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ABSTRACT: A series of second-generation ruthenium olefin metathesis
catalysts was investigated using a combination of reaction kinetics, X-ray
crystallography, NMR spectroscopy, and DFT calculations in order to
determine the relationship between the structure of the chelating o-
alkoxybenzylidene and the observed initiation rate. Included in this series
were previously reported catalysts containing a variety of benzylidene
modifications as well as four new catalysts containing cyclopropoxy,
neopentyloxy, 1-adamantyloxy, and 2-adamantyloxy groups. The initiation
rates of this series of catalysts were determined using a UV/vis assay. All four
new catalysts were observed to be faster-initiating than the corresponding
isopropoxy control, and the 2-adamantyloxy catalyst was found to be among
the fastest-initiating Hoveyda-type catalysts reported to date. Analysis of the
X-ray crystal structures and computed energy-minimized structures of these
catalysts revealed no correlation between the Ru−O bond length and Ru−O
bond strength. On the other hand, the initiation rate was found to correlate
strongly with the computed Ru−O bond strength. This latter finding enables
both the rationalization and prediction of catalyst initiation through the calculation of a single thermodynamic parameter in
which no assumptions about the mechanism of the initiation step are made.

1. INTRODUCTION

Olefin metathesis is a powerful method for the synthesis of
substituted alkenes.1 Among the late transition metals that
catalyze olefin metathesis, ruthenium has proven to be
particularly useful in practical applications because of its
tolerance for air, moisture, and heteroatom-containing func-
tional groups.
During the past three decades, the field of ruthenium-

catalyzed olefin metathesis has advanced rapidly, largely driven
by the discovery and development of new catalysts with
improved reactivity and selectivity (Chart 1).1 In the early
1990s, our group developed a series of well-defined ruthenium-
based olefin metathesis catalysts containing a stable ruthe-
nium−alkylidene.2 Since that time, the influence of various
neutral (L-type) and anionic (X-type) ligands and alkylidene/
benzylidene moieties has been extensively studied, leading to
catalysts that are efficient in a range of transformations (e.g., 1
and 2).3,4 In 1999, Hoveyda and co-workers made an important
discovery that the presence of an o-isopropoxybenzylidene led
to chelated catalyst 3 in which the alkoxy group is coordinated
at the axial site typically occupied by a phosphine ligand.5

Shortly thereafter, the Hoveyda6a and Blechert6b groups

extended this approach to the 1,3-bis(mesityl)-2-imidazolidi-
nylidene (SIMes)-containing second-generation catalyst 4. The
chelating benzylidene was found to impart exceptional stability
to this family of catalysts, especially with respect to air and
moisture. Moreover, the absence of phosphine ligands in 4
prevents certain phosphine-mediated catalyst decomposition
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Chart 1. Commonly Used Ruthenium-Based Olefin
Metathesis Catalysts (1−4)a

aCy = cyclohexyl; SIMes = 1,3-bis(mesityl)-2-imidazolidinylidene.
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pathways.1g Together, these properties have made 3, 4, and
related catalysts useful tools in organic synthesis.1

The rate of catalyst initiation is central to metathesis
reactivity,7,8 and different initiation rates are optimal for
different applications.1,9,10 Hence, the ability to rationally select
a catalyst to achieve a desired initiation rate is practically
important. However, with many systems, including Hoveyda-
type catalysts, the initiation rate trends are not well understood,
which hampers strategic selection of catalysts by end users.
Hoveyda-type catalysts initiate through an olefin metathesis

reaction between the chelated ruthenium benzylidene and an
olefin substrate. This reaction liberates one equivalent of an o-
alkoxystyrene derivative and one equivalent of the propagating
ruthenium alkylidene.8 Catalysts containing the classical
chelating o-isopropoxybenzylidene are known to initiate slowly,
which can be disadvantageous in some settings.1,9,10

A large number of catalysts containing alternative chelating
alkylidenes/benzylidenes have previously been reported,9−24

and it has been found empirically that catalyst initiation rates
vary widely across this series. Several modifications have led to
faster-initiating catalysts (e.g., 5−7; Chart 2).12,14,20 Wakamatsu

and Blechert discovered that the presence of an aryl group
ortho to the isopropoxy group led to improved initiation (5),
presumably through a buttressing effect in which the isopropyl
group is pushed toward the equatorial chloride ligands,
inducing unfavorable steric interactions.12 Grela and co-workers
found that an electron-withdrawing nitro group on the
benzylidene also led to faster initiation (6).14 It is believed
that the electron-withdrawing nature of the nitro group
weakens the RuC and Ru−O bonds and renders the

ruthenium center more electrophilic. Methoxy-substituted
catalyst 7 was found by our group23b and by Plenio19 to be
faster-initiating than its isopropoxy congener, presumably as a
result of attenuated steric hindrance around the ruthenium
center and a less Lewis basic oxygen. Similarly, Plenio and co-
workers recently found that catalyst 8 containing a phenoxy
group is exceptionally fast-initiating.20

There are several challenges in rationalizing and predicting
initiation rates across this series. First, many of these catalysts
have not been compared in standardized head-to-head assays to
quantify initiation. Second, because the benzylidene structural
modifications vary so widely among 4−8, there are no obvious
unifying physical organic parameters that would explain and
predict initiation across this series. Third, the mechanism of
initiation of Hoveyda-type catalysts is complex and is the topic
of ongoing investigation in the literature (Scheme 1).25 A
recent mechanistic study by Plenio19 suggested that Hoveyda-
type catalysts initiate by competing dissociative and interchange
mechanisms, with the relative activation energies being a
function of catalyst structure, olefin identity, and reaction
conditions. In the absence of a clear mechanistic model,
elucidating structure−activity relationships is difficult. The goal
of the present investigation was to overcome these issues and
develop a conceptual framework for rationalizing initiation rates
of ruthenium olefin metathesis catalysts with chelated
benzylidenes. In particular, we aimed to identify a parameter
that would be effective for this purpose and could be
determined in silico without making assumptions about the
mechanism of catalyst initiation.

2. RESULTS
This problem was approached using a combination of
organometallic synthesis, reaction kinetics, NMR spectroscopy,
X-ray crystallography, and density functional theory (DFT)
calculations. A structurally diverse collection of known and new
catalysts were included in this study with the aim of obtaining
insights that are generally applicable across the entire series of
ruthenium olefin metathesis catalysts with chelating o-
alkoxybenzylidenes. In particular, catalysts with sterically and
electronically modified chelating benzylidene aryl groups (5
and 6) and alkoxy groups (7−12) were investigated. The

Chart 2. Representative Known Fast-Initiating Catalysts with
Hoveyda-Type Chelating Benzylidenes (5−8)

Scheme 1. Possible Initiation Mechanisms of Hoveyda-Type Catalysts, Including Transition State Structures for Proposed Rate-
Limiting Steps
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initiation rates across this series were found to vary over 2
orders of magnitude, representing a relatively wide range of
reactivity profiles. X-ray crystal structures for all of the catalysts
in this investigation were previously reported or were solved
during the course of this study.
2.1. Synthesis and Reactivity of Catalysts with

Modified Chelating Alkoxy Groups. Certain structural
features of the chelating alkylidene/benzylidene moiety,
especially the identity of the chelating functional group9,22

and the electronic properties of the benzylidene aryl ring,14−19

have been investigated in detail. Other structure−activity
relationships, however, are less well understood. In particular,
little is known about how variation of the chelating alkoxy
group in Hoveyda-type catalysts (3 and 4) affects the initiation
efficiency.23,24 The precedent of Blechert’s catalyst 512,13 and
other reports23,24 suggested that variation of the steric and
electronic properties of the alkoxy group would be an effective
means of modulating initiation rate. Thus, to bridge this gap in
knowledge, the first step in this investigation was to synthesize
alkoxy-modified catalysts.
As an isopropyl group is of intermediate size, catalysts at the

extremes of the steric spectrum were targeted (Chart 3). Thus,

to complement catalysts 7 and 8, which contain sterically small
alkoxy/aryloxy groups that are weak Lewis bases, cyclopropyl
catalyst 9 was prepared. At the other end of the spectrum,
catalysts 10−12 with sterically bulky neopentyl, 2-adamantyl,
and 1-adamantyl groups were also synthesized.
The investigation commenced with the synthesis of the

desired catalysts according to the route shown in Schemes 2
and 3 and Table 1. To access catalysts of this type, a modular
synthetic route using SNAr chemistry was developed.26

Cyclopropyl catalyst 9, however, could not be prepared in
this way because of the instability of cyclopropoxide anion.
Thus, a more circuitous sequence that relies on haloalkylation,

E2 elimination, Simmons−Smith cyclopropanation, and various
protecting group manipulations was undertaken to prepare
benzaldehyde 14 (Scheme 2a; also see the Supporting
Information).27 o-Alkoxybenzaldehydes 16−18 were prepared
from 2-fluorobenzaldehyde in a more straightforward manner
by the aforementioned SNAr chemistry (Scheme 2b).26 o-
Alkoxybenzaldehydes 14 and 16−18 were then converted to
styrenyl ethers 19−22 by Wittig olefination (Scheme 3).
Three methods were compared in the final complexation

step (Table 1). In method A, second-generation SIMes/PCy3-
containing catalyst 2 was allowed to react with 1 equiv of 19−
22 in the presence of CuCl as the phosphine scavenger.
Precipitation to remove CuCl·PCy3, filtration, and separation
by silica gel column chromatography provided 9−12.6a More
strongly chelating benzylidenes, as in 9 (c-Pr) and 12 (1-Ada)
(vide infra), were higher-yielding. Catalyst 11 (2-Ada) was
problematic to prepare using method A and gave variable yields
because of decomposition in solution outside of the glovebox.
In method B, CuCl was replaced with Amberlyst-15 resin
(immobilized H+)28 and the loading of 19−22 was increased
from 1 to 2 equiv. This procedure was operationally simpler, as
purification consisted of filtration to remove the resin,
sonication in pentane, filtration to collect the precipitated
catalyst, and repeated washing with MeOH and pentane to
remove impurities. The yields of 9−12 were generally lower
than with method A, except in the case of 11 (2-Ada). Lastly, in
method C, indenylidene monopyridine catalyst 2329 was used
in combination with 1 equiv of 19−22 and Amberlyst-15
resin.19,28 Following purification as in method B, catalysts 9−12
were obtained in high yield. Notably, the yields of 10 and 11
were markedly improved with method C compared with

Chart 3. New Hoveyda-Type Catalysts Containing Alkoxy-
Modified Chelating Benzylidenes (9−12)

Scheme 2. Synthesis of Aldehyde Intermediates 14 and 16−
18a

aFor detailed procedures, see the Supporting Information.

Scheme 3. Wittig Olefination To Prepare Styrenes 19−22a

aFor detailed procedures, see the Supporting Information.

Table 1. Complexation To Prepare 9−12a

yield (%)

entry styrene R product method A method B method C

1 19 c-Pr 9 80 51 75
2 20 CH2t-Bu 10 43 15 79
3 21 2-Ada 11 10−34 38 74
4 22 1-Ada 12 57−64 35 79

aMethod A: 2 (0.2 mmol), styrene (0.2 mmol), and CuCl (0.2 mmol).
Method B: 2 (0.2 mmol), styrene (0.4 mmol), and Amberlyst-15 (0.8
mmol). Method C: 23 (0.2 mmol), styrene (0.2 mmol), and
Amberlyst-15 (0.8 mmol).
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methods A and B. This is likely due to the fact that the
chelation strength in these catalysts is weak, which opens the
possibility for secondary metathesis with the equivalent of
alkene that is liberated from the progenitor catalyst (2 or 23).
With 2 this alkene is styrene, while with 23 it is 1-methylene-3-
phenyl-1H-indene. Because the latter is more substituted and
thus more sterically hindered, secondary metathesis is slower.
Overall, method C was optimal in terms of overall yield and
operational convenience, particularly in the case of catalysts
with weak chelation (10 and 11).30,31 Nevertheless, methods A
and B could be useful in some contexts, given the widespread
availability of starting catalyst 2.
The catalytic reactivities of the four new catalysts were next

determined by studying their performance in a representative
ring-closing metathesis (RCM) reaction of N-tosyldiallylamine
(24) using catalyst 4 as a benchmark (Scheme 4). The

reactions were carried out in triplicate with 0.1 mol % catalyst
at 25 °C, and the reaction progress was monitored by 1H NMR
spectroscopy.32,33 With all five catalysts, RCM proceeded to
>98% conversion within 90 min. Consistent with our
hypothesis at the outset, the kinetic reactivity was found to
be strongly dependent on the nature of the alkoxy group. The
order of reactivity was found to be 11 (2-Ada) > 10 (CH2t-Bu)
> 12 (1-Ada) > 9 (c-Pr) > 4 (i-Pr). Catalytic metathesis
reactions with the other catalysts in this study (5−8) have
previously been demonstrated.12,14,20,23b

2.2. Catalyst Initiation Rates. To quantify the catalyst
initiation rates (kinit), the four new catalysts 9−12 were
measured along with representative previously reported
catalysts 4−8. As discussed above, this particular set of catalysts
was selected because it represents a wide variety of benzylidene
modifications, including steric and electronic modification of
the aryl ring and the alkoxy group. Initiation rates were
determined by reacting a stoichiometric quantity of the catalyst
with a large excess of butyl vinyl ether (BVE) (30 equiv) at 10

°C under pseudo-first-order conditions.7 The reaction progress
was monitored by following the decay of the λmax peak by UV/
vis spectroscopy at regular intervals. The value of kinit for each
catalyst was measured in triplicate, and the relative rate with
respect to catalyst 4 (krel) was also calculated (Table 2).
The initiation rates of 9−12 compared favorably with those

of the known fast-initiating catalysts 5−8. The order of the
measured kinit values was consistent with the catalytic 1H NMR
data (Scheme 4). Among the catalysts tested, Blechert’s catalyst
5 was found to be the fastest-initiating. Overall, these data
demonstrate that the steric and electronic properties of the
benzylidene play a major role in determining the initiation
efficiency. Moreover, alkoxy group modification alone is
capable of tuning the initiation rate over 2 orders of magnitude.
The fact that isomeric catalysts 11 and 12 in particular display
such different initiation rates, despite the fact that they both
have a sterically bulky alkoxy substituent and differ only by the
substitution position at the adamantyl group, was unexpected
and merited further investigation (see section 3.2).

2.3. X-ray Crystal Structures and DFT-Optimized
Structures. Structural, spectroscopic, and computational
studies were next undertaken to understand the origins of the
initiation rate trends in this series of catalysts and to test
whether key metrics from these techniques correlated with the
empirical initiation rates.
To this end, single crystals of Blechert’s catalyst 512 (the

structure of which had not been previously reported; Chart 4)
and the new catalysts 9−12 (Charts 5−8) suitable for X-ray
diffraction were grown and analyzed.34 These data confirmed
the expected connectivity of the five catalysts. Catalysts 5 and
10 both crystallized in the P21/c space group. Catalyst 9
crystallized in the Pna21 space group with two crystallo-
graphically inequivalent conformers in the unit cell. Catalysts
11 and 12 were found to be isostructural, both crystallizing in
the Pca21 space group with two inequivalent conformers in the
unit cell. X-ray structures for 4 and 6−8 have been previously
reported.20,23a,35

To complement the X-ray structures, the optimized geo-
metries of 4−12 were located using several DFT methods that
have been commonly employed in recent computational studies
of ruthenium olefin metathesis catalysts.36 We first considered
two classical density functionals: B3LYP37 with a mixed basis
set of LANL2DZ for ruthenium and 6-31G(d) for other
atomsthe level of theory that we have consistently used for
geometry optimization in transition-metal−catalyzed reactions,
including olefin metathesis with ruthenium catalystsand
BP8638 with the SVP basis set, as recommended by Cavallo in a
recent benchmark study on ruthenium complexes in olefin
metathesis.39 In addition, we tested three modern density
functionals: M06,40 M06-L,41 and ωB97x-D,42 which have been
shown to give smaller errors for Ru−O and Ru−C bond
lengths in previous benchmark studies by Truhlar and Jensen.43

In the M06, M06-L, and ωB97x-D calculations, the SDD basis
set for Ru and the 6-31G(d) basis set for other atoms were
used.44 The computed Ru−O and RuC(benzylidene) bond
lengths are compiled and compared with the bond distances in
the X-ray structures in Table 3.
In general, the Ru−O and RuC bond lengths remain fairly

constant across this series. One striking exception is the long
Ru−O bond in 11, which is evident in both the experimental
structures and optimized geometries at different theoretical
levels. Elongation of the Ru−O bond occurs to relieve an
energetically unfavorable steric clash between a methylene unit

Scheme 4. RCM Kinetics with Substrate 24 Using Various
Catalysts, As Monitored by 1H NMR Spectroscopya

aEach data point represents the average of three independent
experiments.
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on the 2-Ada group (C35) and the SIMes−dichlororuthenium
fragment.45 The Ru−O bonds of catalysts 5, 9, 10, and 12 are
of typical length, and no such obvious steric clash is observed.
This unfavorable steric interaction contributes to 11’s faster
initiation compared with 12 (see section 3.2 for more detailed
discussion).
Of the five computational methods, B3LYP and BP86

systematically overestimated the Ru−O bond lengths by about
0.1 Å, in line with the previous computational benchmark
studies.43 M06, M06-L, and ωB97x-D also led to longer Ru−O
distances than the X-ray structures, while the mean absolute
errors (MAEs) are smaller. However, since the Ru−O distances
are very similar in most of the catalysts (except 11), all five
methods tested yielded only moderate correlations between the
computed and X-ray distances (see Charts S22−S26 in the
Supporting Information).
Another point of interest in this collection of X-ray and DFT

structures is that the N-Mes aryl rings on the alkoxy side are
substantially puckered in many of the fast-initiating catalysts

(5−12). These catalysts also show comparatively short ipso-C···
Ru distances. These two observations are consistent with
donation of the p orbital of the ipso-C to the metal center as a
stabilizing interaction in cases where the Ru−O bond is
comparatively weak.46 For example, in the crystal structure of
Hoveyda catalyst 4, the ipso-C···Ru distance is 3.307 Å,23a

compared with 3.151 Å in Blechert’s catalyst 5.
2.4. NMR Spectroscopy. Diagnostic peaks from the 1H

and 13C NMR spectra in CD2Cl2 were next compiled (Table
4).12,14,47 The resulting data reveal a positive correlation
between the initiation rate and the benzylidene 1H NMR shift,
a weak negative correlation between the initation rate and the
NHC 13C NMR shift, and no correlation between the
benzylidene 13C NMR shift and the initiation rate. The
relationship between initiation rates, Ru−O bond strengths,
and NMR shifts is further discussed in section 3.3.

2.5. Computed Ru−O Bond Energies. To understand the
relationship between the structural data and the observed

Table 2. Initiation Rates of Catalysts 4−12, Displayed in Increasing Ordera,b

entry cat. R1 R2 R3 λmax (nm) kinit (10
−4 s−1) krel

1 4 i-Pr H H 378 0.401 ± 0.037 1.0
2 9 c-Pr H H 376 0.721 ± 0.004 1.8
3 6 i-Pr H NO2 372 0.757 ± 0.054 1.9
4 7 Me H H 376 1.53 ± 0.09 3.8
5 12 1-Ada H H 382 3.46 ± 0.61 8.6
6 10 CH2t-Bu H H 380 10.8 ± 0.8 26
7 8 Ph H H 370 49.1 ± 5.5 120
8 11 2-Ada H H 380 54.4 ± 5.6 140
9 5 i-Pr Ph H 374 98.5 ± 32.0 250

aThe kinit values are reported as averages (with 95% confidence intervals) determined from three independent trials. bThe relative rate (krel) was
calculated by dividing the kinit value of the catalyst of interest by the kinit value for catalyst 4.

Chart 4. X-ray Crystal Structure of 5a

a50% probability ellipsoids. Hydrogen atoms have been omitted for
clarity. Selected bond lengths (Å) for 5: Ru1−Cl1 2.34983(15), Ru1−
Cl2 2.34349(15), Ru1−O1 2.2443(4), Ru1−C1 1.9808(5), Ru1−C22
1.8337(5). CCDC 1017843.34

Chart 5. X-ray Crystal Structure of 9a

a50% probability ellipsoids. Hydrogen atoms have been omitted for
clarity. Two crystallographically inequivalent molecules (A and B) are
present in the unit cell; for clarity, only one is shown. Selected bond
lengths (Å) for 9: molecule A: Ru1−Cl1 2.3377(14), Ru1−Cl2
2.3327(14), Ru1−O1 2.223(4), Ru1−C1 1.968(5), Ru1−C31
1.836(5); molecule B: Ru1−Cl1 2.3275(14), Ru1−Cl2 2.3312(13),
Ru1−O1 2.249(4), Ru1−C1 1.985(5), Ru1−C31 1.830(5). CCDC
1044211.34
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kinetic reactivity, the strengths of Ru−O bonding48 in catalysts
4−12 were evaluated in two ways (Table 5): (1) by calculating
the energy difference between the ground-state chelated
conformation A and the nonchelated 14-electron complex B
formed by dechelation of the Ru−O bond and rotation of the o-
alkoxyphenyl group (ΔGr(A → B)) and (2) by calculating the
reaction energy of initiation with BVE to form a common 14-
electron Fischer carbene complex C (ΔGr(A → C)). These
energies were calculated using M06 single-point calculations
with a mixed basis set of SDD for ruthenium and 6-311+G(d,p)
for other atoms and the SMD solvation model in toluene. The
geometries were optimized with B3LYP/LANL2DZ−6-
31G(d). Although B3LYP gave relatively large errors in the
Ru−O distances, we found that employing B3LYP or BP86 in
geometry optimization yielded better correlation between the
computed Ru−O bond strengths and ln(kinit) than the

calculations using geometries optimized with M06, M06-L, or
ωB97x-D (see the Supporting Information for details). In the
following sections, all of the calculations were performed using
B3LYP/LANL2DZ−6-31G(d) for geometry optimization and
M06/SDD−6-311+G(d,p)/SMD(toluene) for single-point en-
ergies, which is consistent with our previous computational
studies of ruthenium-catalyzed olefin metathesis.
The Ru−O bond strengths computed by the two methods

correlated well with one another (Chart 9). The calculations
indicated that the fast-initiating catalysts 8 (Ph), 11 (2-Ada),
and Blechert’s catalyst 5 all have a weaker Ru−O bond than
catalysts 4, 6, and 9.

3. DISCUSSION
The data from the approaches and techniques above were
analyzed in detail to investigate the origins of the initiation rate
trends and to correlate various metrics across this series.

3.1. Distortion Energies and Strain Release in the
Initiation Step. An initial question concerned the relative
importance of different factors to the Ru−O bond strengths in
catalysts 4−12. Two plausible contributions are (1) electronic
effects that alter the charges on Ru and/or O and (2) the
release of strain energy in the chelated catalyst. Thus, to test
whether catalysts with weak Ru−O bonds and high initiation
rates have high strain energies, we calculated the strain energies
in the catalysts using distortion energy analysis.49

The total strain energy of the chelated catalyst is dissected
into the distortion energies of the SIMes−dichlororuthenium
methylidene fragment and the alkoxyphenyl fragment. The
distortion energy of each fragment is calculated from the energy
difference between the geometry of the fragment in the
chelated catalyst and the fully optimized geometry in the
absence of the other fragment (see the Supporting Information
for overlays of the distorted and fully optimized fragments).

Chart 6. X-ray Crystal Structure of 10a

a50% probability ellipsoids. Hydrogen atoms and DCM solvent have
been omitted for clarity. Selected bond lengths (Å) for 10: Ru1−Cl1
2.3314(3), Ru1−Cl2 2.3270(3), Ru1−O1 2.2860(8), Ru1−C1
1.9848(10), Ru1−C31 1.8275(10). CCDC 1044212.34

Chart 7. X-ray Crystal Structure of 11a

a50% probability ellipsoids. Hydrogen atoms have been omitted for
clarity. Two crystallographically inequivalent molecules (A and B) are
present in the unit cell; for clarity, only one is shown. Selected bond
lengths (Å) for 11: molecule A: Ru1−Cl1 2.3242(12), Ru1−Cl2
2.3570(11), Ru1−O1 2.338(3), Ru1−C1 1.984(4), Ru1−C22
1.827(4); molecule B: Ru1−Cl1 2.3220(11), Ru1−Cl2 2.3550(11),
Ru1−O1 2.355(3), Ru1−C1 1.986(4), Ru1−C22 1.821(4). CCDC
1017842.34

Chart 8. X-ray Crystal Structure of 12a

a50% probability ellipsoids. Hydrogen atoms have been omitted for
clarity. Two crystallographically inequivalent molecules (A and B) are
present in the unit cell; for clarity, only one is shown. Selected bond
lengths (Å) for 12: molecule A: Ru1−Cl1 2.3190(6), Ru1−Cl2
2.3633(5), Ru1−O1 2.2540(14), Ru1−C1 1.9890(19), Ru1−C22
1.828(2); molecule B: Ru1−Cl1 2.3197(6), Ru1−Cl2 2.3645(6),
Ru1−O1 2.2602(16), Ru1−C1 1.985(2), Ru1−C22 1.828(2). CCDC
1017841.34
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The computed distortion energies of catalysts 4−12 are
summarized in Chart 10.
In general, the sum of the distortion energies of the two

fragments parallels the initiation rate. In particular, fast-
initiating catalysts 11 and 5 show substantial distortion in the
chelated structures, indicating that strain release is a key factor
that controls the rate of initiation with these catalysts. The
distortion in the alkoxybenzylidene moiety in Blechert’s catalyst
5 is noticeably greater than that in the other catalysts. This
indicates that the main driving force for this fast-initiating
catalyst is the release of strain between the R1 (i-Pr) and R2

(Ph) groups in the catalyst, where Ru−O chelation forces the
R1 group to point toward R2. Because of the steric repulsion
between the 2-adamantyloxy group and the chloride ligands
and/or N-Mes aryl group (see section 3.2 for more details),
both the alkoxybenzylidene and SIMes−dichlororuthenium
methylidene fragments in 11 are more distorted than those in
4. Similar, albeit weaker, steric repulsions with the alkoxy
groups in 10 and 12 also lead to slightly greater distortion
energies than in catalyst 4.

With certain catalysts, the distortion energies were lower
than those for others in the series with similar initiation rates,
including 6 (R1 = i-Pr; R3 = NO2), 7 (R1 = Me), and 8 (R1 =
Ph). For example, 8 has a similar initiation rate and Ru−O
bond strength to 11 but has 1.2 kcal/mol lower distortion
energy. This indicates that strain release effects do not promote
initiation in these complexes. Thus, this analysis revealed that
strain release is the major factor for the observed enhanced

Table 3. Summary of Experimental and Computed Ru−O and RuC Bond Distances for Representative Catalysts, Displayed
in Order of Increasing kinit

bond distances (Å)

exptl computed

X-raya B3YLP BP86 M06 M06-L ωB97x-D

entry cat. R1 R2 R3 Ru−O RuC Ru−O RuC Ru−O RuC Ru−O RuC Ru−O RuC Ru−O RuC

1b 4 i-Pr H H 2.256 1.829 2.36 1.85 2.35 1.85 2.31 1.82 2.33 1.84 2.29 1.82

2c 9 c-Pr H H 2.236 1.833 2.34 1.85 2.33 1.85 2.28 1.83 2.31 1.85 2.26 1.82

3c,d 6 i-Pr H NO2 2.273 1.827 2.39 1.84 2.37 1.85 2.33 1.82 2.34 1.84 2.31 1.81

4e 7 Me H H 2.265 1.798 2.33 1.85 2.33 1.85 2.31 1.83 2.34 1.84 2.29 1.82

5c 12 1-Ada H H 2.257 1.828 2.39 1.84 2.36 1.85 2.32 1.82 2.33 1.84 2.30 1.81

6f 10 CH2t-Bu H H 2.286 1.828 2.39 1.84 2.36 1.85 2.33 1.82 2.37 1.84 2.31 1.81

7c,g 8 Ph H H 2.286 1.815 2.35 1.85 2.34 1.85 2.30 1.83 2.34 1.84 2.28 1.82

8c 11 2-Ada H H 2.347 1.824 2.48 1.84 2.44 1.85 2.42 1.82 2.44 1.84 2.38 1.81

9 5 i-Pr Ph H 2.244 1.834 2.39 1.84 2.37 1.85 2.34 1.82 2.36 1.84 2.30 1.81

MAE:h 0.108 0.019 0.089 0.026 0.054 0.011 0.079 0.017 0.031 0.016
aFor clarity, experimental values are shown to three decimal places without estimated standard deviations. The estimated standard errors are typically
in the range of 0.001−0.005 Å. See the Supporting Information for additional details. bExperimental: DCM solvate; CCDC 620588 (ref 23a). cThe
experimental values are averages for the two crystallographically inequivalent molecules found in the unit cell. dExperimental: H2O solvate; CCDC
698596 (ref 35). eExperimental: hexane solvate; CCDC 620589 (ref 23a). fExperimental: DCM solvate. gExperimental: CCDC 908389 (ref 20).
hThe mean absolute error (MAE) is the average absolute error among the nine computed structures with respect to the crystallographic value.

Table 4. Diagnostic NMR Peaks of Catalysts 4−12,
Displayed in Order of Increasing kinit

a

RuCHAr NHC

entry cat. R1 R2 R3 1H 13C 13C

1b 4 i-Pr H H 16.52 295.8 211.1
2 9 c-Pr H H 16.50 293.0 211.5
3b 6 i-Pr H NO2 16.42 290.4c 208.4
4 7 Me H H 16.48c 290.4c 210.5
5 12 1-Ada H H 16.48 300.0c 211.7
6 10 CH2t-Bu H H 16.58 295.9 210.4
7 8 Ph H H 16.64c 290.7c 209.3
8 11 2-Ada H H 16.69 298.9c 209.2
9b 5 i-Pr Ph H 16.62 298.2 210.6

aSpectra in CD2Cl2
bThese values were independently measured and

corresponded closely with previously published values in the literature:
entry 1, ref 47; entry 3, ref 14; entry 9, ref 12. cAverage of two or more
peaks corresponding to the benzylidene NMR peak.

Table 5. Computed Ru−O Bond Strengths, Displayed in
Order of Increasing kinit

Ru−O bond strength
(kcal/mol)

entry cat. R1 R2 R3 ΔGr(A→B) ΔGr(A→C)

1 4 i-Pr H H 12.8 6.3
2 9 c-Pr H H 10.8 4.6
3 6 i-Pr H NO2 14.1 5.8
4 7 Me H H 8.6 3.6
5 12 1-Ada H H 11.5 4.6
6 10 CH2t-Bu H H 10.8 3.0
7 8 Ph H H 9.8 3.0
8 11 2-Ada H H 9.6 3.2
9 5 i-Pr Ph H 7.6 2.0
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initiation rates with 5, 11, 10, and 12, while the rates with
catalysts 6, 7, and 8 are likely to be dominated by electronic
effects.
3.2. Comparison of Catalysts 11 (2-Ada) and 12 (1-

Ada). A structural basis for the observed reactivities of catalysts
11 and 12 is shown in Chart 11. As mentioned previously, an
unfavorable methylene−N-Mes steric clash weakens the Ru−O
bond in catalyst 11. This clash is ultimately the result of the
unique geometry of the 2-Ada group and the conformationally
restricted rotation about the alkoxy C−O bond. When the 2-
Ada group is viewed as a substituted cyclohexane ring (green

and yellow), it is evident that the majority of its steric bulk is
directed toward the face of the N-Mes group and the chloride
ligands. In contrast, the 1-Ada group orients its steric bulk away
from the face of the N-Mes group and the chloride ligands.
Rotation about the alkoxy C−O bond in 11 and 12 is restricted
by developing A1,3 strain with the ortho C−H bond.
Additionally, the fact that the chelating alkoxy group in 11
contains a secondary carbon rather than a tertiary carbon as in
12 is also likely a contributing factor, since the former would be
expected to be a weaker Lewis base.

3.3. Analysis of Collective Data. The metrics generated
above were tested for possible correlation against the initiation
rate in order to identify parameters that would be useful in both
explanatory and predictive senses. First, structural metrics were
compared with the ln(kinit) values and Ru−O bond strengths.
Generally in coordination chemistry, ligand−metal bond
distances correlate with bond strengths. It was thus surprising
that there was no correlation between the computed or
experimental Ru−O bond lengths and the Ru−O bond
strengths or ln(kinit) values in this series (see Charts S28−
S30 in the Supporting Information). More specifically, within
the “normal” range for a Ru−O bond (approximately 2.24−
2.29 Å), there is no relationship between the Ru−O bond
strength and the Ru−O bond length. The only case in which an
usually long Ru−O bond was observed was in the 2-Ada
catalyst 11, and it may be generally true that elongation of this
bond can only be achieved in systems in which the alkoxy
group is sterically hindered and conformationally constrained.
Thus, the observation of a long Ru−O bond (>2.30 Å) in a
SIMes-based Hoveyda-type catalyst likely indicates a weak Ru−
O bond. However, the converse is not necessarily true; weak
Ru−O bonds can and often do have “normal” Ru−O bond
lengths (2.23−2.29 Å), as exemplified by catalyst 5. The lack of
correlation in this respect is attributed to the intramolecular
tethering of the ether ligand and the overall rigidity of the
system. Because the structural data did not track with the
initiation rates, other metrics were next considered.
As mentioned in section 2.4, NMR spectroscopy proved to

be a useful tool in this respect. Ru−O bond strengths and
ln(kinit) values were found to correlate with the chemical shifts
of key resonances in the 1H and 13C NMR spectra (Table 4). In
the case of the benzylidene 1H NMR shift, there was a positive
correlation with ln(kinit) (Chart 12). This is consistent with a
weaker Ru−O bond making the ruthenium center more
electron-deficient, causing the C−H bond of the benzylidene
to be deshielded. On the other hand, there was a weak negative
correlation between ln(kinit) and the NHC

13C NMR shift. This

Chart 9. Ru−O Bond Strengths ΔGr(A → B) (Method 1)
versus ΔGr(A → C) (Method 2)

Chart 10. Computed Distortion Energies of the SIMes−
Dichlororuthenium Methylidene Fragment (Shown in Blue)
and the Alkoxyphenyl Fragment (Shown in Red) in Catalysts
4−12, Displayed from Left to Right in Order of Increasing
kinit

a

aThe distortion energy of the fragment is defined as the difference
between the energies of the distorted geometry of the fragment in the
chelated catalyst and the fully optimized geometry in the absence of
the other fragment.

Chart 11. Structural Basis for the Difference between the
Initiation Rates of Catalysts 11 and 12

Chart 12. ln(kinit) versus Benzylidene
1H NMR Shift
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trend is consistent with a weaker Ru−O bond increasing the
degree of π back-bonding from the metal to the NHC and
exhibiting an attenuated trans influence. Grela’s catalyst 6 was
found to be an outlier, likely because of the strongly electron-
withdrawing character of the NO2 group. When 6 was excluded
from the analysis, the R2 value improved from 0.08 to 0.49. No
correlation was found between ln(kinit) and the benzylidene

13C
NMR shift (see Charts S31−S33 in the Supporting
Information).
Of the quantitative measurements in this study, the

computed Ru−O bond strengths in section 2.5 were the
most informative (Charts 13 and 14). The initiation rate,

ln(kinit), correlated most strongly with ΔGr(A → C) (method
2), while ΔGr(A → B) (method 1) gave a weaker correlation.
In both plots, the methyl-substituted catalyst 7 was found to be
an outlier. Removal of this catalyst from the series improved the
R2 values from 0.48 to 0.73 and from 0.79 to 0.89 for methods
1 and 2, respectively (see Charts S34 and S35 in the Supporting
Information). Using BP86 in place of B3LYP for the geometry
optimizations improved the R2 value with method 1 from 0.48
to 0.80 and led to similar R2 values with method 2.
Interestingly, using the M06, M06-L, and ωB97x-D methods
in the geometry optimizations all led to worse R2 values (see
Tables S17−S20 in the Supporting Information).
While the exact mechanism of initiation of Hoveyda-type

catalysts remains the topic of ongoing investigation in the
literature,19,25,50 the correlation between the Ru−O bond
energy and ln(kinit) demonstrates that destabilizing the
benzylidene moiety by weakening the Ru−O bond leads to
higher observed initiation rates. Herein we have delineated this

relationship quantitatively and constructed a model that echoes
previous qualitative observations in the literature.12−25,35

The Ru−O bond energies from the two methods presented
above thus constitute powerful thermodynamic metrics for
explaining and predicting the initiation kinetics in the absence
of any assumptions about the mechanism of the initiation step.
The fact that this thermodynamic metric is well-correlated to
ln(kinit) across a broad range of benzylidene structures with
different steric and electronic properties speaks to its generality
and utility. Moreover, an attractive aspect of using computed
Ru−O bond energies for this purpose is that predictions about
a catalyst can be made without the need to first synthesize it.
An important caveat to this analysis is that there is almost

certainly a lower limit beyond which weak Ru−O bonds no
longer form stable chelates. Catalysts 5 and 11 appear to be
close to this limit, as both show increased susceptibility to
decomposition when dissolved in solution in air.

4. CONCLUSIONS

A systematic investigation was undertaken to understand
factors that influence the initiation rates in a series of
ruthenium olefin metathesis catalysts containing chelating
benzylidenes. This study combined insights from organo-
metallic synthesis, reaction kinetics, X-ray crystallography,
NMR spectroscopy, and DFT calculations.
Four new second-generation catalysts, 9−12, were synthe-

sized, and all four exhibited improved initiation compared with
the isopropoxy congener 4. Catalyst 11 was found to be
especially fast-initiating. The enhanced initiation rate is caused
by a steric clash between a methylene group and the SIMes−
dichlororuthenium fragment that is induced by the geometry of
the 2-Ada group. This study demonstrates that alkoxy group
modification alone is an effective strategy for tuning the
initiation rate of Hoveyda-type catalysts over several orders of
magnitude. It also illustrates the 2-Ada group as a unique alkyl
substituent in coordination chemistry and catalysis.
Structural, spectroscopic, and computational insights on

these new catalysts and several previously reported catalysts
from the literature revealed the critical role of the Ru−O bond
strength in the catalyst initiation rate. While the Ru−O bond
strengths correlated with shifts of key resonances in the NMR
spectra, no correlation was observed with the experimental or
computed Ru−O bond distances. It is anticipated that this
study will provide a conceptual framework for continuing
efforts in catalyst development and will guide practitioners’
selection of a specific catalyst for a given application. Moreover,
in the long term, investigations of this nature will help enable
prediction of new catalyst properties through computation.
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Makal, A.; Goldberg, I.; Wozńiak, K.; Grela, K.; Lemcoff, N. G.
Chem.Eur. J. 2010, 16, 8726−8737. (i) Szadkowska, A.; Żukowska,
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Wozńiak, K.; Grela, K. Chem.Eur. J. 2008, 14, 9330−9337.
(36) All of the computations were performed in the gas phase with
Gaussian 09: Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G.
E.; Robb, M. A.; Cheeseman, J. R.; Scalmani, G.; Barone, V.;
Mennucci, B.; Petersson, G. A.; Nakatsuji, H.; Caricato, M.; Li, X.;
Hratchian, H. P.; Izmaylov, A. F.; Bloino, J.; Zheng, G.; Sonnenberg, J.
L.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa, J.; Ishida,
M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Vreven, T.;

Montgomery, J. A., Jr.; Peralta, J. E.; Ogliaro, F.; Bearpark, M.; Heyd, J.
J.; Brothers, E.; Kudin, K. N.; Staroverov, V. N.; Kobayashi, R.;
Normand, J.; Raghavachari, K.; Rendell, A.; Burant, J. C.; Iyengar, S. S.;
Tomasi, J.; Cossi, M.; Rega, N.; Millam, J. M.; Klene, M.; Knox, J. E.;
Cross, J. B.; Bakken, V.; Adamo, C.; Jaramillo, J.; Gomperts, R.;
Stratmann, R. E.; Yazyev, O.; Austin, A. J.; Cammi, R.; Pomelli, C.;
Ochterski, J. W.; Martin, R. L.; Morokuma, K.; Zakrzewski, V. G.;
Voth, G. A.; Salvador, P.; Dannenberg, J. J.; Dapprich, S.; Daniels, A.
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