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Abstract—A practical synthesis of 2-substituted 1,3-cyclohexadienes by the cross enyne metathesis between alkynes and 1,5-hexadi-
ene is reported. The isolation of the 1,3-cyclohexadienes has been hampered by the formation of an inseparable triene by-product.
The use of a second consecutive cross alkene metathesis to give water-soluble products allowed removal of this by-product. Using
this one-pot procedure, a synthesis of cyclohexadienes from simple starting materials was developed. The procedure was used in a

three-step synthesis of a functionalized tetrahydroquinoline
cyclohexadiene functionalization.
© 2005 Elsevier Ltd. All rights reserved.

using Pd(II)-catalyzed chloroacetoxylation (Bdckvall reaction) for

In recent years, enyne metathesis has proved to be a
particularly fertile area for the development of new
approaches to complex molecule synthesis.! The use of
tandem metathesis in particular, has proven to be a
powerful method for ring construction. Although there
are many elegant examples of tandem ring-closing enyne
metathesis, there are few cases where the metathesis is
initiated by an intermolecular enyne metathesis event.
The use of the intermolecular reaction is complicated
by lack of stereocontrol in the newly formed diene. In
many cases, an E,Z-mixture of dienes is obtained.?

Recently, we demonstrated that a tandem enyne meta-

thesis between alkynes and 1,5-hexadiene could be
used for the rapid construction of 1,3-cyclohexadienes
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Scheme 1. Cyclohexadiene synthesis.

2 (Scheme 1).> However, the utility of this methodology
for the rapid construction of cyclohexadienes from sim-
ple acyclic precursors has been limited by the formation
of the E-triene 3 that cannot be separated from the 1,3-
cyclohexadiene 2 by regular flash column chromatogra-
phy on silica gel. In order to address this problem, a
one-pot procedure has been developed, in which the ter-
minal end of the undesired triene 3 undergoes a second
cross alkene metathesis to give 4. Substituted triene 4
can then be readily separated from the desired cyclohexa-
diene 2 (Eq. 1).

The tandem metathesis of alkynes with 1,5-hexadiene
provides a useful and functional group tolerant
method for cyclohexadiene ring synthesis. We recently
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Scheme 2. Complementary methods for 1,3-cyclohexadiene synthesis.

developed conditions that are ‘methylene-free’ (lacking
CH, sources), which slows down the rate of metathesis
but improves the yields of 1,3-cyclohexadienes.* How-
ever, the slow rate of metathesis reduces the functional
group tolerance relative to other enyne metathesis reac-
tions because in methylene-free systems, the slower rate
of catalyst turnover may result in greater catalyst
decomposition due to coordination effects. As a result,
functional groups on the alkyne are not well tolerated
in methylene-free metathesis. For example, alkyne 7
reacts rapidly with 5 mol % of 5 (Grubbs’ complex) to
give complete conversion after 2.5 h to a 1.0:1.2 mixture
of cyclohexadiene 8 and triene 9 (Scheme 2). When 7
was reacted with polybutadiene under standard methyl-
ene-free conditions, only trace amounts of 8 were
obtained. Additional catalyst loading (20 mol %) did
not improve conversion.

The Grubbs selectivity model for olefin cross metathesis
led us to consider the possibility of modifying the more
reactive 1-alkene of the triene by a second, chemoselec-
tive alkene cross metathesis.> We reasoned that the opti-
mum cross coupling partner would be an alkene that is
slow to self-metathesize (‘homodimerization’ process).
This will help favor cross metathesis with the 1-alkene
present in 3 (Scheme 1). The alkene partner was also
selected to increase the polarity of the triene cross
product by introduction of carbonyl functionality. The
terminal alkene present in 3 should be more reactive
to cross metathesis relative to the endocyclic diene of
2.5 If the alkene cross metathesis could be completed
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without degradation of the cyclohexadiene, then the
separation of 2 and 4 by further chemical modification
of the triene would be a viable synthetic proposition.

Separation of crude product mixtures was possible with
successive cross metathesis. Initial work focused on the
cross metathesis of isolated mixtures of triene 10 and
diene 11 with acrylates (Eq. 2). The mixture 10/11 was
isolated in 91% yield from 1-(benzyloxy)-2-propyne.
For example, 0.5 mmol of a 1.3:1.0 ratio of triene 10
and diene 11 was reacted with 0.55 mmol of acrylic acid
12a, or methyl acrylate 12b, and catalyst 5. After 6 h, the
triene was no longer detected (GC), and the cyclohexa-
diene 11 was isolated in respective yields of 37% and
38% (the yields are 34% and 35% based on the alkyne
reactant used in the previous tandem metathesis step).

Next, a one-pot procedure was developed. In this oper-
ation, the intermediates 10 and 11 were directly sub-
jected to the second cross alkene metathesis. Table 1
illustrates the results using two different procedures. In
the first procedure (A), excess 1,5-hexadiene was re-
moved in vacuo after the first step. The crude mixture
of diene and triene was redissolved in dichloromethane,
followed by the addition of the second portion of cata-
lyst and alkene (Eq. 3). The reaction proceeded well
using catalyst 5 and either methyl acrylate or acrylic acid
(entries 1 and 2). When acrylic acid 12a was used, the
excess acid and the cross product were removed from
the reaction mixture via a simple extractive work-up,
washing with aqueous sodium bicarbonate. Catalyst 6

OR
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(a) Isolated yield for this step. (b) Isolated yield based on alkyne used in the preceeding tandem metathesis.
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Table 1. Optimization of the one-pot procedure
O
O
W WOBZ \)J\OR Z
///\ OBz 10 13 3
50r6 * 12aR=H (3)
CH,Cly, reflux 12b R= Me
@Aosz @AOBZ
11 11
Entry Diene/equiv (Conc) alkyne Catalyst (mol %) Removal® Alkene/equiv Catalyst (mol %) Yield™< (%)
1 5 0.1 5 (5 mol %) A 12a, 9 equiv 5 (5 mol %) 36
2 5 0.1 5 (5 mol %) A 12b, 9 equiv 5 (5 mol %) 32
3 5 0.1 6 (5 mol %) A 12b, 9 equiv 6 (5 mol %) 36
4 5 0.1 6 (2.5 mol %) A First metathesis stalled
5 5 0.1 5 (5 mol %) B 12a, 10 equiv 5 (5 mol %) 39¢
6 3 0.1 5 (5 mol %) B First metathesis stalled
7 3 0.25 5 (5 mol %) B First metathesis stalled
8 3 0.5 5 (5 mol %) B 12a, 10 equiv 5 (5 mol %) 37
9 3 0.5 5 (5 mol %) B 12a, 10 equiv No added catalyst —°
10 3 0.5 6 (5 mol %) B 12a, 10 equiv 6 (5 mol %) 38
11 3 0.5 6 (5 mol %) B 12a, 10 equiv No added catalyst 36

Conditions: 0.5 mmol alkyne, x equiv 1,5-hexadiene in CH,Cl,, refluxed in a Schlenk tube with reflux condenser.
#Method A: Evaporation of volatiles after first step. Method B: No treatment.

®Isolated.

¢ Contains trace butadiene.
99.7:1 diene to triene.
€2.2:1 diene to triene.

Table 2. Scope of the two-step, one-pot cross metathesis procedure

Entry Substrate Product Isolated yield® (%)
. =~ ~OTBDPS @OTBDPS ul
14
2 / OBz @J\ 34
16
OBz
18
OBn
20
NHTs NHTs
22
CO,Bu CO,Bu
6 z Y 36°
24 NHFmoc 25 NHFmoc
(0] Hex O
7 38
/ OMe (j/U\OMe
Hex”™ o2g 27
OAc OAc
g
8 Z éﬂ OAc 35
OAc 28 29

Conditions: 0.5 mmol alkyne, 1.5 mmol 1,5-hexadiene, 0.025 mmol 6 (5 mol %) in 1 mL CH,Cl,, refluxed in a Schlenk tube with reflux condenser;

10 equiv of acrylic acid added after the first reaction was complete.
#Yield over two steps, based on alkyne. Contains trace butadiene.
® Additional 2.5 mol % catalyst 6 added.
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Scheme 3. Three-step synthesis of indoline 34.

(Hoveyda complex) also proved effective in this proce-
dure (entry 3). Lowering the loading of catalyst 6 to
2.5 mol % proved to be unsuccessful, leading to a failure
of the initial tandem enyne/ring-closing metathesis (en-
try 4). The second procedure (B), does not require any
manipulation of the mixture of 10, 11: the mixture is di-
rectly treated with excess acrylic acid and additional cata-
lyst (entry 5). Dropping the equivalents of 1,5-hexadiene
proved deleterious in the alkyne conversion step (entries
6 and 7), but this could be overcome by running the 1,5-
hexadiene—alkyne cross reaction at higher concentration
(entry 8). Without the addition of more catalyst, the tri-
ene 10 was still detected at the end of the reaction (entry
9). Catalyst 6 gave a good result (entry 10 vs entry 8)
and significantly, did not require a second charge of cat-
alyst for the cross alkene metathesis step (entry 11). This
represents a highly efficient catalytic process where
the catalyst 6 has promoted a cross enyne metathesis,
a ring-closing alkene-alkene metathesis and a cross
alkene-alkene metathesis.

The scope of the reaction was demonstrated for a range of
functionalized alkynes (Table 2). The procedure enabled
a variety of 2-substituted 1,3-cyclohexadienes to be syn-
thesized and isolated in ‘one-pot’ from terminal alkynes.”
The potentially coordinating propargyl silyl ether 14
worked well (entry 1). Propargylic substitution did not
diminish the effectiveness of the procedure (entry 2).
The presence of homopropargylic heteroatoms was toler-
ated, but an extra 2.5 mol % catalyst was required in
order to push the second metathesis to completion (entries
4,5, and 6). In general, nitrogen-containing functionality
has posed difficulties in both the alkyne and alkene reac-
tants, particularly if there is an NH bond.'? It is therefore
noteworthy that homopropargylic amine derivatives
were found to participate in the two-step metathesis with-
out difficulty (entries 5 and 6). In addition to terminal
alkynes, the one-pot procedure worked equally well for
internal alkynes, giving access to 2,3-disubstituted 1,3-
cyclohexadienes (entries 7 and 8). Internal alkynes have
not been used in methylene-free metathesis.*

The procedure was applied to the synthesis of a func-
tionalized tetrahydroquinoline ring system (Scheme 3).
Alkyne 30 was converted to 1,3-cyclohexadiene 31 using
the one-pot metathesis procedure in 37% yield. The

diene 31 was then subjected to Bédckvall’s conditions
for palladium-catalyzed 1,4-chloroacetoxylation to give
32.8 When treated with DBU in acetonitrile, the Fmoc
group was completely removed after 1 h to give amine
33. Chloride displacement occurred in situ to afford indo-
line 34 in 65% isolated yield.’

In summary, a rapid synthesis of 1,5-hexadienes from
simple alkyne precursors has been developed. The
method is functional group-tolerant and is applicable
to a wide range of alkynes. Furthermore, use of this
procedure enabled the rapid synthesis of indoline 34 in
only three linear steps from alkyne 30. Current work is
focused on improving the selectivity of the initial cross
enyne metathesis step and in applying this methodology
in target-directed synthesis.
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