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ABSTRACT

The olefin cross-metathesis reaction provides a rapid and efficient method for the synthesis of R,β-unsaturated 1,5-dicarbonyl derivatives which
then serve as effective precursors to mono-tetrasubstituted pyridines. Manipulation of the key 1,5-dicarbonyl intermediate allows access to
pyridines with a wide range of substitution patterns. An extension of this methodology facilitates the preparation of pyridines embedded within
macrocycles, as exemplified by an efficient synthesis of (R)-(þ)-muscopyridine. High levels of regiocontrol, short reaction sequences, and facile
substituent variation are all notable aspects of this methodology.

Of all heteroaromatic compounds, pyridines are unri-
valled in terms of their pharmacological significance.1,2

Consequently, the development of methods for the prep-
aration of highly substituted pyridine derivatives is of
importance tomedicinal chemistry and represents aworth-
while goal of organic synthesis. Substantial and exciting
progress has beenmade in the derivatization of pre-exisiting
pyridine frameworks usingmetal-catalyzed cross-coupling
protocols.3 However, another flexible and also comple-
mentary approach involves the development of de novo

pyridine methodologies.4 Ideally, any new method should
enable the concise combination of readily availablematerials
in a convergent, predictable, and regiocontrolled manner.
Recent studies fromour laboratory,5,6 and others,7 have

focused upon incorporating the olefin metathesis reaction
into methodologies for the synthesis of heteroarenes. In
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particular, protocols based upon ring-closing olefin me-
tathesis (RCM) provide efficient access to a range of
heteroaromatic classes.8 Most recently, we have applied
the powerful olefin cross-metathesis process (CM)9 to the
synthesis of heteroaromatic derivatives and reportedmeth-
ods for the synthesis of di- and trisubstituted furans and
pyrroles.10 An attractive aspect of CM-based strategies
resides in the utilization of metathesis for both convergent
fragment coupling and provision of unsaturation for the
aromatic target. Herein, we report an extension of this
concept to the synthesis of pyridines.
Our approach to pyridines involves an olefin CM-based

protocol for the synthesis of substituted R,β-unsaturated
1,5-dicarbonyl derivatives 3 (Scheme 1). These are as-
sembled from homoallylic alcohol precursors 1 by oxida-
tion and then olefin CM with an R,β-enone component 2.
Alternatively, inversion of the alcohol oxidation and
CMevents provides equally concise access to 3. Treatment
with ammonia then converts the 1,5-dicarbonyl intermedi-
ate 3 directly to the pyridine target.11 Modification of
3 through enolate chemistries enables access to higher
substitution patterns. In all cases, the CM sequence allows
the combination of simple precursors and reactions to

provide complex pyridines with high levels of substitution
and regiocontrol.
Our initial investigations centered upon the CM of β,

γ-enones with R,β-enones to afford the required 1,5-dicar-
bonyl derivatives directly (Scheme 2). Under optimized
conditions, the CMof β,γ-enone 5withmethyl vinyl ketone
proceeded in 73% yield using the Zhan 1B catalyst.12 The
dicarbonyl intermediate 6, formed as an inconsequential
mixture of alkene regioisomers, was then converted to
the pyridine 7 upon exposure to NH4OAc under mildly
acidic conditions. This chemistry provides a general meth-
od for the introduction of substituents at the 2- and
6-positions of the pyridine ring, although extension to
more highly substituted variants was problematic. For
example, CM of sterically encumbered β,γ-enone 11 with
methyl vinyl ketone afforded dicarbonyl 12 in 14% yield;
these inefficiencies prompted the investigation of alterna-
tive reaction sequences.
Olefins bearing proximal alcohol groups have emerged

as a special substrate class for CM. Enhanced levels of
reaction efficiency may be due to hydrogen bonding
between thehydroxyl groupand the chloride ligandson the
metathesis catalyst.13 Accordingly, CM of homoallylic
alcohol 14 with methyl vinyl ketone was efficient, and
upon completion,11 Dess-Martin periodinane (DMP)
was added to the reaction to afford the dicarbonyl 9 in
one pot (Scheme 3: compare the CM of 4 and 11 to that of
4 and 18). As before, conversion to pyridine 10 occurred with
NH4OAc.11 Extension to more highly substituted deriva-
tives, based upon more complex homoallylic alcohols,
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meant that mono-, di-, and trisubstituted pyridines could
be prepared. This methodology is efficient for the intro-
duction of alkyl and aryl groups onto the pyridine and also
allows the introduction of heteroatom groups such as
alkoxy substituents (31).
The formation of pyridineswithout a substituent atR5 is

more challenging as the requisite aldehydic unsaturated
1,5-dicarbonyl intermediates were found to be sensitive to
purification. However, cross-metathesis of, for example, 8
with acrolein diethylacetal 3514 was reasonably efficient
and afforded intermediate 36 which, upon exposure to
NH4OAc, delivered monosubstituted pyridine 37 in good
yield (Scheme 4).
Similarly, CM of β,γ-enone 11 with vinyldioxolane 38

(this CM partner was less sensitive to steric hindrance)
afforded 2,3-disubstituted pyridine 40. Here, oxidation to
the β,γ-enone prior to CM was more efficient than oxida-
tion after CM of the analogous homoallylic alcohol.
Tetrasubstituted pyridines are not directly attainable via

this methodology due to inefficiencies associated with the
demandingCMof 1,1-disubstituted olefins. Trisubstituted
R,β-unsaturated 1,5-dicarbonyl intermediates (formed via
the CM-oxidation sequence) are, however, readily ma-
nipulated to allow the eventual installation of an extra
substitutent onto the pyridine core (Scheme 5). For exam-
ple, Pd-catalyzedR-arylation of 12, 20, and 23with a range

of aryl bromides afforded, after exposure of the products
toNH4OAc, diverse tetrasubstituted pyridines 41-44 bear-
ingarylmoieties atC(5).15Single regioisomerswereobtained
fromtheR-arylationevent, andHeckarylationof theolefinic
moiety was not observed; the structures of both 42 and 43
were confirmedbyX-ray crystallographic analysis. Similarly,
base-promoted alkylation of the dicarbonyl derivative

Scheme 3. Substituted Pyridines via Homoallylic Alcohol-Enone CM

aHoveyda-Grubbs II catalyst was used at 80 �C in PhMe.

Scheme 4. Substituted Pyridines via Acetal CM
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12 ultimately provided pyridine 45 bearing an alkyl group
at C(5). It is important to note that the transformations
outlined in Scheme 5 are representative of a much broader
range of potential manipulations for the introduction of
extra substituents onto the pyridine target.
Further extension of this chemistry affords macrocyclic

pyridines, such as (R)-(þ)-muscopyridine,16 via utilization
of thekeymetathesis event formacrocyclization (Scheme6).
Accordingly, Wadsworth-Emmons olefination of com-
mercially available undecenal provided acrylate 47 which
was subjected to asymmetric copper catalyzed addition of
a methyl Grignard to provide ester 48 in high yield and
with excellent levels of enantiopurity (g95% ee).17 This
intermediate was then advanced to the key metathesis
precursor 50 over four steps involving (i) Weinreb amide
formation,18 (ii) olefin epoxidation, (iii) double addition of
a vinylGrignard, and (iv)Dess-Martinoxidation.Exposure
of 50 to themetathesis-based pyridine formation sequence,
but employinghigh dilution for themetathesis step, afforded
(R)-(þ)-muscopyridine {[R]D

25 þ10.8 (c 0.5, CHCl3); lit.
[R]D

23þ12.5 (c 1.8,CHCl3)
19} in 42%yield.Analternative

end game, involving macrocyclization of the corresponding
homoallylic alcohol, was less successful: while RCM was
efficient, the ensuing oxidationwas problematic. The route

shown proceeds in 17% yield over eight steps and com-
pares well to the most efficient asymmetric syntheses
reported to date.20

The olefin CM reaction provides a straightforward
method for the synthesis of R,β-unsaturated 1,5-dicar-
bonyl derivatives which then serve as effective precursors
tomono-, di-, and trisubstitutedpyridines.Tetrasubstituted
pyridines are available via further manipulation of the
key 1,5-dicarbonyl intermediate. A related intramolecular
strategy facilitates the preparation of pyridines embedded
within macrocycles, as exemplified by a highly efficient
synthesis of (R)-(þ)-muscopyridine. High levels of regio-
control, short reaction sequences, and facile substituent
variation are all notable aspects of this pyridine methodol-
ogy. Consequently, this chemistry provides an attractive
strategy for medicinal chemistry applications.
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