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Olefin cross metathesis is a particularly powerful transformation that
has been exploited extensively for the formation of complex products.
Until recently, however, constructing Z-olefins using this methodology
was not possible. With the discovery and development of three families
of ruthenium-based Z-selective catalysts, the formation of Z-olefins
using metathesis is now not only possible but becoming increasingly
prevalent in the literature. In particular, ruthenium complexes
containing cyclometalated NHC architectures developed in our group
have been shown to catalyze various cross metathesis reactions with

Schrock and Hoveyda, who synthe-

high activity and, in most cases, near perfect selectivity for the
Z-isomer. The types of cross metathesis reactions investigated thus far

are presented here and explored in depth.

1. Introduction

Olefin cross metathesis (CM) has been widely utilized for
the formation of complex natural and nonnatural products,
generally favoring formation of the more thermodynamically
stable E- (or trans) carbon-carbon double bond isomer.!!
Olefin metathesis reactions proceed through a [242] cyclo-
addition reaction of an olefin with a metal alkylidene,
generating a metallacyclobutane intermediate which can then
undergo cycloreversion to produce a new olefin product
(Scheme 1). Research into the structure and stability of
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Scheme 1. Mechanism of olefin metathesis.

substituted metallacyclobutanes has led to the development
of catalysts capable of producing Z- (or cis) olefins with high
stereoselectivity.”) This was first realized by the groups of
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sized monoaryloxide pyrrolide com-
plexes of tungsten and molybdenum
that could promote a variety of Z-
selective metathesis reactions.

More recently, a series of ruthe-
nium catalysts with cyclometalated N-
heterocyclic carbene (NHC) ligands capable of promoting Z-
selective olefin metathesis has been reported. Catalysts 1-3
are three of the best-studied catalysts and are all derived from
C—H activation of the N-adamantyl substituent contained on
the NHC ligand (Figure 1).! Catalyst 1 features an N-mesityl
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Figure 1. Cyclometalated ruthenium catalysts for Z-selective olefin
metathesis.

(Mes) group as the nonchelated NHC substituent and is
substituted with a pivalate X-type ligand. This catalyst
promoted the homodimerization of terminal olefins with ca.
90 % selectivity for the Z-olefin at as low as 1 mol % catalyst
loading. Catalyst 2 was obtained by substitution of the
pivalate ligand with a nitrate ligand, to produce a catalyst
that showed a marked improvement in selectivity, exhibiting
about 95 % Z-selectivity across a broad range of homodime-
rization reactions. When the nonchelating N-aryl NHC
substituent was changed to a bulkier N-DIPP (2,6-diisopro-
pylphenyl) group, a further improvement in Z-selectivity was
observed, as catalyst 3 exhibited >98% Z-selectivity in
analogous homodimerization reactions. Catalysts 2 and 3 also
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exhibited improved activity when compared to catalyst 1, as
the catalyst loadings could be lowered to as little as
0.01 mol %. These three cyclometalated catalysts have been
evaluated in more complicated cross metathesis (CM),
macrocyclic ring-closing metathesis (mRCM),!®! asymmetric
ring-opening cross metathesis (AROCM),/" and ring-opening
metathesis polymerization (ROMP)® reactions and, as a re-
sult, have the potential to become widely used tools in
chemical synthesis.

To understand the unprecedented Z-selectivity of these
cyclometalated ruthenium catalysts 1-3, experimental studies
and density functional theory (DFT) calculations were
performed.”’ It was discovered that metathesis reactions
using these cyclometalated catalysts proceed through prefer-
ential formation of an unexpected side-bound ruthenacyclo-
butane intermediate, in which the metallacyclobutane is
proximal to the NHC ligand (Scheme 2); this was attributed
to a combination of intricate steric and electronic effects
arising from the cyclometalated NHC architecture.'”! This
effect causes the nonchelating N-aryl NHC substituent to be
located directly over the forming ruthenacyclobutane. In the
anti-metallacycle that leads to the formation of E-olefins, one
substituent clashes with the N-aryl group and, hence, this
intermediate is disfavored. In contrast, the syn-metallacycle
avoids this unfavorable steric clash with both substituents
pointing away from the N-aryl group. The resulting difference
in energy leads to preferential formation of Z-olefin products.
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The large improvement in Z-selectivity observed upon
substitution of the N-Mes substituent with the bulkier N-
DIPP group, as seen with catalyst 3, can be easily rationalized
based on this model.

After this family of cyclometalated catalysts was reported,
two other families of Z-selective ruthenium metathesis
catalysts were disclosed (Figure 2). The Jensen group report-
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Figure 2. Other reported Z-selective ruthenium metathesis catalysts.

Mes— N\_/ N-Mes

ed catalysts 4 and 5, bearing a single bulky thiophenolate X-
type ligand, that exhibited generally high Z-selectivity
(>85%) in terminal olefin homocoupling reactions with as
little as 0.01 mol % catalyst load-
ings." Notably, reactions using

R * catalyst 5 could be performed un-

NVN@ der an air atmosphere and with
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-0” R7—\R selectivity. Subsequently, the Hov-

_ eyda group reported catalysts 6

Rui= , — | favored transition state and 7, bearing chelating dithiolate
R R X-type ligands.'? These catalysts
t have proven to be highly active and
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Scheme 2. Simplified model for the Z-selectivity exhibited by cyclometalated NHC catalysts. Adapted

from Ref. [4e] with permission from The Royal Society of Chemistry.
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tools, complexes 1-3 have been
used to synthesize a diverse set of
products. This Minireview will dis-
cuss synthetic applications of Z-
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selective ruthenium-based catalysts that have been investi-
gated thus far and the implications of observed reactivity on
mechanism. Z-Selective molybdenum- and tungsten-based
catalysts, although similarly powerful and efficient in complex
CM transformations, will not be discussed here.!

2. Synthetic Applications
2.1. Z-Selective Terminal Olefin Homocoupling
Cyclometalated catalyst 1 was initially evaluated in simple

homodimerization reactions of terminal olefin substrates
(Scheme 3).4 Optimal conditions were found to involve

Ru-catalyst N\, —
THF33Mm R R
35°C

2 2

Scheme 3. Z-selective homodimerization reaction.

high concentrations of substrate (3.3M) in THF at 35°C with
2 mol % of 1. These reactions were performed in open vials in
a glovebox to facilitate the removal of ethylene which drives
the reaction. Under these mild conditions, a wide variety of
functional groups were tolerated, including alcohols, amines,
esters, and ethers, and the products were formed with
generally high Z-content (66-95%). Notably, substrates
containing allylic substituents (e.g., 3-methyl-1-hexene) and
those containing a pendant carboxylic acid (e.g., 4-pentenoic
acid) could not be homodimerized. In addition, substrates
with allylic functionality (e.g., allyl aniline and allyl acetate)
led to lower yields but were tolerated nonetheless. Although
THF was selected as optimal, a variety of other solvents could
be used, including alcohols and polar aprotic solvents.

Subsequently, catalysts 2 and 3 were evaluated and proved
to be significantly more active and selective in homodimeri-
zation reactions. Catalyst 2 exhibited improved yields and ca.
95 % Z-selectivity with 0.1 mol % catalyst loadings. Catalyst 3
exhibited even higher Z-selectivity (> 98 % ) and experiments
with 0.01 mol % catalyst loading at higher concentrations
demonstrated up to 7400 turnovers. Thiophenolate-substitut-
ed catalysts 4 and 5 were evaluated in homocoupling reactions
with similar terminal olefin substrates. Although high activity
and good Z-selectivity was observed for all substrates tested,
optimal conditions tended to be substrate-specific. In a num-
ber of cases, undesired olefin isomerization reactions were
competitive with productive product formation. This is in
contrast to homocoupling reactions catalyzed by 2 and 3, in
which a single set of reaction conditions led to high turnovers
and Z-selectivity across a range of substrates.

2.2. Z-Selective Olefin Cross Metathesis

A AN e

Compared to olefin homocoupling, the CM of
two different terminal olefins is a more challeng-
ing transformation as it leads to the formation of
a statistical mixture of the three possible different
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internal olefin products: the homodimers of both substrates in
addition to the desired cross product. As demonstrated with
previous generations of ruthenium catalysts, there are sit-
uations in which high yields of cross products can be obtained
with a near stoichiometric balance of reactants;'¥ therefore,
similar rules should apply to these cyclometalated catalysts.
To favor formation of the desired product in cases where the
electronic and steric environment of the olefins are similar,
one olefin starting material must be used in excess and the
catalyst loading must be slightly higher than with homodime-
rization reactions. Catalyst 1 was evaluated in the standard
CM reaction of allyl benzene and cis-1,4-diacetoxybutene.
Using 5mol % of 1, reactions performed in THF (0.5M) at
35°C led to the formation of the desired cross product with
50% conversion and 86 % Z-selectivity. When catalyst 2 was
tested under these conditions, it was found that the catalyst
loading could be lowered to 1 mol% with slightly higher
conversion and Z-selectivity. A recent report has demon-
strated that dithiolate catalyst 6 and a related analogue could
catalyze the CM of a terminal olefin with a symmetrical
internal olefin to produce an intermediate in the synthesis of
the natural product (+)-neopeltolide with high yields (55—
70%) and Z-selectivity (97-98%).'*! This reaction was
performed at room temperature and at 10 mol% catalyst
loading.

One application of olefin CM that has been previously
explored is the formation of Lepidopteran insect pheromones
for pest control applications.!'” Catalyst 2 was employed in
the synthesis of nine Z-insect pheromone cross products
approved by the EPA as pest control agents.”® It was found
that low catalyst loadings (1 mol %) led to moderate to good
yield (40-77 %) and high Z-content (76-88 %) of the desired
products at room temperature.

Catalyst 3 was subsequently compared to 2 in the CM
reaction of 1-hexene and 8-nonenyl acetate to form the insect
pheromone derivative 8 (Scheme 4). Using catalyst 2, com-
pound 8 was formed in 67 % yield and 91 % Z-selectivity at
0.5 mol% catalyst loadings. With catalyst 3 bearing the
bulkier N-DIPP group, however, the same species could be
formed at lower catalyst loadings (0.1 mol%) with only
slightly diminished yield (60 %) and with perfect selectivity
for the Z-olefin isomer (>98%). More recently, catalysts 2
and 3 had been employed for the synthesis of Z-olefins
containing pendant amino acids and peptides.'®! As expected,
catalyst 3 provided higher Z-selectivity compared to 2;
however, both were active in forming complex and biologi-
cally relevant compounds. These results highlight the poten-
tial for further application of catalyst 3 in the synthesis of
complex cross products with high Z-selectivity.

2 (0.5 mol %)
67% yield
Ru catalyst — 91% Z
_ THF (0.5 M) A/J—(\#OAC
10 equiv. 35°C. 5h 8 3 (0.1 mol %)
60% yield
>98% Z

Scheme 4. CM reaction for the formation of pheromone 8 by catalysts 2 and 3.
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2.3. Z-Selective Cross Metathesis of Allyl-Substituted Olefins

As previously mentioned, the allyl-substituted terminal
olefin 3-methyl-1-hexene showed no appreciable reactivity in
homodimerization reactions using cyclometalated catalyst 1.
These types of substrates have typically exhibited enhanced
E-selectivity (up to 95% FE) with previous generations of
ruthenium catalysts.'¥ Recently, however, it was shown that
a variety of other allyl-substituted terminal olefins could
undergo CM with unhindered terminal olefins to form cross
products, like compound 11, with high Z-selectivity (91 to
>95%) using catalyst 3 (Scheme 5);'"! use of catalyst 2

2
Ru catalyst 87% yield
0 + (2 mol %) O—(:(\—)* 76% Z
™ = =
i,g/\ D S (0.5 M) k/o 9 3
dequv.  BC 1 92% yield
94% Z

Scheme 5. CM reaction of allylic substituted olefins using catalysts 2
and 3.

resulted in reduced Z-selectivity (ca. 76 %) as expected. The
fact that catalyst 3 can overcome the substrate-dependent
preference for E-olefin formation and catalyze the trans-
formation with high Z-selectivity represents a significant
improvement in CM chemistry.

In a separate publication, the Vanderwal group was able
to synthesize intermediate 12 en route to the chlorosulfolipid
natural product mytilipin A using high catalyst loadings
(30mol %) of 2 (Scheme 6). This reaction involved the
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2.4. Z-Selective Ethenolysis

In CM reactions catalyzed by this series of cyclometalated
catalysts, two terminal olefins are reacted to produce a Z-
internal olefin and ethylene (Scheme 3). Since high Z-
selectivity is exhibited in these reactions, it was envisioned
that high Z-selectivity could also be observed in the reverse
reaction, ethenolysis (Scheme 7). This is a process in which an
internal olefin reacts with ethylene to produce two terminal
olefins through a metal methylidene intermediate.” Since
CM and ethenolysis are complementary reactions, they
proceed through the same metallacyclobutane intermediates,
thus the explanation for Z-selectivity presented in the
introduction for productive CM reactions applies to the
selectivity observed in ethenolysis reactions (Scheme 2).
When we tested catalyst 2 for the selective ethenolysis of
a mixture of Z- and E-olefins, we were pleased to find that it
exhibited both high ethenolysis activity and high Z-selectivity,
as Z-olefins were selectively converted to terminal olefins
whereas E-olefins remained intact.[")

The Z-selective ethenolysis activity of cyclometalated
catalyst 2 was evaluated in reactions with stereoisomeric
mixtures of various Z- and FE-olefins, and ethylene
(Scheme 7). It was discovered that exposure of 0.5 mol % of
catalyst 2 to the diacetate-substituted internal olefin 9 (80 %
E) under 5 atm of ethylene at 35°C led to enrichment of the
E-isomer to >95%. The enriched E-isomer and the etheno-
lyzed Z-isomer product, 8-nonenyl acetate, could then be
recovered in quantitative yield by flash column chromatog-
raphy. Subsequent experiments showed that when stereoiso-
meric mixtures of internal olefin substrates (generally ca.
80% E) bearing alcohol, ester, amine, and ketone functional
groups were tested under the conditions outlined above, the

desired E-enriched products could be formed with
high selectivity (>95% E-isomer). Accordingly,

§ (o] this could emerge as a powerful, functional-group-

Y - tolerant method to form purely E-olefin-contain-

RN 2 (30 mol %) ' 0 Silg’s);/'fg ing products. The Z-selective ethenolysis reactivity

* DCE/CH,CI, H of catalyst 3 has not yet been evaluated but it is

A VNN e 3s°C N - X% envisioned that, as with its CM reactivity, it will

Scheme 6. Synthesis of intermediate 12 en route to mytilipin A.

CM of a substituted vinyl epoxide with a terminal olefin, and
proceeded in 32 % yield with > 95 % Z-selectivity. This result
further showcases the ability of these cyclometalated catalysts
to react with more complex allyl-substituted olefins.

exhibit increased activity and Z-selectivity.

2.5. Chemoselective Olefin Metathesis

Considering that internal E-olefins were shown to be
unreactive with this family of cyclometalated catalysts under
ethenolysis conditions, it was proposed that internal E-olefins
would be similarly inert under CM conditions. Indeed, the

ACOW OAc * aco ), (40nc
E-9 zZ-9
Scheme 7. Z-Selective ethenolysis reactivity of catalyst 2.
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Scheme 8. Chemoselective CM reaction for the direct formation of nonconjugated

E,Z diene 10.

direct synthesis of compound 10 containing an E,Z non-
conjugated diene from FE-1,4-hexadiene was successfully
carried out with 68% yield and 88% Z-selectivity using
catalyst 2 (Scheme 8).! Notably, no products derived from
reaction with the E-internal olefin were observed. This
represents one of the first examples of diene-selective meta-
thesis and was found to be generally applicable for the
construction of a variety of polyenes in a subsequent report
from our group. It was shown that catalyst 3 could promote
highly Z-selective CM reactions to produce a diverse set of
products that also contained E-internal olefins, 1,1-disubsti-
tuted terminal olefins, or even Z-a,B-unsaturated esters.

3. Mechanistic Studies

3.1. Influence of Metallacyclobutane Structure on Activity and
Selectivity

All of the aforementioned cyclometalated catalysts are
unable to catalyze CM reactions of two internal olefins,
a phenomenon that is possible with most metathesis cata-
lysts.' For internal-internal CM to occur, substituted
alkylidenes must be reacted with internal olefins to form

H-N=0 oi® %
“o
trisubstituted
metallacyclobutane
intermediate

Scheme 9. Highly unfavorable cycloaddition of internal olefin with substituted alkylidene to form

trisubstituted metallacycle.
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Scheme 10. Reaction of a methylidene with a Z-internal olefin.
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trisubstituted metallacyclobutane intermediates
(Scheme 9). Since no such reactivity was observed
with cyclometalated catalysts 1-3, it was proposed
that trisubstituted metallacyclobutane intermedi-
ates of these catalysts were very high in energy
and thus could not react productively; DFT
calculations provided evidence for this supposi-
tion.?"!

Subsequent experiments revealed that CM reactions of
two internal olefins could proceed but only in the presence of
added ethylene gas and if the Z-internal olefin isomer was
used. With the corresponding E-olefin isomer, none of the
desired cross product was observed even when ethylene was
added. This supports a mechanism in which a methylidene
species must be formed before productive CM can occur;
methylidenes can be formed after a productive CM reaction
or by addition of ethylene gas (Scheme 10). After its
formation, an internal olefin can then react with this
methylidene to concurrently generate a substituted alkyli-
dene and a terminal olefin. Productive product formation can
finally occur by reaction of the substituted alkylidene and
a terminal olefin which proceeds through a 1,2-disubstituted
metallacycle. Based on the results presented here, synthetic
chemists intending to use these catalysts for the synthesis of
complex products should avoid using E-internal olefins as
starting materials and instead try to use terminal olefins
whenever possible. Based on these studies, it seems that the
ethenolysis activity and selectivity of these cyclometalated
catalysts have direct relations to their unique metathesis
mechanism.

68% yield
88% Z

3.2. Z-Content Degradation

When CM reactions catalyzed

L R by 1-3 are monitored over time,
(-),N there is an evident decrease in Z-
selectivity at higher conversions.
The rate of Z-content degradation
is catalyst-dependent, with catalyst
3 exhibiting generally slower deg-
radation than 2 which, in turn, is
slower than 1. The presence of

NYN—Mes
R R oRun,  * AR
NL/ R’
o+ ©
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ethylene seems to accelerate Z/E isomerization processes
and, as such, one mode of Z-content degradation may be
related to the Z-selective ethenolysis reactivity of these
catalysts in subsequent turn overs of the internal olefin
products. While Z-degradation is general for all substrates,
species with certain functional groups, such as alcohols, tend
to degrade Z-content at a faster rate and thus other pathways
for Z-content degradation are expected and envisioned. The
precise mechanistic pathways contributing to the observed
degradation are not yet understood and studies are currently
being carried out to elucidate what pathways are contributing.
A better understanding of these processes may provide
insight into improved reaction conditions which maintain
near-perfect Z-selectivity at high conversions. Based on
previously reported data, shorter reaction times can lead to
only minor reductions in yield and significantly less Z-content
degradation.

4. Summary and Outlook

The discovery and development of ruthenium catalysts 1-
7 has enabled the formation of a diverse array of Z-olefin
cross products, including insect pheromones and more com-
plex natural products. Investigating the mechanism of reac-
tivity with this family of cyclometalated catalysts has revealed
key differences in the accessibility of important metalla-
cyclobutane intermediates unique to these catalysts. These
mechanistic insights have suggested unprecedented ways to
exploit the selectivity of these catalyst systems, highlighting
their potential as powerful synthetic tools. Z-selective CM has
proven to be an effective method to form Z-olefins, and Z-
selective ethenolysis is emerging as a powerful method to
selectively isolate E-olefins from stereoisomeric mixtures.
Now, using olefin metathesis, purely Z-internal olefins can be
formed directly and purely E-olefins can be formed in two
steps using Z-selective ethenolysis. The development of new
and improved catalysts capable of carrying out transforma-
tions not possible with the current catalysts will be necessary
for the expansion of this methodology. For example, the Z-
selective CM of two internal olefins and the formation of
highly Z trisubstituted olefins using ruthenium metathesis
catalyst are not currently possible, but have been reported for
Z-selective molybdenum and tungsten catalysts.**¢! In pre-
senting some key aspects of the reactivity observed so far with
these ruthenium catalysts, we hope to have highlighted their
broad synthetic potential for the formation of diverse Z-olefin
products in the presence of various functional groups.

How to cite: Angew. Chem. Int. Ed. 2015, 54, 5018-5024
Angew. Chem. 2015, 127, 5104-5110

[1] a)J. Cossy, S. Arseniyadis, C. Meyer, Metathesis in Natural
Product Synthesis: Strategies, Substrates, and Catalysts, Wiley-
VCH, Weinheim, 2010; b) R. L. Pederson, I. M. Fellows, T. A.
Ung, H. Ishihara, S. P. Hajela, Adv. Synth. Catal. 2002, 344, 728 —
735;¢) S.J. Connon, S. Blechert, Angew. Chem. Int. Ed. 2003, 42,
1900-1923; Angew. Chem. 2003, 115, 1944 —-1968.

[2] For full review articles on Z-selective olefin metathesis, see:
a) A.L. Gottumukkala, A.V.R. Madduri, A.J. Minnaard,

Angew. Chem. Int. Ed. 2015, 54, 5018 —5024

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angéwandte

imeminalEdtiony Chemie

ChemCatChem 2012, 4, 462—-467; b) S. Shahane, C. Bruneau,
C. Fischmeister, ChemCatChem 2013, 5, 3436-3459; c) A.
Fiirstner, Science 2013, 341, 1229713; d) A. H. Hoveyda, J.
Org. Chem. 2014, 79, 4763 -4792.

a) M. M. Flook, A.J. Jiang, R.R. Schrock, P. Miiller, A.H.

Hoveyda, J. Am. Chem. Soc. 2009, 131, 7962-7963; b) A.J.

Jiang, Y. Zhao, R. R. Schrock, A. H. Hoveyda, J. Am. Chem.

Soc. 2009, 131, 16630-16631; c) M. Yu, C. Wang, A. F. Kyle, P.

Jukubec, D.J. Dixon, R. R. Schrock, A.H. Hoveyda, Nature

2011, 479, 88-93; d) S. J. Meek, R. V. O’Brien, J. Llaveria, R. R.

Schrock, A.H. Hoveyda, Nature 2011, 471, 461-466;

e) A. W. H. Speed, T.J. Mann, R. V. O’Brien, R. R. Schrock,

A.H. Hoveyda, J. Am. Chem. Soc. 2014, 136, 16136-16139;

f) S. C. Marinescu, D. S. Levine, Y. Zhao, R. R. Schrock, A. H.

Hoveyda, J. Am. Chem. Soc. 2011, 133, 11512-11514; g) C.

Wang, F. Haeffner, R. R. Schrock, A.H. Hoveyda, Angew.

Chem. Int. Ed. 2013, 52, 1939-1943; Angew. Chem. 2013, 125,

1993-1997.

a) K. Endo, R. H. Grubbs, J. Am. Chem. Soc. 2011, 133, 8525—

8527; b) B. K. Keitz, K. Endo, M. B. Herbert, R. H. Grubbs, J.

Am. Chem. Soc. 2011, 133, 9686 —9688; c) B. K. Keitz, K. Endo,

P. R. Patel, M. B. Herbert, R. H. Grubbs, J. Am. Chem. Soc.

2012, 7134, 693-699; d) L. E. Rosebrugh, M. B. Herbert, V. M.

Marx, B. K. Keitz, R. H. Grubbs, J. Am. Chem. Soc. 2013, 135,

1276-1279; e) S. M. Bronner, M. B. Herbert, P. R. Patel, V. M.

Marx, R. H. Grubbs, Chem. Sci. 2014, 5, 4091 —4098.

[5] J.S. Cannon, L. Zou, P. Liu, Y. Lan, D. J. O’Leary, K. N. Houk,

R. H. Grubbs, J. Am. Chem. Soc. 2014, 136, 6733 -6743.
[6] V. M. Marx, M. B. Herbert, B. K. Keitz, R. H. Grubbs, J. Am.
Chem. Soc. 2013, 135, 94-97.

[7] a) J. Hartung, R. H. Grubbs, J. Am. Chem. Soc. 2013, 135,

10183-10185; b) J. Hartung, R. H. Grubbs, Angew. Chem. Int.

Ed. 2014, 53, 3885-3888; Angew. Chem. 2014, 126, 3966 —3969;

c)J. Hartung, P. K. Dornan, R. H. Grubbs, J. Am. Chem. Soc.

2014, 136, 13029-13037.

B. K. Keitz, A. Fedorov, R. H. Grubbs, J. Am. Chem. Soc. 2012,

134, 2040 -2043.

a) P Liu, X. Xu, X. Dong, B. K. Keitz, M. B. Herbert, R. H.

Grubbs, K. N. Houk, J. Am. Chem. Soc. 2012, 134, 1464 -1467,

b) Y. Dang, Z.-X. Wang, X. Wang, Organometallics 2012, 31,

7222-7234; c) Y. Dang, Z.-X. Wang, X. Wang, Organometallics

2012, 31, 8654 -8657.

[10] Previous generations of ruthenium catalysts are thought to
proceed via bottom-bound metallacycles: a) P. Romero, W. E.
Piers, J. Am. Chem. Soc. 2005, 127,5032-5033; b) A. G. Wenzel,
R. H. Grubbs, J. Am. Chem. Soc. 2006, 128, 16048 —16049.

[11] a) G. Occhipinti, F. R. Hansen, K. W. Térnroos, V. R. Jensen, J.
Am. Chem. Soc. 2013, 135, 3331-3334; b) G. Occhipinti, V.
Koudriavtsev, K. W. Tornroos, V. R. Jensen, Dalton Trans. 2014,
43,11106-11117; c) J. W. Nelson, L. M. Grundy, Y. Dang, Z.-X.
Wang, X. Wang, Organometallics 2014, 33, 4290 —4294.

[12] a) R. K. M. Khan, S. Torker, A. H. Hoveyda, J. Am. Chem. Soc.
2013, 7135, 10258 -10261; b) M. J. Koh, R. K. M. Khan, S. Torker,
A.H. Hoveyda, Angew. Chem. Int. Ed. 2014, 53, 1968-1972;
Angew. Chem. 2014, 126, 1999-2003; c) R. K. M. Khan, S.
Torker, A. H. Hoveyda, J. Am. Chem. Soc. 2014, 136, 14337—
14340.

[13] M. Yu, R. R. Schrock, A. H. Hoveyda, Angew. Chem. Int. Ed.
2015, 54, 215-220; Angew. Chem. 2015, 127, 217 -222.

[14] A.K. Chatterjee, T.-L. Choi, D. P. Sanders, R. H. Grubbs, J. Am.
Chem. Soc. 2003, 125, 11360-11370.

[15] M. B. Herbert, V.M. Marx, R.L. Pederson, R.H. Grubbs,
Angew. Chem. Int. Ed. 2013, 52, 310-314; Angew. Chem. 2013,
125,328 -332.

[16] S.L. Mangold, D. J. O’Leary, R. H. Grubbs, J. Am. Chem. Soc.
2014, 136, 12469 —12478.

[17] B. Quigley, R. H. Grubbs, Chem. Sci. 2014, 5, 501 —506.

[3

—_—

(4

—_—

8

—_

[9

—

www.angewandte.org

5023


http://dx.doi.org/10.1002/1615-4169(200208)344:6/7%3C728::AID-ADSC728%3E3.0.CO;2-4
http://dx.doi.org/10.1002/1615-4169(200208)344:6/7%3C728::AID-ADSC728%3E3.0.CO;2-4
http://dx.doi.org/10.1002/anie.200200556
http://dx.doi.org/10.1002/anie.200200556
http://dx.doi.org/10.1002/ange.200200556
http://dx.doi.org/10.1002/cctc.201100252
http://dx.doi.org/10.1002/cctc.201300688
http://dx.doi.org/10.1021/jo500467z
http://dx.doi.org/10.1021/jo500467z
http://dx.doi.org/10.1021/ja902738u
http://dx.doi.org/10.1021/ja908098t
http://dx.doi.org/10.1021/ja908098t
http://dx.doi.org/10.1038/nature10563
http://dx.doi.org/10.1038/nature10563
http://dx.doi.org/10.1038/nature09957
http://dx.doi.org/10.1021/ja509973r
http://dx.doi.org/10.1021/ja205002v
http://dx.doi.org/10.1002/anie.201209180
http://dx.doi.org/10.1002/anie.201209180
http://dx.doi.org/10.1002/ange.201209180
http://dx.doi.org/10.1002/ange.201209180
http://dx.doi.org/10.1021/ja202818v
http://dx.doi.org/10.1021/ja202818v
http://dx.doi.org/10.1021/ja203488e
http://dx.doi.org/10.1021/ja203488e
http://dx.doi.org/10.1021/ja210225e
http://dx.doi.org/10.1021/ja210225e
http://dx.doi.org/10.1021/ja311916m
http://dx.doi.org/10.1021/ja311916m
http://dx.doi.org/10.1039/C4SC01541J
http://dx.doi.org/10.1021/ja5021958
http://dx.doi.org/10.1021/ja311241q
http://dx.doi.org/10.1021/ja311241q
http://dx.doi.org/10.1021/ja4046422
http://dx.doi.org/10.1021/ja4046422
http://dx.doi.org/10.1002/anie.201310767
http://dx.doi.org/10.1002/anie.201310767
http://dx.doi.org/10.1002/ange.201310767
http://dx.doi.org/10.1021/ja506611k
http://dx.doi.org/10.1021/ja506611k
http://dx.doi.org/10.1021/ja211676y
http://dx.doi.org/10.1021/ja211676y
http://dx.doi.org/10.1021/ja2108728
http://dx.doi.org/10.1021/om300784k
http://dx.doi.org/10.1021/om300784k
http://dx.doi.org/10.1021/om300972h
http://dx.doi.org/10.1021/om300972h
http://dx.doi.org/10.1021/ja042259d
http://dx.doi.org/10.1021/ja0666598
http://dx.doi.org/10.1021/ja311505v
http://dx.doi.org/10.1021/ja311505v
http://dx.doi.org/10.1039/c4dt00409d
http://dx.doi.org/10.1039/c4dt00409d
http://dx.doi.org/10.1021/om500612r
http://dx.doi.org/10.1021/ja404208a
http://dx.doi.org/10.1021/ja404208a
http://dx.doi.org/10.1002/anie.201309430
http://dx.doi.org/10.1002/ange.201309430
http://dx.doi.org/10.1021/ja505961z
http://dx.doi.org/10.1021/ja505961z
http://dx.doi.org/10.1002/anie.201409120
http://dx.doi.org/10.1002/anie.201409120
http://dx.doi.org/10.1002/ange.201409120
http://dx.doi.org/10.1021/ja0214882
http://dx.doi.org/10.1021/ja0214882
http://dx.doi.org/10.1002/anie.201206079
http://dx.doi.org/10.1002/ange.201206079
http://dx.doi.org/10.1002/ange.201206079
http://dx.doi.org/10.1021/ja507166g
http://dx.doi.org/10.1021/ja507166g
http://dx.doi.org/10.1039/C3SC52806E
http://www.angewandte.org

Angewandte

Minireviews

R. H. Grubbs and M. B. Herbert

[18] W. Chung, J. S. Carlson, D. K. Bedke, C. D. Vanderwal, Angew. [20] J.S. Cannon, R. H. Grubbs, Angew. Chem. Int. Ed. 2013, 52,
Chem. Int. Ed. 2013, 52, 10052 —-10055; Angew. Chem. 2013, 125, 9001 -9004; Angew. Chem. 2013, 125, 9171-9174.

10236-10239.
[19] H. Miyazaki, M. B. Herbert, P. Liu, X. Dong, X. Xu, B. K. Keitz,

T. Ung, G. Mkrtumyan, K. N. Houk, R. H. Grubbs, J. Am. Chem. Received: December 1, 2014
Soc. 2013, 135, 5848 —5858. Published online: March 20, 2015

Computational Molecular Science

The ultimate resource on all aspects of computer applications in chemistry,

biology and materials science

The successor of the highly acclaimed Encyclopedia of Computational
Chemistry, this new multi-volume reference captures the interdisciplinary
flavour of the field, addressing key topics and presenting different levels of
understanding in this important and rapidly growing area.

Computational Molecular Science features all content published in the
review journal WIREs Computational Molecular Science between January
2011 and December 2013.

EDITORS:

Peter R. Schreiner Walter Thiel Modesto Orozco Professor
Professor, Institute of Organic  Director of Institute for and Group Leader of the
Chemistry, Justus-Liebig Theoretical Chemistry, Institute of Molecular
University, Giessen, Germany  Max-Planck-institut fiir Modelling and Bioinformatics,

Kohlenforschung, Germany Institute for Research in

Wesley D. Allen Associate ; L .
Y Biomedicine, Barcelona, Spain

Professor, Department of

Chemistry, University of Peter Willett Professor of

Georgia, Athens, USA Information Science, University
of Sheffield, UK

2

e your copy

‘3 and save!
3 /

X ]
9 4

-
75) WIREs
COMPUTATIONAL MOLECULAR SCIENCE

The logical online successor of the highly acclaimed Encyclopedia of
Computational Chemistry, the review journal WIREs Computational
Molecular Science combines the best possible features of major online
reference works (high visibility, fast searches, and electronic accessibility)
with the completeness, rigor, and overall high quality of review journals.
For further information and to recommend WIREs to your librarian visit

¢ www.wires.wiley.com/compmolsci

6 Volume Print Edition ¢ February 2014
ISBN: 978-0-470-72307-4

Introductory Price valid until 31t May 2014:
£1050.00 / €1350.00 / $1695.00

Prices will revert back to
£1250.00/€1610.00 / $1995.00 thereafter

Find out more and
download sample content at

www.wiley.com/go/cms

J WILEY

5024 www.angewandte.org © 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angew. Chem. Int. Ed. 2015, 54, 5018 —5024

T ouan


http://dx.doi.org/10.1002/anie.201304565
http://dx.doi.org/10.1002/anie.201304565
http://dx.doi.org/10.1002/ange.201304565
http://dx.doi.org/10.1002/ange.201304565
http://dx.doi.org/10.1021/ja4010267
http://dx.doi.org/10.1021/ja4010267
http://dx.doi.org/10.1002/anie.201302724
http://dx.doi.org/10.1002/anie.201302724
http://dx.doi.org/10.1002/ange.201302724
http://www.angewandte.org

