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Dimethyldioxyrane oxidation of ŭ-hydroxy-Ŭ-diazo-ɓ-ketoesters that are prepared by 

zinc triflate catalyzed Mukaiyama-aldol condensation of methyl diazoacetoacetates 

with aldehydes, occurred in quantitative yield to form dihydrofuranols that undergo 

acid catalyzed dehydration under mild conditions to generate 3-methoxyfuran-2-

carboxylates in good yield. 

Oxidation of ɕ-keto-Ŭ-diazo-ɓ-ketoesters that are formed by zinc triflate catalyzed 

Mukaiyama-Michael condensation of methyl diazoacetoacetate enones procduced 

their 2,3,7-diketoester derivative in quantitative yield. The intramolecular acid 

catalyzed aldol cyclization of 2,3,7-triketoesters provides highly functionalized 

cyclopentanones with good diastereoselectivity in high overall yields via kinetically 

controlled and stereodivergent catalytic processes.  Lewis acid catalysis gives high 

selectivity for the 1,3-anti tetrasubstituted cyclopentanones, whereas Brønsted acid 

catalysis produces the corresponding 1,3-syn diastereomer. 



  

The first enantioselective transformation of 2,3-diketoesters was demonstrated in 

carbonyl-ene reactions catalyzed by [Cu((S,S)-tert-Bu-box)](SbF6)2 generating chiral 

Ŭ-functionalized-Ŭ-hydroxy-ɓ-ketoesters in up to 94% yield and 97% ee. The 

suggested mode of activation is bi-dentate coordination between copper and the 

oxygen atoms of the two keto-carbonyl groups. The 2,3-diketoesters are conveniently 

accessed from the corresponding Ŭ-diazo-ɓ-ketoester, and catalyst loading as low as 

1.0 mol % is achieved.  
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Chapter 1: Vicinal Tricarbonyl Systems and the Synthesis of 

Substituted Furans 

 

1.1 Intro duction to Carbonyl Functional Group 

One of the fundamental and challenging tasks in modern chemistry is having 

the ability to control the stereochemical outcome in a chemical reaction.  Tremendous 

efforts have been devoted into the field of catalytic diastereo- and enantioselective 

transformations over the last 3 decades.1 In the subcategory of catalytic 

stereoselective synthesis Lewis acid catalysis of nucleophilic addition to carbonyl 

compounds, particularly aldehydes and ketones, is one of the most studied chemical 

process in organic synthesis due to the reactivity offered by the polarized carbonï

oxygen double bond.2 The property of a carbonyl group that plays a crucial role in 

stereoselective reactions is the weakly basic electron pairs on the oxygen atom that 

allow them to interact with the Lewis acidic catalyst (Figure 1.1, eq. 1). The 

interaction between a carbonyl group and a catalyst can be viewed as a simple acid-

base complexation. As the result of this interaction, the carbonyl group is activated 

through electronic induction by the catalyst, which leads to a lower activation energy 

in reactions with electron rich nucleophiles. In stereoselective reactions, the essential 

role of the catalyst upon complexation with the carbonyl group is to create a different 

facial steric environment between the Re face 1 and Si face 2 of the carbonyl group, 
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thus driving the chemical reaction to selectively occur on one face over the other 

(Figure 1.1, eq. 2).3 

Figure 1.1 Explanations of Carbonyl Re Face and Si Face. 

 

Single point binding (mono-dentate) (3) and two-point binding (bi-dentate) (4) 

are the two common modes of interaction between carbonyl groups and Lewis acid 

catalysts (Figure 1.2). Although many mono-dentate Lewis acid catalyst systems have 

been successfully developed, in general the selectivity of these systems is difficult to 

control compared to that in bi-dentate catalytic systems due to the possibility of 

rotation about the catalyst-carbonyl oxygen bond, leading to different activated 

conformations.4 On the other hand, bi-dentate complexation with Lewis acids having 

two open coordination sites provides a conformationally more restricted adduct 

compared to that from one-point binding and reduces the number of possible 

transition states. Furthermore, the tight chelation of a bidentate complex increases the 
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equilibrium constant between the unbound substrate and catalyst-substrate, leading to 

a greater concentration of the activated adduct which increases the activities of the 

catalyst.5  

Figure 1.2 Mono-dentate and Bi-dentate Interaction. 

 

Nucleophilic additions to mono-carbonyl (5) and 1,2-dicarbonyl (7) systems 

are essential transformations in organic chemistry because they provide direct access 

to functionalized alcohol (6) and Ŭ-hydroxyester (8) derivatives respectively, which 

are extremely important building blocks in natural product synthesis and the 

pharmaceutical industry (Scheme 1.1, eq. 1).7,8 Although extensive efforts have been 

devoted to the exploration of stereoselective Lewis acid catalysis reactions with 

mono-carbonyl and 1,2-dicarbonyl systems, surprisingly, these studies have not been 

applied to the well-known highly electrophilic 2,3-diketoesters (9), even though  the 

desired product of nucleophilic addition to the central carbonyl of 2,3-diketoester 

would generate highly functionalized Ŭ-hydroxy-ɓ-ketoester (10) (Scheme 1.1, eq. 

2).8 Ŭ-Hydroxy-ɓ-ketoesters are important structural motifs in biological molecules, 

drug candidates, and key intermediates in natural product synthesis.9 In combination 

with their highly electrophilic character and multiple oxygen-rich coordination sites, 
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we envision that the 2,3-diketoester system would be an excellent candidate in 

catalytic stereoselective nucleophilic addition reactions.   

Scheme 1.1 Nucleophilic Addition to Carbonyl Compounds. 

 

1.2 Background of Vicinal Tricarbonyl Systems 

2,3-Diketoesters are a subcategory of vicinal tricarbonyl (VTC) compounds 

that have a rich history of interest in organic synthesis.8 The carbon of the central 

carbonyl is the most electrophilic site and normally forms a hydrate in the presence of 

water. In general, vicinal tricarbonyl compounds exist in equilibrium between the 

keto-form (minor) (11) and the hydrate (major) (12) (Scheme 1.2).  The hydrates can 

be converted to their keto-forms (11) by distillation, heating in vacuum, or treatment 

with a drying agent such as phosphorus pentoxide.32, 53 However, obtaining the 

completely pure keto-form of vicinal tricarbonyl compounds is a difficult task.53 For 
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simplicity, the vicinal tricarbonyl products described in this chapter will refer only to 

the keto-form unless noted otherwise.   

Scheme 1.2 Keto-form and Hydrate of Vicinal Tricarbonyl Compounds (VTC). 

 

Vicinal tricarbonyl compounds received considerable attention in the late 

1980s as a result of the isolation of FK-506,10 a potent immunosuppressant, and the 

antibiotic rapamycin11 that contain a vicinal tricarbonyl functional group in the form 

of a hemiketal (Figure 1.3). Later, Kaniwa et al. reported the isolation of the cyclic 

peptide protease inhibitors YM-47141 and YM-47142 from Flexibacter sp. Q17897 

containing a vicinal tricarbonyl unit in hydrated form (Figure 1.3).12 However, their 

applications in organic synthesis have come to a halt since the last review by 

Wasserman in 2004.8c  

Figure 1.3 Natural Products Containing VTC Functional Group. 
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1,3-Diphenylpropane-1,2,3-trione (13) was the first reported vicinal triketone 

compound and was published by Neufville and Pechmann in 1890.13 As a 

consequence of ñinterested in the questions of how many carbonyl group may be 

juxtaposed and what will be the properties of the resulting vicinal polyketone,ò stated 

by Rubin,8a there have been a large number of methods developed for their 

preparation, as summarized in Scheme 1.3.14-31 In general, VTC compounds are 

synthesized by oxidation of 1,3-dicarbonyl systems that include the following 

procedures: hydrolysis of imines,14 oxidation of phophonium ylides with ozone,15 

potassium peroxymonosulfate (oxone),17 or dimethyldioxirane (DMDO),18 oxidation 

of Ŭ-diazo-ɓ-dicarbonyl derivatives with tert-butyl hypochlorite19 or DMDO,20 

reaction of 2,2-dibromo-1,3-dicarbonyl with singlet oxygen21 or sodium acetate,22 

ozonolysis of other ylides containing either sulfur,23 nitrogen,24 iodide25 and enol 

ethers,26 oxidation of enamine with singlet oxygen,27 oxidation of 1,3-dicarbonyl 

compounds with singlet oxygen in the present of fluoride ion,28 Dess-Martin 

reagent,29 or selenium dioxide,30 elimination of the nosyl group in the Ŭ-nosyl-1,3-

dicarbonyl compounds.31 The methods highlighted in red in scheme 1.3 will be 

further discussed because they often employed in organic synthesis. 

Scheme 1.3 Preparation of VTC Compounds From 1,3-Dicarbonyl Precursors. 
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1.2.1 Synthesis 

1.2.1.1 Condensation Reactions 

Methods for the preparation of vicinal tricarbonyl compounds often involve 

oxidation chemistry that is incompatible with other electron rich functional groups 

such as activated olefins, primary amines, electron rich ring systems, and others. The 

oldest procedure reported by Sachs and Barschall more than 100 years ago is still 

being employed in several cases to avoid oxidation conditions such as in the synthesis 

of indole (16),33 vinylpyrrole (17),34 and p-dimethylaminophenyl (18).35 This method 

involves in a condensation reaction between a 1,3-dicarbonyl compound (14) and p-
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nitroso-N,N-dimethylaniline under basic conditions, forming imine intermediates (15) 

that hydrolyze under acidic conditions to vicinal tricarbonyl compounds (11) (scheme 

1.4).14 Although oxidation conditions are avoided by this method, strongly basic and 

acidic conditions are required. 

Scheme 1.4 Sachs and Barschallôs Procedure. 

 

1.2.1.2 From Phosphonium Ylides 

The synthesis of phosphonium ylides of ɓ-ketoesters (20) were first reported 

by Cooke and Burman from the reaction of acid chlorides and phosphonium ylide 

(19).36 This procedure required two equivalents of the high molecular weight 

phosphonium ylide (19), with the second equivalent of (19) functions as a proton 

acceptor (Scheme 1.5). Later, Wasserman and coworkers made an improvement to 

this method by introducing a proton sponge, bis(trimethylsilyl)acetamide (BSA), 

which enabled reducing the amount of phosphonium ylide (19) from 2 to 1 equivalent 

(Scheme 1.6).37 In the same report, they were able to substitute acyl chlorides with 

carboxylic acids in coupling reactions with phosphonium ylide (19), using 1-ethyl-3-

(3-dimethylaminopropyl)carbodiimide (EDCl) as the coupling reagent to generate ɓ-
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ketoester phosphorus ylides (20) (Scheme 1.7).37 Both acid chloride and carboxylic 

acid reactions give similar yields, however carboxylic acid derivatives are easier to 

access. 

Scheme 1.5 Cookeôs Procedure for the Synthesis of Phosphonium Ylide (20). 

 

Scheme 1.6 Reactions of Acid Chloride with Phosphonium Ylide (19). 

 

Scheme 1.7 Reactions of Carboxylic Acids and Phosphonium Ylides (19). 
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Oxidation of phophonium ylides to vicinal tricarbonyl compounds was first 

reported by Bestmann and Kloeters in the synthesis of nynhydrin.15 More than a 

decade later, Wasserman found that potassium peroxymonosulfate (oxone) in a 

mixture of organic solvent and water can also convert phophonium ylides (20) to 1,2-

diketoesters (9) in high yield (scheme 1.8).17 Remarkably, the oxidation process was 

selective in the presence of alkenes such as in (21-22) and conjugated enones (23). 

The reaction is mild in most cases, except for compound (22) for which the reaction 

solution had to be heated to 55 °C. 

Scheme 1.8 Oxidation of Phophonium Ylides with Oxone. 
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Later, Wasserman and coworkers also found dimethyldioxyrane (DMDO) to 

be an effective oxidant for the conversion of phophonium ylides (20) to 1,2-

diketoester derivatives (9) (Scheme 1.9).18 Similar to oxone, DMDO also showed a 

high level of selectivity in the presence of an olefin functional group. In some cases, 

the yield is quantitative. Out of the three available oxidants - ozone, oxone, and 

DMDO - oxone seems to be the superior oxidant for this process because it is an 

extremely inexpensive, commercially available material.  

Scheme 1.9 Oxidation of Phophonium Ylides with DMDO. 

 

1.2.1.3 From Ŭ-Diazo-ɓ-dicarbonyl Compounds 

The chemistry of Ŭ-diazo-ɓ-dicarbonyl compounds (24) has been, for the most 

part, applied in metal catalyzed dinitrogen extrusion reactions with diazo compounds, 

forming metal carbene intermediates (25) that undergo a variety of transformations 

such as cyclopropanation, cyclopropenation, Wolff rearrangement, insertion, ylide 

formation, and others (Scheme 1.10, eq. 1).38 One of the easiest and commonly used 

method for the preparation of Ŭ-diazo-ɓ-dicarbonyl compounds (24) is through a 
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diazo transfer reaction between ɓ-dicarbonyl compounds and sulfonyl azides under 

basic conditions (Scheme 1.10, eq. 2).39 These diazo compounds are highly stable 

compared to alkyldiazo compounds which can be explained by resonance 

stabilization with the adjacent carbonyl groups (Scheme 1.10, eq. 3).40 They can be 

stored in a capped vial at room temperature for many years without decomposition.  

Scheme 1.10 Chemistry of Ŭ-Diazo-ɓ-dicarbonyl Compounds. 
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Beside metal catalyzed decomposition, Ŭ-diazo-ɓ-dicarbonyl compounds (24) 

have been an attractive precursor to vicinal tricarbonyl compounds by oxidation with 

either tert-butyl hypochlorite19 or dimethyldioxirane (DMDO).20 tert-Butyl 

hypochlorite has been used for the preparation of variety of cyclic triketones 

including tri-cyclic trione (25) and tetracyclic trione (26),41 cyclopentene trione 

(27),42 bicyclotrione (28),43 and cyclohexenetrione (29)44 from the Ŭ-diazo-ɓ-

dicarbonyl precursor (Scheme 1.11). In addition to the fast oxidation reaction time, 

tert-butyl hypochlorite can be easy prepared from commercial household bleach 

solution that contains ~5% of sodium hypochlorite and tert-butyl alcohol.45 The 

isolation of tert-butyl hypochlorite was done by a simple separatory funnel extraction.  

Scheme 1.11 Oxidation of Ŭ-Diazo-ɓ-dicarbonyl Compounds by tert-Butyl 

Hypochlorite. 

 

Saba reported that DMDO is an effective oxidant for the conversion of Ŭ-

diazo-ɓ-dicarbonyl compounds into vicinal tricarbonyl units in qunatitiative yield for 

most cases (Scheme 1.12).12 Since acetone is the by-product of the reaction, the 
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vicinal tricarbonyl compounds was able to be obtained by evaporation of the solvent. 

The reaction time of this process was from 10 to 36 hours. DMDO is a highly volatile 

gas prepared from very cheap starting materials: acetone, sodium bicarbonate, and 

oxone.46,47 However, a typical isolated yield of DMDO is less than 3% in a dilute 

solution of acetone (0.05-0.1 M).46 Therefore, preparing a DMDO solution for a large 

scale reaction is a challenging task.46 Very recently, procedures with simple set-up 

apparatus for large scale preparation of DMDO have been reported.47  

Scheme 1.12 Oxidation of Ŭ-Diazo-ɓ-Dicarbonyl Compounds by DMDO. 

 

1.2.2 Reactivity with Nucleophiles 

1.2.2.1 Oxygen and Nitrogen Nucleophiles 

Anhydrous vicinal tricarbonyl compounds react rapidly with water at room 

temperature at the carbon of the central carbonyl group to form hydrates. Similar 

reactions also occur with alcohols and amines, forming hemiketals and hemiaminals 

respectively. For example, oxidation of phosphonium ylides (30) with ozone at -78 
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°C produces the VTC compound (31), which immediately undergoes intramolecular 

nucleophilic addition by the tethered alcohol group to form the hemiacetal 

dihydrofuranone (32) (Scheme 1.13, eq. 1)). These compounds are isolable in high 

yield.48 Primary amines generally react with the central carbonyl group of vicinal 

tricarbonyl compounds to form hemiaminal intermdiates, followed by dehydration to 

generate imines.  For example, the primary amine of tryptamine (33) reacts with VTC 

(34) to produce the cyclic indole (37) in 65% yield. Upon dehydration to (36), the 

imine intermediate further cyclizes with aromatization to furnish indole (37) (Scheme 

1.13, eq. 2).49  

Scheme 1.13. Reaction of Alcohol and Amine to VTC Compounds.  

 

1.2.2.2 Carbon Nucleophiles 
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The highly electrophilic central carbonyl is reactive towards variety of carbon 

nucleophiles such as enolizable carbonyl compounds, electron rich aromatic 

compounds, enamines, olefins, ylides, and others.50-55, 66 Testa and coworkers 

demonstrated that a variety of enolizable ketones (39) undergo aldol reactions with 

indane-1,2,3-trione (38) in refluxing acetic acid, forming the aldol adducts (40), 

which were trapped with hydrazine to provide pyridazines (41) (Scheme 1.14).50 In 

this report, they made 66 different derivatives of the pyridazines (41) for biological 

testing, and in most cases, the aldol adduct (40) was formed as an intermediate with 

the exception of compounds 42-46.  

Scheme 1.14. Carbon Nucleophiles from Enolizable Ketones.  

 

Electron rich aromatic compounds such as phenol51 and aniline52 derivatives 

undergo Friedel-Crafts alkylation to the central carbonyl of vicinal tricarbonyl 

compounds (Scheme 1.15). For example, Poupelin and coworkers have shown that a 

variety of phenol derivatives undergo Friedel-Crafts alkylation at the ortho position of 
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the phenol or aniline with the central carbonyl of indane-1,2,3-trione (38). The 

tertiary alcohol product (47) existed in equilibrium with the cyclized hemiacetal (48) 

because of intramolecular nucleophilic addition of the aryl alcohol to the proximate 

ketone. A similar reaction was observed with aniline derivatives; for example, 3,5-

dimethoxyaniline also alkylates indane-1,2,3-trione (38), forming intermediate (49) 

that cyclizes to the tetracyclic (50). It is interesting that a 75% yield of (50) was 

observed in this process because other reaction pathways, such as alkylation at the C-

4 position or a condensation reaction between of the amine and carbonyl group, can 

occur. 

Scheme 1.15. Friedel-Crafts Alkylation. 

 

Vicinal tricarbonyl compounds have been employed in carbonyl-ene reactions 

on several occasions. Scheme 1.16 shows some representative examples of ɓ-pinene 

(51) undergoing carbonyl-ene reactions with several types of vicinal tricarbonyl 

systems. Solomon and coworkers reported carbonyl-ene reactions for a series of 

olefins condensing with the central carbonyl of diethyl ketomalonate (52) under 

thermal and Lewis acid conditions.53 For example, ɓ-pinene (51) reacts with diethyl 
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ketomalonate at 145 °C for 3 days to product in 96% yield the carbonyl-ene product 

(53).  When 0.2 equivalent of mercury trifluoroacetate [Hg(OCOF3)2] is introduced as 

a Lewis acid catalyst, the same product was formed in 90% yield at room temperature 

in 5 hours. In this report, tin tetrachloride (SnCl4) and zinc chloride (ZnCl2) were also 

effective Lewis acid catalysts.  Later, Gill and Kirollos applied a variety of olefins to 

the carbonyl-ene reaction with indane-1,2,3-trione system (38).54 This thermal 

carbonyl-ene reaction was also extended to the tetra-vicinal carbonyl dimethyl 

dioxosuccinate (65) that with ɓ-pinene gave  (56) in 84% yield.55 

Scheme 1.16 Carbonyl-ene Reactions with Vicinal Tricarbonyl Compounds. 

 

1.2.3 Applications in Natural Product Synthesis 

1.2.3.1 Formal Synthesis of Antibiotic (±)-PS-5 
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Wasserman and coworkers have been the leaders in applications of VTC 

compounds to natural product synthesis. The first application of the VTC functional 

group in natural product synthesis was the formal synthesis of antibiotic (±)-PS-5 

(Scheme 1.17).56 The functionalized VTC (59) was synthesized in high yield by 

condensation of the 1,3-dicarbonyl compound (57) and 1,1-dimethoxy-N,N-

dimethylmethanamine to form enamine (58), followed by photooxidation. Upon 

removal of the tert-butyldimethylsilyl (TBS) protecting group, the amide intermediate 

cyclized to form bicyclic hemiaminal (60). Compound (60) undergoes reduction 

using trimethylsilyl iodide (TMSI) to generate (61) as a formal synthesis of antibiotic 

(±)-PS-5.57  

Scheme 1.17 Formal Synthesis of Antibiotic (±)-PS-5. 

 

1.2.3.2 Formal Synthesis of Natural Product Bicyclomycin 

Intramolecular nucleophilic addition of an amide to a vicinal tricarbonyl 

compound was applied to the formal synthesis of antibiotic bicyclomycin (Scheme 

1.18).58 The phosphoniun ylide (62) reacted with acid chloride (63) in the presence of 
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N,O-bis(trimethylsilyl)acetamide (BSA) to yield the diacyl ylide (64). Oxidative 

cleavage of (64) gave the VTC (65) intermediate that quickly underwent 

intermolecular reaction with the amide group to generate cyclic (66), which is a 

precursor to the natural product bicyclomycin.59  

Scheme 1.18. Formal Synthesis of Natural Product Bicyclomycin. 

 

1.2.3.3 Total Synthesis of Prodigiosin 

Previously, Wasserman and coworkers discovered vinyl tricarbonyl esters 

such as (68) react with variety of primary amines to form 3-hydroxypyrroles.60 They 

utilized this methodology in the total synthesis of prodigiosin, as shown in Scheme 

1.19.61 The vinyl tricarbonyl ester (68) was synthesized via a condensation reaction 

between 2,3-dicarbonyl compound (67) and N,N-dimethyl-4-nitrosoaniline, followed 

by hydrolysis with aqueous HCl. Next, 2,3-dimethoxybenzylamine underwent 

Michael and carbonyl addition to VTC (68) forming the intermediate pyrrolidinone 

(69), which underwent dehydration to 3-hydroxypyrrole (70). This compound was 

then converted to prodigiosin in a few subsequent steps.  
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Scheme 1.19 Total Synthesis of Prodigiosin. 

 

1.2.3.4 Total Synthesis of (±)-Vasicine 

Vinyl tricarbonyl esters such as (68) are dielectrophilic systems that can react 

with nucleophiles via Michael and/or carbonyl addition. Wasserman and Kuo took 

advantage of this unique reactivity and applied it to a short synthesis of a natural 

product vasicine (Scheme 1.20).62 Reaction of 2-aminobenzylamine and vinyl vicinal 

tricarbonyl (71) formed the intermediate pyrrolidinone (72) by Michael and carbonyl 

addition of the alkyl amine group. This intermediate was able to be isolated when the 

reaction was run without silica gel (SiO2). In the presence of silica gel (SiO2), 

intermediate (72) cyclized to (74), probably through the iminium ion intermediate 

(73). Then reduction of the keto group with sodium borohydride (NaBH4) to the 

alcohol (75), and removal of COOtert-Bu with trifluoroacetic acid (TFA) gave the 

natural product vasicine. In addition to the above examples, VTC compounds have 

also been applied to the synthesis of other natural products and biological relevant 

compounds such as papaveraldine,63 eburnamonine,49 immunosuppressant KF-506,64 

protease inhibitors YM-47141, and YM-47142.65   
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Scheme 1.20 Total Synthesis of (±)-Vasicine. 

 

1.3 Our Vision of Vicinal Tricarbonyl Systems 

Vicinal tricarbonyl systems such as in 2,3-diketoester derivatives (9) are 

useful in organic synthesis because of they offer a electrophilic carbon site for new C-

C, C-O, or C-N bond formation, as Wasserman and coworkers have described 

previously.8c  However, one important aspect of their work that was not addressed to 

this point is stereocontrol of the nucleophile attacking the central carbonyl. Thus far, 

the valuable chiral center generated from nucleophilic addition to the central carbonyl 

is generally lost by aromatization. We envisioned that the 2,3-diketoester system is a 

functional unit with a potential to deliver both complexity and stereoselectivity upon 

nucleophilic addition to the central carbonyl group. The possible elements for 

stereocontrol are the multiple oxygen coordination sites of the starting material, while 

complexity comes from the acyl and nucleophile groups incorporated in the product 

(Scheme 1.21). As result of our investigations with the 2,3-diketoester systems, we 
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have developed a method for the synthesis of substituted furans, but more 

importantly, we discovered the stereocontrol elements in these system that have not 

been previously realized.  

Scheme 1.21 Nucleophilic Addition to 2,3-Diketoesters 

 

1.4 Synthesis of Substituted Furans 

1.4.1 Introduction  

The syntheses and applications of functionalized Ŭ-diazo-ɓ-ketoesters have 

been widely utilized in organic synthesis due to their diverse reactivity and selective 

metal catalyzed diazo decomposition reactions in complex environments.38, 40 Our 

research group has been focused on enol silyldiazoacetates of type (76) as a coupling 

partner with other electrophiles toward the synthesis of highly functionalized Ŭ-diazo-

ɓ-ketoester. To that end, we have recently reported methodologies to access to Ŭ-

diazo-ɓ-keto-ŭ-functionalized esters via Mukaiyama-(aldol, Manich, Michael) 

condensation reactions catalyzed by Lewis acid as well as the propargyl acetates 

coupling partner (77-80) (Scheme 1.22).67 These new methods have provided access 

to highly functionalized diazo compounds that have allowed us to study increasingly 

complex materials by way of transition metal catalyzed dinitrogen extrusion 

reactions.   
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Scheme 1.22 Reaction of Enol Silyldiazoacetates (76) with Electrophiles. 

 

We have been intrigued with vicinal tricarbonyl systems because of the 

electrophilic carbon atom on the central carbonyl group. Since functionalized Ŭ-

diazo-ɓ-ketoesters (81) are accessible via reactions of enol silyldiazoacetate (76) with 

different types of electrophile, we thought that oxidation of complex diazo 

compounds (81) would give us access to functionalized 2,3-diketoesters (83). This 

strategy would allow us to studies intramolecular reactions of the previous installed 

functional group with the central carbonyl of the 2,3-diketoesters (Figure 1.4). 

Figure 1.4 Our Plans to Study Intramolecular Reactions of 2,3-Diketoesters 
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Furans represent an important class of compounds due to their wide 

applications in organic synthesis, polymers, the pharmaceutical industry, and in their 

abundance in natural products.68 Previously, Wasserman and Lee48 reported a novel 

synthesis of 3-hydroxyfurans (87) via oxidation of phosphorus ylides (83) that were 

prepared from enolates of acyl phosphoranylidine carboxylates. Subsequent 

dehydration of the furanones (86) using p-toluenesulfonic acid (PTSA) yielded 3-

hydroxyfuran-2-carboxylates (87) in moderate to high yields (Scheme 1.23, eq. 1). In 

our first entry into the chemistry of vicinal tricarbonyl compounds, we were able to 

make an improvement to the Wassermanôs procedures for the preparation of 3-

hydroxy furans (87) as well as developing an efficient methodology for the synthesis 

of 3-methoxyfuran-2-carboxylate derivatives. Our approach for the synthesis of 

substituted furans (87) and (88) was by oxidation of Ŭ-diazo-ɓ-keto-ŭ-

hydroxyacetates (84), formed by zinc triþate catalyzed Mukaiyama-aldol 

condensation of diazoacetoacetates with aldehydes. Oxidation of Ŭ-diazo-ɓ-keto-ŭ-

hydroxyacetates (84) to the furanones (7) was achieved by dimethyldioxirane 

(DMDO) in quantitative yield (Scheme 1.23, eq. 2). The advantages of this procedure 

are the ease of preparation and handling of the diazoacetoacetate reactants, the 
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quantitative yield of furanones (7) under neutral conditions, and the conversion of 

furanones (7) to 3-methoxyfurans (88) under mild conditions. 

Scheme 1.23 Methods to Substituted Furans. 

 

1.4.2 Results and Discussion 

1.4.2.1 Strategy to Dihydrofuranones 

Lewis acid catalyzed Mukaiyama-aldol reactions of enol silyldiazoacetates of 

type (76) with aldedydes are a versitle and efficient process to acess ŭ-oxy-Ŭ-diazo-ɓ-

ketoesters.67a,b Our strategic plans were to oxidize ŭ-oxy-Ŭ-diazo-ɓ-ketoesters into ŭ-

oxy-Ŭ-ɓ-diketoesters, and then study their reactivity with nucleophiles. Our 

investigation began with methyl-Ŭ-diazoacetoacetate 24a that is easily prepared in 

gram quantities by diazo transfer from 4-acetamidobenzenesulfonyl azide (p-ABSA) 

to methyl acetoacetate in 95% isolated yield (Scheme 1.24).39 Ŭ-Diazoacetoacetates 

including (24a) are stable under a wide range of conditions. For example, compound 
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(24a) does not show any sign of decomposition after four years stored at room 

temperature in a capped vial as checked by 1H NMR spectroscopic analysis. Reaction 

of methyl Ŭ-diazoacetoacetate (24a) with benzaldehyde via a one-pot Mukaiyama-

aldol procedure produced the functionalized diazo compound (77a) in 93% isolated 

yield (Scheme 1.24).67b 

Scheme 1.24 Preparation of Functionalized Methyl Ŭ-Diazoacetoacetate (77a). 

 

 With functionalized diazo compound (77a) in hand, we next sought to oxidize 

the diazo group to a carbonyl group. We initially began with tert-butyl hypochlorite 

as the oxidant, since several reports have shown that tert-butyl hypochlorite can 

generate vicinal tricarbonyl compounds from Ŭ-diazo-ɓ-dicarbonyl compounds.19, 41-44 

In our hands, however, the use of tert-butyl hypochlorite afforded the desired 

tricarbonyl compound (89) that existed in equilibrium between the keto-form and 

hydrate in moderate yield along with other unidentiýed by-products (Scheme 1.25). 

As Saba20 reported that Ŭ-diazo-ɓ-dicarbonyl compounds were oxidized to vicinal 

tricarbonyl derivatives using dimethyldioxirane (DMDO) in excellent to quantitative 

yield, we subjected diazo substrate (77a) to DMDO. This process resulted in the 

quantitative oxidation of (77a) to the desired product (89) that existed as hydrate in 

the presence of water (Scheme 1.25).  
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Scheme 1.25 Oxidation of Ŭ-Diazo-ɓ-ketoester (77a). 

 

 Then we attempted to remove the TBS group from (89) to form the 

corresponding alcohol (85a). Unfortunately, standard methods for removal of the 

TBS group, such as treatment of tert-butylammonium fluoride (TBAF) or 

hydrochloric acid (HCl), only resulted in low yields of (85a) which immediately 

cyclized to the dihydrofuranone (86a) (Scheme 1.26).  

Scheme 1.26 Deprotection of the TBS Group. 

 

 Since removal to the TBS group on (89) only provided (86a) in low yield, we 

decided to remove the TBS group prior to the oxidation process. Removal of the TBS 

group from functionalized Ŭ-diazoacetate (77a) with 4N HCl produce in 95% yield 

the desired alcohol (84a) (Scheme 1.27). Remarkably, compound (84a) oxidized to 

furananone (86a) in quantitative yield using DMDO (Scheme 1.27). Since the by-
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product of the oxidation reaction is acetone, pure (86a) was isolated after evaporation 

of solvent. 

Scheme 1.27 Preparation of Dihydrofuranone 86a. 

 

1.4.2.2 Formation of Substituted Furans and a Proposed Mechanism 

The dihydrofuranone (86a) underwent acid catalyzed dehydration to form 3-

hydroxyfuran-2-carboxylate (87a) by the same procedure as that employed by 

Wasserman and Lee (Scheme 1.28).48 However, reactions in refluxing benzene 

together with catalytic PTSA results in product decomposition, and isolation of (87a) 

by silica gel chromatography occurred in relatively low yield (51%). However, 

changing the reaction solvent to methanol gave the expected conversion of hemiketal 

(86a) to 3-methoxyfuran-2-carboxylates (88a) (Scheme 1.28). This modification also 

allowed for ease in purification since the 3-hydroxyfuran-2-carboxylates (87a) were 

otherwise difficult to purify. A proposed mechanism for the formation of 3-

methoxyfuran-2-carboxylates (88a) is outlined in Scheme 1.28. Nucleophilic addition 

of methanol to the acid activated keto group of (86a), then followed by loss of water 

to form the oxonium intermediate B. Upon proton transfer to form the vinyl ether C, 

subsequent acid catalyzed dehydration generated furan (88a).  

Scheme 1.28 Formation of Substituted Furans and a Proposed Mechanism. 
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1.4.2.3 Substrate Scope of Functionalized Diazo Compounds and 

Dihydrofuranones 

With these methods in hand, we tested the substrate scope of this 

transformation. Varieties of OTBS functionalized diazo compounds (77) were 

prepared by the previously reported one-pot Mukaiyama-aldol reaction.67b Removal 

of the TBS group with 4N HCl in THF solution provided the corresponding alcohols 

in high yield 84(a-i) (Table 1.1). A full range of diazo compounds (84) was 

quantitatively oxidized to the vicinal tricarbonyl intermediates (85) that existed as the 

cyclized dihydrofuranones (86) form (Table 1.2). Compounds (86) were readily 

isolated by evaporation of acetone and taken to the next step without further 

purification. 

Table 1.1 Synthesis of Functionalized Diazo Compounds (84).  
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Table 1.2 Oxidation of Diazo Compound (84) to Dihydrofuranone (86). 

 

1.4.2.4 Substrate Scope of Substituted 3-Methoxyfurans 

The hemiketal furanone (86) underwent acid catalyzed methanolysis and 

dehydration to form 3-methoxyfuran-2-carboxylates (88) (Table 1.3). The substrate 



 

 32 

 

scope is general toward both aromatic and aliphatic substituents. Electron-rich, 

electron-poor, ortho, and halogenated substituents on the phenyl ring were tolerated.  

Table 1.3 Synthesis of 3-Methoxyfuran Derivatives 88. 

 

1.4.3 Conclusion 

Enol silyldiazoacetate of type (76) is an effective precursor of functionalized 

Ŭ-diazo-ß-ketoesters (77-80) via coupling with compatible electrophiles under Lewis 

acid catalyzed conditions. The product Ŭ-diazo-ɓ-keto-ŭ-hydroxyesters (84) prepared 

from the Mukaiyama-aldol reaction underwent quantitative oxidation to 

dihydrofuranones (86). Acid catalyzed methanolysis and subsequent dehydration of 

(86) provided an efficient method for the synthesis of 3-methoxyfuran-2-carboxylates 

88 under mild conditions. This work opened the possibility for further 

functionalization at the C-3 position with other nucleophiles. In addition, our studies 
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have provided an alternative method for the preparation of 3-hydroxyfuran-2-

carboxylates with several advantages including higher product yields and atom-

economy. 

1.4.4 Experimental 

1.4.4.1 General Information 

Thin layer chromatography (TLC) was carried out using EM Science silica gel 

60 F254 plates.  The developed chromatogram was analyzed by UV lamp (254 nm), 

p-anisaldehyde (PAA), potassium permanganate (KMnO4) or ceric ammonium 

molybdate (CAM) reagents. Liquid chromatography was performed using a force 

flow (flash chromatography) of the indicated system on silica gel (230-400 mesh).  

Methanol and acetone were purchased from Aldrich and used as receive. Ŭ-Diazo-ɓ-

keto-ŭ-oxysilylesters 77 were prepared according to literature.67b tert-Butyl 

hypochlorite45 and DMDO46 were prepared according to the literature. 1H NMR and 

13C NMR spectra were recorded in CDCl3 on a Bruker Advance 400 MHz 

spectrometer. Chemical shifts are reported in ppm with the solvent signals as 

reference, and coupling constants (J) are given in Hertz. The peak information is 

described as: br = broad singlet, s = singlet, d = doublet, t = triplet, q = quartet, quin = 

quintet, m = multiplet, comp = complex multiplet of magnetically inequivalent 

protons. High-resolution mass spectra (HRMS) were performed on a JEOL 

AccuTOF-ESI mass spectrometer using CsI as the standard. 

1.4.4.2 Preparation of Ŭ-Diazo-ɓ-keto-ŭ-hydroxyesters 
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Ŭ-Diazo-ɓ-keto-ŭ-oxysilylesters 77 (0.10 mmol) was dissolved in 4 mL of THF. The 

reaction flask was cooled to 0 °C in an ice bath. Then 4 mL of 4N HCl was added 

dropwise and stirred for 24-36 h at room temperature until TLC analysis indicated 

complete loss of starting material. Then the reaction was quenched by slow addition 

of saturated sodium bicarbonate solution until basic to pH paper. The resulting 

solution was extracted with 15 mL (3x) with diethyl ether. The combined organic 

layer was dried (MgSO4), filtered, and concentrated under reduced pressure. The 

residue was purified by flash column chromatography (SiO2), eluting with hexane and 

ethyl acetate to provide Ŭ-diazo-ɓ-keto-ɔ-hydroxyesters 84. 

1.4.4.3 Procedures for the Preparation of Dihydrofuranones 

 

Ŭ-Diazo-ɓ-keto-ŭ-hydroxyester 84 (0.05 mmol) was dissolved in 1 mL of acetone, 

under nitrogen atmosphere was cooled to 0 °C. A solution of dimethyldioxirane in 

acetone (10 mL, 2.6 eq., 0.06 M) was added all at once via syringe and stirred for 24 

h at room temperature. Evaporation of solvent provided dihydrofuranones 86 in 

quantitative yield. 

1.4.4.4 Procedure for the Synthesis of 3-Methoxyfurans 
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Dihydrofuranone 86 (0.50 mmol) and p-toluenesulfonic acid monohydrate (PTSA) 

(19 mg, 0.10 mmol) were dissolved in 3 mL of methanol. The resulting reaction 

solution was refluxed for 16 h and concentrated under reduced pressure, The residue 

was purified by flash column chromatography (SiO2), eluting with hexane and ethyl 

acetate to provide 3-methoxyfurans 88 in the indicated yield. 

 

Methyl 3-methoxy-5-phenylfuran-2-carboxylate 88a: yield 80%; 1H NMR (CDCl3, 

400 MHz) ŭ 7.76 (d, J = 8.0 Hz, 2H), 7.36-7.42 (comp, 3H), 6.64 (s, 1H), 3.99 (s, 

3H), 3.91 (s, 3H); 13C NMR (CDCl3, 400 MHz) ŭ 159.2, 156.3, 155.6, 129.3, 129.2, 

128.9, 128.7, 124.8, 96.8, 58.9, 51.4; HRMS (ESI) calcd for C13H13O4 (M+H)+ 

233.0808, found 233.0826. 

 

Methyl 5-(tert -butyl) -3-methoxyfuran-2-carboxylate 88b: yield 91%; 1H NMR 

(CDCl3, 400 MHz) ŭ 6.02 (s, 1H), 3.90 (s, 3H), 3.86 (s, 3H), 1.30 (s, 9H); 13C NMR 

(CDCl3, 400 MHz) ŭ 167.6, 159.4, 155.9, 99.0, 95.4, 58.7, 51.2, 28.5, 26.9; HRMS 

(ESI) calcd for C11H17O4 (M+H)+ 213.1121, found 213.1116. 
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Methyl 3-methoxy-5-phenylfuran-2-carboxylate 88c: yield 90%; 1H NMR (CDCl3, 

400 MHz) ŭ 6.04 (s, 1H), 3.88 (s, 3H), 3.85 (s, 3H), 2.60 (t, J = 8.0 Hz, 2H), 0.84-

1.65 (comp, 13H); 13C NMR (CDCl3, 400 MHz) ŭ 160.5, 159.1, 156.1, 126.4, 98.1, 

58.7, 51.2, 31.6, 31.6, 29.0, 28.8, 27.4, 22.5, 13.9.; HRMS (ESI) calcd for C14H23O4 

(M+H)+ 255.1591, found 255.1574. 

 

Methyl 5-(3,5-dimethylphenyl)-3-methoxyfuran-2-carboxylate 88d: yield 75%; 1H 

NMR (CDCl3, 400 MHz) ŭ 7.39 (s, 2H), 7.01 (s, 1H), 6.61 (s, 1H), 3.99 (s, 3H), 3.92 

(s, 3H), 2.36 (s, 6H); 13C NMR (CDCl3, 400 MHz) ŭ 159.2, 156.4, 156.0, 138.4, 

131.1, 129.0. 127.1, 122.6, 96.6, 58.9, 51.4, 21.2; HRMS (ESI) calcd for C15H17O4 

(M+H)+ 261.1121, found 261.1100. 

 

Methyl 3-methoxy-5-(2-nitrophenyl)furan -2-carboxylate 88e: yield 86%; 1H NMR 

(CDCl3, 400 MHz) ŭ 7.55-7.82 (comp, 4H), 6.60 (s, 1H), 3.97 (s, 3H), 3.91 (s, 3H); 

13C NMR (CDCl3, 400 MHz) ŭ 158.8, 155.4, 149.6, 147.8, 132.3, 130.0, 129.8, 128.7, 
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124.1, 123.2, 101.5, 59.1, 51.6; HRMS (ESI) calcd for C13H12NO6 (M+H)+ 278.0659, 

found 278.0686. 

 

Methyl 3-methoxy-5-(2-nitrophenyl)furan -2-carboxylate 88f: yield 92%; 1H NMR 

(CDCl3, 400 MHz) ŭ 8.27 (d, J = 8.0 Hz, 2H), 7.90 (d, J = 8.0 Hz, 2H), 6.83 (s, 1H), 

4.00 (s, 3H), 3.92 (s, 3H); 13C NMR (CDCl3, 400 MHz) ŭ 158.9, 155.8, 152.5, 147.7, 

134.7. 129.0, 125.2, 124.7, 99.9, 59.1, 51.6; HRMS (ESI) calcd for C13H12NO6 

(M+H)+ 278.0659, found 278.0685. 

 

Methyl 5-(4-chlorophenyl)-3-methoxyfuran-2-carboxylate 88g: yield 75%; 1H 

NMR (CDCl3, 400 MHz) ŭ 7.66 (d, J = 8.0 Hz, 2H), 7.36 (d, J = 8.0 Hz, 2H), 6.61 (s, 

1H), 3.96 (s, 3H), 3.89 (s, 3H); 13C NMR (CDCl3, 400 MHz) ŭ 159.1, 156.2, 154.3, 

135.2, 129.0, 127.7, 127.6, 126.0, 97.2, 58.9, 51.4; HRMS (ESI) calcd for 

C13H12ClO4 (M+H)+ 267.0419, found 267.0435. 
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Methyl  3-methoxy-5-(naphthalen-2-yl)furan -2-carboxylate 88h: yield 85%; 1H 

NMR (CDCl3, 400 MHz) ŭ 8.28 (s, 1H), 7.49-7.87 (comp, 6H), 6.74 (s, 1H)4.01 (s, 

3H), 3.94 (s, 3H); 13C NMR (CDCl3, 400 MHz) ŭ 159.7, 156.2, 155.7, 154.4, 135.2, 

133.5, 133.1, 129.0, 128.6. 127.7, 126.8, 126.0, 124.2, 122.1, 97.2, 58.9, 51.4; HRMS 

(ESI) calcd for C17H15O4 (M+H)+ 283.0965, found 283.0938. 

1.4.4.5 1H NMR and 13C NMR Spectra 
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Chapter 2: Divergent Stereocontrol of Acid Catalyzed 

Intramolecular Aldol Reactions of 2,3,7-Triketoesters: 

Synthesis of Highly Functionalized Cyclopentanones 

 

2.1 Introduction 

New strategies for the synthesis and application of complex diazo compounds 

have proven fruitful in the preparation of carbocyclic and heterocyclic ring systems 

due to the utility of selective diazo decomposition reactions in complex enviroments.1 

A longstanding interest in our research group has been the application of enol 

diazoacetates of type (1) toward the synthesis of more complex diazo compounds by 

developing methods that take advantages of the remarkable stability of the diazo-ɓ-

ketoester functional group (Scheme 2.1).2 To that end, our group has recently 

reported the Mukaiyama-aldol reactions of (1) to give ŭ-hydroxy diazo-ɓ-ketoesters 

(2)2a as well as a Mukaiyama-Michael variant with enones to provide ɕ-keto-Ŭ-diazo-

ɓ-ketoester (3) (Scheme 2.1).2b These new methods have provided access to highly 

functionalized diazo compounds that have allowed us to study increasingly complex 

material by way of transition metal catalyzed dinitrogen extrusion reactions.1 

Scheme 2.1 Mukaiyama Reactions of Silyl Enoldiazoacetate (1).  
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We have also been intrigued by the umpolung in reactivity provided by the 

conversion of the diazo functional group to the keto functional group that has been 

made possible through the use of DMDO.5 In general, conversion of a diazo 

functionality (4) to a carbonyl functionality (5) causes a reversal in the polarity of 

carbon (Scheme 2.2). Upon reaction of DMDO with ŭ-hydroxy-Ŭ-diazoacetoacetate 

(2) (Scheme 2.2), the polarity inversion invites an intramolecular nucleophilic attack 

from the remote hydroxyl group into the newly formed carbonyl unit to generate 

hemiketal (6).2c  Hemiketal (6) could then be further manipulated to provide 3-

alkoxyfuran derivatives such as (7) by acid catalyzed dehydration/methanolysis. 

Scheme 2.2 Oxidation of d-Hydroxy-a-diazoacetoacetates as a Route to Furanones 

and Furans. 
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With the success of these early studies, we directed our attention to the 

application of this umpolung strategy to the previously reported2b Mukaiyama-

Michael adducts (3) (Scheme 2.3). Our hypothesis was that oxidation of this class of 

diazo compounds would provide tetracarbonyl compounds (8), which we envisioned 

as candidates for intramolecular aldol reactions for the construction of the highly 

functionalized cyclopentanones (9). Our interested in this strategy was piqued by the 

knowledge that a number of biologically active natural products such as prezawlskin 

B (10)3 and the picrotoxanes (e.g 11-12)4 share a similarly functionalized 

cyclopentanone system to which the proposed methodology may allow access.  

Scheme 2.3 Diazo-umpolung Route to Cyclopentanones. 

 

2.2 Results and Discussion 

2.2.1 Synthesis of 2,3,7-Triketoesters 

Our investigation began by first preparing a family of tetracarbonyl 

compounds, which were available via a two-step sequence involving the 

intermolecular Mukaiyama-Michael reaction of enol diazoacetate (1) followed by 
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oxidation of the diazoacetoacetate with DMDO (Table 2.1).2b Yields from the two 

step process ranged from 69-92%.5,2c It should be noted that the oxidation step in all 

cases proceeded in virtually quantitative yields, and the products were isolated as 

hydrates.6 Thus, yields of Michael adduct (8) reflect limitations in the Mukaiyama-

Michael reaction. 

Table 2.1. Synthesis of 2,3,7-Triketoestersa  

 

8 Ar R Rǋ Yield (%)
b,c

 

A C6H5 H Me 80 

B 2-naphthyl H Me 83 

C 4-MeOC6H4 H Me 92 

D 4-ClC6H4 H Me 83 

E 9-anthryl H Me 71 

F mesityl H Me 69 

G 4-CF3C6H4 H Me 81 

H 4-CF3C6H4 H Bn 73 

I  C6H5 Ph Me 90 

 

a Mukaiyama-Michael reactions were carried out in a 5.0 mmol scale of enones, 7.0 mmol of 

1 and Zn(OTf)2 (3 mol %) in 25 mL of CH2Cl2 at room temperature. b Isolated yield following 

purification via column chromatography.  c Overall yields are reported starting from 1 and the 

respective enone used. 

 

2.2.2 Acid Catalyzed Intramolecular Aldol Condensation of 2,3,7-

Triketoesters 

The capabilities of Lewis acids to catalyze aldol condensation reactions with 

high stereocontrol are well known.7 However, applications to vicinal tricarbonyl 
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compounds have not been reported. Copper(II), scandium(III), and ytterbium(III) 

triflates are reported to be effective for aldol condensation reactions,8 and tin(II) 

triflate has also been described.9 These catalysts were evaluated for their effectiveness 

in mediating carbocyclization of (8a) in refluxing dichloromethane (Table 2.2, entries 

1-7).  Each of these catalysts exhibited a high degree of diastereocontrol, but 

Yb(OTf)3 provided the highest level of diastereoselectivity.  Alternative catalysts 

such as La(Otf)3,
9d,11 Zn(Otf)2,

9a,3,4 Ni(Otf)2,
12 and Mg(Otf)2

13 showed little or no 

activity for this transformation under the reaction conditions.   

Table 2.2 Optimization of the Intramolecular Aldol Reaction of 2,3,7-Triketoester 

(8a). 

 

Entry a Catalyst b  anti:syn c % Conversion c 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 i 

Yb(Otf)3 
d 

Yb(Otf)3  
e 

Yb(Otf)3 
f 

Yb(Otf)3 

Sn(Otf)2 

Sc(Otf)3 

Cu(Otf)2 

H2PO4 
g 

p-TsOH 

Mes-SO3H 

Mes-SO3H h 

Yb(Otf)3 

N.D. 

95:5 

95:5 

95:5 

85:15 

87:13 

89:11 

25:75 

32:68 

30:70 

30:70 

93:7 

<5 

65 

>95 

>95 

93 

>95 

>95 

75 

84 

90 

>95 

>95 

 

a Reaction performed with substrate 8a. b Reaction performed with 10 mol % catalyst. c 

Determined by 1H NMR spectroscopy.  d 10 mol% catalyst at room temp for 24 h. e 5 mol % 

catalyst.  f 20 mol % catalyst. g 4 equivalents of acid used.  h 30 mol % of the acid used. I The 
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stereochemistry of the process was confirmed by a reaction with 8c using 10 mol% Yb(Otf)3, 

and the stereochemistry of  product 13c was varified by X-ray analysis. 

 

2.2.3 Proposed Stereocontrol of Cyclopentanone Formation 

We were surprised to find a significant divergence in stereocontrol between 

Lewis acid and Brønsted acid catalysts. The use of a Lewis acid gave the 1,2-anti 

product (13a) predominantly, whereas Brønsted acids greatly favored formation of 

the 1,2-syn product (14a). Furthermore, given the prevalence of syn-selective aldol 

reactions of 1,n-dicarbonyl compounds under both Brønsted and Lewis acid catalyzed 

conditions,12 the fact that the anti-aldol product (13) is formed with high selectively is 

notable.  Our initial thought regarding the observation that Lewis and Brønsted acid 

provided divergent reactivity was that we had simply discovered conditions for both 

the kinetically and thermodynamically controlled processes; however, as described 

below, extensive investigations have revealed that the aldol adducts themselves are 

resistant to equilibration between their syn- and anti-forms under any of the optimized 

reaction conditions.  When either purified (13a) or (14a) was resubjected to the 

standard reaction conditions (Table 2.2, Entries 4 & 11), no interconversion of these 

products was observed.  Interconversion was observed after 7 days in refluxing 

CDCl3, however, but interconversion under these more forcing conditions was 

accompanied by a significant amount of by-product formation (>30% relative to 

(13a) and (14b) based on 1H NMR).  The absence of product interconversion under 

the standard reaction conditions suggests that this unique stereochemical divergence 

between Lewis and Brønsted acid catalysis is the result of a kinetically controlled 

process.  In this scenario Lewis acids alter the course of the reaction to give the less 
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common anti-aldol product. We believe that the stereochemical outcomes of the 

Brønsted and Lewis acid catalyzed aldol reactions can be rationalized by analyzing 

the transition states en route to the respective products (Scheme 2.4).  Activation of 

the central carbonyl by Brønsted acid presumably results in the dipole minimized 

orientation of the 1,2-diketo unit, which can then be attacked by the tethered Z-enol 

via the lower energy intermediate (16) thus providing syn-adduct (14a).  Lewis acid 

activation, however, has the ability to coordinate the 1,2-diketo unit thus locking the 

carbonyls in a syn-orientation.  The Z-enol then reacts with the central carbonyl via 

intermediate (17) to give anti-product (13a). 

Scheme 2.4 Stereochemical Rationale for the Diastereoselectivity of Lewis and 

Brønsted Acids. 

 

2.2.4 Substrate Scope 

Expanding on these initial results, we applied the optimized conditions for the 

Lewis and Brønsted acid catalyzed processes to representative substrates (Table 2.3).  

Both electron-withdrawing and -donating aromatic rings were tolerated, as were those 

with sterically demanding aromatic substituents.  In the case of the o,o-disubstitued 
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substrates (13e) and (13f) (Table 2.3, entries 5 and 6), however, a significant 

deterioration in anti:syn selectivity was observed under Lewis acid catalyzed 

conditions.  In fact, in the mesityl example (Table 2.3, entry 6) selectivity was 

inverted, and the syn-diastereomer was formed preferentially.  This anomaly seems to 

highlight the fact that the anti-transition state is inherently more sterically demanding; 

and thus, when the steric demand is too high, an alternative acid coordination such 

that in (16) is favored due to the fewer number of Gauche interactions.  We were also 

interested in studying the effect of a ŭ-substituent on the stereochemical course of the 

reaction (Table 2.3, entry 9).  To that end, when (8i) was subjected to standard Lewis 

acid catalyzed conditions the reaction provided (13i) as the major product (dr = 93:7) 

with the usual 1,2-anti geometry where the 3-phenyl substituent is positioned syn to 

the aryl ketone moiety, which further exemplifies the stereocontrol predicted by 

(17).13 

Table 2.3 Scope and Limitations. 

 

Entry Substrates Method Yield 

(%)a 

anti:syn 

ratiob 

1 

 

Ac 

Bd 

98 

81 

95:5 

24:76 

2 

 

A 

B 

92 

80 

95:5 

33:67 
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3 

 

A 

B 

94 

67 

93:7 

25:75 

4 

 

A 

B 

96 

75 

95:5 

43:57 

5 

 

A 

B 

70 

82 

57:43 

10:90 

6 

 

Df 

B 

51 

61 

30:70 

5:95 

7 

 

A 

B 

96 

75 

94:6 

16:84 

8 

 

A 

B 

92 

77 

93:7 

23:77 

9 

 

Ce 

- 

92 

- 

93:7 

- 

 
a Isolated yield.  b Diastereomeric ratios determined by 1H NMR spectroscopy (see 

Supporting Information, page 77).  c Method A:  Reaction was performed with 10 mol% 

Yb(OTf)3.  d Method B:  Reaction was performed with 30 mol% mesitylenesulfonic acid 

(Mes-SO3H).  e Method C:  Reaction was performed with 10 mol% Sn(OTf)2. 
f Method D: 

Reaction was performed with 10 mol % Sc(OTf)3. 

 

2.2.5 Selective Reduction to 1,2-Diols 

With the cyclopentanone system bearing two ketone groups we next queried 

whether these carbonyl groups could be orthogonally reacted, thus enhancing the 

synthetic utility of these novel cyclopentanone products.  We found that reduction of 

the cyclic ketone could be performed with high chemo- and stereo-selectivity to give 

diol (18) in 85% yield as only one diastereomer (Scheme 2.5).14 The stereochemistry 
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of (18) was confirmed by X-ray crystallography to be the 1,2-anti diol resulting from 

a chelation controlled delivery of the hydride. 

Scheme 2.5 Chemo- and Stereoselective Reduction of Dione (13a).a 

 

a No trace of the aryl ketone reduction product under these conditions. 

2.3 Conclusion 

The Mukaiyama-Michael reaction of silyl enoldiazoaceates was exploited to 

prepare a series of highly functionalized ɕ-keto-Ŭ-diazo-ɓ-ketoesters.  The diazo 

groups of these compounds were oxidized with DMDO to generate 2,3,7-triketoesters 

in virtually quantitative yields, which set up highly stereoselective intramolecular 

aldol reactions to provide usefully functionalized cyclopentanones. Lewis acid 

catalysts provided high degrees of 1,2-anti diastereoselectivity, while Brønsted acids 

selectively provided the 1,2-syn diastereomer, a fact that we believe makes this 

methodology even more synthetically attractive.  The prospect of using chiral acid 

catalysts to achieve an asymmetric variant of this reaction, and application of the 

overall strategy toward natural product synthesis are currently being explored. 

2.4 Experimental 

2.4.1 General Information 
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Dichloromethane (DCM) and tetrahydrofuran (THF) were passed through a 

column of molecular sieves prior to use, not distilled. Thin layer chromatography 

(TLC) was carried out using EM Science silica gel 60 F254 plates. The developed 

chromatogram was analyzed by UV lamp (254 nm), ethanolate phosphomolybdic 

acid, potassium permanganate (KMnO4) or cerium ammonium molybdate (CAM). 

Liquid chromatography was performed using a forced flow (flash chromatography) of 

the indicated system on silica gel (230-400 mesh).  Metal triflate salts and Brønsted 

acids were purchased from Aldrich and used as received. Methyl 3-tert-

butyldimethylsilyloxy-2-diazobut-3-enoate (1) was prepared by the literature 

method.15 Dimethyldioxirane (DMDO) was prepared by the method described by 

Adam.16  Functionalized Ŭ-diazo-ɓ-ketoesters (3) were prepared by method described 

by Liu.2b 1H NMR and 13C NMR spectra were recorded in CDCl3 on a Bruker 

Advance 400 MHz spectrometer. Chemical shifts are reported in ppm with the 

solvent signals as reference, and coupling constants (J) are given in Hertz. The peak 

information is described as: br = broad singlet, s = singlet, d = doublet, t = triplet, q = 

quartet, quin = quintet, m = multiplet, comp = complex multiplet of magnetically 

inequivalent protons.  IR spectra were recorded on a Thermo Nicolet IR200 

spectrometer. Melting points were obtained from Electro Thermo Mel-Temp DLX 

104. High-resolution mass spectra (HRMS) were performed on a JEOL AccuTOF-

ESI mass spectrometer using CsI as the standard. 

2.4.2 General Procedure for the Preparation of Functionalized a-Diazo-b-

ketoesters 



 

 66 

 

 

A solution of methyl 3-tert-butyldimethylsilyloxy-2-diazobut-3-enoate 1 (7.0 mmol, 

1.4 eq) in anhydrous CH2Cl2 (3 mL) was added via syringe pump over 1 h to a 

solution of aryl vinyl ketone 19 (5.0 mmol, 1.0 eq) and Zn(OTf)2 (54 mg, 0.15 mmol, 

3 mol%) in CH2Cl2 (25 mL) under a nitrogen atmosphere.  The reaction solution was 

stirred for 24 h at room temperature and then concentrated under reduced pressure. 

The residue was then dissolved in THF (15 mL) containing 4N HCl (10 mL), and the 

mixture was stirred at room temperature overnight.  The reaction solution was 

neutralized with saturated aqueous NaHCO3 and extracted with diethyl ether (30 mL 

x 3).  The combined organic layer was dried (Na2SO4), filtered, and concentrated 

under reduced pressure.  The residue was purified by flash chromatography (SiO2) by 

eluting with hexanes and ethyl acetate. The diazo carbon was not detected in the 13C 

NMR spectra of these compounds. 

 

Methyl 2-Diazo-3,7-dioxo-7-phenylheptanoate (3a). Reaction between enone 19a 

and enoldiazoacetate 1 gave 3a as a pale green solid in 80% yield: mp = 40-42 ºC; 

TLC Rf  = 0.25 (3:1 hexane/EtOAc); 1H NMR (400 MHz, CDCl3) ŭ 8.06-7.44, 

(comp, 5 H), 3.84 (s, 3 H), 3.08 (t, J = 7.2 Hz, 2 H), 2.99 (t, J = 7.1 Hz, 2 H), 2.13 
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(quin, J = 7.1 Hz, , 2 H); 13C NMR (400 MHz, CDCl3) ŭ 199.9, 192.6, 162.1, 137.2, 

133.4, 128.9, 128.4, 52.6, 39.8, 38.0, 19.1; IR (neat) 2125, 1720, 1679, 1646 (cm-1); 

HRMS (ESI) m/z 275.100 [C14H15O5 (M+H) requires 275.103]. 

 

Methyl 2-Diazo-7-(naphth-2-yl)-3,7-dioxoheptanoate (3b).  Reaction between 

enone 19b and enoldiazoacetate 1 gave 3b as a pale yellow solid in 83% yield: TLC 

Rf  = 0.25 (3:1 hexane/ EtOAc); 1H NMR (400 MHz, CDCl3) ŭ 8.52 (s, 1 H), 8.06 

(dd, J = 8.6, 1.7 Hz, 1 H), 8.00 (d, J = 8.0 Hz, 1 H), 7.96-7.53 (comp, 4 H), 3.86 (s, 3 

H), 3.23 (t, J = 7.2 Hz, 2 H), 3.05 (t, J = 7.1 Hz, 2 H), 2.20 (quin, J = 7.1 Hz, 2 H); 

13C NMR (400 MHz, CDCl3) ŭ 199.9, 192.7, 162.1, 136.0, 134.6, 133.0, 130.2, 

130.0, 128.9, 128.8, 128.2, 127.0, 124.3, 52.7, 39.9, 38.2, 19.3; IR (neat) 2133, 1718, 

1678, 1652 cm-1; HRMS (ESI) m/z 325.115 [C14H15O5 (M+H) requires 325.118]. 

 

Methyl 2-Diazo-7-(4-methoxyphenyl)-3,7-dioxoheptanoate (3c).  Reaction 

between enone 19c and enoldiazoacetate 1 gave 3c as a colorless solid in 92% yield:  

TLC Rf  = 0.25 (2:1 hexane/ EtOAc); 1H NMR (400 MHz, CDCl3) ŭ 7.98 (d, J = 9.0 

Hz, 2 H), 6.95 (d, J = 9.0 Hz, 2 H), 3.89 (s, 3 H), 3.85 (s, 3 H), 3.11-2.90 (comp, 4 
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H), 2.19-1.98 (comp, 2 H); 13C NMR (400 MHz, CDCl3) ŭ 198.5, 192.6, 163.7, 

162.1, 130.7, 130.3, 114.1, 55.9, 52.6, 39.9, 37.6, 19.3; IR (neat) 2133, 1718, 1673, 

1653 cm-1; HRMS (ESI) m/z 305.112 [C14H15O5 (M+H) requires 305.113]. 

 

Methyl 7-(4-Chlorophenyl)-2-diazo-3,7-dioxoheptanoate (3d).  Reaction between 

enone 19d and enoldiazoacetate 1 gave 3d as a colorless solid in 83% yield: TLC Rf  

= 0.25 (2:1 hexane/ EtOAc); 1H NMR (400 MHz, CDCl3) ŭ 7.91 (d, J = 8.6 Hz, 2 H), 

7.44 (d, J = 8.5 Hz, 2 H), 3.84 (s, 3 H), 3.04 (t, J = 7.2 Hz, 2 H), 2.98 (t, J = 7.0 Hz, 2 

H), 2.14-2.05 (comp, 2 H); 13C NMR (400 MHz, CDCl3) ŭ 198.6, 192.5, 162.1, 

139.8, 135.5, 129.8, 129.2, 52.6, 39.7, 38.0, 19.0; IR (neat) 2129, 1718, 1679, 1648, 

1589 cm-1; HRMS (ESI) m/z 309.065 [C14H15O5 (M+H) requires 309.064]. 

 

Methyl 7-(Anthracen-9-yl)-2-diazo-3,7-dioxoheptanoate (3e).  Reaction between 

enone 19e and enoldiazoacetate 1 gave 3e as an orange solid in 71% yield: TLC Rf  = 

0.25 (2:1 hexane/ EtOAc); 1H NMR (400 MHz, CDCl3) ŭ 8.48 (s, 1 H), 8.03 (dd, J = 

8.5, 1.2 Hz, 2 H), 7.88-7.73 (m, 2 H), 7.59-7.45 (comp, 4 H), 3.85 (s, 3 H), 3.15 (t, J 

= 7.4 Hz, 2 H), 3.06 (t, J = 7.2 Hz, 2 H), 2.34-2.22 (comp, 2 H); 13C NMR (400 
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MHz, CDCl3) ŭ 210.1, 192.3, 162.1, 136.8, 131.4, 129.2, 128.5, 127.3, 127.1, 125.8, 

124.7, 52.6, 45.7, 39.6, 18.8; IR (neat) 2139, 1722, 1673, 1589, 1573 cm-1; HRMS 

(ESI) m/z 375.130 [C14H15O5 (M+H) requires 375.134]. 

 

Methyl 2-Diazo-7-mesityl-3,7-dioxoheptanoate (3f).  Reaction between enone 19f 

and enoldiazoacetate 1 gave 3f as a colorless solid in 69% yield: mp = 87-89 ºC;  

TLC Rf  = 0.25 (4:1 hexane/EtOAc); 1H NMR (400 MHz, CDCl3) ŭ 6.83 (s, 2 H), 

3.85 (s, 3 H), 2.97 (t, J = 7.2 Hz, 2 H), 2.78 (t, J = 7.3 Hz, 2 H), 2.28 (s, 3 H), 2.20 (s, 

6 H), 2.06 (quin, J = 7.2 Hz, 2 H); 13C NMR (400 MHz, CDCl3) ŭ 210.4, 192.4, 

162.0, 139.9, 138.7, 132.8, 128.8, 52.6, 44.1, 39.6, 21.4, 19.5, 18.4; IR (neat) 2148, 

1715, 1694, 1650 cm-1; HRMS (ESI) m/z 317.153 [C14H15O5 (M+H) requires 

317.1501]. 

 

Methyl 2-Diazo-3,7-dioxo-7-[4-(trifluoromethyl)phenyl]heptanoate (3g). Reaction 

between enone 19g and enoldiazoacetate 1 gave 3g as a colorless solid in 81% yield: 

mp = 42-44 ºC; TLC Rf  = 0.25 (2:1 hexane/EtOAc); 1H NMR (400 MHz, CDCl3) ŭ 

8.09 (d, J = 8.6 Hz, 2 H), 7.74 (d, J = 8.6 Hz, 2 H), 3.85 (s, 3 H), 3.10 (t, J = 7.2 Hz, 2 
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H), 3.00 (t, J = 7.0 Hz, 2 H), 2.22-2.05 (comp, 2 H); 13C NMR (400 MHz, CDCl3) ŭ 

198.9, 192.4, 162.1, 139.8, 134.7 (q, J = 37 Hz), 128.8, 126.1 (q, J = 3.8 Hz), 124.0 

(q, J = 274.5 Hz), 52.6, 39.6, 38.3, 18.9; IR (neat) 2134, 1721, 1673, 1654 cm-1; 

HRMS (ESI) m/z 343.093 [C14H15O5 (M+H) requires 343.90]. 

 

Benzyl 2-Diazo-3,7-dioxo-7-[4-(trifluoromethyl)phenyl]heptanoate (3h). Reaction 

between enone 19g and benzyl 3-[(tert-butyldimethylsilyl)oxy]-2-diazobut-3-enoate12 

gave 3h as a pale green solid in 73% yield:  mp = 71-73 ºC; TLC Rf  = 0.25 (2:1 

hexane/EtOAc); 1H NMR (400 MHz, CDCl3) ŭ 8.09 (d, J = 8.1 Hz, 2 H), 7.75 (d, J = 

8.3 Hz, 2 H), 7.46-7.33 (comp, 5 H), 5.29 (s, 2 H), 3.09 (t, J = 7.2 Hz, 2 H), 3.02 (t, J 

= 7.0 Hz, 2 H), 2.13 (quin, J = 7.1 Hz, 2 H); 13C NMR (400 MHz, CDCl3) ŭ 198.89, 

192.42, 161.57, 139.85, 135.49, 134.69 (q, J = 33 Hz), 129.16, 129.11, 128.93, 

128.79, 126.05 (q, J = 4Hz), 124.00 (q, J = 277 Hz), 67.42, 39.70, 38.37, 18.91.; IR 

(neat) 2134, 1716, 1673, 1658 cm-1; HRMS (ESI) m/z 419.123 [C14H15O5 (M+H) 

requires 419.121]. 
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Methyl 2-Diazo-3,7-dioxo-5,7-diphenylheptanoate (3i).  Reaction between trans-

chalcone  and enoldiazoacetate 1 gave 3i as a colorless solid in 89% yield:  TLC Rf = 

0.25 (2:1 hexane/EtOAc); spectral data were in accord with the literature.2b 

2.4.3 General Procedure for the Synthesis of Functionalized 2,3,7-

Triketoesters 

 

A 0.06 M solution of DMDO (20 mL, 1.3 eq) in acetone was added in one portion to 

a solution of a-diazo-b-ketoester 3 (0.2 mmol, 1 eq) in acetone (1 mL) under a 

nitrogen atmosphere at 0 °C.  After 15 min, the reaction solution was warmed to room 

temperature and stirred overnight.  This solution was concentrated under reduced 

pressure to provide 8 as its monohydrate, which was used without further purification.   

 

Methyl 2,3,7-Trioxo-7-phenylheptanoate Hydrate (8a).  Reaction between 3a and 

DMDO gave 8a as a white amorphous solid in 99 % yield: mp  = 55-57 ºC;  1H NMR 

(400 MHz, CDCl3) ŭ 7.97-7.48 (comp, 5 H), 4.98 (br, 2 H), 3.83 (s, 3 H), 3.07 (t, J = 

6.9 Hz, 1 H), 2.79 (t, J = 6.9 Hz, 1 H), 2.15 (quin, J = 6.9 Hz, 2 H); 13C NMR (400 

MHz, CDCl3) ŭ 203.4, 199.7, 169.8, 137.0, 133.7, 129.1, 128.4, 92.8, 54.3, 37.2, 
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35.2, 18.2; IR (neat) 3410, 1721, 1719, 1684 cm-1; HRMS (ESI) m/z 263.107 

[C14H15O5 (M+H) requires 263.109]. 

 

Methyl 2,3,7-Trioxo-7-phenylheptanoate (8a).  Dehydration of 8 was performed by 

heating hydrate at 100 ºC under high vacuum for 2 h: 1H NMR (400 MHz, CDCl3) ŭ 

8.03-7.42 (m, 5 H), 3.95 (s, 3 H), 3.10 (t, J = 6.9 Hz, 2 H), 2.99 (t, J = 7.0 Hz, 2 H), 

2.15 (quin, J = 7.0 Hz, 2 H); 13C NMR (400 MHz, CDCl3) ŭ 199.4, 197.7, 182.3, 

162.6, 137.0, 133.6, 129.0, 128.4, 53.6, 37.3, 36.6, 17.3. 

 

Methyl 7-(Naphthalen-2-yl)-2,3,7-trioxoheptanoate Hydrate (8b). Reaction 

between 3b and DMDO gave 8b as a white amorphous solid in 99 % yield:  1H NMR 

(400 MHz, CDCl3) ŭ 8.48 (s, 1 H), 8.07-7.58 (comp, 6 H), 4.99 (br, 2 H), 3.82 (s, 3 

H), 3.19 (t, J = 6.9 Hz, 2 H), 2.82 (t, J = 6.9 Hz, 2 H), 2.18 (quin, J = 6.9 Hz, 2 H); 

13C NMR (400 MHz, CDCl3) ŭ 203.4, 199.6, 169.7, 136.0, 134.3, 132.9, 130.1, 

129.9, 129.0, 128.9, 128.2, 127.2, 124.1, 92.7, 54.2, 37.2, 35.3, 18.2; IR (neat) 3431, 

1720, 1682, 1626, 1594 cm-1; HRMS (ESI) m/z 313.105 [C14H15O5 (M+H) requires 

313.107]. 
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Methyl 7-(4-Methoxyphenyl)-2,3,7-trioxoheptanoate Hydrate (8c).  Reaction 

between 3c and DMDO provided 8c as a white solid in 99 % yield:  1H NMR (400 

MHz, CDCl3) ŭ 7.93 (d, J = 8.2 Hz, 2 H), 6.94 (d, J = 8.2 Hz, 2 H), 5.07 (br, 2 H), 

3.87 (s, 3 H), 3.81 (s, 3 H), 2.99 (t, J = 6.9 Hz, 2 H), 2.76 (t, J = 6.9 Hz, 2 H), 2.12 

(quin, J = 6.9 Hz, 2 H); 13C NMR (400 MHz, CDCl3) ŭ 203.5, 198.3, 169.7, 163.8, 

130.6, 130.0, 114.1, 92.8, 55.8, 54.2, 36.8, 35.3, 18.3; IR (neat) 3354, 1732, 1667, 

1596 cm-1; HRMS (ESI) m/z 293.102 [C14H15O5 (M+H) requires 293.102]. 

 

Methyl 7-(4-Chlorophenyl)-2,3,7-trioxoheptanoate Hydrate (8d). Reaction 

between 3d and DMDO gave 8d as a white amorphous solid in 99 % yield: mp = 56-

58 ºC; 1H NMR (400 MHz, CDCl3) ŭ 7.89 (d, J = 8.6 Hz, 2 H), 7.45 (d, J = 8.5 Hz, 2 

H), 4.97 (br, 2 H), 3.83 (s, 3 H), 3.01 (t, J = 6.9 Hz, 2 H), 2.76 (t, J = 6.9 Hz, 2 H), 

2.14 (quin, J = 6.9 Hz, 2 H); 13C NMR (400 MHz, CDCl3) ŭ 203.9, 198.3, 169.8, 

140.0, 135.4, 129.8, 129.3, 92.7, 54.3, 37.2, 35.1, 18.0; IR (neat) 3434, 1739, 1715, 

1682 1590 cm-1; HRMS (ESI) m/z 297.054 [C14H15O5 (M+H) requires 297.053]. 
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Methyl 7-(Anthracen-9-yl)-2,3,7-trioxoheptanoate Hydrate (8e). Reaction 

between 3e and DMDO gave 8e as a white amorphous solid in 99 % yield:  1H NMR 

(400 MHz, CDCl3) ŭ 8.52 (s, 1 H), 8.07 (dd, J = 8.3, 1.4 Hz, 2 H), 7.77 (dd, J = 5.2, 

4.5 Hz, 2 H), 7.60-7.49 (comp, 4 H), 4.96 (br, 2 H), 3.88 (s, 3 H), 3.14 (t, J = 7.1 Hz, 

2 H), 2.91 (t, J = 7.0 Hz, 2 H), 2.30 (quin, J = 7.0 Hz, 2 H); 13C NMR (400 MHz, 

CDCl3) ŭ 209.9, 203.0, 169.7, 136.4, 131.4, 129.2, 128.7, 127.3, 125.9, 124.5, 119.9, 

92.7, 54.3, 45.0, 35.1, 17.9; IR (neat) 3431, 1724, 1720, 1676, 1591 cm-1; HRMS 

(ESI) m/z 363.125 [C14H15O5 (M+H) requires 363.123]. 

 

Methyl 2,3,7-Trioxo-7-(2,4,6-trimethylphenyl)heptanoate Hydrate (8f).   Reaction 

between 3f and DMDO gave 8f as a white solid in 99 % yield:  1H NMR (400 MHz, 

CDCl3) ŭ 6.84 (s, 2 H), 4.94 (br, 2 H), 3.88 (s, 3 H), 2.79-2.74 (comp, 4 H), 2.28 (s, 3 

H), 2.18 (s, 6 H), 2.13-2.02 (comp, 2 H); 13C NMR (400 MHz, CDCl3) ŭ 210.3, 

203.2, 169.8, 139.7, 138.8, 132.8, 128.9, 92.7, 54.3, 43.4, 35.9, 21.4, 19.4, 17.6; IR 

(neat) 3421, 1733, 1693, 1611 cm-1; HRMS (ESI) m/z 305.137 [C14H15O5 (M+H) 

requires 305.138]. 
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Methyl 2,3,7-Trioxo-7-[4-(trifluoromethyl)phenyl]heptanoate Hydrate (8g).  

Reaction between 3g and DMDO gave 8g as a white amorphous solid in 99 % yield:  

1H NMR (400 MHz, CDCl3) ŭ 8.07 (d, J = 8.1 Hz, 2H), 7.76 (d, J = 8.1 Hz, 2H), 4.97 

(br, 2H), 3.86 (s, 3H), 3.09 (t, J = 6.9 Hz, 2H), 2.79 (t, J = 6.9 Hz, 2H), 2.16 (quin, J 

= 6.9 Hz, 2H); 13C NMR (400 MHz, CDCl3) ŭ 203.3, 198.6, 169.7, 139.6, 134.9 (q, J 

= 30 Hz), 128.7, 126.1 (q, J = 4 Hz), 123.9 (q, J = 270 Hz), 92.7, 54.3, 37.5, 35.0, 

18.0; IR (neat) 3456, 3373, 1742, 1715, 1686 cm-1; HRMS (ESI) m/z 331.081 

[C14H15O5 (M+H) requires 331.079]. 

 

Benzyl 2,3,7-Trioxo-7-[4-(trifluoromethyl)phenyl]heptanoate Hydrate (8h).   

Reaction between 3h and DMDO gave 8h as a white amorphous solid in 99 % yield: 

mp = 59-61ºC; 1H NMR (400 MHz, CDCl3) ŭ 8.02 (d, J = 8.1 Hz, 2H), 7.74 (d, J = 

8.2 Hz, 2H), 7.39-7.33 (m, 5H), 5.29 (s, 2H), 4.98 (br, 2H), 2.95 (t, J = 7.0 Hz, 2H), 

2.68 (t, J = 6.8 Hz, 2H), 2.09-2.03 (comp, 2H); 13C NMR (400 MHz, CDCl3) ŭ 

203.2, 198.5, 169.3, 139.6,134.9 (q, J = 36 Hz) 134.4, 129.3, 129.1, 128.8, 128.7, 

126.1 (q, J = 4 Hz), 123.9 (q, J = 276 Hz), 92.8, 69.1, 37.5, 35.0, 17.9; IR (neat) 
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3432, 1730, 1690 cm-1; HRMS (ESI) m/z 407.111 [C14H15O5 (M+H) requires 

407.110]. 

 

Methyl 2,3,7-Trioxo-5,7-diphenylheptanoate Hydrate (8i).  Reaction between 3i 

and DMDO gave 8i as a white amorphous solid in 99 % yield:  
1
H NMR (400 MHz, 

CDCl3) ŭ 8.01-7.15 (comp, 10 H), 4.96 (d, J = 12.1 Hz, 2 H), 4.10-3.94 (m, 1 H), 

3.73 (s, 3 H), 3.38 (d, J = 7.0 Hz, 2 H), 3.18-3.00 (comp, 2 H); 13
C NMR (400 MHz, 

CDCl3) ŭ 202.2, 198.7, 169.7, 143.5, 137.1, 133.7, 129.0, 129.0, 128.4, 127.7, 127.3, 

93.1, 54.2, 44.7, 42.4, 36.5; IR (neat) 3400, 1725, 1665, 1597cm-1; HRMS (ESI) m/z 

339.121 [C14H15O5 (M+H) requires 339.123]. 

2.4.4 Method A:  General Procedure for the Lewis Acid Catalyzed 

Synthesis of 1,2-anti Cyclopetanones 13 

 

A solution of tricarbonyl compound 8 (0.2 mmol, 1 eq) and Yb(OTf)3 (12 mg, 0.020 

mmol, 0.10 eq) in CH2Cl2 (1 mL) was refluxed for 24 h under a nitrogen atmosphere.  

The reaction mixture was concentrated under reduced pressure; and the residue was 
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purified by flash chromatography (SiO2), eluting with hexanes/ethyl acetate (ratio 

indicated below) to provide 13 and 14 as a mixture of diastereomers.  The major 

isomer was purified by recrystallization from CH2Cl2/hexanes unless stated 

otherwise.   

Determination of Percent Conversion and Diastereomeric Ratio of 

Cyclopentanones 13a and 14a. Reaction between 8a and acid catalysts gave 13a and 

14a as the only products observed by 1H NMR spectral analysis of the reaction 

mixture.  The methoxy proton of 8a has a chemical shift of 3.83 ppm and the 

methoxy protons of anti-13a and syn-14a have chemical shift values of 3.85 ppm and 

3.86 ppm, respectively. Percent conversion was determined by the relative integration 

of the methoxy protons of 8a, 13a, and 14a.  The diastereomeric ratios were 

determined by relative integration of the proton alpha to the aryl ketone unit of 13a 

and 14a located at 4.22 ppm and 4.54 ppm, respectively.  The diastereomeric ratios of 

the other substrates were determined analogously to this method.  

Interconversion Experiments of 13a and 14a. A solution of 13a (26 mg, 0.1 mmol) 

and Yb(OTf)3 (6 mg, 0.01 mmol) in CH2Cl2 (1 ml) was refluxed for 24 h. The 

reaction was cooled to room temperature, and the catalyst was removed by passing 

the mixture through a short pad of silica and rinsed with ethyl acetate (3 ml). The 

filtrate and washing were concentrated and the crude residue analyzed by 1H NMR 

spectroscopy. Only 13a was observed in the 1H NMR spectrum of the reaction 

mixture.  
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A solution of 13a (26 mg, 0.1 mmol) and mesitylsulfonic acid dihydrate (7 mg, 0.03 

mmol) in CH2Cl2 (1 ml) was refluxed for 24 h. The reaction was concentrated, and 

the residue was analyzed by 1H NMR spectroscopy. Only 13a and mesitylsulfonic 

acid were observed in the 1H NMR spectrum of the reaction mixture.  

A solution of 14a (26 mg, 0.1 mmol) and Yb(OTf)3 (6 mg, 0.01 mmol) in CH2Cl2 (1 

ml) was refluxed for 24 h. The reaction was cooled to room temperature, and the 

catalyst was removed by passing the mixture through a short pad of silica, and rinsed 

with ethyl acetate (3 ml). The filtrate and washings were concentrated and analyzed 

by 1H NMR spectroscopy. Only 14a was observed based on the 1H NMR spectrum of 

the reaction mixture. 

A solution of 14a (26 mg, 0.10 mmol) and mesitylsulfonic acid dihydrate (7 mg, 0.03 

mmol) in CH2Cl2 (1 ml) was refluxed for 24 h. The reaction was concentrated, and 

the residue was analyzed by 1H NMR spectroscopy. Only 14a and mesitylsulfonic 

acid were observed in the 1H NMR spectrum of the reaction mixture.  

A solution of 13a (26 mg, 0.1 mmol), mesitylsulfonic acid dihydrate (7 mg, 0.03 

mmol) and CDCl3 (0.7 ml) in a NMR tube was heated to 55 ºC in an oil bath for 7 

days. Analysis of the reaction mixture by 1H NMR spectroscopy showed a mixture 

(67:33) of 13a and 14a along with >30% of an unidentified by-product. 

A solution of 14a (26 mg, 0.1 mmol), mesitylsulfonic acid dihydrate (7 mg, 0.03 

mmol) and CDCl3 (0.7 ml) in a NMR tube was heated to 55 ºC in an oil bath for 7 
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days. Analysis of the reaction mixture by 1H NMR spectroscopy showed a mixture 

(67:33) of 13a and 14a along with >30% of an unidentified by-product. 

 

Methyl anti-2-Benzoyl-1-hydroxy-5-oxocyclopentane-1-carboxylate (13a).   

Reaction between 8a and Yb(OTf)3 gave 13a (major isomer) and 14a (minor isomer) 

as a mixture (95:5) of diastereomers in 98% yield.  Pure 13a was isolated as a 

colorless crystalline material in 69 % yield after recrystallization from 

CH2Cl2/hexanes (1:1):  mp = 159-160 ºC; 1H NMR (400 MHz, CDCl3) ŭ 8.05-7.43 

(comp, 5 H), 4.22 (dd, J = 12.0, 8.0 Hz, 1H), 4.03 (s, 1 H), 3.85 (s, 3 H), 2.89-2.74 

(m, 1 H), 2.70-2.38 (comp, 3 H); 13C NMR (400 MHz, CDCl3) ŭ 211.0, 197.5, 170.9, 

136.1, 134.2, 129.2, 129.0, 82.2, 55.5, 53.9, 35.9, 22.5; IR (neat) 3466, 1764, 1721, 

1676, 1596, 1578 cm-1; HRMS (ESI) m/z 263.0941 [C14H15O5 (M+H) requires 

263.0919]. 

 

Methyl anti-2-(2-Naphthoyl)-1-hydroxy-5-oxocyclopentane-1-carboxylate (13b).  

Reaction between 8b and Yb(OTf)3 gave 13b (major isomer) and 14b (minor isomer) 

as a mixture (95:5) of diastereomers in 92 % yield.  Pure 13b was isolated as 

colorless crystals in 65 % yield by recrystallization from CH2Cl2/hexanes (1:1):  mp 
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= 207-211 ºC; 1H NMR (400 MHz, CDCl3) ŭ 8.53 (s, 1 H), 8.11-7.53 (comp, 6 H), 

4.39 (dd, J = 11.9, 7.9 Hz, 1 H), 4.07 (s, OH, 1 H), 3.86 (s, 3 H), 2.88-280 (m, 1 H), 

2.77-2.41 (comp, 3 H); 13C NMR (400 MHz, CDCl3) ŭ 211.1, 197.6, 171.0, 136.2, 

133.4, 132.8, 131.2, 130.1, 129.3, 129.1, 128.2, 127.4, 124.3, 82.4, 55.5, 53.9, 36.0, 

22.6; IR (neat) 3468, 1758, 1723, 1671, 1626, 1596 cm-1; HRMS (ESI) m/z 313.1089 

[C18H17O5 (M+H) requires 313.1076]. 

 

Methyl anti-2-(4-Methoxybenzoyl)-1-hydroxy-5-oxocyclopentane-1-carboxyl-ate 

(13c). Reaction between 8c and Yb(OTf)3 gave 13c (major isomer) and 14c (minor 

isomer) as a mixture (93:7) of diastereomers in 94 % yield.  Pure 13c was isolated as 

a colorless crystalline material in 71 % yield by recrystallization from 

CH2Cl2/hexanes (1:1):  mp = 155-157 ºC; 1H NMR (400 MHz, CDCl3) ŭ 8.02-7.92 

(d, J = 8.9 Hz, 2 H), 6.96 (d, J = 8.9 Hz, 2 H), 4.17 (dd, J = 12.0, 7.7 Hz, 1 H), 4.01 

(s, OH, 1 H), 3.89 (s, 3 H), 3.83 (s, 3 H), 2.86 ï 2.74 (m, 1 H), 2.33-2.60 (comp, 3 H); 

13C NMR (400 MHz, CDCl3) ŭ 211.3, 195.9, 171.2, 164.5, 131.4, 129.1, 114.4, 82.4, 

55.9, 55.2, 53.9, 36.0, 22.5; IR (neat) 3481, 1758, 1715, 1667 cm-1; HRMS (ESI) m/z 

293.1047 [C15H17O6 (M+H) requires 293.1025]. 
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Methyl anti-2-(4-Chlorobenzoyl)-1-hydroxy-5-oxocyclopentane-1-carboxylate 

(13d).   Reaction between 8d and Yb(OTf)3 gave 13d (major isomer) and 14d (minor 

isomer) as a mixture (95:5) of diastereomers in 96% yield.  Pure 13d was isolated in 

69 % yield by recrystallization from CH2Cl2/hexanes (1:1):  mp = 176-178 ºC; 1H 

NMR (400 MHz, CDCl3) ŭ 7.99-7.87 (d, J = 8.5 Hz, 2 H), 7.54-7.41 (d, J = 8.5 Hz, 2 

H), 4.15 (dd, J = 11.9, 7.7 Hz, 1 H), 4.03 (s, OH, 1 H), 3.82 (s, 3 H), 2.90 ï 2.72 (m, 1 

H), 2.69 ï 2.28 (comp, 3 H); 13C NMR (400 MHz, CDCl3) ŭ 210.8, 196.5, 170.8, 

140.8, 134.4, 130.5, 129.5, 82.2, 55.3, 53.9, 35.8, 22.2; IR (neat) 3478, 1763, 1722, 

1680, 1586, 1568 cm-1; HRMS (ESI) m/z 297.0557 [C14H14ClO5 (M+H) requires 

297.0530]. 

 

Methyl anti-2-(Anthracene-9-carbonyl)-1-hydroxy-5-oxocyclopentane-1-

carboxylate (13e).   Reaction between 8e and Yb(OTf)3 gave 13e (major isomer) and 

14e (minor isomer) as a mixture (57:43) of diastereomers in 70 % yield.  Pure 13e 

was isolated in 12 % yield by recrystallization from CH2Cl2/hexanes (1:1):  mp = 

189-192 ºC; 1H NMR (400 MHz, CDCl3) ŭ 8.57 (s, 1 H), 8.15-7.48 (comp, 8 H), 4.30 

(s, OH, 1 H), 4.21 (dd, J = 12.8, 7.9 Hz, 1 H), 4.08 (s, 3 H), 2.33-2.72 (comp, 3 H), 

1.97-1.90 (m, 1 H); 13C NMR (400 MHz, CDCl3) ŭ 210.9, 206.7, 170.9, 133.8, 131.3, 

129.6, 129.3, 127.8, 127.6, 126.0, 124.6, 81.7, 62.4, 54.1, 35.9, 21.9; IR (neat) 3458, 
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1765, 1736, 1692, 1520 cm-1; HRMS (ESI) m/z 363.1263 [C22H19O5 (M+H) requires 

363.1232]. 

 

Methyl syn-1-Hydroxy-2-oxo-5-(2,4,6-trimethylbenzoyl)cyclopentane-1-

carboxylate (14f).  Reaction between 8f and Sc(OTf)3 gave 13f (minor isomer) and 

14f (major isomer) as a mixture (30:70) of diastereomers determined by 1H NMR 

spectroscopy from the reaction solution before purification.  The major isomer 14f 

was isolated by flash chromatography using hexane/ethylacetate (3:1) in 51% yield as 

a pale green crystalline material:  mp = 150-152 ºC; 1H NMR (400 MHz, CDCl3) ŭ 

6.86 (s, 2 H), 4.00 (dd, J = 10.4, 6.9 Hz, 1 H), 3.91 (s, OH, 1 H), 3.70 (s, 3 H), 2.77-

2.65 (m, 1 H), 2.55-2.33 (comp, 2 H), 2.30 (s, 3 H), 2.27 (s, 6 H), 2.26-2.21 (m, 1 H); 

13C NMR (400 MHz, CDCl3) ŭ 209.0, 207.3, 170.8, 139.7, 137.3, 134.3, 129.3, 81.2, 

57.3, 53.7, 35.5, 21.6, 21.4, 20.0; IR (neat) 3381, 1755, 1733, 1695, 1611, 1572 cm-1; 

HRMS (ESI) m/z  305.1409 [C17H21O5 (M+H) requires 305.1389]. 

 

Methyl  anti-1-Hydroxy-2-oxo-5-(4-(trifluoromethyl)benzoyl)cyclopentane-1-

carboxylate (13g).  Reaction between 8g and Yb(OTf)3 gave 13g (major isomer) and 
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14g (minor isomer) as a mixture (94:6) of diastereomers in 96 % yield.  Pure 13g was 

isolated in 60 % yield by recrystallization from CH2Cl2/hexanes (1:1):  mp = 128-130 

ºC;  1H NMR (400 MHz, CDCl3) ŭ 8.12 (d, J = 8.1 Hz, 2 H), 7.79 (d, J = 8.1 Hz, 2 

H), 4.21 (dd, J = 11.9, 7.6 Hz, 1 H), 4.05 (s, OH, 1H), 3.84 (s, 3 H), 2.91-2.77 (m, 1 

H), 2.73-2.33 (comp, 3 H); 13C NMR (400 MHz, CDCl3) ŭ 210.60, 197.36, 170.83, 

139.07, 135.44 (q, J = 33 Hz), 129.48, 126.30 (q, J = 4 Hz), 123.88 (q, J = 268 Hz), 

82.27, 55.54, 54.04, 35.80, 22.11. IR (neat) 3461, 1767, 1717, 1692, 1580, 1513 cm-

1; HRMS (ESI) m/z 331.0811 [C15H14F3O5 (M+H) requires 331.0793]. 

 

Benzyl anti-1-Hydroxy-2-oxo-5-(4-(trifluoromethyl)benzoyl)cyclopentane-1-

carboxylate (13h).  Reaction between 8h and Yb(OTf)3 gave 13h (major isomer) as 

a colorless crystalline material in 92% isolated yield: mp = 91-93 ºC; 1H NMR (400 

MHz, CDCl3) ŭ 8.05 (d, J = 8.1 Hz, 2 H), 7.76 (d, J = 8.1 Hz, 2 H), 7.43-7.30 (comp, 

5 H), 5.30-5.19 (m, 2 H), 4.20 (dd, J = 12.0, 7.9 Hz, 1 H), 4.08 (s, OH, 1 H), 2.82-

2.28 (comp, 4 H); 13C NMR (400 MHz, CDCl3) ŭ 210.57, 196.88, 170.01, 138.88, 

135.37 (q, J = 32 Hz), 134.63, 129.46, 129.20, 129.12, 128.91, 126.24 (q, J = 4 Hz), 

123.97 (q, J = 276 Hz), 82.23, 69.25, 55.58, 35.78, 22.09.; IR (neat) 3402, 1759, 

1828, 1686, 1582, 1510 cm-1; HRMS (ESI) m/z 407.1135 [C21H18F3O5 (M+H) 

requires 407.1106]. 
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Methyl anti-2-Benzoyl-1-hydroxy-5-oxo-3-phenylcyclopentane-1-carboxylate 

(13i).  Reaction between 8i and Yb(OTf)3 gave 13i as colorless crystals in 92 % yield 

as a mixture (93:7) of diastereomers.  Pure 13i was isolated in 49 % yield by 

recrystallization from CH2Cl2/hexanes (1:1):  mp = 118-120 ºC. The stereochemistry 

of 13i was determined by x-ray crystallography. 1H NMR (400 MHz, CDCl3) ŭ 7.70-

7.10 (comp, 10 H), 4.63 (d, J = 6.8 Hz, 1 H), 4.38-4.20 (m, 1 H), 4.05 (s, OH, 1 H), 

3.63-3.41 (comp, 4 H), 2.93-2.30 (m, 1 H); 13C NMR (400 MHz, CDCl3) ŭ 207.6, 

198.0, 170.0, 137.9, 137.3, 133.1, 128.5, 128.4, 127.8, 127.6, 126.9, 83.2, 57.2, 53.0, 

41.9, 39.2; IR (neat) 3496, 1754, 1743, 1676, 1596, 1500 cm-1; HRMS (ESI) m/z 

339.1254 [C20H19O5 (M+H) requires 339.1232]. 

2.4.5 Method B:  General Brønsted Acid Catalyzed Procedure for the 

Synthesis of 1,2-syn Cyclopetanones 14 

 

A mixture of 2,3,7-triketoester 8 (0.2 mmol, 1 eq) and mesitylsulfonic acid dihydrate 

(14 mg, .06 mmol. 0.3 eq) in CH2Cl2 (1 mL) was refluxed for 24 h under a nitrogen 

atmosphere.  The reaction was concentrated, and the residue was purified by flash 
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chromatography (SiO2) eluting with hexanes and ethyl acetate to provide 13 and 14 

as an inseparable mixture of diastereomers unless stated otherwise.  

 

Methyl syn-2-Benzoyl-1-hydroxy-5-oxocyclopentane-1-carboxylate (14a). 

Reaction between 8a and Mes-SO3H dihydrate gave 14a  (major isomer) and 13a 

(minor isomer) as a mixture (75:25) of diastereomers in 81 % yield. 1H NMR (400 

MHz, CDCl3) ŭ 7.96-7.47 (comp, 5H), 4.54 (t, J = 7.1 Hz, 1H), 4.09 (s, OH, 1H), 

3.85 (s, 3H), 2.78 (dd, J = 9.1, 5.6 Hz, 1H), 2.42-2.65 (comp, 3H); 13C NMR (400 

MHz, CDCl3) ŭ 209.8, 199.8, 171.0, 137.1, 134.2, 129.2, 128.7, 82.1, 53.8, 50.1, 

34.9, 22.6. 

 

Methyl syn-2-(2-Naphthoyl)-1-hydroxy-5-oxocyclopentane-1-carboxylate (14b). 

Reaction between 8b and Mes-SO3H dihydrate gave 14b (major isomer) and 13b 

(minor isomer) as a mixture (61:39) of diastereomers in 80 % yield: 1H NMR (400 

MHz, CDCl3) ŭ 8.41 (s, 1 H), 7.99 ï 7.87 (comp, 4 H), 7.66 ï 7.54 (comp, 2 H), 4.68 

(t, J = 7.1 Hz, 1 H), 4.11 (s, OH, 1 H), 3.83 (s, 3 H), 2.85 ï 2.75 (m, 1 H), 2.69 ï 2.37 

(comp, 3 H); 13C NMR (400 MHz, CDCl3) ŭ 209.82, 199.78, 171.04, 136.08, 134.33, 
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132.78, 130.66, 129.99, 129.40, 129.22, 128.33, 127.53, 124.11, 82.11, 53.98, 50.11, 

34.94, 22.74. 

 

Methyl syn-2-(4-Methoxybenzoyl)-1-hydroxy-5-oxocyclopentane-1-carboxyl-ate 

(14c). Reaction between 8c and Mes-SO3H dihydrate gave 14c (major isomer) and 

13c (minor isomer) as a mixture (60:40) of diastereomers in 67% isolated yield: 1H 

NMR (400 MHz, CDCl3) ŭ 7.91 (d, J = 9.0 Hz, 2 H), 6.96 (d, J = 9.0 Hz, 2 H), 4.45 

(t, J = 7.2 Hz, 1 H), 4.34 (s, OH, 1 H), 3.88 (s, 3 H), 3.83 (s, 3 H), 2.80-2.72 (m, 1 H), 

2.56-2.40 (comp, 3 H); 13C NMR (400 MHz, CDCl3) ŭ 209.54, 198.67, 170.98, 

164.63, 131.26, 129.68, 114.46, 82.38, 56.00, 53.83, 49.44, 34.93, 23.09. 

 

Methyl syn-2-(4-Chlorobenzoyl)-1-hydroxy-5-oxocyclopentane-1-carboxylate 

(14d).   Reaction between 8d and Mes-SO3H dihydrate gave 14d (major isomer) and 

13d (minor isomer) as a mixture (75:25) of diastereomers in 75 % isolated yield: 1H 

NMR (400 MHz, CDCl3) ŭ 7.83 (d, J = 8.6 Hz, 2 H), 7.45 (d, J = 8.6 Hz, 2 H), 4.46 

(t, J = 6.9 Hz, 1 H), 3.90 (s, OH, 1 H), 3.84 (s, 3 H), 2.84 ï 2.71 (m, 1 H), 2.68 - 2.31 

(comp, 3 H); 13C NMR (400 MHz, CDCl3) ŭ 209.70, 198.34, 170.72, 140.70, 135.47, 

130.13, 129.49, 82.04, 54.01, 49.98, 34.81, 22.35. 
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Methyl syn-2-(Anthracene-9-carbonyl)-1-hydroxy-5-oxocyclopentane-1-

carboxylate (14e).   Reaction between 8e and Mes-SO3H dihydrate gave 14e (major 

isomer) and 13e (minor isomer) as a mixture (94:6) of diastereomers in 82 % isolated 

yield together with an inseparable impurity (see 1H NMR spectrum): 1H NMR (400 

MHz, CDCl3) ŭ 8.54 (s, 1 H), 8.05-7.93 (comp,4 H), 7.59 ï 7.47 (comp, 4 H), 4.37 

(dd, J = 10.0, 7.2 Hz, 1 H), 3.80 (s, OH, 1 H), 3.33 (s, 3 H), 2.74 ï 2.65 (m, 1 H), 2.55 

- 2.40 (m, 2 H), 2.32 ï 2.24 (m, 1H); 13C NMR (400 MHz, CDCl3) ŭ 209.06, 206.51, 

170.38, 134.16, 131.31, 129.91, 129.20, 127.95, 127.43, 126.03, 124.97, 81.20, 58.99, 

53.34, 35.55, 21.71. 

 

Methyl syn-1-Hydroxy-2-oxo-5-(2,4,6-trimethylbenzoyl)cyclopentane-1-

carboxylate (14f).  Reaction between 8f and Mes-SO3H dihydrate gave 14f as a 

single isomer in 61 % yield:  mp = 150-152 ºC; 1H NMR (400 MHz, CDCl3) ŭ 6.86 

(s, 2 H), 4.00 (dd, J = 10.4, 6.9 Hz, 1 H), 3.91 (s, OH, 1 H), 3.70 (s, 3 H), 2.77-2.65 

(m, 1 H), 2.55-2.33 (comp, 2 H), 2.30 (s, 3 H), 2.27 (s, 6 H), 2.26-2.21 (m, 1 H); 13C 

NMR (400 MHz, CDCl3) ŭ 209.0, 207.3, 170.8, 139.7, 137.3, 134.3, 129.3, 81.2, 
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57.3, 53.7, 35.5, 21.6, 21.4, 20.0; IR (neat) 3381, 1755, 1733, 1695, 1611, 1572 cm-1; 

HRMS (ESI) m/z  305.1409 [C17H21O5 (M+H) requires 305.1389]. 

 

Methyl syn-1-Hydroxy-2-oxo-5-(4-(trifluoromethyl)benzoyl)cyclopentane-1-

carboxylate (14g).  Reaction between 8g and Mes-SO3H dihydrate gave 14g (major 

isomer) and 13g (minor isomer) as a mixture (75:25) of diastereomers in 75% yield. 

1H NMR (400 MHz, CDCl3) ŭ 7.98 (d, J = 8.1 Hz, 2 H), 7.74 (d, J = 8.1 Hz, 2 H), 

4.51 (t, J = 6.7 Hz, 1 H), 3.83 (s, 3 H), 3.79 (s, OH, 1 H), 2.79 ï 2.73 (m, 1 H), 2.66 ï 

2.31 (comp, 3 H). 13C NMR (400 MHz, CDCl3) ŭ 209.8, 198.5, 170.5, 140.2, 135.2 

(J = 33 Hz), 128.9, 126.1 (J = 4 Hz), 123.9 (J = 271 Hz), 81.9, 54.1, 50.4, 34.7, 21.9. 

 

Benzyl syn-1-Hydroxy-2-oxo-5-(4-(trifluoromethyl)benzoyl)cyclopentane-1-

carboxylate (14h).  Reaction between 8h and Mes-SO3H dihydrate gave 14h (major 

isomer) in 60% yield as a colorless crystalline material and 13h (minor isomer) 17% 

yield . These isomers were separated by flash chromatography with hexane/ethyl 

acetate (1:3) as the eluent: mp = 91-91 ºC; 1H NMR (400 MHz, CDCl3) ŭ 7.87 (d, J = 

8.1 Hz, 2 H), 7.59 (d, J = 8.1 Hz, 2 H), 7.45 ï 7.29 (m, 5 H), 5.24 (dd, J = 38.6, 12.0 

Hz, 2 H), 4.47 (t, J = 6.9 Hz, 1 H), 3.75 (s, OH, 1 H), 2.78-2.74 (m, 1 H), 2.62 - 2.48 
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(m, 2 H), 2.37 ï 2.23 (m, 1 H); 13C NMR (400 MHz, CDCl3) ŭ 209.81, 198.07, 

170.25, 140.02, 135.00 (q, J = 34 Hz), 134.70, 129.45, 129.29, 129.02, 128.89, 

126.11(q, J = 3.4 Hz), 123.95 (q, J = 271 Hz), 81.49, 69.02, 50.39, 35.05, 22.03. IR 

(neat) 3425, 1763, 1733, 1688 cm-1; HRMS (ESI) m/z 407.1123 [C21H18F3O5 (M+H) 

requires 407.1106]. 

2.4.6 Procedure for Selective Reduction to 1,2-Diols 

 

(±)-Methyl (1R,2S,5R)-2-benzoyl-1,5-dihydroxycyclopentane-1-carboxylate (18).  

A mixture of cyclopentanone 13a (0.052g, 0.2 mmol) and NaBH4 (0.030 g, 0.80 

mmol) in MeOH:CH2Cl2 (1.5 mL, 1:1) was stirred for 2 h at -45 ºC.  The reaction 

was quenched with 4 N HCl (2 mL) at -45 ºC, warmed to room temperature, and 

extracted with CH2Cl2 (10 mL x 3). The combined organic layers were dried 

(Na2SO4), filtered, and concentrated under reduced pressure.  The residue was 

purified by recrystallization from CH2Cl2/hexane (1:1) to provide 18 in 85% yield as 

a colorless crystal.  The stereochemistry of 18 was determined by x-ray 

crystallography:  mp = 134-136 ºC; 
1H NMR (400 MHz, CDCl3) ŭ 7.97 ï 7.42 (comp, 

5H), 4.40 - 4.37 (m, 1H), 3.99 (t, J = 9.9 Hz, 1H), 3.92 ï 3.79 (comp, 4H), 2.48 (br, 

1H), 2.29-2.21 (comp, 3H), 2.08 - 2.00 (m, 1H). 13C NMR (400 MHz, CDCl3) ŭ 

199.3, 174.2, 136.5, 133.7, 129.0, 128.9, 85.5, 80.4, 55.3, 53.3, 29.4, 24.7; IR (neat) 
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3476, 3412, 2964, 1717, 1684, 1596 cm-1; HRMS (ESI) m/z 265.1086 [C14H17O5 

(M+H) requires 265.1076]. 
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2.4.7 1H NMR and 13C NMR Spectra 
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