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The Formation of Eight-Membered Rings by
Transition Metal-M ediated Cycloaddition Reactions

The formation of eight-membered rings has become increasingly important in
organic chemistry, particularly in the synthesis of natural products. Well over one
hundred natural products containing eight-membered carbocycles have now been isolated
and have become the targets of synthetic proj ect&EI These cyclooctanoid species include
many terpenoids, as well as severa lignans and pigments.

There are many strategies for the formation of eight-membered carbocycles,
which are among the most difficult of rings to form.EI These strategies can be broken
down into three broad categories. fragmentation reactions, ring expansions, and carbon-
carbon bond forming reeau:tions.z'EI While fragmentations and ring expansions rely on the
reaction of a pre-existing ring, carbon-carbon bond forming reactions form a new ring.
Among these numerous reactions, cycloadditions are becoming significantly more
versatile and are finding increasing use in organic synthesi s.l'EI (]

There are two methods of describing a cycloaddition, either a topological or an
electronic descri ption.EElThe topological description identifies the number of atomsin
each fragment joined during the cycloaddition. This is in contrast to the electronic
description, which identifies the number of electrons involved in the cycloaddition.
Therefore, atypica Diels-Alder reaction is identified as a [4+2] cycloaddition using the
topological notation and a [4+2] cycloaddition using the electronic notation. The
differences become apparent with the identification for a 1,3-dipolar addition. For this
reaction, the topological notation describes this as a [3+2] cycloaddition, while the
electronic notation is a [4+:2] cycloaddition (Figure 1). The topological description is
used throughout this abstract.
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Figure 1. Examplesof Cycloaddition Reactions.



There are several advantages to the use of transition metal-mediated
cycloa\dditions.z'ILTLI With the use of a transition metal, in contrast to thermally or
photolytically activated reactions, adjoining fragments are often coordinated to the metal
prior to reaction, thus presenting a framework that favors a higher order process over
competing pathways as well as a facial-selective method of addition. Coordination can
also facilitate activation of relatively inactive species and allow reactions to be run at
lower temperatures, often further increasing selectivity. Use of a transition metal can
also allow control of stereochemistry, through chirality introduced by aligand.

The first cycloaddition reaction to form an eight-membered ring was discovered
in the early 1940's when Reppe first catalyzed the cyclotetramerization of acetylene with
a nickel(0) catalyst (Figure 2).E] This [2+2+2+2] cycloaddition was a significant
improvement over pre-existing methods of forming cyclooctatetraene and provided a
glimpse of the potential of transition metal-mediated processes in organic chemistry.
Reppe’ s process can be extended to mono- substituted alkynes, but results in a mixture
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Figure2. [2+2+2+2] Cycloaddition of Acetylene
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of cyclooctatetraene isomers, and the reaction fails using di-substituted alkynes.
Although of limited use in organic synthesis, cyclooctatetraene and substituted anal ogues
have seen use as a precursor to polyacetylene in ring-opening metathesis
polymerization,@nd its dianion serves as a ligand in lanthanide and actinide
complexes.

The [4+4] cycloaddition process was developed nearly 40 years ago, also utilizing
a nickel(0) catalyst. In the presence of a phosphine ligand, two equivalents of 1,3-
butadiene are cyclodimerized to form cyclooctadiene, as well as vinylcylcohexene and
divinylcyclobutane. The necessary use of the phosphine ligand is the means of
controlling selectivity in this reaction; a phosphine of low electron donating ability and
possessing a large cone angle led to the production of cyclooctadiene in over 90% yield.
Altering the phosphine thus leads to different product ratios of cyclooctadiene,
vinylcyclohexene and divinylcyclobutane.

Despite the extensive study surrounding the [4+4] cycloaddition of dienes, little
progress was made in applying these processes toward organic synthesi s.mThe use
of substituted dienes led to a series of problems, including low reaction rates, difficulty in
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cross cycloadditions, and complicated product mixtures. A solution to these problems
has been developed by Wender, in which two dienes are tethered via a carbon bridge.lz'I
Upon cycloaddition, these tethered bis-diene species resulted in two fused rings (Figure

3). Further experimentation revealed that use of athree-carbon tether resultsin high
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Figure 3. [4+4] Cycloaddition of bis-diene.

yields of cis-fused five- and eight-membered rings, in contrast to a four-carbon tether,
which results in high yields of trans-fused six- and eight-membered rings. In addition,
alylic substitution on the carbon tether results in stereoinduction;EE| steric factors
control the resulting stereochemistry, favoring the diastereomer with equatorial
substitution, resulting in diastereomeric ratios of 20:1 or greater. This effect is lost,
however, upon movement of the substitution to the homoallylic position, where
diastereomeric ratios generally hover around 2:1.

The [4+4] cycloaddition of tethered dienes was subsequently utilized in the
formation of the eight-membered ring of (+)-Asteriscanolide, providing the ring
formation in the first asymmetric synthesis of a cyclooctane containing terpenoid (Figure
4)E.I This synthesis provided an example of the utility of the [4+4] cycloaddition, in
addition to testing advances in substitution and functional group tolerance.
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Figure 4. Synthesisof (+)-Asteriscanolide using [4+4] Cycloaddition

Interest in the formation of the taxane skeleton led to further advances of the
[4+4] cycloaddition, leading to atype Il cycloaddition.EE"| In this process, the bis-diene
species is tethered to the terminal position of one diene and to an internal position on the
other, rather than to a terminal position of each diene as seen in a type | process.
Following the cycloaddition using a three carbon tether, the resulting product is a



bicyclo[5.3.1]undecane species. The use of both a type | and type Il cycloadditions are
illustrated in formation of the BC and AB rings respectively (Figure 5).
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Figure5. Typell and Typel Cycloadditionsin Synthesis of Taxane Skeleton

The [6+2] cycloaddition has aso begun to see use in the synthesis of natural
products. The most common form of this cycloaddition consists of chromium tricarbonyl
coordinated cycloheptatriene undergoing cycloaddition with an electron deficient olefin
or akyne (Figure 6) .
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Figure6. [6+2] Cycloaddition
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Significant strides have been made with the [6+2] cycloaddition, allowing a large
number of substitutions both on the olefin or alkyne as well as on the cylcoheptatriene.
Heteroatom substitution on the cycloheptatriene ligand leads to bicyclo[4.2.1]nonane
structures in which the smallest bridge contains the heteroatom. Use of nitrogen, usually
with an attached ester, provides access into a series of natura products,mincl uding
anatoxin, a strong nerve depolarizing agent used extensively in neurotransmission
research.mSubsituti on with a sulfone affords a bridged bicyclic species which expels
SO, upon irradiation, yielding another route to substituted cyclooctatetraene.

Extremely complex ring systems can be quickly formed using tethered alkynes, as
shown in figure 7.°= This reaction proceeds through a [6+2] cycloaddition and is
followed by a[4+2+2] cycloaddition. This single reaction series yields a molecule that
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Figure 7. Complex Ring Structure Formed from Consecutive Cycloaddition Reactions.

contains 6 new stereocenters, 5 new carbon-carbon bonds, and 4 new rings. Several
substitutions and substituents can be added to the reactants, allowing the construction of
even more complex and further substituted products.

Wender has recently developed a rhodium catalyzed [6+2] cycloaddition
substantially different from previous cycloaddition reactions (Figure S)EIThis reaction
proceeds through cycloaddition of an olefin to a vinylcyclobutanone fragment, leading to
asingle diastereomer of cis-fused five- and eight-membered rings. This reaction
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Figure 8. Rhodium Catalyzed [6+2] Cycloaddition
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proceeds with alkyl substitution of the olefins, alowing the construction of quaternary
centers with specific stereochemistry.

The earliest examples of [4+2+2] cycloadditions utilized norbornadiene as the
donor of both oleffins.m The constrained arrangement of the olefins led to convenient
cycloaddition with 1,3-butadiene. Later advancements and use of chiral phospine ligands
led to a significant enantiomeric excess of the complex carbocyclic products.
However, due to the complexity and relative inactivity of these rings, these reactions
have seen little use in organic synthesis.

More recent developments include those of Gilbertson and Evans, who both
utilize rhodium complexes to catalyze the formatation of eight-membered carbocycles
through a [4+2+2] cycloaddition. In attempts to catalyze enantioselective Diels-Alder
cycloadditions, Gilbertson observed a dimerization of tethered dieneynes in which the
alkyne from a second molecule had inserted and resulted in the formation of fused five-
and eight-membered ri ngs.E| Upon optimization of the reaction conditions, the dimerized
product could be isolated in up to 80% yield. Thisled to the use of external alkynesin a



cross [4+2+2)] cycloaddition process which yielded fused five- and eight-membered rings
with variety of substituents (Figure 9).

Me
— [Rh(NBD)CI]2
/ (S,S)-Me-DUPHOS
TsN + H———Me o TsN
XN AgSbF6 s
\/\/\/ CH2CI2/EtOAC /"’///M
60°C H €

Figure9. Intermolecular [4+2+2] Reaction to form Single Diaster eomer of
Fused Five- and Eight-M embered Rings

Evans studied a similar reaction, in which a tethered eneyne underwent
cycloaddition with 1,3-butadiene.EI Upon addition of different silver(l) salts, the product
ratio can be shifted from favoring the dimerization of the ene-yne to the cross
cycloaddtion of the eneyne with 1,3-butadiene (Figure 10). This system has been
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Figure 10. Intermolecular [4+2+2] Reaction using 1,3-butadiene.

extended to provide diastereoselectivity as well as a three component coupling reaction,
both in excellent yields.

Wender has aso recently published a [5+2+1] cycloaddition route to the
formation of eight-membered rings (Figure 11). These reactions undergo coupling of a
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Figure11. [5+2+!] Cycloaddition and Subsequent Transannular Closureto Form
Bicyclo[3.3.0]octane Species.

vinylcylcopropane fragment with an alkyne under an atmosphere of carbon monoxide.
This results in a three-component coupling and the formation of an eight-membered ring.
Due to the acidic workup, however, the primary product of this cycloaddition isabicyclic
structure consisted of two fused five-membered rings, a result of the acid-catalyzed



transannular closure. Optimized conditions afford this bicyclic structure in over 99%
yield.

Malacria has recently published a series of papers describing the use of
consecutive cycloadditions to quickly form complex eight-membered ring systems,
including the ABC system of the taxanes, as shown in figure 12.EEI In this example, a
significantly functionalized product undergoes a selective [2+2+2] cycloaddition of the
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Figure 12. Use of sequential cycloadditionsto form taxane ABC ring system.

alkynes to form three fused rings. This is followed by oxidation and a catalyzed Diels-
Alder cycloaddition in order to form the completed ABC ring system, with additional
substitution, in 65% yield.

Great advances have been made in the development of cycloaddition reactions for
use in organic synthesis, and the use of transition metals has significantly improved the
capability of these reactions. Studies are currently underway to obtain greater
understanding of the processes that form these complex ring systems. Improving the
tolerance and selectivity of functional group, gaining greater control of stereochemistry,
and the development of more versatile substrates are all advances that may lead to
simplified routes to the syntheses of many cyclooctanoid natural products.
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