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ABSTRACT  
 

Samuel Lee Bartlett: New Complexity-Building Reactions of Ŭ-Keto Esters 
(Under the direction of  Jeffrey S. Johnson) 

 
I. Introduction : Importance of Asymmetric Catalysis and the Reactivity 
Patterns of Ŭ-Keto Esters   
 

II. Synthesis of Complex Tertiary Glycolates  by Enantioconvergent Arylation 
of Stereochemically Labile Ŭ-Keto Esters  
 

Enantioconvergent arylation reactions of boronic acids and racemic ȁ-stereogenic 

Ŭ-keto esters have been developed. The reactions are catalyzed by a chiral (diene)Rh(I) 

complex and provide a wide array of ȁ-stereogenic tertiary aryl glycolate derivatives with 

high levels of diastereo- and enantioselectivity. Racemization studies employing a series 

of sterically differentiated tertiary amines suggest that the steric nature of the amine base 

additive exerts a significant influence on the rate of substrate racemization. 

 

II I . Palladium -Catalyzed ȁ-Arylation of Ŭ-Keto Esters  

A catalyst system derived from commercially available Pd2(dba)3 and PtBu3 has 

been applied to the coupling of Ŭ-keto ester enolates and aryl bromides. The reaction 

provides access to an array of ȁ-stereogenic Ŭ-keto ester derivatives. When the air stable 
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ligand precursor PtBu3·HBF4 is employed, the reaction can be carried out without use of 

a glovebox. The derived products are of broad interest given the prevalence of the Ŭ-keto 

acid substructure in biologically important molecu les.  

 

IV. Catalytic Enantioselective [3+2] Cycloaddition of Ŭ-Keto Ester Enolates 
and Nitrile Oxides  
 

An enantioselective [3+2] cycloaddition reaction between nitrile oxides and 

transiently generated enolates of Ŭ-keto esters has been developed. The catalyst system 

was found to be compatible with in situ  nitrile oxide generation conditions. A versatile 

array of nitrile oxides and Ŭ-keto esters could participate in the cycloaddition, providing 

novel 5-hydroxy-2-isoxazolines in high chemical yield with high levels of diastereo- and 

enantioselectivity. Notably, the optimal reaction conditions circumvented concurrent 

reaction via O-imidoylation and hetero -[3+2] pathways.   
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Chapter I  Introduction  
 
1.1 Enantioselective Catalysis: Implications for Human Health  

 

The key role played by stereochemistry in biological molecular recognition events  

is now well understood. Related to the the development of small molecule 

pharmaceuticals, one enantiomer might possess desirable therapeutic properties, while 

the opposite antipode may be inherently detrimental . For instance (R)-levamisole is 

known to cause emesis.1 Alternat ively, a member of an enantiomeric pair may simply be 

inactive. In such cases its presence may complicate the determination of precise dose-

response relationships and lessen the therapeutic window.2 These considerations 

underwrite the recent ascendancy of the single-enantiomer therapeutics , which now 

account for sales of over $100 billion. 3 As a striking  example, ledipasvir, an NS5A 

inhibitor of the hepatitis C virus , was the 2nd greatest selling pharmaceutical in 2016.4 

Considering the unremitting pressure  on human health from factors including cancer and 

increasing microbial resistance to existing antibiotics, the development of novel organic 

transformations leading to diverse architecturally complex  molecular frameworks with 

potent ial biological activity  is an imperative scientific objective.  Enantioselective catalysis 

of organic transformations is  perhaps the most strategic and straightforward method to 

produce new organic scaffolds in enantioenriched form. 5 A striking illustration of this can 

be found in the recent synthesis of idasanutlin 1, an MDM2 inhibitor  currently in clinical 

trials , by Hoffman-La Roche.6 The process relies on a chiral Cu(I) complex-catalyzed 

azomethine ylide cycloaddition  between readily accessed dipolarophile 2 and azomethine 
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ylid e precursor 3. This methodology enables assembly of the molecules formidably 

complex framework, including three of four stereocenters, in a single step (Scheme 1 -1). 

 

Scheme 1 -1 Catalytic Enantioselective Synthesis of Idasanutlin  

 

Within the realm of asymmetric catalysis, a handful of compound classes enjoy 

privileged status due to enabling reactivity features and the prevalence of derived 

products in biologically active organic structures.   Among these privileged compounds, Ŭ-

keto acid derivatives are particularly important due to the pervasiveness of the amino acid 

and glycolic acid substructure in pharmaceuticals and medicinally active natural products 

(5-10, Scheme 1 -2).7  
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Scheme 1 -2 Selected Examples of Medicinal Compounds Bearing the Amino Acid or 

Glycolic Acid Substructure 

 

 

 

1.2 Reactivity of Ŭ-Keto Esters  

With regards to their  utility in synthesis , Ŭ-keto acid derivatives, including Ŭ-keto 

esters 11, are unique due to their dual electrophilic 8  and nucleophilic 9 modes of reactivity . 

The versatile reactivity of Ŭ-keto acid derivatives enables their transformation to  diverse 

glycolates and amino acids (Scheme 1 -3) The presence of an adjacent electron accepting 

ester functionalit y activates the keto functionality toward electrophilic reactivity, while 

simultaneously acidifying the ȁ-proton, thereby promoting enolization and subsequent 

nucleophilic reactivity.  As a point of comparison DFT calculations (B3LYP, 6-31+G(d,p)) 
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show that the LUMO (lowest unoccupied molecular orbital) of ethyl pyruvate  (11, R1 = H, 

R2 = ethyl)  is considerably lower in energy than acetone (LUMOpyruvate = -2.35 eV, 

LUMO AcMe = -0.74 eV).10 As a result, ethyl pyruvate is approximately three orders of 

magnitude more acidic than acetone in aqueous solution and is expected to be more 

reactive in nucleophilic additions .11  

Scheme 1 -3. Ambiphilic Reactivity of Ŭ-Keto Esters.  

 

The unique reactivity profile of Ŭ-keto acids is also of importan ce to numerous 

biological processes. For instance, Ŭ-keto acids give rise to amines via transaminase-

catalyzed amine transposition of the coenzyme pyridoxal phosphate Scheme 1 -4 , eq. 

1).12 In this process, the condensation of pyridoxalamine 16 to form imine intermediate  

18 is likely aided by the electrophilicity of the Ŭ-keto acid, while the key protoropic shift  

is driven by the presence of the adjacent electron withdrawing  carboxylate functionality. 

The conversion of pyruvic acid 21 to the building block acetyl-CoA 22  during the Krebs 

cycle constitutes a second important biological process involving Ŭ-keto acids (Sche me 

1-4,  eq. 2).12 Finally, the biological synthesis of N-acetylneuraminic acid 23 , an important 

structural component of gangliosides, involves the aldolase-catalyzed condensation of 

pyruvic acid 21 and N-acetylmannosamine 24  (Scheme  1-4 , eq. 3).13 This 
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transformation is a notable example of the nucleophilic reactivity of Ŭ-keto acids in a 

biological process. 

The enantioconvergent arylation methodology14 to be described herein exploits the 

electrophilic activity of Ŭ-keto esters and the starting materials for this reaction can be 

synthesized using a newly developed palladium-catalyzed ȁ-arylation that harnesses the 

nucleophilic activity of Ŭ-keto esters.15 Finally, we will discuss the development of an 

enantioselective [3+2] cycloaddition of Ŭ-keto ester enolates and nitrile oxides that 

simultaneously relies on both manifolds of reactivity. 16  

Scheme 1 -4 Reactivity of Ŭ-Keto Acids in Biological Processes 
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Chapter II  Synthesis of Complex Tertiary  
Glycolates by Enantioconvergent Arylation of  

Stereochemically Labile Ŭ-Keto Esters  
 

 2.1 Synthesis of Alcohols by Enantioconvergent Addition Reactions  

Nucleophilic addition to Ŭ-stereogenic carbonyl derivatives is a robust strategy for 

the synthesis of complex alcohols.1 The requisite chiral electrophiles are readily prepared 

by the functionalization of enolate derivatives (i.e. the ȁ-arylation methodolo gy to be 

described herein). The addition of acyl anion equivalents to prochiral electrophiles 

constitutes an alternative approach that can be deployed in the synthesis of Ŭ-stereogenic 

carbonyls.2,3 Both strategies require basic reaction conditions and the inclination of 

optically active carbonyls bearing acidic protons to racemize via enolization can pose a 

significant challenge.4  

Scheme 2-1 Noyoriôs Pioneering Dynamic Kinetic Hydrogenation  

 

Enantioconvergent catalysis represents a powerful solution to this problem. 5 Disclosed by 

Noyori and co-workers in their foundational report of a dynamic kinetic hydrogenation, 

the ability to channel configurationally labile starting materials through stereoconvergent 

reaction pathways. (Scheme 2 -1), represents a significant advancement in organic 
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synthesis.6 Racemization, typically viewed as an undesired process, can be harnessed to 

achieve streamlined syntheses of complex molecular frameworks. 7 

Enantioconvergent additions are classified as either dynamic kinetic resolutions 

(DKRs) or Type I dynamic kinetic asymmetric transformations (DyKATs). 5,8 In a DKR the 

racemization is independent of the chiral catalyst (Scheme 2 -2) and the stereoselectivity 

is affected by the rate of racemization, which generally must be greater than the rate of 

reaction for the fast reacting enantiomer. In a Type I DyKAT, racemization is promoted 

by the chiral catalyst. The rates of formation and transformation of epimeric 

catalyst/substrate complexes and their concentrations influence stereoselectivity.  

Processes that fall within these mechanistic paradigs can be described according to 

CurtinïHammett kinetics. (Scheme 2 -2). 

Scheme 2 -2 Mechanistic Considerations 

 

Numerous tranforma tions that operate under th ese mechanistic paradigms have 

been developed.5 The complexity found in the products ascends according to the number 

of stereocenters centers formed and the reagents coupled in the enantioselective step. 

Beginning with enantiocon vergent reactions that furnish a single stereocenter,9,10 the next 

stratum of complexity includes Noyori -type hydrogenations that establish two chiral 

centers.6,11,12 As discussed above, facile substrate enantiomerization  is a prerequisite for 

obtaining hi gh stereoselectivity in certain enantioconvergent reactions;5,8 therefore, ȁ-
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oxo ester derivatives have emerged as the factotum substrate class for dynamic kinetic 

hydrogenations (Scheme 2-2, eq. 2). In contrast, by capitalizing on the inherent 

tunability of the basic Ru(II) -sulfonamide framework  developed by Noyori, our lab 

identified a novel terphenylsulfonamide variant that made possible chemo - and 

enantioselective reduction of the Ŭ-keto ester moiety (Scheme 2-2, eq. 3). Non-

hydrogenative transformation s that establish two chiral centers constitute the third 

echelon of complexity.13 In this realm our lab has developed organocatalytic dynamic 

kinetic aldolizations of ȁ-halogenated Ŭ-keto esters and dynamic kinetic aminoallylations 

of ȁ-formyl amides. The final echelon of complexity comprises a handful of reactions that 

involve the addition of prochiral nucleophiles and create three chiral centers, including 

an enantioconvergent homoenolate addition developed by our lab that furnishes 

stereochemically complex glycolate architectures (Scheme 2-3, eq. 5).14  

Scheme 2-3 Evolution of Complexity in Enantioconvergent Addition Reactions  

 

 

2.2 Enantioconvergent Arylation: Introduction  

The recognition that the basic additives or catalysts employed in the above 

transformations likely mediate substrate enantiomerization has been key to the de novo 



 

11 

 

design of enantioconvergent processes in our laboratory . Accordingly, the transition 

metal-catalyzed addition of nonstabilized carbon nucleophiles to ketones emerged as a 

compelling opportunity to generate complex tertiary alcohols not accessible  

 

 

 

Scheme 2 -4  Proposed Enantioconvergent HayashiïMiyaura -Type Reactions 

 

through other methods  (Scheme 2 -4). The HayashiïMiyaura type reactions typically 

rely on the base-promoted transmetallation of an organoboron or organosilicon pro -

nucleophile to a chiral metal complex.15 As an example, the enantioselective addition of 

arylboronic acids to carbonyl derivatives, including Ŭ-keto esters, has been widely 

developed.16 Zhou and co-workers reported the asymmetric addition of arylboronic acids 

to arylglyoxylates such as 1 under the action of a complex comprising rhodium(I) and 

chiral phosphite 2, while Ready and co-workers developed a novel hybrid phosphine-

allene catalyst 5 for an analogous transformation  (Scheme 2-5).  
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Scheme 2 -5 Enantioselective Ŭ-Keto Ester Arylations 

 

Considering their chemical stability, ease of handling and broad commercial 

availability, 17  we envisioned the deployment of arylboronic acids in an enantioconvergent 

addition to racemic Ŭ-keto ester electrophiles electrophiles would facilitate the 

production of diverse, stereochemically complex glycolate architectures.  

2.3 Optimization Studies  

Carbonyl electrophiles and their derivatives lacking electron withdrawing 

functionality (i.e. ketone, ester, or halogen) at the chiral Ŭ center are underutilized in 

dynamic kinetic resolutions (DKR). List and Zhao have reported a dynamic kinetic 

reductive aminations employing Ŭ-alkyl, aryl branched imines that presumably rac emize 

via enamine intermediates.18 In addition,  the cyclohexanecarboxaldehyde derivatives 

utilized by Ward and co-workers likely racemize via an analogous pathway.19 Finally,  

dynamic kinetic hydrogenations of nonactivated aldehydes and ketones have been shown 

to occur in the presence of tert -butoxide bases.20 Nevertheless, considering that facile 
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racemization is essential, the execution of DKRs employing compounds of lower acidity 

is inherently more challenging.8 However, in this context the use of less activated 

substrates would allow access to heretofore unknown glycolate architectures. 

In light of the considerations described above, the ȁ-alkyl, aryl substituted Ŭ-keto 

ester derivative 7a was chosen as a model substrate for this transformation (Table 2-1).  

Our group has previously developed dynamic kinetic resolutions of Ŭ-keto esters that 

occur in the presence of tertiary amines;11b-e  therefore, we reasoned that an amine base 

would promote substrate racemization. Sterically hindered H¿nigôs base (iPr2NEt) was 

initially selected to abate potential  interference of the Rh(I) -catalyst through 

nonproductive binding. A substoichiometric quantity of potassium hydroxide was 

employed because analogous conditions promote the HayashiïMiyaura arylation of  
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Table 2 -1 Optimization of Enantioconvergent Arylation  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

a) All reactions were conducted on a 0.10 mmol scale. b) Determined by 1H NMR analysis of the 

crude reaction mixture. c) Determined by HPLC using a chiral stationary phase. d) Reaction time 

= 36 h. e) 3.0 equiv CsF. f) 6.0 equiv of Et3N. g) CHCl3 as solvent. h) Reaction time = 48 h. i) 

entrya cat. org. base inorg. base conv (%)b drb erc 

1 9 DIPEA KOH 59 >20:1 80:20 

2 10 DIPEA KOH 56 >20:1 90:10 

3 11 DIPEA KOH 40 >20:1 90:10 

4d 12 DIPEA KOH 61 2.7:1 43:57 

5e 11 DIPEA CsF >95 >20:1 70:30 

6e 11 Et3N CsF >95 20:1 89:11 

7e,f 11 Et3N CsF 85 >20:1 92:8 

8e,f,g,h 11 Et3N CsF >95 >20:1 94:6 

9e,f,g,h 10 Et3N CsF >95 >20:1 94:6 

10e,f,g,h,i 10 Et3N CsF >95 >20:1 94:6 

11j,k,e,f,g,h 11 Et3N CsF >95 >20:1 93:7 

12j,l,,e,f,g 11 Et3N CsF >95 14:1 91:9 

13e,g,h,j 13 Et3N CsF trace - - 

14e,g,h,j 14 Et3N CsF trace - - 
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Reaction was run at 60 °C. j) 3.0 equiv PhB(OH)2, k) Substrate ester = tBu. l) Substrate ester = 

CH2Ph 

isatins and 7 is sensitive to stoichiometric  hydroxide base.21  An initial evaluation of 

ligands revealed that rhodium complex 9  bearing a Ph-substituted norbornadiene derived 

ligand, developed by Hayashi and co-workers, provided promising levels of 

enantioselectivity, 22 although low conversion was observed under these conditions (entry 

1). Further screening showed the 4-CF3C6H4- and 3,5-(CF3)2C6H3-substituted analogues 

10 and 11 provided higher levels of enantioselection; however, conversion remained low 

(Table 2 -1, entries 2 and 3). The supposed low acidity of these substrates caused us to 

wonder if a simple kinetic resolution was occurring under these conditions, but this 

possibility was ruled out by isolation of racemic unreacted 7a from entry 3. Interestingly, 

the benzyl substituted ligand 12 provided low enantioselectivity slightly in favor of 

opposite enantiomer, while also exhibiting drastically lower levels of diastereocontrol 

over the formation of 8a (entry 4). Switching the inorganic base promoter from 

potassium hydroxide to CsF while increasing the loading to 3.0 equiv promoted  full 

conversion to the desired aryl glycolate, albeit with a striking decline in enantioselectivity 

(entry 5). Simply replacing H¿nigôs base with triethylamine restored the previously 

observed levels of enantioselectivity (entry 6). Further increasing the amount of 

triethylamine to 6.0 equiv provided higher levels of enantioselectivity (entry 7), although 

a longer reaction time was necessary to achieve full conversion under these conditions. 

Satisfactory levels of enantioselectivity were achieved when chloroform was used as 

solvent in place of methylene chloride (entry 8). At this stage of optimization it was noted 

that both the 4-CF3C6H4- and 3,5-(CF3)2C6H3-substituted norbornadiene complexes 10 

and 11 provided identic al levels of enantioselectivity (entries 8 and 9). Furthermore, 
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conducting the reaction at 60 °C does not influence the enantio- or diastereoselectivity of 

the process (entry 10). Substituting the ethyl ester of 7a with bulkier tBu or Bn groups 

(entries 11 and 12, respectively) did not result in improved enantioselectivity. Finally, 

although phosphine and phosphite based ligands have been utilized in HayashiïMiyaura -

type arylation  (Scheme 2 -5) reactions of Ŭ-keto esters, a complex of triphenylphosphite 

(13, entry 13) as well as hydroxy[(S)-BINAP]rhodium(I) dimer ( 14, entry 14) failed to 

catalyze this transformation.   

 The superiority  of the chiral(diene)Rh(I) catalyst s merits further discussion . The 

original Miyaura arylation of aldehydes utilized an arylphosphine-Rh(I) catalyst 

system.15a In contrast, arylations of Ŭ-keto esters have relied on ligand systems 

characterized by higher ɸ- accepting ability.16 For instance, although the ligand system 

reported by Ready and co-workers contains a bisphosphine motif  (Scheme 2 -5), X-ray 

crystallographic analysis revealed that the rhodium center interacts with the  central ɸ 

acidic allene.16b The systems reported by Zhou, Xu, and Yamamoto employ a phosphite, a 

sulfur -olefin hybrid, and a bisphosphoramidite ligand, respectively. Diene ligands are 

characterized by several features which likely manifest in their effectiveness for the title 

reaction.23 The aptitude of diene ligands to form ridged chelates underwrites the stability 

of the derived Rh(I) complexes; in contrast to arylphosphine -Rh(I) systems, the majority 

of chiral(diene)Rh(I) complexes, including those reported herein, are air tolerant and are 

stable to silica gel chromatography.22 Diene ligands exhibiting a greater degree of 

geometric strain are found to form more stable complexes due to binding induced 

pyramidalization  (Scheme 2 -6).24 The DewarïChattïDuncanson accounts for the 

unique electronic properties of chiral(diene)Rh(I) catalysts; simultaneous ů donation and 

ɸ back donation occurs between the ligand ɸ system and the metal center.25 The large 
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change in chemical shift between the free and complexed ligand vinyl resonance upon 

formation of complex 10 provides evidence for these effects: the unbound ligand exhibits  

a vinyl resonance at ŭ 7.18 and this signal is shifted to 4.24 in complex 10. These unique 

electronic features may be important for activation of the bound Ŭ-keto ester electrophile 

which is more sterically hindered than the aldehydes originally reported by Miyaura . 

Finally, a feature inherent to Hayashiôs original design is the ability of the square planar 

chiral(diene)Rh(I) complexes to mimic the way analogous complexes of C2-symmetric 

bisphosphines relay chirality  in asymmetric transformations (vide infra)  

Scheme 2 -6  Binding Strength of Diene Ligands and the Dewar ïChattïDuncanson 

Model 

 

2.4 Influence of Base Structure on Substrate Racemization  

At this juncture we sought to understand the large contribution to product 

enantioselectivity associated with the superficially similar structure of the amin e base 

additive. We hypothesize that this difference arises from a faster rate of starting material 

racemization under the action of triethylamine. Using H¿nigôs base in conjunction with 

low inorganic base concentration resulted in high levels of product enantioselectivity and 

the unreacted starting material recovered from the reaction was not enantioenriched 

(entry 3, Table 1), suggesting that an efficient dynamic kinetic resolution is occurring 

under these conditions. We postulate that under conditions of  low inorganic base 

concentration the arylation reaction is slow relative to H¿nigôs base promoted 
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racemization (krac > kfast)8  resulting in a dynamic kinetic resolution. However, in entry 5 

the higher loading of CsF results in a faster arylation reaction for both substrate 

enantiomers, presumably due to higher rates of transmetallation, while the rate of 

racemization by H¿nigôs base occurs too slowly for efficient dynamic kinetic resolution. 

Rovis and co-workers noted a similar effect during the development of an enantioselective 

glyoxamidation reaction .26 To gain further insight into this phenomenon and to provide 

support for our hypothesis we studied the rate of racemization of 7 using an array of 

tertiary amine bases (Figure 2-1). At room temperature ra cemization with triethylamine 

was rapid; within eight minutes the extent of racemization had reached 87% and complete 

racemization occurred after 20 min. Tri -n-butylamine exhibited a noticeably slower 

racemization profile, but racemization was still nearly complete within 20 min. In 

contrast to triethylamine and tri -n-butylamine, the alkyl branched H¿nigôs base displayed 

a slow racemization profile, and 7a was still  
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Figure  2-1 Influence of Base Structure on Racemization Rate 

 

 

a) Trial conducted at 40 ÁC. 6.0 equiv H¿nigôs base. 

 

measurably enriched after 100 min at room temperature. When studied at 40 °C in the 

presence of 6 equiv of H¿nigôs base, racemization of 7 was enhanced but complete 

racemization only occurred after 60 min. Thus, although H¿nigôs base exhibits greater 

thermodynamic basicity than triethylamine it is less effective at promoting the 

racemization of 7a.27 Finally, N-methylpyrroldine, which possesses lower 

thermodynamic basicity than triet hylamine,28 displayed the fastest racemization profile, 

promoting complete racemization of 7 in under two minutes. The observed trend suggests 

the kinetic basicity of the tertiary amine exerts a larger influence on the racemization of 

0

10

20

30

40

50

60

70

80

0 20 40 60 80 100

%
  
e

n
a

n
tio

 e
n
ri
ch

m
e

n
t

Time (min)



 

20 

 

7a than its thermodyn amic basicity. This observation may prove to be generally 

important in the de novo design novel dynamic kinetic resolutions involving enolizable 

carbonyl substrates.29  

 

 

 

2.5 Scope of the Enantioconvergent Arylation Reaction  

With optimal reaction conditio ns in hand we began to study the scope of the process 

with respect to the arylboronic acid component ( Scheme  2-7). It should be noted that 

while catalysts 10 and 11 provide identical levels of selectivity for product 8 , in certain 

cases it was found that one catalyst was more selective for a particular substrate. 

Ultimately, electron -rich arylboronic acids were found to be suitable reaction partners as 

the p-tolyl adduct 8b  was formed in high yield with high levels of diastereo- and 

enantiocontrol. Electron -poor arylboronic acids could also be used; however, in the case 

of p-fluoro - and p-chlorophenylboronic acid a larger excess was required to achieve good 

yields. Nevertheless, high levels of diastereo- and enantioselectivity were still observed 

for additio n products 8c and 8d . Substitution of the arylboronic acid at the m-position 

was also tolerated. For instance, the m-methoxy and m-tolyl adducts 8e and 8f  were 

obtained in good yield, with high levels of stereocontrol. Electron -withdrawing 

substituents were also tolerated at this position and the use of m-chlorophenylboronic 

acid afforded the desired arylation product 8g in good yield with high levels of 

stereocontrol. Polyaromatic boronic acids were also suitable substrates for this 

transformation, as the 2-naphthyl adduct 8h  could be obtained in good yield with 

similarly high levels of diastereo- and enantiocontrol. The sterically demanding o-
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methoxy adduct 8 i  was formed in good yield with high levels of enantiocontrol, although 

in this instance a relatively large excess of the boronic acid substrate was required to 

achieve full conversion. Finally, we found that even unprotected 6-indoylboronic acid 

could be employed, furnishing adduct 8 j , while maintaining reaction efficiency. It should 

be noted that at this stage of optimization certain electron poor arylboronic acid  

 

Scheme 2 -7 Scope of Reaction: Boronic Acids 
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a) Reactions run on 0.1 mmol scale for 48 h or 60 h (see SI for individual reaction times 

and boronic acid equivalents), reported yields and er values are averages of two runs. 

Values in parentheses represent recrystallized yields and enantiomeric ratios. b) Catalyst 

10 employed. c) Catalyst 11 employed.  

 

substrates cannot be used, as the 4-pyridyl and 5 -indazole adducts 8k  and 8 l  were not 

formed. In addition, the reaction with 2 -thienylboronic acid only reached 11% conversion 

after 36 h under the optimized reaction conditions (not  shown). Efforts to address these 

limitations are current ly underway in our laborato ry.  

Next, we explored the scope of the reaction with respect to the Ŭ-keto ester reaction 

partner ( Scheme 2 -8 ). Substrates bearing electron donating substituents at the para -

position of the aryl ring were suitable reaction partners. For example, the p-tolyl 

substituted product 8m was obtained in good yield with high levels of stereocontrol. 

Higher levels of enantioselectivity were observed with this substrate when 2-

naphthylboronic acid was employed as a nucleophile furnishing the addition product 8n . 

Apparentl y, the electron-rich p-methoxy substituted substrate was subject to facile 

racemization under the reaction conditions, as product 8o  could also be obtained in good 

yield with high levels of stereocontrol. An ortho -F substituted Ŭ-keto ester was subject to 

phenylboronic acid addition, producing 8p  in acceptable yield and high 

diastereoselectivity and decent levels of enantiocontrol. The o-tolyl product 8q  was 

afforded in 57% yield, and 94:6 er, while the m-tolyl pro duct 8r  was formed in 88% yield 

with 96:4 er, suggesting that the steric nature of the Ŭ-keto ester aryl component has a 
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slight impact on reaction efficiency and enantioselectivity. A 2 -naphthyl substituted Ŭ-

keto ester could also be used, affording  

Schem e 2-8  Scope of Reaction: Ŭ-Keto Esters 

 

a) Reactions run on 0.1 mmol scale for 48 h or 60 h (see SI for individual reaction times 

and boronic acid equivalents), reported yields and er values are averages of two runs. 


