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Abstract
The chemical reactivity of the first- and second-generation Grubbs catalysts has always been a significant issue in olefin
metathesis. In the present work, we study the [2+2] cycloreversion/cycloaddition and the alkylidene rotation involved into the
interconversion of the ruthenacyclobutane intermediate, through the reaction force and reaction force constant analysis. It has
been found that the structural contribution controls the barrier energy in the interconversion of ruthenacyclobutane via [2+2]
cycloreversion/cycloaddition, which is slightly lower in the second generation of Grubbs catalysts while its electronic contribu-
tion is slightly higher, which unveils a major rigidity and donor/acceptor properties of the NHC. This finding explains a greater
structural contribution in the rate constant. Moreover, on the basis of the reaction force constant, the process can be classified as
“two-stage”-concerted reactions, noting a more asynchronous process when the first generation is used as a catalyst.

Finally, a similar analysis into the alkylidene rotation was performed. It was determined that [2+2] cycloreversion and
alkylidene rotations take place in a sequential manner, the energy barrier is again controlled by structural reorganization, and
the pathway is less asynchronous.

Keywords Ru-centered [2+2] cycloreversion/cycloaddition . Reaction force constant . Grubbs catalysts . Density functional
calculations

Introduction

Olefin metathesis is a rearrangement of C-C double bonds,
which leads to new alkenes [1]. Currently, this process is
one of the most relevant reactions in organic synthesis, since
it is utilized in many industrially valuable processes, such as in
the production of polymeric materials and pharmaceutical
products [2–5]. This reaction occurs with a metal-carbene
complex as catalyst. The molybdenum-based Schrock cata-
lysts [6–8] and the ruthenium-based complexes, so-called
Grubbs catalysts [9, 10], are the most important catalysts in
this field. In general, the first- [11] and second-generation
Grubbs catalysts [12, 13] are the most widely used in com-
mercial settings. Recently, the Ru-chelated [14] and Hoveyda-
catechothiolate catalysts [15] have also been shown outstand-
ing performance (e.g., see in Fig. 1). All these proceed through
the Chauvin’s general mechanism [16, 17], which involves the
following elementary steps: (i) the 14e- specie formation, (ii)
alkene coordination (AC), (iii) [2+2] cycloaddition (CA), (iv)
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[2+2] cycloreversion (CR), and (v) the alkene de-coordination
(AdC) (see Fig. 2).

Many experimental and computational studies have been fo-
cused on the chemical reactivity of the first- and second-generation
Grubbs catalysts [18–24]. It is well-known that the latter is more
catalytically efficient than the former. Kinetic studies unveiled that
the phosphine dissociation is the rate-determining step (k1 = 9.6
± 0.2 and 0.13 ± 0.01 s−1; and ΔHact = 23.6 ± 0.5 and
27 ± 2 kcal mol−1 for the first and second generation, respectively)
[25–27]. A reverse trans-effect during this step in the second gen-
eration was also evidenced. In this context, the better performance
of the second generation was explained as a consequence of the
lower rotameric energy barrier [23, 28] (ΔErota = 13.3 and
4.8 kcal mol−1 for the first and second generation, respectively)

needed to transform the 14e- inactive specie into 14e- active spe-
cie. Moreover, among other important differences between these
Ru-based catalysts, is the fact that the steps (ii)–(v) are much faster
in the second than in the first generation (k−1/k2 = 1.3 × 10

4 and
1.25 for the first and second generation, respectively) [25]. This
suggests that the olefin is quickly coordinated, and thus indicating
that the rotameric change could occur in its presence andmoreover
that the enhanced reactivity of the second-generation Grubbs cat-
alysts in relation to the alkenes also produces a dynamic intercon-
version of the ruthenacyclobutane intermediate via [2+2]
cycloreversion/cycloaddition [29, 30]. This is especially the case
when the substituted olefins are employed. Wenzel and Grubbs,
who focused their attention on this behavior, proposed thus the
“olefin flips” and the “alkylidene rotation” as possible routes for
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this exchange [29, 30]. Some years ago, we reported that the
“alkene rotation” is the most favorable pathway for this intercon-
version [22]. Also, we found that in the more simple
ruthenacyclobutane, formed by the reaction between the 14e-Ru-
methylidene specie and ethene, the activation energies correspond-
ing to the alkylidene rotation, alkene rotation, and [2+2] cycload-
dition are alike, being consequently competitive (16.0, 13.4, and
10.6 kcal mol−1, respectively) [22]. Taking into account the
abovementioned facts, it is important to gain new insight into the
alkylidene rotation and [2+2] cycloreversion/cycloaddition pro-
cesses, employing the first- and second-generation Grubbs cata-
lysts. This will allow a greater understanding of the chemical
reactivity of these two outstanding generation Grubbs catalysts,
and find new differences between them. Therefore, a new view-
point to understand the olefin metathesis by using some interpre-
tative tools, for instance, the reaction force/reaction force constant
analysis, will be performed [31–34].

Additionally, from a mechanistic viewpoint, the Ru-centered
[2+2] cycloreversion/cycloaddition reactions involve the
breaking/forming of two single bonds (Ru-C and C-C) passing
for the formation of two double (Ru-C and C-C) bonds character
near to the transition state. In general, these can proceed in a
concerted or stepwise mechanism, depending on whether the
two new single bonds are formed in a single kinetic step or in
two kinetic steps, respectively, with the latter involving an inter-
mediate. The former can be further classified as synchronous or
asynchronous (also called “two-stage”), depending on whether
or not the new single bonds are broken/formed at the unison [35].
In this sense, these synchronicity/nonsynchronicity issues are
very important in a mechanistic study in order to understand
more completely the formation of the new chemical bonds in
the cycloreversion/cycloaddition reactions that are involved in
olefin metathesis. In order to gain a greater understanding of this
issue, the reaction force constant, κ(ξ) [33], has recently been
proposed as a suitable indicator of the degree of synchronicity
in multi-bond reactions [36], e.g., double-proton transfer [37, 38]
and Diels-Alder reactions [39–42]. Therefore, the main goal of
this work is to gain a deeper understanding of the Ru-centered
[2+2] cycloaddition step involved in olefin metathesis mecha-
nism, using the first- and second-generation Grubbs catalysts,
from the reaction force perspective. Therefore, our main aim is
to continue contributing to the clarification of the chemical reac-
tivity of these two important generations because, currently, they
are taken as a base identity for the future design of new catalysts.

Theoretical background

Potential energy and reaction force/reaction force
constant analysis

For an elementary reaction which advances in a single kinetic
step, the potential energy profile V(ξ) along the minimum energy

path typically computed using the intrinsic reaction coordinate
(ξ) method proposed by Fukui [43] and implemented by
Gonzalez and Schlegel [44] (see the top panel in Fig. 3). This
can be easily obtained the activation barrier (ΔEact) and the over-
all energy change (E∘) from the energies of the stationary states,
i.e., reactant (at ξR), transition state (at ξTS), and product (at ξP) as
follows: ΔEact = V(ξTS) − V(ξR) and ΔE∘ = V(ξP) − V(ξR), re-
spectively. From a mechanistic viewpoint, much valuable infor-
mation can be extracted from the nonstationary states, which
define the shape of both V(ξ) and its derivatives.

Based on classical physics, the negative derivative and sec-
ond derivative of the potential energy V(ξ) define, respective-
ly, the reaction force F(ξ) [31] and the reaction force constant
κ(ξ) [33] as follows:

Fig. 3 Profiles of a V(ξ), b F(ξ), and c κ(ξ) along the IRC of a generic
one-barrier reaction
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F ξð Þ ¼ −
∂V ξð Þ
∂ξ

ð1Þ

κ ξð Þ ¼ ∂2V ξð Þ
∂ξ2

ð2Þ

Both F(ξ) and ξ are vectors directed from reactants to prod-
ucts. The respective profiles of F(ξ) and κ(ξ) for a single
barrier V(ξ) profile are shown in the middle and bottom panels
in Fig. 3.

The reaction force displays typical features (see the middle
panel in Fig. 3) [45–53]. It is retarding (or negative) in the
region encompassed from R to TS and is driving (or positive)
from TS to P, where these are equalized at the TS position.
Moreover, two critical points are evidenced in the regions
indicated above, a minimum (at ξ1) and a maximum (at ξ2),
respectively. On the basis of the pattern exhibited by F(ξ), it
has been possible to divide the chemical reaction into three
meaningfully regions along ξ: the so-called “reactant” region
between ξR and ξ1, the “transition” region between ξ1 and ξ2
and finally, the “product” region between ξ2 and ξP [32, 54]. In
accordance with a detailed analysis of how structural and
electronic properties evolve along ξ, the first and third regions
are identified as structurally accentuated, since such several
structural changes as rotations and bond lengthening are seen
to be taking place. Meanwhile, the “transition” region is seen
as an electronically accentuated one because the bond-
forming/breaking are mainly encompassed throughout the
transition region [53]. Although a structurally and electroni-
cally predominance is recognized in the first/third and transi-
tion regions, respectively, they are not exclusively so. This
characteristic allows a partition of the energy barrier into
two contributions, one associated with structural rearrange-
ments (ΔEact, 1) and the other with electronic reorganizations
(ΔEact, 2) as follows:

ΔEact ¼ V ξTSð Þ−V ξð Þ
¼ V ξ1ð Þ−V ξRð Þ½ � þ V ξTSð Þ−V ξ1ð Þ½ �
¼ ΔEact;1 þΔEact;2

ð3Þ

This framework has helped the effect of an external agent
such as substituents, catalysts, or solvent on the energy barrier
to be rationalized, depending on whether they affect its struc-
tural or electronic component [55, 56].

On the other hand, the reaction force constant κ(ξ) [33]
which is an energy-derived property that carries information
on how the chemical bonding or interactions evolve along ξ
[33] has recently been proposed as a suitable indicator of the
degree of synchronicity/nonsynchronicity in concerted multi-
bond chemical reactions [38–40]. The striking feature is that
κ(ξ) is negative not only with respect to the traditional TS but
also throughout the whole transition region, where all bond-
forming/breaking processes are encompassed. It takes positive
values throughout the structurally intensive first and third

regions, as shown in the bottom panel in Fig. 3. More specif-
ically, a single minimum in κ(ξ) is associated with a fully or
nearly fully synchronous process. A significant level of
asynchronicity (as a “two-stage”-concerted reaction [36]) is
evidenced by a negative local maximum of κ(ξ) connected
to two κ(ξ) minima in both sides, i.e., before leaving the tran-
sition region toward to the reactant side and the product side in
the proximity at ξ1 and ξ2. Finally, when the maximum of κ(ξ)
becomes positive, a highly asynchronous process can transi-
tion into a stepwise mechanismwith a metastable intermediate
[34].

All the abovementioned has been widely discussed in
Diels-Alder cycloadditions [39–42], double-proton transfer
[38], water-assisted proton transfer [37], among others [34],
thereby demonstrating the usefulness of both F(ξ) and κ(ξ)
concepts as interpretative tools in chemical reactivity studies.

Kinetic aspects

Assuming an Arrhenius model for the rate constant k of a
process with activation energy,ΔEact, and considering its par-
tition into two components,ΔEact, 1 andΔEact, 2 (the former a
structural and the latter an electronic contribution to the acti-
vation energy), k can thus also be partitioned into two contri-
butions, called as kstruct and kelectr:

k ¼ Ae−ΔEact=RT

¼ Ae−ΔEact;1=RT⋅e−ΔEact;2=RT ¼ kstruct⋅kelectr
ð4Þ

where A is the Arrhenius factor, R is the gas constant, and T is
the temperature.

Computational details

All calculations have been performed within the density func-
tional theory (DFT) framework using the GAUSSIAN 09 pro-
gram [57]. Molecular geometries were fully optimized using
both the dispersion-corrected-GGA BP86+D [58, 59] and
meta-GGA M06-L [59] exchange-correlation functionals.
While the former includes the empirical atom-atom dispersion
contributions “D” proposed by Grimme [60], the noncovalent
forces are taken into account in the latter [21]. Both func-
tionals have been tested by us [23] and found that they provide
a suitable description of the olefin metathesis reaction cata-
lyzed by Grubbs catalysts. The ruthenium core electrons were
treated by quasi-relativistic effective pseudopotentials
(RECPs) developed by Stuttgart group, the so-called
MWB28 [61], which replaces the 28 inner electrons by a
nonlocal effective potential. The remaining electrons were de-
scribed with the associated (8s7p6d)/[6s5p3d] basis set. All-
electron medium-sized 6-31+G(d,p) basis set was employed
for C, H, Cl, P, and N atoms [62]. The harmonic frequency
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analysis for the stationary points was also carried out using the
Hessian matrix in internal coordinates, in order to ensure their
nature as minima, intermediate, or transition state on the po-
tential energy surfaces. In addition, we verified the connection
between reactants, products, and located transition structures
using the intrinsic reaction coordinate (IRC) method [43, 44]
only at BP86+D level of theory. This method used a gradient
reaction step size of 0.100 amu1/2·bohr providing the input
V(ξ) profile needed to generate F(ξ) and κ(ξ) reaction profiles,
employing the Savitzky-Golay smoothing and differentiation
filters for the latter. All electronic structure calculations pre-
sented here do not include either solvent or thermal
contributions.

Results and discussion

The idea behind the present work was to investigate the
alkylidene rotation to transform the 14e- inactive specie into
active specie, followed by the [2+2] cycloreversion/
cycloaddition using the first- and second-generation Grubbs
catalysts (Fig. 4). It was found that, for the first generation, the
alkylidene rotation only occurs immediately after the phos-
phine dissociation. Therefore, while we only studied the Ru-
centered [2+2] cycloaddition for the first generation (first-
Ru-[2+2] cycloreversion/cycloaddition), both processes, the
alkylidene rotation and second-Ru-[2+2] cycloreversion/cy-
cloaddition, are studied for the second-generation Grubbs
catalysts.

The profiles of V(ξ), F(ξ), and κ(ξ) along ξ for the Ru-
centered [2+2] cycloreversion/cycloaddition, employing the
first- and second-generation Grubbs catalysts (first Ru-[2+2]
cycloreversion/cycloaddition and second Ru-[2+2]
cycloreversion/cycloaddition), are shown in Fig. 5.

Th e v a l u e s o f e n e r g y b a r r i e r s o f 7 . 6 a nd
11.0 kcal mol−1 are extracted from V(ξ) for the first- and
second-Ru-[2+2] cycloreversion/cycloaddition, respec-
tively, with the former being more feasible from a kinetic
viewpoint, presenting an enhanced reactivity by almost
104 times at 186 K. Accordingly, Ru-centered [2+2] cy-
cloaddition is thus an isoenergetic process. The F(ξ) pro-
file allows identifying five key points along ξ. Their struc-
tures are shown in Fig. 6. Some bond lengths and dihedral

angle involved in the coordination sphere of the com-
plexes are quoted in Table 1.

Notice that F(ξ) is negative in the reactant region is
resisting to structural changes, and concomitantly, retarding
the process. However, after ξ1, F(ξ) suffers a positive increase,
reaching a maximum at ξ2, supporting the transformation and
the system starts to relax until the product is reached at ξp. It is
found that the bonds labeled as 2 and 4 (H2C-C(1) and Ru-
C(2)H2, respectively) are stretched from ξR to ξTS. They are
shortened when the ruthenacyclobutane intermediate is
formed again, i.e., from ξTS to ξP. The breaking/forming of
two single bonds (Ru-C and C-C) is mainly encompassed
throughout the whole transition region, i.e., from ξ1 to ξ2.
Likewise, the bonds labeled as 1 and 3 (Ru=CH2 and
H2C(2)=C(1)H2, respectively) undergo significant changes,
as result of sp3 hybridization C atoms which are transforming
into sp2 at the TS. However, these changes mainly take place
from ξR to ξ1. Afterward, such changes are slight, in accor-
dance with their double-bond character at the TS. Finally, the
dihedral angles P-Ru=CH (C-Ru=CH) show that move-
ments of the active form occur near to 90°. Specifically, in
the transition state, the P-Ru=CH (C-Ru=CH) angles are
101.67° (99.37°) while in the respective ruthenacyclobutanes
are at angles of 71.87° (67.03°). This indicates the importance
of the freedom degree in the Ru-centered [2+2]
cycloreversion/cycloaddition.

From Table 1, it must be noted that the structural changes
are greater in the first generation than in the second genera-
tion. However, the partition of the energy barrier into its con-
tributions, quoted in Table 2, reveals that the energy amount
associated with the structural contributions are higher in the
second-generation Grubbs catalyst than in the first generation,
which shows a major rigidity in the ruthenacyclobutanes with
NHC ligand. By taking into account that the Ru-centered [2+
2] cycloreversion do not present exclusively structural or elec-
tronics effects in the reactant region, ξR to ξ1, and the transition
region, ξ1 to ξ2, respectively. This suggests that in the second
generation some stronger electronic effects are involved than
in the first generation, related with the donor/acceptor nature
of the NHC ligand [63] and the unique donor nature of the
phosphine ligand [64].

The results associated with the partitioning of the activation
energies ΔEact to the Ru-centered [2+2] cycloreversion/
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Fig. 5 Profile of V(ξ), F(ξ), and
κ(ξ) along ξ for [2+2]
cycloreversion/cycloadditions
using a first- and b second-
generation Grubbs catalysts
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cycloaddition through of the reaction force indicating that in both

generations of Grubbs catalysts,ΔEact, 1 is higher than theΔEact,
2, representing almost the 60 % and 40 % of the overall energy
barrier, respectively, although these percentages are slightly low-
er and higher for the second generation than for the first genera-
tion. These findings are in agreement with others computational

results, which indicate that the second generation is driven main-
ly by electronic effects [24], where a minor structural reorgani-
zation takes place in the initial steps into of the catalytic cycle of
the olefin metathesis [23, 28].

Also, we computed the relative rate constants at 186 K,
confirming that the enhanced reactivity for the first generation
in Ru-centered [2+2] cycloreversion/cycloaddition is mainly
controlled by structural factors, rather than by electronic
component.

On the other hand, in the analysis of the reaction force
constant κ(ξ), in the bottom panels in Fig. 5, we observe that
κ(ξ) is positive in the reactants and product regions, and neg-
ative in the transition region, showing three κ(ξ) minima con-
nected by two negative κ(ξ) maxima in the region defined
between ξ1 and ξ2. This peculiar behavior combined with the
fact of the barrier width, it can thus be classified as a “two-
stage”-concerted reaction in both cases, i.e., for the first- and
second-Ru-centered [2+2] cycloreversion/cycloaddition reac-
tions. These reactions reveal a high degree of asynchronicity
in such processes, which is slightly higher in the first-Ru-
centered [2+2] cycloreversion/cycloaddition. This, in turn, ex-
plains its kinetically feasibility.

Regarding the alkylidene rotation in the second-generation
Grubbs catalyst, we also analyze the V(ξ), F(ξ), and κ(ξ) pro-
files, as displayed in Fig. 7. V(ξ) shows that the interconver-
sion of ruthenacyclobutanes advances overcoming an

21 PR TS

1

23

4

1

23

4

Fig. 6 The five key structures along ξ for the Ru-centered [2+2] cycloreversion/cycloadditions using the first- and second-generation Grubbs catalysts

Table 1 Bond distances (in Å) and dihedral angle (in degree) at the key
points along ξ for the Ru-centered [2+2] cycloreversion/cycloadditions
using the first- and second-generation Grubbs catalysts. The bond labels
are in Fig. 5

ξR ξ1 ξTS ξ2 ξP

First generation

1. Ru=CH2 1.985 1.867 1.830 1.866 1.959

2. H2C-C(1) 1.579 1.941 2.493 1.939 1.604

3. H2C(2)=C(1)H2 1.603 1.466 1.395 1.463 1.579

4. Ru-C(2)H2 1.959 2.109 2.252 2.114 1.985

(R3)P-Ru=C(H) 71.87 82.50 101.67 82.91 69.21

Second generation

1. Ru=CH2 1.952 1.872 1.833 1.890 1.950

2. H2C-C(1) 1.607 1.908 2.493 1.777 1.608

3. H2C(2)=C(1)H2 1.577 1.476 1.394 1.508 1.575

4. Ru-C(2)H2 1.997 2.100 2.252 2.068 1.999

(NH)C-Ru=C(H) 67.03 70.99 99.37 75.94 69.44

Table 2 Activation energy, ΔEact, and its components,ΔEact, 1 andΔEact, 2, for the Ru-centered [2+2] cycloreversion/cycloaddition using first- and
second-generation Grubbs catalysts (in kcal mol−1) and relative rate constants krel

Grubbs catalysts ΔEact ΔEact, 1 ΔEact, 2 krel kstruct, rel kelectr, rel

First generation 7.6 4.5 (59.2 %) 3.1 (40.8 %) 9.9 × 103 1.3 × 102 76

Second generation 11.0 6.3 (57.3 %) 4.7 (42.7 %) 1 1 1

Relative rate constants are computed at 186 K as krel ¼ e−ΔΔEact=RT
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activation barrier of 17.8 kcal mol−1 via the alkylidene rotation
path. This is an agreement with other previously reported ex-
perimental and computational values, confirming that the [2+
2] cycloreversion/cycloaddition mode occurs in the
ruthenacycles exchange [22, 29]. Furthermore, this less favor-
able path exhibits the presence of several transient states,
which were identified from the reaction force analysis.
These key points along ξ are depictured in Fig. 8. ξ1a defines
the transition region of [2+2] cycloreversion/cycloaddition
step (ξTS in Fig. 5), ξ1 defines the transition region of the
alkene coordination involving the 14e- inactive specie and
the olefin.

Therefore, “two reactant regions” are noted in the coupled
pathway to the alkylidene rotation: from ξR to ξ1a, involve the
preparation of a [2+2] cycloreversion, while from ξ1a to ξ1, in
which the carbene rotation C-Ru=CH occurs. After, the “transi-
tion region,” ξ1 to ξ2, involves the formation of the transition
structure, ξTS. Finally, “two products regions” also occur, giving
rise to the formation of a new ruthenacyclobutane intermediate.

Table 3 contains the four most important bond distances (1-
Ru=CH2, 2-H2C-C(1), 3-H2C(2)=C(1)H2, and 4-Ru-C(2)H2)
on each one of the identified species along the reaction path-
way identified as key points. The results show that in the
reactant region, i.e., ξR to ξ1a, the bonds labeled as 2 and 4
are stretched as a consequence of the bond-breaking in the
ruthenacyclobutanes, as part of the [2+2] cycloreversion and
alkylidene rotation that are occurring. In the next reactive
region, ξ1a to ξ1, the most prominent change is the rotation
of the dihedral angle C-Ru=CH from 90.50° in ξ1a to −
176.21° in ξ1, passing from an active form to an inactive
one. In the “transition region,” it is important to highlight that
the bonds labeled as 2 and 4 continuously stretch while the
olefin and 14e-Ru-methylidene specie move apart when the
C-Ru=CH dihedral angle rotates. Finally, the opposite behav-
ior in the “two products regions” occurs, since the intermedi-
ate specie come back to the active form (88.32°) in ξ2 to ξ2a
occurring after the [2+2] cycloaddition in ξ2a to ξP.

Insights into the reaction from F(ξ) is found a similar be-
havior to that observed in the [2+2] cycloreversion/
cycloaddition previously studied. F(ξ) is negative in the reac-
tant region and positive in the product region. Nevertheless,
one additional minimum in the first region and one additional
maximum in the last region were found as a consequence of
the two primitive processes that occur before and after the
transition region, respectively. These also show that more
changes must be overcome to achieve the barrier energy,
which is higher than in the previous processes studied.
Within the reaction force frame, the structural alterations are
dominant in the reactant and product regions, while the elec-
tronic changes, in the transition region. This can be quantified
by the amount of energy given by eqn. (3); it is found that the
energetic contributions are 9.5, 3.2, and 5.1 kcal mol−1, re-
spectively, for ΔEact, 1, ΔEact, 1a, and ΔEact, 2. Accordingly,

Fig. 7 Profile of V(ξ), F(ξ), and κ(ξ) along ξ alkylidene rotation using the
second-generation Grubbs
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the barrier energy to the alkylidene rotation mechanism can be
understood as the sum of the barrier energy associatedwith the
[2+2] cycloreversion (9.5 kcal mol−1), plus the energy barrier
of the rotation itself (8.3 kcal mol−1), although this amount of
energy contains some information related to [2+2]
cycloreversion. Again, it is noted that the rate constant is rath-
er controlled by a structural component than an electronic
component.

Finally, the reaction force constant κ(ξ) analysis showed
that it is also very similar to what is described in Fig. 5. This
is slightly positive in the reactants and product regions, and
negative throughout whole the transition region. Therefore,
the alkylidene rotation certainly evidenced sequential primi-
tive processes; however, the pattern noted for [2+2]
cycloreversion (cycloaddition), between ξR and ξ1a (ξ2a and
ξP), is nearly asynchronous, and consequently, this fact could
explain the higher energy barrier for this mechanism.

Conclusions

The analysis of reaction force and reaction force constant in
Ru-centered [2+2] cycloreversion/cycloaddition and
a l ky l i d en e r o t a t i o n s a s pa t h s t o i n t e r c onve r t
ruthenacyclobutane intermediates employing both the first-
and second-generations Grubbs catalysts was carried out. In

the first case, the reactant region encompasses the breaking of
single Ru-C and C-C bonds in favor of the formation of
double-bond character, Ru=C and C=C, at the transition state.
The reaction force allows the partitioning of the energy barrier
into two components, a structural and an electronic one, and
concomitantly, the respective rate constants. The results
showed that the [2+2] cycloreversion is mainly controlled by
structural factors in both Grubbs catalysts, being more kinet-
ically favorable using the first generation than the second gen-
eration. Despite noting minor structural changes in the second
generation, the energetic contributions are larger than in the
first generation, which agrees with rigidity and the donor/
acceptor properties of the NHC ligand. On the basis of the
reaction force constant, both processes can be classified as
“two-stage”-concerted reactions, unveiling properly a fine
structure of κ(ξ) along the transition region with two κ(ξ)
maxima connected by a minimum.

On the other hand, the alkylidene rotation in the second
generation was shown to be a less favorable process to inter-
convert ruthenacyclobutanes than the above pathways. The
reaction force revealed that [2+2] cycloreversion and
alkylidene torsion are primitive processes occurring in a se-
quential fashion, its energy barrier is, again, controlled by
structural component. κ(ξ) displayed that the [2+2]
cycloreversion is less asynchronous than in the first case.

2

1

P

R
TS1a

2a

1

2
3

4

Fig. 8 The key structures along ξ for the alkylidene rotation Ru-centered [2+2] cycloreversion/cycloadditions using the second-generation Grubbs
catalyst

Table 3 Bond distances (in Å)
and dihedral angles (in degree) at
the key points along the reaction
pathways for the alkylidene
rotation using the second-
generation Grubbs catalysts. The
bond labels are in Fig. 8

Second generation ξR ξ1a ξ1 ξTS ξ2 ξ2a ξP

1. Ru=CH2 1.971 1.845 1.832 1.821 1.833 1.854 1.969

2. H2C-C(1) (olefin) 1.594 2.233 2.809 3.245 2.752 2.098 1.594

3. H2C(2)=C(1)H2 1.588 1.419 1.374 1.357 1.378 1.439 1.587

4. Ru-C(2)H2 1.978 2.182 2.384 2.713 2.332 2.146 1.980

C-Ru=CH 72.37 90.50 − 177.15 − 176.21 − 179.31 88.32 72.42
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