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Introduction

Olefin metathesis is a very versatile reaction for the forma-
tion of carbon–carbon double bonds even in the presence of
other functional groups.[1–8] This makes the process a very
powerful tool in organic synthesis; the number of applica-
tions increases every day. The reaction requires the presence
of a suitable catalyst, which can be a transition-metal oxide
(MoO3, WO3, or Re2O7) supported on silica, alumina, or
magnesia,[7,9] or a well-defined organometallic com-
plex.[1,2, 4,10–14] Two main groups of molecular catalysts can be
distinguished: 1) the d0 early-transition-metal carbenes of
general formula [M ACHTUNGTRENNUNG(�NR1)ACHTUNGTRENNUNG(=CHR2)(X)(Y)], in which M is
usually Mo or W and X=Y= OR3 (a Schrock-type catalyst,

1 in Scheme 1),[4,10] and 2) the Ru-based carbenes of general
formula [Ru(Cl)2ACHTUNGTRENNUNG(=CHR1)(L1)(L2)],[1,2,6] in which L1 is a
phosphine ligand in the so-called first-generation Grubbs
catalyst[11] (2 in Scheme 1) or a N-heterocyclic carbene
(NHC) in the second-generation Grubbs catalyst[12] (3 in
Scheme 1). One particular case of second-generation com-
plexes is the Grubbs–Hoveyda catalyst (HM in
Scheme 1).[13,14] Second-generation catalysts, that is, com-
plexes with an NHC ligand, usually present higher activities
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(higher conversions per unit of time) and this has been re-
ported to depend on the compromise between L2 dissocia-
tion (easier for first-generation complexes) and the facility
of subsequent olefin coordination (favored for second-gener-
ation complexes).[1,15, 16]

Heterogeneous catalysts are more robust and allow a
much easier separation of products and catalyst. Therefore,
they are the preferred choice in industrial applications. Nev-
ertheless, they are generally not suitable for fine chemicals:
they show low selectivities and in general they are not cata-
lytically active when reactants contain other functional
groups.[5,7] On the other hand, homogeneous catalysts have a
well-defined structure, they work at lower temperatures, and
they are able to catalyze metathesis reactions for a large va-
riety of functionalized olefins.[5] Consequently, they show
much higher selectivities that make them suitable for the
synthesis of fine chemicals. Unfortunately, the fact that
products and catalyst are in the same phase makes their sep-
aration more complex and it may lead to metal-contaminat-
ed products.

With the aim of combining the advantages of heterogene-
ous and homogeneous processes, many authors have synthe-
sized well-defined heterogeneous catalysts by supporting or-
ganometallic complexes on different solids and surfaces
such as oxides or polymers.[5,9, 17,18] In this way, some of us
have recently prepared several Grubbs–Hoveyda-type het-
erogenized catalysts through sol–gel procedures on suitably
modified Hoveyda ligands (Scheme 2).[19–21] These catalysts

present good activities in ring-
closing diene and enyne meta-
thesis. Interestingly, it has been
observed that the nitro-substi-
tuted Grubbs–Hoveyda-based
catalysts NO2(4) (Scheme 2) re-
quire considerably lower reac-

tion times to achieve full conversion in the first catalytic
runs than the nonsubstituted catalysts H.[20, 21] Nevertheless,
the NO2(4) catalyst showed a pronounced decrease of activi-
ty upon recycling, whereas H shows similar or only slightly
lower activity after several runs.

These observations are in agreement with those trends ob-
served for the homogeneous Grubbs–Hoveyda ana-
logues.[22–24] The presence of electron-withdrawing substitu-
ents, such as the nitro group (NO2(4)M and NO2(5)

M
) in the

phenyl ring of the chelating ligand leads to catalysts that
generally achieve full reactant conversion in lower reaction
times than the nonsubstituted Grubbs–Hoveyda catalyst,
HM. Moreover, the inclusion of electron-donor substituents,
such as alkoxy groups (OiPr(4)

M
and OiPr(5)

M
),[23] leads to

catalysts that require longer reaction times to achieve the
same conversion as HM. In this sense, Blechert and co-work-
ers suggested that the inclusion of electron-withdrawing
groups decreases the electron density either at the alkoxy
group or on the Ru=C bond, thereby enhancing the catalytic
activity.[23]

Moreover, regarding catalyst recovery, it has been report-
ed that the Grubbs–Hoveyda catalyst HM can be recovered
up to a 95 % after reaction by chromatography,[14] whereas
the percentages of NO2(4) complexes isolated after reaction
are lower.[22]

Many theoretical works that focus on the olefin metathe-
sis mechanism catalyzed either by heterogeneous,[25] homo-
geneous Schrock-type,[26–28] or Grubbs-type catalysts[29–36] can
be found in the literature. For the particular case of Ru-
based catalysts, calculations have allowed one to determine
the most favorable reaction pathway based on Chauvin�s
mechanism,[37] but it adds an initial step associated with the
creation of a vacant site at the metal center that involves
the decoordination of the L2 ligand (see Scheme 3).[29,32, 34]

Despite the fact that Grubbs–Hoveyda catalysts have been
widely used experimentally,[1,8,13,14, 22] to our knowledge they
have only been briefly studied from a theoretical point of
view,[36] and in particular, the factors that control the catalyt-
ic activity and recovery of these compounds have never
been addressed.

In this context, the present work has three main goals:
1) to determine the origin of the higher catalytic activity of
NO2(4) compared to that of H ; 2) to determine the factors
that influence the catalyst recovery, and 3) to understand
how the electronic nature and position of the substituents in
the phenyl ring of the Hoveyda ligand affect the activity and
recovery of the Grubbs–Hoveyda-type catalysts. The under-
standing of the role of each substituent can be the basis for
further catalyst improvement.

Scheme 2. Grubbs–Hoveyda-based precatalysts considered in the present
work. Subscript M stands for molecular analogue and subscript q for
computational (quantum) model.

Scheme 3.
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Computational details : The Grubbs–Hoveyda-type hetero-
genized catalysts (H and NO2(4)) and the molecular ana-
logues (HM, NO2(4)

M
, NO2(5)

M
, OiPr(4)

M
, OiPr(5)

M
) have

been represented by one set of molecular models (Xq) in
which the actual bulk of the catalyst is included in the calcu-
lations except: 1) the anchoring ligand and the surface sup-
port, which are represented by an ethoxy (EtO) group, and
2) the OiPr Hoveyda ligand substituents of catalysts
OiPr(4)

M
and OiPr(5)

M
that have been simplified to OMe

groups (Scheme 2). This kind of approach has been previ-
ously used in other heterogenized catalysts[38] and it assumes
that the surface has very little electronic influence on the
metal center. The reacting diene, N,N-diallyl-4-methylbenze-
nesulfonamide (4), has also been simplified to N,N-diallyl-
methanesulfonamide (4q) (Scheme 4) to decrease the com-
putational cost without losing significant electronic contribu-
tions.

Calculations have been performed with the B3LYP[39]

hybrid density functional as implemented in the Gaussian 03
package.[40] The optimized geometries have been obtained
using basis set A (BSA), which consists of: 1) the quasi-rela-
tivistic effective core pseudopotentials (RECP) of the Stutt-
gart group[41] and the associated basis sets augmented with a
polarization function[42] for Ru, that is, the 1s, 2s, 2p, 3s, 3p,
and 3d electrons are included in the pseudopotential and
the outer 4s, 4p, and 4d electrons are described with the
(8s7p6d1f)/ ACHTUNGTRENNUNG[6s5p3d1f] basis sets; and 2) the 6-31G ACHTUNGTRENNUNG(d,p)[43]

basis set for all other atoms. The final energetics are ob-
tained from single-point calculations at the BSA-optimized
geometries, with a larger basis that includes diffuse functions
for C, N, O, H, and S, namely, 6-31++GACHTUNGTRENNUNG(d,p) (basis set B
(BSB)).[43,44] The nature of all stationary points has been
verified by vibrational analysis. In addition, for some transi-
tion states the intrinsic reaction coordinate (IRC) method
has been performed to determine the interconnected
minima. To ensure the accuracy of the present methodology,
some test calculations using both M06L and M06X density
functionals[45] have also been performed with the Gaussi-
an 09 package.[46] These functionals better reproduce the dis-
persion forces and thus they have been suggested to be
more reliable in reproducing some experiments on olefin
metathesis.[16,47,48] In particular, we have compared the che-
lating ligand alkoxy-dissociation energy barriers and the rel-
ative energies of the precatalysts compared with the most

stable intermediates that result from B3LYP calculations
with those values obtained using the same procedure but
M06L and M06X functionals. Energetics and geometries ob-
tained with M06L and M06X are reported in Table S1 and
Figure S1 of the Supporting Information. The absolute
values are only slightly affected by the level of theory.
M06L and M06X functionals lead to energy barriers that are
between 3 to 4 kcal mol�1 higher in energy and to precursor
stabilities that are around 5 to 9 kcal mol�1 higher. More in-
terestingly, the same trends are obtained independently of
the functional used.

Solvent effects have been included by performing single-
point calculations at the gas-phase-optimized geometry
using the polarizable continuum model (PCM)[49] and the
experimentally used dichloromethane (CH2Cl2) as solvent.

The energetics reported in the manuscript are based on
electronic energies plus solvation free energies, E+ DGsolv,
and thus do not include the entropic contribution of the
solute.[50] This leads to an overstabilization of those inter-
mediates with lower molecularity,[50,51] and in particular of
the metallacycle intermediates. Alternatively, one can con-
sider energetics based on Ggp +DGsolv that includes the loss
of rotation and translation on going from two molecules to
one in the gas phase.[52, 53] Nevertheless, it is well known that
DSrot and DStrans are larger in the gas phase than in solution
because rotation and translation in solution are much more
constrained.[53–55] There is still no standard procedure in the
literature but most of the theoretical works in catalysis and
specially in olefin metathesis are based on E +

DGsolv.
[29, 31,32,35] That is, the nonexistence of a systematic way

of calculating Srot
sol and Strans

sol , along with the accepted general
idea that Ggp + DGsolv overestimates the entropic contribu-
tion of the solute much more than E+DGsolv underestimates
it, precludes usually the inclusion of the gas-phase entropic
corrections.[28,51,53, 54]

Results and Discussion

Results are organized as follows. First, we present in detail
the reactivity of Hq and NO2(4)q with 4q (Schemes 2 and 4).
We have considered the global catalytic cycle (Scheme 5),
which involves three processes:[18, 56,57] A) the cross-metathe-
sis that leads to the real catalyst generation; B) the propaga-
tion process, which corresponds to the ring-closing diene
metathesis, and which is the same for all the catalysts pre-
sented here; and C) the cross-metathesis that leads to the
catalyst precursor regeneration. In all cases, we have only
considered the dissociative mechanism and the olefin coor-
dination trans to the NHC ligand (Scheme 3) since previous
studies have concluded that this is the preferred mecha-
nism.[31–33,47] Afterwards, we analyze the effect of electron-
donor and electron-withdrawing groups in the activity and
catalyst recovery of several modified Grubbs–Hoveyda de-
rivatives.

Scheme 4.
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Catalytic activity of Hq and NO2(4)q : Figures 1, 2, and 3
show the energy profiles and some selected optimized ge-ACHTUNGTRENNUNGometries for catalyst generation (Figure 1), propagation
(Figure 2), and catalyst precursor regeneration (Figure 3) as-
sociated with processes A, B, and C, respectively. It is worth
noting that all relative energies are given with respect to the
BII+ 5-X propagating carbene. This species is common to
the two catalysts and thus allows easier comparison. Opti-
mized structures of all intermediates and their Cartesian co-
ordinates are given in Figures S2, S3, and S4 in the Support-
ing Information. The precursors, Hq and NO2(4)q, present a
distorted square-based pyramidal (SBP) geometry, with the
carbene ligand in the apical position (Figure 1) and the two
chlorine ligands, the NHC, and the alkoxy group in the
basal plane. The main deviation from the ideal SBP struc-
ture comes from a significantly closed Cl-Ru-Cl angle
(156.28 for Hq and 154.48 for NO2(4)q). The smaller angle
for NO2(4)q correlates with a slightly shorter Ru=C bond.
Variations are very small, but this relationship between the
Ru=C bond length and the Cl-Ru-Cl angle opening is also
observed for NO2(5)q, OMe(4)q, and OMe(5)q (vide infra).
Analysis of the molecular orbitals indicates that the rutheni-
um d orbital involved in the p Ru=C bond also has an anti-

bonding character with the chlorine ligands. In this way, a
stronger Ru=C p interaction produces a higher Ru�Cl p re-
pulsion, which is minimized by closing the Cl-Ru-Cl angle.
As expected, the Hoveyda ligand is planar and this leads to
a planar ruthenafurane cycle. The computed geometry is in
agreement with the available X-ray data of HM

[14] and other
related complexes.[58] In particular, all calculated Ru=C and
Ru�CNHC distances are almost identical to the experimental
ones, whereas the Ru�Cl and Ru···O distances obtained
from calculations are slightly larger (less than 0.08 �).

Dissociation of the alkoxy substituent of the Grubbs–
Hoveyda ligand to create a vacant site occurs through a C1�
C2 rotation (Scheme 1), which leads to a seesaw coordina-
tion around Ru with the alkoxy group pointing to the mesi-
tyl substituents (Hq-AI). Furthermore, the NHC and the car-
bene substituents remain in the same plane after the whole
process. The transition-state structure presents the benzene
ring almost perpendicular to the NHC plane, with an Ru-
C1-C2-C3 torsion angle of 72.68 and an Ru···O distance of
3.550 �, which suggest that the Ru···O interaction is already
lost in the transition-state structure. Moreover, the Ru=C
bond length is considerably shorter in the transition-state
structure (1.814 �) than in either Hq (1.829 �) or Hq-AI

Scheme 5. Computed mechanism that consists of three different processes: A) catalyst generation, B) real catalytic cycle, and C) precatalyst regeneration.
Part A and C imply heterogenized species, whereas the catalytic cycle B takes place in solution.
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(1.827 �), and the C1�C2 distance is also longer (1.483 vs.
1.449 in Hq and 1.461 � Hq-AI). This is consistent with a
partial loss of the C1�C2 p-bond character. As a result of
these electronic changes, the process is endoenergetic by
10.8 kcal mol�1 and the energy barrier is 18.9 kcal mol�1.

Coordination of 4q leads to an olefin complex (Hq-AII) in
which the carbene ligand has rotated 908. Although this is
not the preferred orientation from an electronic point of
view, carbene rotation is easy and this reorganization mini-
mizes the steric repulsion between the carbene moiety and
the incoming olefin. Note that the equivalent Hq-AI struc-
ture with the carbene rotated 908 is not a minimum on the
potential-energy surface but a rotational transition state that
lies 6.5 kcal mol�1 above Hq-AI. This energy cost is recov-
ered by the olefin coordination, since the resulting Hq-AII
structure is 2.4 kcal mol�1 more stable than Hq-AI. The
olefin complex Hq-AII can easily evolve, through a
3.1 kcal mol�1 energy barrier, to the metallacycle intermedi-
ate (Hq-AIII), which is 1.3 kcal mol�1 above Hq-AII. The
metallacyclobutane has a trigonal bipyramidal structure
(TBP), with the two chloride ligands being apical, whereas
the NHC carbene and the metallacyclobutane moiety are in
the equatorial plane. As already reported for other Ru-
based catalysts, the metallacyclobutane is flat and presents a
considerably short M···Cb distance.[59] It is worth mentioning
that we have not been able to locate a square-based pyrami-
dal (SBP) metallacyclobutane intermediate as a minimum

on the potential-energy surface. These species have been
identified in Schrock-type catalysis[60] and have been sug-
gested to be a resting state that may be the origin of several
deactivation pathways.[27,61] The nonexistence of the SBP
metallacycle intermediate has an electronic origin and can
be explained using the molecular orbital treatment for pen-
tacoordinated transition-metal complexes that was devel-
oped by Rossi and Hoffmann in 1975[62] (see the Supporting
Information for details).

Metallacyclobutane opening has an energy barrier of
6.6 kcal mol�1 and it evolves spontaneously to BI (also called
AV). The reaction energy is +0.6 kcal mol�1. The BI species
does not have the Hoveyda ligand and thus it models one of
the propagating carbenes in solution. It largely resembles
Hq-AI, with a seesaw structure and coplanar Ru=C and
NHC moieties. Remarkably, the Ru=C bond length in BI is
1.803 � (Figure 2), which is considerably shorter than that
in Hq-AI (1.827 �, Figure 1).

Once BI is formed, the system enters the real catalytic
cycle (Scheme 5B, Figure 2, and Figure S3 in the Supporting
Information). All the intermediates and transition states are
similar to those found between Hq-AI and BI. Thus, no fur-
ther geometrical details will be presented. The most signifi-
cant difference between the two processes A and B
(Scheme 5) is that the metal vacant site at BI is not saturat-
ed by an incoming olefin, which will lead to a cross-metathe-
sis process, but it is occupied by the second C=C double

Figure 1. Energy profile (based on E+DGsolv in kcal mol�1) for BII catalyst generation (Scheme 5) from cross-metathesis between precatalyst Hq (black
solid curve) or NO2(4)q (gray dotted curve) and 4q. Some selected optimized structures (distances in �) have been added. All relative energies are with
respect to the BII+5-X propagating carbene. Absolute energy values can be found in the Supporting Information.

Chem. Eur. J. 2010, 16, 7331 – 7343 � 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org 7335

FULL PAPERRu-Based Grubbs–Hoveyda-Type Carbenes

www.chemeurj.org


bond of the sulfonamide (4q). This C=C coordination produ-
ces a considerable geometry reorganization of the carbene
ligand, but since this rearrangement mainly implies C�C
simple bonds and the rotation of the Ru=C carbene bond
(BII), the associated energy barrier is low (1.7 kcal mol�1).
Overall, cycle B has relatively low energy barriers. The high-
est energy barriers are associated with the two metallacyclo-
butane opening processes, BIII to BV and BVII to BI, simi-
larly to what is observed in process A, if one does not con-
sider the alkoxy ligand dissociation. Thus, the ring opening
appears to be the key step of the olefin metathesis process
itself (Chauvin�s mechanism). The energy barriers for BIII
to BV and BVII to BI processes are 13.1 and 13.6 kcal mol�1,
respectively. It should be mentioned that in most of the
cases computed here and at the level of theory used, the hy-
pothetical olefin complex that could be formed after cyclo-
reversion is not a minimum of the potential-energy surface;
olefin dissociation occurs spontaneously. According to the
analysis included in Table S2 of the Supporting Information,
the alkene complex stability with respect to separate reac-
tants depends on two main factors: 1) the steric repulsion
between the incoming olefin and the ligands of the metal
complex, and 2) the entropic cost (included partially in the

E+DGsolv values) associated with the alkene formation. Re-
garding the first factor, it is observed that olefins with small
substituents get closer to the metal center (shorter Ru···
C(alkene) distance), and therefore the Ru–olefin interaction is
higher. Nevertheless, if the olefin is small enough and the al-
kylidene complex has no steric hindrance, the cycloaddition
may be so easy that the transition state does not exist at the
present level of theory and cycloaddition occurs without
forming the alkene complex. This is the case for BVIII, for
which we have not been able to find any transition-state
structure and any complex with the coordinated ethene, al-
though detailed exploration has revealed a very flat region
between 7 and 8 kcal mol�1 lower in energy than BI. Regard-
ing the entropic contribution, this factor only applies to the
BII intermediate in the present reaction. In that case, the
potential-energy difference between BII and BI reveals that
BII is not one of the most stable alkene complexes with re-
spect to separate species as should be expected from the
size and hindrance of their substituents. In fact, the high sta-
bility of this complex arises from DGsolv values since the pro-
cess is intramolecular and there is less entropy loss.

Finally, if the boomerang effect applies, catalyst precursor
regeneration may occur through two pathways. On the one

Figure 2. Energy profile (based on E +DGsolv in kcal mol�1) for the catalytic cycle of ring-closing metathesis (4q!6q +ethene) (Scheme 5). Some selected
optimized structures (distances in �) have been added. All relative energies are with respect to the BII+ 5-X propagating carbene. Absolute energy
values can be found in the Supporting Information.
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hand, the styrene 5-H can react with BI and thus proceed
through the inverse reaction of that described in path A
(Scheme 5). On the other hand, the 5-H olefin can react
with CI, thereby undergoing the process described in path C
of Scheme 5. The most significant intermediates and transi-
tion states involved in path C as well as the associated
energy profile are represented in Figure 3. All other opti-
mized structures are shown in Figure S4 in the Supporting
Information. The formation of a species that contains the
Hoveyda ligand interacting covalently with the metal center
(Hq-AIII, Hq-CIII, and Hq-AI) requires low energy barriers
(less than 9 kcal mol�1), and the only significant energy bar-
rier is associated with the formation of Hq. Nevertheless, the
Hq precursor is the only carbene that has similar relative en-
ergies to the most stable carbene in solution, BII, and thus
its formation is required to form a species stable enough to
be recovered. All other species (CI, Hq-AI) are significantly
higher in energy than BII and can easily evolve to it (low
energy barriers). Overall, formation of Hq, either through
path A or C, suggests a crossing over of the high energy bar-
rier associated with alkoxy coordination. The transition state

is 8.1 kcal mol�1 higher in energy than Hq-AI, and the appar-
ent barrier (barrier with respect to BII) is 17.8 kcal mol�1

through process A and 16.9 kcal mol�1 through process C,
the difference between the two values being the computed
ring-closing diene metathesis thermodynamics (4q!6q +

ethene).
Scheme 6 summarizes, in a simplistic manner, the studied

reactions including their thermodynamics (DE) and the
energy span between the lowest minima and the highest
transition state (DE¼6 ). The highest energy barrier is associ-
ated with the chelating Hoveyda ligand dissociation and
thus the catalytic activity seems to be mainly controlled by
the ability of the precursor to generate the active carbene.
Once the alkoxy ligand is dissociated, all the remaining
energy barriers are low. The barriers are so low that one can
assume that the equilibrium is reached easily after dissocia-
tion. Nevertheless, since the species of the catalytic cycle are
generally more stable than those that contain the Hoveyda
ligand—the only exception being Hq, the formation of which
requires a relatively high energy barrier—one can conclude
that BI and CI would react faster with the more abundant

Figure 3. Energy profile (based on E+DGsolv in kcal mol�1) for the precatalyst regeneration (Scheme 5) by means of cross-metathesis of 5-X with CI
(X= H in the black solid curve and NO2(4) in the gray dotted one). Some selected optimized structures (distances in �) have been added. All relative
energies are with respect to the BII+5-X propagating carbene. Absolute energy values can be found in the Supporting Information.
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diene molecule (4q) than with the Hoveyda ligand 5-H. In
fact, Hq regeneration by the reaction of the propagating car-
benes BI or CI with 5-H would be thermodynamically possi-
ble but it would almost only take place after consumption of
the reactants, if the catalyst has not been yet deactivated.

The addition of a nitro group into the chelating Hoveyda
ligand in the para position to the leaving alkoxy group does
not modify the global mechanism and, in particular, all in-
termediates present equivalent geometries (Figures S5 and
S6 in the Supporting Information). Thus, in the following
discussion we will only mention those subtle variations that
we consider significant to the analysis.

Regarding the catalyst generation process (path A), it is
worth mentioning that NO2(4)q presents a longer Ru···O dis-
tance (2.359 �) than that optimized for Hq (2.343 �). More-
over, it presents slightly shorter Ru=C (1.825 vs. 1.829 �)
and slightly longer C1�C2 (1.453 vs. 1.449 �) bond lengths
(Scheme 2, Figure 1, and Figures S1 and S5 in the Support-
ing Information). These trends are maintained in theACHTUNGTRENNUNGTS ACHTUNGTRENNUNG(NO2(4)q-to-NO2(4)q-AI) and NO2(4)q-AI structures and are asso-
ciated with a lower energy barrier for the alkoxy dissocia-
tion in NO2(4)q (17.4 vs. 18.9 kcal mol�1). In addition, once
NO2(4)q-AI is formed, all energy barriers that lead to BI are
low. The highest one corresponds to the metallacyclobutane
ring opening of NO2(4)q-AIII and is only 5.9 kcal mol�1. Cat-
alyst precursor regeneration (path C in Figure S6) also re-
quires the alkoxy coordination process from NO2(4)q-AI to
NO2(4)q, since NO2(4)q is the only species that has compara-
ble energy to BII. This suggests a crossing over of the
alkoxy coordination transition-state structure (TS ACHTUNGTRENNUNG(NO2(4)q-to-

NO2(4)q-AI)), the energy barrier of which is 18.8 or 17.9 kcal
mol�1 above the most stable carbene in solution (BII), de-
pending on whether it proceeds along path A or C, respec-
tively.

The experimental evidence shows that molecular NO2(4)
M

and heterogenized NO2(4) precatalysts present higher activi-
ties (higher conversions per time unit) than the analogous
molecular and heterogenized (HM and H) species. Neverthe-
less, H and HM are recovered in a larger amount than
NO2(4) or NO2(4)

M
after the catalytic ring-closing diene

metathesis cycle.[20,22] Although the computed energy barri-
ers and stabilities for Hq and NO2(4)q differ only marginally,
present calculations are able to explain the experimental
trends. That is, results suggest that the activity is determined
by the ability of the precursor to generate the active carbene
either considering a kinetic factor (alkoxy dissociation is
easier for NO2(4)q than for Hq (DE¼6 =17.4 vs. 18.9 kcal
mol�1)) or a thermodynamic criterion (formation of the
active species is only favorable for NO2(4)q (DE=�1.4 vs.
+1.1 kcal mol�1)). In addition, they predict that the recovery
of the precatalyst is determined either by the amount of pre-
catalyst that has not reacted or by a more efficient release–
return mechanism (the boomerang effect).The former corre-
lates with the alkoxy-dissociation energy (Hq>NO2(4)q) and
implies that the equilibrium is not reached. The latter de-
pends on the relative stabilities of the precatalyst and the
active carbenes in solution and implies that thermodynami-
cal equilibrium is reached. That is, besides any potential de-
activation of the Ru-based species or the Hoveyda ligand, if
the system is allowed to evolve until thermodynamic equi-
librium, the amount of precatalyst would depend on the rel-
ative stabilities between the precursor and the active car-
bene complexes (Scheme 6). Here, the methylidene complex
(CI), which is formed during many olefin metathesis pro-
cesses, is considerably higher in energy than either BII or
the precatalyst and thus its abundance in a hypothetical
equilibrium would be negligible. In contrast, BII, which is
specific to the studied reaction, and the precatalyst (Xq) are
much closer in energy and thus their relative stabilities are
expected to be the key factor for evaluating if the boomer-
ang effect (release–return mechanism) is possible or not.
The relative energies between Hq and NO2(4)q and BII are
close to zero (Figure 1), and this seems to suggest that cata-
lyst recovery is possible, which is in agreement with isotopic
labeling experiments performed by Hoveyda et al.[18] and
Grela et al.[56] However, calculations indicate that the return
of NO2(4)q catalyst would be less efficient than that of Hq,
which is in agreement with the loss of activity in diene meta-
thesis after several runs of NO2(4)SiO2

and the generally ob-
served lower recovery of NO2(4)H after product–catalyst
separation by chromatography.[20,22]

At this point, it is worth mentioning that the present mod-
eling strategy is not sufficient to distinguish between kinetic
or thermodynamic control. Therefore, it is not possible to
identify whether the degree of catalyst recovery comes from
nonreacted precatalyst or from the return of the active spe-

Scheme 6. Simplified representation of all studied reactions including re-
action thermodynamics (DE) and energy span between the lowest-energy
intermediate and the highest transition state (DE¼6 ) for Hq in black and
NO2(4)q within parentheses in gray. All energies are in kcal mol�1.
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cies when the reaction is complete. One would expect the
first possibility if the energy barrier associated with alkoxy
dissociation is high enough to avoid reaching the equilibri-
um during reaction times. The boomerang effect would only
occur if equilibrium is reached, and this implies a relatively
low alkoxy-dissociation energy barrier. Unfortunately, the
alkoxy-dissociation energies computed here range between
17 and 25 kcal mol�1 depending on the system and the level
of calculation (Table S1 in the Supporting Information).
Thus, although the two levels of theory used here are accu-
rate enough to correctly reproduce trends, it is more difficult
to determine absolute values; the B3LYP ones suggest that
the equilibrium could be reached during the reaction time
(18–20 kcal mol�1), whereas the M06L or M06X ones suggest
that most of the precatalyst would not dissociate during the
reaction time (23–25 kcal mol�1).

For a further understanding of how the activity of these
complexes is affected by the presence of substituents in the
phenyl ring, we have performed calculations that consider
both electron-withdrawing and electron-donor substituents
at different positions of the phenyl ring (Scheme 2). Com-
pounds Hq, NO2(4)q, NO2(5)q, OMe(4)q, and OMe(5)q are
models of the existing HM, NO2(4)

M
, NO2(5)

M
, OiPr(4)

M
,

and OiPr(5)
M

ones, the catalytic rates of which generally
seem to vary in the order NO2(4)M�NO2(5)

M
>HM>

OiPr(5)M> OiPr(4)M.[22, 23] Since the activity is determined
by the ability of the precursor to generate the active species
(alkoxy decoordination and/or relative energies between the
precursor and the propagating carbene) and the catalyst re-
covery depends on the same two factors, our efforts in the
following section are only focused on these two parameters.

Effect of electron-donor and electron-withdrawing substitu-
ents at the chelating Hoveyda ligand on the activity and cat-
alyst recovery : Figure 4 and Figure S7 in the Supporting In-
formation show the optimized structures of Xq catalyst pre-
cursors and TSXq-to-Xq-AI, respectively. Table 1 reports the
alkoxy-dissociation energy barriers and the relative energies
of Xq +4q with respect to the BII+ 5-X asymptote (see
Schemes 2, 4, and 5 for species definition). All Xq com-
plexes present equivalent structures with the same distorted
SBP coordination around the metal center and the same
Ru=C and NHC relative orientation. On going into detail,
one can observe that phenyl ring substitution produces sig-
nificant variations on the Ru···O, Ru=C1, and C1�C2 distan-
ces (Scheme 1). For instance, it is observed that the higher
the electron-donor capacity of the substituent at C4
(Scheme 1), the shorter the Ru···O distance is; a clear exam-
ple of this is the shortening of the Ru···O distance on going
from Hq (2.343 �) to OMe(4)q (2.331 �). In contrast, the
opposite effect is observed with the substituents at C5, that
is, the strongest electron-donor substituent in C5 leads to
the largest Ru···O bond. For instance, the OMe(5)q

(2.360 �) catalyst presents a considerably longer distance
than Hq (2.343 �). These variations can be rationalized by
considering that the Ru···O distance arises from the interac-
tion between a Lewis acidic metal center and an alkoxy

Lewis base. Therefore, the interaction will be favored when
increasing the electron density in the alkoxy group and de-
creasing that of the metal. Since benzene substituents
mainly tune the ortho and para positions, one can assume in

Figure 4. Precatalyst optimized geometries (distances in �)

Table 1. Alkoxy-dissociation energy barrier (DE¼6 in kcal mol�1) and rela-
tive energies of the 4q +Xq

[a] precatalyst with respect to the BII + 5-X[b]

asymptote.

Precatalyst[a] DE¼6 Xq

Hq 18.9 �1.1
NO2(4)q 17.4 +1.4
NO2(5)q 17.3 +1.2
OMe(4)q 19.8 �1.1
OMe(5)q 19.0 �1.4
CH2(1)q 6.6 +7.5

[a] See Schemes 2 and 7 for a definition of the precatalysts. [b] See
Schemes 4 and 5 for a definition of the species.
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a first approximation that the substituent at C4 mainly tunes
the electron density on the O atom and the substituent at
C5 mainly tunes that of the carbene, thereby indirectly mod-
ifying that of the metal center. Therefore, the addition of an
electron-donor substituent in C5 increases the electron den-
sity of the carbene and consequently that of the metal, thus
disfavoring the Ru···O interaction, whereas alkoxy groups in
C4 would increase the electron density of the O atom, thus
strengthening the Ru···O interaction.

As mentioned before, the presence of these substituents
in the phenyl ring does not only alter the Ru···O interaction.
It also varies the Ru=C1 and C1�C2 bonds. In particular,
the more of an electron donor the phenyl substituent, the
longer the Ru=C1 distance and the shorter the C1�C2 bond
is. This is particularly important for substituents at C5 (para
to the Ru=C1 bond). As an example, the Ru=C1 distance
elongates from 1.828 to 1.834 � on going from NO2(5)q to
OMe(5)q and the opposite effect is observed for C1�C2,
which shortens from 1.451 to 1.443 �. This may be ex-
plained by the delocalization of the p system. That is, since
the carbene and the phenyl are coplanar, they are conjugat-
ed and the C1�C2 bond has some double-bond character.
The p character of the C1�C2 bond increases with the pres-
ence of electron-donor groups at C5, thereby leading to
shorter C1�C2 distances. Variations of the p system also
affect the Ru=C1 bond that becomes longer with the pres-
ence of donor groups.

As in previous cases, all transition-state structures
TSXq-Xq-AI have a phenyl ring that has almost rotated 908
along the C1�C2 bond (Figure S7 in the Supporting Infor-
mation); they do not present an Ru···O interaction, as evi-
denced by the long Ru···O distance, and their C1�C2 bond
length is elongated by about 0.03 � with respect to that of
the minimum. That is, at the transition state, the C1�C2
bond is closer to that of the single bond than in the catalyst
precursor, thereby suggesting a decrease in the p delocaliza-
tion since now the carbene and the phenyl p systems are
almost perpendicular and there is not much overlap.

The computed energy barriers for alkoxy dissociation
(Table 1) range between 17.3 and 19.8 kcal mol�1. It is im-
portant to note that although these energy barriers differ
only marginally, they follow the experimentally observed
catalytic activities for these compounds NO2(4)H, NO2(5)H>

HH>OiPr(4)H, OiPr(5)H. Interestingly, the relative energies
between Xq +4q and BII+ 5-X also correlate reasonably
well with the experimentally observed activities. Overall,
calculations are accurate enough to reproduce the main
trends that have traditionally been associated with the
Ru···O interaction.[22–24] Nevertheless, the present calcula-
tions show that there is no direct relationship between the
energy barrier and the Ru···O interaction strength. This is
clearly exemplified when comparing OMe(5)q to NO2(5)q.
The former presents a larger Ru···O distance than the latter
(2.360 vs. 2.342 �), but OiPr(5)H is less active than NO2(5)H

and, in fact, OMe(5)q presents one of the highest computed
energy barriers and it is more stable than the propagating
species, whereas NO2(5)q presents the lowest energy barrier

and it is less stable than BII+ 5-X. That is, although the
Ru···O distance may tune the catalytic activity, results show
that the experimentally observed catalytic efficiencies corre-
late better with the C1�C2 bond length, that is, its double-
bond character. This double-bond character is indicative of
the p-electron density delocalization, which is almost com-
pletely lost during alkoxy dissociation. In this way, the
energy barrier (NO2(5)q<NO2(4)q<Hq<OMe(5)q<

OMe(4)q), the relative energies between precursor and
propagating species (NO2(4)q<NO2(5)q<Hq = OMe(4)q<

OMe(5)q), and the C1�C2 distance (NO2(4)q>NO2(5)q>

OMe(4)q>Hq>OMe(5)q) vary very similarly. These results
go in the same direction as Grela�s and Barbasiewicz�s ex-
periments[62] on naphthalene-based analogues of the Hovey-
da–Grubbs metathesis catalysts. In their study, they per-
formed a structural and spectroscopic analysis of these com-
plexes that revealed that the ruthenafurane ring possesses
some aromatic character, which would inhibit catalyst activi-
ty. More interestingly, on the basis of this aromatic character
of the ruthenafurane ring, the authors proposed that the
nitro-substituted catalyst (NO2(4)H) shows decreased aroma-
ticity (and enhanced activity) due to the contribution of a
quinonoid-type structure.[63]

The relative energies of Xq +4q with respect to the BII +

5-X asymptote are also summarized in Table 1 and they
range from �1.4 to +1.4 kcal mol�1, thereby suggesting that,
at least from a thermodynamic point of view, the boomerang
effect is possible but is sensitive to the phenyl substituents.
The computed trend—either taking alkoxy-dissociation
energy barriers or the relative stabilities between the precur-
sor and the active carbene as criteria—are consistent with
the experimental evidence: nitro-substituted compounds
generally exhibit a lower recovery than the corresponding
nonsubstituted ones.[20,22] More interestingly, calculations
show that there is no relationship between recovery and the
Ru···O interaction. For instance, NO2(5)q presents a short
Ru···O distance but the alkoxy-dissociation energy barrier is
low and its stability with respect to BII slightly disfavored.
On the contrary, OMe(5)q presents a long Ru···O distance
but a high alkoxy-dissociation energy and higher stability of
the precursor than any of the carbene species in the real cat-
alytic cycle. Overall, p delocalization also seems to be the
key factor in determining catalyst recovery, since alkoxy dis-
sociation correlates with the C1�C2 bond length and the sta-
bility of the precursor correlates well with the Ru=C1 dis-
tances. That is, the shorter the Ru=C1 distance, the longer
the C1�C2 bond and the lower the catalyst recovery is pre-
dicted to be.

To confirm the present con-
clusions, we considered an addi-
tional complex, CH2(1)q, which
has no conjugation between the
phenyl and the carbene
(Scheme 7 and Figure 4). Al-
though this complex has never
been synthesized and its synthe-
sis may not be trivial, CH2(1)q Scheme 7.
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has been designed to verify the influence of the p delocali-
zation in the alkoxy-dissociation barrier.

The addition of a sixth carbon in the original five-mem-
bered ring defined by Ru, C1, C2, C7, and O produces im-
portant geometrical variations. The phenyl ring loses its co-
planarity with the NHC carbene ligand and the Ru···O dis-
tance is 0.022 � larger than that of Hq. These two effects
suggest a weaker interaction between the alkoxy chelating
ligand and the Ru metal center in CH2(1)q. Nevertheless,
the most remarkable geometrical variations are associated
with the carbene fragment. As expected, the C1�Cb bond
length (1.519 �) is close to that of a single C�C bond. More-
over, the Ru=C bond is much shorter (Ru=C1= 1.806 �).
Altogether, the large C1�Cb bond length, the weaker Ru···O
interaction, and the stronger Ru=C bond lead to an alkoxy-
dissociation barrier that is impressively lower (more than
10 kcal mol�1) than the previously reported ones, but also
the stability of the precursor is negligible with respect to
BII, thereby indicating that CH2(1) would not be recovered
even if the system were allowed to evolve until equilibrium
and no deactivation were to take place (see Table 1). Both
the low barrier and the low stability of CH2(1)q can not only
be associated with the weakening of the Ru···O interaction,
but they mainly seem to arise from the loss of carbene–
phenyl p delocalization, thereby confirming its dramatic in-
fluence.

Conclusion

The current work presents an exhaustive theoretical mecha-
nistic study on the diene ring-closing metathesis catalyzed
by Ru-based Grubbs–Hoveyda carbenes. The full catalytic
cycle (catalyst formation, propagation, and precatalyst re-
generation) as proposed in the literature[18,56, 57] is consid-
ered. Results show that all energy barriers associated with
the metathesis process itself (Chauvin�s mechanism) are low
(less than 14 kcal mol�1) and, in fact, the only relatively high
energy barrier is the initial alkoxy dissociation (values rang-
ing between 17 and 25 kcal mol�1, depending on the precata-
lyst nature and level of calculation). Since the propagating
cycle is equal for all systems, differences in activity arise
from the ability of the precursor to generate the active spe-
cies. In fact, the NO2(4)q complex generates the propagating
species easily either considering a kinetic (lower barrier
height for the most demanding alkoxy dissociation) or ther-
modynamic criterion (relative stabilities of Hq and NO2(4)q

compared to the propagating BII species).
The alkoxy dissociation proceeds through the C1�C2

bond rotation (Scheme 1), which leads to a transition-state
structure in which the phenyl ring of the Hoveyda ligand
and the Ru=C bond are almost perpendicular. This orienta-
tion prevents the p delocalization, which exists in the initial
precatalyst between the phenyl and the carbene, from occur-
ring at the transition state, which turns out to be the key
factor controlling the alkoxy-dissociation energy barrier.
Therefore, the Ru···O interaction strength does not correlate

with the alkoxy-dissociation energy barriers as previously
suggested. Instead, it is observed that the higher the p de-
localization between the phenyl and the Ru=C bond in the
precatalyst, the higher the energy barrier and thus the lower
the catalytic activity.

The loss of catalytic activity after several runs is also re-
lated to the p delocalization either if the amount of recov-
ered catalyst after reaction comes from the nonreacted pre-
catalyst or from the so-called boomerang effect. For the
former situation, the higher the alkoxy-dissociation energy
barrier, the higher the amount of recovered catalyst would
be. For the latter situation, the recovery depends on the rel-
ative energies between the precatalyst and the active car-
benes: p delocalization increases the stability of the initial
precatalyst and thus at thermal equilibrium its abundance
would be higher.

In summary, the present calculations show that the Ru···O
interaction is not the determining factor on the catalytic ac-
tivity and catalyst recovery. They rather depend on the p de-
localization between the phenyl and the carbene in the pre-
catalyst. Therefore, future developments in Grubbs–Hovey-
da-type catalysts should be based on the influence of phenyl
substituents on the p-electron density in the phenyl-ring
fragment, with the subsequent effect on the metalloaroma-
ticity of the ruthenafurane ring.
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