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ABSTRACT 

PART I: CATALYTIC ASYMMETRIC NAZAROV CYCLIZATIONS 

The synthesis of all-carbon quaternary stereocenters remains a significant challenge in organic 

synthesis. Even more challenging is the synthesis of vicinal all-carbon quaternary stereocenters. 

While there are a small number of methodologies that have attempted to address both of these 

problems, there are very few reports on the catalytic asymmetric synthesis of the latter type. The 

Nazarov cyclization offers a unique opportunity to address this problem, in that the orbital 

symmetry-controlled process can be catalyzed in a number of different ways because of the 

diversity of the acyclic precursors. This thesis will describe a new catalytic asymmetric synthesis 

of compounds containing vicinal all-carbon quaternary stereocenters through a Nazarov 

cyclization.  

In the first chapter the Nazarov cyclization is introduced and briefly reviewed. A brief review on 

catalytic asymmetric variants of this reaction is given.  

In the second chapter an (R)-BINOL-derived N-triflyl phosphoramide-catalyzed Nazarov 

cyclization of geometrically pure dienones to Ŭ-hydroxycyclopentenones is described. This follow 

up work describes an expanded substrate scope to all-alkyl C1,C2-tetrasubstituted 

cyclopentenones containing vicinal quaternary centers and to C1,C5-trisubstituted 

cyclopentenones containing vicinal quaternary and tertiary centers. The mode of asymmetric 

induction is discussed. 

In the third chapter a novel Lewis acid-Brønsted base-catalyzed cyclization of Ŭ-diketoesters to 

Ŭ-hydroxycyclopentenones is described. The chiral-at-rhodium catalyst for this metal enolate 

Nazarov cyclization is unique and demonstrates high catalytic activity and enantioselectivity. The 

substrate scope of all-aliphatic Ŭ-hydroxycyclopentenones bearing either vicinal quaternary or 

vicinal quaternary and tertiary stereocenters is described.  
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PART II: METHODS FOR THE SYNTHESIS OF FLUORENES AND ADVANCED GEODESIC 

POLYAROMATIC HYDROCARBONS 

Polyaromatic hydrocarbons (PAH) have a long and rich history in organic synthesis. At the 

forefront today is the synthesis of highly strained geodesic compounds, for example, 

buckminsterfullerene, C60 (buckyball). Interest in non-planar PAHs has grown because of their 

unique UV-vis, electronic, and structural properties. The use of these compounds in asymmetric 

catalysis has not been described to date, possibly because their synthesis is impractical on scale. 

As such, our group has an interest in developing new methodologies to address these 

shortcomings. We have focused on the fluorene motif as an initial starting point in the synthesis 

of more advanced PAHs, since many others have identified it in geodesic hydrocarbons. 

 

In the first chapter a new methodology for the preparation of fluorenes and dibenzo[g,p]chrysenes 

through an oxidative cascade process using copper(II) bromide is described. A novel 

dibenzo[g,p]chrysene containing an ether linkage is reported. 

 

In the second chapter a synthesis of a geodesic, C30 semibuckminsterfullerene ñbuckybowlò is 

described. The synthetic route used to access this compound is versatile and modular. The 

scalable and simple synthesis of a strategic precursor 1,8-difluoro-9H-fluorene is also described.  
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Chapter 1: Introduction 

The goal of this chapter is threefold:  

¶ Review the thermal Nazarov cyclization in terms of mechanism, features of the substrate 

that lead to a successful outcome, and reactivity patterns. This section is not intended to 

be exhaustive or specific, but provide generalized information necessary to understand 

the key features of the cyclization. There are a number of reviews that detail specific 

developments in the field1-12; 

¶ Describe an overview of catalytic asymmetric approaches to the Nazarov cyclization. This 

section will highlight the important milestones achieved over the past 20 years and provide 

context for how asymmetric induction was achieved; 

¶ Comment on the current challenges of the catalytic asymmetric Nazarov cyclization. 

1.1 General Overview 

The Nazarov cyclization is a Lewis or Brønsted acid catalyzed 4ˊ-conrotatory thermal 

electrocyclization of a divinyl ketone (dienone) to a cyclopentenone. The classical representation 

of the reaction is shown in Scheme 1-1. The reaction begins by activation of the dienone 1-1 by 

acid.  

 
Scheme 1-1: Generalized reaction mechanism of the Nazarov cyclization promoted by a Brønsted acid, A = Lewis acid. 

The acid source must activate dienone 1-1 so that the charge can delocalize into the ˊ-system 

and induce the electrocyclization of the pentadienyl cation 1-2b to the oxyallyl cation 1-3. The 
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stereospecific cyclization is terminated by loss of a proton at either C1 or C5 to provide the 

cyclopentenones 1-4. 

The stereospecificity of the reaction is explained by the orbital symmetry rules. The C1 and C5 

terminal ˊ-orbitals must conrotate in order to form a new ů-bond with constructive orbital overlap 

(Scheme 1-2). This can be achieved through either clockwise or counter-clockwise rotation of the 

orbitals. While it is drawn planar, the pentadienyl cation 1-2 exhibits helicity during the formation 

of the C1-C5 ů-bond.  

 
Scheme 1-2: Orbital symmetry of the Nazarov cyclization. 

The U-shaped conformation of the pentadienyl cation intermediate is necessary for the initiation 

of the reaction. Carbon atoms C1 and C5 must be within bonding distance to ensure optimal 

orbital overlap during the formation of the ů-bond. The conformational freedom of the pentadienyl 

cation must be limited in order for cyclization to take place. There are three approaches that have 

been applied to favor the reactive U-shaped conformer. The first and most common is the 

inclusion of R1, R2 Í H Ŭ-substituents (Scheme 1-3). Incorporation of Ŭ-substituents introduces 

allylic strain in the s-cis/s-cis and s-cis/s-trans conformations which is lacking in the s-trans/s-

trans conformer. The conformational preference for the U-shaped conformer minimizes the 

entropy of the system and leads to a lower barrier for cyclization. Large Ŭ-substituents (methyl is 

sufficient) are generally included features of the dienone to favor the s-trans/s-trans conformer of 

the dienone.  

Dienones bearing one or both hydrogen atom Ŭ-substituents13-18 may still undergo cyclization; 

however, the conditions for cyclization become increasingly harsh which typically leads to side 

reactions and low isolated yields of the cyclopentenone. As a result, cyclizing such substrates 

under mild conditions is challenging. 

Likewise, the ɓ-substituents can have both a beneficial and a deleterious effect on the reactivity 

of the dienone towards cyclization (Scheme 1-3). Large ñinsideò ɓ-substituents (R4 in Scheme 1-
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3) can shift the conformational equilibrium away from the s-trans/s-trans to the s-cis/s-trans 

conformer in order to minimize strain, thereby preventing or slowing down cyclization. 

 
Scheme 1-3: Influence of substituents on the conformational dynamics of the divinyl ketone. 

Strain is denoted by )(. R4 is large relative to R1. 

Provided the U-shaped conformer is attainable, ɓ-disubstitution and/or ɓ,ɓô-disubstitution of the 

C1 and C5 carbon atoms can limit the rate of bond formation by increasing the distance between 

the C1 and C5 carbon atoms due to increased Van der Waals interaction between the ñinsideò R4, 

R5 substituents (Scheme 1-4).  

 
Scheme 1-4: Comparison of C1 and C5 carbon atom distances 

of a ɓ,ɓô-disubstituted and ɓ,ɓô-unsubstituted pentadienyl cation. 

Double-headed arrow indicates steric interactions. 

The cyclopentenones produced from the more sterically demanding ɓ,ɓô-tetrasubstituted divinyl 

ketones contain vicinal quaternary C1-C5 carbon atoms. There are limited synthetic strategies 
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that can reliably produce compounds containing vicinal all-carbon quaternary carbon atoms, and 

even fewer to do so asymmetrically. ɓ,ɓô-Tetrasubstituted divinyl ketones present themselves as 

precursors to compounds that represent a solution to the long-standing problem of preparing 

vicinal all-carbon quaternary centers stereoselectively. 

The second approach to attaining the U-shaped conformer relies on use of chelation. A reagent 

that can engage the dienone with at least two points of contact will restrict the conformationally 

flexibility of a portion of the dienone. This is usually achieved by use of metal salts capable of 

bidentate chelation with the dienone19-24 (Figure 1-1). The metal salt serves two purposes by 

activating the carbonyl and creating a rigid chelate with limited conformational freedom.  

 
Figure 1-1: Metal salt bidentate chelation with Nazarov substrates. The box delineates 

segments of the substrate that are conformationally locked by metal chelation. 

Hydrogen-bonding can also limit conformational freedom and favor cyclization.25 Hydrogen 

bonding interactions between compounds or within the same compound are a general 

phenomenon that affects substancesô reactivity and physical properties. Exploiting hydrogen-

bonding to increase reactivity of a compound is common and lends itself to a class of active 

catalysts called Brønsted acid assisted Lewis acids.26 Hydrogen-bonding can limit the degrees of 

freedom of a compound provided there are two points of contact between the compound and H-

atom.  

The final way in which conformational flexibility can be limited is through the use sterically 

demanding catalysts that are only capable of binding substrates with a particular conformation.27 

This is the least commonly employed tactic due to the difficulty in designing such a catalyst that 

is both reactive and capable of engaging the substrate.  

The electronic characteristics of the divinyl ketone substituents always influence the outcome of 

the cyclization.14, 19, 28, 29 Carbon atoms 1, 3, and 5 in 1-2b (Scheme 1-1) bear a partial positive 

charge. Any substituent on carbon atoms 1 or 5 that can stabilize a cation through conjugation is 
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expected to slow the rate of cyclization since the product oxyallyl cation redistributes the charge 

onto carbon atoms 2 and 4. The oxyallyl cation would no longer benefit from charge stabilization 

of the pentadienyl cation. In fact, the oxyallyl cation may actually be destabilized inductively by 

the electronegative elements (e.g. O, N) that typically comprise electron donating substituents.  

On the other hand, electron donating groups at the Ŭ-position will lower the barrier to cyclization 

through stabilization of the cyclic intermediate (Scheme 1-5, compound 1-11a). Conversely, 

electron withdrawing groups at the Ŭ-position will destabilize the oxyallyl cation and raise the 

barrier to cyclization (Scheme 1-5, compound 1-11b).  

 
Scheme 1-5: Typical examples of Nazarov cyclization bearing either electron donating or withdrawing groups. A = acid. 

Despite this, Nazarov cyclizations bearing electron withdrawing substituents at the Ŭ-position are 

well documented.1 Similar conclusions about stereoelectronic effects of the ɓ-substituents can be 

reached. Often, substrates for Nazarov reactions include an aromatic group at the ɓ-carbon(s). 
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The aromatic moiety can stabilize the formation of the pentadienyl cation, but does not necessarily 

destabilize the oxyallyl cation. 23, 30-32 

Complementary polarization of the divinyl ketone can greatly accelerate the cyclization (Figure 

1-2).33 This is achieved by placement of both electron donating and withdrawing groups in the 

proper positions on the divinyl ketone. 

 
Figure 1-2: Complementary polarized substrates. Dashed line = direction of electron flow. 

One important secondary effect of the substituent groups is on the regiocontrol of the termination 

step. For example, substrates bearing an Ŭ-alkoxy ether 1-10a are capable of termination in one 

of two ways (1-11a Ÿ1-12a-b): 1, loss of the ether ñRò group as a cation or through hydrolysis (1-

12a), or 2, loss of a proton (1-12b). Careful choice of substituents can greatly favor one pathway 

over another.  

Similar regiocontrol has been observed with electron withdrawing substituents.1, 34 For example, 

divinyl ketoester 1-10c will cyclize to oxyallyl cation 1-11b and localize the cationic character 

distant from the destabilizing ester group. This localization of charge enables regioselective 

termination by loss of a proton to 1-12c. 

If the oxyallyl cation is long lived there are alternative reaction pathways for the cation. For 

example, carbocation rearrangements are known to occur under certain conditions.13, 30, 35, 36 

Perhaps more useful is trapping the oxyallyl cation with either an internal or external nucleophile 

to produce compounds with great complexity in a single operation.37-43 

In conclusion, the Nazarov cyclization has been the subject of extensive studies since its first 

report in 1941,18 particularly in the area of preparing racemates of cyclopentenones. Unique and 

clever modes of forming the cation in non-obvious ways have also been reported.1-13 In addition, 

some substrate classes, such as divinyl ketoesters 1-10c, alkoxy dienone 1-10a, dienones 1-13b, 

have been the subject of extensive studies.1, 31, 44, 45 These so-called ñprivilegedò substrate classes 

offer solutions to problems with substrate reactivity or furnish complex cyclic compounds with 
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multiple contiguous stereocenters. Lastly, the Nazarov cyclization has found use in a number of 

natural product total syntheses.46-50 

1.2 Catalytic Asymmetric Nazarov Cyclizations 

This section will describe a series of catalytic asymmetric Nazarov cyclizations that have been 

achieved using organocatalysts or metal catalysts. The modes of asymmetric induction that were 

achieved will be briefly discussed. 

It is worth noting that a number of enantioselective Nazarov cyclizations utilizing chiral 

auxiliaries,33, 44, 51-55 stoichiometric chiral reagents56 or chirality transfer from chiral non-racemic 

precursors57-60 have been very successful in achieving high levels of enantiomeric excess (or 

diastereomeric excess); however, these classes of cyclizations will not be discussed here.  

 

1.2.1 Modes of Asymmetric Induction 

This section describes the modes of asymmetric induction that have been exploited to achieve 

asymmetric Nazarov cyclizations. Asymmetric protonation of the dienol intermediate, controlling 

the torquoselectivity, and a combination of the two is described in sections 1.2.1.1, 1.2.1.2, and 

1.2.1.3, respectively.  

 

1.2.1.1 Asymmetric Protonation or Trapping of the Oxyallyl Cation 

In 2004, Trauner reported the first detailed account of a catalytic asymmetric Nazarov cyclization 

of cyclic alkoxydienones 1-14 to cyclopentenones 1-15 using 10 mol% of Sc(OTf)3/(S,R)-Ind-

PyBOX as a catalyst (Scheme 1-6).61 The method is capable of producing cyclopentenones 1-15 

in good to excellent yields and enantioselectivities for this class of activated dienones 1-14. The 

success of this method relies on controlling one stereocenter through an asymmetric protonation 

of the dienol intermediate 1-16, which immediately follows from termination of the oxyallyl cation 

through loss of a proton.  

The general principle for asymmetric induction of this reaction requires that the Sc-catalyst 

remains bound to and blocks one face of the dienol to favor protonation from the least hindered 
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side. This is shown in Figure 1-3 for the specific case of Traunerôs reaction. After the 

electrocyclization and termination has taken place inside the catalystôs inner coordination sphere, 

the dienol is protonated on the si-face (open face) of the alkene since the re-face is blocked by 

the PyBOX ligandôs indanyl side arm.  

 
Scheme 1-6: Catalytic asymmetric Nazarov cyclization reported by Trauner in 2004. 

 

 

Figure 1-3: Protonation of the dienol will occur from the least hindered side the complex. 

Asymmetric protonation has also been successfully carried out using organocatalysts. For 

example, Jacobsen reported the asymmetric Nazarov cyclization of dienones 1-17 with a 

TMSOTf/squaramide 1-18 catalyst at cryogenic temperatures (Scheme 1-7).62 In addition to 
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controlling the enantioselective protonation, the squaramide increases the Lewis acidity of 

TMSOTf by dissociating the triflate counterion from the TMS cation through hydrogen bonding. 

This dissociated form of TMSOTf is the active catalyst for the cyclization. This concept is general 

and belongs to a class of catalysts called Brønsted acid assisted Lewis acids.  

The squaramide-triflate hydrogen-bonded complex transmits stereochemical information through 

a proton transfer where the stereochemistry of the proton is retained. Low temperatures are 

necessary in order to obtain good enantioselectivities. The reaction works best for dienones 

activated by aromatic substituents. 

 

Scheme 1-7: Jacobsenôs squaramide/TMSOTf catalyzed Nazarov cyclization. 

Zhu reported that silylated dienones 1-20 undergo Zn(OTf)2-catalyzed asymmetric cyclization to 

cyclopentenones 1-22 where a chiral phosphoric acid 1-21 induces asymmetry through 

protonation of the dienol intermediate (Scheme 1-8a).63 The TMS substituent on dienone 1-20 

directs the termination of the oxyallyl cation through loss of a TMS cation rather than a proton. 

The reported yields and enantiomeric excess of cyclopentenones 1-22 are moderate to excellent. 

The reaction scope includes substrates that are not activated by aromatic substituents. 

Unsurprisingly, a major limitation of this methodology lies with poor diastereomeric ratio and 

enantiomeric excess when R3 Í H. Since the active catalyst Zn(OTf)2 is achiral, it is unable to 
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control stereochemistry at the C5 carbon atom during cyclization. As a result, this produces a 

racemic mixture of the dienol intermediate which leads to diastereomers after asymmetric 

protonation by phosphoric acid 1-22. 

 
Scheme 1-8: Silicon directed and interrupted catalytic asymmetric Nazarov cyclizations. 

The first catalytic asymmetric interrupted Nazarov cyclization was reported by Shindo in 2009 

(Scheme 1-8b).64 ɓ-Alkoxy dienones 1-23 were converted to Ŭ-alkoxy cyclopentenones 1-24 

using 10 mol% of a Sc(OTf)3/(R,R)-Ph-PyBOX catalyst. Although not an example of asymmetric 

protonation, this interrupted Nazarov is related in terms of asymmetric induction. The mode of 

asymmetric induction is similar to that illustrated in Figure 1-3 with the key difference being that 

the oxyallyl cation is trapped by an alcohol. The scope of the reaction is very limited and yields 

and enantiomeric excesses varied greatly. However, the method should be noted for its ability to 

produce a quaternary stereocenter enantioselectively.  
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Since the first report, a vast majority of catalytic asymmetric Nazarov cyclizations depend on an 

asymmetric protonation. In most of these reactions the protonation controls stereochemistry in a 

second, subsequent step to the cyclization. This class of reactions is discussed in section 1.2.1.3.  

1.2.1.2 Torquoselective Cyclizations  

Torquoselectivity is the preference of either clockwise or counter-clockwise conrotation of the 

pentadienyl cation ɓ-substituents (Scheme 1-9). In the absence of any preexisting stereocenters, 

selectivity for either sense of rotation amounts to an enantioselective Nazarov cyclization. In the 

context of this thesis, this is achieved by means of a chiral, non-racemic acid catalyst. Control of 

the torquoselectivity is challenging. It requires a catalyst that can do one of two things: 1, 

distinguish between the two helical conformations of the dienone by selective interaction prior to 

cyclization; or 2, direct the conrotation through steric interactions with the dienoneôs ɓ-substituents 

in the pocket. There is only one reported example of the first case65. The second is the more 

common approach, particularly when coupled with a subsequent asymmetric protonation step 

(section 1.2.1.3). Discriminating between two diastereomeric transition states through steric 

interactions of the substrate with a catalyst is ubiquitous in asymmetric catalysis. Both 

organocatalysts and chiral metal complexes have been used successfully to control the 

torquoselectivity of the electrocyclization. 

 

Scheme 1-9: Chiral acid catalyst A* controls the torquoselectivity of the pentadienyl cation cyclization. 

Chiral Brønsted (CBA) or Lewis acids based on the axially chiral 1,1ô-binaphthyl substructure66 

are commonly used organocatalysts in asymmetric Nazarov cyclizations. The tunable side arms 

are an important feature of these catalysts (Figure 1-4). Modifying the size of the side arm will 

change the steric environment of the catalystôs pocket which directly influences the 

torquoselectivity. 

Chiral metal complexes are often designed to control torquoselectivity in a similar fashion. 

Asymmetry is typically induced by means of chiral ligands that coordinate to the metal center. The 
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ligands are designed with modifiable side arms that can vary with respect to steric bulk, electronic 

properties, or ligating abilities.67 BOX and PyBOX ligands have been most successful in 

asymmetric Nazarov cyclizations (Figure 1-4). Recently, chiral-at-metal complexes where the 

chirality derives from a configurationally stable metal center have been used.68-70 Other types of 

chiral metal complexes have been used (e.g. Cr-salen), but will not be discussed in detail here.71,72 

 
Figure 1-4: Common sources of asymmetry used in Nazarov cyclizations. R = modifiable side arms. 

The acid source of these catalysts is located inside a pocket. When the dienone enters and 

interacts with the acid source, a chiral ion-pair or metal complex forms. This will create two 

interconverting diastereomeric helical structures of the pentadienyl cation within the pocket. The 

side arms of the catalyst will ultimately transmit asymmetry through steric interactions with the 

substituents of the pentadienyl cation. Conrotation in the direction that minimizes steric repulsion 

in the helical transition state will lead to the predominant product-catalyst complex (i.e. the 

pathway with the lowest activation barrier, a kinetically controlled process). Optimizing the steric 

interactions of the catalyst side arms with the pentadienyl cation inside the pocket will produce 

the optimal enantioselectivity. This is illustrated in Figure 1-5 for an (S)-BINOL-derived 

phosphoramide catalyst. 
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Figure 1-5: Illustration of an (S)-BINOL-derived phosphoramide initiated cyclization with a simplified dienone. Oxyallyl cation-catalyst complexes 

are shown in a tail-to-head view in a quadrant diagram according to the indicated point of view. Steric interactions are shown by the double 

headed arrows. 

The dienone exists as interconverting enantiomeric helical U-shaped conformers (Figure 1-6). 

Most catalysts will indiscriminately bind to either of the helical conformers and then differentiate 

between the two inside the pocket. Catalysts that differentiate between the two helical conformers 

of the dienone prior to entry into the catalyst pocket is an approach less explored. These types of 

catalysts preferentially interact with one helical conformer of the dienone over the other to further 

maximize favorable intermolecular interactions (e.g. hydrogen bonds) or have strict geometrical 

requirements for entry into the pocket (i.e. can only allow one helical conformer entry into the 

pocket). Interaction of one dienone helical conformer with a chiral catalyst leads to a matched or 

mismatched complex where the matched complex preferentially forms and cyclizes. The catalyst 

must have two points of contact with the dienone in order to distinguish the two helical conformers 

effectively. Differentiation of the dienone helicity by steric interactions with the catalyst is not a 

necessary feature for asymmetric induction, but in principle could be used to distinguish between 

the two enantiomeric helical conformers of the dienone prior to entering the reactive site of the 

catalyst. 
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Figure 1-6: Newman projection illustrating the relationship between the enantiomeric helical conformations of the 
dienone and the product stereochemistry.  

In 2010, Tius reported the first organocatalytic asymmetric Nazarov cyclization that is 

accompanied by a kinetic resolution.73 The stereochemistry of the cyclic product was controlled 

only by means of torquoselective process (Scheme 1-10a). Three examples of activated aziridine 

enones 1-25 undergoing an aza-Nazarov cyclization with subsequent ring expansion using a 

chiral diamine salt 1-26 as a catalyst were described. The enantiomeric ratios of the piperidones 

1-27 are excellent, however, only one enantiomer of the aziridine enone 1-25 reacted with the 

diamine catalyst. Yields were moderate (considering the kinetic resolution) and the reaction 

requires a heavy catalyst loading with long reaction times (9 days). Asymmetric induction is 

achieved by formation of an iminium ion between the chiral diamine 1-26 and the ketone of 1-25.  

Following this report, Tius described an asymmetric organocatalytic Nazarov cyclization of Ŭ-

diketones 1-28a to Ŭ-hydroxy cyclopentenones 1-30 using a chiral thiourea organocatalyst 1-29 

(Scheme 1-10b).25, 65 Ŭ-Diketones 1-28a represent a class of highly reactive substrates for the 

Nazarov cyclization since they undergo tautomerism to Ŭ-ketoenol 1-28b which exhibits 

complementary polarization. The two hydrogen-bonding interactions between the two thiourea N-

H bonds with the ketone carbonyl of 1-28b and the primary amine of the catalyst with the enol O-

H of 1-28b enable this cyclization to proceed. The former hydrogen bonding ñpullsò electron 

density from the enone while the later ñpushesò electron density into the enol. This is the only 

example of a Nazarov cyclization whose torquoselectivity is controlled by preferential hydrogen 

bonding interactions of an organocatalyst with one helical conformer of 1-28b. The enantiomeric 

ratios of compounds 1-30 are excellent. On the other hand, the reaction times are long due to 

product inhibition of the catalyst, since both the product and starting material are Ŭ-hydroxy 

ketones and interact with the thiourea in a similar fashion. Nonetheless, a number of 

cyclopentenones bearing an all-carbon quaternary stereocenter are accessible in this way with 

high optical purity. 
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Scheme 1-10: Two organocatalytic asymmetric Nazarov cyclizations reported by Tius. 

A few years later Rueping reported an organocatalytic asymmetric Nazarov cyclization of acyclic 

dienone isobutyl ethers 1-31 to Ŭ-hydroxycyclopentenones 1-33 using a chiral N-triflyl 

phosphoramide (R)-1-32 as catalyst (Scheme 1-11a).74 Similar to the Ŭ-hydroxydienones 1-28b, 

acyclic dienone ethers 1-31 are highly reactive towards cyclization since they exhibit similar 

complementary electronic properties. The reaction scope is limited to dienones bearing aryl 

substituents. The reaction provides moderate yields of 1-33, but in excellent enantiomeric excess. 

The isobutyl ether was found to be essential for asymmetric induction. This method suffers from 

production of a mixture of Ŭ-enol ether cyclopentenones 1-34 and 1-33, likely as a result of 

competitive termination pathways of the reaction. Conversion of 1-34 to 1-33 via hydrolysis of the 

enol ether in a second step could be accomplished without erosion of the compoundôs 

enantiomeric ratio. Additionally, only cyclopentenones bearing a single stereocenter were 

reported. 
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Tius later applied the cyclization of dienone ethers 1-35 towards the synthesis of Ŭ-

hydroxycyclopentenones 1-37 bearing C1-C5 vicinal all-carbon quaternary stereocenters using a 

chiral N-triflyl phosphoramide (R)-1-36 (Scheme 1-11b).75 The reported substrate class includes 

dienones activated by an R2 = aryl group and un-activated dienones bearing only aliphatic 

substituents or as a part of a cyclic alkene. The yields ranged from poor to excellent and depended 

on whether or not the R3 substituent was large. The enantiomeric ratios were good to excellent 

for the cases reported. The diphenylmethyl ether was a necessary feature for directing the 

termination step and for catalyst recognition, similar to the necessity of the bulky, branched 

isobutyl group in Ruepingôs version of the cyclization (Scheme 1-11a). This work marked the first 

report of an asymmetric Nazarov cyclization that produced vicinal quaternary stereocenters with 

high optical purity. 

Most recently, List reported an asymmetric Nazarov cyclization of unactivated dienones 1-38 to 

cyclopentenones 1-40 using IDPi catalyst (S,S)-1-39 (Scheme 1-11c).27 This catalyst is notable 

for its extremely confined and acidic pocket. The sterically demanding pocket induces the U-

shaped conformer upon entry and enables cyclization of simple, un-activated dienones bearing 

an Ŭ-hydrogen atom substituent. The catalyst is capable of producing cyclopentenones bearing 

ɓ-alkyl substituents in moderate to good yields with excellent enantiomeric ratios. Drawbacks of 

this method include thermal isomerization of cyclopentenones 1-40 to 1-41 during the course of 

the reaction and the necessity of low temperature (ī20 ÁC) for extended periods of time (2.5ï15 

days) in order to achieve high enantiomeric ratios and substrate conversion, respectively. The 

methodology stops short of producing cyclopentenones bearing at least one quaternary 

stereocenter. Dienone 1-42 was found to be unreactive with the IDPi catalyst. 

As a general comment, the mode of asymmetric induction for the N-triflyl phosphoramide or IDPi-

derived catalysts can be described as two-step steric approach control. First, the conformational 

freedom of the dienone must be restricted inside the pocket for effective asymmetry transfer to 

occur. One way this can be achieved is by featuring one or more catalyst recognition elements 

on the dienone. The recognition element(s) serves to restrict conformational freedom inside the 

catalyst pocket, without leading to the restriction of the helical conformation of the dienone. The 

alternative to this is to design a reactive pocket that is so sterically demanding that it limits the 

number of dienone conformers that can engage the catalyst (i.e. IDPi). Once the conformational 
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freedom is limited, the second step of steric control takes place between the ɓ-substituents of the 

dienone with the side arms of the catalyst (Figure 1-5). 

The last example of a catalytic asymmetric Nazarov cyclization in which cyclopentenone 

stereochemistry is controlled only by the torquoselectivity of the cyclization was reported by Lu in 

2018 (Eq. 1).76 t-Butyl divinyl ketoesters 1-43 undergo tandem cyclization-decarboxylation to 

cyclopentenones 1-45 promoted by a cationic Ni(II)/1-44 complex. The reaction scope is limited 

to producing dienones bearing R = aromatic substituents. The yield and enantiomeric excess are 

good to excellent. The authors propose that the enantioselectivity arises from minimization of 

steric interaction of the ɓ-substituents with the t-Bu/i-Pr groups on the 1-44 OIP ligand. This 

amounts to a counter clockwise rotation of the pentadienyl cation in the catalyst pocket. The 

authors report that the tandem Ni(ClO4)2-promoted decarboxylation prevents product inhibition 

and enables lower catalyst loadings. The limitations of this methodology are highlighted by the 

poor enantioselectivity and moderate yield (<5% ee, 51% yield) of cyclopentenone bearing R = 

ethyl.  
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Scheme 1-11: Chiral Brønsted acid catalyzed asymmetric Nazarov cyclizations.  
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1.2.1.3 Torquoselective Cyclizations with Subsequent Asymmetric Protonation 

Nazarov cyclizations in which the stereochemistry is controlled by both torquoselective cyclization 

and subsequent asymmetric protonation represent the largest class of catalytic asymmetric 

cyclizations. This section will only discuss a few selected examples that are relevant to this thesis.  

There are only two organocatalytic Nazarov cyclizations that fall under this category of 

asymmetric induction. Rueping reported the first example in 2007 and Oestreich in 2018.77,78 

Ruepingôs work described the first BINOL-phosphate-catalyzed cyclization of highly activated 

cyclic alkoxy dienones 1-45 to fused cyclic cyclopentenones 1-47 using a N-triflyl phosphoramide 

catalyst (R)-1-46 (Scheme 1-12a). The stepwise mechanism of the reaction is shown in Scheme 

1-12. Dienone 1-45 is first protonated by (R)-1-46 to give pentadienyl cation 1-48. Pentadienyl 

cation 1-48 undergoes electrocyclization whose torquoselectivity is dictated by steric control of 

the phosphoramide catalyst (R)-1-46. Following a regioselective deprotonation of 1-49, the dienol 

1-50 is protonated by the phosphoramide catalyst (R)-1-46 from the least hindered side of the 

enol to provide the cis-isomer of cyclopentenone 1-47 as the major diastereomer. Overall, the 

reaction is highly enantioselective, but exhibits modest diastereoselectivity, which is the main 

drawback of this methodology. 

Oestreich described a similar Nazarov cyclization of highly activated cyclic alkoxydienones 1-45, 

but used the (S)-binaphthyl-derived boron Lewis acid 1-51 as catalyst. The substrate class 

examined was very similar to that reported by Rueping. The catalyst provided marginally improved 

product diastereoselectivity and enantiomeric excess of the same or similar compounds reported 

by Rueping; however, this is the first instance of a Lewis acid organocatalyzed Nazarov 

cyclization. 

Chiral metal complexes have found extensive use in the area of catalytic torquoselective Nazarov 

cyclizations followed by an asymmetric protonation.79-84 For example, Tang reported in 2010 the 

cyclization of activated cyclic alkoxydivinyl ketoesters 1-52 using 5-10 mol% of a tris(oxazoline) 

1-53/Cu(II) catalyst (Eq. 2).85 The cyclopentenones 1-54 were all isolated as single regio- and 

diastereoisomers in moderate to excellent yields and enantiomeric excesses. The upper ligand 

side arm X is responsible for controlling the torquoselectivity of the cyclization. The ester 

functionality is an essential recognition element for rigid chelation of the dienone to the Cu(II) 
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center and limits the reaction scope accordingly. In addition, reaction times vary from 18 hours to 

5 days and likely due to product inhibition. 

 

 

 

 
Scheme 1-12: Organocatalytic asymmetric Nazarov cyclizations of activated cyclic alkoxydienones 1-45. 



22 

 

 

Meggers reported the first Nazarov cyclization using a chiral-at-metal complex ȿ-1-56 of both 

cyclic alkoxydivinyl ketoesters 1-52 and indole-derived ketoesters 1-55 (Scheme 1-13).68 Chiral-

at-iridium complex 1-56a was found to be an effective catalyst producing both cyclopentenones 

1-54 and 1-57 in good to excellent yields and enantioselectivity. In addition to ȿ-1-56a, the Rh 

congener ȿ-1-56b was found to be as effective for the cyclization of ketoester 1-55. Asymmetry 

is induced from the steric interaction of the aryl substituent on the ketoester with the t-butyl group 

of the ligand side arm. Other chiral-at-metal complexes, ȿ-1-58ï1-60 have been developed and 

have shown efficacy in the Nazarov cyclization of 1-55.69, 70  
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Scheme 1-13: Nazarov cyclizations catalyzed by chiral-at-metal complexes. 
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1.2.2 Outlook, Remaining Challenges, and Our Goals 

Since the report of the first catalytic asymmetric Nazarov cyclization by Trauner in 2003, a total 

of 24 new variants have been reported (not including Nazarov-type reactions that lead to 

cyclopentenones). Modes of asymmetric induction include asymmetric protonation of the dienol 

intermediate, control of the torquoselectivity of the cyclization, and a combination of the two. 

Asymmetric induction by protonation of the dienol intermediate is less useful than controlling the 

torquoselectivity of the cyclization since the method is only able to control a single stereocenter 

on the cyclopentenone. Nonetheless, methods utilizing asymmetric protonation have led to 

products with high levels of enantioselectivity using both chiral metal complexes or 

organocatalysts.  

Controlling the torquoselectivity of the cyclization allows one to introduce two stereocenters, but 

it is more challenging since the catalyst is required to control stereocenters on the dienone that 

are much further away from the point of activation on the carbonyl. Nevertheless, high levels of 

enantiomeric excess (and diastereomeric excess) have been achieved using both transition metal 

catalysts and organocatalysts. Transition metal catalysis has been at the forefront of asymmetric 

Nazarov cyclizations for two main reasons: 1, it is easier to design catalytic systems because 

metal coordination geometry and Lewis acidity are predictable; and, 2, there exists a large library 

of chiral ligands for transition metals. Much less attention has been given to organocatalysts to 

effect torquoselective cyclizations. The reasons for this may be the following: 1, organocatalysts 

typically require high catalyst loadings (>5 mol%); 2, strong acids are necessary to activate the 

dienone for cyclization (or the alternative, catalysis by weaker acids is limited to highly activated 

dienones), which introduces stability issues of strong organic acids;86 3, much less is known about 

the modes of asymmetric induction of organocatalysts which makes it more difficult to design or 

apply them.66 

Despite the progress that has been made, many challenges still remain. The class of substrates 

reported to undergo asymmetric cyclization leaves much to be desired in terms of functional group 

incorporation/tolerance and potential to produce stereochemical complexity. The current class of 

cyclopentenones that are reliably accessible with high levels of enantioselectivity and good yields 

through an asymmetric Nazarov cyclization is summarized in Figure 1-7. A majority of the 

cyclopentenones accessible require the incorporation of an aromatic (or activating) substituent, 
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which is typically present to enable a more facile cyclization and/or to achieve high levels of 

enantioselectivity. Furthermore, there are only two reports of a catalytic asymmetric Nazarov 

cyclization that produces quaternary carbon atom stereocenters, only one of which reports the 

synthesis of all-carbon vicinal quaternary stereocenters. The production of all-carbon vicinal 

quaternary stereocenters is very challenging and the Nazarov cyclization offers a way to address 

this problem in the context of cyclopentenone synthesis. Further work in this area deserves 

attention. Along the same vein, another pressing unsolved issue is preventing the loss of 

stereochemical information through termination of the reaction. This is particularly an issue with 

cyclopentenones derived from divinyl ketoesters. A solution to this problem would enable the 

production of three or more contiguous stereocenters with control of both diastereo- and 

enantioselectivity. 

Figure 1-7: Scope of cyclopentenones accessible through catalytic asymmetric Nazarov cyclizations. 

Development of mild catalytic conditions for Nazarov cyclizations also needs to be addressed. 

Product inhibition is a primary challenge which requires high catalyst loads (> 2 mol%) for both 

transition metal catalyzed and organocatalyzed reactions. Conversely, too highly reactive 
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catalysts are indiscriminate at room temperature and only produce cyclopentenones with high 

levels of enantioselectivity at low temperatures (Ò 20 ÁC) after extended reaction times (0.5 ï 15 

days). Higher catalyst loads are needed due to the much slower reaction at lower temperatures. 

Strict temperature control limits the general practicality of the method, particularly when carrying 

these reactions out on scale. The ideal catalyst should be used at low loadings (< 2 mol%) and 

be able to initiate cyclization at room temperature or above while maintaining high levels of 

enantioselectivity.  

This thesis intends to address some of the issues discussed above. The work described herein 

is focused on generating cyclopentenones with stereochemical complexity through a catalytic 

asymmetric Nazarov cyclization. In particular, our goals are to describe conditions that enable the 

synthesis of cyclopentenones with high optical purity bearing either vicinal quaternary/quaternary 

or tertiary/quaternary stereocenters. Within this class of cyclopentenones we want to define a 

substrate scope of dienones bearing all-aliphatic substituents. While it has not been discussed 

thoroughly here, catalytic asymmetric Nazarov cyclizations or Nazarov-type reactions have found 

use in preparation of natural products with pharmacological activity, such as rocaglamide.87 It is 

foreseeable that the development of new methodologies that address the aforementioned issues 

will create new avenues for success in complex natural product total synthesis or drug candidates.  
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Chapter 2: Chiral Brønsted Acid-Catalyzed Nazarov Cyclization 

2.1 Introduction 

2.1.1 Overview of the Established Methodology 

In 2014, the Tius group reported an organocatalytic asymmetric Nazarov cyclization (Eq. 1) of 

geometrically pure dienones 2-1 using an (R)-BINOL derived N-triflyl phosphoramide catalyst (R)-

2-3 to produce Ŭ-hydroxycyclopentenones 2-2 bearing all-carbon vicinal C1,C2 quaternary 

stereocenters.1 The dienone (R1 = Ph; R2, R3 = Me) and catalyst were carefully designed to 

provide fast reactions and high optical purity of the corresponding Ŭ-hydroxycyclopentenone. The 

combination of a diphenylmethyl ether and a phenyl ester were found to be necessary features of 

the substrate in order to achieve the desired goals for the methodology.  

 
The methodology was largely defined by dienones bearing an aromatic moiety at R1 or dienones 

derived from cyclohexene (Figure 2-1), which provided the respective cyclopentenones with 

impressive enantiomeric ratios.  

The need to overcome increased strain energy between the C1 and C2 carbon atoms makes 

forming the C1,C2-tetrasubstituted cyclopentenones challenging. Substituents that raise the 

barrier to cyclization (e.g., branched aliphatic) make cyclization more difficult. Furthermore, there 

are alternative reaction pathways for the intermediate cation to react if cyclization is slow (e.g., 

enol ether hydrolysis, cation rearrangements, alkene isomerization). One notable achievement of 

this methodology was the successful preparation of cyclopentenone 2-13, which represents a 

sterically demanding all-alkyl case. In comparison, compound 2-14 was isolated as an 

inseparable mixture of cis- and trans-diastereomers. This indicates alkene isomerization took 
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place prior to a slow cyclization. Nonetheless, other undesired side reactions did not occur and 

the mixture of cyclopentenones was isolated in good yield.  

 
Figure 2-1: Representative examples of Ŭ-hydroxycyclopentenones prepared using the general conditions outlined in Eq. 1. 

The postulated catalytic cycle is outlined in Scheme 2-1. The process begins with protonation of 

the 2-15 carbonyl by phosphoramide (R)-2-3. A tight ion-pair forms which conformationally biases 

the dienone and controls the torquoselectivity of the activated species through steric interactions. 

Following the 4 -́conrotatory process, loss of the stable diphenylmethyl cation leads to compound 

2-5. The proton is regenerated by trapping of the diphenylmethyl cation with 2-tert-butylphenol 

through a Friedel-Crafts alkylation. 

Overall, this work presented itself as the first solution towards achieving a mild, catalytic 

asymmetric synthesis of cyclopentenones bearing all-carbon vicinal quaternary stereocenters. 
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Scheme 2-1: Proposed catalytic cycle for the CBA-catalyzed Nazarov cyclization of 2-15. 

 

2.1.2 Project Objectives 

The (R)-BINOL-derived N-triflyl phosphoramide catalyzed Nazarov cyclization offers a promising 

route to cyclopentenones bearing all-alkyl C1,C2 vicinal quaternary stereocenters. Moreover, 

variability at the R3 position beyond a methyl group was not established in the original report due 

to synthetic limitations of the dienone precursors. The next stage in the development of this 

methodology requires a study of the generality of the reaction with catalyst (R)-2-3. 

With this in mind, the project objectives for the follow-up work were defined as:  

1. Define the scope of other all-alkyl C1,C2-tetrasubstituted cyclopentenones 

2. Expand substrate scope to C1,C5-trisubstituted cyclopentenones (R2 = H) 

3. Vary R3 to groups other than methyl 
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2.2 Preparation of Dienone Substrates & Precursors 

The approach to access the dienone precursors described in the original report was preserved 

(Eq. 2). The preparation of the dienones 2-1 could be achieved by a copper-mediated coupling 

between a metalated acrylate 2-16 (right-hand side, RHS) and an acid chloride 2-17 (left-hand 

side, LHS).  

 

2.2.1 Right-hand Side Fragment Synthesis 

The established route used to access acrylates 2-16 where R3 = Me is outlined in Scheme 2-2. 

The synthesis began with methyl methacrylate 2-18, which already incorporates the R3 group. 

Following a bromination-elimination sequence, bromide 2-19 was subjected to conjugate addition-

elimination by potassium benzhydryloxide at low temperatures to provide methyl acrylate 2-20. 

Hydrolysis and esterification to phenyl acrylate 2-21 completes the synthesis. 

 

Scheme 2-2: Preparation of RHS fragments containing R3 = Me. 

Ŭ-Substituted methyl acrylates that we were interested in for this study are not commercially 

available. Because of this, we had decided to develop a synthetic route to acrylates 2-16. We 
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targeted the preparation of acrylates 2-16 (R3 = n-Bu, i-Pr, and Cy) that would lead to novel 

substrates for the CBA-catalyzed cyclization. The most convenient route to access acrylates 2-

16 would be through a late-stage installation of the R3 group. A number of possible pathways 

were identified through a retrosynthetic analysis (Scheme 2-3). Ultimately a Pd(0)-catalyzed 

cross coupling proved to be the most effective.  

 
Scheme 2-3: Retrosynthetic analysis of acrylate 2-16. 

We chose iodide 2-22 to act as a common intermediate to acrylates 2-16. The preparation of 2-

22 was achieved in three steps starting from propiolic acid 2-24 (Scheme 2-4). Propiolic acid was 

esterified with phenol to phenyl propiolate 2-25 in 70% yield using DCC and catalytic DMAP in 

DCM. Conjugate addition of benzhydrol in the presence of catalytic DABCO in DCM followed by 

treatment with iodine and excess pyridine provided iodide 2-22 as a single geometrical isomer in 

75% overall yield. 

Preliminary Negishi cross coupling reactions were focused on using cyclohexylzinc iodide as the 

coupling partner. Using published reaction conditions,2, 3 p-iodotoluene (positive control) and 

iodoacrylate 2-22 were subjected to cyclohexylzinc iodide, lithium chloride, Pd2(dba)3 (5 mol%), 

and RuPhos (10 mol%) in a mixture of THF/NMP as solvent (Scheme 2-5). The reaction with p-

iodotoluene was successful; however, the iodoacrylate 2-22 did not react (even when heated) 

and was recovered.  
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Scheme 2-4: Reaction sequence used to prepare iodide 2-22. 

 

We suspected that the diphenylmethyl ether in acrylate 2-22 created a sterically encumbered 

environment for oxidative addition of the Pd(0) catalyst. Thus, we simplified the substrate to iodide 

2-26 for further studies (iodide 2-26 was prepared analogously to 2-22). When subjected to the 

same reaction conditions, iodide 2-26 reacted to provide an 8.0:1.0 mixture of 2-27 and 2-28, 

respectively. Unfortunately, the reaction favored the ɓ-hydride elimination product 2-27 over the 

desired cross coupled product 2-28; however, we suspected this could remedied with the proper 

choice of the ligand on palladium. As such, a study was carried out to determine the optimal 

reaction conditions for the transformation 2-26 Ÿ 2-28 (Table 2-1).  

 

 
Scheme 2-5: Preliminary Negishi cross coupling reactions of iodoacrylates. 
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Table 2-1: All reactions were performed on a 1.0 mmol scale of 2-26. [a]Ratios determined based on 1H 

NMR of the crude reaction mixture. [b] incomplete reaction 

 
Entry Pd  L T t 2-27:2-28[a] 

1 Pd2(dba)3 (5%) RuPhos (10%) rt 36 h 8.0:1.0 
2 Pd2(dba)3 (5%) RuPhos (10%) 0-5 °C >5 d[b] 5.0:1.0 
3 Pd2(dba)3 (5%) DavePhos (10%) rt <16 h 2.4:1.0 
4 Pd2(dba)3 (5%) DavePhos (20%) rt <16 h 1.2:1.0 
5 Pd2(dba)3 (5%) DavePhos (10%),  

LiCl (excess) 
rt <16 h 1:0 

6 Pd2(dba)3 (5%) XPhos (10%) rt <16 h 14.2:1.0 
7 Pd2(dba)3 (5%) dppb (10%) rt >2 d[b] 1:0 

8 Pd2(dba)3 (5%) dppf (10%) rt >5 d[b] 1:0 
9 PdCl2(dppf)ĀDCM (10%) - rt >2 d[b] 1:0 
10 Pd(PPh3)4 (20%) - rt <30 min 1:0 
11 Pd(OAc)2 (20%) SPhos (20%) rt <30 min 4.7:1.0 
12 Pd(OAc)2 (10%) DavePhos (20%) rt <1 h 2.0:1.0 
13 Pd(OAc)2 (10%) CPhos (20%) rt <10 min 1.0:4.2 

 

First, the effect of temperature on the reaction was studied. The reaction was carried out at 0 °C 

using Pd2(dba)3/RuPhos as a catalyst (entry 2). While there was an observed improvement in the 

selectivity of 2-28, the reaction still favored 2-27 and was significantly slower. DavePhos was next 

examined as a ligand (entries 3-5). DavePhos significantly improved the reaction time and the 

ratio of 2-27:2-28 compared to RuPhos, and further improvement in the ratio was observed when 

DavePhos was used in two-fold excess relative to the Pd. Addition of excess LiCl to the reaction4,5 

completely favored 2-27. Other commonly used catalysts for cross couplings were screened 

(entries 4-9) but all failed to provide 2-28 in any appreciable amount. Changing the palladium 

source to Pd(OAc)2 improved reaction times greatly (entries 11-13). Significant rate enhancement 

was observed using Pd(OAc)2/DavePhos as a catalyst with no significant change in the ratio of 

2-27:2-28. Finally, Pd(OAc)2/CPhos led to a rapid reaction that favored compound 2-28. It was 
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found that NMP had no bearing on the outcome and was omitted in all other reactions. These 

reaction conditions were determined to be optimal and were applied to iodide 2-22 (Eq. 3). On 

scale the catalyst loading could be lowered to 1 mol% Pd / 2 mol% CPhos.  

 

2.2.2 Left-hand Side Fragment Synthesis 

The left-hand side fragments for C1,C2-tetrasubstituted cyclopentenones were prepared 

according to the sequence shown in Scheme 2-6. The synthesis of acids 2-35 ï 2-41 began with 

ɓ-ketoesters 2-32. Treatment of 2-32 with excess aqueous n-Bu4NOH / hexane with triflic 

anhydride provided (E)-enol triflates 2-33 in 50% yield. Tetrasubstituted alkenes 2-34 were 

accessed from the treatment of 2-33 with a higher order cuprate at low temperatures. Finally, 

hydrolysis of esters 2-34 with lithium hydroxide in an ethanol/water mixture provided the acids in 

good yields. The yields of acids 2-35 ï 2-41 are shown in Scheme 2-6. Known cyclic 

tetrasubstituted acids (not shown in Scheme 2-6) were prepared in a similar manner starting from 

the corresponding cyclic ɓ-ketoester. 

Trisubstituted acids used for the preparation of C1-C5-trisubstituted cyclopentenones were 

prepared via a Horner-Wadsworth-Emmons reaction according to known procedures. 

 

Scheme 2-6: Synthetic route used in the preparation of tetrasubstituted LHS fragments. [a] yield over two steps from 2-33 
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2.2.3 Dienone Synthesis 

The coupling of the LHS and RHS fragments was accomplished using the same protocol 

published in the original report (Scheme 2-7). Specifically, acrylates 2-16 were regioselectively 

deprotonated by TMPMgCl·LiCl in THF at room temperature followed by transmetallation with 

CuCNĿ2LiCl at ī30 ÁC. The corresponding acid chlorides 2-17 were added to the cuprate species 

2-42 and allowed to warm to room temperature to afford dienones 2-1. The acid chlorides can be 

prepared by two pathways. Pathway A uses the more common conditions of oxalyl chloride in the 

presence of catalytic DMF. Most acid chlorides were prepared in this manner. Pathway B uses 

cyanuric chloride (TCT) in the presence of an amine base. These conditions allow for the 

preparation of acid chlorides that are sensitive to acid catalyzed (e.g. anhydrous HCl) 

isomerization of the alkene. These conditions were used for the preparation of acid chlorides in 

which R1 and R2 are aliphatic. 

 
Scheme 2-7: Synthetic route used in the preparation of dienones 2-1. 

The yields of the dienones varied and were dependent on the combination of acid chloride and 

acrylate used. It was observed that acrylates with large R3 groups were more resistant to addition 

to the acid chloride, resulting in low isolated yields. Nonetheless, a series of dienones were 

prepared according to this sequence and are listed in Figures 2-2 and 2-3. 
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Figure 2-2: C1,C2-tetrasubstituted dienones. [a] Structure was confirmed by 1H NMR but not fully 

characterized; [b] yield based on recovered starting material.  

 

 
Figure 2-3: C1,C5-trisubstituted dienones. [a] Structures were confirmed by 1H NMR but not fully characterized. 
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2.3 Optimization of the Cyclization to C1,C5-Trisubstituted Cyclopentenones 

During our initial cyclization screening of C1,C5-trisubstituted dienone 2-56 we noted large 

differences in product er between catalyst batches. The source of this was hypothesized to be 

one of two things: water contamination in the catalyst or catalyst decomposition (from aged 

samples of the catalyst).  

We were able to determine that catalyst (R)-2-3 is not stable in its pure form for extended periods 

of time, even when stored under an inert atmosphere or in a freezer (ī20 ÁC). Monitoring a sample 

of the catalyst by 31P NMR that had been stored at ambient temperature (ca. 23 °C) and sealed 

in a container under air revealed the rate of decay of the catalyst. After 5 days, the phosphoramide 

started to show signs of degradation to the phosphoric acid. After a period of 10 months there 

was an approximately equal mixture of the two. The decomposition of the catalyst may be 

autocatalytic in the presence of adventitious water. Thus, we were concerned about the water 

content in the reaction medium during cyclization of 2-56, which may erratically change the nature 

of the catalyst during the progression of the reaction. This prompted us to screen drying agents 

(Table 2-2). 

Table 2-2: Preliminary screen of additives for the cyclization of 2-56 with (R)-2-3. nr = 

no reaction. * 2-t-butylphenol was not used. 

 

Entry Additive T (°C), t Conversion er 

1 None rt, 36 h - 74:26 
2 MeOH (10 eq) rt, >24 h nr - 
3 H2O (10 eq) rt, 24 h - 67:33 
4 MS 3Å (2 g/mmol) rt Ÿ 80, >48 h 5% - 
5 MS 4Å (2 g/mmol) rt Ÿ 80, >48 h 5% - 
6 MS 5Å (2 g/mmol) rt, 48 h 30% 95:5 
7 MS 13X (2 g/mmol) rt Ÿ 80, >48 h nr - 
8 CaSO4 (Drierite®) rt, 48 h 5% 57:43 
9 Na2SO4 rt, 48 h >90% 90:10 
10 MgSO4 rt, 48 h 60% 64:36 
11 H2O (10 eq)* rt, 24 h - 64:36 
12 AcOH (10 eq)* rt, 24 h - 65:35 
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The addition of methanol or water (entries 2,3) to the reaction led to decreased reactivity (entry 

1). As we had suspected, water negatively impacted the er of product 2-96. A series of drying 

agents (entries 4-10) were examined. Decreased reactivity was observed when activated MS 3Å, 

4Å, or 13X were added to the reaction mixture, with the exception of activated MS 5Å. The 

inclusion of MS 5Å greatly improved the er of the product (95:5) relative to its absence (74:26). A 

similar effect was seen when Na2SO4 was added (er 90:10). Magnesium or calcium sulfate 

conversely lowered the er (64:36) likely as a result of their Lewis acidic character interfering with 

the substrate-catalyst complex. Addition of a weak acid, such as acetic acid, had the same effect 

as the addition of water (entry 12) in lowering the er (65:35). One possible explanation for the 

improvement in er when MS 5Å is present may be that it acts to remove adventitious water or 

adsorb small amounts of a weak acid (e.g., trifluoromethanesulfonamide from hydrolysis of (R)-

2-3 during the course of the reaction) which may otherwise interfere with the substrate-catalyst 

complex through hydrogen-bonding.6 Sodium sulfate is apparently effective at removing water, 

but not at removing traces of weak acid. For this reason, we added MS 5Å to all reaction mixtures. 

Table 2-3: Optimization of MS 5Å additive. Reactions were carried out using 10-15 mg 2-56. 

 
Entry CBA (mol%) MS 5Å (g/mmol) er 

1 20 2.0  96:4 
2 20 1.0 96:4 
3 20 0.5 96:4 
4 20 0.2 95:5 
5 10 0.5 96:4 
6 5 0.5 96:4 
7 3 0.5 96:4 

Next, the optimal amount of activated MS 5Å was determined (Table 2-3). Because of an initially 

slow reaction with MS 5Å at room temperature, the optimization reactions were carried out at 60 

°C. The reaction tolerates as low a loading as 0.5 g/mmol of activated MS 5Å without loss of 

enantioselectivity. Similarly, the amount of catalyst (R)-2-3 could be lowered to 3 mol% in the 

presence of MS 5Å without erosion of er (entry 7).  
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The effect of temperature, catalyst loading, and additive on product yield and reaction time to 

completion were examined (Table 2-4). The yield of the 2-96 was unaffected by the catalyst 

loading, additive, or temperature. The er of 2-96 was also unaffected by temperature. Finally, the 

time to completion was dependent on both amount of catalyst and temperature, with faster 

reactions occurring with higher catalyst loads and temperatures. We decided the optimal 

conditions for the reaction used 10 mol% of (R)-2-3 and MS 5Å (0.5 g/mmol) at room temperature 

and, when necessary, heating the reaction mixture to 60 °C for substrates that reacted too slowly 

at room temperature (e.g. <10% conversion after 18 h at room temperature).  

Table 2-4: Temperature and catalyst load effect on yields and er of 2-96. 

 
Entry Additive CBA (mol%) T (°C), t er Yield 

1 None 40 rt, 36 h 80:20 77 
2 None 40 60, 4 h 80:20 68 
3 MS 5Å 40 rt, 36 h 96:4 78 
4 MS 5Å 40 60, 4 h 96:4 75 
5 MS 5Å 10 rt, 48 h 96:4 75 

 

Table 2-5: Temperature and catalyst load effect on yields and er of 2-87. 

 
Entry Additive (R)-CBA-2 (mol%) T (°C), t er Yield (%) 

1 None 30 rt, 20 h 89:11 45 
2 None 30 60, <1 h n.d. 33 
3 MS 5Å 30 rt, 20 h 92:8 60 
4 MS 5Å 30 60, <1 h 91:9 58 
5 MS 5Å 10 rt, 48 h 91.5:8.5 60 

Similar trends were observed when we examined the effect of temperature and catalyst load on 

the cyclization of 2-50. The yield of 2-87 was much more sensitive to the exclusion of MS 5Å 

(entries 1,2 versus 3,4) than that of 2-96, but the er of the reaction was less sensitive. For the 
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C1,C2-tetrasubstituted cases, the optimal conditions chosen were 10-30 mol% of (R)-2-3 and MS 

5Å (0.5 g/mmol) at room temperature.  

 

2.3.1 C1,C2-Tetrasubstituted Cyclopentenones  

The list of C1,C2-tetrasubstituted cyclopentenones prepared is summarized in Figure 2-4 below. 

 

Figure 2-4: List of C1,C2-tetrasubstituted cyclopentenones. Reactions were carried out at room temperature in toluene at 0.1 M concentration of 

dienone in the presence of (R)-2-3 (10-30 mol%), 2-t-Bu-phenol (1.2 eq), and crushed MS 5Å (0.5 g/mmol). [a] The compound was not 

characterized.  
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2.3.2 C1,C5-Trisubstituted Cyclopentenones  

The list of C1,C5-trisubstituted cyclopentenones prepared is summarized in Figure 2-5 below. 

 

 

 

Figure 2-5: C1,C5-trisubstituted cyclopentenones. Reactions were carried out at room temperature in toluene at 0.1 M concentration of dienone 

in the presence of (R)-2-3 (10 mol%), 2-t-Bu-phenol (1.2 eq), and crushed MS 5Å (0.5 g/mmol). [a] The compound was not characterized. [b] 

absolute stereochemistry confirmed by X-ray crystallography. 
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2.4 Results, Discussion, and Limitations of the Methodology 

A total of 37 new dienones were prepared with the purpose of determining catalyst (R)-2-3ôs 

effectiveness. This section will provide a brief discussion on the results of the reactions for both 

C1,C2-tetrasubstituted and C1,C5-trisubstituted cyclopentenones, followed by a general 

discussion of the trends observed in the isolated yield and enantioselectivity of the reaction.  

2.4.1 C1,C2-Tetrasubstituted Cyclopentenones 

Of the 16 dienones prepared for this study 14 led to cyclopentenones successfully. All 

cyclopentenones prepared contain vicinal quaternary stereocenters and most are all-aliphatic 

substituted cases. Most reactions went to completion using 10 mol% of (R)-2-3 at room 

temperature after 24 hours and the cyclopentenones were isolated in good to moderate yields. 

Compounds 2-88 and 2-93 have three contiguous quaternary all-carbon stereocenters. Reactions 

to form cyclopentenones with a C1 n-Bu group were slow at room temperature, required longer 

reaction times (48ï120 hours), and their isolated yields were lower than their C1 Me compounds. 

The reaction mixtures leading to compounds 2-90ï92 contained numerous byproducts; isolated 

2-90ï92 were found to undergo decomposition during storage. The substrate leading to 

compound 2-83 with a C1 Cy is apparently excluded from the catalyst active site and 2-83 was 

not formed, even after heating the reaction mixture to 100 °C. Our attempt to form 2-95 resulted 

in a complex reaction mixture in which no 2-95 was detected. The enantiomeric ratios of the 

isolated cyclopentenones can be categorized as follows: five were good to excellent (>90/10), five 

were moderate (80/20 ï 89/11), and four were poor (<79/21).  

2.4.2 C1,C5-Trisubstituted Cyclopentenones 

Of the 21 dienones prepared for this study 19 successfully yielded cyclopentenones. Both 

cyclopentenones bearing a C1 aryl and C1 aliphatic substituent were prepared bearing a vicinal 

quaternary and tertiary stereocenter. Most reactions were carried out using 10 mol% of (R)-2-3 at 

room temperature and provided cyclopentenones in moderate yields after 24 hours. Similarly, 

cyclopentenones with a C1 n-Bu or i-Bu substituent were formed in slow reactions and in low 

isolated yields. The reaction mixtures leading to compounds 2-109 and 2-110 were complex with 

no detectable cyclopentenones. Similarly, compounds 2-115 and 2-116 were only detected in 

trace amounts (<10%). The enantiomeric ratios of the isolated cyclopentenones can be 
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categorized as follows: 11 were good to excellent (>90/10), seven were moderate (80/20 ï 89/11), 

and one was poor (<79/21). The absolute stereochemistry of compound 2-102 was determined 

by X-ray crystallography and the absolute stereochemistry of all other compounds was assigned 

by analogy.  

2.4.3 Trends in Isolated Yields and Enantioselectivity 

The isolated yields of the cyclopentenones were found to be dependent on the steric bulk of the 

R3 substituent and the degree of substitution of the C2/5 carbon atoms. In general, large R3 (n-

Bu, i-Bu) groups always gave low isolated yields compared to small R3 groups (Me). C1,C2-

Tetrasubstituted cyclopentenones were always isolated in higher yields than their C1,C5-

trisubstituted counterparts. The representative examples that indicate this trend are shown in 

Figure 2-6.  

 
Figure 2-6: Representative examples of cyclopentenones showing the trend of decreasing yield and er with increasing steric bulk at R3. 

With regards to enantioselectivity, three general trends could be determined. Firstly, with C2/5 

held constant, increasing steric bulk at C1 leads to lower product er (Figure 2-6). This trend is 

general with the exception of R1 = Ph, R2 = Me. Secondly, a significant difference in size between 

the substituents on C2/5 is necessary for optimal product er. This is illustrated by the examples 

shown in Figure 2-7. When the groups on C2 are nearly the same size (e.g. Et versus Me) poor 

enantioselectivity is observed; however, as the substituent size difference is increased on C2 the 

product er is greatly improved (e.g. Cy, i-Bu versus Me, H). The exception to this is when R1 = t-

Bu, which showed a slight decrease in product er.  
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Figure 2-7: Representative examples of cyclopentenones showing the dependence of R1 versus R2 on product er. 

Lastly, small para-substituents on C5 phenyl groups lead to optimal product er. The ortho and 

meta substituents do not significantly impact product er; however, the product er is sensitive to 

the para substitution. As the size of the para-substituent increased, the product er was negatively 

impacted as illustrated by the compounds shown in Figure 2-8.   

 
Figure 2-8: Representative examples showing the dependence of para-substitution on product er. 

In summary, the method is best suited for acyclic all-alkyl dienones bearing R2 = R3 = Me with R1 

groups being at least as large as an n-Bu group but no larger than a t-Bu group. For acyclic 

dienones bearing R1 = phenyl, the method tolerates ortho, meta, and para-substitution, but para-

substitution must remain small for optimal enantioselectivity.  

 

2.5 Mode of Asymmetric Induction 

The results and trends summarized in section 2.4 are consistent with a model of the reaction 

transition state leading to compound 2-4 with (R)-2-3 published by Krenske.7 The model of the 

transition state is depicted in Figure 2-9. In this model, the stereo-defining interaction is between 

the two small methyl substituents on C1 and C2 with one of the homotopic methyl groups from 

the t-butyl group of the catalyst. The C1 phenyl ester and C2 phenyl are largely excluded from 

the pocket. Furthermore, an attractive, weak ˊ-ˊ interaction between the C1 phenyl ester and C2 

phenyl ring is present.  

This model implies that the two large substituents on C1 and C2 must be positioned on the same 

side of the cyclopentenone for best er outcomes. Since the C1 phenyl ester is a feature of the 



49 

 

substrate class, increasing the size of the R3 substituent on C1 from Me to n-Bu or i-Bu begins to 

approach the size of the phenyl ester which leads to a loss of enantioselectivity. This same 

analysis holds true for the C2 substituents and the model explains the necessity for a substantial 

size difference between the two C2 substituents.  

 

 

Figure 2-9: Model of the transition state of the reaction leading to 2-4 by action of (R)-2-3. 
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2.6 Conclusion 

An expanded substrate scope of an (R)-BINOL-derived N-triflyl phosphoramide 2-3 catalytic 

asymmetric Nazarov cyclization of dienones 2-2 to cyclopentenones 2-4 has been described.8 

This work describes the preparation of 33 new cyclopentenones and their precursor materials. 

Fourteen C1,C2-tetrasubstituted cyclopentenones bearing vicinal all-carbon quaternary 

stereocenters, 12 of which were all-aliphatic, and 19 C1,C5-trisubstituted cyclopentenones 

bearing one tertiary and one quaternary stereocenter were described. Variation of R3 was 

investigated and required the invention of a new synthetic route to acrylates 2-28. 

Acyclic all-aliphatic C1,C2-tetrasubstituted dienones represent challenging substrates for the 

Nazarov cyclization. This work reported the first comprehensive study of a catalytic asymmetric 

Nazarov of these substrates using a chiral Brønsted acid catalyst. The limitations of the catalystôs 

effectiveness have been determined empirically and the trends in enantioselectivity are in 

agreement with an independent groupôs computational study of this catalyst and reaction. This 

marks an important step towards understanding how (R)-BINOL-derived phosphoramide acids 

control the torquoselectivity of the cyclization of Ŭ-alkoxy dienone ethers. This should allow for 

the designing of more effective catalysts to address the current limitations of this methodology. 
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Chapter 3: Lewis Acid-Brønsted Base Catalyzed Asymmetric Nazarov 

Cyclization 

3.1 Introduction 

3.1.1 Background 

In 2005, Tius described the first metal-enolate Nazarov cyclization of diketone 3-1 (and related 

diketones) to Ŭ-hydroxycyclopentenone 3-2 using either lithium tetramethylpiperidide (LiTMP) in 

THF at ī78 ÁC or pyrrolidine with catalytic Yb(OTf)3 in DMSO at room temperature (eq 1).1 

 

The postulated mechanism for both of these processes is illustrated in Scheme 3-1. The 

difference between routes a and b is the way in which the metal-enolate is formed. In the case of 

route a, diketone 3-1 is deprotonated by an amide base, LiTMP, to form a Li-enolate (compound 

3-3, M = Li). Alternatively, an amine base, pyrrolidine, can be used in the presence of Yb(OTf)3 to 

form a Yb-enolate (route b, 3-3, M = Yb(OTf)2). In both cases, the metal-enolate exhibits 

complementary polarization at the terminal carbon atoms of the dienolate. The metal cation of the 

enolate is internally chelated to the adjacent carbonyl and induces a 4ˊ-conrotatory 

electrocyclization to yield Ŭ-hydroxycyclopentenone 3-2 after workup. 

 
Scheme 3-1: Postulated mechanism for the conversion of 3-1 to 3-2. M = Li (route a), Yb (route b). 

The scope of the reaction was defined by the representative examples shown in Figure 3-1. Both 

routes a and b were capable of cyclizing diketones to cyclopentenones bearing a quaternary 

carbon atom at C5 (3-6, 3-8ï10) in moderate to good yields. The reaction failed for 
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cyclopentenones bearing a quaternary carbon atom at C4 (3-11 and 3-12).  Tius postulated that 

electron withdrawing groups at C5 should accelerate the metal-enolate cyclization. To this end 

cyclopentenone 3-13 was prepared. It was observed that the Ŭ-bromodiketone leading to 3-13 

underwent spontaneous cyclization on standing in chloroform. To date there has not been any 

report of a catalytic asymmetric version of the metal-enolate Nazarov cyclization. 

 
Figure 3-1: Representative examples of Tiusô metal-enolate Nazarov cyclization. 

Yields refer to route a, b respectively. n.d. = reaction not performed 

 

3.1.2 Preliminary Results 

In the context of an asymmetric Pd(0) Nazarov-type cyclization2 (Scheme 3-2), we had prepared 

diketoester 3-14b with the goal of expanding the substrate scope of the reaction to C1,C2-

tetrasubstituted cyclopentenones. A closely related diketoester 3-14a successfully reacted to form 

cyclopentenone 3-15a with excellent enantioselectivity, so it seemed plausible the reaction would 

work with diketoester 3-14b. The reaction mechanism of the Pd(0)-catalyzed reaction is believed 
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to proceed through the intermediacy of a Pd- -́allyl complex 3-16 followed by concomitant proton 

transfer from the enol tautomer of 3-14a.  

 
Scheme 3-2: Pd(0)-catalyzed Nazarov-type cyclization of diketoesters. 

Compound 3-14b proved to be unreactive under the standard conditions developed for less 

substituted diketoesters. In an effort to increase reactivity, we postulated that the enolate of 3-

14b would lead to a faster reaction with Pd(0). The lithium and magnesium enolates of 3-14b 

were prepared from the corresponding tetramethylpiperidides at 0 °C in THF. To our surprise, a 

very fast cyclization reaction of 3-14b with TMPMgCl·LiCl occurred. Additional control 

experiments showed that the reaction with TMPMgCl·LiCl could be carried out with catalytic base 

(20 mol%, ~2.5 turnovers). No spontaneous cyclization of the lithium enolate occurred at room 

temperature and it only began to cyclize when heated to 50 °C. Ultimately, when the preformed 

lithium enolate was added to the asymmetric Pd(0)-catalyst in MeCN or DMSO, it did not improve 

the reactivity of 3-14b. 
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It is surprising that diketoester 3-14b underwent a rapid cyclization with TMPMgCl·LiCl when 

compounds 3-11 and 3-12 failed to react in a similar reaction with LiTMP or Yb(OTf)3/pyrrolidine. 

Comparison of the structures of these compounds implicates the carboethoxy group in 3-14b as 

being responsible for the increased reactivity of the diketone. The electron-withdrawing nature of 

the carboethoxy group apparently lowers the barrier toward cyclization of the enolate, for the 

reason postulated by Tius in the case of compound 3-13. This is especially interesting since the 

cyclization of 3-14b is rendered more difficult due to the steric compression of the two vicinal 

quaternary all-aliphatic bond forming carbon atoms. Because of the higher reactivity of the 

compound, we were interested in whether or not a catalytic asymmetric reaction could be 

achieved by means of a chiral metal catalyst. A preliminary screen of Cu(II)-derived BOX and 

PyBOX complexes in the presence of t-BuOLi revealed that some asymmetric induction could be 

achieved from the cyclization of the enolate derived from 3-14b (Table 3-1). 

Table 3-1: Preliminary catalyst screen for the cyclization of 3-14b. 

 

We were encouraged by these preliminary experiments that a catalytic asymmetric version of the 

metal-enolate Nazarov cyclization could be developed and applied to the synthesis of all-aliphatic 

Ŭ-hydroxycyclopentenones bearing vicinal quaternary carbon stereocenters. 
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3.1.3 Project Objectives 

The metal-enolate Nazarov cyclization offers a new approach towards achieving a catalytic 

asymmetric Nazarov cyclization. The fast cyclization of the Mg-enolate derived from 3-14b 

suggest that other all-alkyl diketoesters 3-17 leading to cyclopentenones 3-18 with vicinal 

quaternary carbon atoms would be fast (eq 2).  

 

These types of substrates represent challenging cases for the Nazarov cyclization. With this in 

mind, we wanted to develop a catalytic asymmetric Nazarov cyclization of diketoesters 3-17. 

Additionally, we wanted to develop a new synthesis of diketoesters 3-17 that would allow for easy 

variation of the substituents. Thus, the project objectives were defined as follows: 

1. Develop an operationally simple and versatile pathway to diketoesters 3-17. 

2. Define and optimize conditions for a catalytic asymmetric metal-enolate Nazarov 

cyclization of diketoesters 3-17. 

3. Define the substrate scope for the asymmetric cyclization that leads to all-alkyl vicinal 

quaternary carbon stereocenters. 

 

3.2 Development of the Synthetic Route to Diketoesters 3-17 

3.2.1 Limitations of Existing Methods & A Proposal for a New Route 

There are two methods which have been applied to access diketoesters 3-17 and are shown in 

Scheme 3-3. The two methods approached the preparation of 3-17 as a convergent synthesis 

which constructed a key C-C bond of the diketoester (red dashed line) from right-hand and left-

hand side fragments. In the first method, the lithium anion of a TBS-protected cyanohydrin 3-19 

is added to a ketene1, 3-5. This process is reliant on a highly reactive ketene intermediate that is 
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thermally sensitive and requires filtration under an inert atmosphere prior to addition to the anion. 

The process is operationally challenging and the results often vary due to the highly reactive 

nature of the ketene. The second approach utilizes the same synthetic sequence as that 

described in section 2.2.3. In this case, the product is a SEM-protected Ŭ-alkoxy dienone. Our 

previous experience with the difficultly of installing R4 substituents other than methyl on the 

acrylate fragment 3-22 made this approach less appealing. Not only that, but the process requires 

the deprotection of the SEM ether, which takes place only under harsh conditions for hydrolysis 

(HF·pyridine, THF, heated) and increases the likelihood of a premature Nazarov cyclization.2 

With the issues of the earlier two methods in mind, we desired a short pathway of two to three 

steps that would not require the handling of a highly reactive species, allow for easy installation 

of R4 substituents, and provide diketones 3-17 in serviceable yields. Additionally, since we already 

have a reliable way of preparing the left-hand side fragments (e.g., 3-21) for these types of 

compounds, we wanted the new approach to preserve this. Thus, a synthesis from ynone 3-33 

was planned with the key step being a Cu-mediated conjugate addition-oxidation sequence to 

yield diketoester 3-17 in a single operation (Scheme 3-3). This approach would only require the 

preparation of the ynone from the corresponding carboxylic acid and propiolate.  

 
Scheme 3-3: Synthetic approaches to diketoesters 3-17 and the key disconnection. 
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Scheme 3-4: Cu-mediated conjugate addition-oxidation of ynamides 3-34 to imides 3-35. 

The Cu-mediated conjugate addition-oxidation is precedented in the synthesis of imides 3-35 from 

ynamides 3-34 (Scheme 3-4).6 In this work, methylcopper was added to an ynamide 

regioselectively to form organocopper species 3-36. Treatment of 3-36 with lithium tert-

butylhydroperoxide at ī80 ÁC results in a 1,2-metallate rearrangement to copper enolate 3-38. 

Following a protic workup, imide 3-35 is isolated in moderate yields of 45 ï 64%.  

We were hopeful that a similar transformation from ynone 3-33 would lead to diketone 3-17. 

Regioselective conjugate addition at low temperatures should favor addition to the C2 carbon of 

3-33 since the ketone activates C2 more than the ester activates C1. Subsequent treatment of 

the organocopper with lithium tert-butylhydroperoxide should lead to the desired diketone 3-17. 

 

3.2.2 Development of the Synthetic Route to Diketones  

The new route to diketones 3-17 was initially studied with Ŭ-methylcinnamic acid 3-39 as the 

starting material (Scheme 3-5). Ynone 3-43 could be prepared from the coupling of acid chloride 

3-41 and copper acetylide 3-42. The acid chloride was prepared using excess oxalyl chloride in 

the presence of catalytic DMF in DCM. Copper acetylide 3-42 was freshly prepared from ethyl 

propiolate 3-40, catalytic CuI, and i-Pr2NEt in DCM. 
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Scheme 3-5: Synthesis of ynone 3-43. 

During the optimization of the reaction conditions, small amounts of anhydride 3-44 was observed 

to form as a result of either incomplete acid chloride formation or hydrolysis of the acid chloride 

from adventitious water.7 Most protocols that use oxalyl chloride normally remove any excess 

oxalyl chloride by distillation under reduced pressure prior to the next reaction. In this case, it was 

found beneficial to keep the excess oxalyl chloride present as a dehydrating agent during the 

addition of the copper acetylide. This suppresses the formation of the anhydride byproduct, but 

requires an excess of ethyl propiolate.   

Next, the copper-mediated conjugate addition-oxidation sequence of ynone 3-40 to diketone 3-

45 was examined. The optimized conditions are shown in eq 3.  

 

Treatment of ynone 3-43 with preformed methyl copper in ether at ī78 ÁC for 10 minutes followed 

by addition of t-BuOOLi to the solution at either ī78 or ī94 ÁC for 10 min led to a rapid reaction 

that produced diketone 3-45. Both transformations were essentially instantaneous at the indicated 

temperatures, but the reaction mixtures were allowed to stir for 10 min to ensure completion of 

the reaction. Overall, the conditions used to effect the transformation were slightly varied from the 

published method shown in Scheme 3-4. 
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It was found that the reaction is sensitive to the quality of the Cu(I) source. Contamination by trace 

amounts of Cu(II) led to the formation of an (E)/(Z) mixture of alkene 3-46 in ca. 10-15%, 

presumably through Cu(II)-mediated radical decomposition of the peroxide which eventually leads 

to hydrogen atom abstraction from solvent to form alkene 3-46. For this reason, ether was chosen 

as the preferred reaction solvent over THF since ether is a worse hydrogen atom donor than THF. 

Along the same line, it was found to be beneficial to use freshly prepared CuBr·SMe2
8 (or CuI) 

rather than commercial CuCN which is typically contaminated with Cu(II).9 Low isolated yields or 

no production of diketone 3-45 resulted from warming the reaction mixture prior to quenching with 

saturated aqueous NH4Cl or use of higher order cuprates, respectively. In the first case, a number 

of unidentified polar byproducts were detected in the reaction mixture, possibly from either 

homocoupling of the organocopper species in the presence of oxidant or secondary oxidation 

products of the diketone. Lastly, the yield of the reaction was found to be scale dependent; 

improved yields were observed on larger scales. 

In summary, a new synthetic route to diketones 3-17 was developed. A two-step reaction 

sequence was developed and optimized for the synthesis of diketoester 3-45 starting from Ŭ-

methylcinnamic acid 3-39. This synthetic route was applied to the preparation of a diverse number 

of diketones 3-17 used in this study of the metal enolate Nazarov.  

3.3 Synthesis of Ynones 

The general scheme for the preparation of ynones used in this study 3-51ï67 is shown in Scheme 

3-6. Ynones 3-33 were prepared by a copper catalyzed coupling of a copper acetylide 3-49 with 

an acid chloride 3-48. Acid chlorides could be prepared by one of two methods: 1, oxalyl chloride 

in the presence of catalytic DMF; or, 2, TCT in the presence of an amine base. During the course 

of this study, it was observed that when ynones were prepared from acid chlorides that used 

TCT/NEt3, an inseparable TCT-amine adduct 3-50 was formed.10, 11 This adduct could not be 

removed until after cyclization. Thus, we opted to use i-Pr2NEt in place of NEt3 since the ynone 

could be isolated without any contamination by a TCT-amine adduct. Acid chlorides whose parent 

carboxylic acid 3-46 were sensitive to acid catalyzed isomerization were prepared using path b.  
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Scheme 3-6: Synthetic route to prepare ynones 3-33. 

The ynones prepared for this study are shown in Figure 3-2. Yields of ynones prepared using 

acid chlorides derived from path b could be improved by using a two-fold excess of the acid 

chloride relative to benzyl propiolate; however, most ynones were prepared using 1 eq of acid 

chloride since larger amounts of ynone could be isolated.12 

 

Figure 3-2: List of ynones prepared. a: (COCl)2 (1.5 eq), DMF cat. DCM, rt; CuI (10 mol%), i-Pr2NEt (2.0 eq), benzyl propiolate (1.5 eq), DCM. 

b: TCT (1.0 eq), i-Pr2NEt (1.0 eq), THF, rt Ÿ 50 ÁC, 30 min; CuI (1.0 eq), i-Pr2NEt (1.0 eq), benzyl propiolate (1.0eq), DCM, rt. [c] used 2 eq of 

acid chloride. [d] partial isomerization of the alkene was observed. 
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3.4 Synthesis of Diketones 

The list of diketones prepared for this study is shown in Table 3-2.  

Table 3-2: List of diketones 3-17. *isolated as an inseparable mixture of alkene geometrical isomers 
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3.5 Development of a Catalytic Asymmetric Metal Enolate Nazarov Cyclization 

After surveying over 100 different conditions for the transformation of 3-14b Ÿ 3-15b (eq 4) 

varying metal, ligand, solvent, base, and additives we had failed to achieve high enantiomeric 

ratios of 3-15b, although yields were often good. 

 

During our screening of reaction conditions, we became concerned with the following: 1, mono- 

versus bidentate coordination of the diketone to the metal center, and, 2, configuration of the 

metal-ligand complex. In the first case, there was concern of whether or not we were forming a 

bidentate complex of the diketone to the metal center (Figure 3-3). The bidentate coordination is 

essential to conformationally restrict the diketone inside the catalyst pocket. Such restriction is 

essential for good asymmetric induction. Low enantiomeric excesses can be explained by the 

formation of a monodentate or a mixture of mono- and bidentate chelates. 

 
Figure 3-3: Bidentate versus monodentate chelates. B = base 

The next point of concern was the metal-ligand-diketone geometry. It is unclear what the actual 

coordination geometry of the complex is in solution with our diketone and most commonly used 

metal/ligand combinations (e.g., Mn+(OTf)n / BOX or PyBOX). If the metal-ligand-substrate 

complex does not adopt a single geometry then it becomes increasingly difficult to design an 

effective catalyst.13
 Furthermore, there was some concern about vacant coordination sites within 

the substrate-metal-ligand complex. If one or more coordination sites remained accessible during 

the course of the metal-substrate complex it would lead to unreliable asymmetry transfer. 
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With these issues in mind, we became interested in chiral-at-metal complexes. Meggers has 

shown that chiral-at-rhodium 3-85 or iridium 3-86 complexes are effective catalysts for the 

Nazarov cyclization of divinyl ketoesters (see 1.2.1.3).14 The metal complex is configurationally 

stable and has a cationic charge at the metal center. The position of its side arms is well defined 

and there are only two unoccupied coordination sites on the metal center. We decided to subject 

diketone 3-45 to catalytic ȿ-3-85a in MeCN (Table 3-3). Catalyst ȿ-3-85a was prepared according 

to Meggersô published work.15 

Table 3-3: Preliminary screen of reaction conditions for the cyclization of 3-45 using complex ȿ-3-85a. *reaction was not catalytic. 

 
Entry Base er 

1 None* 14/86 
2 i-Pr2NEt (1.0 eq) 14/86 
3 i-Pr2NEt (0.2 eq) 14/86 
4 NMeCy2 (0.2 eq) 14/86 
5 DABCO (0.2 eq) 14/86 
6 t-BuOLi (1.0 eq) 44/56 
7 t-BuOLi (0.2 eq) 22/78 

 

In the absence of base, the reaction was stoichiometric with respect to the Rh catalyst and 

provided cyclopentenone 3-87 in 14/86 er. Addition of tertiary aliphatic amine base enabled 

catalytic activity. The identity or amount of the amine base did not affect the er of 3-87 (entries 2ï

5). However, use of t-BuOLi as base led to a dramatic decrease in the er of 3-87. Use of 

stoichiometric t-BuOLi provided nearly racemic 3-87 (entry 6) while the use of 0.2 eq t-BuOLi gave 
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poor enantioselectivity which varied between runs (entry 7). This difference between the use of a 

tertiary amine base and t-BuOLi can best be explained as being due to the difference in the 

formation of a bidentate, monometallic (M = Rh) complex or a monodentate, bimetallic (M = Rh, 

BH = Li) complex (Figure 3-3). In the bidentate, monometallic complex asymmetry transfer is 

much more effective due to decreased degrees of freedom of the diketone. The monodentate, 

bimetallic complex is unable to effectively transmit stereochemical information from the chiral-at-

rhodium complex to the diketone. 

3.5.1 Solvent Screen 

We were encouraged by the initial results of the catalytic cyclization and er of the cyclopentenone 

3-87. We wanted to determine if the er could be improved by a change of solvent in both the 

presence and absence of i-Pr2NEt. Table 3-4 lists the results of the solvent screen. In the 

presence of base, the er of 3-87 correlated strongly to the dielectric constant of the reaction 

solvent. In polar, aprotic solvents (DMSO, MeCN, DMF) the er of 3-87 was much higher than 

when the reaction was carried out in non-polar solvents (EtOAc, PhMe, isooctane). However, in 

the absence of base the er of 3-87 was less affected by the solvent polarity (compare entries 2, 

8, 10ï12), but the reaction was not catalytic. Interestingly, the reaction was catalytic in the 

absence of base when carried out in DMF or polar protic solvents (entries 3, 14, and 15), but the 

er of 3-87 was poor. From these results we hypothesized that in polar aprotic solvents when an 

amine base is employed the conjugate acid of the amine is completely dissociated from the keto-

enolate of 3-45 and a bidentate chelate between the keto-enolate of 3-45 and the Rh-catalyst is 

formed (Scheme 3-7). This bidentate chelation is essential in order to transfer asymmetry 

effectively. As the solvent polarity decreases, less bidentate chelation occurs as a result of 

stronger ion pairing of the amine conjugate acid and enolate. This competition between 

monodentate and bidentate chelation increasingly favors the monodentate chelate in very non-

polar solvents. It is interesting that in polar, protic solvents a catalytic reaction in the absence of 

base occurs. This is likely a result of hydrogen-bonding between 3-87 and the solvent, allowing 

for decomplexation of the cyclopentenone from the Rh center, whereas in aprotic solvents a 

strong complex between the product and Rh exists and is not as easily displaced (in the absence 

of added base). Based on these results, we chose to keep MeCN as the solvent since it provided 

good er of 3-87 in the presence or absence of base, resulted in a fast catalytic reaction in the 

presence of base, and is relatively easy to keep anhydrous.   
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Table 3-4: Solvent screen. n.d = not determined. [a] these reactions were catalytic in the absence of i-Pr2NEt.  

 

Entry Solvent er with base er without base ůr16 

1 DMSO 14/86 n.d. 47.24 
2 MeCN 14/86 14/86 36.64 
3 DMF 17/83 21/79[a] 38.25 
4 EtCN 20/80 n.d. 29.7 
5 Acetone 22/78 n.d. 21.01 
6 PhCN 24/76 n.d. 25.9 
7 EtOAc 30/70 n.d. 6.08 
8 PhMe 39/61 14/86 2.38 
9 Isooctane 41/59 n.d. 1.94 
10 PhF n.d. 14/86 5.47 
11 DCM n.d. 15/85 8.93 
12 CHCl3 n.d. 14/86 4.81 
13 THF n.d. 26/74 7.52 
14 EtOH n.d. 29/71[a] 25.3 
15 i-PrOH n.d. 27/73[a] 20.2 

 

Scheme 3-7: Proposed complex of 3-85a and 3-45 in polar and non-polar solvents in the presence of i-Pr2NEt. 
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3.5.2 Catalyst & Ester Screens 

With the solvent and base determined, we wanted to assay other chiral-at-rhodium complexes to 

determine whether the er of 3-87 could be improved. Additionally, we wanted to optimize the ester 

substituent on diketone 3-45 to maximize the enantioselectivity of the reaction. Chiral-at-rhodium 

complexes 3-94ï104 were prepared according to the general sequence developed by Meggers 

shown in Scheme 3-8.17 Chiral-at-rhodium complexes 3-85a and 3-85b were prepared according 

to published protocols.15, 17 Oxazole 3-89 was prepared from the benzaldehyde imine of 3-88 

followed by oxidative ring closure using DDQ in DCM. In the case of 3-89 R = Br, a Suzuki cross 

coupling was used to substitute the 4-position with an aromatic moiety. Treatment of oxazole 3-

89 with RhCl3·3H2O in 2-methoxyethanol/water at 80 °C provided the rhodium chloride dimer 3-

90. Treatment of the dimer 3-90 with chiral auxiliary (R)-3-91 in the presence of potassium 

carbonate in ethanol (or as a mixture in toluene) at 80 °C provided the two diastereomeric 

complexes ȿ-(R)-3-92 and ȹ-(R)-3-92, which could be separated either by column 

chromatography or differential solubility (e.g., one diastereomer is soluble while the other is not). 

Each enantiomer of 3-93 was prepared from each of the two diastereomers of 3-92 by treatment 

with trifluoroacetic acid in acetonitrile at room temperature. Column chromatography was 

necessary to remove the chiral auxiliary. It was found through the course of these syntheses that 

some TFA salts of 3-93 were mobile on silica gel while in some cases they were not. In the cases 

that were not mobile on silica gel, anion exchange with NH4PF6 on silica could be performed to 

provide the PF6 salt of 3-93, which was mobile on silica gel. Otherwise, the TFA salt was isolated 

and treated with NH4PF6 in acetonitrile in a separate flask. The catalyst isolated for use in the 

reaction screening was typically the ȹ-enantiomer of 3-93. The absolute configuration of the 

catalyst used in the Nazarov cyclization was assigned by comparison of the retention times with 

the major enantiomer 3-87 formed with catalyst 3-85a, whose absolute configuration is known.  
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Scheme 3-8: Synthesis of chiral-at-rhodium complexes. a. For 3-98ð104: Pd2(dba)3 (5 mol%), PPh3 (40 mol%), RB(OH)2 (2.0 eq), Cs2CO3 (4.0 

eq), PhMe, 100 °C; for 3-94: Pd(OAc)2 (5 mol%), CPhos (15 mol%), CyZnI·LiCl (2.0 eq), THF, rt. Compound 3-88 with R = Ph or Ad is 

commercially available. Compound 3-88 R = 3,5-diMeAd was prepared in three steps from phenol: 1.) heating a solution of 3,5-diMeAdBr in 

phenol; 2.) Nitration with nitric acid in glacial acetic acid; and, 3.) Reduction using Pd/C and hydrogen gas in methanol. 
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Table 3-5: Chiral-at-rhodium catalysts and ester substituent screen. 

 

Entry Rh cat. 
er (Rõ) 

Me Et Ph 
1 ȿ-3-94 12/88 14/86 - 
2 ȿ-3-85a 14/86 14/86 23/77 
3 ȹ-3-95 86/14 81/19 - 
4 ȹ-3-102 - 83/17 81/19 
5 ȹ-3-98 - 80/20 - 
6 ȹ-3-96 - 80/20 71/29 
7 ȹ-3-100 - 75/25 - 
8 ȹ-3-101 - 74/26 72/28 
9 ȿ-3-85b - 28/72 41/59 
10 ȹ-3-97 - 70/30 75/25 
11 ȹ-3-99 - 69/31 - 
12 ȹ-3-103 - 64/36 60/40 
13 ȹ-3-104 - 53/47 - 

Table 3-5 lists the results of the catalyst and ester screen for the cyclization of diketoesters 3-45, 

3-105, and 3-106. We chose to examine ethyl, methyl, and phenyl esters to determine the 

influence on er of the corresponding cyclopentenones. The initial comprehensive catalyst screen 

was carried out on diketone 3-45 and it revealed that a tertiary aliphatic group (R = Ad, t-Bu) on 

the oxazole side arm is essential for good enantioselectivity (entries 1 and 2, Rô = Et). A secondary 

aliphatic (R = Cy) gave worse er (entry 6, Rô = Et). Increasing the bulk of the side arm to a 3,5-

dimethyladamantyl gave diminished enantioselectivity (entry 3, Rô = Et). Bulky aromatic side arms 

gave poor er in most cases (entries 7, 8, and 10-13), except in one case in which a 3,5-

dimethylphenyl side arm (entry 4, Rô = Et) gave nearly as good enantioselectivity as a t-butyl side 

arm (entry 2, Rô = Et). Rh catalyst 3-85b, which is the sulfur analog of 3-85a, positions the t-butyl 

side arms closer to the catalyst pocket18 and has found use as an effective catalyst.19, 20 However, 

when catalyst 3-85b was used for the cyclization of 3-45, it provided significantly worse er of 

cyclopentenone 3-87 (entry 9, Rô = Et) compared to catalyst 3-85a.  
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Since the initial catalyst screen with diketone 3-45 did not reveal any clear trend that could be 

used to improve the er, a catalyst screen with diketone 3-106 (Rô = Ph) was carried out with select 

catalysts. Cyclopentenone 3-108 was had lower er than cyclopentenone 3-87 with all Rh catalysts 

examined in all but one case (entry 10). The results from this partial catalyst screen revealed that 

the ester substituent on the diketone plays a critical role in determining the enantioselectivity of 

the reaction. It remained unclear whether steric or electronic (ˊ-stacking) factors were more 

significant in the case of 3-106. Thus, the methyl ester was examined next with the best catalysts 

identified from the previous two screens. We chose the methyl ester for the following reasons: 1, 

the methyl ester is the smallest possible ester, so the issue of any unproductive steric interactions 

with the catalyst should be minimized; and, 2, in the case of ȹ-3-97, which has bulkier catalyst 

side arms than ȿ-3-94, if diketone 3-45ôs ethyl ester was too big, then diketone 3-105ôs methyl 

ester should exhibit improved enantioselective induction with ȹ-3-95. Accordingly, we subjected 

diketone 3-105 to catalysts ȿ-3-94, ȿ-3-85a, ȹ-3-95. Cyclopentenone 3-107 was isolated with 

improved er when catalysts ȿ-3-94 and ȹ-3-95 were used (entries 1 and 3, Rô = Me).  

From the catalyst and ester screens we hypothesized the following as key factors that affect 

diketone binding to the catalyst and these are illustrated in Figure 3-4: 1, if the catalyst side arm 

is too big it makes formation of a bidentate chelate with substrate more challenging. In these 

cases, a monodentate chelate is preferred and leads to poor enantioselectivity. If the diketone 

had been excluded from the catalyst entirely, no reaction would have occurred. This suggests 

that the bulky catalyst side arms do not completely block entry of the diketone into the catalyst 

pocket; 2, if the ester group on the diketone is too big, the enolate is excluded from the binding 

site of the catalyst leading to a monodentate chelate with the Rh catalyst. Both of these factors 

need to be delicately balanced in order to achieve high enantioselective induction through the 

formation of a bidentate chelate.   
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Figure 3-4: Illustration of the key steric interaction of the approaching diketone to Rh catalyst that determines the fate of the complex. 

Based on this, we were interested in assaying the er of C1,C2-tetrasubstituted cyclopentenones 

3-15b, 3-110, and 3-111 (Table 3-6) in order to test our hypothesis. First, diketone 3-14b was 

examined. The er of 3-15b was 4/96 when ȿ-3-94 was used as a catalyst (entry 1, Rô = Et). 

Catalyst ȿ-3-85a also gave an excellent er of 6/94, but it was lower (entry 2, Rô = Et). Finally, 

catalyst ȹ-3-95 provided 3-15b in a moderate 88/12 er (entry 3, Rô = Et). The results from these 

catalysts are consistent with our observations of the er of compound 3-87. We decided to examine 

the use of a benzyl ester since it places steric bulk further away from the pocket. Compound 3-

110 was formed with a slightly improved er of 3/97 when ȿ-3-94 was used as catalyst (entry 1, Rô 

= Bn). Lastly, compound 3-112 was formed as a racemic mixture in a slow reaction when ȿ-3-94 

was used as catalyst (entry 1, Rô = t-Bu). The t-butyl ester apparently precludes the Rh catalyst 

from forming a bidentate chelate with the diketone, consistent with our hypothesis.  

We were very encouraged by these results and wanted to determine whether the trends being 

revealed with the ester were general. Thus, we assayed the erôs of four C1,C5-trisubstituted 

cyclopentenones with ethyl, isobutyl, benzyl, and phenyl esters using the TFA salt of catalyst ȿ-

3-94 (Table 3-7). The trends observed with the previous ester screens were again confirmed. 
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Compounds 3-113 and 3-114 containing an isobutyl and benzyl ester, respectively, gave identical 

er values of 5/95. The phenyl ester gave a diminished er of 20/80. The results from this screen 

are consistent with those from the previous screens and the results suggests that the trends with 

respect to the ester are general. 

Table 3-6: Catalyst and ester screen for a C1,C2-tetrasubstituted 

cyclopentenones. [a] Both the PF6 and TFA salts of catalyst ȿ-3-94 gave identical 

er of 3-110. 

 
Entry Rh cat. er (Rõ) 

Et Bn t-Bu 
1 ȿ-3-94 4/96 3/97[a] 50/50 
2 ȿ-3-85a 6/94 - - 
3 ȹ-3-95 88/12 - - 

 

Table 3-7: Ester screen with ȿ-3-94 for C1,C5-trisubstituted cyclopentenones. 
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Based on the preceding results it is likely that a steric effect, rather than an electronic one, 

determines the interaction of benzyl and phenyl esters with the Rh catalyst. Evidence for this is 

given by the following examples: 1, cyclopentenones 3-113 and 3-114 which contain an isobutyl 

and benzyl ester, respectively, gave identical er values. Both compounds incorporate an ester 

with a tertiary carbon atom placed at the terminal end of an ethyl chain. Bulk at this position 

improves enantioselectivity relative to compound 3-15a which contains an ethyl ester, which lacks 

bulk at the terminal carbon atom of the ester; 2, cyclopentenones 3-111 and 3-116 incorporate 

bulk adjacent to the ester oxygen atom. In these cases, the carbon atom directly bound to the 

ester can be described as a quaternary and tertiary carbon atom, respectively. Apparently, the 

phenyl ester is not entirely excluded from forming a bidentate chelate with the Rh catalyst, but the 

t-butyl ester is. Figure 3-5 summarizes the trends in er determined from the catalyst and ester 

screen. 

 
Figure 3-5: General trends in er observed. 

In summary, we determined the optimal catalyst for this asymmetric metal-enolate Nazarov 

cyclization was the TFA salt of ȿ-3-9421 We next decided to determine the substrate scope for 

this reaction. We chose to work with diketones bearing benzyl esters since they led to better 

enantioselectivity and are easily removed subsequent to cyclization. 
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3.6 Synthesis of Cyclopentenones 

The list of cyclopentenones prepared for this study is shown in Table 3-8.  

Table 3-8: List of cyclopentenones. [a] catalyst-product complex precipitated over the duration of the reaction in MeCN. [b] DMSO was used as 

the solvent. [c] a 3.6/1 mixture of MeCN/DMSO was used as solvent. [d] yield is based on recovered starting material. [e] used 2.5 mol% ȿ-3-94 

TFA. [f] used 10 mol% ȿ-3-94 TFA. [g] use of ȹ-3-94 gave 3/97 er. [h] isolated as an inseparable mixture of diastereomers.[i] absolute 

stereochemistry is not known for this diastereomer, but it is presumed to be the one shown. 

 

 

  



75 

 

3.7 Rate Study 

The rate of formation of compound 3-110 was studied using ȿ-3-94 TFA salt (1 mol%), i-Pr2NEt 

(0.5 eq) in MeCN (0.05 M), from diketoester 3-84 (535 mg). The progress of the reaction was 

monitored by LCMS. The data is summarized in Table 3-9 and is shown graphically in Figure 3-

6.  

Table 3-9: Conversion of 3-84 over time with 1 mol% Rh catalyst. 

Entry Time (h) Percentage 

3-84 3-110 
1 0 100 0 
2 1 53 47 
3 3 49 51 
4 6 47 53 
5 24 31 69 
6 48 15 85 
7 72 6 94 

 

Figure 3-6: Plot of the percent of 3-84 (black solid line) and 3-110 (red dashed line) vs. time (h). 

A rapid reaction that converted approximately 50% of 3-84 to 3-110 occurred within the first hour 

and slowed dramatically thereafter. Following the first hour, the reaction can be described as an 

apparent first order reaction with a half-life of about 24 hours. The dramatic decrease in reaction 

rate can be ascribed to product inhibition of the catalyst. It is unclear why the reaction is so rapid 

during the first hour. 

  

0

20

40

60

80

100

120

0 10 20 30 40 50 60 70 80

A
m

o
u
n
t 
o
f 
c
o
m

p
o
u
n
d
 (

%
)

Time (h)



76 

 

3.8 Results and Discussion 

All cyclizations were carried out at room temperature in the presence of 1 mol% of ȿ-3-94-TFA 

salt and i-Pr2NEt (0.5 eq) in MeCN and most were complete within 2ï5 days. All reactions were 

monitored by LCMS. The relative stereochemistry of all cyclopentenones was assigned by NOE 

and the major diastereomer is shown in Table 3-8. The absolute stereochemistry of 3-87 was 

assigned by comparison of the major enantiomerôs retention time to earlier work.2, 22 The absolute 

stereochemistry of all other cyclopentenones was assigned by analogy. Enantiomeric ratios of 

cyclopentenones 3-18 were determined by HPLC using a chiral stationary phase. Samples of the 

racemates of 3-18, used as standards for HPLC, were prepared by the reaction of diketones 3-

17 (10ï15 mg) with stoichiometric Sc(OTf)3 and excess i-Pr2NEt in MeCN and isolated by 

preparative TLC.  

The yields of cyclopentenones were consistently good and the er were mostly excellent (>10/90). 

In a majority of cases only a single diastereomer (>100/1 dr, as determined by HPLC) of the 

cyclopentenone was formed. The exception to this is cyclopentenones 3-87 and 3-127 which were 

formed as ca. 4.6/1.0 and 47/1.0 mixtures of diastereomers (Figure 3-7).  

 

Figure 3-7: Comparison of the dr of cyclopentenones 3-
87 and 3-127. Rh* = dr of the cyclopentenone from ȿ-3-
94 and Sc = dr of the cyclopentenone from Sc(OTf)3. 

Cyclopentenones 3-87 and 3-127 differ only in the ester group (Et versus Bn, respectively). In the 

case of 3-87 the minor diastereomer showed improved er over the major diastereomer (8/92 

versus 14/86 er). The minor diastereomer forms as a result of the ketoester 3-17 forming a mixture 

of (E)/(Z)-enolates with the Rh catalyst and not as a result of isomerization of the enone. In a 

majority of cases, the (E)-enolate of 3-17 is formed preferentially. According to Houk, the (Z)-enol 

is thermodynamically more stable by 0.9 kcal/mol than the (E)-enol primarily because the internal 

H-bond in the (Z)-enol forms a six membered ring rather than a five-membered ring in the latter.23 
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However, the (E)-enol of 3-45 has a lower barrier to cyclization than the (Z)-enol by 5.4 kcal/mol 

and outcompetes the (Z)-enol cyclization. 

 

Houk has shown that the placement of the carboethoxy group on the inside of the U-shaped 

conformer allows for a mode of favorable stabilizing orbital interactions in the (E)-enol which 

lowers the barrier to cyclization. While Houkôs work explains the diastereoselectivity for 

cyclizations involving only the enol of 3-45, the reaction described here deals with the more 

electron rich enolate of 3-45. The barrier to cyclization of the (Z)-enolate of 3-45 is apparently 

lower than that of the enol cyclization and in some cases can compete with the cyclization of the 

(E)-enolate.  

It is interesting that the benzyl ester 3-127 greatly improves the diastereoselectivity relative to the 

ethyl ester 3-87 in the preparation both of the racemic and non-racemic versions of the 

cyclopentenone. This can be attributed to two things: 1, the benzyl ester provides greater 

stabilizing orbital interactions in the (E)-enolate than the in the (Z)-enolate of the U-shaped 

conformer (compared to the ethyl ester), for example a ˊ-ˊ interaction between the two phenyl 

rings; and, 2, the Rh catalyst discriminates between the two benzyl ester enolates more 

effectively, disfavoring the outward placement of the benzyl ester. Comparison of the dr of 

racemates of 3-45 and 3-127 (2.4/1.0 versus 21/1.0) suggests the first point. But in the asymmetric 

cyclization the second point seems more likely to be the dominant factor. The racemate of 3-127 

was formed as a ca. 21/1.0 mixture of diastereomers, while the enantioenriched 3-127 was formed 

as a ca. 47/1.0 mixture. It is unlikely that the Ŭ-methylcinnamyl alkene is undergoing isomerization 

under these mild conditions. 

C1,C2-tetrasubstituted cyclopentenones were generally formed with higher er than their 

corresponding C1,C5-trisubstituted counterparts. All-aliphatic C1,C2-tetrasubstituted 

cyclopentenones 3-110, 3-117ï3-119, and 3-122 which contain an R2 group with a secondary 

carbon atom directly attached to the cyclopentane ring were all formed in 3/97 er. 

Cyclopentenones 3-120 and 3-121 bearing a tertiary carbon atom bound to the five-membered 
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ring were formed in 1/99 er. It is worth noting that the catalyst is capable of effectively 

differentiating two groups of similar size at R2 and R3 (see 3-117, R2 = Et, R3 = Me), which is a 

testament to its effective control of torquoselectivity. On the other hand, compounds 3-123 and 3-

130 were produced with moderate (ca. 17/83) and poor (26/74) er. In these cases, an inside ethyl 

or isopropyl group were not as well differentiated by the catalyst as an inside methyl. Apparently, 

the catalyst is sensitive enough to distinguish between two similarly sized inside groups, 

specifically, an ethyl versus a methyl. 

 

This is in stark contrast with the C1,C5-trisubstituted cyclopentenone 3-129 which bears an inside 

cyclohexyl group. In this case, 3-129 was remarkably produced in 97/3 er. The corresponding 

diastereomer of this compound, 3-126, was also prepared in 8/92 er. This is an unusual case 

where the large inside group led to a better er outcome than when the large group is placed on 

the outside. In both of these cases, the corresponding cyclopentenones were isolated as single 

diastereomers. 

Other all-aliphatic C1,C5-trisubstituted cyclopentenones 3-124, 3-125, and 3-114 were all formed 

in excellent er (>8/92). In one instance, the C1,C5-trisubstituted cyclopentenone 3-128, whose 

parent diketoester bears an Ŭ-hydrogen atom, was successfully formed and was isolated with a 

moderate er of 14/86. This is an important accomplishment since substrates lacking bulky 

substitution at the Ŭ-position disfavor the U-shaped conformer necessary to initiate cyclization, 

and thus are more challenging to cyclize under mild conditions. This example demonstrates the 

possibility that other diketoesters bearing an Ŭ-hydrogen atom could be successfully cyclized 

using this catalyst and warrants further investigation.  
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During the course of conducting these cyclization reactions, it was observed that in MeCN the 

catalyst bound to product-precipitated in the cases of 3-126, 3-129, and 3-130, and the reaction 

stopped. In the case of cyclopentenone 3-130, up to 10 mol% of the Rh catalyst was added to the 

reaction mixture over the course of 3 days, but after 7 days the reaction remained incomplete and 

only afforded 26% of the cyclopentenone and starting material was recovered (quantitative yield 

based on recovered starting material). Addition of DMSO and an additional 1.5 mol% Rh catalyst 

to the reaction mixture containing 3-126 solubilized the precipitate, restored the catalytic activity, 

and did not affect product er or yield. In the case of 3-129 the reaction was carried out in DMSO, 

rather than MeCN, with only 1 mol% of Rh catalyst. The reaction was slow at 1 mol% catalyst 

loading and after 6 days the reaction afforded 41% of the cyclopentenone with some starting 

material being recovered (64% yield based on recovered starting material). Product inhibition in 

these three cases was strong and was exacerbated by the insolubility of the complex in MeCN, 

but this was not a general phenomenon. It is not clear what combinations of cyclopentenone with 

Rh catalyst will produce an insoluble complex in MeCN. For example, cyclopentenone 3-121 that 

differs from 3-126 only by having a R3 methyl group rather than hydrogen, was formed in a 

reaction that was complete in four days and that gave no indication of strong product inhibition. 

Nonetheless, the problem is easily overcome by adding DMSO to the reaction mixture to solubilize 

the precipitate.  

The mode of asymmetric induction for this reaction is not well understood at this time; however, 

some insight can be provided by the preceding results. The identity of the ester is an essential 

recognition element for achieving high levels of asymmetric induction. As previously discussed, 

the use of esters with branching near the ester oxygen atom leads to poor or no enantioselectivity. 

This might be attributed to the lack of formation of a bidentate chelate of the diketone with the Rh 

catalyst. This is presumably because steric repulsion prevents the entry of the enol in the catalyst 

pocket. It seems plausible then that the approach of the enol oxygen atom for bidentate chelation 

is controlled by the ester group to avoid steric interaction. This forces the diketone to populate the 
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least hindered helical conformer in the pocket of the catalyst, in other words the helical conformer 

that can form with the lowest activation energy (kinetic control; Scheme 3-9). 

Scheme 3-9: Postulated mechanism and mode of asymmetric induction for the Rh-catalyzed Nazarov cyclization. 

The helical conformer that selectively interacts with the Rh catalyst subsequently undergoes a 

fast and irreversible cyclization. Complexation of the diketone is the rate-determining step. 

Decomplexation of the cyclopentenone is aided by protonation from the conjugate acid of the 

amine base. This step is also slow or competitive with complexation of the diketone. When R2 > 

R3, the steric effect reinforces that of the benzyl ester. Specifically, the large R2 group points away 

from the sidearm and out of the pocket while the small R3 group is placed inside the pocket (Path 

B). Larger R3 groups can lead to different stereochemistry-determining interactions that control 

enantioselectivity. For example, comparing the erôs of cyclopentenone 3-130 (R3 = i-Pr, 26/74) 

and 3-118 (R3 = Me, 3/97) suggests that a larger R3 prefers placement outside of the pocket (Path 

A) during complexation and can lead to poor enantioselectivity. Good asymmetric induction is 

restored when the size difference between R2 and R3 is maximized, as in the example of 

cyclopentenone 3-129 (R2 = H, R3 = Cy, er 97/3, Path B). Lastly, the role of the amine base is 

simply to act as a proton shuttle. In polar solvents, it does not affect the enantioselectivity of the 

reaction. Evidence for this is provided by the fact that in either the presence or the absence of an 

amine base the reaction provides the same er of cyclopentenone 3-87.  
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3.9 Conclusion 

In conclusion, a novel metal-enolate catalytic asymmetric Nazarov cyclization of Ŭ-diketoesters to 

all-aliphatic cyclopentenones containing either vicinal quaternary centers or vicinal 

quaternary/tertiary stereocenters has been described. In a majority of cases, the enantiomeric 

ratios of the cyclopentenones were excellent (>10/90 er) and the yields good. The novel chiral-

at-rhodium catalyst exhibits high catalytic activity (1 mol% loading) in the presence of a cheap 

tertiary amine base, i-Pr2NEt. The base can also be used in catalytic amounts without loss of 

activity. The development of this methodology marks the second catalytic asymmetric Nazarov 

cyclization that produces cyclopentenones containing vicinal quaternary stereocenters. It is worth 

noting that the reaction conditions are extraordinarily mild. This catalyst is likely not unique and 

warrants the investigation of other cheaper, chiral-at-metal catalysts.  
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Chapter 1: Synthesis of Fluorenes and Dibenzo[g,p]chrysenes Through an 

Oxidative Cascade 

1.1 Introduction 

1.1.1 Background 

Polyaromatic hydrocarbons represent a class of structurally diverse compounds. Within this class 

of compounds are fluorenes, which present themselves in a number of applications, including 

optoelectronics,1-5 pharmaceuticals,6, 7 and dyes.8-10 Fluorenes can also serve as useful building 

blocks for the construction of other more complex polyaromatic hydrocarbons, such as 

dibenzo[g,p]chrysenes, a twisted polyaromatic hydrocarbon.11, 12 Thus, general and practical 

syntheses of fluorenes are of great interest. A number of diverse synthetic approaches to 

fluorenes are known (Scheme 1-1).13-28 Many approaches use biaryl precursors. It is also worth 

noting that fluorenes are accessible from the corresponding fluorenones which can be prepared 

through equally diverse methods.29-35 

We became interested in fluorenes because their motif is present in a number of non-planar 

polyaromatic hydrocarbons (Figure 1-1), such as, corannulene 1-1, semibuckminsterfullerene 1-

2, and buckminsterfullerene (buckyball) 1-3. The five-membered ring in each of these compounds 

is responsible for the non-planar, or bowl-shaped, geometry of the compounds. We wished to 

devise a synthesis of fluorenes that would have the potential to be used in the construction of 

geodesic hydrocarbons and that would be easy to implement.  

 

Figure 1-1: Geodesic polyaromatic hydrocarbons. Fluorene motif is highlighted in orange. 

With this in mind, we saw an opportunity to apply our expertise in 4ˊ-electrocyclizations as a way 

to construct the five-membered ring in the fluorene skeleton. We envisaged that the benzylic allylic 

alcohol 1-4 could undergo an electrocyclization in the presence of a Lewis acid (Scheme 1-2). 



85 

 

Following hydrolysis of the ketal group in 1-4, oxidation of the intermediate 1-5 would lead to 

fluorene 1-6. The oxidation-aromatization of cyclohexenones is well established.36-46 Among these 

methodologies, those employing copper (II) salts as the oxidant caught our interest since we were 

considering Lewis acids that could also act as an oxidant for the conversion of 1-4 to 1-6. 

 
Scheme 1-1: Selected examples of fluorene syntheses from the past two decades. 
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Scheme 1-2: Proposed fluorene synthesis and selected examples of oxidative aromatizations. 

 

1.1.2 Project Objectives 

Our primary goal was to develop a methodology for the synthesis of C9-substituted fluorenes 1-

6 through a tandem 4ˊ-electrocyclization-oxidation reaction of tertiary alcohols 1-4. We first 

wanted to define conditions for the oxidative aromatization reaction and determine its limitations 

before applying them to the synthesis of 1-6. Following this, the conditions would be optimized to 
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allow for a one-pot preparation of fluorenes 1-6 from the corresponding tertiary alcohols 1-4. 

Lastly, we wanted to apply the method towards the synthesis of non-planar polyaromatic 

hydrocarbons. 

 

1.2 Defining the Conditions for the Oxidative Aromatization Reaction 

The study began with tertiary alcohol 1-7, which is conveniently prepared by the addition of p-

methoxyphenyllithium to 1,4-dioxaspiro[4.5]decan-8-one in THF or diethyl ether at low 

temperature. The initial screening of Cu(II) salts is presented in Table 1-1. We chose to use MeCN 

as the reaction solvent since Cu(II) salts are known to have increased oxidizing power in this 

solvent.47 Treatment of 1-7 with stoichiometric CuBr2 led to a very rapid reaction (<10 min) that 

resulted in a mixture of the 4-arylphenol 1-8a and 4-aryl ether 1-8b (entry 1). The formation of 4-

aryl ether 1-8b is the result of competitive aromatization of the enol ether precursor with ketal 

hydrolysis. Use of CuCl2 led to an improved ratio of 1-8a to 1-8b (entry 2), but the reaction was 

slower and was initially heterogeneous only becoming homogeneous after prolonged stirring. 

From subsequent reactions it was determined that this was due to the production of HCl in the 

reaction mixture. The slower oxidation reaction with copper chloride allowed more time for ketal 

hydrolysis to take place prior to aromatization, leading to higher selectivity for the phenol. Other 

Cu(II) salts either failed to react or led to other unidentified compounds (entries 3ï6). 

Ketal hydrolysis could be promoted by the addition of water to the acetonitrile (1% v/v). Using 

stoichiometric CuBr2 with 1% v/v H2O present led to the 4-arylphenol 1-8a in 84% yield along with 

small amounts (<5%) of 4-aryl ether 1-8b (entry 8). Using larger amounts of water led to either 

reduced (2 or 3% v/v) or no (>10% v/v, entry 7) reactivity of CuBr2. The reaction can also be 

carried out using substoichiometric48 CuBr2 (20 mol%) or CuCl2 (30 mol%) to give 69% and 54% 

of 4-arylphenol 1-8a, respectively. Because of the rapid reaction and higher yield, the use of 

stoichiometric CuBr2 was optimal. 
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Table 1-1: Optimization of the reaction conditions. [a] Refers only to added water (no attempt was made to 

remove adventitious water). [b] Determined by analysis of the crude 1H NMR spectrum. [c] An unidentified 

compound was produced. [d] Reaction was slow and produced only intermediates. [e] No reaction occurred. 

[f] 20 mol% was used. [g] 30 mol% was used. n.d. = not determined. PMP = 4-methoxyphenyl. 

 

Entry CuX2 Time %v/v H2O[a] 1-8a:1-8b[b] Isolated Yield of 1-8a 

1 CuBr2 < 10 min 0 3:1 n.d. 
2 CuCl2  2 h 0 8:1 86% 
3 Cu(OTf)2 2 h 0 -[c] - 
4 CuSO4 2 d 0 -[d] - 
5 Cu(acac)2 2 d 0 -[e] - 
6 Cu(OAc)2 2 d 0 -[e] - 
7 CuBr2 18 h 10 -[e] - 
8 CuBr2 < 25 min 1.0 >20:1 84% 
9 CuBr2[f] 2 h 1.0 n.d. 69% 
10 CuCl2[g] 24 h 0 n.d. 54% 

 

1.3 Reaction Scope and Discussion of the Oxidative Aromatization Reaction 

Substrates examined for this reaction are outlined in Table 1-2 and the scope of the reaction is 

outlined in Table 1-3. The aromatization reaction is general for electron rich and neutral 

aromatics. The reaction was particularly fast for the tertiary benzylic alcohol 1-7 which provided 

4-(4-methoxyphenyl)phenol 1-8a in less than 25 minutes. Other less electron rich benzylic 

alcohols did not react as quickly to provide the corresponding phenols (1-31ï65) since elimination 

of the alcohol was rendered much slower. In fact, CuBr2 in acetonitrile at room temperature failed 

to eliminate the alcohol for a majority of cases. This was remedied by the addition of a catalytic 

amount of aqueous HBr.  

The method is not limited to the addition products of 1,4-dioxaspiro[4.5]decan-8-one; exposure of 

1,4-dioxaspiro[4.5]decan-8-one to LHMDS in THF at ī78 ÁC, followed by 4-tert-butylbenzyl 

bromide, led to the expected Ŭ-benzylcyclohexanone which was converted to 1-30a by sequential 

treatment of p-methoxyphenyllithium and CuBr2. Prolonged exposure of 1-30a to CuBr2 resulted 

in partial Ŭ-bromination of the phenol (9% isolated).   
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Table 1-2: Tertiary alcohols prepared. [a] Prepared from the corresponding Ŭ-substituted cyclohexanone. 
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Table 1-3: Scope of the CuBr2-mediated aromatization reaction. [a] 1% v/v H2O/MeCN was used 
as solvent. [b] A catalytic amount of 48% HBr was added to the reaction mixture after 15 min. [c] 
Prepared from the corresponding styrene. 
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3,5-Bistrifluoromethylbenzylic alcohol 1-20 failed to produce the desired 4-arylphenol 1-36 in 

acetonitrile with stoichiometric CuBr2 and catalytic HBr; instead, a mixture of Ŭ-bromoketal 1-41 

and ketone 1-42 was isolated (Scheme 1-3). Elimination of the benzylic alcohol 1-20 was 

achieved by prior treatment with catalytic p-TsOH in refluxing toluene. Following solvent 

exchange, treatment of styrene 1-22 prepared in situ with CuBr2 provided the 4-arylphenol 1-36 

in moderate yield (46% over two steps, 86% from isolated styrene). The styrene could also be 

accessed by means of a Suzuki cross coupling reaction from the enol triflate 1-21 (Table 1-2). 

Phenols 1-36ï40 were prepared in this way from the corresponding styrenes. The aromatization 

reaction is general provided that the styrene can be accessed in situ or in a prior step. 

 
Scheme 1-3: Synthetic routes to compound 1-36. 

Insight into the mechanism of the cascade of reactions that culminate in the creation of the 

aromatic ring was provided by the examples described above. A plausible course for conversion 

of 1-7 to 1-8 (Table 1-1) involved the following four steps: Ŭ-bromination of the ketal, hydrolysis 

of the ketal, dehydration of the alcohol to form a styrene, and dehydrobromination. The sequence 

of these reactions cannot be determined with certainty from the evidence at hand and is likely to 

be substrate dependent. However, since the phenol is the major product in all cases, hydrolytic 

cleavage of the ethylene ketal must precede dehydrobromination under the reaction conditions, 
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otherwise a 4-aryl-2-hydroxyethyl ether would have been formed as a major product. In some 

cases, small amounts of this byproduct could be identified. If alcohol dehydration is rendered 

slow, as in the case of 1-20, the bromide can be isolated. It is plausible that dehydration of the 

alcohol may be rate limiting for the conversion of less activated benzylic alcohols. Further 

evidence is provided by the necessity for added acid in order to prepare 4-arylphenols 1-31ï39. 

Since elimination to the styrene for less activated benzylic alcohols is a slow process in the 

absence of sufficiently strong acid, bromination and hydrolysis of the ketal are rendered fast. In 

the case of activated benzylic alcohols, elimination may be competitive with ketal hydrolysis and 

can lead to a mixture of 4-arylphenol and 4-aryl ether in the absence of added water. 

 

1.4 Optimization, Reaction Scope, and Discussion of the Tandem 4ˊ-Electrocyclization-

Oxidative Aromatization Reaction 

We sought to apply this methodology as a mild and simple approach to the synthesis of C9-

substituted fluorenes and other functionalized polyaromatics. We surmised that benzylic allylic 

alcohols, such as, 1-43 would be suitable precursors to substituted fluorenes (Table 1-4). 

Formation of the fluorene from this type of benzylic allylic alcohol requires an initial 4 -́

electrocyclization to construct the five-membered ring, followed by a similar oxidative cascade of 

reactions involving CuBr2 to provide the phenol. Alcohol 1-43 is prepared by aldol condensation 

of 1,4-dioxaspiro[4.5]decan-8-one with benzaldehyde, followed by 1,2-addition of 4-anisyllithium. 

Our initial treatment of alcohol 1-43 with stoichiometric CuBr2 in acetonitrile provided a mixture of 

phenol 1-44a and aryl ether 1-44b as a 1:1 mixture (this ratio was irreproducible). We optimized 

the reaction conditions to favor the formation of 1-44a (Table 1-4). 

We first attempted to favor the phenol 1-44a by the addition of 1% v/v water to the reaction 

mixture, but this led to longer reaction times and resulted in more complicated reaction mixtures 

in which 1-44a was a minor component (entry 2). Use of catalytic CuBr2 (0.5 eq) led to the 

dehydration of the alcohol to the corresponding styrene 1-47 (detected by 1H NMR analysis of an 

aliquot of the reaction mixture) which eventually was converted to a mixture of 1-46a and 1-46b. 

We suspected that traces of HBr contaminating the CuBr2 were responsible for production of 1-

46a and 1-46b.  
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Table 1-4: Reaction optimization. [a] The reaction was slow and led to irreproducible results. 

 
Entry Conditions Result 

1 CuBr2 (2.0 eq), 30 min 1:1, 1-44a : 1-44b 
2 CuBr2 (2.0 eq), 1% v/v H2O, 18 h -[a] 

3 CuBr2 (0.5 eq), 18 h Mix of biaryls 1-46 
4 HBr cat., 5 min 1:1, 1-46a : 1-46b 

5 
Yb(OTf)3 (10 mol%), 30 min  
then CuBr2 (2.0 eq), 15 min 

5:1, 1-44a : 1-46a 

6 
Sc(OTf)3 (10 mol%), 30 min 
then CuBr2 (2.0 eq), 15 min 

1-44a, 78% yield 

Thus, treatment of alcohol 1-43 with catalytic HBr in acetonitrile resulted in a fast reaction that 

provided a mixture of 1-46a and 1-46b in good isolated yields. Based on these observations, it 

became clear that once dehydration of the alcohol takes place, formation of the tertiary cation 

necessary for the 4ˊ-electrocyclization does not form. Instead, a faster series of alkene 

isomerization reactions takes place leading to the biphenyl. We decided to determine whether the 

use of other strong Lewis acids would provide a more efficient route for cyclization. When alcohol 

1-43 was treated sequentially with Yb(OTf)3 (10 mol%) and CuBr2 (2.0 eq) a mixture of biaryl 1-

46a and fluorene 1-44a were formed in a 1:5 ratio, respectively. However, when alcohol 1-43 was 

first treated with Sc(OTf)3 (10 mol%) in acetonitrile at room temperature followed by stoichiometric 

CuBr2, the fluorene 1-44a was isolated as the sole product in 78% yield. These conditions were 

optimal and applied to a series of tertiary alcohols (Table 1-5) to examine the substrate scope of 

the reaction (Table 1-6).  



94 

 

 

Table 1-5: Tertiary alcohols 1-49 prepared. [a] yield is based on recovered starting material. 
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Table 1-6: Reaction scope of fluorenes 1-6. 
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The electrocyclization-oxidative aromatization tolerates electron rich to neutral alcohols and the 

yields of fluorenes are uniformly good. In one case, the doubly activated carbon atom in 1-77a 

underwent electrophilic bromination upon prolonged exposure to CuBr2 and fluorene 1-77b was 

isolated in 19% yield. In the case of alcohol 1-57, indanone 1-83 was isolated in 65% yield 

following hydrolysis of the tetracyclic adduct (Eq. 1). The trans stereochemistry is consistent with 

a conrotatory electrocyclization, but it cannot be offered as evidence of the mechanism. 

Nevertheless, an electrocyclization seems likely since the alternative intramolecular Friedel-

Crafts alkylation represents a 5-endo-trig cyclization that is disfavored by Baldwinôs rules.  

 

The optimized conditions fail to provide fluorenes with electron poor alcohols (1-58ï60). Under 

the optimized reaction conditions diarylmethanols are formed in moderate yields (1-84ï86, Eq. 

2).  

 
1,3-Transposition of the allylic alcohol with Sc(OTf)3 and subsequent oxidative aromatization with 

CuBr2 led to the diarylmethanols. Heating the reaction mixture prior to addition of CuBr2 did not 

lead to formation of the five-membered ring. Other attempts to promote five-membered ring 

formation, such as using Sc(OTf)3 in toluene at 60 °C or conc. HBr in MeCN at 60 °C, led to the 

conjugated diene with some decomposition products. Introduction of a p-methoxyphenyl group 

(1-86), which we presumed would facilitate the formation of the cation also failed to induce 

cyclization. It is worth noting that diarylmethanol 1-84 could be converted to the corresponding 
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fluorene by treatment with triflic acid in DCM at room temperature within 3 hours in >95% yield. 

This implies that the same reaction would work with 1-85 and 1-86. 

 

1.5 Application to the Synthesis of Dibenzo[g,p]chrysenes 

Our original plan was to synthesize 9,9'-bifluorenylidene 1-88 as a precursor to a geodesic 

polyaromatic hydrocarbon 1-87. The retrosynthetic analysis of 1-87 is outlined in Scheme 1-4. 

We hypothesized that the rim of 1-87 would be closed oxidatively to form a geodesic polyaromatic 

hydrocarbon from 1-88. Compound 1-88 would be prepared from 1-89 using the optimized 

conditions for the 4 -́electrocyclization-oxidative aromatization reaction developed for C9-

substituted fluorenes. Compound 1-89 can be derived from p-anisyllithium addition to enone 1-

90, which would be derived from compound 1-91 and 1,4-dioxaspiro[4.5]decan-8-one. 

 
Scheme 1-4: Retrosynthetic analysis of the geodesic hydrocarbon 1-87. 

The coupling of 1,4-dioxaspiro[4.5]decan-8-one and vinyl bromide 1-91 with a slight excess of t-

BuONa in THF at 0 °C led to adduct 1-92 (Scheme 1-5). All attempts to isomerize the alkene into 

conjugation with the carbonyl failed. Even coupling of enol acetate 1-93 with the fluorenyl anion 

prepared from n-BuLi and fluorene in THF at ī78 ÁC led to a rapid reaction that produced a mixture 

of 1-90 and 1-92 that greatly favored the latter. The reaction also produced a number of 

byproducts, one being the 1,2-addition of fluorene to 1-92. Adduct 1-90 isomerized to 1-92 during 



98 

 

silica gel chromatography. It became clear that the alkene isomer 1-92 was the thermodynamic 

sink and that accessing 1-90 was not practical. Because of this we decided to modify our proposed 

pathway and continue forward with 1-92. 

 
Scheme 1-5: Synthesis of 1-92. 

Addition of p-anisyllithium at ī78 ÁC in THF to 1-92 produced an inseparable mixture of 

diastereomers of 1-94a in 86% yield. Treatment of 1-94a with conc. HBr and CuBr2 (2.0 eq) in 

MeCN for one hour followed by additional CuBr2 (+2.0 eq) with heating at 60 °C produced 

dibenzo[g,p]chrysene 1-95a in 55% yield. A similar series of reactions using Sc(OTf)3 in place of 

conc. HBr occurred with compound 1-94b to produce dibenzo[g,p]chrysene 1-95b in 41% yield. 

This remarkable transformation occurs through 11 distinct reactions. The postulated reaction 

mechanism is outlined in Scheme 1-7. 

 

Scheme 1-6: Synthetic route to dibenzo[g,p]chrysenes. 

In particular, dehydration, ketal hydrolysis, two single electron oxidations, dehydrobromination, 

two additional single electron oxidations, cyclization, a 1,2-shift and two proton losses have 












































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































