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The development of stereospecific carbon-carbon bond-forming reactions is paramount in the field of
synthetic chemistry. Especially evident in natural product and pharmaceutical synthesis, enantioselective reactions
are important for installation of chiral centers throughout a natural product. Many organic compounds with
pharmaceutical efficacy contain chiral centers, numbering from only one in the relatively simple naproxen to many

in the complicated framework of taxol.
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There are many proven enantioselective methods utilized in natural product synthesis. Of these,
enzymatic processes and transition metal-based catalysis have garnered much attention. From these two methods,
the relatively new method of organocatalysis has been developed. Having many benefits over the established
enzymatic and metal-based methods, organocatalysis have evolved to be a very important tool in the synthetic

chemist’s repertoire.
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One reason for the prevalence of both enzymatic processes and transition metal-based catalysis in natural
product synthesis is the “atom economy” inherent to these processes.1 Instead of having to use chiral auxiliaries to
effect enantioselective transformations, enzymatic processes and transition metal-based catalysis replace the
extra steps required to both attach and remove a chiral auxiliary. Omission of such steps can both shorten a

synthetic route and increase its overall yield.
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Enzymes are the catalysts in biological systems. Typically, an enzyme is responsible for catalyzing only one
specific reaction. The enzyme also catalyzes the reaction with complete stereocontrol. Though by this description it
seems that enzymes can only be used to synthesize one enantiomer of a product, this is no longer always true.
Selective mutations to the enzyme’s primary structure can alter the enzymes performance, making the opposite
enantiomer also available.? However, the constraints established by the configuration of the enzyme’s active site
limit enzymatic processes to only one specific substrate. This is a clear limitation to the utility of enzymes as

catalysts in total synthesis.

Transition metal-based catalysts have been prevalent in organic synthesis for many years. Interest in
transition-metal catalysts peaked with the awarding of the Nobel Prize to William S. Knowles, Ryuji Noyori, and K.
Barry Sharpless in 2001 for their collective work on chirally catalyzed reactions. The importance of transition
metal-based catalysts was thus established, and many further improvements have been made in the field.
Drawbacks involved with such catalysts include sensitivity to atmospheric conditions, high cost, and possible
toxicity.3 Though clearly very useful in synthesis, these drawbacks can be significant on large-scale reactions, such

as industrial processes.
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Organocatalysts have become attractive alternatives to established enantioselective catalysts.
Organocatalysts are loosely defined as low molecular weight organic molecules having inherent catalytic activity.
Aside from being catalytically active, they are relatively inexpensive and readily available, stable to atmospheric
conditions, and robust.’ If the organocatalyst were modified to contain a chiral element, the reaction catalyzed by
that organocatalyst would become enantioselective. All of these benefits combined with the possibility of an

enantioselective, catalytic process make organocatalysts increasingly more attractive in natural product synthesis.

Organocatalysts can catalyze many different reactions. Described below are three such reactions: aldol

reactions, Michael additions, and epoxidations.
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The stereochemically-controlled aldol reaction is one of the most important carbon-carbon bond forming
reactions used in natural product synthesis.5 Stereochemical control typically arises from one of two sources: chiral
auxiliaries attached to the enolate or chiral aldehyde starting material. Stereocontrol can also be achieved using
asymmetric catalysts. One of the first such catalysts was employed by Mukaiyama in a reaction between a pre-
formed, silyl enol ether and an aldehyde.6 Mukaiyama used tin(ll) triflate coordinated to a chiral diamine as an
asymmetric catalyst. This catalyst afforded high yields and excellent enantioselectivity, but still suffered from the

typical drawbacks associated with transition metal-based catalysts.
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Several advances have been made to the catalysts used in Mukaiyama aldol reactions. The main
modifications have been mostly to the metal involved in the Lewis-acid activator: titanium complexes,
oxazaborilidinones, and palladium complexes have all been used successfully to afford enantioselective aldol

products.5 Organocatalysts have also been used to successfully synthesize enantioselective aldol products.

Denmark was one of the first to successfully show organocatalytic activity in an aldol reaction. He
reported high yields and enantioselectivities in a chiral phosphoramide-mediated aldol reaction between

trichlorosilyl enol ethers and aIdehydes.7
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List developed a different organocatalyst based on the understood mechanism of aldolase enzymes. In
these enzymes, an active site lysine residue participates in an enamine mechanism to effect a reverse aldol
mechanism in biological systems.8 List rationalized that a chiral amine-based organocatalyst could function in the
same manner as the lysine in the aldolase enzyme. List then screened several amino acids and amino acid
derivatives for catalytic activity in an aldol reaction. Two trends were discovered which result in high yield and
enantioselectivity: a pyrrolidine ring along with an acidic proton.9 These two characteristics suggested that the

natural amino acid -proline could be an effective organocatalyst in enantioselective aldol reactions. Further



studies elucidated the mechanism by which proline catalyzes aldol reactions.” The secondary amine functionality
of proline reacts with the ketone to form an iminium species. Proton transfer from the nearby carboxylic acid
group furnishes an enamine as the nucleophilic component. The enamine then reacts with the aldehyde, giving an
aldol product after hydrolysis of the iminium by generated water. The released proline then enters the
catalytic cycle again. Proline facilitates all steps in this reaction mechanism. Also, the inherent chirality in proline
effects an enantioselective aldol reaction. Proline was also shown to successfully catalyze aldol reactions with a-

hydroxy ketones, giving -1,2—dio|s.10
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Though enantioselectivities overall were good for proline-catalyzed aldol reactions, there was room for
improvement with aromatic aldehydes. Barbas discovered that 5,5-dimethyl thiazolidinium-4-carboxylate (DMTC)
was slightly more enantioselective than proline.11 DMTC-catalyzed aldol reactions between acetone and aromatic
aldehydes exhibited increased enantioselectivity than in proline-catalyzed reactions. However, acyclic aliphatic
aldehydes were not reactive with pmTC. M Presumably, the heteroatom ring substitution and dimethyl substitution

provide a more enantioselective environment for the aldol reaction.
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The Michael addition is an important carbon-carbon bond forming reaction which involves a carbon-
nucleophile (Michael donor) reacting with the B-position of an electron deficient alkene (Michael acceptor). This
reaction is an attractive method for enantioselective catalysis as up to two contiguous stereocenters can be set in
one reaction. There are typically three methods of organocatalysis in the Michael reaction: the donor can be
deprotonated with a chiral base, forming a chiral ion pair; the acceptor can be further activated through iminium

formation; or the donor can be activated through enamine formation.?

Wynberg and Helder developed several quinine-based chiral bases and phase-transfer catalysts that
demonstrated some success in enantioselective Michael reactions.” Conn later improved upon these results using
cinchonine-based phase-transfer catalysts, though some enantioselectivities were poor.13 In 2003, Maruoka

developed a high yielding and highly enantioselective binaphthyl-derived phase-transfer catalyst.14
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A more interesting approach to enantioselective organocatalysts for the Michael reaction involves amine-
based catalysts. MacMillan developed a chiral imidazolidinone catalyst which exhibited very high enantioselectivity

in the Friedel-Crafts alkylation of pyrroles with a,B-unsaturated aIdehydes.15 The secondary amine functionality in



the organocatalyst reacts with the Michael acceptor, forming a chiral iminium species which both catalyzes the
bond forming step through LUMO activation and exhibits stereocontrol through sterics. In order to expand the
scope of the reaction to include the less-activated n-system of indole substrates, MacMillan optimized his catalyst
according to two criteria: rate of iminium formation and rate of carbon-carbon bond formation. After studying
computational models of the catalyst’s interaction with both the Michael acceptor and the donor, he developed a
new imidazolidinone catalyst with increased rate of formation of iminium with the Michael donor and greater
steric influence on the bond formation step.16 Removal of one of the methyl groups made the nitrogen more

available for iminium formation and the bulky -butyl group provides more steric bulk and stereocontrol.
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Amine-based organocatalysts can also be used to activate the Michael donor to catalyze the reaction with
a nitro-olefin as a Michael acceptor. List again utilized -proline as a chiral amine-based organocatalyst to mediate
this type of Michael reaction.'” He succeeded in that proline-catalyzed Michael reactions were very high yielding,
though enantioselectivities were low. Takemoto developed a much more synthetically-useful organocatalyst based
on thiourea."® His catalyst is bi-functional in mediating Michael additions with nitro-olefins as acceptors. On top of
enamine formation activating the Michael donor, the acidic thiourea protons can protonate the nitro group of the
acceptor, further activating it. These two interactions are responsible for both high yields and high

enantioselectivities in Michael reactions with nitro-olefins.

Enantiomerically enriched epoxides are important intermediates in pharmaceutical synthesis. Therefore,
methods to form enantiopure epoxides are also very important. The Sharpless asymmetric epoxidation titanium
catalyst and Jacobsen-Katsuki manganese-salen catalyst are both transition-metal based catalysts used in

asymmetric epoxidations. In contrast, organocatalysts used in epoxidations are typically chiral ketones. A co-



oxidant, such as oxone or hydrogen peroxide, is required to oxidize the chiral ketone first to the chiral dioxirane
which then effects an enantioselective epoxidation reaction to the substrate alkene. The first such organocatalysts
were developed by Curci.” These catalysts were not very synthetically useful, as they required stoichiometric to
super-stoichiometric catalyst loading and also yielded very low enantiomeric excess. An improvement was made

by Yang, but enantioselectivities were still low.”

Curci ketone Yang ketone

Yang reasoned that “steric sensors” on the naphthyl systems in the organocatalyst could be responsible
for enantioselectivity in the reaction.”* Varying the groups on the naphthyl rings showed that both increased size
and electron-withdrawing character of the substituent are beneficial to enantioselective epoxidations.
Optimization of this parameter provided some useful enantioselective epoxidations. The Yang ketone was still not
synthetically viable though, as its preparation required expensive starting materials and was low yielding and

relatively high catalysts loadings were necessary.

Shi developed a very attractive alternative to the Yang ketone starting with -fructose.” Along with being
available from a very cheap starting material in two steps, the Shi ketone was very enantioselective using relatively

low catalyst loadings.
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The stereogenic centers on the Shi ketone are in close proximity to the reaction center, blocking one face
of the generated dioxirane and increasing the enantioselectivity in asymmetric epoxidations.23 Also, both
the fused ring and the quaternary carbon a to the carbonyl minimizes epimerization of the stereogenic center.
Electron-withdrawing substituents help to activate the carbonyl toward dioxirane formation. The mechanismin a
Shi ketone-mediated asymmetric epoxidation has been shown to proceed through a spiro transition state.”” This
transition state allows for stereochemical prediction in the product, which is very useful to synthesis. Asymmetric
epoxidation using the Shi ketone proceeded with decent yield and excellent enantioselectivities, even with
unsubstituted, straight-chain alkanes.” However, in order to achieve these results, an excess of ketone was used.
The reaction time was also short, as the ketone decomposed over time at the reaction pH (~7-8), also decreasing
the enantiomeric excess. Shi further optimized the asymmetric epoxidation protocol after studying the pH effects
on epoxidation reaction rate. He reasoned that one possible side product in the reaction was the Baeyer-Villiger
oxidation product of the dioxirane, which could be avoided at a lower pH. Upon raising the pH to 10.5, the

epoxidation occurred with high conversion with more reasonable catalyst Ioading.24

The original Shi ketone exhibited high enantioselectivities with -alkenes but not with  -alkenes.
Transition state models showed that the dioxirane did not differentiate well between the two substituentsona -
alkene.” Shi developed a nitrogen-analogue of the original ketone which demonstrated higher enantioselectivities

with  -alkenes, especially those with aromatic substituents.

The Shi asymmetric epoxidation also works well with silyl enol ethers and enol esters. Epoxidation of such
alkenes provides hydroxy ketones, which are valuable intermediates in natural product synthesis. Typical
conditions using the Shi ketone provide epoxidation of silyl enol ethers and enol esters with high
enantioselectivity.26 The resulting epoxide can be subjected to different ring-opening conditions to afford both

enantiomeric forms of the a-hydroxy ketone.

Though very useful in many epoxidation reactions, the Shi epoxidation is not very effective with a,B-

unsaturated esters. Electron deficient olefins react more slowly with the electrophilic dioxirane.”’ Shi further



modified his chiral ketone by replacing the fused ketal with more electron-withdrawing substituents, increasing

the electrophilicity of the formed dioxirane, therefore, increasing the reactivity towards a,B-unsaturated esters.

Outside of direct modifications to the chiral ketone involved in an asymmetric epoxidation, the oxidant
can also be improved. Although Oxone is a good oxidant, its use results in salt byproducts. To simplify work-up
procedures, hydrogen peroxide would be a more attractive oxidant, since its byproduct is water. Noting its
apparent benefits, Shi examined conditions using hydrogen peroxide as an oxidant in an asymmetric epoxidation.
He discovered that only solvent systems involving acetonitrile afforded epoxidation product with hydrogen
peroxide.28 He reasoned that the likely active oxidant was peroxyimidic acid, formed from acetonitrile by hydrogen
peroxide. Upon studying pH effects on the reaction, Shi developed a high-yielding and highly enantioselective

protocol for the epoxidation of olefins with hydrogen peroxide.

Asymmetric organocatalysis has proven to be a valuable addition to the field of synthetic chemistry. In my
presentation, further explanation will be provided as to the reasoning behind the improvements to the varied
organocatalysts. Also, reaction mechanisms and results will be explained in greater detail. Hopefully, the ideas and

catalysts presented will exemplify the utility of asymmetric organocatalysis in synthetic chemistry.
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