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Abstract: The ring-closing metathesis (RCM) of dien-
ynes represents a powerful methodology for the con-
struction of mono- and bicyclic systems containing 1,3-
diene functionality. Despite its synthetic potential, the
utility of dienyne RCM is significantly reduced due to
poor group selectivity. To circumvent this shortcoming,
several strategies utilizing steric hindrance, electronic
variation, relay metathesis and ring-closure Kkinetics
have been implemented to exert control over the reac-
tion pathways. This article highlights a variety of meth-
ods to achieve group-selective enyne RCM of dienynes.

kKeywords: cyclization - enynes - metathesis - ruthenium /

Introduction

Group-selective transformations constitute an important
concept in stereoselective synthesis.!! In this approach, se-
lective conversion of one of the enantiotopic or diastereo-
topic groups to a new functionality breaks local or molecu-
lar symmetry. Group-selective transformations have been re-
alized by employing both irreversible® [Eq. (1)] and reversi-
blel®! [Eq. (2)] bond-forming processes.
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The emergence of metathesis chemistry to build carbo-
and heterocyclic structures significantly broadens the scope
and utility of group-selective methodology based on reversi-
ble carbon—carbon bond forming processes.*! In particular,
the advent of well-defined ruthenium carbene catalysts such
as 1-3 has enriched the field of metathesis by improving the
reaction scope and the selectivity."®
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Relying on the inherently reversible nature of the meta-
thesis process, several examples of group-selective metathe-
sis reactions have been reported. For example, Lautens et al.
reported a diastereoselective diene RCM reaction of tet-
raene 5 (Scheme 1).”) While shorter reaction times gave
triene 7, longer reactions gave rise to bicycle 8 with high
levels of cis-selectivity, implicating a pre-equilibrium among
species 5-7.

In addition, Schrock and Hoveyda have developed a pow-
erful group-selective strategy displaying excellent discrimi-
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Scheme 1. Reversibility in the RCM reaction.
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nation of diastereo- and enantiotopic alkene functionality.
By employing chiral tungsten—alkylidene complex 9, a chiral
cyclic molecule was generated from an acyclic precursor
with high yield and enantioselectivity via a diene RCM reac-
tion [Eq. (3)].1”

Me, Me,
O,S| \/\ O/SI
W 9 (5 mol %) N
—_—
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>98% ee

The catalytic asymmetric desymmetrization described
above clearly demonstrates the potential of metathesis-
based group-selective transformations. Although the devel-
opment of reactive metal complexes with broad functional
group tolerance and appropriately designed substrate plat-
forms continues to enrich the field of metathesis chemistry,
the selectivity in product distribution remains a challenge in
many areas of metathesis chemistry.

This shortcoming is most apparent in the body of work
concerning enyne RCM reactions.'!! In contrast to diene or
diyne metathesis processes, which regenerate the functional-
ity present in the starting material and are thus reversible in
nature, enyne metathesis generates a 1,3-diene from an
alkene and an alkyne. Although the reversibility of all
mechanistic steps throughout the enyne metathesis catalytic
cycle has been assumed, it has not been confirmed due to
the convolution of several competing reaction pathways in-
volving multiple intermediates (Figure 1).

Despite the poorly understood mechanism and less pre-
dictable reactivity profile as compared to its diene counter-
part, the prowess of enyne metathesis holds significant
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Figure 1. Pathways and intermediates in enyne metathesis.
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promise for further development. The tandem bond-forming
nature of enyne metathesis offers a powerful and catalytic
framework for the formation of conjugated carbon—carbon
double bonds, thereby generating complex molecular struc-
tures from simple starting materials in a single synthetic op-
eration. As exemplified by Equations (4)—(6), the desym-
metrization of acyclic dienynes by enyne RCM presents a
powerful strategy to build fused [Eq.(4)] and bridged
[Eq. (§)] bicycles as well as monocyclic structures [Eq. (6)].
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Although the catalytic asymmetric desymmetrization
strategy described in Equation (3) demonstrates the poten-
tial of metathesis-based group-selective transformations, sev-
eral difficulties hamper the advancement of such methodol-
ogy based on enyne metathesis. As shown in Figure 2, the
asymmetric diene RCM in Equation (3) relies on enantio-
topic group differentiation (A vs A’) by the metal-alkyli-
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Figure 2. Enantiotopic group differentiation via cyclic and acyclic inter-
mediates in diene and enyne RCM.

Chem. Eur. J. 2005, 11, 61186126


www.chemeurj.org

Ring-Closing Metathesis

dene complex during ring formation. In contrast, the group
differentiation in dienyne systems (B vs B’) must occur prior
to the ring-closure event. The latter represents a more chal-
lenging differentiation as the necessary communication be-
tween the chiral environment around the metal center and
the pro-stereogenic carbon center is further away. However,
the realization of such an objective in tandem enyne RCM
would surely expand the scope and utility of metathesis
chemistry.

To improve the group differentiation between B and B’ as
well as the overall selectivity of the RCM of dienynes, four
general strategies have been implemented, which include a)
steric perturbation, b) electronic perturbation, c) relay meta-
thesis, and d) ring closure rate-based differentiation. The
focus of this article is to highlight these concepts that have
evolved to enhance the group selectivity in the RCM of di-
enynes.

Group Differentiation Strategy

Steric perturbation: Earlier studies in diene metathesis
documented that the reactivity of any alkene in a metathesis
substrate decreases when alkyl substituents are introduced
on or near the alkene. Implementation of this general reac-
tivity-controlling strategy would constitute a useful method
to obtain selectivity for a particular reaction manifold in
tandem enyne RCM reactions.

While initial reports of enyne metathesis utilized chromi-
um- and tungsten—carbene complexes, Mori and Kinoshita
reported the first ruthenium-carbene-mediated enyne meta-
thesis in 1994.2! Notably, in these reports, the RCM reac-
tion of symmetric dienyne 10 in the presence of 2 mol% 1b
provided enyne RCM product 11 over diene RCM product
11’ (Scheme 2).

1b (2 mol %) F?_/ J/
e
HCI HC]

10 11 (19%) 11'(5%)

Scheme 2.

Concurrently, Grubbs et al. reported the tandem enyne
RCM of all carbon-based dienynes to form bicyclic 1,3-
diene systems (Scheme 3).' As seen in the example of
Mori and Kinoshita, enyne RCM was preferred over com-
peting diene RCM. Symmetric dienynes 12a and 12b gave
single products 13a (95%) and 13b (88 %), respectively. In
contrast, a nonsymmetric substrate 12¢ generated 13¢ and
13¢’ (86 % combined) as a mixture in a 1:1 ratio. However,
the selectivity between 13¢ and 13¢’ could be controlled by
introducing an alkyl substituent on one of the tethered al-
kenes.

Chem. Eur. J. 2005, 11, 6118—-6126

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

CONCEPTS

OSiEt,

OSiEt,
m (3- 6 m0| %) <;©

12a:n=1 13a: n =1 (95%)
12b:n=2 13b: n =2 (88%)
OSiEt, OSiEt, OSiEt,
(3 15 mol %)
R
13c : 13c'
12c: R=HR=H 1 1 (86%)
12d:R=Et,R'=H 1: 0 (83%)
12e:R=H,R'=Me 0 1 (78%)
OSiEt, OSiEt,
Pz
ol S Yy
RuL, Me
14 15

Scheme 3. Selectivity in tandem enyne RCM of all carbon-based dien-
ynes.

The ethyl group on the shorter alkenyl tether in 12d se-
lectively directed the formation of propagating alkylidene
14, thereby giving only 13¢. Likewise, the methyl group on
the longer alkenyl tether in 12e selectively promoted the
formation of isomeric intermediate alkylidene 15, which led
to a single cyclized product 13¢'.

Closely related tandem enyne RCM reactions of yna-
mide-based dienynes were reported by Hsung etal.
(Scheme 4).1 In the absence of steric differentiation be-
tween the two tethered alkenes present in 16a, a 1:1 mixture
(77 % combined) of isomeric bicycles 17 and 17’ was gener-
ated. However, introduction of a methyl group on one of
the alkene moieties in 16b provided much higher selectivity
favoring 17, as the consequence of the preferred intiation on
the sterically less hindered alkene.

o o)
2
N (5-10 mol %) N . N
o mer Rl
|| | AN\ =
R 17 : 17

16a: R=H 10 1 (T7%)
16b: R = Me 6 : 1 (70%)

Scheme 4. Tandem enyne RCM of ynamide-based dienynes.

Not surprisingly, group-selective tandem enyne RCM re-
actions employing the steric perturbation strategy have been
applied to the synthesis of natural products. In their effort
toward a total synthesis of the guanacastepenes, Hanna
et al. constructed tricyclic skeleton 19 from precursor 18 via
enyne RCM (Scheme 5).'" Initiation of the reaction again
occurs at the least substituted terminal alkene, a conjugated
1,3-diene moiety, which was followed by a tandem ring clo-
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Scheme 5. Formation of the guanacastepene skeleton by tandem enyne
RCM.

sure at the alkyne and then the trisubstituted alkene to yield
tricycle 19.

Granja et al. also utilized a similar strategy to promote
the formation of a disfavored eight-membered ring over
that of a smaller, more favored five-membered ring
(Scheme 6).1'% In their synthesis of a bridged bicyclic skele-
ton 21 by tandem enyne RCM, isopropyl substitution in 20
directed metathesis initiation to the least substituted alkene,
which then led to ring closure to the eight-membered ring.
Interestingly, this approach represents a rare example of the
formation of bridged bicycles possessing a bridgehead
double bond.

Scheme 6. Construction of a bridged bicycle by tandem enyne RCM.

Since the initiation of a metathesis reaction is impeded
not only by substitution on the alkene but also near the
alkene, the reactivity of two mono-substituted alkenes of di-
enyne RCM substrates could be effectively differentiated by
the substituents at the allylic positions. Using this concept,
the groups of Mori'"” and Hatakeyama!"®! have independent-
ly reported related enyne RCM strategies to construct the
tetracyclic skeleton 25 of the erythrina family of alkaloids
(Scheme 7). As expected, the metathesis reaction of 22 ini-
tially occurs at the sterically less hindered N-allyl group to
generate alkylidene 23. This intermediate subsequently un-
dergoes ring closure to 24 and finally to tetracycle 25. In
these tandem enyne RCM reactions, none of the regioisom-
er corresponding to the initial ring closure between alkene
bearing allylic substitution and the alkyne moiety was ob-
served.

Hanna et al. also capitalized on this rate difference to syn-
thesize a variety of highly oxygenated bicycles from dienyne
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Scheme 7. RCM of dienynes with sterically differentiatiated allylic posi-
tions.
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precursors (Scheme 8).1! The cyclization products were de-
rived from reaction initation at the alkene lacking substitu-
tion at the allylic position.

Another example of a group-selective enyne RCM utiliz-
ing steric differentiation has been reported by Honda et al.
In their approach to securinine 30, diastereoselective con-
struction of the bicyclic core 29 was envisioned from an
enyne RCM reaction initiating from the less hindered
alkene in 27 (Scheme 9).”"! However, when acrylate 27 was
subjected to the reaction conditions, none of the desired bi-
cycle 29 was observed, likely due to decreased reactivity of
the acrylate moiety and the cis-disubstituted double bond of
27 toward initiation. In a revised attempt, the cyclization
proceeded readily (74%) in the presence of catalyst 317!
when an allyl ether was installed instead of the acrylate
moiety. Subsequent allylic oxidation on the RCM product
employing chromium trioxide yielded the initially intended
o,pB-unsaturated lactone 29.

Electronic perturbation: In addition to steric considerations,
the introduction of a electronically-biased alkene has also
been used to direct the site of catalyst initiation. Grubbs
et al. reported that carbenes derived from o,fB-unsaturated
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31 securinine 30

Scheme 9. Steric differentiation in a tandem enyne RCM.

carbonyl compounds are less stable and thus less likely to
form than other carbenes.” For this reason, dienyne 32,
containing two alkenes in similar steric environments but
differing by their electronics, underwent a selective enyne
RCM to give 35 as the sole product, regardless of substitu-
tion on the alkyne (Scheme 10).”* This observed selectivity
is the result of the exclusive formation of the initial alkyli-
dene 33 over less stable enoic alkylidene 34.

RuL, —

R
34 35 R=H:95%
R =Me: 72%

Scheme 10. Electronic effect for selective catalyst initiation.

The manifestation of this electronic biasing effect is noted
in the synthesis of a variety of fused bi- and tricyclic ring
systems in excellent yields from acrylate-containing dienyne
precursors (Figure 3).

Relay metathesis: Hoye and co-workers reported a new
strategy for reaction pathway control known as relay meta-
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Figure 3. Group selectivity achieved by electronic differentiation.

thesis.”* This approach involves the design of substrates that
direct the ruthenium carbene through the individual steps of
the reaction cascade. The fruition of a successful and selec-
tive relay metathesis reaction hinges on the delivery of the
propagating metal carbenoid to a less reactive alkene. This
delivery occurs by initial formation of the alkylidene at a
remote reactive alkene followed by a ring-closing metathesis
event with the less reactive alkene.

The efficacy of relay metathesis to control the reaction
pathway is illustrated in Scheme 11. Initial ring closure by 2
of the parent dienyne 36a gave a 1:2 ratio of 37:38 due to

cat.
/(T/\‘\(s 14 mol %) gJ\

cat=2 1: 2(@tRT)

/\\l\ cat=2 4.7 . 1 (atRT)

cat=1a 26 : 1(at50°C)
)

o
/I/i\( cat=2 1: 7 (atRT)
Il - j cat=1a 1 : 45(at50°C)
36c o

Scheme 11. Group-selective enyne RCM by relay ring-closing metathesis
(RRCM).

nonselective alkylidenation and closure from either of the
similar 1,1-disubstituted alkenes. In contrast, the tethering
of a highly active monosubstituted alkene at either end of
36a increased the selectivity of the ring closure. Importantly,
a judicious choice of catalyst was found to amplify the selec-
tivity in this relay metathesis. Reactions employing catalyst
1a showed a dramatic increase in selectivity; relay substrate
36b cyclized to 37 very selectively (26:1) while 36¢ cyclized
nearly exclusively (1:45) to 38.

Although the concept of relay metathesis was invented
only recently, it has already found important application in
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natural product synthesis.” The expansion of this approach
is expected to develop in both inter- and intramolecular
diene and enyne metathesis reactions.

Ring closure rate-based differentiation: In the examples
above, selectivity relies on controlling the site of catalyst ini-
tiation by modifying the reactivity of the alkene or alkyne
moieties with steric and electronic factors. While this has
proven successful, the introduction of the biasing elements,
in many cases, requires extra synthetic manipulations and
may limit the reaction scope.

In the absence of biasing elements, a substrate possessing
two alkenes in nearly similar steric and electronic environ-
ments will result in reaction initiation at both alkenes. De-
spite this nonselective initiation, a selective RCM reaction
can still be envisioned if the pre-ring closure steps are rever-
sible and occur at higher rates than the nonreversible ring
closure step. If these conditions are met, then ring closure
rates, rather than rates of initiation influenced by steric and
electronic parameters, would govern the selectivity of the
tandem enyne RCM. In accordance with this analysis, there
are a few examples of group-selective enyne RCM from di-
enyne precursors possessing unbiased alkenes.

Van Boom et al. reported the synthesis of phosphorus-
containing heterocycles from bis(alkenyl)ethynyl phospho-
nates by enyne RCM (Scheme 12).?° In the presence of 2,

090
“PTTY), 21 mol %)

0\9 0\('?,0
P P/O . P
ST\
I = I

3%9a:n=1 40a:40a' (2.9:1): n=1, 89%
39b:n=2 40b:40b' (4.2:1): n = 2, 94%
39¢c:n=3 40c  (1.0:.0): n=3, 83%

Scheme 12. Group-selective enyne RCM of ethynyl phosphonates.

nonsymmetric ethynylphosphonate 39a cyclized to yield a
2.9:1 mixture of cyclopentenyl products 40a and 40a’ de-
rived from reaction initiation on the shorter allyl tether. In
this example, no products containing a six-membered ring,
which would arise by initiation and closure from the tether
containing an additional methylene unit, were observed.
Symmetric substrate 39b cyclized cleanly to yield a mixture
of bi- and monocyclic products 40b and 40b’. Interestingly,
nonsymmetric dienyne 39 ¢ was cyclized to form only 40¢. In
this case, reaction was initiated on the longer alkenyl tether
to yield the seven-membered ring rather than initiation on
the shorter tether to yield the six-membered ring. No ex-
planation was given, but the preferred formation of the sev-
en,seven-membered ring suggests a slower rate of cycliza-
tion to form the initial six-membered ring from these sub-
strates.

Similarly, Liu et al. reported a moderately group-selective
tandem enyne RCM for the synthesis of small-sized fused
bicycles (Scheme 13).%”! The dienynes cyclized to form simi-
lar ratios of products, consistently favoring the initial ring
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R=H 1a 60% 8% 16%
2 63% 19% trace
R =C,Hq 1a 62% trace 23%
2 64% 21% trace

Scheme 13. Selectivity of enyne RCM for the formation of fused oxabicy-
cles.

closure to the six- over five-membered ring regardless of the
presence of substitution on the alkyne or the catalyst em-
ployed (1a vs 2). The observed selectivity could arise from a
ring closure rate difference during the initial five- and six-
membered ring formation.

A generalized concept of a ring closure rate-based differ-
entiation of reaction pathways is shown in Scheme 14. In

or2
R
kexchange l k'—
R
_ . I 20 O\
N
m o~ SR SR ml SiR,
te 2
(@) Y R'
A m
44 45 46

Scheme 14. Pre-equilibrium of alkylidene intermediates prior to ring clo-
sure.

this overall mechanistic picture, it is expected that alkynylsi-
lyloxy-tethered dienyne 41, possessing two tethered alkenes
in nearly equivalent steric and stereoelectronic environ-
ments, would be equally partitioned between alkylidenes 42
and 43 during the RCM reaction. Assuming the steric hin-
drance imparted by the silylalkynyl moiety slows the enyne
ring closure rates (kg and k;) as compared to rate of alkyli-
dene exchange (Keychange), @ situation arises where a pre-equi-
librium between intermediates prior to ring closure is possi-
ble. This equilibrium would permit 42 and 43 to interconvert
via alkylidene exchange or possibly via the involvement of
diene RCM product 45 and its subsequent ring opening. As-
suming that catalyst initiation at the alkyne is negligible and
the ring closure rate of the smaller sized ring is faster than
that of the larger (ks > k), then the selective formation of
the smaller ring 44 would be expected over the larger ring
46.

Chem. Eur. J. 2005, 11, 61186126
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The tandem enyne RCM reaction of alkynylsilyloxy dien-
ynes that have two terminal alkenes with substantially dif-
ferent tether lengths between the ene and the yne compo-
nents gave good to excellent selectivity between the two dif-
ferent ring-sized products (Scheme 15).*®! For substrates

AcO

\
Ph, 2(75mol%) N
S
AN (3 equiv)

o SiPh; OMe

OMe

OMe AcO

47 AcO—/:\—OA

C

nll N

o_gihz “ 2 (7.5 mol %)
—_—
AN 47 (3 equiv)

= OMe

n=3 |(24:1 77%

Scheme 15. Group-selective RCM of dienynes with substantially different
tether lengths.

showing a high tendency to dimerize after the initial enyne
RCM, an external alkene 47, cis-(AcOCH,CH=),, was
added to the reaction. This external alkene impeded dimeri-
zation of the ring-closure products, without causing a change
of selectivity, by undergoing cross metathesis with the re-
maining terminal alkene to ultimately give an allylic acetate.

The enyne RCM (0.001 m) showed several salient features.
First, enyne RCM was uniformly observed over diene RCM,
and predominantly the smaller siloxacycle was produced as
a mixture of trans- and cis-isomers. Second, a larger differ-
ence between the tether lengths of nonsymmetric alkynylsil-
yl ethers resulted in greater selectivity between ring sizes.
As expected, this trend reflects the higher cyclization rate of
smaller-sized rings over that of larger rings while rapid alky-
lidene exchange of the larger ring-forming intermediate is
occurring prior to its cyclization.

In contrast to the highly group-selective reactions above,
only marginal selectivity was observed when chain lengths
of the two tethered alkenes became similar as in dienynes
48a—c. This lack of selectivity presumably results from the
comparable rates of formation and cyclization of both alky-
lidene intermediates prior to the establishment of a pre-ring
closure equilibrium between these species. Since the equili-
bration of alkylidene intermediates relies on a bimolecular
process requiring the substrate and the propagating catalytic
species, we hypothesized that increasing the concentration
of the reaction would induce a more effective equilibrium
and result in better discrimination between the two ring-clo-

Chem. Eur. J. 2005, 11, 6118—-6126
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Scheme 16. Concentration-dependent group selectivity profile.

sure pathways (Scheme 16). Pleasingly, the RCM reaction of
48a with catalyst 1a at gradually increased concentrations
provided a remarkable increase in selectivity between
seven- and eight-membered rings, providing the highest
ratio of 49a and 49a’ (>50:1) in neat solution (ca. 2.5m).”!
Treatment of 48b with the more reactive catalyst 2 in the
presence of external alkene 47 exhibited a similar concen-
tration-dependent selectivity profile, generating the highest
ratio of 49b and 49b’ (13.3:1) in neat solution.

The RCM reaction of 48¢, possessing relatively longer
alkene chains differing by only one methylene unit, exhibit-
ed good selectivity, providing eight- and nine-membered
rings 49¢ and 49¢’ in a 20:1 ratio even at a lower concentra-
tion (0.1M). At higher concentrations, the selectivity of this
reaction improved immensely (>50:1 in neat solution).

Closing Remarks

Ring-closing metathesis represents one the most powerful
synthetic methods to construct both carbo- and heterocyclic
ring systems. Although many examples of tandem enyne
RCM suffer from a lack of selectivity, several strategies
have evolved to effectively control and direct the reaction
outcome. Earlier developments in group-selective enyne
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RCM exploited differential rates of reaction initiation by
the catalyst at sterically and electronically biased alkenes.
By expanding on these findings and further addressing selec-
tivity related issues, more recent innovations, such as relay
ring-closing metathesis (RRCM) and ring closure rate-based
differentiation, will continue to expand the scope and utility
of enyne RCM.

Acknowledgements

We thank WAREF, NSF, and NIH for financial support of this work.

[1] For reviews, see: a) R. W. Hoffmann, Synthesis 2004, 2075-2090;
b) S. Magnuson, Tetrahedron 1995, 51, 2167-2213; c) M. Maier, In
Organic Synthesis Highlights Il (Ed.: H. Waldmann), VCH, Wein-
heim, 1995, pp. 203-222; d) C. S. Poss, S. L. Schreiber, Acc. Chem.
Res. 1994, 27, 9-17.

[2] T. M. Nguyen, R.J. Seifert, D. R. Mowrey, D. Lee, Org. Lett. 2002,
4,3959-3962.

[3] S.L. Schreiber, Z. Wang, J. Am. Chem. Soc. 1985, 107, 5303-5305.

[4] For general reviews of olefin metathesis, see: a) A. Deiters, S.F.

Martin, Chem. Rev. 2004, 104, 2199-2238; b) R. R. Schrock, A. H.

Hoveyda, Angew. Chem. 2003, 115, 4740-4782; Angew. Chem. Int.

Ed. 2003, 42, 4592-4633; c) S. J. Connon, S. Blechert, Angew. Chem.

2003, 715, 1944-1968; Angew. Chem. Int. Ed. 2003, 42, 1900—1923;

d) A. Fiirstner, Angew. Chem. 2000, 112, 3140-3172; Angew. Chem.

Int. Ed. 2000, 39, 3012-3043; e¢) R. H. Grubbs, S. Chang, Tetrahe-

dron 1998, 54, 4413-4450.

For catalyst 1a, see: P. Schwab, R. H. Grubbs, J. W. Ziller, J. Am.

Chem. Soc. 1996, 118, 100-110.

For catalyst 1b, see: S. T. Nguyen, R. H. Grubbs, J. W. Ziller, J. Am.

Chem. Soc. 1993, 115, 9858-9859.

For catalyst 2, see: M. Scholl, S. Ding, C. W. Lee, R. H. Grubbs,

Org. Lett. 1999, 1, 953-956.

For catalyst 3, see: a) S. B. Garber, J. S. Kingsbury, B. L. Gray, A. H.

Hoveyda, J. Am. Chem. Soc. 2000, 122, 8168-8179; b) S. Gessler, S.

Randl, S. Blechert, Tetrahedron Lett. 2000, 41, 9973 -9976.

M. Lautens, G. Hughes, Angew. Chem. 1999, 111, 160-162; Angew.

Chem. Int. Ed. 1999, 38, 129-131.

[10] a) W.C.P. Tsang, K. C. Hultzsch, J. B. Alexander, P.J. Bonitate-
bus, Jr., R. R. Schrock, A.H. Hoveyda, J. Am. Chem. Soc. 2003,
125, 2652-2666. For a review of catalytic asymmetric olefin meta-
thesis, see: b) A. H. Hoveyda, R. R. Schrock, Chem. Eur. J. 2001, 7,
945-950.

5

[

[6

—

[7

—

8

=

[9

—

[11] For reviews of enyne metathesis, see: a) A.J. Giessert, S. T. Diver,
Chem. Rev. 2004, 104, 1317-1382; b) M. Mori, in Handbook of
Metathesis, Vol.2 (Ed.: R.H. Grubbs), Wiley-VCH, Weinheim,
2003, pp. 176-204; c) C. S. Poulsen, R. Madsen, Synthesis 2003, 1—
18; d) M. Mori, Top. Organomet. Chem. 1998, 1, 133-154.

[12] For chromium, see a) P. F. Korkowski, T. R. Hoye, D. B. Rydberg, J.
Am. Chem. Soc. 1988, 110, 2676-2678; b) T. R. Hoye, G. M. Reh-
berg, J. Am. Chem. Soc. 1990, 112, 2841-2842; for tungsten, see
¢) T.J. Katz, T. M. Sivavec, J. Am. Chem. Soc. 1985, 107, 737-738;
d) T.J. Katz, E. B. Savage, S.J. Lee, M. Nair, J. Am. Chem. Soc.
1980, 102, 7942-7944; ¢) T.J. Katz, S.J. Lee, M. Nair, E. B. Savage,
J. Am. Chem. Soc. 1980, 102, 7940-7942; f) A. Kinoshita, M. Mori,
Synlett 1994, 1020-1022.

[13] a) S.-H. Kim, N. Bowden, R. H. Grubbs, J. Am. Chem. Soc. 1994,
116, 10801-10802; b) S.-H. Kim, W.J. Zuercher, N. B. Bowden,
R. H. Grubbs, J. Org. Chem. 1996, 61, 1073-1081.

[14] J. Huang, H. Xiong, R. P. Hsung, C. Rameshkumar, J. A. Mulder,
T. P. Grebe, Org. Lett. 2002, 4, 2417-2420.

[15] E-D. Boyer, I. Hanna, L. Ricard, Org. Lett. 2001, 3, 3095-3098.

[16] R. Garcia-Fandino, E. M. Codesido, E. Sobarzo-Sanchez, L. Caste-
do, J. R. Granja, Org. Lett. 2004, 6, 193-196.

[17] K. Shimizu, M. Takimoto, M. Mori, Org. Lett. 2003, 5, 2323-2325.

[18] H. Fukumoto, T. Esumi, J. Ishihara, S. Hatakeyama, Tetrahedron
Lett. 2003, 44, 8047 -8049.

[19] E-D. Boyer, 1. Hanna, L. Ricard, Org. Lett. 2004, 6, 1817-1820.

[20] T. Honda, H. Namiki, K. Kaneda, H. Mizutani, Org. Lett. 2004, 6,
87-89.

[21] K. Grela, S. Harutyunyan, A. Michrewska, Angew. Chem. 2002, 114,
4210-4212; Angew. Chem. Int. Ed. 2002, 41, 4038 -4040.

[22] A.K. Chatterjee, J. P. Morgan, M. Scholl, R. H. Grubbs, J. Am.
Chem. Soc. 2000, 122, 3783-3784.

[23] T.-L. Choi, R. H. Grubbs, Chem. Commun. 2001, 2648 -2649.

[24] T.R. Hoye, C.S. Jeffrey, M. A. Tennakoon, J. Wang, H. Zhao, J.
Am. Chem. Soc. 2004, 126, 10210-10211.

[25] For a review of relay ring-closing metathesis, see: D.J. Wallace,
Angew. Chem. 2005, 117, 1946-1949; Angew. Chem. Int. Ed. 2005,
44,1912-1915.

[26] M. S. M. Timmer, H. Ovaa, D. V. Filippov, G. A. van der Marel, J. H.
van Boom, Tetrahedron Lett. 2001, 42, 8231-8233.

[27] C.-J. Wu, R.J. Madhushaw, R-S. Liu, J. Org. Chem. 2003, 68, 7889 -
7892.

[28] S. V. Maifeld, R. L. Miller, D. Lee, J. Am. Chem. Soc. 2004, 126,
12228-12229.

[29] For a concentration-dependent group-selective radical cyclization,
see: D. P. Curran, H. Qi, N. DeMello, C.-H. Lin, J. Am. Chem. Soc.
1994, 116, 8430-8431.

Received: April 11, 2005
Published online: July 11, 2005

www.chemeurj.org

6126 ———

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Chem. Eur. J. 2005, 11, 61186126


www.chemeurj.org

