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Conjugated dienes are versatile building blocks for complex
molecule synthesis and are readily functionalized (e.g., through
cycloaddition). Enyne metathesis is a powerful catalytic reaction
for acyclic diene synthesis,1 but cyclodiene synthesis through
tandem metathetical transformation is expected to display the
principal shortcoming of cross enyne metathesis: low stereoselec-
tivity (ca. 1:1 E/Z ratios). In this communication, we disclose a
solution to the selectivity problem through the use of methylene-
free metathesis conditions. This development has resulted in an
efficient and stereoselective synthesis of 1,3-cyclohexadienes
(Scheme 1).

Ring synthesis by cross metathesis is a potentially powerful
reaction. The conjoining of a four-carbon subunit with a two carbon
alkyne subunit bears analogy to ring synthesis achieved through 4
+ 2 cycloaddition. Yet unlike cycloaddition, the intermolecular
tandem reaction must attain stereoselectivecis-∆3,4 alkene bond
synthesis (to be followed by a nonsynchronized alkene ring-closing
metathesis). At the outset of this work, it was unclear whether
internal alkenes would participate in this reaction and what effect
internal alkenes would have on stereoselectivity. The Grubbs
ruthenium carbene complex22 initiates with internal alkenes,
making the latter accessible reactants for enyne metathesis. Since
there is no CH2 source to generate [Ru]) CH2, we use the term
“methylene-free” to differentiate the catalytic process of Scheme
1 from most enyne metatheses which use 1-alkene reactants. This
simple and atom economical method offers a practical, one-step
synthesis of 1,3-cyclohexadienes.

Slow addition of the reactants was considered necessary to
suppress competing alkene ring-opening metathesis polymerization
(ROMP). The analogous reaction between cyclobutene and alkynes
fails because of rapid, exothermic ROMP of the strained cycloalk-
ene.3 A similar (though less favorable) ROMP pathway of1 was
expected to compete with the enyne ring synthesis of Scheme 1.
Direct mixing of 1 and 3 (1 equiv each) required continued,
portionwise addition of catalyst to attain low conversion to diene
4A. This suggested catalyst deactivation.4 Similarly, slow addition
of 1 and alkyne to precatalyst2 gave no observable reaction.
However, with excess1 present in the reaction, catalyst spiking
(2.5 mol %) resulted in complete alkyne conversion. This suggested
that 1 plays a role in protecting the catalytic intermediates from
decomposition pathways and that excess1 may be necessary to
obtain low (5 mol %) catalyst loadings.

The methylene-free ring synthesis using 1,5-cyclooctadiene
(COD)1 and alkyne3 was examined under high dilution conditions
(Table 1). With 1 to 2 equiv of COD, high catalyst loading was
needed for complete conversion (entries 1,2). With COD in excess,
direct mixing required 15 mol % of2 to consume alkyne,
independent of reaction temperature (entries 3 and 4). Slow addition
of alkyne with excess COD seemed optimal for conversion, and
we speculated that excess COD could be used to stabilize the
carbene intermediates to attain low (5 mol %) catalyst loading.
Delivery of an additional 2 equiv of COD, along with the alkyne

being added, achieved low catalyst loadings (entries 5-7).5 With
complete conversions and high NMR yield (89% against internal
standard), reactions were repeated on 1 mmol scale (right column,
entries 6 and 7).

A variety of 2-substituted 1,3-cyclohexadienes were synthesized
in one step from terminal alkynes in good yields (Table 2). Alkynes
with propargylic functionality (entries 1-3) and propargylic
substitution (entries 4, 5) were among the best substrates. The
presence of homopropargylic heteroatoms was tolerated (entries
6-8), but the dienes were obtained in lower yields compared to
entries 1-5.6 A remote ester posed no difficulties despite the
potential for metal coordination through the carbonyl oxygen (entry
8), but oxygen coordination is suggested in entry 9. The methylene-
free ring synthesis is more sensitive to coordinating functionality
in the alkyne as compared to other cross enyne metathesis.1a,7

The reversibility of ROMP and the search for additional
methylene-free conditions led us to considerpolymericsources of
the four-carbon subunit. We were also intrigued to learn whether
the alkyne would trigger alkene depolymerization. Polybutadiene8

is a cheap, widely available polymer, and it reacted with alkynes
under the same conditions used with the low-strain cycloolefin
COD. The intermediate dienes could be isolated or intercepted by
cycloaddition (Scheme 2). The intermediate cyclohexadiene4A was
isolated in 64% yield, identical to that obtained with 1,5-COD (entry
7, Table 1). A multicomponent coupling is demonstrated in the
direct thermal 4+ 2 cycloaddition of the crude dienes4A and6B

Scheme 1. Ring Synthesis by Methylene-Free Enyne Metathesis

Table 1. Optimization of Alkyne 3-COD Cross Metathesisa

entry COD (equiv) temp cat. (load) addition time/h yield (%)

1 1 reflux 2 (20 mol %) 4 38
2 2 reflux 2 (12.5 mol %) 4 49
3b 2 reflux 2 (15 mol %) direct 42
4b 2 rt 2 (15 mol %) direct 39
5c 2 + 2d rt 2 (5 mol %) 4 74
6c 2 + 2d reflux 2 (5 mol %) 4 76 (69)e

7e 2 + 2d rt 2 (5 mol %) 4 89 (64)e

a Conditions: Alkyne was added over the indicated time period to COD
(1 to 2 equiv, 20-40 mM) in 10 mL of CH2Cl2 with 5 mol % catalyst at the
indicated temperature. Additional catalyst was added if conversion stalled.
b [Alkyne] ) 20 mM, [COD]) 40 mM, mixed directly.c Total [1,5-COD]
) 200 mM. d Syringe pump addition of second portion of COD over
indicated time.e 1 mmol scale.

Published on Web 06/11/2004

8110 9 J. AM. CHEM. SOC. 2004 , 126, 8110-8111 10.1021/ja0476922 CCC: $27.50 © 2004 American Chemical Society



with N-phenylmaleimide, providing the corresponding cycloadducts
10, 11 in good overall yield (Scheme 2).

The mechanism of the methylene-free ring synthesis is proposed
in Scheme 3. The alkylideneA will contain pendant alkenes of
varying lengths depending on its genesis (initiation of2 with COD

or with polybutadiene; alkylidene from oligiomerization of COD).
Alkyne binding, metallacyclobutene formation, and electrocyclic
opening will afford theE- andZ-vinyl carbenesD. TheZ-isomer
can undergo ring-closing metathesis to release diene and truncated

alkylideneE. The apparentZ-selectivity is unique to the methylene-
free reaction conditions: 1,5-hexadiene gives a 1:1 mixture of
products9 derived fromZ-D andE-D, since 1-alkene coordination
leads to rapid CH2 transfer and catalyst turnover (kinetic control).
In the methylene-free reaction, the selectivity may result from
selective ring-opening ofC or reversible electrocyclization ofE-D.

Each explanation for selectivity is consistent with the stabilizing
role of COD and the sensitivity of the ring synthesis to coordinating
functionality within the alkyne. The turnover of vinylcarbenes is
believed to be the slow step of enyne metathesis,1g and presumably
the turnover step (D to E) is slower for an internal alkene. With
intrinsically slower olefin coordination and turnover, the carbenes
D are vulnerable. For instance, equilibration requiresE-D to persist,
and yetE-D is susceptible to chelation from functionality within
the alkyne. When COD concentration is low,η2-coordination of
the vinyl group may also compete with catalysis.10

In conclusion, a simple and effective 1,3-cyclohexadiene ring
synthesis has been achieved through use of methylene-free tandem
metathesis. The modestZ-selectivity may be due to aZ-selective
ring-opening or equilibration permitted by the methylene-free
conditions. Further mechanistic studies and whether theZ-selectivity
can be extended to other tandem cross-metatheses are ongoing
investigations.
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Table 2. Cyclohexadiene Ring Synthesisa

a Conditions: A solution of alkyne (1 equiv) and 1,5-COD (2 equiv)
was added to a solution of2 (5 mol %) and 1,5-COD (2 equiv) in refluxing
CH2Cl2 over a period of 4 h. Bz) C(O)Ph.b Incomplete conversion.c 10
mol % 2 used.

Scheme 2. Alkyne-Polybutadiene Cross-Metathesis/Cycloaddition

Scheme 3. Proposed Mechanism
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