than the second step, the cycloreversion reaction. The decreasing Ga values of 8.5, 6.0, and 2.4 kcal/mol
for the first step reactions R1, R5, and R9 respectively, display the e�ciencies of the di�erent Grubbs catalysts.
M3, the GII model with increased steric interactions shows best the performance. In comparison, the activation free
energies Ga of the corresponding cycloreversion steps R2, R6, and R10 are higher with values of 11.7, 12.8, and 17.1
kcal/mol, respectively. Furthermore, whereas for the [2+2] cycloaddition the barriers decrease from M1 to M3 for the
cycloreversion step the barrier decrease from M3 to M1. Similar trends hold for the [2+2] cycloaddition reactions R2,
R6, and R11, which activation free energies Ga of of 6.0, 4.3, and 5.6 kcal/mol respectively and their cylcoreversion
counterparts R4, R8, and R12 with Ga values of 9.4, 10.5, and 13.1 kcal/mol, respectively; i.e. for cycloaddition
reactions with a lower barrier the price to pay is a higher barrier for the following cycloreversion step. In summary,
we observe that second–generation Grubbs catalysts show larger catalytic e�ects than first–generation catalysts, which
can be increased via steric hinderance.

The formation of the intermediate metallacyclobutane intermediates 2, 8, and 14 changes from being slightly
endothermic to exothermic in the series M1, M2, and M3, as reflected by the corresponding reaction free energies GR
of 0.6, -1.3, and -12.2 kcal/mol for reactions R1, R5, and R9 respectively. A similar trend is found for reactions R3, R7,
and R11 with reaction free energies GR values of 2.6, 0.4, -6.7 kcal/mol, respectively; identifying metallacyclobutane
14 as the most stable intermediate. This is in agreement with previous calculations [24] and experiments showing that
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Table 1
Energetics (kcal/mol) of reactions R1 – R12 investigated in our study. Minimum geometries are calculated at
the B3LYP/6–31G(d,p)/NESC/Jorge–TZP–DKH(Ru) level of theory, followed by single energy point calcu-
lations at the DLPNO-CCSD(T)/def2–TZVP/ECP(Ru)//B3LYP/6–31G(d,p)/NESC/Jorge–TZP–DKH(Ru)
level of theory.

DFT CCSD(T)
Reaction

Ea ER Ha HR Ga GR Ea ER Ha HR Ga GR

R1 8.9 1.2 8.7 2.6 13.6 8.6 3.8 -6.8 3.7 -5.4 8.5 0.6
R2 10.4 -1.8 8.7 -3.4 8.6 -10.5 13.5 8.2 11.9 6.6 11.7 -0.5
R3 5.5 1.7 5.2 2.6 6.8 3.8 4.7 0.5 4.3 1.4 6.0 2.6
R4 9.1 -2.4 7.9 -3.0 7.9 -4.2 10.6 0.1 9.4 -0.5 9.4 -1.7
R5 10.4 1.9 9.6 2.8 10.6 4.3 8.2 -3.6 7.4 -2.8 8.5 -1.3
R6 10.1 2.1 8.4 0.5 8.3 -6.4 14.6 13.0 12.8 11.5 12.8 4.5
R7 5.3 0.7 5.0 1.8 6.4 2.6 3.2 -1.5 2.9 -0.4 4.3 0.4
R8 10.2 0.4 8.8 -0.2 9.0 -1.8 11.7 3.3 10.3 2.7 10.5 1.1
R9 3.5 -6.7 2.8 -5.7 2.5 -6.0 3.3 -12.9 2.6 -11.9 2.4 -12.2
R10 13.8 8.3 12.0 7.1 13.1 7.3 17.7 11.9 15.9 10.7 17.1 10.9
R11 3.9 -5.4 3.2 -4.4 3.6 -4.8 5.9 -7.3 5.2 -6.3 5.6 -6.7
R12 12.3 8.2 10.9 7.4 10.7 6.5 14.7 10.1 13.3 9.3 13.1 8.3

a metallacyclobutane of type 14 leads to the thermodynamically most stable to the final product [50, 81]. As expected,
the cycloreversion reactions starting from the metallacyclobutane intermediates show an opposite trend. Reactions R2,
R6, and R10 become more endothermic with reaction free energies GR of -0.5, 4.5, and 10.9 kcal/mol, respectively as
well as reactions R4, R8, and R12 with reaction free energies GR of -1.7, 1.1, and 8.3 kcal/mol, respectively. While the
energetics provide information about the overall catalytic e�ects, more details are obtained by an analysis of structure
and bonding of the stationary points, which is topic of the next section.

4.2. Stationary Points
As described in the computational details, all stationary points are based on the transition states (TS) and the

end–points of the IRC calculations. Reactants of the [2+2] cycloaddition step as well as the products of the retro-
cyclization reactions are (⇡ or van der Waals complexes) between the active form of the Grubbs catalyst and the
trichlorovinylsilane, the metallacyclobutanes are the products of [2+2] cycloaddition as well as the reactants of the
retro-cyclization reactions. As depicted in Figure 3, there are four specific bonds involved in the metathesis; in the [2+2]
cycloaddition step the RuC double bond (RuCa) of the active catalyst and the CC bond (CbCc) of trichlorovinylsilane
transform into a single bonds while a new RuC single bond (RuCc) and a new CC single bond (CaCb) are formed,
leading to the metallacyclobutane intermediate. In the following retro-cyclization step, the RuCc and the CaCb single
bonds of the intermediate transform into double bonds and the (RuCa) and (RuCb) bonds are broken. Therefore, the
central focus in this section is the LMA analysis and the electron density analysis of these target bonds. Table 2 presents
bond lengths, local mode parameters and the electron density parameters for these four target bonds at the stationary
points for reactions R1 and R2 with the catalyst M1. Because the product of R1 and the reactant of t R2 are identical
Table 2 reports only values for the TS and the product of reaction R2. The same applies for other reactions investigated
in this study, i.e. Tables 3 - 7.

According to Table 2, the strength of the CaCb bond is increasing from reactant 1, TS(1,2), to product 3 as reflected
by the corresponding BSO values of 0.01, 0.06, and 0.48, respectively. We also observe that the energy density Hb
becomes more negative, indicating on an increasing covalent character of this bond (Hb values are 0.0122 and -0.1483
Hartree/Bohr3, for TS and product, respectively; no CaCb bond critical point was found for the reactant). These
changes correlate with the changes in the bond length, which decreases (r values of 3.9879, 2.1941, and 1.5960 Å,
for reactant, TS, and product, respectively). Simultaneously, the new RuCc bond is emerging as reflected by the BSO
values (0.03, 0.72, and 1.18, respectively) and Hb values, which reflect a weak electrostatic interaction of 0.0002
Hartree/Bohr3 in reactant 1 and increasingly covalent interactions in TS(1,2) and product 3 ( -0.0409, and -0.0719
Hartree/Bohr3, respectively). The distance between Ca and Cb becomes smaller ( r values of 3.3223, 2.1135, and
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Table 2
Bond length r, local mode force constant ka, local mode frequency !a, bond strength
order BSO, electron density ⇢ at the bond critical point, energy density H⇢ at the bond
critical point, for reactions R1 and R2. For bond labeling see Figure 3. B3LYP/6–
31G(d,p)/NESC/Jorge–TZP–DKH(Ru) level of theory.

r ka !a BSO ⇢ H⇢
Reaction/ Bond
Stat. point Å mDyn/Å cm*1 e/Bohr3 Hartree/Bohr3

R1
1 RuCa 1.8006 4.534 846.60 1.76 0.2125 -0.1232
TS(1,2) RuCa 1.8617 4.158 810.77 1.66 0.1878 -0.0990
2 RuCa 1.9826 2.217 591.97 1.06 0.1455 -0.0694
1 CaCb 3.9879 0.021 76.40 0.01 - -
TS(1,2) CaCb 2.1941 0.121 185.11 0.06 0.0659 -0.0122
2 CaCb 1.5960 1.664 686.11 0.48 0.2060 -0.1483
1 CbCc 1.3414 8.971 1593.05 1.85 0.3385 -0.3759
TS(1,2) CbCc 1.4343 3.879 1047.55 0.95 0.2840 -0.2673
2 CbCc 1.5893 1.876 728.40 0.53 0.2075 -0.1508
1 RuCc 3.3223 0.013 45.58 0.03 0.0128 0.0002
TS(1,2) RuCc 2.1135 1.279 449.72 0.72 0.1044 -0.0409
2 RuCc 1.9629 2.562 636.44 1.18 0.1497 -0.0719

R2
TS(2,3) RuCa 2.1466 1.002 398.07 0.61 0.0992 -0.0382
3 RuCa 4.3823 0.017 52.58 0.03 - -
TS(2,3) CaCb 1.4288 4.561 1135.84 1.08 0.2888 -0.2742
3 CaCb 1.3443 8.974 1593.29 1.85 0.3379 -0.3745
TS(2,3) CbCc 2.2560 0.208 242.35 0.09 0.0607 -0.0095
3 CbCc 4.5801 0.015 65.27 0.01 - -
TS(2,3) RuCc 1.8360 4.515 844.87 1.75 0.1968 -0.1075
3 RuCc 1.7989 4.904 880.46 1.86 0.2121 -0.1243

1.9629 Å, respectively). The numbers in Table 2 also reflect the transformation of the RuCa and CbCc double bonds
into single bonds of the metallacyclobutane intermediate 2; BSO values of the RuCa bond change from 1.76, 1.66,
to 1.06, Hb becomes less negative (-0.1232, -0.0990, and -0.0694 Hartree/Bohr3, respectively) and the bond length
increases r value of 1.8006, 1.8617, and 1.9826 Å, respectively). The BSO values of the bond CbCc decrease from
1.85, 0.95, to 0.53, respectively, Hb becomes less negative ( -0.3759, -0.2673, and -0.1508 Hartree/Bohr3), and the CC
bond length increases (r = 1.3414, 1.4343, and 1.5893 Å, respectively). It is interesting to notice that the BSO value
of the CbCc bond in 2 is smaller than 1.0, which indicates that this bond is weaker than the single CC bond in ethane,
the same holds for the newly formed CaCb bond. RuCa and RuCc bonds have BSO values close to reference value of
1.072 in the intermediate 2, indicating their single bond character.

In reaction R2 the RuCa and CbCc bonds are cleaved and intermediate 2 transforms into the final product 3. The
strength of the bond RuCa is decreasing (BSO values are 1.06, 0.61, and 0.03, for 2, TS(2,3) and 3 respectively),
Hb becomes less negative (the Hb values are -0.0694 and -0.0382 Hartree/Bohr3, respectively; no RuCa bond critical
point was found for 3). The RuCa bond length increases ( r values of 1.9826, 2.1466, and 4.3823 Å, respectively).
The strength of the bond CbCc becomes smaller in this series (BSO values of 0.53, 0.09, and 0.01, respectively),
Hb becomes less negative (-0.1508 and -0.0095 Hartree/Bohr3, respectively, without a bond critical point for 3), and
the bond length r increases (r value of 1.5893, 2.2560, and 4.5801 Å, respectively). The CaCb and RuCc bonds are
changing their character from single double bonds. The strength of the CaCb bond increases (BSO values of 0.48,
1.08, and 1.85, respectively), Hb becomes more negative (Hb values are -0.1483, -0.2742, and -0.3745 Hartree/Bohr3,
respectively), the bond length decreases ( r value of 1.5960, 1.4288, and 1.3443 Å, respectively). Similarly, the strength
of the RuCc bond increases (BSO values are 1.18, 1.75, and 1.86, respectively), H⇢becomes more negative (Hb values
of -0.0719, -0.1075, and -0.1243 Hartree/Bohr3, respectively) and the corresponding bond length decreases (r value

Marek Freindorf et al.: Preprint submitted to Elsevier Page 7 of 34



Looking behind the scenes of Grubbs catalysis with the Unified Reaction Valley Approach

of 1.9629, 1.8360, and 1.7989 Å, respectively).
Reactions R3 and R4 are similar to reactions R1 and R2, however the ethylidine group and trichlorovinylsilane in

reactions R3 and R4 are in an opposite orientation. In reaction R3 the bond CaCb is formed, and according to Table
3 the strength of this bond is increasing in the same series (the BSO values of 0.15, 0.05, and 0.37, respectively), the
energy density Hb becomes more negative (thevalues of -0.0185 and -0.1470 Hartree/Bohr3, without a bond critical
point for the reactant), and the bond length is decreasing (the r value of 2.9184, 2.1014, and 1.6295 Å, respectively).
Similarly, the RuCc bond in R3 is formed, the strength of this bond is increasing (the BSO values of 0.45, 0.67,
and 1.09, respectively), the energy density becomes more negative (the H⇢ values of -0.0191, -0.0394, and -0.0670
Hartree/Bohr3, respectively), and the bond length is decreasing (the r value of 2.2952, 2.1154, and 1.9738 Å, respec-
tively). The RuCa bond is changing from a double to a single bond in the intermediate 5, which is confirmed by the
decreasing strength of this bond (the BSO values of 1.72, 1.57, and 1.09, respectively), the energy density becomes less
negative (the H⇢ values of -0.1103, -0.0974, and -0.0746 Hartree/Bohr3, respectively), and the bond length becomes
larger (the r value of 1.8259, 1.8648, and 1.9575 Å, respectively). Similarly, the CbCc bond is changing its character
from a double to a single bond. The strength of this bond becomes smaller (the BSO values of 1.36, 0.82, and 0.51,
respectively), the energy density becomes less negative (the H⇢ values of -0.3181, -0.2658, and -0.1597 Hartree/Bohr3,
respectively), and the bond length becomes larger (the r value of 1.3857, 1.4345, and 1.5708 Å, respectively).

Table 3
Bond length r, local mode force constant ka, local mode frequency !a, bond strength
order BSO, electron density ⇢ at the bond critical point, energy density H⇢ at the bond
critical point, for reactions R3 and R4. For bond labeling see Figure 3. B3LYP/6–
31G(d,p)/NESC/Jorge–TZP–DKH(Ru) level of theory.

r ka !a BSO ⇢ H⇢
Reaction/ Bond
Stat. point Å mDyn/Å cm*1 e/Bohr3 Hartree/Bohr3

R3
4 RuCa 1.8259 4.393 833.36 1.72 0.2008 -0.1103
TS(4,5) RuCa 1.8648 3.852 780.39 1.57 0.1857 -0.0974
5 RuCa 1.9575 2.284 600.88 1.09 0.1517 -0.0746
4 CaCb 2.9184 0.377 326.58 0.15 - -
TS(4,5) CaCb 2.1014 0.092 161.21 0.05 0.0756 -0.0185
5 CaCb 1.6295 1.187 579.40 0.37 0.1923 -0.1317
4 CbCc 1.3857 6.086 1312.08 1.36 0.3114 -0.3181
TS(4,5) CbCc 1.4345 3.242 957.59 0.82 0.2838 -0.2658
5 CbCc 1.5708 1.796 712.74 0.51 0.2149 -0.1597
4 RuCc 2.2952 0.628 315.12 0.45 0.0712 -0.0191
TS(4,5) RuCc 2.1154 1.141 424.71 0.67 0.1035 -0.0394
5 RuCc 1.9738 2.274 599.54 1.09 0.1432 -0.0670

R4
TS(5,6) RuCa 2.1641 0.718 336.88 0.48 0.0954 -0.0355
6 RuCa 2.5322 0.193 174.64 0.19 0.0462 -0.0066
TS(5,6) CaCb 1.4220 4.005 1064.42 0.97 0.2960 -0.2869
6 CaCb 1.3591 7.769 1482.45 1.65 0.3326 -0.3602
TS(5,6) CbCc 2.1830 0.148 204.69 0.07 0.0648 -0.0124
6 CbCc 3.1220 0.161 213.21 0.07 - -
TS(5,6) RuCc 1.8421 4.092 804.29 1.64 0.1915 -0.1029
6 RuCc 1.8315 4.291 823.62 1.69 0.1958 -0.1071

In reaction R4 the RuCa and CbCc bonds are cleaved, similar as in reaction R2. The strength of the RuCa bond
in reaction R4 is decreasing (the BSO values of 1.09, 0.48, and 0.19, respectively), the energy density becomes less
negative (theH⇢ values of -0.0746, -0.0355, and -0.0066 Hartree/Bohr3, respectively), and the bond length is increasing
(the r value of 1.9575, 2.1641, and 2.5322 Å, respectively). The strength of the breaking CbCc bond in R4, in decreasing
(the BSO values of 0.51, 0.07, and 0.07, respectively), the energy density becomes less negative (the H⇢ values of -
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0.1597 and -0.0124 Hartree/Bohr3, respectively, without a bond critical point for the product), and the bond length is
increasing (the r value of 1.5708, 2.1830, and 3.1220 Å, respectively). The CaCb bond becomes a double bond in the
final product 6. The strength of this bond is increasing (the BSO values of 0.37, 0.97, and 1.65, respectively), the energy
density become more negative (the H⇢ values of -0.1317, -0.2869, and -0.3602 Hartree/Bohr3, respectively), and the
bond length is decreasing (the r value of 1.6295, 1.4220, and 1.3591 Å, respectively). Similarly, the RuCc bond is
changing its character into a double bond, which is confirmed by the increasing strength (the BSO values of 1.09, 1.64,
and 1.69, respectively), the decreasing energy density (the H⇢ values of -0.0670, -0.1029, and -0.1071 Hartree/Bohr3,
respectively), and the decreasing bond length (the r value of 1.9738, 1.8421, and 1.8315 Å, respectively). Overall, in
reactions R1 – R4 with the M1 catalyst, the change of the strength of the formed and cleaved bonds correlates with
the change of the covalent character of these bonds, and the change of the bond lengths.

2.26 3.49 1.72

1 32

(a)

2.44 0.00

65

0.78

4

(b)

Figure 4: Contour map of the Laplacian of the electron density in the plane involving the Ru atom and selected two C atoms
of the trichlorovinylsilane and ethylidene ligands; a) Molecules 1, 2, and 3 of reactions R1 and R2; b) Molecules 4, 5, and
6 of reactions R3 and R4. Blue lines correspond to positive Laplacian values (charge depletion), and red lines to negative
Laplacian values (charge concentration). Relation paths and critical points involving Cl and H atoms are not shown for
clarity. The numbers above the contours show the relative energy in kcal/mol. B3LYP/6–31G(d,p)/NESC/Jorge–TZP–
DKH(Ru) level of theory.

Reactions R1 and R3 are similar. Both reactions form metallacyclobutane intermediates, i.e. 2 and 5 respectively.
The only di�erence between these reactions is a relative position of the reactants. According to Table 1 the activation
free energy of reaction R1 is larger than the activation free energy of reaction R3 (the Ga value of 8.5 and 6.0 kcal/mol,
respectively). The larger activation free energy in R1 can be related to a larger strength of all four bonds involved in
formation of the intermediate 2 for the reactant and the TS. Therefore we have calculated the sum of the bond strengths
for the all four bonds involved in the metallacyclobutane ring (RuCa, CaCb, CbCc , and RuCc) for the reactant and the
TS of R1, and we found that the total bond strength of the forming cyclobutane ring in R1 is larger than that in R3
(sum of BSO values: 7.04 and 6.78, respectively). A similar correlation between the activation free energy and the
total strengths of the four ring bonds is found for reactions R2 and R4. The activation free energy of reaction R2 is
larger than in reaction R4 (Ga value of 11.7 and 9.4 kcal/mol, respectively), and the total bond strength of the forming
cyclobutane ring in R2 is larger than in R4 (sum of BSO values: 6.78 and 6.21, respectively).

Figure 4 shows contour maps of the Laplacian of the electron density in the plane defined by the Ru atom and
two selected C atoms of the trichlorovinylsilane and ethylidene ligands for the reactants and products of reactions R1
– R4. According to Figure 4 the most stable molecule in this series is the final product 6 of reaction R4, where the
threechlorosilane group is located at the opposite side relative to the ethylidene group. There are two bond paths with
two bond critical points for 6 between Ca and Ru, and between Cb and Ru. There is also in 6 a ring critical point
involving these three atoms. The reactant 4 of the reaction R3 is less stable than 6 (the relative DFT energy value of
0.78 kcal/mol) and there are also two bond paths with bond critical points between Cb and Ru, and between Cc and
Ru, as well as a ring critical point involving these atoms. The intermediate 5 of reactions R3 and R4 is less stable than
intermediate 2 (relative DFT energy value of 2.44 kcal/mol) but it has also two bond paths and bond critical points
between Ca and Ru, and between Cc and Ru, as well as a ring critical point involving the Ru Ca, Cb, and Cc atoms.
Reactions R1 and R2 involve the threechlorosilane group at the same position relative to the ethylidene group, and
according to Figure 4 the reactants and products are generally less stable than the corresponding reactants and products
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Table 4
Bond length r, local mode force constant ka, local mode frequency !a, bond strength
order BSO, electron density ⇢ at the bond critical point, energy density H⇢ at the bond
critical point, for reactions R5 and R6. For bond labeling see Figure 3. B3LYP/6–
31G(d,p)/NESC/Jorge–TZP–DKH(Ru) level of theory.

r ka !a BSO ⇢ H⇢
Reaction/ Bond
Stat. point Å mDyn/Å cm*1 e/Bohr3 Hartree/Bohr3

R5
7 RuCa 1.8217 4.538 847.00 1.76 0.2028 -0.1131
TS(7,8) RuCa 1.8604 4.112 806.28 1.64 0.1887 -0.0997
8 RuCa 1.9808 2.282 600.61 1.09 0.1455 -0.0697
7 CaCb 3.0118 0.333 306.96 0.13 - -
TS(7,8) CaCb 2.2492 0.156 210.05 0.07 0.0616 -0.0097
8 CaCb 1.5986 1.673 687.93 0.48 0.2050 -0.1470
7 CbCc 1.3793 6.599 1366.24 1.45 0.3147 -0.3254
TS(7,8) CbCc 1.4324 4.111 1078.33 0.99 0.2850 -0.2686
8 CbCc 1.5891 1.915 736.02 0.54 0.2080 -0.1512
7 RuCc 2.3268 0.526 288.44 0.39 0.0670 -0.0178
TS(7,8) RuCc 2.1086 1.303 453.89 0.73 0.1061 -0.0423
8 RuCc 1.9643 2.556 635.66 1.18 0.1493 -0.0721

R6
TS(8,9) RuCa 2.1455 1.018 401.12 0.62 0.0998 -0.0388
9 RuCa 4.2322 0.017 52.35 0.03 - -
TS(8,9) CaCb 1.4263 4.616 1142.67 1.09 0.2899 -0.2761
9 CaCb 1.3446 8.946 1590.76 1.84 0.3377 -0.3741
TS(8,9) CbCc 2.2939 0.230 255.09 0.10 0.0580 -0.0083
9 CbCc 4.5585 0.015 65.16 0.01 - -
TS(8,9) RuCc 1.8347 4.530 846.31 1.76 0.1977 -0.1084
9 RuCc 1.7969 4.952 884.78 1.87 0.2136 -0.1261

of reactions R3 and R4. We also observed that, except for intermediate 2, reactants and products of reactions R1 and
R2 do not have bond paths between the carbon atoms and Ru. However in 1, there is a weak bond path between Cc
and Ru, which according to Table 2 also shows a bond critical point with a small positive energy density value (H⇢
value of 0.0002 Hartree/Bohr3), indicating on a more electrostatic character of this interaction. Generally, according
to Figure 4, the opposite orientation of the trichlorosilane group relative to the ethylidene group leads to more stable
reactants and products in reactions R3 and R4, which also according to Table 1 correlates with smaller activation free
energies (tGa values of 8.5 and 11.7 kcal/mol, for reactions R1 and R2, and 6.0 and 9.4 kcal/mol, for reactions R3,
and R4, respectively).

The next reaction paths involve reactions R5 and R6, and the intermediate 8, which are catalyzed by catalyst model
M2. Table 4 presents the local mode and electron density parameters for the four target bonds in reactions R5 and R6.
The RuCa bond is monotonically changing its strength from a double bond in the reactant to a single bond in the product
(BSO values of 1.76, 1.64, and 1.09, respectively), in line with changing its covalent character (H⇢ values of -0.1131,
-0.0997, and -0.0697 Hartree/Bohr3, respectively), and with increasing bond length (r value of 1.8217, 1.8604, and
1.9808 Å, respectively). The CaCb bond is formed during this process, as reflected by the increasing BSO vales of 0.13,
0.07, and 0.48, respectively. Whereas there is no bond critical point for the reactant, there is a bond critical point for
TS and product with an increasing covalent character (H⇢ values of -0.0097 and -0.1470 Hartree/Bohr3, respectively),
also reflected by a decreasing bond length (r value of 3.0118, 2.2492, and 1.5986 Å, respectively). The CbCc bond,
which has more double character in the reactant, is changing into a weak single bond in the product with less covalent
character (BSO values of 1.45, 0.99, and 0.54; H⇢ values of -0.3254, 0.2686, and -0.1512 Hartree/Bohr3, respectively),
and increasing bond length (the r value of 1.3793, 1.4324, and 1.5891 Å, respectively). The RuCc bond is formed in
this reaction with a monotonic change of bond strength (BSO values of 0.39, 0.73, and 1.18, respectively), covalent
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character (H⇢ values of -0.0178, -0.0423, and -0.0721 Hartree/Bohr3, respectively), and bond length (the r value of
2.3268, 2.1086, and 1.9643 Å, respectively).

Reaction R6 starts from intermediate 8 and ends with the final product 9 breaking the RuCa and CbCc bonds.
The strength of the RuCa bond continuously decreases (BSO values of 1.09, 0.62, and 0.03, respectively), and its
covalent character becomes smaller with no bond critical point found for the product (H⇢ values of -0.0697 and -0.0388
Hartree/Bohr3, respectively), while its bond length is increasing (r value of 1.9808, 2.1455, and 4.2322 Å, respectively).
The CaCb bond transforms into a double bond in this reaction (BSO values of 0.48, 1.09, and 1.84, respectively)
with increasing covalent character (H⇢ values of -0.1470, -0.2761, and -0.3741 Hartree/Bohr3, respectively), and
decreasing bond length (the r value of 1.5986, 1.4263, and 1.3446 Å, respectively). The CbCc bond breaks (BSO
values of 0.54, 0.10, and 0.01, respectively) decreasing its covalent character from the reactant to the TS (H⇢ values
of -0.1512 and -0.0083 Hartree/Bohr3, respectively), and increasing its bond length (r value of 1.5891, 2.2939, and
4.5585 Å, respectively). The RuCc double bond forms with increasing strength (BSO values of 1.18, 1.75, and 1.87,
respectively), increasing covalent character (H⇢ values of -0.0721, -0.1084 and -0.1261 Hartree/Bohr3, respectively),
and decreasing bond length (r value of 1.9643, 1.8347, and 1.7969 Å, respectively).
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Figure 5: Contour maps of the Laplacian of the electron density in the plane defined by the Ru atom and two selected C
atoms of the trichlorovinylsilane and ethylidene ligands; a) Molecules 7, 8, and 9 of the reactions R5 and R6; b) Molecules
10, 11, and 12 of the reactions R7 and R8. Blue lines correspond to positive Laplacian values (charge depletion), and
red lines to negative Laplacian values (charge concentration). Relation paths and critical points involving Cl and H
atoms are not shown for clarity. The numbers above the contours show the relative energy in kcal/mol. B3LYP/6–
31G(d,p)/NESC/Jorge–TZP–DKH(Ru) level of theory.

The next path involves reactions R7 and R8, which have an opposite orientation of the chlorovinylsilane reactant
relative to the ethylidine group of the catalyst. Local mode and electron density parameters for these reactions are
shown in Table 5. The trend of changes in bond strength, covalent character, and bond length in these reaction paths
are quite similar as in the previous catalytic paths. In reaction R7, the RuCa bond is continuously decreasing its
strength (BSO values of 1.71, 1.55, and 1.11, respectively), its covalent character (H⇢ values of -0.1097, -0.0980 and
-0.0751 Hartree/Bohr3, respectively), in parallel with increasing bond length (r value of 1.8261, 1.8641, and 1.9585 Å,
respectively). The CaCb bond becomes stronger and more covalent (BSO values of 0.13, 0.05, and 0.39 respectively;
H⇢ values of -0.0177 and -0.1342 Hartree/Bohr3, respectively; without a bond critical point for the reactant), and
shorter (r value of 2.9544, 2.1141, and 1.6252 Å, respectively). TheCbCc bond becomes weaker (BSO values of 1.48,
0.87, and 0.52, respectively; H⇢ values of -0.3263, -0.2671, and -0.1583 Hartree/Bohr3, respectively), and longer (r
value of 1.3785, 1.4326, and 1.5737 Å, respectively). The RuCc bond becomes stronger (the BSO values of 0.44, 0.69,
and 1.09, respectively; the H⇢ values of -0.0180, -0.0395, and -0.0672 Hartree/Bohr3, respectively), and shorter ( r
value of 2.3262, 2.1198, and 1.9755 Å, respectively). In reaction R8, the strength of the RuCa bond is decreasing (BSO
values of 1.11, 0.51, and 0.20, respectively; H⇢ values of -0.0751, -0.0361, and -0.0065 Hartree/Bohr3, respectively),
and the bond becomes longer (r value of 1.9585, 2.1624, and 2.5539 Å, respectively). At the same time, the strength
of the CaCb bond is increasing (BSO values of 0.39, 1.02, and 1.70, respectively; the H⇢ values of -0.1342, -0.2904,
and -0.3635 Hartree/Bohr3, respectively), with a decreasing bond length (r value of 1.6252, 1.4182, and 1.3562 Å,

Marek Freindorf et al.: Preprint submitted to Elsevier Page 11 of 34



Looking behind the scenes of Grubbs catalysis with the Unified Reaction Valley Approach

Table 5
Bond length r, local mode force constant ka, local mode frequency !a, bond strength
order BSO, electron density ⇢ at the bond critical point, energy density H⇢ at the bond
critical point, for reactions R7 and R8. For bond labeling see Figure 3. B3LYP/6–
31G(d,p)/NESC/Jorge–TZP–DKH(Ru) level of theory.

r ka !a BSO ⇢ H⇢
Reaction/ Bond
Stat. point Å mDyn/Å cm*1 e/Bohr3 Hartree/Bohr3

R7
10 RuCa 1.8261 4.347 829.00 1.71 0.2014 -0.1097
TS(10,11) RuCa 1.8641 3.781 773.17 1.55 0.1864 -0.0980
11 RuCa 1.9585 2.348 609.25 1.11 0.1520 -0.0751
10 CaCb 2.9544 0.311 296.46 0.13 - -
TS(10,11) CaCb 2.1141 0.097 166.02 0.05 0.0745 -0.0177
11 CaCb 1.6252 1.289 603.84 0.39 0.1946 -0.1342
10 CbCc 1.3785 6.777 1384.61 1.48 0.0598 -0.3263
TS(10,11) CbCc 1.4326 3.478 991.85 0.87 0.2847 -0.2671
11 CbCc 1.5737 1.842 721.87 0.52 0.2140 -0.1583
10 RuCc 2.3262 0.636 317.04 0.44 0.0669 -0.0180
TS(10,11) RuCc 2.1198 1.187 433.14 0.69 0.1031 -0.0395
11 RuCc 1.9755 2.308 604.06 1.09 0.1432 -0.0672

R8
TS(11,12) RuCa 2.1624 0.780 351.19 0.51 0.0960 -0.0361
12 RuCa 2.5539 0.207 180.71 0.20 0.0438 -0.0065
TS(11,12) CaCb 1.4182 4.260 1097.80 1.02 0.2979 -0.2904
12 CaCb 1.3562 8.103 1514.02 1.70 0.3339 -0.3635
TS(11,12) CbCc 2.2210 0.178 224.53 0.08 0.0616 -0.0105
12 CbCc 3.1760 0.151 206.67 0.07 - -
TS(11,12) RuCc 1.8401 4.155 810.48 1.65 0.1927 -0.1041
12 RuCc 1.8285 4.347 828.97 1.71 0.1973 -0.1087

respectively). The strength of the CbCc bond is decreasing (BSO values of 0.52, 0.08, and 0.07, respectively; H⇢ values
of -0.1583 and -0.0105 Hartree/Bohr3, respectively; without a bond critical point for the product), and its bond length is
increasing (r value of 1.5737, 2.2210, and 3.1760 Å, respectively). The strength of the RuCc bond is increasing (BSO
values of 1.09, 1.65, and 1.71, respectively; H⇢ values of -0.0672, -0.1041, and -0.1087 Hartree/Bohr3, respectively),
and the bond becomes shorter (r value of 1.9755, 1.8401, and 1.8285 Å, respectively). Generally, the changes of the
bond strength correlate well with the changes of the covalent character and the bond length for reactions R5 – R8.

As for reactions R1 – R4, we have calculated for he reactions R5 – R8 the total strength of the four target bonds
in the reactant and the TS, which are involved in the formation and cleavage of the metallacyclobutane intermediates
8 and 11. The bond strength of the four bonds forming the intermediate four-membered ring for reaction R5 is larger
than for reaction R7 (sum of BSO values: 7.17 and 6.91, respectively), which correlates with the activation free energy
of reactions R5 and R7 (Ga values of 8.5 and 4.3 kcal/mol, respectively). Similarly, the total bond strength of the four
metallacyclobutane ring bonds in reaction R6 is larger than that in reaction R8 (sum of BSO values: 6.86 and 6.38,
respectively), which also correlates with the activation free energies of reactions R6 and R8 (Ga values of 12.8 and
10.5 kcal/mol, respectively).

Figure 5 shows contour maps of the Laplacian of the electron density in the plane defined by the Ru atom and
two selected C atoms of the reactants and products of the reactions R5 – R8. According to Figure 5 the most stable
molecule in this series is the initial reactant 10 of the reaction R7, which has two bond paths with two bond critical
points between Cb and Ru, and between Cc and Ru, as well a ring critical point involving these three atoms. Similar
as in the corresponding reactions R3 and R4 with the catalyst M1, the reactants and the products of the reactions R7
and R8 with opposite orientation of threechorosilane and ethylinyne groups, are more stable than the corresponding
reactants and products of reactions R5 and R6 with the same group orientation. According to Figure 5 all reactants
and products of reactions R7 and R8 show bond paths and bond critical points between Ru and carbon atoms, which
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lead to their larger stabilization, and according to Table 1 to smaller activation barriers (Ga values of 8.5 and 12.8
kcal/mol, for reactions R5 and R6, and 4.3 and 10.5 kcal/mol, for reactions R7, and R8, respectively)

Reactions R9 – R12 are catalyzed by M3 where the hydrogen atoms of the NHC ligand are replaced by more bulky
methyl groups (see Figure 3). We found similar changes of the bond strength, the covalent character and the bond
length of the four target bonds RuCa, CaCb, CbCc , and RuCc as for the reactions catalyzed by M1 and M2, therefore
below we will discuss in more details only changes of the RuC bond of the reactions catalyzed by M3.

Table 6
Bond length r, local mode force constant ka, local mode frequency !a, bond strength
order BSO, electron density ⇢ at the bond critical point, energy density H⇢ at the bond
critical point, for reactions R9 and R10. For bond labeling see Figure 3. B3LYP/6–
31G(d,p)/NESC/Jorge–TZP–DKH(Ru) level of theory.

r ka !a BSO ⇢ H⇢
Reaction/ Bond
Stat. point Å mDyn/Å cm*1 e/Bohr3 Hartree/Bohr3

R9
13 RuCa 1.8345 4.262 820.83 1.68 0.1990 -0.1093
TS(13,14) RuCa 1.8501 4.178 812.69 1.66 0.1944 -0.1040
14 RuCa 1.9876 2.256 597.27 1.08 0.1437 -0.0684
13 CaCb 2.8755 0.231 255.53 0.10 - -
TS(13,14) CaCb 2.4215 0.139 198.52 0.07 - -
14 CaCb 1.5936 1.811 715.82 0.51 0.2076 -0.1500
13 CbCc 1.3731 6.829 1389.84 1.49 0.3187 -0.3337
TS(13,14) CbCc 1.4077 4.159 1084.60 1.00 0.2995 -0.2954
14 CbCc 1.5878 2.011 754.30 0.56 0.2087 -0.1521
13 RuCc 2.3376 0.408 253.93 0.32 0.0652 -0.0177
TS(13,14) RuCc 2.1719 0.633 316.42 0.44 0.0914 -0.0325
14 RuCc 1.9660 2.609 642.25 1.19 0.1490 -0.0718

R10
TS(14,15) RuCa 2.1770 0.851 366.88 0.54 0.0929 -0.0343
15 RuCa 2.2235 0.924 382.14 0.58 0.0885 -0.0306
TS(14,15) CaCb 1.4150 4.873 1174.12 1.14 0.2965 -0.2880
15 CaCb 1.4072 5.827 1283.82 1.31 0.3000 -0.2947
TS(14,15) CbCc 2.3898 0.170 219.10 0.08 - -
15 CbCc 3.0582 0.373 324.87 0.15 - -
TS(14,15) RuCc 1.8282 4.570 850.02 1.77 0.2006 -0.1111
15 RuCc 1.8000 5.045 893.04 1.90 0.2121 -0.1231

Local mode and electron density parameters for reactions R9 and R10 are shown in Table 6. According to Table
6, the strength of the RuCa bond in reaction R9 is decreasing (BSO values of 1.68, 1.66, and 1.08, respectively; H⇢
values of -0.1093, -0.1040, and -0.0684 Hartree/Bohr3, respectively) and its length is increasing (r value of 1.8345,
1.8501, and 1.9876 Å, respectively). The strength of the RuCc bond is increasing ( BSO values of 0.32, 0.44, and 1.19,
respectively; H⇢ values of -0.0177, -0.0325, and -0.0718 Hartree/Bohr3, respectively), and the bond becomes shorter
(r value of 2.3376, 2.1719, and 1.9660 Å, respectively). In reaction R10 the RuCa bond becomes weaker (BSO values
of 1.08, 0.54, and 0.58, respectively; the H⇢ values of -0.0684, -0.0343, and -0.0306 Hartree/Bohr3, respectively),
and longer (the r value of 1.9876, 2.1770, and 2.2235 Å, respectively), while the RuCc bond becomes stronger (BSO
values of 1.19, 1.77, and 1.90, respectively; H⇢ values of -0.0718, -0.1111, and -0.1231 Hartree/Bohr3, respectively)
and shorter (r value of 1.9660, 1.8282, and 1.8000 Å, respectively).

Table 7 shows the local mode and electron density parameters for reactions R11 and R12. The RuCa bond in
reaction R11 becomes weaker (BSO values of 1.74, 1.68, and 1.13, respectively; H⇢ values of -0.1126, -0.1062, and
-0.0742 Hartree/Bohr3, respectively) and longer (r value of 1.8225, 1.8385, and 1.9630 Å, respectively), while the
bond RuCc in this reaction, becomes stronger (BSO values of 0.50, 0.44, and 1.11, respectively; H⇢ values of -0.0203,
-0.0213, and -0.0660 Hartree/Bohr3, respectively) and shorter (r value of 2.2812, 2.2719, and 1.9789 Å, respectively).
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Table 7
Bond length r, local mode force constant ka, local mode frequency !a, bond strength
order BSO, electron density ⇢ at the bond critical point, energy density H⇢ at the bond
critical point, for reactions R11 and R12. For bond labeling see Figure 3. B3LYP/6–
31G(d,p)/NESC/Jorge–TZP–DKH(Ru) level of theory.

r ka !a BSO ⇢ H⇢
Reaction/ Bond
Stat. point Å mDyn/Å cm*1 e/Bohr3 Hartree/Bohr3

R11
16 RuCa 1.8225 4.464 840.10 1.74 0.2029 -0.1126
TS(16,17) RuCa 1.8385 4.262 820.88 1.68 0.1975 -0.1062
17 RuCa 1.9630 2.405 616.62 1.13 0.1508 -0.0742
16 CaCb 2.8394 0.495 374.39 0.18 - -
TS(16,17) CaCb 2.5342 0.298 290.19 0.12 - -
17 CaCb 1.6148 1.484 647.91 0.44 0.1991 -0.1397
16 CbCc 1.3906 6.271 1331.85 1.39 0.3080 -0.3116
TS(16,17) CbCc 1.3856 6.250 1329.64 1.39 0.3104 -0.3170
17 CbCc 1.5767 1.927 738.31 0.54 0.2131 -0.1571
16 RuCc 2.2812 0.759 346.35 0.50 0.0734 -0.0203
TS(16,17) RuCc 2.2719 0.627 314.92 0.44 0.0747 -0.0213
17 RuCc 1.9789 2.339 608.13 1.11 0.1420 -0.0660

R12
TS(17,18) RuCa 2.2101 0.553 295.58 0.40 0.0865 -0.0298
18 RuCa 2.4172 0.186 171.45 0.19 0.0571 -0.0120
TS(17,18) CaCb 1.4029 4.545 1133.91 1.07 0.3070 -0.3075
18 CaCb 1.3654 6.786 1385.45 1.48 0.3278 -0.3502
TS(17,18) CbCc 2.3368 0.124 187.08 0.06 0.0515 -0.0061
18 CbCc 2.9221 0.290 286.42 0.12 - -
TS(17,18) RuCc 1.8312 4.168 811.71 1.66 0.1967 -0.1077
18 RuCc 1.8223 4.289 823.46 1.69 0.1996 -0.1104

In reaction R12, the strength of the RuCa bond is decreasing (BSO values of 1.13, 0.40, and 0.19, respectively; H⇢
values of -0.0742, -0.0298, and -0.0120 Hartree/Bohr3, respectively), and its length is increasing (r value of 1.9630,
2.2101, and 2.4172 Å, respectively), while the RuCc bond becomes stronger ( BSO values of 1.11, 1.66, and 1.69,
respectively; H⇢ values of -0.0660, -0.1077, and -0.1104 Hartree/Bohr3, respectively), and shorter (r value of 1.9789,
1.8312, and 1.8223 Å, respectively).

As for the previous reactions, we have calculated the total strength of the four ring bonds for the reactant and the TS,
in the reactions R9 – R12, and correlated them with the corresponding activation free energies. The total bond strength
of these bonds in reaction R9 is smaller than that in reaction R11 (sum of BSO values: 6.76 and 7.44, respectively),
and the activation free energy in reaction R9 is smaller than that in R11 (Ga value of 2.4 and 5.6 kcal/mol). Similarly,
the total strength of the ring bonds in reaction R10 is larger than that in reaction R12 (sum of BSO values: 6.87 and
6.41, respectively), which corresponds to a larger activation free energy in reaction R10 compared with R12 (Ga value
of 17.1 and 13.1 kcal/mol).

Figure 6 shows the contour maps of the Laplacian of the electron density in the plane defined by the Ru atom and
two selected C atoms of the reactants and products of reactions R9 – R12. According to Figure 6 the most stable
molecule in this series is intermediate 17, which has two bond paths with two bond critical points between Ca and
Ru, and between Cc and Ru, as well as a ring critical point involving Ru, Ca, Cb, and Cc atoms. Similar as in the
corresponding reactions with the catalysts M1 and M2, the reactants and the products of reactions R11 and R12 with
opposite orientation of threechorosilane and ethylinyne groups, are more stable than the corresponding reactants and
products of reactions R9 and R10 with the same group orientation. According to Figure 6 all reactants and products
of the reactions R11 and R12 show bond paths and bond critical points leading to larger stabilization, and according
to Table 1 to generally smaller activation barriers (Ga values of 2.4 and 17.1 kcal/mol, for reactions R5 and R6, and
5.6 and 13.1 kcal/mol, for reactions R7, and R8, respectively). It is interesting to note that contrary to reactions R1 –
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Figure 6: Contour maps of the Laplacian of the electron density in the plane defined by the Ru atom and two selected
C atoms of the trichlorovinylsilane and ethylidene ligands; a) Molecules 13, 14, and 15 of the reactions R9 and R10;
b) Molecules 16, 17, and 18 of the reactions R11 and R12. Blue lines correspond to positive Laplacian values (charge
depletion), and red lines to negative Laplacian values (charge concentration). Relation paths and critical points involving
Cl and H atoms are not shown for clarity. The numbers above the contours show the relative energy in kcal/mol.
B3LYP/6–31G(d,p)/NESC/Jorge–TZP–DKH(Ru) level of theory.

R4 with catalyst M1 and reactions R5 – R8 with catalyst M2, reactions R9 – R12 with catalyst M3 show a stronger
stabilization of the intermediate metallacyclobutanes 14 and 17, relative to the corresponding reactants and products,
which will be explained below.

4.3. Reaction Mechanism
The discussion of the reaction mechanisms in this section is based on the results from the URVA analysis, supported

by NBO charge calculations along the reaction path. Because we are following the IRC in mass-weighted Cartesian
coordinates reaction paths of di�erent reactions can be overlaid leading to an e�ective one-to-one comparison [84],
which is done in the following for energy profiles and changes of NBO charges along the reaction paths. Figure 7a
shows an overlay of the energy profiles of reactions R1 – R4, which are catalyzed by the phosphine model catalyst M1.
The NBO charges along the reaction paths R1 – R4, summed over all atoms of the catalyst (Cat) and all atoms of the
ethylidene group and trichlorovinylsiliane groups (Mol), are shown in Figure 7b. The decomposition of the reaction
curvature into selected internal components related to the target bonds RuCa, CaCb, CbCc , and RuCc in reactions
R1 – R4, are shown in Figures 7(c–f), which also include some additional internal components with a relatively
large contribution to the reaction curvature. Generally, the reaction curvature shows maxima where bond forming or
breaking processes takes place, and minima where the reaction complex relaxes and prepares for a di�erent chemical
event. The position of the minima are indicated in the plots by vertical lines with labels M1, M2, and so on, which
divide the reaction path into reaction phases corresponding to di�erent chemical events, with each reaction phase
stretching from one minimum to the next embedding a curvature maximum. The gray bar in the plots indicates the
chemical phase where bond formation or cleavage process takes place. The contributions of internal components to
the reaction curvature are shown in the plots in di�erent colors. A positive sign of a contribution indicates that this
particular parameter supports the chemical change taking place whereas a negative sign is an indicator of a resisting
e�ect.

Reaction R1 starts from the reaction complex 1, and makes the intermediate 2 forming the two CaCb and RuCc
bonds . According to Figure 7c, the largest supporting component to the curvature maximum in the chemical phase
of this reaction is the CaCb bond length (blue line), indicating the formation of this bond. Similarly in the same
phase, we observe a supporting contribution from the RuCc bond length (red line), indicating the formation of this
chemical bond. It is important to notice that both contributions to the curvature take place at the same value of the
reaction parameter s, which indicates a concerted bond formation process. The CaCb contribution is larger than that
of the RuCc contribution, which indicates that the formation of the CaCb bond is connected with a larger electronic
structure reorganization than the formation of the RuCc bond, which is consistent our findings for other transition
metals [84]. Reaction R1 ends with the formation of intermediate 2, which is characterized by a four–membered ring
involving the RuCb bond, which is responsible for an additional agostic interactions. According to Figure 7c, in the
chemical phase of this reaction, there is also a supporting contribution to the curvature from the RuCb bond (maroon
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Figure 7: a) Energy profiles of reactions R1 – R4. b) Charge of the catalyst (Cat) and the reactants (Mol) of reactions R1
– R4 . Decomposition of the curvature into internal components: c) for reaction R1; d) for reaction R2; e) for reaction
R3; f) for reaction R4. Only selected hydrogen atoms are indicated. Curvature minima are shown as broken vertical lines
and are labeled as M1, M2, and so on. Chemical phases where bonds are formed/cleaved, are indicated by a gray bar.
The position of TS is indicated as a dotted line, and the vertical dash–dotted lines show the range of the chemical phases.
B3LYP/6–31G(d,p)/SDD(Ru) level of theory.
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line), which indicates that formation of the agostic bond takes place in a concerted way with with the formation of
the CaCb and RuCc bonds. In addition, we observe a resisting contribution from t the RuCa bond, which according to
Table 2 changes its character from a double to a single bond, i.e. it becomes weaker, and longer. There are also two
additional internal components related to the CaRuP (orange line) and RuCcCaCe angles (pink line), which are present
in phase 5, 6, and 7. The CaRuP component supports the reorganization of the reaction complex in a direction to the
final product in phases 5 and 6, however resists this process in phase 7, where these two bonds are actually formed.
The dihedral angle RuCcCaCe is related to the rotation of the ethylidine group around the RuCa bond. It resists the
reorganization of the reaction complex in the phases preceding the chemical phase, however it supports this process
in the same phase where both chemical bonds are formed. It is interesting to notice that the chemical phase in which
the most important chemical changes takes place occurs after the TS, where the reaction complex is already moving
downhill on the potential energy surface. Therefore, the formation of the CaCb and RuCc bonds does not contribute
to the activation energy of this reaction and the energy needed to overcome the barrier is related to the geometry
and electronic preparation of the reaction complex for the bond formation process. Therefore, modification of these
preparatory process will influence the barrier height.

Reaction R2 starts from intermediate 2 producing the final product 3 via cleavage of the two intermediate RuCa
and CbCc bonds. Thereaction path curvature and its decomposition is shown in Figure 7d. According to Figure 7d
breaking of both bonds takes place in a concerted way in phase 3, as it is indicated by a supporting contribution of the
RuCa bond component (green line) and the CbCc bond component (red line) both adapting maxima in this phase. In the
same phase we observe a resisting contribution from the RuCc bond ( violet line) and the CaCb bond (blue line), which
are related to changing the bond character from a single to a double bond. Similarly as in reaction R1 the supporting
contribution of the CbCc component is larger than the RuCa contribution, reflecting a larger reorganization of the
reaction complex related to the cleavage of the CbCc bond. We also observe in the phase a supporting contribution
from the RuCb bond (maroon line) related to the cleavage of the agostic interaction in the intermediate 2. In contrast
to reaction R1 cleavage of the RuCa and CbCc bonds takes place before the TS, where the reaction complex is moving
uphill on the potential energy surface. Therefore the cleavage process of these bonds requires energy to proceed, which
contributes to the activation energy of this reaction, i.e. alleviating the cleavage will lower the barrier height of reaction
R2. Based on the CCSD(T) calculations shown in Table 1, the activation free energy of reaction R1 is smaller than
that of reaction R2 (Ga values of 8.5 and 11.7 kcal/mol, respectively), which is consistent with the mechanism of both
reactions described above. In reaction R1 the bond formation process takes place after the TS, however in reaction R2
before. All chemical events along the reaction path, which occur before the TS contribute to the TS energy, therefore
the activation energy of the reaction R2 is larger because it involves energy consuming bond cleavage processes.This
shows how the URVA analysis can decode which processes to modify in order to lower the reaction barrier. URVA also
reveals for both reactions R1 and R2 a supporting contribution from the RuCb bond representing an agostic interaction
with the metal, clearly indicating the importance of this interaction for the intermediate metallacyclobutanes.

Figures 7e and 7f show the reaction path curvature profiles and curvature decompositions of reactions R3 and
R4, which show similar patterns as found for reactions R1 and R2, although they have a di�erent orientation of
trichlorovinylsilane relative to the ethylidine group. Reaction R3 starts from 4 and ends at intermediate 5 where the
two new RuCc and CaCb are formed. Similarly, as in reaction R1, both chemical bonds are formed in R3 in a concerted
way after the TS, which is indicated by supporting contributions of the CaCb bond (blue line) and the RuCc bond (violet
line) in phase 5. In the same phase we observe resisting contributions from the RuCa bond (red line) and the CbCc bond
(green line), and supporting contribution from the RuCb bond (maroon line). The pre–chemical phases of reaction R3
which are less pronounced than for reaction R1 are dominated by the PRuCaCe component (orange line), which is
related by the rotation of the ethylidine group around the RuCa bond. Reaction R4 starts from intermediate 5 and
forms the final product 6. Similar as in the reaction R2, there are two supporting curvature contributions from the
RuCa bond (red line) and the CbCc bond (green line), which are cleaved in a concerted way before the TS as well
as a supporting contribution from the agostic bond RuCb (maroon line). In the same chemical phase the RuCc bond
(violet line) and the CaCb bond (blue line) are changing their characters from single to double bonds with resisting
contributions to the reaction curvature. It is interesting to note the presence of a large resisting contribution from a
ClSiCc angle component of the trichlorosilane group (brown line) in this phase, indicating on a participation of this
particular group in the formation of the final product. The mechanism of both reactions is consistent with the energetics
of these reactions shown in Table 1. According to Table 1 the activation free energy of the reaction R3 is smaller than
in the reaction R4 (Ga values of 6.0 and 9.4 kcal/mol, respectively), which is consistent with the mechanism of the
reaction R4, where the cleavage process of both chemical bonds takes place before the TS, thus contributing the energy
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barrier.
Figure 7b shows the total NBO charge of Cat and Mol along the reaction path, where the vertical broken lines

indicate the range of the all chemical phases in the reactions R1 – R4. According to Figure 7b, the reaction R1 has
a larger charge separation between Cat and Mol (red lines) in the entrance channel than treaction R2 (blue lines),
which according to Table 1 correlates with the smaller activation free energy of reaction R1 than that found in R2
(Ga values of 8.5 and 11.7 kcal/mol, respectively). The same correlation is observed for reactions R3 and R4. The
Cat and Mol charge separation in reaction R3 (green lines) in the entrance channel is larger than that in the reaction
R4 (violet lines), which correlates with the activation free energies of these two reactions (Ga values of 6.0 and 9.4
kcal/mol, respectively). Therefore we can conclude for the reactions in this series that a smaller activation energy of
the reactions is related to a larger charge separation between Cat and Mol, providing a larger transfer of electron density
from the catalyst to the reactants, and moving the bond formation process after the TS.

Figure 8a shows the energy profiles of reactions R5 – R8, which are catalyzed by the NHC model catalyst M2. The
NBO charges along the reaction paths of these reactions for Cat and Mol, are shown in Figure 8b, and the reaction path
curvature profiles including the reaction path decomposition into internal components related to the target bonds are
shown in Figures 8c – 8f. Reaction R5 starts from reaction complex 7 ending with intermediate 8 and the intermediate
formation of the two CaCb and RuCc bonds. According to Figure 8c, formation of these two bonds takes place in
phase 5 just after TS in a concerted way. The RuCa and CbCc bond components are resisting this process indicated by
their negative values whereas the RuCb bond component is supporting. Again, the formation of the RuCa and CbCc
bonds takes place after the TS, therefore this process does not contribute to the reaction barrier. According to Figure
8c, the dihedral CeCaRuCf angle has a relatively large contribution to the curvature maxima in phases 1 and 4, which
indicates that the rotation around the bond RuCa contributes to the energy barrier. According to Figure 8d, reaction
R6 transforms reaction intermediate 8 into the final product 9 via RuCa and CbCc bond cleavage, which takes place
in a concerted way in phase 6 before the TS. As in reaction R5 the RuCc and CaCb bonds resist and the RuCb bond
supports bond breaking in this phase. The activation energy of this reaction is relatively high because the concerted
bond breaking process takes place before the TS, which requires energy to proceed, in addition to conformational
changes of the NHC ligand, as indicated by the dihedral angles NCgChN and CfNCgCh components. Both dihedral
angles are related to the puckering of the NHC ligand, which changes the interaction between the ligand and Ru, also
increasing the energy barrier of this reactions (see Figure 8d). The curvature patterns of reactions R7 and R8 are
similar to those of reactions R5 and R6, although the orientation of the chlorolsiliane group relative to the ethylidene
group is opposite. According to Figure 8e, in reaction R7 the concerted formation of the two CaCb and RuCc bonds
takes place in phase 6 after the TS, with a resisting contribution of the RuCa and CbCc bonds, similar as in reaction
R5. The two dihedral angles CeCaRuCf , and CeCaCbCc with larger contributions in the pre–chemical phases are
responsible for the correct orientation of the reacting groups. In reaction R8, the cleavage process of the bonds RuCa
and CbCc proceeds in a concerted way before the TS, with a resisting contribution of the RuCc and CaCb bonds, and
a contribution of two RuCfNCh and RuCfNCg dihedral angles, which are related to a puckering of the NHC ligand,
causing the relatively high energy barrier.

Figure 8b presents the change for the NBO charges of Cat and Mol atoms for reactions R5 – R8. According to
Table 1 the activation free energy of the reaction R5 is smaller than that for R6 (Ga values of 8.5 and 12.8 kcal/mol,
respectively), which according to Figure 8b, correlates with a larger charge separation between Cat and Mol in the
entrance channel of this reaction. The same correlation is observed for reactions R7 and R8. The charge separation in
reaction R7 in the entrance channel is larger than that in reaction R8, and the activation free energies of reaction R7
is smaller than that in R8 (Ga values of 4.3 and 10.5 kcal/mol, respectively). Therefore we can conclude again for the
reactions in this series that a smaller activation energy is related by a larger charge separation between Cat and Mol.
The larger charge separation between the reacting species generates a larger electron density transfer from the catalyst
to the reactants, which moves the bond breaking process into the exit channel and lowers the activation energy.

Figures 9a – 9f summarize the results of the URVA analysis for reactions R9 – R12, which are catalyzed by the
NHC model catalyst M3 with two methyl groups. Energy profiles are shown in Figure 9a, and change of the NBO
charges for Cat and Mol along the reaction paths are shown in Figure 9b. The reaction path curvature profiles and
the reaction path curvature decompositions into selected internal components related to the target bonds are shown
in Figures 9c – 9f. According to Figure 9c, reaction R9 starts from reaction complex 13 and ends with intermediate
14 with the two target bonds RuCc and CaCb being created. Formation of these two bonds takes place in phase 7,
which is indicated by supporting contributions to the reaction curvature from the internal components related to these
two bond. Similar as in the reaction R5, formation of these bonds is accompanied by resisting contributions from the
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Figure 8: a) The energy profiles of the reactions R5 – R8. b) The charge of the catalyst (Cat) and the reactants (Mol) of
the reactions R5 – R8 . The decomposition of the curvature into internal components: c) for the reaction R5; d) for the
reaction R6; e) for the reaction R7; f) for the reaction R8. Only selected hydrogen atoms are indicated. The curvature
minima are shown as broken vertical lines and are labeled as M1, M2, and so on. The chemical phases where the bonds are
formed/cleaved, are indicated by a gray bar. The position of TS is indicated as a dotted line, and the vertical dash–dotted
lines show the range of the chemical phases.The B3LYP/6–31G(d,p)/SDD(Ru) level of theory.
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Figure 9: a) The energy profiles of the reactions R9 – R12. b) The charge of the catalyst (Cat) and the reactants (Mol)
of the reactions R9 – R12. The decomposition of the curvature into internal components: c) for the reaction R9; d) for
the reaction R10; e) for the reaction R11; f) for the reaction R12. Hydrogen atoms are omitted. The curvature minima
are shown as dashed vertical lines and are labeled as M1, M2, and so on. The chemical phases where the bonds are
formed/cleaved, are indicated by a gray bar. The position of TS is indicated as a dotted line, and the vertical dash–dotted
lines show the range of the chemical phases. The B3LYP/6–31G(d,p)/SDD(Ru) level of theory.
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RuCa, and CbCc bonds, and a supporting contribution from the RuCb bond, again al taking place in a concerted way,
after the TS. We also observe in this reaction a contribution of the CeCaRuCf dihedral angle reflecting a rotation about
the RuCa bond accompanied with an electronic structure reorganization before and after the TS. Similar as in reaction
R5, the chemical phase of reaction R9, is located after the TS, which does not require the energy to proceed leading to
a relatively low energy barrier. It is interesting to notice that the activation energy of reaction R9 is smaller than that
of reaction R5, which can be related to the di�erent curvature patterns with regard to the CeCaRuCf dihedral angle.
In reaction R5, there is a resisting contribution of this angle to the electronic structure change of the reaction complex
in the entrance channel in phase 1. However in the entrance channel of reaction R9, we observe only a supporting
contribution of this angle before the TS. The flexibility of the RuCa rotational angle is related to the presence of the
methyl groups in the NHC ligand of the catalyst, which decreases the activation energy by steric interactions with the
Ca and Cc carbons, which will be discussed in the next section. The next reaction R10 forms the final product 15
by breaking the RuCa and CbCc bonds . According to Figure 9d, the concerted bond breaking process takes place in
phase 3, involving the RuCc and CaCb bonds and the agostic RuCb bond. There are only small contributions of the two
CaRuCf and RuCcCf angles in the entrance channel of reaction R10. The actual bond breaking processes are located
before the TS, which increases the activation energy of this reaction relative to that of reaction R9. The activation
energy of the reaction R10 is slightly larger than the activation energy of the corresponding reaction R6 showing the
influence of the methyl groups on the energy barrier caused by steric interactions with carbons Ca and Cc , suggesting
that bulkier groups such as iso-propyl, should lead to further reduction of the energy barrier.

The last two paths involve reactions R11 and R12. The curvature profiles and the curvature decomposition into
selected components related to the target bonds are shown in Figures 9e – 9f. Reaction R11 starts from reaction
complex 16 and ends at intermediate 17 forming the RuCc and CaCb bonds, with a supporting contribution from the
RuCb bond. As in reaction R9, the concerted bond formation process takes place with resisting contributions of the
RuCa and CbCc bonds after the TS, not directly influencing the reaction barrier. The bond formation process is preceded
by supporting contributions of the CeCaRuCf torsional angle and the CeCaRu bond angle, which are responsible for a
correct orientation of the reacting groups. The flexibility of these two angles is related to the steric interactions between
the methyl groups of NHC ligand with the target carbon atoms, which influences the energy barrier. Reaction R12
starts with intermediate 17 and forms the final product 18 by breaking the RuCa and CbCc bonds, with a supporting
contribution from the RuCb bond and resisting contributions from the RuCc and CaCb in phase 3. As in reaction R8
the bond breaking process takes place in a concerted way, before the TS, increasing the energy barrier of this reaction
relative to R8, being also influenced by the steric interaction between the methyl groups of NHC and the carbon atoms
Ca and Cc , influencing the energy barrier of this reaction.

Figure 9b presents the NBO charge change for Cat and Mol in reactions R9 – R12, which are similar to the charge
changes in reactions R5 – R8. According to Figure 9b, reaction R9 has a larger charge separation between Cat and
Mol in before the TS, than reaction R10, which is reflected by a smaller activation free energy of 9 ( Ga values of
2.4 and 17.1 kcal/mol, respectively). Similarly, reaction R11, has a larger charge separation than reaction R12, and a
smaller activation free energy (Ga values of 5.6 and 13.1 kcal/mol, respectively). Generally we can conclude, that as
in reactions R1 and R3 with catalyst M1 and in reactions R5 and R7 with catalyst M2, charge separation in reactions
R9 and R11 before the TS decreases the activation energy, supporting the transfer of the electron density from the
catalyst to the reactants, and moving the bond formation process after the TS.

4.4. Interactions in the M3 Catalyst
In the following we will discuss in some more detail the influence of substituting the N–H hydrogen atoms of

the NHC ligand in catalyst M2 with more bulky methyl groups which obviously leads to a significant change in the
activation energies. The activation energies of the target bond forming reactions R9 and R11 with catalyst M3 (Ga

values of 2.4 and 5.6 kcal/mol, respectively) become significantly smaller than those of reactions R5 and R7 with
catalyst M2 (Ga values of 8.5 and 4.3 kcal/mol, respectively). However, the activation energies of the target bond
cleaving reactions R10 and R12 with catalyst M3 (Ga values of 17.1 and 13.1 kcal/mol, respectively) become larger
than their M2 counterparts R6 and R8 (Ga values of 12.8 and 10.5 kcal/mol). The hydrogen atoms of the NHC
methyl groups in M3 can interact with the carbon atoms Ca and Cc of the reactants, leading to these di�erences in
the activation energies, as also reflected in the reaction path curvature decomposition plots discussed above. Using
LMA we calculated local mode force constants and frequencies of these specific interaction for all stationary points of
reactions R9 – R12. The results of our calculations are presented in Table 8 including also the interaction distances.
According to Table 8 the local mode force constant of the interaction H5Ca between the Ca atom and the closest H
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Table 8
Interaction distance d, local mode force constant ka, local mode frequency !a for the interaction between the
H atoms of the NHC methyl groups and Ca and Cc atoms for reactions R9 – R12. For C atoms labeling see
Figure 3. B3LYP/6–31G(d,p)/NESC/Jorge–TZP–DKH(Ru) level of theory.

Reaction Interaction d ka !a Reaction Interaction d ka !a

Å mDyn/Å cm*1 Å mDyn/Å cm*1

R9 R11
13 H5Ca 2.5445 0.083 390.01 16 H5Ca 2.4321 0.124 475.14
TS(13,14) H5Ca 2.5948 0.058 324.75 TS(16,17) H5Ca 2.5625 0.063 338.59
14 H5Ca 3.0361 0.048 295.81 17 H5Ca 2.9063 0.066 346.07
13 H5Cc 3.8103 0.042 276.95 16 H5Cc 4.1623 0.083 389.74
TS(13,14) H5Cc 3.3288 0.030 235.36 TS(16,17) H5Cc 3.7489 0.054 314.26
14 H5Cc 3.0254 0.023 207.09 17 H5Cc 3.0459 0.061 333.31

R10 R12
TS(14,15) H5Ca 3.4298 0.060 331.00 TS(17,18) H5Ca 3.3114 0.049 298.76
15 H5Ca 3.4225 0.066 347.32 18 H5Ca 4.0756 0.025 213.46
TS(14,15) H5Cc 2.7802 0.044 283.68 TS(17,18) H5Cc 2.6068 0.021 194.27
15 H5Cc 2.3774 0.045 285.33 18 H5Cc 2.4842 0.109 446.53

atom of the methyl group of reaction R9 is largest in the reactant and becomes smaller in the TS (ka values of 0.083 and
0.058 mDyn/Å, respectively), and the H5Ca distance increases (d values of 2.5445 and 2.5948 Å, respectively). The
H5Ca interaction is a non–bonded interaction, which involves a steric repulsion between these two atoms, moving
atom Ca closer to atom Cb atom thus making the bond formation process between these atoms easier. There is also
a steric H5Cc interaction between the H atom of the other methyl group and the Cc atom, making the RuCc bond
formation more di�cult. However according to Table 8 the local mode force constant of this interaction is small in the
reactant and the TS (ka values of 0.042 and 0.030 mDyn/Å, respectively), because of the large distance (d values of
3.8103 and 3.3288 Å, respectively). Therefore, the H5Ca interaction dominates in reaction R9, decreasing the energy
barrier in comparison to reaction R5 with the catalyst M2 (Ga values of 2.4 and 8.5 kcal/mol, respectively). In the
reaction R10 the RuCa and CbCc bonds are cleaved. Both steric interactions H5Ca and H5Cc make the breaking
process more di�cult. The local mode force constant of the H5Ca interaction becomes larger going from the reactant
to the TS (ka value of 0.048 and 0.060 mDyn/Å, respectively), whereas the H5Ca distance becomes larger as well
(d values of 3.0361 and 3.4298 Å, respectively). The local mode force constant of the H5Cc interaction becomes
also larger going from the reactant to the TS (ka value of 0.023 and 0.044 mDyn/Å, respectively), whereas the H5Cc
distance decreases (d values of 3.0254 and 2.7802 Å, respectively). This is another example that a stronger interaction is
not necessarily a shorter interaction []. Overall, both the H5Ca and the H5Cc interactions increase the energy barrier
of reaction R10 compared to reaction R6 with the catalyst M2 (Ga value of 17.1 and 12.8 kcal/mol, respectively).

In reaction R11, the H5Ca interaction between the Ca atom and the closest H atom of the methyl is larger in
the reactant than in the TS (ka values of 0.124 and 0.063 mDyn/Å, respectively), whereas the distance is increasing
(d value of 2.4321 and 2.5625 Å, respectively). Similarly, the H5Cc interaction becomes smaller from the reactant
to the TS (ka values of 0.083 and 0.054 mDyn/Å, respectively) with a decreasing distance (d value of 4.1623 and
3.7489 Å, respectively). Although the interaction H5Ca dominates, the activation free energy of reaction R11 is
larger than in reaction R7 with the catalyst M2 (Ga values of 5.6 and 4.3 kcal/mol, respectively), which indicates
that there are additional decisive interactions, which are related to the position of the trichlorosilane group in these two
reactions. Similar as in reaction R10, in reaction R12 the RuCa and CbCc bonds are cleaved, and both steric H5Ca and
H5Cc interactions make the breaking process more di�cult. The local mode force constant of the H5Ca interactions
is decreasing from the reactant to the TS (ka values of 0.066 and 0.049 mDyn/Å, respectively) and its distance is
increasing (d values of 2.9063 and 3.3114 Å, respectively). The strength of the H5Cc interactions is decreasing (ka
values of 0.061 and 0.021 mDyn/Å, respectively), however its distance is decreasing as well (d value of 3.0459 and
2.6068 Å, respectively). The overall e�ect of both interactions makes the energy barrier of this reaction larger relative
to reaction R8 with catalyst M2 (Ga value of 13.1 and 10.5 kcal/mol, respectively).
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Table 9
Rotational angle ↵ (CeCaRuCf ), local mode force constant ka, local mode frequency
!a for the torsional rotation around the RuCa bond in reactions R5, R7, R9, and R11.
� – difference between TS and Re. For C atoms labeling see Figure 3. B3LYP/6–
31G(d,p)/NESC/Jorge–TZP–DKH(Ru) level of theory.

Reaction ↵ ka !a Reaction ↵ ka !a

Deg mDynÅ/Rad2 cm*1 Deg mDynÅ/Rad2 cm*1

R5 R9
7 -3.22 0.050 153.59 13 -36.61 0.169 259.93
TS(7,8) -73.42 0.192 278.49 TS(13,14) -80.71 0.100 203.17
8 -65.33 0.312 374.33 14 -67.55 0.217 317.28
� -70.20 0.142 124.90 � -44.10 -0.069 -56.76

R7 R11
10 -147.14 0.074 167.05 16 -38.52 0.167 265.66
TS(10,11) -85.28 0.156 254.86 TS(16,17) -70.85 0.189 281.49
11 -68.73 0.230 331.88 17 -67.56 0.186 298.16
� 61.87 0.082 87.81 � -32.33 0.022 15.83

Using LMA we have also analyzed the strength of the local mode related to the torsional rotation around the RuCa
bond, which involves atoms CeCaRuCf , for reactions R5 and R7 with catalyst M2 and for reactions R9 and R11 with
catalyst M3. The results of our analysis are presented in Table 9. We observe a relative large rotation around this bond
going from the reactant to the TS in reactions R5 and R7 (�↵ values of -70.20, and 61.87 Deg, respectively), which
are also changing directions. In both reactions, the local mode force constant is increasing from a relative small value
in the reactant to a larger value in the TS (�ka values of 0.142 and 0.082 mDynÅ/Rad2, for R5 and R7, respectively).
The large �ka value in the reaction R5 correlates with a larger energy barrier relative to reaction R7 (Ga values of
8.5 and 4.3 kcal/mol, respectively), indicating that decreased flexibility of this rotation at the TS correlates with an
increased activation energy. For reactions R9 and R11 with the M3 catalyst, this angle is changing monotonically in
the same direction (�↵ values of -44.10 and -32.33 Deg, respectively) and �↵ values are much smaller than in reactions
R5 and R7. We also observe that the local mode force constant in reactions R9 and R11 is changing from a larger
to a smaller value (�ka values of -0.069 and 0.022 mDynÅ/Rad2, respectively), making this rotation more flexible at
the TS, which leads to a smaller activation energy (Ga values of 2.4 and 5.6 kcal/mol, respectively) compared with
reactions R5 and R7 (Ga values of 8.5 and 4.3 kcal/mol, respectively). Generally we can conclude that both changes
in the torsional angle �↵ and the local mode force constant �ka correlate for some extend with the energy barriers,
suggesting a contribution of RuCa bond rotation to the reaction energetics of these reaction. LMA also provides an
insight into a larger stabilization of the metallacyclobutane intermediate 14 relative to intermediate 17. According to
Table 6 the local mode force constant of the RuCc bond in 14 has a value of 2.609 mDyn/Å, and according to Table 7
this same bond in 17 has a strength of 2.339 mDyn/Å, which indicates that the presence of the chlorosiliane group at
the carbon Cc in 17 decreases the RuCc bond strength, destabilizing this intermediate relative to 14. Also the summed
strength of the RuCa, CaCb, CbCc , and RuCc bonds in 14 is larger than in 17 (sum of ka values: 8.687 and 8.155
mDyn/Å, respectively), indicating a stronger stabilization of 14, which is induced by the chlorosiliane group at the Cb
carbon.

For both the first and second–generation Grubbs catalysts, the formation of a stable metallacyclobutane intermedi-
ate is a key element of the catalytic process, which is not fully understood yet. It has been suggested that the metallacy-
clobutane benefits from of a specific 4–center–2–electron interaction, coined ↵,�–(CCC) agostic bond with the metal
[82], which donates �–electron density to the Ru center increasing the total electron density of the 16–electron Ru
core [25, 28]. It has been further suggested that this interaction mimics ↵ and � agostic hydrogen-bonding as sketched
in Figure 2. Therefore, the investigation of the intermediate metallacyclobutane and the assessment of the proposed
↵,�–(CCC) agostic metal-bonding was one particular focus of our study.
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4.5. Agostic bonding in metallacyclobutanes
In this section we will shed more light into the suggested stabilization of the metallacyclobutane intermediates

via a specific 4–center–2–electron ↵,�–(CCC) agostic interaction with the metal atom[82, 83, 25, 28]. As sketched in
Figure 2 the RuCb interaction plays a key role. Table 10 collects the RuCb distance, local mode force constant and local
mode frequency, bond strength order, electron and energy density at the ring critical point of the four-membered ring
defined by the Ru, Ca, Cb, and Cc atoms for the metallacyclobutane intermediates 2, 5, 8, 11, 14, and 17 investigated
in this work.

Table 10
The interaction distance d, the local mode force constant ka, the local
mode frequency !a for the agostic interaction RuCb for metallacyclobutane
2, 5, 8, 11, 14, and 17. For C atoms labeling see Figure 3. The B3LYP/6–
31G(d,p)/NESC/Jorge–TZP–DKH(Ru) level of theory.

r ka !a BSO ⇢(ring) H⇢(ring)
Molecule

Å mDyn/Å cm*1 e/Bohr3 Hartree/Bohr3

2 2.2247 2.058 570.43 1.010 0.0709 -0.0104
5 2.2425 2.186 587.91 1.054 0.0701 -0.0099
8 2.2312 2.075 572.73 1.016 0.0692 -0.0091
11 2.2517 2.187 588.05 1.054 0.0682 -0.0087
14 2.2483 2.025 565.78 0.999 0.0673 -0.0082
17 2.2607 2.152 583.32 1.042 0.0671 -0.0081

According to Table 10 the strongest RuCb interactionis observed for complexes 5 and 11 (BSO value of 1.05 and
1.05, respectively) which according to Table 1 are the reactants of reactants R4 and R8 with the smallest energy barriers
in this series (Ga vales of 9.4 and 10.5 kcal/mol, respectively) in this series. The weakest RuCb interaction is found
for 14 (BSO value of 1.0), the reactant of reaction R10 with the largest energy barrier (Ga value 17.1 kcal/mol). We
conclude that a stronger agostic interaction, as quantified via the strength of the RuCb bond correlates to some extend
with a smaller energy barrier involving the metallacyclobutane intermediate as a reactant. The second step reactions
(R2, R4, R6, R8, R10, and R12) investigated in our study have generally larger activation energies than the first step
reactions (R1, R3, R5, R7, R9, and R11), because according to our URVA analysis, the bond cleavage process in
the second step reactions takes place before the TS, which requires energy to move the reaction complex uphill on
the potential energy surface. According to Tables 1 and 10, the energy barrier of the second step reactions can be
lowered by a stronger agostic RuCb interaction with the metal. It is also interesting to note that the RuCb strength in
5 (reactant of reaction R4) is larger than in 2 (reactant of reaction R4), as reflected by the BSO values of 1.05 and
1.01, respectively. The di�erence between reactions R4 and R2, is the position of the trichlorosilane relative to the
ethylidene group. In reaction R2 the trichlorosilane group is bonded to the Cb carbon atom, involved in the agostic
interaction with the metal decreasing the strength of the RuCb interaction and increasing the energy barrier (Ga values
9.4 and 11.7 kcal/mol for the reactions R4 and R2, respectively). A similar correlation is observed for 11 (reactant of
reaction R8) and 8 (reactant of reaction R6) with BSO values of 1.05 and 1.02; Ga values 10.5 and 12.8 respectively,
as well as for 17 (reactant of reaction R12) and 14 (reactant of reaction R10) with BSO values of 1.04 and 1.0; Ga

values 13.1 and 17.1 respectively.
As suggested in previous studies [25, 28, 178] the 4–center–2–electron ↵,�–(CCC) agostic interaction in the metal-

lacyclobutane complexes is involved in the donation of �–electron density from the olefin moiety and ethylidene ligand
to the Ru coordination center and increases the electron density to form a 16–electron stable complex. In addition to the
�–electron donation, the ↵,�–(CCC) agostic interaction may also be supplemented by backbonding into the �< CC or-
bital, which can lead to easy cleavage of this bond [82]. According to Tables 2 and 10, the strength of the agostic RuCb
interaction in metallacyclobutane intermediate 2 (BSO value of 1.01) is very close to the strength the RuCa and RuCc
bonds in 2 (BSO values of 1.06 and 1.18, respectively), with similar values observed for 5, 8, 11, 14, and 17, which
indicates on the general importance of the agostic interaction in these intermediates. Moreover, according to Table 10,
all metallacyclobutane intermediates have a negative value of the energy density at the ring critical point, indicating
on a dominance of the potential energy of the ⇡–electrons in the middle of the ring [179]. According to Figures 4 – 6
the Laplacian of the electron density inside the metallacyclobutane ring is positive indicating on the ⇡–electron charge
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depletion, and becomes negative close to the carbon atoms showing a charge concentration. In summary according
to Table 10 and Figures 4 – 6, we observe in our study that both ⇡–electron concentration concentration close to the
carbon atoms, and the agostic interaction with the metal facilitate CC bond cleavage, lowering the energy barrier of
this process.

4.6. Conclusions
We analyzed the mechanism of the regioselective [2+2] cycloaddition and cycloreversion reactions between trichloro-

vinylsilane and ethylidine coordinated to three models (M1, M2 and M3) of the active form of the original first and
second–generation Grubbs catalyst (GI and GII). M1 used in our study is a simplified model of the first–generation
Grubbs catalyst with a trimethylphosphine ligand coordinated to the Ru atom, M2 is a simplified model of the second–
generation catalyst with an unsubstituted NHC ligand, while M3 is a model of the second–generation catalyst with
a 2,5–dimethyl–NHC ligand. With two possible orientations of trichlorovinylsilane relative to the ethylidene group
and two reaction steps for each reaction (i.e., step I: formation of a stable intermediate metallacyclobutane and step II:
ring-opening of the intermediate cyclobutane ring forming the final product) this led to a total of 12 reactions paths,
18 minima and 12 TSs.

• In all reactions four target bonds play a key role, either being formed and/or broken or changing from double to
single bonds and vice versa during the catalytic process. According to our URVA results, in all step I reactions
investigated in this work bond formation and change from double to single bond character of the target bonds take
place in a concerted way after the TS (i.e. process does not contribute to the reaction barrier); in all step II ring-
opening reactions bond cleavage and change from single to double character also happens in a concerted way,
however, before the TS (i.e. process contributes to the reaction barrier). As a consequence, all step I reaction
have a lower the activation energies than their than step II counterparts. The analysis of the NBO charges along
the reaction paths revealed that the step I reactions are characterized by a larger charge separation between the
catalyst and the reacting species in the entrance channel, than the step II reactions. This electron density transfer
from the catalyst to the reacting species further reduces the energy barrier.

• According to our results, M3 is the most e�ective catalyst. Its activity is related to a strong stabilization of the
metallacyclobutane intermediate and specific interactions between the reacting species and the methyl hydrogen
atoms of the 2,5–di–methyl-NHC ligand of the catalyst. Step I reactions with the M3 catalyst have generally
lower activation energies than the corresponding reactions with the M1 and M2 catalysts. As revealed by our
data, in step I reactions where the target bonds are formed, steric interactions with the methyl groups decrease
the activation energy by moving the reacting carbon atoms closer together. However the price to pay is that in
step II reactions, the NHC-methyl groups lead to on opposite e�ect which increases the activation energy by
making bond cleavage more di�cult. Therefore, when selecting other, maybe more bulky NHC substituents to
facilitate the step I reactions one has carefully check the energetic consequences for step II reactions, which can
be e�ciently monitored and predicted by LMA.

• We could also explain the suggested role of 4–center–2–electron ↵,�–(CCC) agostic interactions in the met-
allacyclobutane intermediate donating electron density to the Ru coordination center and facilitating CC bond
cleavage taking place in the step II reactions, leading in this way to lower energy barriers.

Overall, the new mechanistic details obtained with the URVA and LMA analysis can serve as a roadmap for the
optimization of current and the future design of the next generations of Grubbs catalysts and beyond.
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Figure 10: Bond strength order BSO as a function of local mode force constant ka for reactions R1 – R4.The values for
the reference molecules are indicated as light blue circles. Only selected hydrogen atoms are indicated. Re – reactant, TS
– transition state, Pr – product. For bond labeling see Figure 3. B3LYP/6–31G(d,p)/NESC/Jorge–TZP–DKH(Ru) level
of theory. a) RuC bonds; b) The CC bonds.
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Figure 11: Bond strength order BSO as a function of local mode force constant ka for the reactions R5 – R8.The values
for the reference molecules are indicated as light blue circles. Only selected hydrogen atoms are indicated. Re – reactant,
TS – transition state, Pr – product. For bond labeling see Figure 3. B3LYP/6–31G(d,p)/NESC/Jorge–TZP–DKH(Ru)
level of theory. a) RuC bonds; b) CC bonds.
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Figure 12: Bond strength order BSO as a function of local mode force constant ka for the reactions R9 – R12.The values
for the reference molecules are indicated as light blue circles. Only selected hydrogen atoms are indicated. Re – reactant,
TS – transition state, Pr – product. For bond labeling see Figure 3. B3LYP/6–31G(d,p)/NESC/Jorge–TZP–DKH(Ru)
level of theory. a) RuC bonds; b) CC bonds.
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