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Enyne metathesis can be categorized into two mechanistic super-Table 1. Tandem Cyclopropanation/RCM?
families, one mediated by metal carbenes (path a, Scheme 1), theenry  enyne  cat solvitemp imeh 2 (6yield) 3 (%yield)
other by metal activation of the alkyne (path!oJhese catalytic

act _ e 1 1A 4 CHoCly, rt 25 7 75
processes are distinct: metal carbenes react via cycloaddition, while 2 1A 5 CH.Cly, rt 25 8 74
noncarbene metal complexes (e.g., RPtGkrve asr-Lewis acids. 3 1A 4 CH,Cly, reflux 0.8 8 76
4 1A 4 PhH, reflux 1 21 74
Scheme 1. Enyne Metathesis Mechanisms 5 B & CHCly, rt 24 3r 63
6 1B 4 PhH, reflux 24 45 21¢
A 7 1C 4 PhH, reflux 24 83 0
/—= M=CH, M X ] ~ 8 1C 5 PhH, reflux 24 74 0
X — X 9 1C He tol, 80°C 24 60 0
L/( path a 1= -M=CH, R 10 1C  HPe  tol, 80°C 24 69 0
R
A B c a5 mol % catalyst used in these rufisLO mol % catalyst used.Yield
M l path b T determined by NMR vs mesityleneinternal stand&r@6% with purified4
(chromatography)t 5 mol % Ru atom, catalydtl prepared in situ from
M - M- _ 1:2:2:4 molar ratio of [f-cymene)RuGl,, 1,3-bis(mesityl)-4,5-dihydroimi-
/ + + M dazolium chloride, CyP, and CgCO;s, respectively.
o= =T CF
R N R M R as summarized in Table 1. The tosyl amid& gave tandem ring-
D E E G closing metathesis, accompanied by trace amounts of the cyclo-

propane2A 2 but higher temperatures produced a greater proportion
For reactions that can elude these pathways, new catalytic processesf 2A (entries -4). In these runs, the percentage of cyclopropanes
may be realized that will also enhance our understanding of the 24 (7—219%) exceeded the catalyst loading, and complete conver-
parent enyne metathesis. In this communication, we report a catalyticsions of 1A were observed, suggesting that reductive elimination
cyclopropanation/ring-closing metathesis that is initiated either by giving noncarbenic ruthenium(ll) does not halt cataly&&With
ruthenium carbenesand5 or by an in sitg noncarbenic ruthenium- malonate1B, an even greater proportion of cyclopropane was
(Il) complex (fromH, eq 1). These studies suggest an unexpected ¢, ey increasing with reaction temperature (entries 5, 6). Using

interplay between the two mechanisms of enyne metathesis. carbened or 5 as precatalyst, the bissulfod€ gave cyclopropane

= 2C as the sole product (entries 7,8f. RCM could serve to trap
ﬁ(ﬁ Ru(ll) cat. intermediateE in the noncarbenic enyne metathesis manifold, then
o et XC/Q; * XC@ (1) a Ru=CH, would be produced. We tested this hypothesis by pre-
1A-C 2A-C 3A-C paring an in situ catalydti, composed of a 1:2:2:4 molar ratio of
A (X =NTs); B (X = C(COzMe)z); € (X = G(SO2Ph),) [(p-cymene)RuCl,, 1,3-bis(mesityl)-4,5-dihydroimidazolium chlo-
e e M ride, tricyclohexylphosphine, and €30;. This is an adaptation of
Mes NT;] Mes Mes NT/)& Mes MeS_N\T/'EMeS MES‘NC/\N‘MeS the formulation reported by Dixneéfyith phosphine addet.Com-
CI/R‘U:Ph Cl/ﬁu = cKR‘UZCHZ [(p-cymene)RuClol, plete conversions were obtained by addition of alkyne to the pre-
PCys 03< > PCys CysP heated catalyst mixture (entries 9, 10). Both carbene and noncarbene
4 _< 5 6 H (2:1:2, in sit) precatalysts trigger the tandem procéss.

While the initial ring closure by cyclopropanation is influenced by
the geometry of the enyne tether, the second trapping reaction is sen-
sitive to the metal and its coordination environment. With catalysts
4 andH, 1C gives efficient pendant alkene trapping by RCM (Table
1). The salt RuGlproduced a single ring-closing enyne metathesis
(product? (eq 2) and instead of RCM, gave trapping of the proposed

Through ring-closing alkene metathesis (RCM), the side-chain
alkene influences the course of enyne bond reorganization. This
catalytic tandem process leadingwas not expected on the basis
of previous metathesis work using ruthenium carbenes. The
cyclopropanation part of the reaction is highly unusual for Grubbs’

ruthenium carbenes and has not been observed as a catalyti benoid int diat b | tion. A simil It
process. It is also surprising that the noncarbenic metal complex carbenoid intermedialé by cyclopropanation. A simiiar resuit was

from H gives the same product, since enyne bond reorganization ©PServed with PtGl(eq 2, which shows related tandem cyclopropan-
occurs by a mechanistically-distinct catalytic process. The pendant@tion)” Remarkably, GaGt produces normal enyne bond reorganiza-
terminal alkene interrupts normal enyne metathesis leading to dienelion Without a tandem process (cyclopropanation or RCM). In con-
3 (eq 1), ushering the product manifold toward cyclopropane trast to the tandem RCM results of entries4l(Table 1, above),
This complexity-generating tandem transformation provides insight tosylamidelA reacted with PtGlto give initial cyclopropanatiofi,
into the reactive nature of intermediate cyclopropyl ruthenium but this was followed by either endocyclic carbene formation (via
carbenes. In addition, the tandem alkene metathesis pr8diast I) to give 9 or exocyclic carbene formation (e.d), which led to
be obtained by an appropriate choice of catalysts. biscyclopropand.

The dienynes of eq 1 were subjected to standard ring-closing Normal, carbene-mediated ring-closing enyne metathesis is ob-
enyne metathesis conditions, which triggered the tandem processserved when the alkyne is internal (eq 3). Less favorable alkyne bind-
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/_(/7 cat (10 mol %) /\jk:/\ X@Q @

1A (X=NTs) cat. 8
% (X= 1C  RuCls (PhH, reflux) 34 56
C(SOsPh),) 1€ PtCly (PhH, reflux) 27 66
1C  GaCls (CHxClp, n) 0
Ty
X A
9 (75 %)3 10 (19 %)?

(a) with PtCl, (10 mol %) from 1A.
ing leads to preferential reaction of the metal carbene with the

1-alkene ofL1 The resulting alkylidene produc&2 by ring-closing
metathesis.

/_(/7 4 (5 mol %)
X —_—

X
@)
\—=—CH; solvent, reflux —
time
11A (X=NTs) CH,Cly, 50 min 12A (70 %)
11B (X=C(SO,Ph),) PhCHg, 24 h 12B (82 %)

The intermediate cyclopropyl carbenes in eq 2 gave competing
cyclopropanation and enyne metathesis. To test the predilection of
bissulfonel C for initial cyclopropanation and to determine whether
the exocyclic cyclopropyl carbene might interconvert into an endo-
cyclic carbene, the pendant alkene was remo®8in(eq 4). In this
case, both the Grubbs’ carbefhand the in situ compleld promo-
ted cyclopropanation/cross metathesis to dias a 1:1.5 mixture
of syn andanti-diastereomers. Most likely this occurs via inter-
mediate cyclopropyl carbenes.

n-BU PhO,S n-Bu
PhsoZ@ cat (5 mol %) PhO,S = SO,Ph (4)
PhSO;Z = n-Bu SO,Ph

13 14

4 (5 mol %), PhH, reflux
H (in situ, 5 mol %), PhCHg, 80 ‘C

91 %
80 %

The above evidence points to a catalytic mechanism operating with
interplay between the “dichotomous” reaction mechanisms of Scheme
1. Ring constraint in the dienyne and the consecutive RCM step
are important features permitting this interaction. Ring constraint in
1C (vs 1A) encourages cyclopropanation i (Scheme 2}° This
would normally stop catalysis by metal carbenes. The ring-closing

Scheme 2. Proposed Mechanism
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enyne metathesis step is especially critical to this catalytic process
since it allows metal activation to result in metal carbene production
(17 to 2 and6).1* Further mechanistic studies are needed, but it is
clear that either noncarbenic metal complexes or metal carbenes
may catalyze the tandem cyclopropanation/ring-closing metathesis.

Last, the tendency dfC toward cyclopropanation can be over-
ridden to obtain the tandem metathesis prod€tby sequential
addition of catalysts in a one-pot transformation. The bond reorgan-
ization was triggered by Gag;land ring closure of the intermediate
triene was accomplished with the Grubbs’ carbehdeq 5).
Sequential, tandem catalysis in this case leads to tandem ring-closing
enyne metathesis/ring-closing alkene metathesis.

GaCls (5 mol %), 3 h; Ph802><j© 5)
4 (5mol %), 1h PhSOg

CH,Cly, 1t

PhSO,
PhSO;

1Cc 3C (76 %)

In conclusion, a catalytic tandem cyclopropanation-RCM process
has been discovered. For noncarbene precatalysts, the ring closure
generates a carbene; for carbene precatalysts, a cyclopropanation pro-
cess results in production of a noncarbene. Substrate geometry plays
an important role in dictating the initial cyclopropanation, but this
can be overcome for 1,3-cyclohexadiene synthesis by a sequential use
of catalysts. Further mechanistic studies on this reaction are ongoing.
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