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Abstract 

 

 

The development of novel strategies for new carbon-carbon bond formation 

is central to organic chemistry. Over decades, transition-metal-catalyzed cross-

coupling has served as a versatile protocol for enabling efficient access to 

complex molecules. Among them, the Suzuki-Miyaura cross-coupling reaction 

has been regarded as the most attractive toolkit owing to the numerous 

advantages of organoboron compounds, which are used as nucleophiles in Suzuki 

cross-coupling, over other types of organometallic reagents. These advantages 

include their less toxic nature, safety for the environment, and easier preparation 

and application under milder reaction conditions. 

As such, synthetic organic communities have required more efficient 

methods for the synthesis of organoboron compounds. At the same time, 

significant attempts have been made to broaden the utility of organoboron 

compounds as useful synthetic handles. Despite the advancement of these 

approaches, the majority of them are mainly limited to C(sp2)-based organoboron 

reagents. Therefore, the extension of these protocols to the efficient use of C(sp3)-



 

ii 

 

hybridized alkylboron would provide facile access to previously inaccessible 

chemical space. 

In this context, our efforts to develop more effective strategies for the 

synthesis and functionalization of alkylboron compounds are presented in this 

dissertation. Chapter 1 provides a brief introduction to the importance of the 

synthesis and transformation of C(sp3)-based organoboron compounds. Then, in 

Chapter 2, we mainly discuss the use of gem-diborylalkanes for the synthesis of 

alkylboron species, highlighting the relevant seminal work and recent advances. 

Chapter 3 describes our development of the asymmetric conjugate addition of 

gem-diborylalkanes to α,β-unsaturated enones, which enabled the construction 

of complexity-added chiral alkylboron compounds. 

In Chapter 4, we next focus on the stereospecific functionalization of 

alkylboron compounds, specifically the stereospecific Suzuki-Miyaura cross-

coupling of enantioenriched C(sp3)-based organoboron compounds. Then, we 

describe our recent contribution to the development of stereospecific acylative 

Suzuki-Miyaura cross-coupling, exhibiting highly efficient stereochemical 

transfer, in Chapter 5. 

 

Keyword: organoboron, alkylboron compounds, asymmetric catalysis, 

stereoselective synthesis, stereospecific cross-coupling, enantioenriched 

carbonyls, copper, palladium 
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Outline of the Dissertation 
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1.1. Introduction 

The development of novel methods for efficient construction of new 

carbon-carbon bonds is undoubtedly central to synthetic organic chemistry, 

enabling facile access to complicated chemical structures. Over recent 

decades, organoboron chemistry has evolved to become one of the most 

feasible protocols in this context due to the unusual properties of organoboron 

reagents, such as their non-toxic nature and excellent functional group 

tolerance (Scheme 1.1A).1 As such, their representative transformation, 

which is Suzuki-Miyaura cross-coupling, has also been considered an 

indispensable strategy for the synthesis of diverse and complex molecules due 

to its operational simplicity and wide applicability.2 

Since the award of the 2010 Nobel Prize in palladium-catalyzed cross-

coupling reactions, significant progress in the development of the synthesis 

and applications of organoboron compounds has been widely disclosed.3 

However, most approaches have been limited to the use of C(sp2)-based 

organoboron reagents because alkylboron compounds have relatively lower 

reactivities, and also evoke various side reactions such as β-hydride 

elimination derived from metal-alkyl intermediates. Thus, the chemical 

structures we could access were constrained by this circumstance. 

After recent efforts devoted to the synthesis and applications of C(sp3)-

based organometallic reagents, alkylboron compounds have played a critical 

role in allowing facile access to three-dimensional chemical space that were 
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previously difficult to access (Scheme 1.1B).4 Importantly, after the 

pioneering discovery of asymmetric hydroboration developed by Brown in 

1961,5 chiral organoboronates bearing stereogenic centers are considered 

highly useful synthetic handles that have been widely utilized as key 

intermediates for the construction of diverse chiral molecules (Scheme 1.1B. 

a).6 In fact, the chiral boronates can be transferred to potentially all types of 

functional groups through the developed protocols, such as hydrogen (via 

protodeborylation), alcohol (via oxidation), amines (via amination), halogen 

(via halogenation), and carbon-based functional groups (via either cross-

coupling or addition reactions) (Scheme 1.1B. b).7  

In this context, the development of efficient preparation and 

transformation methods for chiral organoboronates is of utmost importance. 

In the following Chapter, our efforts and contributions to expanding the 

applicability of those protocols are introduced. 

Scheme 1.1. Outline of the dissertation  
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2.1. Introduction 

In recent decades, germinal 1,1-diborylalkanes have attracted significant 

interest as versatile compounds in the synthetic organic chemistry (Scheme 

2.1).1 Compared to the generally utilized mono-borylated compounds, they 

have distinct features derived from additional boron unit that is present at α-

position. The vacant empty orbital of the remaining boron atom can stabilize 

anion at adjacent carbon center. 

Scheme 2.1. Functionalization of gem-diborylalkanes 

 

As such, hydrogen atoms existing in α-position of gem-diborylalkane 

have highly acidic properties exhibiting enough lower pKa resulting in being 

easily deprotonated with common amide bases (Scheme 2.1A). The 

intermediate formed at this time, gem-diboryl carbanion, can also react with 

electrophiles. Even after the functionalization of one boron unit, the other 

boron part still remains (Scheme 2.1B). This intermediate, called α-boryl 

carbanion, is a reactive nucleophilic species, participating in further 
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transformation with various electrophiles.  

The resulting products generated from above-mentioned two of 

functionalization modes still have one another boron group and it enables 

further transformation. Because of these unique properties, the protocols 

utilizing gem-diborylalkanes have become one of the most powerful 

strategies to access densely substituted complex molecules. Concurrently, 

based on unprecedented properties of gem-diborylalkanes, tremendous efforts 

have been devoted to extending these approaches to catalytic asymmetric 

methods. In this context, this chapter will describe the development and 

recent advances of the strategies employing geminal 1,1-diborylalkanes, 

particularly in asymmetric catalysis will be discussed. 
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2.2. Deprotonative Activation of gem-Diborylalkanes 

2.2.1. Substrate-controlled Stereoselective Strategies 

As mentioned above, one of the representative properties gem-

diborylalkanes is the increased acidity of the hydrogen atoms existing in α-

position, which enables to be easily deprotonated with common amide bases 

such as LiTMP or LDA (Scheme 2.1A). The formed gem-diboryl carbanion 

have been further reacted with various electrophiles such as alkyl halide and 

carbonyl derivatives, affording the corresponding complexity-added 

borylated compounds.  

Scheme 2.2. Pioneering discovery of lithiated gem-diboryalkanes 

 

In 1975, Matteson and co-workers first reported the pioneering work 

demonstrating that germinal 1,1-diboryl carbanion can be used as reactive 

nucleophilic species (Scheme 2.2A).2 After that, Matteson group disclosed 

the 1,1-diborylalkanes can be deprotonated with bulky amide bases affording 
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germinal 1,1-diboryl carbanion as intermediate, subsequently undergoing 

nucleophilic reactions with alkyl halide or carbonyls compounds.3 However, 

the synthetic methods for access to glycol-derived 1,1-diborylalkanes which 

are used in these protocol were not straightforward and vinyl intermediate 

formed during the reaction was also not stable. These limitations have 

suppressed the potential to expand this unique reactivity.  

In 2010, based on the pioneering discoveries, Endo and Shibata reported 

a more general and practical method utilizing readily accessible and more 

stable pinacol-based gem-diborylalkanes, opening the door for extending the 

deprotonative strategies of gem-diborylalkanes (Scheme 2.2B).4 
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With the beginning of these initial discoveries, α-Diboryl lithium species 

have been widely utilized in stereoselective transformations. In 2017, Meek 

group disclosed a stereoselective addition of α-diboryl lithium species 

generated during the reaction process to optically pure epoxides (Scheme 

2.3A).5 The corresponding β-hydroxyl diboron intermediates were employed 

in subsequent copper-catalyzed allylic substitution enabling the formation of 

optically pure boronates compounds. Through monitoring the ring opening 

process by 1H NMR spectrum, the authors proposed that five-membered 

cyclic boronate intermediates play a key role in determining the 

diastereoselectivity (Scheme 2.3B).  

 

 

 

 
Scheme 2.3. Ring-opening reactions of chiral epoxides 
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Recently, Hong6 and Cho7 group independently reported the tandem 

strategies of deprotonative addition and deborylative cyclization from chiral 

epoxide and gem-diborylalkanes (Scheme 2.4A, B). This nucleophilic 

addition of α-lithiated diboryl species to enantioenriched epoxide enabled the 

formation of leaving group-containing 1,1-diborylalkanes. Under the similar 

reaction conditions, the subsequent deborylative stereospecific cyclization in 

the presence of alkoxide base furnished enantioenriched 

cyclopropylboronates. 

 

 

 

 

 

 

 
Scheme 2.4. Sequential ring-opening and cyclization with chiral epoxides 



 

- 12 - 

 

Next, Hall and co-workers developed the diastereoselective strategy using 

1,1-diborylalkanes and Ellman auxiliary-containing aldimine providing α,β-

disubstituted β-aminoalkylboronates (Scheme 2.5A).8 The 1,1-diborylalkanes 

initially was deprotonated and the generated α-diboryl lithium species was 

subjected to the 1,2-addition with optically pure aldimine affording β-

sulfinimido gem-diborylalkanes in high yield with high diastereoselectivity. 

The stereochemical outcome was rationalized by suggesting the involvement 

of the six-membered chair-like transition structure. The further 

protodeborylation based on Aggarwal’s method9 enabled the formation of the 

corresponding β-aminoalkylboronates. Recent in 2020, Hall group developed 

the stereodivergent approach enabling access to both syn and anti 

diastereomers of the products (Scheme 2.5B).10 Surprisingly, by switching the 

order of protodeborylation and desulfinylation sequence, anti-products were 

observed as major diastereomer. Under modified conditions, desulfinylated 

intermediate was employed in the following diastereoselective 

protodeborylation process, delivering anti-product as major isomer. Based on 

mechanistic investigations, the authors proposed that anti-selective 

protodeborylation proceeds via the formation of rotameric transition state 

featuring two hydrogen bonding between ammonium cation and boronic acid 

pinacol ester units. The proposed transition state enables the coordination of 

the phosphate anion to boron, undergoing a concomitant stereoretentive 

protonation at the least sterically hindered position. 
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Scheme 2.5. Diastereoselective addition to chiral aldimines 
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2.2.2. Catalyst-controlled Stereoselective Strategies 

Unlike the aforementioned substrate-controlled strategies, the catalyst-

controlled asymmetric strategy was only recently developed by Cho group in 

2018 (Scheme 2.6).11 The authors demonstrated the general method enabling 

the isolation of α-diboryl lithium species for applications to iridium-catalyzed 

asymmetric allylic alkylation reaction. In the preliminary results, the chiral 

amines were formed presumably due to the reaction with potential amine 

nucleophile derived from LDA. Notably, in the presence of additional zinc 

halides, the desired products were formed in high yield with excellent 

stereoselectivity, indicating that α-diboryl zinc species in-situ generated under 

the reaction conditions participated in the reactions, These results showed that 

the use of isolated lithiated species is crucial.  

 

 

Scheme 2.6. Iridium-catalyzed asymmetric allylic substitution 
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2.3. Deborylative Activation of gem-Diborylalkanes 

2.3.1. Stereoselective Suzuki-Miyaura Cross-Coupling 

In the presence of either alkoxide or hydroxide base, 1,1-diborylalkanes 

could be activated through monodeborylation, affording α-boryl anion 

intermediate (Scheme 2.1).1 In general, the deborylative transformations 

proceeds with the addition of a transition metal such as copper and palladium. 

The strong alkoxide base initially coordinate to boron center forming reactive 

ate-complex and it undergoes transmetalation with either copper or palladium. 

(Scheme 2.7A). Subsequently, the corresponding α-boryl organometallic 

species have participated in diverse transformations such as cross-coupling, 

addition reactions. 

 

 

 

 

Scheme 2.7. Pioneering discovery of deborylative functionalization 
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In 2010, Shibata and co-workers disclosed that gem-diborylalkanes can 

be utilized as competent coupling partner in Suzuki-Miyaura cross-coupling 

reaction with aryl bromide (Scheme 2.7B).12 Under the mild reaction 

conditions such as room temperature, the desired coupling products were 

formed efficiently. It was found that the use of strong alkoxide or hydroxide 

base is crucial promoting the cross-coupling reaction of 1,1-diborylalkanes. 

In addition, high chemoselectivity was observed using aryl bromide bearing 

primary alkylboronic ester, showing the selectively formation of coupling 

products. 

After the pioneering discovery developed by Shibata, the reactivity of 

gem-diborylalkanes in cross-coupling have been extended to asymmetric 

approaches. In 2014, Morken and coworkers independently reported 

asymmetric Suzuki-Miyaura cross-coupling reaction of gem-diborylalkanes 

with aryl halides under the palladium-based catalytic system (Scheme 

2.8A).13 In the presence of the chiral monodentate phosphoramidite ligands, 

the reaction efficiently proceeded affording the chiral coupling product with 

high yield and enantioselectivity. In addition, the applicability of the protocol 

was examined by successful synthesis of key intermediate for access to (R)-

tolterodine. In the proposed mechanism, the authors suggested that the 

reaction might occur through the intermediacy of hydroxide palladium 

intermediates in the presence of hydroxide which is accord with previous 

work (Scheme 2.7B). As such, this intermediate undergoes tranmetalation 



 

- 17 - 

 

which is considered as the stereoselective-determining and subsequent 

reductive elimination, affording the chiral products.  

A year later, in 2015, Hall group also independently described a catalytic 

enantioselective Suzuki-Miyaura cross-coupling reaction of gem-

diborylalkanes (Scheme 2.8B).14 This approach also worked with chiral 

phosphoramidite-type ligands under palladium catalysis, furnishing optically 

enriched secondary benzylic boronic esters with great stereoselectivity. Later, 

Morken group extended the aforementioned reaction conditions to the 

stereoselective Suzuki-Miyaura cross-coupling of 1,1-diboryalkanes with 

vinyl bromides, highlighting the synthesis of chiral allylic boronates (Scheme 

2.8D).15 The utilization of Josiphos-type ligands was crucial for the best 

performance of the protocol, showing excellent yield and great 

stereoselectivity. In 2019, Cho and co-workers demonstrated palladium-

catalyzed enantiotopic-group selective cross-coupling of gem-diborylsilane 

with aryl iodides, affording chiral benzylic 1,1-silyl boronates esters (Scheme 

2.8C).16 The authors discovered that the chiral Josiphos-type ligand-based 

palladium catalytic system promote the efficiency of the reactivity and 

enantioselectivity. 
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Scheme 2.8. Asymmetric Suzuki-Miyaura cross-coupling 
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2.3.2. Stereoselective 1,2-addition Reactions 

The above-mentioned reactions enabled the direct cross-coupling 

reaction of gem-diborylalkanes under palladium catalysis for the construction 

of chiral boronates. However, these approaches were only limited to the use 

of aryl- and vinyl halides as coupling partners. The utilization of other types 

of transition-metal catalysts can be another option for the synthesis of diverse 

chiral structures. Among them, copper-based catalytic reactions have been 

most widely applied for asymmetric functionalization of gem-diborylalkanes. 

In 2015, Meek and coworkers unveiled the potential reactivity of copper-

based catalyst enabling applications to asymmetric transformation of gem-

diborylalkanes (Scheme 2.9A).17 The key feature of this copper-based 

protocol is the generation of chiral copper-alkyl species from the 1,1-

diborylalkanes and copper alkoxide (Scheme 2.9B). This nucleophilic species 

was subjected to the stereoselective 1,2-addition reaction with aldehyde 

followed by oxidation to furnish the resulting chiral 1,2-diol. The 

phosphoramidite-type ligand showed best performance for the reaction 

(Scheme 2.9C). In addition, the α,β-unsaturated aldehyde also reacted to give 

the chiral 1,2-diol in high enantio- and diastereo-selectivity, except for the 

sterically unhindered cinnamaldehyde (Scheme 2.9D).  
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Scheme 2.9. Initial discovery of stereoselective 1,2-addition 

 

A year later in 2016, Meek group described a similar copper-catalyzed 

enantioselective 1,2-addition of 1,1-diborylalkanes, the scope of which they 

extended to α-keto esters (Scheme 2.10A).18 In this work, the chial copper 

complex derived from phosphoramidite ligand has emerged as the optimal 

system. The proposed working process features the transmetalation between 

a copper alkoxide and 1,1-diborylalkanes followed by stereoselective 1,2-

addition. Lastly, the reaction with alkoxide regenerated chiral copper-

complex.  
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Additionally, the development of copper-catalyzed stereoselective 

addition reaction using 1,1-diborylalkane as pronucleophile was extended to 

the use of aldimine and ketimines for preparation of β-amino boronates. In 

2016, Cho and co-worked reported the diastereoselective addition of 1,1-

diborylmethane utilizing chiral auxiliary-based aldimines (Scheme 2.10B).19 

The sequence of addition and oxidation afforded chiral β-amino alcohol. The 

observed high diastereoselectivity was proposed by describing that the 

reaction proceeded via a chairlike six-membered cyclic transition state, in 

which the boron unit of copper alkyl species was coordinated to the oxygen 

atom of the sulfinyl moiety.  

A year later, Cho and co-workers developed the copper-catalyzed 

enantioselective 1,2-addition reaction with cyclic aldimine, affording chiral 

β-amino alcohol in excellent stereoselectivity (Scheme 2.10C).20 After that, 

in 2019, the same group described the improved and scalable method for their 

previous 1,2-addition protocol, enabling the utilization of acyclic 

arylaldimine (Scheme 2.10D).21 In this reaction, it was found that the use of 

N,N-dimethyl sulfamoyl-protected acyclic arylaldimines were crucial for 

improving the diastereo- and enantioselectivity. The developed protocol 

proceeded successfully in 10 mmol scale showing the synthetic utility. 

 In addition, Cho group extended their protocol to the sterically more 

encumbered cyclic ketimines and α-imino ester (Scheme 2.10E).22 The 

combination of copper salt, lithium alkoxide and phosphoramidite ligand 
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enabled the formation of the desired addition product in excellent yield and 

stereoselectivity. More recently, copper-catalyzed enantioselective 1,2-

addition to isatins was also established by Chen and Xiao, affording the chiral 

3-hydroxyoxindoles.23 

 

 

 

 

 

 

 

 

Scheme 2.10. Stereoselective 1,2-addition to various carbonyl compounds 
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2.3.3. Stereoselective 1,4-addition Reactions 

In addition to 1,2-addition of gem-diborylalkanes, asymmetric conjugate 

addition reactions were also developed. In 2019, Yun and Jang first disclosed 

the enantioselective conjugate addition reaction of 1,1-diborylalkanes with 

α,β-unsaturated diester (Scheme 2.11A).24 In the absence of the additional 

ligand, the stereochemical information was not introduced to the product 

despite the observation of high reactivity. Even with the phosphoramidite-

type ligand which has been exhibited the efficiency in 1,2-addition reactions, 

the product was only formed as a racemate form, implying the facile 

background reaction impeded the stereoinduction process. Notably, the 

authors utilized chiral NHC-ligated copper complex which can coordinate 

tightly to copper and enabled the formation of the desired 1,4-addition 

product with excellent enantioselectivity. Moreover, the high 

diastereoselectivity was observed using optically pure α,β-unsaturated diester 

as electrophiles, showing the synthetic utility.  

Shortly later, Lee and co-workers reported stereoselective conjugate 

addition of 1,1-diborylalkanes to enones (Scheme 2.11B).25 Various α,β-

unsaturated enone substrates were tolerated in this protocol, affording the 

chiral boronic ester with good yield and enantioselectivity despite the 

decreased reactivity with alkyl-substituted enones. However, the efficiency of 

the reaction could be conserved in a larger-scale reaction, demonstrating the 

robustness of the reaction. 
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Scheme 2.11. Stereoselective conjugate addition of gem-diborylalkanes 
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2.3.4. Stereoselective Allylic Substitution Reactions 

In 2016, Hoveyda and co-workers applied the reactivity of gem-

diborylalkanes to asymmetric allylic substitution reaction with allylic 

phosphates as electrophilic partners (Scheme 2.12A).26 In the presence of 

NHC-copper complex, the desired chiral homoallylic boronates was 

predominantly formed via SN2’ reaction pathway. The distinct feature of this 

protocol was the utilization of the sulfonate-containing chiral NHC ligand. 

The authors proposed that the formation of non-covalent interaction between 

sodium cation and phosphate unit enhanced the transition structure more well-

defined, facilitating the SN2’ pathway. In fact, in the presence of the more 

Lewis acidic lithium salt, the increased regioselectivity was observed, 

supporting their rationale. In same year, Niu group reported the iridium-

catalyzed asymmetric allylic substitution reaction between 1,1-diboryalkane 

and allylic carbonates. The authors proposed that the initial formation of 

chiral copper or silver-based alkyl species undergoes subsequently 

stereoselective allylic substitution reactions (Scheme 2.12B).27  
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Scheme 2.12. Stereoselective allylic substitution reactions 

 

Recent in 2021, Cho and colleagues developed an enantiotopic-group-

selective allylation reaction with various allyl bromide, enabling the 

formation of enantioenriched homoallylic boronates (Scheme 2.13).28 It was 

found that the BINOL-derived phosphoramidite ligand proved to be most 

effective for this strategy. The authors performed quantum mechanical 

calculations based on density functional theory. Based on the computational 

investigations, the plausible mechanism was proposed, suggesting that the 

reaction begins with the formation of chiral ligand-supported copper-alkoxide 
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complex. Noteworthy is the subsequent transmetalation that occurs via a 

lithium tert-butoxide-assisted open transition state. The further synthetic 

utility of the products was evaluated by the synthesis of the core structure of 

piperidine alkaloids. 

 

 

 

 

 

 

 

 

 

 

 

Scheme 2.13. Recent advances in asymmetric allylic substitution 
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2.3.5. Utility of Allylic gem-Diborylalkanes 

Along with the generally available aliphatic 1,1-diborylalkanes, allylic 

1,1-diborylalkanes have been also recently utilized in the asymmetric version 

of various transformation. Compared to the aliphatic gem-diborylalkanes, 

they usually participated in the transformation via a six-membered cyclic 

transition state, facilitating the predominant formation of γ-selective addition 

product (Scheme 2.14). The representative examples of asymmetric reaction 

utilizing allylic diborylalkanes were recently developed by Meek group. 

Meek and colleagues disclosed the potential reactivity of allylic 1,1-

diboryalkanes by applying them to the asymmetric 1,2-addition,29-31 

nucleophilic substitution reactions32 and conjugate addition.33 

 

 

 

 

 

Scheme 2.14. Reactivity of Allylic gem-diboryalkanes
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Scheme 2.15. Asymmetric addition reactions of allylic gem-diboryalkanes  

 

The reaction between allylic gem-diboronate ester and protected-aldimine 

afforded chiral homoallylic amines bearing quaternary stereogenic centers in 

high stereoselectivity (Scheme 2.15).29 This transformation was 

accomplished by the monodentate phosphoramidiate ligand-based catalytic 

copper system. Notably, it was found that the formation of both E- and Z-

product from different allylic boronates was observed. These results indicated 

that the reactions occur with enantioselective transmetalation process, 

followed by copper-allyl addition to aldimine. The plausible mechanism starts 

with the generation of enantioenriched allylic copper species from copper 

alkoxide and allylic boronates. Facile isomerization to sterically less 

encumbered and α-boryl-assisted more stable allylic copper species 

participated in stereoselective 1,2-addition. At this time, the remaining boron 

unit was positioned in the equatorial position to minimize additional 1,3-

diaxial interactions. The synthetic utility was further displayed by the 
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synthesis of densely substituted chiral pyrrolidines. Meek and co-workers 

further expanded the usefulness of the aforementioned strategy with ketone30 

and aldehyde31 under the slightly modified reaction conditions, enabling 

access to complexity-added chiral alcohol bearing α-quaternary carbon center 

(Scheme 2.16A, B). Recent in 2023, Meek reported the enantioselective 

nucleophilic substitution of allylic gem-diboryalkane with activated acyl 

surrogates (Scheme 2.16C).32 This strategy enabled facile access to chiral 

ketones and α-keto esters having α-quaternary carbon center. 

 

 

 

Scheme 2.16. Recent advances in asymmetric addition of allylic gem-

diboryalkanes 
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In addition, same group developed the diastereoselective synthesis of γ-

quaternary carbon center-containing ketones through α-boron stabilized 

allylic nucleophiles from allylic gem-diborylalkanes (Scheme 2.16D).33 The 

choice of cesium fluoride as activator was critical for improvement of 

reactivity due to its less basicity to avoid competitive deprotonation. The 

proposed mechanism begins with the initiation by cesium fluoride, generating 

the corresponding boron enolate. Also, the authors suggested that the E/Z 

isomerization of the cesium allylic anion intermediate can be minimized due 

to unfavorable α-bond rotation. 
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Asymmetric Conjugated Addition  

of gem-Diborylalkanes to α,β-unsaturated enones 
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3.1. Introduction 

As previously stated in Chapter 2, 1,1-diborylalkanes have been widely 

utilized as versatile intermediate for contruction of value and complexity-

added chiral boronates in various asymmetric methods. The deborylative 

process, which is one of two activation modes for 1,1-diborylalkanes are 

initiated by the activation of a C–B bond through the action of oxygen-based 

nucleophiles (Scheme 3.1A). Subsequent transmetalation to the transition 

metal catalyst, such as Pd, Cu, or Ir, generates an organometallic species that 

can react with a variety of electrophilic counterparts, enabling the formation 

of stereochemically enriched alkylboronate products, a class of compounds 

that can be diversely functionalized.  

Despite the recent advancement, the reactivity of 1,1-diborylalkanes have 

been mostly limited to nucleophilic addition to carbonyl functional groups. 

At this point, our focus was to extend the unique properties of 1,1-

diborylalkanes to asymmetric version of 1,4-addition reactions, enabling the 

synthesis of diverse and valuable chiral alkylboronates. While exploring the 

optimal conditions for the asymmetric conjugate addition of gem-

diborylalkanes, Yun and Jang presented pioneering work that is the first 

example of 1,4-addition of 1,1-diborylmethanes, resulting in an addition 

product with excellent yield and stereoselectivity (Scheme 3.1B).1 Of note, 

they utilized a well-designed chiral NHC ligand, impeding the undesirable 

background reactions. Under the presented novel protocol, various α,β-
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unsaturated diesters participated in the reaction, providing the desired chiral 

boronates, but a monoester was unreactive, not enabling the formation of the 

products.  

 
Scheme 3.1. Stereoselective reactions with 1,1-diborylalkanes   

 

We then envisioned the possibility of expanding to less reactive α,β-

unsaturated enones and then, herein, we disclosed the underdeveloped Cu-

catalysed conjugate addition with 1,1-diborylmethane to an α,β-unsaturated 
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ketone substrate. Notably, the reaction conditions revealed insufficient 

reactivities in reactions involving 1,1-diborylalkanes using transition metal-

phosphoramidite complexes. In fact, over the course of the reaction, the 

involvement of chiral ligands, including bidentate phosphines,2 N-

heterocyclic carbenes,1,3 and most commonly phosphoramidites,4a‒4e have 

been played a critical role in terms of stereochemical induction. However, in 

view of the documented susceptibility of phosphoramidite ligands to 

hydroxide or alkoxide nucleophiles,5 it has been recognized that an 

undesirable ligand degradation pathway may be involved in reactions with 

phosphoramidite supporting ligands, especially if the reaction outcome is 

suboptimal (Scheme 3.1C). Based on these observations, we conducted a 

more in-depth examination of the degradation pathway of the 

phosphoramidiate by utilizing heteroatom-based NMR spectroscopy, and 

evaluated the feasibility of the reactions.  
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3.2. Results and Discussion 

3.2.1. Optimization of the Protocol 

A variety of α,β-unsaturated carbonyl groups were tested for asymmetric 

conjugate addition of 1,1-diborylalkanes. Most of the α,β-unsaturated 

carbonyl groups – such as α,β-unsaturated monoester, amide and cyclic 

enones – were not reactive and only acyclic α,β-unsaturated enones were 

compatible with the reaction conditions (Scheme 3.2). 

Scheme 3.2. Evaluation of electrophilic coupling partners 

 

In this context, the catalyst system was initially investigated using trans-

chalcone as the model substrate with various chiral ligands (Table 3.1). The 

stereoselective conjugate addition reaction were conducted with 1,1-

diborylmethane as pronucleophile by employing a Cu(I) source, a chiral 

supporting ligand, and LiOt-Bu which triggers C–B bond cleavage. Among 

the evaluated chiral ligands, those with a phosphoramidite backbone 

exhibited the highest reactivity, with concomitant formation of the boron-

Wittig product, which accounts for the remainer of the reactivity (Table 3.1, 

entries 2‒6). (S)-MonoPhos (L1) showed the most promising results in terms 

of product formation and stereoinduction, although not reaching synthetically 
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ideal level (Table 3.1, entry 2). Other catalytic systems based on different 

chiral ligands exhibited lower conversion levels (Table 3.1, entries 7‒9) 

and/or underwent competitive boron-Wittig reactions.6 The approach of using 

a large excess of ligand, which is commonly employed to enhance ligand 

ligation, did not significantly improve reactivity to a practically useful level 

(Table 3.1, entry 3).  

During the exploration for more reactive conditions, the addition of 

Li(acac) to the reaction mixture proved to be highly beneficial, resulting in 

improved product formation and enantiomeric excess (Table 3.2, entry 1).7 

Further investigations with different catalyst loadings revealed that the 

optimal performance was achieved at a catalyst loading of 10 mol%. (Table 

3.2, entries 2–3). However, the use of other lithium salts, acetylacetonate 

derivatives, or Lewis acidic entities did not show similarly effective results 

(Table 3.2, entries 4‒12).8 The best catalytic system was ultimately 

determined to be the (S)-MonoPhos-based catalytic protocol with the Li(acac) 

additive. 
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Table 3.1. Evaluation of the supporting ligands 

 
aReaction conditions: CuBr (10 mol%), ligand (12 mol%), LiOt-Bu (1.2 

equiv), additive (1.0 equiv), 2a (1.5 equiv), and 1a (0.3 mmol, 0.33 M) in THF 

(0.9 mL). bDetermined by GC analysis with n-dodecane as an internal standard. 

cDetermined by HPLC analysis. 
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Table 3.2. Evaluation of the additives 

 
aReaction conditions: CuBr (10 mol%), ligand (12 mol%), LiOt-Bu (1.2 

equiv), additive (1.0 equiv), 2a (1.5 equiv), and 1a (0.3 mmol, 0.33 M) in THF 

(0.9 mL). bDetermined by GC analysis with n-dodecane as an internal standard. 

cDetermined by HPLC analysis. d5 mol% of CuBr and 6 mol% of L1 were 

used. e2.5 mol% of CuBr and 3 mol% of L1 were used. acac = acetylacetone, 

TMHD = 2,2,6,6-tetramethyl-3,5-heptanedione, hfacH = 

hexafluoroacetylacetone. 



 

- 43 - 

 

3.2.2. Applicability of the Protocol 

With the optimized conditions, various α,β-unsaturated enone substrates 

were subjected to the reaction conditions for exploring the range of the 

developed reaction (Table 3.3). Reactions with chalcone derivatives with 

electron-donating or electron-withdrawing substituents on the arene ring at 

the β position of the enones resulted in the desired chiral boronic esters with 

great yield and enantioselectivity (3a‒3g). However, when an ortho 

substituent was present on the arene, the yield substantially decreased (3c). In 

fact, the reaction utilizing other sterically demanding electrophiles and 

nucleophiles was also not compatible under the reaction conditions (Scheme 

3.3). This implies that the steric hindrance of the substrates critically affected 

the efficiency of the protocol. 

 

 

 

Scheme 3.3. Evaluations of sterically encumbered substrates 
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Table 3.3. Enantioselective conjugate addition 1,1-diborylmethane to 

α,β-unsaturated enones 

 
aReaction conditions: 1a (0.3 mmol), 2a (1.5 equiv), CuBr (10 mol%), L1 (12 

mol%), LiOt-Bu (1.2 equiv), and Li(acac) (1.0 equiv) in THF (0.9 mL), rt, 11 

h, under nitrogen. bThe reaction was conducted for 36 h. cThe reaction was 

carried out on a 3 mmol scale. 
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Notably, the efficiency of the reaction remained consistent even when 

conducted on a larger scale, demonstrating its robustness (3a). Variations on 

the phenyl ring directly attached to the carbonyl group were also well-

tolerated (3h‒3j). Importantly, the presence of halogen substituents, which 

can be utilized for further functionalization such as cross-coupling reactions, 

did not impact the outcome of the conjugate addition reaction (3f, 3g, 3i, 3j). 

Furthermore, biologically significant heterocycles like furan or thiofuran 

could be successfully incorporated into the substrate structure (3k‒3n). In 

addition, the reactivity extended to alkyl-substituted α,β-unsaturated enones. 

The optimized conditions smoothly operated with a diverse array of alkyl 

groups introduced at the β-position of the enone substrate (3o‒3r). However, 

the presence of an alkyl group at the carbonyl carbon significantly reduced 

the efficiency of product formation due to competitive 1,2-addition reactions. 

Only the substrate containing a bulky tert-butyl group proved viable for the 

conjugate addition (3s). Finally, an enone with an extended π-system 

produced the desired 1,4-addition products (3t). Of note, no side product 

resulting from competing 1,6-addition was observed.  

As mentioned earlier, the reaction with enones bearing an alkyl group 

adjacent to the carbonyl exhibited lower reactivity and stereoselectivity. 

Therefore, at this point, we proceeded to vary the reaction parameters further 

to enhance the reactivity utilizing enones bearing cyclopropyl group as model 

substrates. However, we did not observe a significant improvement in 
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reactivity despite these efforts. Under the standard reaction conditions, 

unproductive 1,3-diene generated through sequence of 1,2-addition and 

boron-Wittig reaction was formed as major product (Scheme 3.4). 

 

Scheme 3.4. Competitive 1,2-addition pathway with alkyl-substituted enones 

 

Next, the synthetic versatility of the developed reaction was demonstrated 

using the stereochemically enriched γ-ketoboronic ester product 3a as crucial 

intermediate. (Scheme 3.4). Employing the Suzuki-Miyaura cross-coupling 

reaction of (S)-3a and bromobenzene, the corresponding γ-phenyl ketone 

product was obtained with a 72% yield (3ab).9 During this C–C bond-forming 

process, the stereogenic center remained unaffected, maintaining its 

stereochemical integrity. Additionally, the C–B bond of (S)-3a could be easily 

oxidized in the presence of NaBO3·4H2O, affording a γ-hydroxy ketone (3ac), 

which could be further functionalized to produce more complex products. A 

two-step sequence involving Jones oxidation and Fisher esterification 
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resulted in the corresponding methyl ester with an overall yield of 51% (3ad). 

Alternatively, by subjecting the carbonyl group to enantioselective reduction 

using the (R)-oxazaborolidine catalyst,10 followed by stereospecific benzylic 

displacement,11 the enantiomeric form of the marine natural product 

calyxolane B was synthesized (3ae).12 

 

Scheme 3.5. Transformation of the chiral products 3a 
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3.2.3. NMR Investigations 

To better understand the factors that contribute to the successful catalytic 

system containing Li(acac), catalytically relevant species were prepared and 

examined using 31P and 11B NMR experiments. First of all, when all the 

reaction components, including Li(acac), were introduced in the absence of 

the enone substrate, the potentially active nucleophilic species and ligand 

were observed at 113.4 ppm (Scheme 3.1F). Based on the observed reactivity 

towards the enone substrates and 31P NMR analysis, the structure of the 

reactive species was assigned to be the ligand-bound alkyl copper 

complex.13,14 In addition to catalytically active species, the uncoordinated 

ligand L1 was the only significant species that was detected at 149.5 ppm 

(Scheme 3.1A and F). On the other hand, in the case of an identical mixture 

that did not contain Li(acac), no free ligand was observed (Scheme 3.1E). 

More importantly, the relative mass balance of active species diminished 

significantly. Instead, unidentified chemical species were found (137‒147 

ppm), indicating decomposition of catalytically responsible species based on 

L1 (vide infra).15 

Subsequently, we conducted in-situ monitoring of the reaction mixture 

both with and without Li(acac) over 70 minutes for evaluation of the role of 

Li(acac) in the reaction mixture (Figure 3.1 and 3.2). Under the reaction 

conditions in the presence of Li(acac), only two resonance peak indicating 

ligands and catalytically active species respectively were detected over times. 
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However, interestingly, when monitoring the reaction without Li (acac), the 

region of new resonance, as shown in Figure 3.1E, gradually increased. The 

observed new resonance peak (137‒147 ppm) were consistent with the 

chemical species derived from the reaction between ligand and alkoxide base 

(Figure 3.1B and Figure 3.2B). These results implyed that Li(acac) could 

suppress the decomposition of the ligand under the reaction conditions. 

 

 
Figure 3.1. 31P NMR spectra (162 MHz, THF-d8, rt) of the reaction mixture  

(A) L1  

(B) L1 + LiOt-Bu  

(C) L1 + CuBr  

  

(D) L1 + LiOt-Bu + CuBr  

 

(E) L1 + LiOt-Bu + CuBr + 2a  

  

(F) L1 + LiOt-Bu + CuBr + 2a + Li(acac) 

 

* 

* 

* 

* 

* 
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Figure 3.2. Monitoring of ligand decomposition over time by 31P NMR 

spectroscopies 

 

A. L1 + LiOt-Bu + CuBr + 2a + Li(acac)   

 15 min 

30 min 

45 min 

70 min  

B. L1 + LiOt-Bu + CuBr + 2a  

 15 min 

30 min 

45 min 

70 min  

L1 

 

L1 
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Next, the origin of the observed catalyst decomposition could be deduced 

using 11B NMR studies (Figure 3.3, Experiment 1). The 11B NMR spectra of 

the reaction mixture consists of three major signals originating from C-ligated 

neutral Bpin species, including 2a, 2b, and 2d-Ba (A), heteroatom-bound 

neutral Bpin species (2c), and anionic complexes, such as 2d-Bb or 

Li[pinB(Ot-Bu)2] (B).16 Complete quantitative analysis of all relevant species 

was difficult to perform because of the complexity of the system. It is evident, 

however, that the application of Li(acac) drove the equilibrium in the 

direction of increasing the amount of 2c and B. Since the formation of 2c and 

B stems from the coordination of the alkoxide at the boron centre, the result 

indicates an escalated level of the entrapped alkoxide nucleophile in the 

reaction mixture. Eventually, a reduced amount of alkoxide is available for 

ligand degradation to enhance the catalytic activity of the system. 

The impact of added Li(acac) was further investigated in a more 

controlled experiment in which 2a was independently exposed to the LiOt-

Bu nucleophile (Figure 3.3, Experiment 2). The addition of Li(acac) shifted 

the equilibrium to the direction of the ate-complex formation (2d). During the 

reaction, a significant portion of the initially administered LiOt-Bu 

nucleophiles was consumed: in the case of the Li(acac)-free conditions the 

effective concentration of LiOt-Bu is 50% higher than that of the conditions 

with Li(acac).17  
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Figure 3.3. Monitoring the reaction mixture by 11B NMR 

 
Reaction conditions: (Exp1) (a) L1 (1.0 equiv, 0.012 mmol), CuBr (0.83 equiv), 2a 

(12.5 equiv), LiOt-Bu (10 equiv), and Li(acac) (8.3 equiv) in THF-d8 (0.5 mL). (Exp 

2) (a) 2a (1.25 equiv, 0.15 mmol), LiOt-Bu (1.0 equiv), and Li(acac) (0.83 equiv) in 

THF-d8 (0.5 mL). 
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Scheme 3.6. Viability of Li(acac) as a better activator than LiOt-Bu 

 

A series of NMR investigations demonstrated that Li(acac) acts as a 

promoter, facilitating the equilibrium conversion of 1,1-diborylalkanes into 

ate-complexes by consuming a larger amount of alkoxide base under the 

reaction conditions. However, it was unable to to exclude the possibility that 

Li(acac) might serve as a better activator of the boronic ester or that the 

acetylacetonate ligand could sequester the borate by-product. To test the 

viability of Li(acac) being a better activator for 1,1-diborylmethane (2a) than 

LiOt-Bu, a catalytic reaction was set up in the absence of Li(acac) (Scheme 

3.6A). As expected, the desired reactivity was not observed at all: 1a 

remained unconsumed and no addition product was observed. In addition, 2a 
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was separately exposed to a stoichiometric amount of Li(acac) and monitored 

with 11B NMR spectroscopy to better understand the interaction of Li(acac) 

with 2a (Scheme 3.6B). Again, no change in chemical shift was observed 

suggesting a direct interaction is not taking place (δ 31.45 ppm). Overall, the 

possibility of Li(acac) to better activate 2a than LiOt-Bu was set aside. 

The other possibility of Li(acac) sequestering borate by-products, such as 

pinBOt-Bu (2c) or species “B”, to facilitate the overall process was also 

examined by 11B-NMR experiments (Scheme 3.7). Since 2c was not an easily 

accessible reagent, relevant experiments were carried out with commercially 

available pinBOMe and pinBOi-Pr, which should be even more reactive than 

2c. Both pinBOMe and pinBOi-Pr exhibited virtually no change in chemical 

shifts when treated with Li(acac) (δ 22.35 ppm and δ 22.68 ppm, respectively). 

Therefore, it was concluded that Li(acac), despite being a bidentate ligand, is 

not capable of scavenging a borate by-product. Combined, it is concluded that 

a more active form of participation is not operating for Li(acac).   
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Scheme 3.7. Possibility of Li(acac) sequestering borate by-products  

pinB‒OiPr  

pinB‒OiPr + Li(acac)   

pinB‒OMe  

pinB‒OMe + Li(acac)  
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3.2.4. Proposed Mechanism 

Based on these observations, a mechanistic scenario that consists of two 

independent catalytic cycles is presented (Figure 3.4). In the productive cycle, 

the active catalyst I-A, which is generated by the combination of L1, CuBr, 

and LiOt-Bu, undergoes transmetalation with 2a to generate a copper alkyl 

species II-A (Figure 3.3, 2b). The reactive carbon-based nucleophile should 

undergo an enantioselective conjugate addition reaction with enone substrate 

1 to provide a copper enolate intermediate III-A, an immediate precursor of 

the desired product with high stereochemical integrity. During the operation 

of the major catalytic cycle, 2a should be in equilibrium with its ate-complex 

form 2d, a species responsible for the rate-determining transmetalation, by 

the involvement of LiOt-Bu.18 Ultimately, the equilibrium controls the 

amount of the alkoxide base in the reaction mixture that is available to destroy 

active catalytic species. The process includes the irreversible modification of 

the phosphoramidite ligand L1, which contributes to furnishing catalytically 

incompetent species ([Cu]). These species include Cu-complexes ligated with 

the decomposed ligand (L”), solvent (S), and/or other heteroatom-containing 

species present in the reaction mixture. Consequently, an alternative catalytic 

cycle with lower stereoselectivity operates with the intermediates II-B and 

III-B. As determined from the NMR experiments, the added Li(acac) controls 

the extent of the unproductive catalytic cycle by controlling the equilibrium 

of 2a, LiOt-Bu, and 2d.19 
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Figure 3.4. Plausible mechanistic scenario. 
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3.3. Conclusion 

In conclusion, a novel reaction engineering strategy has been developed 

to allow for full utilisation of the catalytic activity of a transition-metal-

catalysed reaction. By identifying the ligand decomposition pathway and 

using an additive-based restoration method, the efficiency of an 

underdeveloped reaction could be brought to synthetically useful levels. The 

method has been successfully applied to an enantioselective conjugate 

addition reaction with 1,1-bis[(pinacolato)boryl]methane catalysed by a Cu-

phosphoramidite catalyst system. We believe that the strategy should have a 

broader impact on reactions catalysed by related metal-ligand complexes. It 

is anticipated that analogous reaction engineering systems will ultimately be 

implemented for transition metal catalysis in general. 
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3.5. Experimental Section 

3.5.1. General Information  

Commercially available reagents were purchased from Sigma Aldrich, TCI, 

Alfa Aesar, Acros, Fluka and Strem, and used without further purification, 

unless otherwise noted. 1,1-bis[(pinacolato)boryl]methane and (S)-

MonoPhos were purchased from Angene and Chemscene, respectively. Dry 

tetrahydrofuran (THF) was obtained by passing through an activated alumina 

column of solvent purification system, and further degassed by repeated 

sonication under house vacuum and vigorous purging with nitrogen gas. 

Yields represent chromatographically homogeneous product. All reactions 

were monitored by thin-layers chromatography (TLC) with 0.25 mm E. 

Merck silica gel plates (60F-254) using UV light or staining solution 

(potassium permangnate and p-anisaldehyde) for visualization. NMR spectra 

were recorded on an Agilent 400-MR DD2 Magnetic Resonance System, 

JNM-ECX 400 Spectrometer (JEOL) or/and Varian/Oxford As-500 

instrument and calibrated using residual undeuterated solvent (CHCl3 at δ7.26 

ppm for 1H NMR and δ 77.16 ppm for 13C NMR) as internal reference. 

BF3˙OEt2 (15% w/w in CDCl3) and H3PO4 (85% w/w in H2O) solution were 

used as external standards for obtaining 11B and 31P NMR, respectively. For 

19F NMR spectra, fluorobenzene was used as an external standard (‒113.15 

ppm). Chemical shifts (δ) are reported in parts per million (ppm). Coupling 

constants (J) are reported in hertz (Hz). For NMR spectra, multiplicities are 
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given as: s = singlet, d = doublet, t = triplet, q = quartet, m = multiplet, br = 

broad. Enantiomeric excess (ee) were determined by employing High-

Performance Liquid Chromatography (HPLC) with columns containing 

chiral stationary phase and HPLC-grade solvent (n-hexane and isopropanol) 

as eluents. HPLC equipment was C196-E061W (Shimadzu, degassing unit: 

DGU-20A5R, pump : LC-20AD, auto sampler : SIL-20A, communication 

bus module : CBM-20A, UV/Vis detector : SPD-20A, and column oven : 

CTO-20A), unless otherwise noted. Optical rotations were record on JASCO 

P1030 polarimeter (D line of sodium vapor lamp) with a cylindrical glass cell 

from the same company. High resolution mass spectra (HRMS) were 

recorded on HRMS-ESI Q-TOF 5600 spectrometer at National 

Instrumentation Center for Environmental Management (NICEM) of Seoul 

National University. 
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3.5.2. General Procedure for Preparation of Enones  

 

 

For preparation of enone substrates 2a, 2b, 2c, 2d, 2f, 2g, 2h, 2i, 2j, 2k, 2l, 

2m, 2n, 2o, 2q, 2s, 2t the following procedure was utilised. 

To a 50 mL round bottom flask containing a magnetic stir bar ware added the 

ketone (5.0 mmol), aldehyde (5.0 mmol) and 10 ml of ethanol/H2O mixture 

(v/v = 4:1). The reaction mixture was vigorously stirred for 10 min. After 

further stirring for 5 min at 0 °C, aqueous sodium hydroxide solution (10% 

w/w, 5 mL) was added dropwise. The reaction system was warmed to room 

temperature and the progress was monitored by TLC. Upon completion of the 

reaction, ethanol was evaporated under reduced pressure and the remaining 

aqueous phase was diluted with ethyl acetate (30 mL) and saturated aqueous 

solution of ammonium chloride (30 mL). The aqueous phase was separated 

and extracted with ethyl acetate (3 × 30 mL). The combined organic phase 

was dried over anhydrous sodium sulfate (Na2SO4), filtered, and concentrated 

under reduced pressure. The crude product was purified by flash column 

chromatography on silica gel (EtOAc/hexanes).  

2e1, 2p2 and 2r3 were prepared according to the literature procedures. 
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3.4.3. Evaluation on Reaction Conditions 

Table S3.1. Screening of metal and base 

 
aReaction conditions: Metal (10 mol%), PPh3 (12 mol%), base (1.2 equiv), 2a (1.5 equiv), 

and 1a (0.3 mmol, 0.33 M) in THF (0.9 mL). bDetermined by GC analysis with n-dodecane 

as an internal standard. CF3-acac = trifluoroacetylacetone. 

 



 

- 67 - 

 

Table S3.2. Screening of ligands 

 
 

aReaction conditions: CuBr (10 mol%), ligand (12 mol%), LiOt-Bu (1.2 equiv), 2a (1.5 

equiv), and 1a (0.3 mmol, 0.33 M) in THF (0.9 mL). bDetermined by GC analysis with n-

dodecane as an internal standard. 
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Table S3.3. Screening of chiral ligands 

 
aReaction conditions: CuBr (10 mol%), ligand (12 mol%), LiOt-Bu (1.2 equiv), 2a (1.5 

equiv), and 1a (0.3 mmol, 0.33 M) in THF (0.9 mL). bDetermined by GC analysis with n-

dodecane as an internal standard. cDetermined by HPLC analysis. dL1 of 24 mol% was used. 
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Table S3.4. Screening of additives 

 
aReaction conditions: CuBr (10 mol%), L1 (12 mol%), LiOt-Bu (1.2 equiv), additive 

(1.0 equiv), 2a (1.5 equiv), and 1a (0.3 mmol, 0.33 M) in THF (0.9 mL). bDetermined 

by GC analysis with n-dodecane as an internal standard. cDetermined by HPLC 

analysis. dL1 of 24 mol% was used. acac = acetylacetone, TMHD = 2,2,6,6-

tetramethyl-3,5-heptanedione, hfacH = hexafluoroacetylacetone. 
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Scheme S3.1. Versatility of the reaction 
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Scheme S3.2. Quantitative analysis of the side product. 
 

 

 
aReaction conditions: CuBr (10 mol%), ligand (12 mol%), LiOt-Bu (1.2 equiv), 

Li(acac) (1.0 equiv), 1,1-diborylmethane (1.5 equiv), and 1a (0.3 mmol, 0.33 M) in 

THF (0.9 mL). b,cDetermined by NMR with 1,1,2,2-tetrachloroethane as an internal 

standard. dDetermined by HPLC analysis. acac = acetylacetone. 
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3.5.4. General Procedure for Enantioselective Conjugate Addition 

 

In a nitrogen-filled glove box, an oven-dried 4 mL dram-vial was charged 

with a magnetic stir bar, CuBr (0.030 mmol, 10 mol%, 4.2 mg), (S)-

MonoPhos (0.036 mmol, 12 mol%, 9.6 mg), LiOt-Bu (0.36 mmol, 1.2 equiv, 

28.8 mg), 1,1-bis[(pinacolato)boryl]methane (2, 0.45 mmol, 1.5 equiv, 120.6 

mg), and Li(acac) (0.30 mmol, 1.0 equiv, 31.8 mg). Subsequently, THF (0.6 

mL) was added to the mixture via a syringe and the system was sealed with 

an open-top teflon faced screw cap. The vial was removed from the glovebox 

and the reaction mixture was vigorously stirred for one hour. To the system 

was added a solution of enone (0.3 mmol) in 0.3 mL of THF via a syringe. 

Then, the reaction mixture was vigorously stirred at room temperature for 11 

hours. Upon completion of the reaction, brine (20 mL) was added in one 

portion to quench the reaction. The aqueous phase was separated and 

extracted with ethyl acetate (3 × 20 mL). The combined organic phase was 

dried over anhydrous sodium sulfate (Na2SO4), filtered, and concentrated 

under reduced pressure. The crude product was purified by flash column 

chromatography on silica gel (EtOAc/hexanes). For the preparation of 

racemic samples, triphenylphosphine (12 mol%) or a mixture of (R)-

MonoPhos (6 mol%) and (S)-MonoPhos (6 mol%) was used. 
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(S)-1,3-diphenyl-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)butan-

1-one (3a) Following general procedure, the crude product was purified by 

silica gel chromatography (hexanes : DCM = 100 : 0 → 5 : 95) to provide 3a 

as a yellowish liquid (74 mg, 70%, 92% ee). An identical reaction was 

performed on a 3 mmol scale to provide similar results (714 mg, 68% yield, 

88% ee). 

1H NMR (400 MHz, CDCl3) δ 7.92 (m, 2H), 7.55–7.48 (m, 1H), 7.46–7.37 

(m, 2H), 7.31–7.20 (m, 4H), 7.18–7.10 (m, 1H), 3.62 (m, J = 1H), 3.32 (dd, J 

= 16.1, 7.0 Hz, 1H), 3.26 (dd, J = 16.1, 7.2 Hz, 1H), 1.33 (dd, J = 15.5, 6.8 

Hz, 1H), 1.24 (dd, J = 15.5, 8.8 Hz, 1H), 1.10 (s, 6H), 1.08 (s, 6H) ppm. 

 

13C NMR (101 MHz, CDCl3) δ 199.03, 146.31, 137.20, 132.70, 128.37, 

128.16, 128.08, 127.22, 126.06, 82.96, 47.69, 37.29, 24.65, 24.56 ppm. The 

carbon bound to the boron was not detected due to quadrupolar relaxation.  

 

11B NMR (128 MHz, CDCl3) δ 33.5 ppm. 

 

HRMS (ESI) calculated for [C22H27BO3+H]+: 351.2126, found: 351.2138. 

 

Optical rotation, [α]
D

22 = ‒7.9 (c = 1.04, DCM).  

Enantiomeric excess, 92% ee was measured by HPLC (CHIRALPAK IA, n-

hexane : i-PrOH = 98.5 : 1.5 → 98 : 2, 1.0 mL/min, wavelength = 210 nm, 

30 °C); tR = 7.34 min (major), tR = 7.75 min (minor). 
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[Racemic 3a] 

 

 

[Enantioenriched 3a] 

 

 

 

3.0 mmol scale (88% ee) 

0.3 mmol scale (92% ee) 
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(S)-1-phenyl-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-3-(m-

tolyl)butan-1-one (3b) Following general procedure, the crude product was 

purified by silica gel chromatography (hexanes : DCM = 100 : 0 → 0 : 100, 

then DCM : MeOH = 100 : 0 → 99 : 1) to provide 3b as a yellowish liquid 

(62 mg, 57%, 93% ee).  

 

1H NMR (400 MHz, CDCl3) δ 7.97–7.89 (m, 2H), 7.56–7.49 (m, 1H), 7.47–

7.37 (m, 2H), 7.11 (m, 3H), 6.96 (d, J = 7.2 Hz, 1H), 3.58 (m, 1H), 3.32 (dd, 

J = 16.1, 7.1 Hz, 1H), 3.26 (dd, J = 16.0, 7.1 Hz, 1H), 2.30 (s, 3H), 1.31 (dd, 

J = 15.5, 6.8 Hz, 1H), 1.21 (dd, J = 15.5, 8.8 Hz, 1H), 1.11 (s, 6H), 1.09 (s, 

6H) ppm. 

 

13C NMR (101 MHz, CDCl3) δ 199.17, 146.32, 137.56, 137.29, 132.70, 

128.39, 128.14, 128.11, 128.10, 126.80, 124.16, 82.97, 47.63, 37.22, 24.69, 

24.60, 21.41 ppm.  

 

11B NMR (128 MHz, CDCl3) δ 33.0 ppm. 

 

HRMS (ESI) calculated for [C23H29BO3+H]+: 365.2282, found: 365.2296. 

 

Optical rotation, [α]
D

22 = +4.7 (c = 1.23, DCM). 

Enantiomeric excess, 93% ee was measured by HPLC (CHIRALPAK IA, n-

hexane : i-PrOH = 99.8 : 0.2, 1.0 mL/min, wavelength = 254 nm, 28 °C); tR 

= 28.06 min (major), tR = 25.42 min (minor). 
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[Racemic 3b] 

 

 

[Enantioenriched 3b] 
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(S)-1-phenyl-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-3-(o 

tolyl)butan-1-one (3c) Following general procedure, the crude product was 

purified by silica gel chromatography (hexanes : DCM = 100 : 0 → 0 : 100, 

then DCM : MeOH = 100 : 0 → 99 : 1) to provide 3c as a yellowish liquid 

(38 mg, 35%, 81% ee). 

 

1H NMR (400 MHz, CDCl3) δ 7.92 (m, 2H), 7.52 (m, 1H), 7.41 (m, 2H), 

7.27–7.23 (m, 1H), 7.13 (m, 1H), 7.09–6.99 (m, 2H), 3.87 (m, 1H), 3.32–3.19 

(m, 2H), 2.39 (s, 3H), 1.29 (dd, J = 15.4, 6.6 Hz, 1H), 1.21 (dd, J = 15.4, 9.4 

Hz, 1H), 1.05 (s, 6H), 1.02 (s, 6H) ppm. 

 

13C NMR (101 MHz, CDCl3) δ 199.29, 144.66, 137.30, 135.70, 132.76, 

130.15, 128.44, 128.12, 126.05, 125.77, 125.76, 82.96, 47.45, 32.01, 24.57, 

19.76 ppm. 

 

11B NMR (128 MHz, CDCl3) δ 33.0 ppm. 

 

HRMS (ESI) calculated for [C23H29BO3+H]+: 365.2282, found: 365.2296. 

 

Optical rotation, [α]
D

22 = ‒2.0 (c = 0.76, DCM). 

 

Enantiomeric excess, 81% ee was measured by HPLC (CHIRALCEL OD-

H, n-hexane : i-PrOH = 99.3 : 0.7, 1.2 mL/min, wavelength = 254 nm, 28 °C); 

tR = 10.23 min (major), tR = 11.89 min (minor). 
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[Racemic 3c] 

 

 

[Enantioenriched 3c] 
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(S)-3-(4-methoxyphenyl)-1-phenyl-4-(4,4,5,5-tetramethyl-1,3,2-

dioxaborolan-2 yl)butan-1-one (3d) Following general procedure, the crude 

product was purified by silica gel chromatography (hexanes : DCM = 100 : 0 

→ 0 : 100, then DCM : MeOH = 100 : 0 → 98 : 2) to provide 3d as a yellowish 

liquid (75 mg, 68%, 85% ee).  

 

1H NMR (400 MHz, CDCl3) δ 7.95–7.88 (m, 2H), 7.55–7.49 (m, 1H), 7.46–

7.37 (m, 2H), 7.21–7.14 (m, 2H), 6.82–6.75 (m, 2H), 3.75 (s, 3H), 3.55 (m, 

1H), 3.29 (dd, J = 15.9, 6.8 Hz, 1H), 3.21 (dd, J = 15.9, 7.4 Hz, 1H), 1.29 (dd, 

J = 15.5, 6.9 Hz, 1H), 1.20 (dd, J = 15.5, 8.8 Hz, 1H), 1.11 (s, 6H), 1.09 (s, 

6H) ppm. 

 

13C NMR (101 MHz, CDCl3) δ 199.29, 157.88, 138.52, 137.29, 132.72, 

128.43, 128.16, 128.17, 113.60, 83.03, 55.21, 48.01, 36.65, 24.75, 24.63 ppm. 

The carbon bound to the boron was not detected due to quadrupolar relaxation.  

 

11B NMR (128 MHz, CDCl3) δ 33.3 ppm. 

 

HRMS (ESI) calculated for [C23H29BO4+H]+: 381.2231, found: 381.2240. 

 

Optical rotation, [α]
D

22 = +3.98 (c = 0.58, DCM). 

 

Enantiomeric excess, 85% ee was measured by HPLC (CHIRALPAK IA, n-

hexane : i-PrOH = 98.5 : 1.5 → 98 : 2, 1.0 mL/min, wavelength = 210 nm, 

30 °C); tR = 9.85 min (major), tR = 10.79 min (minor). 
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[Racemic 3d] 

 

 

[Enantioenriched 3d]  
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Methyl-(S)-4-(4-oxo-4-phenyl-1-(4,4,5,5-tetramethyl-1,3,2-

dioxaborolan-2-yl)butan-2-yl)benzoate (3e) Following general procedure, 

the crude product was purified by silica gel chromatography (hexanes : DCM 

= 50 : 50 → 0 : 100, DCM : MeOH = 100 : 0 → 98 : 2) to provide 3c as a 

colorless liquid (81 mg, 66%, 91% ee).  

 

1H NMR (400 MHz, CDCl3) δ 7.91‒7.86 (m, 4H), 7.57‒7.49 (m, 1H), 7.46‒

7.38 (m, 2H), 7.37‒7.31 (m, 2H), 3.88 (s, 3H), 3.68 (m, 1H), 3.34 (dd, J = 

16.4, 6.6 Hz, 1H), 3.27 (dd, J = 16.4, 7.5 Hz, 1H), 1.32 (dd, J = 15.6, 6.7 Hz, 

1H), 1.22 (dd, J = 14.5, 9.4 Hz, 1H), 1.10 (s, 6H), 1.07 (s, 6H) ppm. 

 

13C NMR (101 MHz, CDCl3) δ 198.81, 167.26, 152.06, 137.21, 133.10, 

129.81, 128.67, 128.25, 128.18, 127.55, 83.35, 52.08, 47.38, 37.39, 24.89, 

24.76 ppm. The carbon bound to the boron was not detected due to 

quadrupolar relaxation.  

 

11B NMR (128 MHz, CDCl3) δ 33.39 ppm. 

 

HRMS (ESI) calculated for [C24H29BO5+H]+: 409.2180, found: 409.2194. 

 

Optical rotation, [α]
D

22 = ‒2.49 (c = 0.88, DCM). 

 

Enantiomeric excess, 91% ee was measured by HPLC (CHIRALCEL OD, 

n-hexane : i-PrOH = 99 : 1, 1.0 mL/min, wavelength = 240 nm, 28 °C); tR = 

22.69 min (major), tR = 25.23 min (minor). 
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[Racemic 3e]  

 

 

[Enantioenriched 3e] 
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(S)-3-(4-chlorophenyl)-1-phenyl-4-(4,4,5,5-tetramethyl-1,3,2-

dioxaborolan-2-yl)butan-1-one (3f) Following general procedure, the crude 

product was purified by silica gel chromatography (hexanes : DCM = 100 : 0 

→ 0 : 100, then DCM : MeOH = 100 : 0 → 99 : 1) to provide 3f as a yellowish 

liquid (86 mg, 76%, 94% ee).  

 

1H NMR (400 MHz, CDCl3) δ 7.96–7.85 (m, 2H), 7.55–7.50 (m, 1H), 7.42 

(m, 2H), 7.22‒7.19 (m, 4H), 3.65–3.55 (m, 1H), 3.31 (dd, J = 16.3, 6.5 Hz, 

1H), 3.23 (dd, J = 16.3, 7.7 Hz, 1H), 1.30 (dd, J = 15.6, 6.8 Hz, 1H), 1.19 (dd, 

J = 15.6, 8.7 Hz, 1H), 1.12 (s, 6H), 1.10 (s, 6H) ppm. 

 

13C NMR (101 MHz, CDCl3) δ 198.73, 144.86, 137.08, 132.87, 131.65, 

128.69, 128.47, 128.27, 128.07, 83.14, 47.46, 36.67, 24.72, 24.60 ppm. The 

carbon bound to the boron was not detected due to quadrupolar relaxation. 

 

11B NMR (128 MHz, CDCl3) δ 33.2 ppm. 

 

HRMS (ESI) calculated for [C22H26BClO3+H]+: 385.1736, found: 385.1737. 

 

Optical rotation, [α]
D

22 = ‒3.42 (c = 0.99, DCM).  

Enantiomeric excess, 94% ee was measured by HPLC (CHIRALPAK IA, n-

hexane : i-PrOH = 98.5 : 1.5 → 98 : 2, 1.0 mL/min, wavelength = 210 nm, 

30 °C); tR = 8.50 min (major), tR = 9.43 min (minor). 
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[Racemic 3f]  

 

 

[Enantioenriched 3f] 
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(S)-3-(4-fluorophenyl)-1-phenyl-4-(4,4,5,5-tetramethyl-1,3,2-

dioxaborolan-2-yl)butan-1-one (3g) Following general procedure, the crude 

product was purified by silica gel chromatography (hexanes : DCM = 100 : 0 

→ 0 : 100, then DCM : MeOH = 100 : 0 → 99 : 1) to provide 3g as an orange 

liquid (89 mg, 77%, 91% ee).  

 

1H NMR (400 MHz, CDCl3) δ 7.94–7.88 (m, 2H), 7.55–7.49 (m, 1H), 7.45–

7.38 (m, 2H), 7.25–7.19 (m, 2H), 6.97–6.87 (m, 2H), 3.65–3.56 (m, 1H), 3.30 

(dd, J = 16.1, 6.6 Hz, 1H), 3.22 (dd, J = 16.1, 7.6 Hz, 1H), 1.30 (dd, J = 15.5, 

6.7 Hz, 1H), 1.20 (dd, J = 15.5, 9.0 Hz, 1H), 1.11 (s, 6H), 1.09 (s, 6H) ppm. 

 

13C NMR (101 MHz, CDCl3) δ 198.91, δ 161.27 (d, J = 243.6 Hz), 141.96 

(d, J = 3.2 Hz), 137.15, 132.83, 128.70 (d, J = 7.8 Hz), 128.46, 128.08, 114.87 

(d, J = 21.1 Hz), 83.09, 47.79, 36.64, 24.71, 24.59 ppm. The carbon bound to 

the boron was not detected due to quadrupolar relaxation. 

 

11B NMR (128 MHz, CDCl3) δ 33.1 ppm. 

 

19F NMR (376 MHz, CDCl3) δ ‒117.38 ppm. 

 

HRMS (ESI) calculated for [C22H26BFO3+H]+: 369.2032, found: 369.2044.  

 

Optical rotation, [α]
D

22 = ‒0.85 (c = 1.50, DCM). 
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Enantiomeric excess, 91% ee was measured by HPLC (CHIRALPAK IA, n-

hexane : i-PrOH = 99 : 1, 1.0 mL/min, wavelength = 254 nm, 28 °C); tR = 

8.47 min (major), tR = 9.54 min (minor). 

[Racemic 3g] 

 

 

[Enantioenriched 3g] 
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(S)-3-phenyl-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-1-(o-

tolyl)butan-1-one (3h) Following general procedure, the crude product was 

purified by silica gel chromatography (hexanes : DCM = 100 : 0 → 0 : 100) 

to provide 3h as a yellowish liquid (81 mg, 74%, 93% ee). 

 

1H NMR (400 MHz, CDCl3) δ 7.51–7.55 (m, 1H), 7.28–7.34 (m, 1H), 7.27–

7.09 (m, 6H), 3.60–3.48 (m, 1H), 3.29 (dd, J = 16.0, 6.7 Hz, 1H), 3.16 (dd, J 

= 16.0, 8.0 Hz, 1H), 2.26 (s, 3H), 1.29 (dd, J = 15.5, 7.0 Hz, 1H), 1.21 (dd, J 

= 15.5, 8.7 Hz, 1H), 1.11 (s, 6H), 1.09 (s, 6H) ppm. 

 

13C NMR (101 MHz, CDCl3) δ 203.72, 146.01, 138.59, 137.78, 131.66, 

130.79, 128.19, 128.15, 127.34, 126.12, 125.41, 83.04, 50.79, 37.58, 24.71, 

24.64, 20.71 ppm. The carbon bound to the boron was not detected due to 

quadrupolar relaxation. 

 

11B NMR (128 MHz, CDCl3) δ 33.0 ppm. 

 

HRMS (ESI) calculated for [C23H29BO3+H]+: 365.2282, found: 365.2296.  

 

Optical rotation, [α]
D

22 = ‒2.6 (c = 1.05, DCM). 

Enantiomeric excess, 93% ee was measured by HPLC (CHIRALPAK IA, n-

hexane : i-PrOH = 99 : 1, 0.6 mL/min, wavelength = 210 nm, 28 °C); tR = 

10.66 min (major), tR = 9.77 min (minor). 
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[Racemic 3h] 

 

 

[Enantioenriched 3h] 
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(S)-1-(4-chlorophenyl)-3-phenyl-4-(4,4,5,5-tetramethyl-1,3,2-

dioxaborolan-2-yl)butan-1-one (3i) Following general procedure, the crude 

product was purified by silica gel chromatography (hexanes : EtOAc = 10 : 

1) to provide 3i as a colorless oil (85 mg, 74%, 89% ee).  

 

1H NMR (400 MHz, CDCl3) δ 7.81–7.75 (m, 2H), 7.35–7.29 (m, 2H), 7.21–

7.15 (m, 4H), 7.11–7.04 (m, 1H), 3.50 (m, 1H), 3.22 (dd, J = 16.0, 6.8 Hz, 

1H), 3.14 (dd, J = 15.9, 7.4 Hz, 1H), 1.24 (dd, J = 15.5, 7.0 Hz, 1H), 1.15 (dd, 

J = 15.9, 8.6 Hz, 1H), 1.03 (s, 6H), 1.01 (s, 6H) ppm. 

 

13C NMR (101 MHz, CDCl3) δ 197.95, 146.11, 139.16, 135.60, 129.57, 

128.72, 128.25, 127.21, 126.20, 83.08, 47.68, 37.46, 24.70, 24.61 ppm. The 

carbon bound to the boron was not detected due to quadrupolar relaxation. 

 

11B NMR (128 MHz, CDCl3) δ 32.8 ppm. 

 

HRMS (ESI) calculated for [C22H26BClO3+H]+: 385.1736, found: 385.1734. 

 

Optical rotation, [α]
D

22 = +0.31 (c = 1.5, DCM). 

Enantiomeric excess, 89% ee was measured by HPLC (CHIRALPAK IA, n-

hexane : i-PrOH = 99 : 1, 1.0 mL/min, wavelength = 254 nm, 28 °C); tR = 

9.89 min (major), tR = 12.11 min (minor). 
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[Racemic 3i] 

 

 

[Enantioenriched 3i] 
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(S)-1-(3-bromophenyl)-3-phenyl-4-(4,4,5,5-tetramethyl-1,3,2-

dioxaborolan-2-yl)butan-1-one (3j) Following general procedure, the crude 

product was purified by silica gel chromatography (hexanes : DCM = 50 : 50 

→ 0 : 100, DCM : MeOH = 100 : 0 → 98 : 2) to provide 3j as a pale yellow 

oil (90 mg, 70%, 93% ee). 

 

1H NMR (500 MHz, CDCl3) δ 8.06–8.02 (m, 1H), 7.85–7.80 (m, 1H), 7.67–

7.61 (m, 1H), 7.32–7.27 (m, 1H), 7.26–7.21 (m, 4H), 7.18–7.11 (m, 1H), 

3.63–3.52 (m, 1H), 3.30 (dd, J = 16.0, 6.8 Hz, 1H), 3.20 (dd, J = 16.0, 7.4 Hz, 

1H), 1.31 (dd, J = 15.6, 7.0 Hz, 1H), 1.23 (dd, J = 15.8, 8.6 Hz, 1H), 1.11 (s, 

6H), 1.09 (s, 6H) ppm. 

13C NMR (126 MHz, CDCl3) δ 197.79, 135.58, 131.24, 130.02, 128.48, 

128.27, 127.21, 126.65, 126.55, 126.24, 122.82, 83.12, 47.75, 37.39, 24.70, 

24.63 ppm. The carbon bound to the boron was not detected due to 

quadrupolar relaxation. 

11B NMR (128 MHz, CDCl3) δ 33.5 ppm. 

HRMS (ESI) calculated for [C22H26BBrO3+H]+: 429.1231, found: 429.1234. 

Optical rotation, [α]
D

22 = ‒4.14 (c = 1.2, DCM). 

Enantiomeric excess, 93% ee was measured by HPLC (CHIRALPAK IA, n-

hexane : i-PrOH = 99.5 : 0.5, 1.0 mL/min, wavelength = 254 nm, 28 °C); tR 

= 12.25min (major), tR = 10.52min (minor). 
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[Racemic 3j] 

 

 

[Enantioenriched 3j] 
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(S)-1-phenyl-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-3-

(thiophen-2-yl)butan-1-one (3k) Following general procedure, the crude 

product was purified by silica gel chromatography (hexanes : DCM = 50 : 50 

→ 0 : 100, DCM : MeOH = 100 : 0 → 97 : 3) to provide 3k as a colorless 

liquid (80 mg, 75%, 92% ee). 

 

1H NMR (500 MHz, CDCl3) δ 7.98–7.90 (m, 2H), 7.56–7.51 (m, 1H), 7.47–

7.40 (m, 2H), 7.10–7.03 (m, 1H), 6.89–6.82 (m, 2H), 4.01–3.91 (m, 1H), 3.36 

(dd, J = 14.9, 5.4 Hz, 1H), 3.32 (dd, J = 14.9, 5.6 Hz, 1H), 1.37 (dd, J = 15.7, 

6.7 Hz, 1H), 1.31 (dd, J = 15.6, 8.3 Hz, 1H), 1.15 (s, 6H), 1.13 (s, 6H) ppm. 

 

13C NMR (126 MHz, CDCl3) δ 198.69, 150.56, 137.15, 132.87, 128.46, 

128.13, 126.30, 123.33, 122.64, 83.17, 48.35, 32.62, 24.71, 24.65 ppm. The 

carbon bound to the boron was not detected due to quadrupolar relaxation.  

 

11B NMR (128 MHz, CDCl3) δ 31.87 ppm.  

 

HRMS (ESI) calculated for [C20H25BO3S+H]+: 357.1690, found: 357.1698. 

 

Optical rotation, [α]
D

22 = +4.31 (c = 1.01, DCM). 

 

Enantiomeric excess, 92% ee was measured by HPLC (CHIRALCEL OD, 

n-hexane : i-PrOH = 99.9 : 0.1, 0.2 mL/min, wavelength = 240 nm, 25 °C); tR 

= 25.24 min (major), tR = 23.20 min (minor). Determined on equipment 

combined an Agilent Technologies 1200 series Infinity LC and Hewlett 

Packard 1100 series LC. 

https://www.bioprocessonline.com/doc/hewlett-packard-1100-series-hplc-system-0001
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[Racemic 3k] 

 

 

[Enantioenriched 3k] 
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(S)-3-(furan-2-yl)-1-phenyl-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-

yl)butan-1-one (3l) Following general procedure, the crude product was 

purified by silica gel chromatography (hexanes : DCM = 100 : 0 → 0 : 100, 

then DCM : MeOH = 100 : 0 → 99 : 1) to provide 3l as a yellowish liquid (77 

mg, 76%, 94% ee).  

 

1H NMR (400 MHz, CDCl3) δ 7.99–7.92 (m, 2H), 7.57–7.50 (m, 1H), 7.47–

7.40 (m, 2H), 7.29–7.21 (m, 1H), 6.25–6.18 (m, 1H), 6.01 (d, J = 3.2 Hz, 1H), 

3.79–3.68 (m, 1H), 3.37 (dd, J = 16.3, 6.7 Hz, 1H), 3.25 (dd, J = 16.3, 7.1 Hz, 

1H), 1.25 (d, J = 7.3 Hz, 2H), 1.19 (s, 6H), 1.17 (s, 6H) ppm. 

 

13C NMR (101 MHz, CDCl3) δ 198.86, 159.11, 140.68, 137.19, 132.82, 

128.44, 128.15, 109.87, 104.26, 83.13, 44.68, 30.79, 24.78, 24.70 ppm. The 

carbon bound to the boron was not detected due to quadrupolar relaxation.  

11B NMR (128 MHz, CDCl3) δ 33.1 ppm. 

 

HRMS (ESI) calculated for [C20H25BO4+H]+: 341.1918, found: 341.1930. 

 

Optical rotation, [α]
D

22 = ‒9.5 (c = 0.79, DCM). 

 

Enantiomeric excess, 94% ee was measured by HPLC (CHIRALCEL OD-

H, n-hexane : i-PrOH = 99.8 : 0.2, 1.0 mL/min, wavelength = 210 nm, 28 °C); 

tR = 19.89 min (major), tR = 25.00 min (minor). 
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[Racemic 3l] 

 

 

[Enantioenriched 3l] 
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(S)-3-(furan-3-yl)-1-phenyl-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-

yl)butan-1-one (3m) Following general procedure, the crude product was 

purified by silica gel chromatography (hexanes : DCM = 100 : 0 → 0 : 100, 

then DCM : MeOH = 100 : 0 → 99 : 1) to provide 3m as a yellowish liquid 

(76 mg, 74%, 93% ee).  

 

1H NMR (400 MHz, CDCl3) δ 7.98–7.90 (m, 2H), 7.56–7.50 (m, 1H), 7.47–

7.40 (m, 2H), 7.30–7.27 (m, 1H), 7.25–7.21 (m, 1H), 6.33 (m, 1H), 3.62–3.51 

(m, 1H), 3.26 (dd, J = 16.1, 6.5 Hz, 1H), 3.16 (dd, J = 16.1, 7.5 Hz, 1H), 1.22 

(m, 2H), 1.17 (s, 6H), 1.16 (s, 6H). 

 

13C NMR (101 MHz, CDCl3) δ 199.21, 142.56, 138.50, 137.28, 132.82, 

129.90, 128.47, 128.15, 109.67, 83.13, 46.95, 27.86, 24.76, 24.68 ppm. The 

carbon bound to the boron was not detected due to quadrupolar relaxation.  

11B NMR (128 MHz, CDCl3) δ 33.10 ppm. 

 

HRMS (ESI) calculated for [C20H25BO4+H]+: 341.1918, found: 341.1921. 

 

Optical rotation, [α]
D

22 = +0.59 (c = 0.71, DCM). 

Enantiomeric excess, 93% ee was measured by HPLC (CHIRALPAK IA, n-

hexane : i-PrOH = 99.8 : 0.2, 1.0 mL/min, wavelength = 254 nm, 30 °C); tR 

= 30.71 min (major), tR = 27.41 min (minor). 
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[Racemic 3m] 

 

 

[Enantioenriched 3m] 
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(S)-3-phenyl-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-1-

(thiophen-2-yl)butan-1-one (3n). Following general procedure, the crude 

product was purified by silica gel chromatography (hexanes : EtOAc = 100 : 

0 → 85 : 15) to provide 3n as a colorless liquid (75 mg, 70%, 88% ee).  

 

1H NMR (500 MHz, CDCl3) δ 7.67 (d, J = 3.5 Hz, 1H), 7.57 (d, J = 4.8 Hz, 

1H), 7.29–7.20 (m, 4H), 7.17–7.10 (m, 1H), 7.09–7.04 (m, 1H), 3.65–3.55 

(m, 1H), 3.26–3.14 (m, 2H), 1.32 (dd, J = 15.0, 8.8 Hz, 1H), 1.23 (dd, 1H), 

1.09 (s, 6H), 1.07 (s, 6H) ppm. 

13C NMR (126 MHz, CDCl3) δ 191.98, 146.08, 144.87, 133.30, 131.80, 

128.22, 127.88, 127.24, 126.17, 83.03, 48.57, 37.80, 24.69, 24.58 ppm. The 

carbon bound to the boron was not detected due to quadrupolar relaxation.  

 

11B NMR (128 MHz, CDCl3) δ 33.27 ppm. 

 

HRMS (ESI) calculated for [C20H25BO3S+H]+: 357.1690, found: 357.1692. 

 

Optical rotation, [α]
D

22 = +13.7 (c = 1.42, DCM). 

Enantiomeric excess, 88% ee was measured by HPLC (CHIRALCEL OJ-H, 

n-hexane : i-PrOH = 95 : 5, 1.0 mL/min, wavelength = 210 nm, 28 °C); tR = 

19.10 min (major), tR = 14.35 min (minor). 
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[Racemic 3n] 

 

 

[Enantioenriched 3n] 
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(S)-3-cyclopropyl-1-phenyl-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-

yl)butan-1-one (3o) Following general procedure stirring for 36 hours 

instead of 11 hours, the crude product was purified by silica gel 

chromatography (hexanes : DCM = 50 : 50 → 0 : 100, DCM : MeOH = 100 : 

0 → 99.5 : 0.5) to provide 3o as a colorless liquid (66 mg, 70%, 87% ee).  

 

1H NMR (400 MHz, CDCl3) δ 8.03–7.95 (m, 2H), 7.56–7.49 (m, 1H), 7.47–

7.40 (m, 2H), 3.16 (dd, J = 14.9, 6.9 Hz, 1H), 2.98 (dd, J = 14.9, 6.8 Hz, 1H), 

1.61–1.48 (m, 1H), 1.24 (s, 12H), 1.06–0.93 (m, 2H), 0.78–0.66 (m, 1H), 

0.43–0.28 (m, 2H), 0.20–0.11 (m, 1H), 0.05–0.01 (m, 1H) ppm.  

 

13C NMR (101 MHz, CDCl3) δ 200.62, 137.61, 132.61, 128.39, 128.29, 

82.99, 46.29, 37.60, 24.94, 24.85, 18.60, 4.86, 4.27 ppm.  

11B NMR (128 MHz, CDCl3) δ 33.25 ppm. 

 

HRMS (ESI) calculated for [C19H27BO3+H]+: 315.2126, found: 315.2135. 

 

Optical rotation, [α]
D

22 = ‒11.6 (c = 1.11, DCM). 

 

Enantiomeric excess, 87% ee was measured by HPLC (CHIRALCEL OD-

H, n-hexane : i-PrOH = 99.7 : 0.3, 1.0 mL/min, wavelength = 254 nm, 28 °C); 

tR = 11.49 min (major), tR = 9.68 min (minor). 
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[Racemic 3o] 

 

 

[Enantioenriched 3o] 
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(S)-4-methyl-1-phenyl-3-((4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-

yl)methyl) pentan-1-one (3p) Following general procedure stirring for 36 

hours instead of 11 hours, the crude product was purified by silica gel 

chromatography (hexanes : DCM = 50 : 50 → 0 : 100, DCM : MeOH = 100 : 

0 → 99.5 : 0.5) to provide 3p as a yellowish liquid (64 mg, 68%, 85% ee).  

 

1H NMR (400 MHz, CDCl3) δ 8.02–7.98 (m, 2H), 7.56–7.50 (m, 1H), 7.48–

7.40 (m, 2H), 2.97 (dd, J = 15.6, 7.1 Hz, 1H), 2.86 (dd, J = 15.6, 6.5 Hz, 1H), 

2.33–2.23 (m, 1H), 1.78–1.64 (m, 1H), 1.22 (s, 6H), 1.21 (s, 6H), 0.88 (m, 

1H), 0.87 (dd, J = 6.8, 1.7 Hz, 6H), 0.75 (dd, J = 15.7, 8.5 Hz, 1H) ppm. 

 

13C NMR (101 MHz, CDCl3) δ 200.82, 137.50, 132.60, 128.37, 128.26, 

82.94, 42.67, 36.60, 31.84, 24.85, 24.81, 19.69, 18.36 ppm. 

 

11B NMR (128 MHz, CDCl3) δ 34.20 ppm. 

 

HRMS (ESI) calculated for [C19H29BO3+H]+: 317.2282, found: 317.2292.  

 

Optical rotation, [α]
D

22 = ‒10.6 (c = 1.06, DCM). 

 

Enantiomeric excess, 85% ee was measured by HPLC (CHIRALCEL OD-

H, n-hexane : i-PrOH = 99.3 : 0.7, 1.0 mL/min, wavelength = 254 nm, 28 °C); 

tR = 12.40 min (major), tR = 10.38 min (minor). 
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[Racemic 3p] 

 

 

[Enantioenriched 3p] 
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(S)-3-cyclohexyl-1-phenyl-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-

yl)butan-1-one (3q) Following general procedure stirring for 36 hours 

instead of 11 hours, the crude product was purified by silica gel 

chromatography (hexanes : DCM = 50 : 50 → 0 : 100, DCM : MeOH = 100 : 

0 → 99.5 : 0.5) to provide 3q as a colorless liquid (77 mg, 72%, 80% ee).  

 

1H NMR (400 MHz, CDCl3) δ 8.03–7.96 (m, 2H), 7.56–7.49 (m, 1H), 7.47–

7.40 (m, 2H), 2.94 (d, J = 6.8 Hz, 2H), 2.31–2.21 (m, 1H), 1.78–1.57 (m, 5H), 

1.36–1.27 (m, 1H), 1.21 (s, 6H), 1.21 (s, 6H), 1.18 – 0.95 (m, 5H), 0.89 (dd, 

J = 15.7, 5.9 Hz, 1H), 0.79 (dd, J = 15.7, 8.1 Hz, 1H) ppm. 

 

13C NMR (101 MHz, CDCl3) δ 200.85, 137.52, 132.58, 128.36, 128.24, 

82.90, 42.77, 42.69, 36.10, 30.11, 29.31, 26.75, 26.69, 26.68, 24.82, 24.79 

ppm. The carbon bound to the boron was not detected due to quadrupolar 

relaxation.  

 

11B NMR (128 MHz, CDCl3) δ 33.29 ppm. 

 

HRMS (ESI) calculated for [C22H33BO3+H]+: 357.2595, found: 357.2610. 

 

Optical rotation, [α]
D

22 = ‒9.4 (c = 0.8, DCM). 

 

Enantiomeric excess, 80% ee was measured by HPLC (CHIRALCEL OJ-H, 

n-hexane : i-PrOH = 99.8 : 0.2), 0.2 mL/min, wavelength = 210 nm, 30 °C); 

tR = 34.10 min (major), tR = 27.73 min (minor). 
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[Racemic 3q] 

 

 

[Enantioenriched 3q] 
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(R)-1,5-diphenyl-3-((4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-

yl)methyl)pentan-1-one (3r) Following general procedure stirring for 36 

hours instead of 11 hours, the crude product was purified by silica gel 

chromatography (hexanes : DCM = 50 : 50 → 0 : 100, DCM : MeOH = 100 : 

0 → 99.5 : 0.5) to provide 3r as a yellowish liquid (51 mg, 45%, 81% ee).  

 

11H NMR (400 MHz, CDCl3) δ 8.05–7.93 (m, 2H), 7.58–7.50 (m, 1H), 7.49–

7.41 (m, 2H), 7.29–7.21 (m, 2H), 7.20–7.12 (m, 3H), 3.09 (dd, J = 15.6, 6.6 

Hz, 1H), 2.93 (dd, J = 15.6, 7.0 Hz, 1H), 2.75–2.55 (m, 2H), 2.48–2.37 (m, 

1H), 1.81–1.59 (m, 2H), 1.26 (s, 12H), 1.02 (dd, J = 15.8, 6.1 Hz, 1H), 0.95 

(dd, J = 15.9, 7.2 Hz, 1H) ppm. 

 

13C NMR (101 MHz, CDCl3) δ 200.40, 142.61, 137.43, 132.72, 128.43, 

128.30, 128.23 (2C), 125.56, 83.04, 45.42, 38.60, 33.28, 31.16, 24.88, 24.87 

ppm. The carbon bound to the boron was not detected due to quadrupolar 

relaxation.  

 

11B NMR (128 MHz, CDCl3) δ 33.49 ppm. 

 

HRMS (ESI) calculated for [C24H31BO3+H]+: 379.2439, found: 379.2448. 

 

Optical rotation, [α]
D

22 = +5.3 (c = 0.28, DCM). 

Enantiomeric excess, 81% ee was measured by HPLC (CHIRALPAK AD-

H, n-hexane : i-PrOH = 98 : 2, 0.2 mL/min, wavelength = 210 nm, 30 °C); tR 

= 61.57 min (major), tR = 62.52 min (minor). 
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[Racemic 3r] 

 

 

[Enantioenriched 3r] 
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(S)-2,2-dimethyl-5-phenyl-6-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-

yl)hexan-3-one (3s) Following general procedure stirring for 36 hours 

instead of 11 hours, the crude product was purified by silica gel 

chromatography (hexanes : DCM = 100 : 0 → 0 : 100) to provide 3s as a 

yellowish liquid (61 mg, 62%, 52% ee). 

 

1H NMR (500 MHz, CDCl3) δ 7.24–7.18 (m, 4H), 7.16–7.10 (m, 1H), 3.52–

3.43 (m, 1H), 2.81 (dd, J = 15.6, 5.6 Hz, 1H), 2.77 (dd, J = 15.7, 5.7 Hz, 1H), 

1.19 (dd, J = 15.3, 6.5 Hz, 1H), 1.14–1.10 (m, 1H), 1.08 (s, 6H), 1.06 (s, 6H), 

1.01 (s, 9H) ppm. 

 

13C NMR (126 MHz, CDCl3) δ 214.07, 146.69, 128.04, 127.33, 125.89, 

82.91, 45.82, 43.96, 36.43, 26.03, 24.66, 24.57 ppm. The carbon bound to the 

boron was not detected due to quadrupolar relaxation.  

 

11B NMR (128 MHz, CDCl3) δ 32.40 ppm. 

 

HRMS (ESI) calculated for [C20H31BO3+H]+: 331.2439, found: 331.2441. 

 

Optical rotation, [α]
D

22 = +6.61 (c = 1.50, DCM). 

Enantiomeric excess, 52% ee was measured by HPLC (CHIRALPAK IA, n-

hexane : i-PrOH = 99 : 1, 1.0 mL/min, wavelength = 254 nm, 28 °C); tR = 

4.97 min (major), tR = 4.55 min (minor). 
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[Racemic product 3s] 

 

 

[Enantioenriched 3s] 
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(R)-1,5-diphenyl-3-((4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-

yl)methyl)pentan-1-one (3t) Following general procedure stirring for 36 

hours instead of 11 hours, the crude product was purified by silica gel 

chromatography (hexanes : DCM = 50 : 50 → 0 : 100, DCM : MeOH = 100 : 

0 → 99.5 : 0.5) to provide 3t as a yellowish solid (54 mg, 48%, 75% ee). 

 

1H NMR (400 MHz, CDCl3) δ 8.01–7.92 (m, 2H), 7.57–7.49 (m, 1H), 7.47–

7.39 (t, J = 7.6 Hz, 2H), 7.30– 7.20 (m, 4H), 7.18–7.11 (m, 1H), 6.37 (d, J = 

15.9 Hz, 1H), 6.20 (dd, J = 15.9, 7.5 Hz, 1H), 3.23–3.12 (m, 2H), 3.10–3.00 

(m, 1H), 1.20 (s, 12H), 1.12 (dd, J = 15.6, 6.0 Hz, 1H), 1.05 (dd, J = 15.7, 7.5 

Hz, 1H) ppm. 

 

13C NMR (101 MHz, CDCl3) δ 199.35, 137.55, 137.36, 134.81, 132.80, 

128.85, 128.48, 128.35, 128.22, 126.87, 126.10, 83.15, 46.00, 35.11, 24.94, 

24.79 ppm. The carbon bound to the boron was not detected due to 

quadrupolar relaxation.  

11B NMR (128 MHz, CDCl3) δ 33.07 ppm. 

 

HRMS (ESI) calculated for [C24H29BO3+H]+: 377.2282, found: 377.2279.  

 

Optical rotation, [α]
D

22 = +12.9 (c = 0.88, DCM). 

Enantiomeric excess, 75% ee was measured by HPLC (CHIRALPAK IA, n-

hexane : i-PrOH = 99.8 : 0.2, 0.6 mL/min, wavelength = 210 nm, 30 °C); tR 

= 18.04 min (major), tR = 24.08 min (minor). 
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[Racemic product 3t] 

 

 

[Enantioenriched 3t] 
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3.5.5. General Procedure for Further Derivatizations  

3.5.5.1. Palladium-catalysed cross coupling 

 

 

 

(S)-(–)-1,3,4-triphenylbutan-1-one (3ab).4 

In a nitrogen-filled glove box, an oven-dried 4 mL dram-vial was charged 

with a magnetic stir bar, (S)-3a (92% ee, 0.47 mmol, 1.0 equiv, 164 mg), 

Pd2dba3 (0.009 mmol, 2 mol%, 8.7 mg), RuPhos (0.019 mmol, 4 mol%, 8.8 

mg), NaOt-Bu (1.9 mmol, 4.0 equiv, 179 mg), and bromobenzene (0.71 mmol, 

1.5 equiv, 73 μL). Subsequently, anhydrous toluene (1.6 mL) was added to 

the mixture via a syringe and the system was sealed with an open-top teflon 

faced screw cap. The vial was removed from the glovebox and then, H2O 

(0.16 mL) was added. The reaction mixture was vigorously stirred for 24 

hours at 80 °C. Upon completion of the reaction, the reaction mixture was 

cooled to room temperature and brine (20 mL) was added in one portion to 

quench the reaction. The aqueous phase was separated and extracted with 

ethyl acetate (3 × 20 mL). The combined organic phase was dried over 

anhydrous sodium sulfate (Na2SO4), filtered, and concentrated under reduced 

pressure. The crude product was purified by flash column chromatography on 
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silica gel (hexanes : EtOAc = 100 : 0 → hexanes : EtOAc = 97 : 3) to provide 

3ab (95 mg, 72%, 91% ee). 1H NMR (400 MHz, CDCl3) δ 7.90–7.82 (m, 

2H), 7.56–7.49 (m, 1H), 7.46–7.37 (m, 2H), 7.31–7.13 (m, 8H), 7.12–7.05 

(m, 2H), 3.74–3.63 (m, 1H), 3.36 (dd, J = 16.8, 7.3 Hz, 1H), 3.29 (dd, J = 

16.8, 6.6 Hz, 1H), δ 3.02 (dd, J = 13.9, 7.6 Hz, 1H), 2.97 (dd, J = 13.7, 8.0 

Hz, 1H).13C NMR (101 MHz, CDCl3) δ 197.53, 173.79, 138.36, 136.35, 

133.29, 128.90, 128.58, 128.05, 127.81, 127.55, 52.26, 46.34, 42.78 ppm. 

Enantiomeric excess, 91% ee was measured by HPLC (CHIRALPAK IA, n-

hexane : i-PrOH = 98.5 : 1.5 → 98:2, 1.0 mL/min, wavelength = 210 nm, 

30 °C); tR = 8.51 min (major), tR = 11.04 min (minor); [α]
D

22 = ‒5.5 (c = 0.72, 

DCM). 
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[Racemic 3ab] 

 

[Enantioenriched 3ab] 
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3.5.5.2. Oxidation and esterification. 

 

 

 

Methyl (S)-4-oxo-2,4-diphenylbutanoate (3ad).5 

A 4 mL dram-vial containing a magnetic stir bar was charged with (S)-3a (92% 

ee, 0.37 mmol, 1.0 equiv, 128 mg) and NaBO3·4H2O (0.74 mmol, 2.0 equiv, 

114 mg). Subsequently, 1.6 mL of THF/MeOH mixture (v/v = 1:1) were 

added to the mixture via a syringe. The reaction mixture was vigorously 

stirred for 4 hours. Upon completion of the reaction, brine (10 mL) was added 

in one portion to quench the reaction. The aqueous phase was separated and 

extracted with ethyl acetate (3 × 10 mL). The combined organic phase was 

dried over anhydrous sodium sulfate (Na2SO4), filtered, and concentrated 

under reduced pressure. Subsequently, the crude product was dissolved in 

THF (0.8 mL) and then, 2.5 M Jones reagent (CrO3/H2SO4, 0.56 mmol, 1.5 

equiv, 0.23 mL) was added. After stirring 3 hours, brine (10 mL) was added 

in one portion to quench the reaction. The aqueous phase was separated and 

extracted with ethyl acetate (3 × 10 mL). The combined organic phase was 

dried over anhydrous sodium sulfate (Na2SO4), filtered, and concentrated in 

vacuo. The crude product was dissolved in MeOH (1 mL) and acetyl chloride 
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(AcCl) (0.74 mmol, 2.0 equiv, 52 μL) was added to the reaction mixture. After 

stirring for 8 hours, the reaction mixture was diluted with brine (10 mL), 

extracted with ethyl acetate (3 × 20 mL). The organic layer was dried over 

anhydrous sodium sulfate (Na2SO4), and concentrated under reduced pressure. 

The resulting residue was purified by flash column chromatography (hexanes : 

EtOAc = 100 : 0 → hexanes : EtOAc = 75 : 25) to provide 3ad (51 mg, 51%, 

93% ee). 1H NMR (400 MHz, CDCl3) δ 8.02–7.93 (m, 2H), 7.60–7.53 (m, 

1H), 7.50–7.42 (m, 2H), 7.41–7.26 (m, 5H), 4.31 (dd, J = 10.3, 4.1 Hz, 1H), 

3.96 (dd, J = 18.0, 10.3 Hz, 1H), 3.70 (s, 3H), 3.28 (dd, J = 18.0, 4.1 Hz, 1H) 

ppm. 13C NMR (101 MHz, CDCl3) δ 197.58, 173.81, 138.31, 136.35, 133.28, 

128.88, 128.56, 128.05, 127.79, 127.52, 52.31, 46.32, 42.77 ppm. 

Enantiomeric excess, 93% ee was measured by HPLC (CHIRALCEL OD-

H, n-hexane : i-PrOH = 98.3 : 1.7, 1.0 mL/min, wavelength = 254 nm, 28 °C); 

tR = 17.22 min (major), tR = 15.75 min (minor); [α]
D

22  = +84.4 (c = 0.73, 

DCM).  
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[Racemic 3ad]  

 

[Enantioenriched 3ad] 
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3.5.5.3. Oxidation, reduction and acid-catalysed ring formation. 

 

  

(2R,4S)-2,4-diphenyltetrahydrofuran (ent-Calyxolane B, 3ae).6 

A 4 mL dram-vial containing a magnetic stir bar was charged with (S)-3a (92% 

ee, 0.37 mmol, 1.0 equiv, 128 mg), NaBO3·4H2O (0.74 mmol, 2.0 equiv, 114 

mg). Subsequently, 1.6 mL of THF/MeOH mixture (v/v = 1:1) ware added to 

the mixture via a syringe. The reaction mixture was vigorously stirred for 4 

hours. Upon completion of the reaction, brine (10 mL) was added in one 

portion to quench the reaction. The aqueous phase was separated and 

extracted with ethyl acetate (3 × 10 mL). The combined organic phase was 

dried over anhydrous sodium sulfate (Na2SO4), filtered, and concentrated 

under reduced pressure. The resulting mixture was dissolved in THF (0.3 mL). 

To an another 4 ml vial containing a magnetic stir bar were added (R)-CBS 

catalyst (0.08 mmol, 20 mol%, 22 mg) and anhydrous THF (0.5 mL). 

Subsequently, BH3·THF solution (1.0 M in THF, 0.74 mmol, 2.0 equiv, 0.74 

mL) solution was added to the reaction mixture at 0 °C. After stirring for 30 

mins, the crude mixture was added to the vial containing pre-activated (R)-

CBS catalyst solution. The system was vigorously stirred for 8 hours at room 

temperature. Upon completion of the reaction, brine (10 mL) was added in 
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one portion to quench the reaction. The aqueous phase was separated and 

extracted with ethyl acetate (3 × 10 mL). The combined organic phase was 

dried over anhydrous sodium sulfate (Na2SO4), filtered, and concentrated 

under reduced pressure. The crude product (diol) and PTSA (0.04 mmol, 10 

mol%, 6.9 mg) was dissolved in 1,2-DCE (1 mL) and stirred for 12 hours at 

40 °C. Upon completion of the reaction, brine (10 mL) was added to quench 

the reaction. The aqueous phase was separated and extracted with ethyl 

acetate (3 × 10 mL). The organic layer, which was dried by sodium sulfate 

Na2SO4, was concentrated in vacuo. The concentrated crude product was 

purified by flash column chromatography (Petroleum ether : EtOAc = 100 : 

0 → Petroleum ether : EtOAc = 98 : 2) to provide 3ae (40 mg, 48%, 97% ee). 

The rac-3ae was synthesized using rac-3a; ketone reduction was performed 

using NaBH4 (0.6 mmol, 200 mol%, 23mg) instead of (R)-CBS catalyst. 1H 

NMR (400 MHz, CDCl3) δ 7.46–7.17 (m, 10H), 5.08 (dd, J = 10.2, 5.7 Hz, 

1H), 4.37 (t, J = 8.3 Hz, 1H), 4.03 (t, J = 8.5 Hz, 1H), 3.75–3.58 (m, 1H), 

2.84–2.74 (m, 1H), 2.11–1.98 (m, 1H) ppm. 13C NMR (101 MHz, CDCl3) δ 

142.65, 141.70, 128.61, 128.43, 127.40, 127.25, 126.65, 125.71, 81.84, 75.11, 

46.03, 43.73 ppm. Enantiomeric excess, 97% ee was measured by HPLC 

(CHIRALCEL OD, n-hexane : i-PrOH = 90 : 10, 1.0 mL/min, wavelength = 

210 nm, 30 oC); tR = 5.80 min (major), tR = 7.08 min (minor); [α]
D

22 = +46.4 

(c = 0.61, DCM). 
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[Racemic product of 3ae] 

 

[Enantioenriched product of 3ae] 
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3.5.6. 31P and 11B NMR studies 

3.5.6.1. In situ monitoring of reaction system by 31P NMR spectroscopies 

 

 

 
 

Figure S3.1. 31P NMR spectra (162 MHz, THF-d8, rt) of the reaction mixture 

 

 

 

 

L1  

L1 + LiOt-Bu  

L1 + CuBr  

  

L1 + LiOt-Bu + CuBr  

 

L1 + LiOt-Bu + CuBr + 2a  

  

L1 + LiOt-Bu + CuBr + 2a + Li(acac) 

 

* 

* 

* 

* 

* 
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3.5.6.2. Monitoring of ligand decomposition over time by 31P NMR 

spectroscopies 

 

 

 

 
 

Figure S3.2. 31P NMR spectra (162 MHz, THF-d8, rt) of the reaction mixture 

in the presence of Li(acac). 
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Figure S3.3. 31P NMR spectra (162 MHz, THF-d8, rt) of the reaction mixture 

in the absence of Li(acac) 
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3.5.6.3. A related phosphoramidite-based copper-alkyl species.7 
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3.5.6.4. Studies to elucidate the role of Li(acac). 
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Figure S3.4. 11B NMR spectra (128 MHz, THF-d8, rt) of the reaction mixture 

pinB‒OiPr  

pinB‒OiPr + Li(acac)   

pinB‒OMe  

pinB‒OMe + Li(acac)  

2a  

2a + Li(acac)  
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3.5.6.5. In situ monitoring of reaction system by 11B NMR spectroscopies  

 

 

In a nitrogen-filled glove box, an oven-dried 4 mL dram-vial was charged 

with a magnetic stir bar, L1 (0.012 mmol, 1.0 equiv), CuBr (0.83 equiv), 1,1-

bis[(pinacolato)boryl]methane (2a, 12.5 equiv), LiOt-Bu (10 equiv) and 

Li(acac) (8.3 equiv). Subsequently, THF-d8 (0.5 mL) was added to the 

mixture via a syringe and the system was sealed with a screw cap. After 

stirring for 1 hour, the reaction mixture was transferred to an NMR tube 

equipped with a J-Young valve. The valve was closed and then, the NMR tube 

was removed from the glovebox. 11B NMR spectra were obtained 

immediately. For the control experiment, the same procedure was conducted 

in the absence of Li(acac). A = neutral Bpin species, including 2a, 2b, and 

2d-Ba, B = anionic complexes, including 2d-Bb. 
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Figure S3.5. 11B NMR spectra (128 MHz, THF-d8, rt) of the reaction mixture 

L1 + CuBr + 2a + LiOt-Bu + Li(acac)  

L1 + CuBr + 2a + LiOt-Bu  

A  B
Z 
Z 

*  

*  

*  

*  
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3.5.6.6. In situ monitoring of equilibrium of 2a with LiOt-Bu by 11B NMR 

spectroscopies 

 

 

 

In a nitrogen-filled glove box, an oven-dried 4 mL dram-vial was charged 

with a magnetic stir bar, 1,1-bis[(pinacolato)boryl]methane (2a, 1.25 equiv, 

0.15 mmol), LiOt-Bu (1.0 equiv), Li(acac) (0.83 equiv). Subsequently, THF-

d8 (0.5 mL) was added to the mixture via a syringe and the system was sealed 

with a screw cap. After stirring for 1 hour, the reaction mixture was 

transferred to an NMR tube equipped with a J-Young valve. The valve was 

closed and then, the NMR tube was removed from the glovebox. 11B NMR 

spectra were obtained immediately. For the control experiment, the same 

procedure was conducted in the absence of Li(acac). A = neutral Bpin 

species, including 2a, 2b, and 2d-Ba, B = anionic complexes, including 

2d-Bb. 
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Figure S3.6. 11B NMR spectra (128 MHz, THF-d8, rt) of the reaction mixture 

2a + LiOt-Bu  

A  2a + LiOt-Bu + Li(acac)  B  A to B ratio 
Exp1: 1.00/0.46 
Exp2: 1.00/0.44 
Exp3: 1.00/0.45 
 
 

  
A to B ratio 
Exp1: 1.00/0.37 
Exp2: 1.00/0.36 
Exp3: 1.00/0.37 
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3.5.6.7. Identification of borate derivatives  

 

 

 

The following 11B NMR data are reported (Meek 2016 and Chirik 

2020).8,9 The 11B NMR spectrum of the reaction mixture consists of 

three major signals originating from C-ligated neutral Bpin species (δ 

31.5 ppm), including 2a, 2b, and 2d-Ba, heteroatom-bound neutral Bpin 

species (2c, δ 19.4 ppm), and anionic complexes, such as 2d-Bb (δ 6.12 

ppm) or Li[pinB(Ot-Bu)2] (δ 3.17 ppm). 
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Meek (2016) - 1  

Meek (2016) - 2  
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Chirik (2020)  
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3.5.7. Preliminary Mass Spectroscopic Data (HRMS) 

3.5.7.1. General procedure for monitoring of decomposition pathway of 

(S)-MonoPhos  

 

 

 

Condition A. In a nitrogen-filled glove box, an oven-dried 4 mL dram-vial 

was charged with a magnetic stir bar, (S)-MonoPhos (0.012 mmol, 1.0 equiv). 

Subsequently, acetonitrile (0.5 mL) was added to the mixture via a syringe 

and the system was sealed with a screw cap. After stirring for 1 hour, the 

mixture was diluted in acetonitrile for HRMS analysis. HRMS were recorded 

within 1 hour.  

 

Condition B. In a nitrogen-filled glove box, an oven-dried 4 mL dram-vial 

was charged with a magnetic stir bar, (S)-MonoPhos (0.012 mmol, 1.0 equiv), 

and LiOt-Bu (10 equiv). Subsequently, anhydrous THF (0.5 mL) was added 

to the mixture via a syringe and the system was sealed with a screw cap. After 

stirring for 1 hour, the reaction mixture was filtered and concentrated under 

reduced pressure. The filtrate was diluted in acetonitrile for HRMS analysis. 

HRMS were recorded within 1 hour.  
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Condition C. In a nitrogen-filled glove box, an oven-dried 4 mL dram-vial 

was charged with a magnetic stir bar, (S)-MonoPhos (0.012 mmol, 1.0 equiv), 

and LiOt-Bu (10 equiv). Subsequently, acetonitrile (0.5 mL) was added to the 

mixture via a syringe and the system was sealed with a screw cap. After 

stirring for 1 hour, the vial was removed from the glovebox. 

The reaction mixture was filtered quickly and HRMS were recorded within 1 

hour.  

 

Condition D. A 4 mL dram-vial was charged with a magnetic stir bar, (S)-

MonoPhos (0.012 mmol, 1.0 equiv), and LiOt-Bu (10 equiv). Subsequently, 

acetonitrile (0.5 mL) was added to the mixture via a syringe. After stirring 1 

hour under air, brine (5 mL) was added in one portion to quench the reaction. 

The aqueous phase was separated and extracted with ethyl acetate (3 × 10 

mL). The combined organic phase was dried over anhydrous sodium sulfate 

(Na2SO4), filtered, and concentrated under reduced pressure. Subsequently, 

the crude product was diluted with acetonitrile for HMRS analysis. HRMS 

were recorded within 1 hour. 
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3.5.7.2. The observation of the related phosphoramidite-based species 

 

 
 

 

3.5.7.3. Plausible mechanistic scenario 

 

 

 
 

 

3.5.7.4. HRMS analysis (ESI-MS, [M+H]+) 

(a) Under condition A (L1 in MeCN) 
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(b) Under condition B (L1 + LiOt-Bu in THF) 
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(c) Under condition C (L1 + LiOt-Bu in MeCN) 

 

 
 

(d) Under condition D (L1 + LiOt-Bu in MeCN and work-up) 
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Stereospecific Transformation  

of Enantioenriched Alkylboron 
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4.1. Introduction 

The efficient formation of key carbon-carbon bonds is of the most 

important process to access complex molecules. Among the various methods, 

transition-metal catalyzed cross-coupling reaction has revolutionized modern 

synthesis. Currently, Suzuki-Miyaura cross-couplings (SMC) reaction has 

been recognized as the most powerful and indispensable toolkit due to the 

applicability and utility of the organoboron compounds. Despite their 

advantages, the most examples of Suzuki-Miyaura cross-coupling are limited 

to the use of C(sp2)-hybridized carbon based organoboron species, enabling 

access to only falt chamical structures via the formation of C(sp2)–C(sp2) 

bonds. To expand the applicability of this protocol to synthesize three 

demensional chemical structures, understanding the mechanism and 

development of the protocols utilizing C(sp3)-based alkylboron is essential.  

 

 

Scheme 4.1. Stereospecific Suzuki-Miyaura coupling 
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In this context, Chapter 4 describes the pioneering work and recent 

progress of stereospecific Suzuki-Miyaura cross-coupling, that is one of the 

powerful strategies allowing facile access to enantioenriched three-

dementional chemical structures (Scheme 4.1A). The related contents are 

classified and explained according to the types of nucleophiles, that is, 

primary-, benzylic-, allylic-, propargylic-, activated secondary-, and 

unactivated secondary enantioenriched alkylboron (Scheme 4.1B). 
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4.2. Stereospecific Suzuki-Miyaura Cross-Coupling (SSMC) reactions 

4.2.1. SSMC reactions with primary alkylboron 

Stereospecific Suzuki-Miyaura cross-coupling reactions occurs with 

chiral boronates bearing stereochemical information as starting material 

(Scheme 4.2A).1 The key feature of these protocols is the transmetalation 

process occuring with either retention or inversion of configuration (Scheme 

4.2B). At this point, it might be expected that chiral secondary boronates must 

be utilized in the reactions to observe the stereochemical courses.  

Scheme 4.2. Stereochemical courses of transmetalation in Stereospecific 

Suzuki-Miyaura coupling 

 

Interestingly, the initial investigations to understand the stereochemical 

course during the transmetalation process in stereospecific Suzuki-Miyaura 

cross-coupling reactions were first disclosed with primary alkylboranes. In 

the pioneering works performed independently by Woerpel2 and Soderquis3 

in 1998, detail mechanistic studies were conducted on the basis of Whitesides’ 
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protocol4 using vicinal deuterated primary alkylborane (9-BBN) (Scheme 

4.3A). By comparing the vicinal J(H–H) coupling constant in 1H NMR 

investigations, the stereochemical information of the products were obtained 

indicating the retention of configuration. 

Scheme 4.3. Stereochemical course of primary alkylboronates 

 

In recent 2021, after the seminal studies stated above, Biscoe and 

colleagues reported in-depth investigations of the stereochemical behavior of 

primary alkyl trifluoroborates in the stereospecific Suzuki-Miyaura cross-

coupling reactions (Scheme 4.3B).5 The authors chose the less reactive 

primary alkyl trifluoroborates as nucleophiles because 9-BBN-based 
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alkylboranes are too nucleophilic to be suitable for investigating various 

parameters affecting the stereochemical course of transmetalation process. 

Notably, the stereochemical course of transmetalation under the reaction 

conditions affords the complete retention of configuration, not depending 

upon either the electronic- or steric properties of the supporting phosphine 

ligand and aryl electrophiles. These results indicated that it is hard to predict 

the stereochemical outcome in the stereospecific Suzuki-Miyaura cross 

coupling reactions.   
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4.2.2. SSMC reactions with benzylic alkylboron 

In 2009, Crudden and co-workers disclosed the first stereospecific 

Suzuki-Miyaura cross-coupling using enantioenriched secondary benzylic 

boronic ester and aryl iodides, affording the desired chiral 1,1-diarylethane 

products (Scheme 4.4A).6 The stereochemical information of the starting 

materials was efficiently transferred to the desired products in stereoretentive 

mannar, showing high enantiospecificity. Of note, the use of silver-based 

additive was proved to be critical for the reactivity in this protocol. The 

reaction with either Ag2O or Ag2CO3 only showed a certain level of reactivity 

and Ag2O exhibited the best performance. The authors suggested that Ag2O 

as base might play an important role, facilitating the slow transmetalation step 

through enabling the formation of oxo-palladium species.7 The applicability 

of the developed process was further evaluated, displaying that aryl iodides 

with different electronic properties were tolerated (Scheme 4.4B). But, the 

reaction with aryl bromide or substituted benzylic boronic ester gave the 

diminished reactivity. After their initial discovery, Crudden and co-workers 

further disclosed the unique chemoselectivity of this protocol using either 

chiral benzylic secondary boronic ester bearing vinyl group or external 

styrene (Scheme 4.4D).8 Highly chemoselective Suzuki-Miyaura reactions 

proceeded over potential Heck reactions. Based on this pioneering report, 

Burke and co-workers were explored the potential of this protocol for 

construction of complex compound (Scheme 4.4C).9 
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Scheme 4.4. Stereospecific Suzuki reaction with enantioenriched benzylic 

boronates 

 

After that, Crudden and co-workers investigated the expandability of the 

protocol for access to chiral triarylmethane structures (Scheme 4.5A).10 

Under slightly modified reaction conditions, a variety of chiral triarylmethane 

products were synthesized in high enantiospecificity with complete retention 

of configuration. Liao and co-workers developed new catalytic asymmetric 

method, providing structurally various chiral diarylmethine boronic ester 

(Scheme 4.5B).11 To demonstrate the utility of their catalytic system, they 

further explored stereospecific transformation of their substrates. After 

transformation of chiral boronic esters to potassium trifluoroborate salts, the 

newly formed chiral trifluoroborates were further applied to Pd-catalyzed 
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stereospecific cross-coupling reactions with aryl triflates. In results, a series 

of enantioenriched triarylmethanes were smoothly constructed and 

stereochemical information of chiral boronic ester was successfully 

transferred to the products with high enantiospecificity. Notably, it was found 

that the reactions proceeded with inversion of configuration, which is the 

opposite of the protocol developed by Crudden and co-workers, although 

there were no rigorously mechanistic investigations in this system. 

 

Scheme 4.5. Utilization of stereoenriched diarylboronates. 

 

In 2010, Ohmura and Suginome group reported first stereinvertive 

Suzuki-Miyaura reactions (Scheme 4.6A).12 It was postulated that carbonyl 

oxygen of α-amide functional group on chiral benzylic boronic ester could 

involve in intramolecular coordination to the boron center during key 

transmetalation event. These interactions are believed to impede the potential 
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coordination of palladium to boron center (Scheme 4.6B). In turn, these 

causes the palladium to approach the boron center from the opposite side, 

facilitating the transmetalation pathway in stereoinvertive mannar. Of note, 

highly stereospecific transfer of stereochemical information was only 

achieved with chiral boronic ester bearing a sterically encumbered pivaloyl 

group.  

 

 

 

 

 

Scheme 4.6. Early discovery of stereoinvertive cross-coupling 
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Later, Ohmura and Suginome group further supported their postulation by 

conducting a series of experimental investigations in 2011 (Scheme 4.6C).13 

Control experiments with various Brønsted or Lewis acid additives were 

carried out with chiral benzylic boronic ester bearing acetyl protected α-

amide group. As expected, in the absence of additives, low enantiospecificity 

was observed. Notably, the stereospecificity was significantly enhanced by 

the addition of phenol in stereoinvertive mannar. On the other hand, the 

retention of stereochemistry was primarily observed and the addition of 

Zr(Oi-Pr)4·iPrOH displayed the best performance. The roles of the additives 

were rationalized based on the original postulation (Scheme 4.6B).12 Acid 

additive can interact with either oxygen atom on pinacol or oxygen atom of 

carbonyl on amide group. When additives are coordinated with oxygen atom 

on pinacol, the electrophilicity of boron center could be enhanced, facilitating 

the intramolecular coordination of carbonyl to boron center. As such, the 

invertive transmetalation pathway was made easier. The coordination of acid 

additive to amide hinder the direct formation of oxygen-boron bonds giving 

tricoordinated boron species and it undergoes retentive transmetalation 

process via four-membered-ring transition state.    
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4.2.3. SSMC reactions with allylic/propargylic alkylboron 

Enantioenriched allylic and propargylic boronic esters have been also 

recognized as versatile building block in synthetic organic chemistry. Due to 

the presence of C(sp2)-hybridized carbon at α-position, these species have 

also better reactivity than unactivated alkyl boronates. Unlike the prototypical 

reactions such as nucleophilic addition to carbonyl groups, Suzuki-Miyaura 

cross-coupling of racemic secondary allylic boronic esters with aryl iodides 

was first reported by Crudden and co-workers in 2012.14  

 

 

 

Scheme 4.7. Coupling with enantioenriched allylic- and propargylic boronate 
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Since this initial discovery, Aggarwal and co-workers developed the first 

stereospecific Suzuki reaction of enantioenriched propargylic boronic esters 

with aryl iodides.15 Using the slightly modified conditions of Crudden, chiral 

allene products were synthesized in high yield and excellent 

enantiospecificity (Scheme 4.7A). 

After that, Aggarwal and Crudden reported cross-coupling reactions of 

enantioenriched allylic boronic esters with aryl iodides in 2013 (Scheme 

4.7B).16 In both stereospecific cross-coupling reactions of enantioenriched 

allylic and propargylic boronic ester, γ-selectivity were primarily favored. 

Although the pioneering discoveries17 describing that regioselectivity can be 

controlled by choice of the supporting ligand, it was proposed that these 

reactions proceeded via syn-SE
’ type mechanism. The Pd-O-B bonds is 

preferentially formed and the following intramolecular transmetalation 

process occurs via cyclic transition state, promoting the formation of chiral γ-

selective products.  

In 2014, Hall and co-workers demonstrated that both potential 

regioisomer products derived from one chiral allylic boronates could be 

obtained under the stereospecific Pd-catalyzed Suzuki-Myaura cross-

coupling reactions (Scheme 4.8A).18 First of all, enantioenriched pyranyl and 

piperidyl allylic boronates were prepared by their previous methods which 

are catalytic enantioselective borylation of alkenyl triflates. By designing the 

catalytic system using different ligands and palladium precatalyst, high level 
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of regiochemical control was accomplished, allowing the formation of both α 

and γ products with retention of configuration.  

Scheme 4.8. Coupling with enantioenriched cyclic allylic boronate 

 

The reaction mechanism proposed for transmetalation follows the unified 

syn-SE
’ type process. The oxo-Pd(II) species formed under basic conditions 

undergoes the following transmetalation with chiral allylic boronates, 

affording the allylic Pd(II) complex. The Pd(II) intermediates bearing XPhos 

or PAr3 (Ar = 4-CF3-C6H4) as supporting ligands primarily coordinate with 

the electron-rich alkenes due to their electron deficient state, first giving α-

bonded allylic Pd(II) complex. With XPhos ligand which is bulkier and 
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stronger α-donor phosphine, the following fast reductive elimination process 

leads to the formation of γ-selective products. The allylic Pd(II) complex 

bearing electron-deficient and the weaker α-donor phosphine PAr3 (Ar = 4-

CF3-C6H4) leads to the formation of η3 π-allylic intermediate, and provides 

the thermodynamically favored α-bonded allylic Pd(II) complex due to the 

absence of adjacent heteroatom. Lastly, reductive elimination of this complex 

affords the α-selective products. On the other hands, the catalytic system 

having NHC-type ligands is thought to undergoes fast reductive elimination, 

providing α-selective products. As such, it was proposed that the preference 

of NHC ligated Pd(II) complex into SE transmetalation over alkene-directed 

SE
’ type process is attributed the bulky and non-dissociative nature of the 

NHC ligand. A year later, Hall and co-workers expanded their designed 

protocol for utilization of 2-alkoxy pyran units as useful building block in 

2015.19 Under the modified catalytic systems with chiral 2-ethoxy 

dihydropyranyl boronates, both 2- and 4-substituted chiral pyran product 

were obtained in high optical purity through ligand-controlled regiodivergent 

and stereospecific Suzuki-Miyaura cross-coupling reactions. This approach 

was further used for synthesis and confirmation of absolute stereochemistry 

of natural product diospongin B.  
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Scheme 4.9. Synthesis quaternary carbon and sequential reactions utilizing 

enantioenriched allylic boronate  

 

After that, Morken group reported the use of chiral γ,γ-disubstituted 

allylboronates as suitable substrates in stereospecific Suzuki reactions 

(Scheme 4.9A).20 This strategy was achieved with high regioselectivity and 

enantiospecificity, enabling the construction of quaternary carbon 

stereocenters. Mechanistic studies suggested that the reaction process occurs 

stereospecific syn SE
’ transmetalation with allyl migration, followed by fast 

reductive elimination. This postulation was rationalized by control 

experiments with two different secondary allylic boronic esters. In both cases, 

it was observed that the products expected to be formed through SE
’ 
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transmetalation were generated in high regioselectivity. These results are in 

line with the proposed reaction mechanism.  

In addition, the unique sequential process of benzylamines, boronic acid 

and aryl iodides were demonstrated in 2019 by Aggarwal and co-workers 

(Scheme 4.9B).21 They found that chiral allylboronates intermediate, 

generated through sequential stereospecific 1,2-metalate rearrangement/anti-

SN2’ elimination process of an ortho-lithiated benzylamine and alkyl 

boronates, undergoes the following stereospecific allylic Suzuki-Miyaura 

reactions. It was proposed that the transmetalation occurs through γ-selective 

SE
’ type process and this process was facilitated by re-aromatization of 

dearomatized allylboronates intermediate, affording sterically encumbered 

chiral 1,1-diarylethane with high stereospecificity. 
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4.2.4. SSMC reactions with activated secondary alkylboron 

Direct use of the unactivated chiral secondary boronate as nucleophile is 

highly challenging due to the slow transmetalation and competitive β-hydride 

elimination. To circumvent these challenges, there have been various 

activation modes. For examples, the introduction of either sp2-hybridized 

carbon (Section 4.2.2 and 4.2.3) or heteroatom at α-position or/and inclusion 

of coordinating group at β or γ position (Section 4.2.4) can facilitate the 

transmetalation of alkyl boronates. 

Installation of carbonyl group on alkylboronates have been widely used 

for facilitation of transmetalation. In 2010, Molander and co-workers first 

reported that enantioenriched nonbenzylic secondary alkylboronates were 

found to participate easily in stereospecific cross-coupling reactions (Scheme 

4.10A).22 Enantioenriched trifluoroborate salts bearing amide at β position 

with aryl chlorides could be employed in stereospecific coupling, revealing 

the complete inversion of configuration. Notably, it was found that neither the 

analogous ketone nor ester-containing chiral borates were not compatible 

with this protocol. Overall, proposed was that the auxiliary carbonyl oxygen 

serve as hemilabile ligand to enhance transmetalation and inhibit β-hydride 

elimination through coordinating with either boron or palladium during the 

process. The proposed SE2-type process affording inversion of configuration 

were consistent with previous work developed by Ohmura and Suginome.12,13 
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Scheme 4.10. Suzuki coupling with carbonyl-substituted enantioenriched 

boronates 

 

After that, Takacs and co-workers demonstrated that stereospecific cross-

couplings of enantioenriched γ-borylated amide in highly stereoretentive 

mannar in 2015 (Scheme 4.10B).23 These results were the opposite of 

coupling with β-borylated amide developed by Suginome12,13 and Molander22, 

implying that carbonyl at β position is critical for inversion of configuration. 

In 2017, similar stereoretentive cross-coupling of chiral acyclic secondary γ-

borylated amide was disclosed by Takacs group.24 The protocol was extended 

to acyclic secondary γ-borylated amide prepared through their Rh-catalyzed 
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enantioselective borylation. These chiral amides underwent stereospecific 

Suzuki-coupling in stereoretentive mannar with high enantiospecificity. 

In 2018, Ohmura and Suginome extended their previous protocols12,13 for 

the use of chiral α-amide benzylic boronates to non-benzylic catalytic system. 

(Scheme 4.10C).25 Notably, optically pure α-amide non-benzylic borates 

participated in the cross-coupling with various aryl bromides and aryl 

chlorides under modified catalytic system. In all cases, the inversion of 

configuration was favored, which is in accord with the results in their 

previous work.13 The most sterically encumbered group afford highest 

stereospecificity, indicating that stereoselectivity strongly depends on the 

structure of the acyl moiety. Overall, it was proposed that the observed 

inversion of configuration is derived from intramolecular coordination of the 

carbonyl group with the boron atom, blocking the approach of the palladium. 

As such, the enhanced stereospecificity with more sterically demanding 

groups is attributed to avoiding steric repulsion with alkyl groups. 

Like the coordination effect of carbonyls, hydroxyl groups have also 

played a role in directing the stereospecific cross-coupling reactions. 

Suginome and co-workers demonstrated stereoselective cyclizative 

carboboration affording β-hydroxy secondary alkyl boronates in 2011 

(Scheme 4.11A).26 Then, the corresponding boronate were transformed to 

arylation products through Suzuki coupling with iodobenzene, showing that 

complete retention of configuration. It was proposed that the origin of the 
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enhanced reactivity of β-hydroxy secondary alkyl boronates is attributed to 

intramolecular coordination of the oxygen atom although the stereochemical 

course of the protocol was not clear.  

 

 

 

 

 

Scheme 4.11. β-Hydroxyl-directed Suzuki reactions 
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In 2015, Morken and colleagues demonstrated hydroxyl group-directed 

highly regioselective Suzuki-Miyaura cross-couplings (Scheme 4.11B).27 

They prepared 1,2-vicinal bis(boronates) by utilizing their previous 

diboration method and applied it to Pd-catalyzed Suzuki-coupling. Notably, 

β-hydroxy group provide the directing effect providing high regioselectivity. 

Only when hydroxyl group positioned at β-position, cross-coupling products 

were efficiently formed suggesting the ability of β-hydroxyl group to activate 

preferentially a secondary alkyl boronates over primary alkyl analogues. 

Importantly, this protocol occurs with complete retention of configuration. As 

such, they proposed the distinct reaction mechanism relative to the β-carbonyl 

group-promoted cross-coupling which proceeded with inversion of 

configuration. The binding of the β-hydroxyl group on boronates to the 

oxidative addition complex occurs with displacement of a halide. 

Subsequently, inner-sphere transmetalation in stereoretentive mannar affords 

organopalladium complex, delivering the corresponding coupling products.  

In 2021, Morandi group reported cascade annulation reactions utilizing 

alkyl 1,2-bisboronic pinacol ester as nucleophile. configuration (Scheme 

4.11C).28 The mechanistic studies showed that chlorinated intermediate could 

be isolated, then participating in the secondary cross-coupling reaction to 

afford the annulated product. Notably, the reactions proceeded efficiently 

with alkyl 1,2-bisboronic pinacol ester not containing β-hydroxyl group. This 

challenging cross-coupling of a secondary alkyl boronate was enabled by the 
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proximity of the reactive site during the intramolecular process. In addition, 

the protocol was also successfully applied to stereospecific versions of cross-

couplings, showing the retention of configuration which is in accordance with 

Morken’s work. 

Most recently, Burke and Hein designed β-silyl-substituted secondary 

alkyl boronic acid and successfully applying it to the stereospecific cross-

coupling reactions (Scheme 4.11D).29 The authors strategically utilized the 

silyl group as stable β-oxygen surrogates and transmetalation-promoting 

groups. Notably, when the alkoxide or phenoxide were installed on silyl 

center, the reactivity was dramatically increased, suggesting that the Lewis 

basic substituent might play a critical role in promoting the transmetalation, 

which are similar with carbonyl or hydroxyl group. Moreover, the 

enantioenriched secondary alkyl β-aryloxysilyl pinacol boronic esters were 

synthesized and submitted to the stereospecific cross-coupling/oxidation 

sequence, revealing the perfect stereoretention. 
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Scheme 4.12. Suzuki reactions of α-alkoxy-substituted enantioenriched 

boronate 

 

Like directing group such as carbonyl and hydroxyl group, the presence 

of heteroatom at α-position also facilitates the transmetalation of alkyl 

boronates. The first report of stereospecific Suzuki-Miyaura cross-coupling 

with chiral α-alkoxy boronates was disclosed by Molander and co-workers in 

2012. configuration (Scheme 4.12A).30 They demonstrated a variety of α-

hydroxyl alkyl trifluoroborates can be synthesized through one-pot procedure 

under the modified reaction conditions based on Sadighi diboration 

protocol.31 Next, the ability of protecting group on the alcohol were evaluated 

for the desired cross-coupling. Of note, benzyl protected α-alkoxy alkyl 

trifluoroborates were only compatible with Suzuki cross-coupling reaction, 

affording the desired coupling products. These results were in accord with 

their postulation that benzyl group can stabilize the palladium intermediate 

formed after transmetalation process by coordination to palladium center, 
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resulting in both impeding the competitive β-hydride elimination. For further 

investigations of stereospecificity of the reaction, enantiomerically enriched 

α-alkoxyl trifluoroborates were prepared and subjected to the cross-coupling 

reaction, revealing that the transformation proceeded with retention of 

configuration in complete stereospecificity. Unlike the coordination mode of 

carbonyl group to boron center enforcing palladium to approach on backside, 

benzyl group have less ability for coordination to boron center. As such, 

transmetalation in this protocol was believed to proceeds through a four-

membered transition structure with retention.  

In recent 2023, Higashibayashi and colleagues developed the copper-

catalyzed stereoselective borylation enabling access to β-glycosyl boronates 

(Scheme 4.12B).32 They utilized a series of β-glycosyl boronates as versatile 

intermediate for subsequent palladium-catalyzed cross-coupling. In the 

process, the stereochemical information of the anomeric carbon on the β-

glycosyl trifluoroborates were transferred to the desired coupling products in 

stereoretentive mannar without formation of α-C-gluoside. The resulting 

stereochemistry were similar with that of Molander’s protocol.30 
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Scheme 4.13. Suzuki reactions of enantioenriched 1,1-diboronates 

 

In 2011, Hall and co-workers developed a method for synthesis of 

enantioenriched 1,1-diboron species and further showed the applicability of 

the products to the stereospecific Suzuki-Miyaura cross-coupling (Scheme 

4.13A).33 The chemoselective cross-coupling was enabled by the proximity 

of pinacol ester and β-carbonyl group observed in their X-ray crystallographic 

structure. Also, it was proposed that the stabilization effect from the second 

boronyl unit facilitate the challenging transmetalation. The observed 

stereoinversion of configuration were similar with those observed in the 

stereospecific couplings of chiral boronates bearing β-carbonyl group 

developed by Suginome and Molander.12,13  
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Later in 2013, Yun and colleague reported copper-catalyzed 

enantioselective hydroboration strategy, providing enantiomerically enriched 

1,1-diborylalkanes.32 Further utility of the chiral diborylalkanes were 

evaluated by application to Suzuki-Miyaura cross-coupling reactions 

(Scheme 4.13B). Of interest is that stereochemical information was 

transferred to the coupling product in stereoretentive mannar. These results 

exhibited that inclusion of carbonyl groups is critical for reactivity and 

stereoinversion of configuration. A year later, in 2014, Morken and co-

workers published asymmetric cross-coupling of 1,1-bisboronates with either 

aryl halide35 or vinyl halides36 to furnish chiral benzylic or allylic boronates. 

To prove which step can be involved in the stereochemistry-determining step, 

10B-labeled chiral secondary 1,1-diboronates were subjected to the Suzuki-

Miyaura cross-coupling (Scheme 4.13C). In control experiments, it was found 

that the coupling proceeded with inversion of configuration despite the 

absence of coordinating group. These observations were not in accordance 

with Hall33 and Yun’s34 observations. Overall, although the origin of the 

stereochemical course was not mentioned, it seems likely that different kinds 

of 1,1-diborylalkanes might follows the distinct transmetalation reaction 

mechanism. 
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4.2.5. SSMC reactions with unactivated secondary alkylboron 

As discussed in the previous sections, for the successful applications of 

stereospecific Suzuki-Miyaura cross-coupling, it has been thought that 

various activation modes must be considered not only to improve reactivity 

but also to avoid the competitive side pathway. In 2014, however, Biscoe 

group first disclosed the Pd-catalyzed stereospecific Suzuki-Miyaura cross-

coupling using unactivated secondary alkyl boronates, which has been 

regarded as the most challenging due to its propensity undergoing β-hydride 

elimination followed by isomerization and racemization (Scheme 4.14).37 

This method was achieved with P(t-Bu)3-ligated G3-Pd precatalyst and 

K2CO3 in aqueous toluene system, showing unprecedented selectivity to 

afford the branched product (>200:1). 

 

 

Scheme 4.14. Pioneering discovery for Suzuki-coupling of enantioenriched 

unactivated secondary 
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Next, to evaluate the stereochemical course of the protocol, chiral 

unactivated secondary alkyl trifluoroborates were also subjected to the 

standard reaction conditions. Interestingly, the reaction proceeded with 

inversion of configuration despite the absence of directing group. These 

observations suggested that the parameters influencing the stereochemical 

course in stereospecific Suzuki-Miyaura cross-coupling reactions are more 

complicated, making it difficult to correctively predict the stereochemical 

outcome.  

Scheme 4.15. Suzuki cross-coupling of enantioenriched unactivated 

secondary 
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Later in 2018, the Biscoe and Sigman groups reported more thorough 

mechanistic investigations in the Suzuki-Miyaura cross-coupling of chiral 

unactivated secondary alkyl boronates, and this method enabled control of the 

stereochemical outcome by the design and choice of the supporting ligand 

(Scheme 4.15A).38 Interestingly, the electronic properties of aryl chlorides 

influenced the sterochemical outcome in the reactions. The steric and 

electronic properties also significantly affected the stereochemistry of the 

products. To gain mechanistic insight based on the observation describing that 

the stereospecificity depends on complex factors, predictive statistical model 

was established by developing a series of molecular descriptors of phosphine 

ligands. By applying this model, two different phosphine ligands were 

strategically designed and it enabled to facilitate stereoretentive-biased 

pathway. The key features of the designed ligands are sterically bulky and 

electron deficient, which are expected to impede β-hydride elimination 

pathway, facilitate the stereoretentive transmetalation and accelerate 

reductive elimination simultaneously. On the other hand, bulky and electron-

rich ligand P(t-Bu)3 or PAd3 promoted the stereoinvertive transmetalation 

pathway. Based on a series of experimental and computational observations, 

the origin of the stereochemistry was proposed. The sterically bulky property 

of the ligand is critical for the high enantiosepcificity by suppressing the 

competitive β-hydride elimination pathway, followed by avoiding sequential 

process of reinsertion/racemization. At the same time, the electronic 
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properties of the ligand influence the transmetalation steps. The 

stereoinvertive pathway depends on strong α-donating property of the 

supporting ligand, stabilizing cationic palladium intermediate during the 

transmetalation process. On the contrary, the π-back bonding of the ligands 

can enhance the stereoretentive pathway by stabilizing the coordination of 

additional π-donor ligand to palladium center. Overall, the stereodivergent 

Pd-catalyzed Suzuki-Miyaura cross-coupling were achieved using one 

enantiomerically enriched unactivated boronates, enabling access to both 

chiral products with high stereospecificity. 

A year later, Burke and colleagues utilized the unactivated secondary 

alkyl boronic acid and subjected to Suzuki-Miyaura cross-coupling reactions, 

revealing the complete stereoretention of configuration (Scheme 4.15B).39 In 

the presence of bulky triarylphosphine as the supporting ligand, the reaction 

proceeded with perfect enantiospecificity and branch/linear ratio. Additional 

control experiments with electronically tuning bulkyl triarylphosphines 

resulted in the positive correlation between electron deficiency and 

stereospecificity. These experimental results were in accord with the protocol 

developed by Biscoe and Sigman. Overall, it was proposed that the bulky 

triarylphosphine preferentially facilitates the stereoretentive pathway by 

shielding the axial positions, resulting in blocking the stereoinvertive pathway. 
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5.1. Introduction 

The stereospecific transformations of enantioenriched alkylboron 

compounds are highly powerful methods enabling precisely the introduction 

of stereogenic centers into molecular architectures (Figure 5.1A). In fact, we 

could readily transform the carbon-boron bonds of optically active alkylboron 

reagents to potentially accessible all types of functional groups, such as 

hydroxyl, amine, halogen, and diverse carbon-based groups, by utilizing the 

stereospecific strategies that have been reported until recently (Figure 5.1B).1 

At this stage, we were focused on stereospecific approaches utilizing chiral 

boronates for the synthesis of chiral carbonyl compounds. Despite the 

biomedical significance of chiral carbonyl moieties,2 most of the existing 

synthetic strategies have been severely limited by either harsh conditions such 

as the necessity of alkyllithium reagents or multistep synthetic sequences 

(Figure 5.1C).3  

In this context, we envisioned that Pd-catalyzed stereospecific Suzuki-

Miyaura cross-coupling could enable the direct synthesis of chiral carbonyl 

groups from easily accessible carboxylic acid derivatives. As discussed in 

Chapter 4, a wide variety of chiral boronates have been utilized in 

stereospecific Suzuki reactions, allowing the precise transfer of 

stereochemical information into the complex molecules.4 Interestingly, most 

of the electrophilic coupling partners that participated in the protocols have 

been limited to aryl- and vinyl halides.  
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Figure 5.1. Stereospecific transformation utilizing chiral boronates and 

current synthetic strategies for access chiral carbonyl groups 

 

We recognized that Pd-catalyzed stereospecific Suzuki-Miyaura cross-

coupling could be extended to the acylative variant, efficiently providing 

enantioenriched carbonyl compounds which are an important class of 

structural motifs that are ubiquitously found in bioactive compounds (Figure 

5.2A).5 In particular, we expected that the development of stereospecific 

acylation could be an ideal alternative method to the wide variety of existing 
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stereoselective approaches, whose performance of chiral catalysts can often 

be perturbed by numerous reaction parameters, for instance, the existing 

stereochemical information of the reaction partners and/or functional groups 

that can influence stereoselectivity. The utilization of enantioenriched, 

preformed organometallic reagents could, in principle, enable highly precise 

transfer of stereochemical information into the target structure, without 

depending on other complicating factors.4 Indeed, Biscoe and colleagues 

disclosed this possibility by enabling the preparation of optically active 

ketones from chiral alkyl stannanes (Figure 5.2B).6 Nevertheless, a wider 

application of the strategy has been hindered by the inherent limitations 

associated with the preparation and utilization of organotin reagents, both in 

terms of safety and practicality. In addition, the limited reactivity of 

organometallic reagents is not sufficient to provide generality for synthesizing 

chiral carbonyl compounds, particularly carboxylic acid derivatives. At this 

point, we believed that these crucial synthetic issues could be solved by the 

development of stereospecific Pd-catalysis utilizing enantioenriched 

organoboron (Figure 5.1C). Specifically, the rapidly developing borylation 

techniques7 can expand the system’s synthetic applicability to allow facile 

access to a wider range of chiral carbonyl compounds.8 
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Figure 5.2. Significance of chiral carbonyl compounds and inspiring works 

 

Herein, we disclosed an unprecedented stereospecific Pd-catalyzed 

acylative Suzuki-Miyaura reactions of chiral alkylboron compounds, 

delivering potentially accessible all types of chiral α-aryl carbonyl 

compounds.9–11 The developed protocol generally exhibits an high 

stereospecificity, which enables the complete transfer of stereochemical 

information from the starting materials, an enantioenriched organoboron 

reagent, to the reaction center of the targeted chiral carbonyl compounds. 



 

１８３ 

 

5.2. Results and Discussion 

5.2.1. Optimization of the Protocol 

We commenced our initial investigation by examining the cross-coupling 

reaction between benzoyl chloride (1a) and cyclohexyl trifluoroborates to 

confirm the reactivity of unactivated secondary trifluoroborates for acylative 

cross-coupling. Inspired by Biscoe’s pioneering work12 on stereospecific 

arylation of unactivated secondary trifluoroborates, we applied comparable 

reaction conditions using a third-generation (G3) Buchwald precatalyst to an 

acylative variant (Table 5.1). Despite a wide range of ligand evaluations, 

neither the desired product nor side product formation was observed (entries 

1–11). In addition, under Deng’s reaction conditions10 that enabled acylative 

coupling between cyclopropyl boronic acids and acid chlorides, the cross-

coupled product was not formed (entries 12–14). We next paid attention to 

the use of more reactive benzylic trifluoroborates to solve the issue of the low 

reactivity of unactivated trifluoroborates. When utilizing primary benzylic 

trifluoroborates, the desired cross-coupled ketone products were formed with 

excellent yield under the reaction conditions that we found on the basis of 

comprehensive evaluation of the reaction parameters (Scheme 5.1). However, 

when the secondary benzylic trifluoroborates were used as nucleophilic 

coupling partners, the reactivity was dramatically decreased, implying the 

need for different reaction conditions for the achievement of cross-coupling 

of secondary benzylic nucleophiles.  
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Table 5.1. Initial investigation for the development of acylative Suzuki 

coupling using unactivated secondary trifluoroborates 

 

 

 

 

 
 

Scheme 5.1. Early results of Pd-catalyzed acylative Suzuki-Miyaura cross-

coupling with benzylic trifluoroborates 
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Next, we began our investigation for the development of acylative 

Suzuki-Miyaura cross-coupling of optically active secondary benzylic 

nucleophiles with the cross-coupling reaction between benzoyl chloride (1a) 

and an enantioenriched benzylic trifluoroborate (2b) as model substrates 

(Table 5.2).7b, 13 The enantioenriched secondary benzylic trifluoroborates 

were readily prepared through a two-step sequence of Yun’s hydroboration14 

of styrene derivatives and the subsequent precipitation into Molander’s salts 

(Scheme 5.2). 

 
Scheme 5.2. Preparation of enantioenriched benzylic trifluoroborates 

 

After a wide variety of evaluation of reaction parameters, the use of 

Pd2dba3 as the Pd(0) source and Na2CO3 as the base was demonstrated to be 

optimal. Notably, the catalytic system showed the best performance in 

rigorously anhydrous 1,2-dichloroethane (DCE) solvent, suggesting the 

unique participation of trifluoroborate salt in its native form (vide infra).15 

Another crucial factor for successful transformation is the identity of the 

supporting ligand. Regardless of the types of supporting ligands, five 

chemical species were commonly formed, which were observed through 1H 

NMR investigations of the crude mixtures: an excess amount of acid chlorides, 
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dibenzylideneacetone (dba) derived from Pd2dba3, the desired cross-coupled 

product, and aldehyde and styrene generated due to the unproductive side 

pathway that is the β-hydride elimination/reductive elimination sequence 

(Scheme 5.3). Most bidentate (L2−L5), which are well known to prevent β-

hydride elimination by occupation of vacant sites, were not effective 

providing similar amounts of both the desired product and side product. Also, 

the use of Buchwald-type ligands (L7−L9), that is dialkylbiarylphosphine 

ligands, did not improve the reactivity.  

 
Scheme 5.3. 1H NMR investigations of crude reaction mixtures  

 

Among them, BINAP (L6) and CyJohnPhos (L10) only exhibited slightly 

increased reactivity in terms of desired product formation. In contrast, it was 

found that monodentate triaryl (L11−L16) and trialkyl phosphines (L19−L22) 
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improved the reactivity to a noticeable level. Of note, more efficient 

formation of the target product was achieved with bulkier and more electron-

rich phosphine ligand (L21 and L22). The further optimization of the ligand 

structure resulted in the phosphine ligand, which is installed with two bulky 

alkyl groups and one arene ring, effectively facilitating the transformation 

with great yield. (L23−L29). Eventually, diadamantyl phosphine bearing a 

highly electron-rich arene was identified as the optimal ligand (L1).16 Overall, 

the variations in the ligand structure hardly affected the stereochemical 

outcome. Throughout the evaluation of the supporting ligand, a high level of 

enantiospecificity was obtained generally, and the stereochemical information 

of the starting materials was delivered at the reaction center of the product in 

stereoinvertive mannar. 
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Table 5.2. Evaluation of the supporting ligands 
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5.2.2. Applicability of the Protocol 

With the established optimal conditions in hand, the applicability of the 

protocol with respect to both enantioenriched alkylboron reagents and acyl 

donors was investigated by forming optically pure α-aryl ketones (Table 5.3). 

First, benzylic trifluoroborates bearing a wide variety of arene substituents, 

with different electronic and steric properties, were tolerated, affording the 

desired chiral ketones in good yields with excellent enantiospecificity (3aa–

3ah). The enantioenriched trifluoroborates including either an electron-rich 

arene (3aa–3ac) or an electron-deficient arene (3ad and 3ae) underwent the 

protocol equally with high efficiency. An extended π system or a bicyclic unit-

containing trifluoroborates were also competent coupling partners (3af–3ah). 

Of note, trifluoroborates bearing variously functionalized alkyl chains could 

participate in the reactions as nucleophilic counterparts (3ai−3ao). Consider

ing the limited reactivity of the related benzylic organometallic reagent

s,17 the demonstrated examples within the protocols represent significa

nt advances in the progress of the developed protocol. Furthermore, th

e method could be utilized to construct an α,α-diarylated ketone in an 

enantiopure form (3ap). The observed lower reactivity in this case is 

presumably due to the steric hinderance derived from the bulkier aryl group 

existing in trifluoroborates. Importantly, stereochemical outcome was simply 

controlled by utilizing a reaction partner with alternative stereochemistry 

((S)-3ab and (S)-3am). 
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Table 5.3. Evaluation of chiral secondary benzylic trifluoroborates 
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Table 5.4. Evaluation of acid chlorides 
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Afterward, the reactivity of the acyl donor was investigated (Table 5.4). 

The introduction of various substituents, exhibiting diverse electronic 

properties, onto the arene ring of the acyl donor was well tolerated (3bb−3ib). 

Moreover, acid chlorides having chloroarene ring proved to be suitable for 

product formation, underscoring the mildness of the reaction conditions (3gb). 

Also, sterically encumbered substrates could readily participate in this 

protocol, providing the corresponding products in useful synthetic yields (3fb 

and 3ib). Remarkably, the incorporation of medicinally important 

heterocycles into the product successfully enabled the construction of 

pharmaceutically relevant structural motifs (3jb−3nb).18 Furthermore, 

aliphatic acid chlorides also exhibited the desired reactivity (3ob−3qb). 

Interestingly, sterically demanding acid chlorides exhibited even greater 

efficiency in terms of product formation (3pb) than substrates containing a 

smaller aliphatic alkyl group (3ob and 3qb).  

Next, to overcome the observed limited reactivity of specific substrates, 

such as aliphatic acid chlorides (3rb and 3sb) and sterically hindered 

trifluoroborates (3al) as shown above, we further explored the various 

reaction parameters such as the supporting ligand, temperature and additives 

The ethyl-substituted trifluoroborates 2b gave the desired product under the 

slightly modified conditions utilizing Ag2CO3 as additional base and Aphos 

as supporting ligand (Table 5.5). However, despite conducting a wide range 

of evaluations on various reaction parameters, the reactivity did not reach a 
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practical level of improvement. Of note, propylbenzene (S3), presumably 

generated due to the deborylation pathway, accounts for the majority of the 

side products, providing further evidence for the observed limited reactivity 

of bulkier trifluoroborates. On the other hands, during the reactions with 

aliphatic acid chloride as electrophiles, no noticeable side products were 

found, which could provide a clue for resolving the reactivity issue (Table 

5.6). 

Table 5.5. Further evalutation of reaction parameters for sterically 

encumbered trifluoroborates  
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Table 5.6. Further evalutation of reaction parameters for aliphatic acid 

chlorides 

 

 

Subsequently, we applied the developed synthetic approach to synthesize 

carboxylic acid derivatives (Table 5.7A). By harnessing readily available 

carbamoyl chlorides, we successfully incorporated them into the catalytic 

carbamoylation process, enabled the formation of chiral α-aryl amides (4a‒

4e). It is worth noting that N-methoxy-N-methylcarbamoyl chloride proved 

to be an efficient carbamoyl donor under slightly modified conditions, leading 

to the generation of the corresponding Weinreb amide (4f)19. Furthermore, the 

scalability of the protocol was demonstrated, with no significant loss of 

reactivity observed even when the reaction scale was increased by tenfold. As 

a result, by utilizing the Weinreb amide as a pivotal intermediate, this 
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developed strategy can be extended to a general synthetic protocol for the 

preparation of valuable chiral α-aryl carbonyl compounds (Table 5.7B). 

Simple hydride addition or Fisher esterification could be employed to 

construct the corresponding chiral aldehyde or methyl ester (5a and 5b). 

Moreover, we discovered that nucleophilic substitution with various carbon-

based organometallic reagents allowed access to a range of challenging chiral 

ketones. For instance, a primary alkyl ketone (5c), which is difficult to obtain 

with the extension of the method (e.g., Table 5.4, 3rb and 3sb), and α,β-

unsaturated ketones (5d and 5e), which are typically incompatible with a 

nucleophilic reaction partner, could now be synthesized. Finally, we achieved 

direct installation of a heterocycle, providing a pharmaceutically relevant 

carbonyl compound (5f), while preserving complete stereochemical integrity 

in all these cases. 

Finally, to further demonstrate the robustness of this synthetic strategy, 

we attempted the direct functionalization of complex commercial 

pharmaceuticals (3tb‒3vb) (Table 5.8). Acid chlorides derived from 

adapalene, probenecid, and febuxostat were successfully utilized, leading to 

the corresponding ketone products in synthetically useful yields with 

excellent stereochemical integrity. Throughout the transformation, the 

complex architecture of these bioactive molecules remained unaffected. 
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Table 5.7. Evaluation of carbamoyl chlorides and transformation of chiral 

Weinreb amide as versatile intermediate 
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Table 5.8. Functionalization of complex commercial pharmaceuticals 
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5.2.3. DFT Computed Reaction Mechanism 

The DFT computations were conducted by PHYC Research Lab (Oregon State University) 

(Abdikani Omar Farah, Taisiia Feoktistova and Prof. Paul Ha-Yeon Cheong) 

 

We then explored the origin of the high stereospecificity of the catalytic 

system. In a stereospecific cross-coupling reaction of chiral organoboron 

reagents, the stereochemical outcome is governed by the mechanism over the 

course of transmetalation, which usually follows an SE2-type mechanism.6 A 

stereoretentive pathway is commonly observed, although several factors, 

including internal coordination by the substrate,20 supporting ligand,21 steric 

nature of nucleophile22 or additives23 are known to influence the process. To 

shed light on the robust stereoinvertive transmetalation of our system, we 

used density functional theory computations using Gaussian 16 with PBE-

D3BJ/6-31G(d) and LANL2DZ. A solvent model based on density was 

employed for DCE at 83 °C. 

The overall process (Figure 5.3A) begins with the coordination of 

carbonyl chloride 1a to the bisligated palladium(0) species I, which 

undergoes oxidative addition with a barrier of 14.7 kcal/mol (oxidative 

addition-TS-II). The initially formed cis- oxidative addition complex (Int-

III) isomerizes to the trans- complex (Int-III’). Then the dissociation of an 

APhos ligand from Int-III’ to give the monoligated acylpalladium(II) species 

(Int-IV) sets the stage for the key transmetalation.24, 25 An alternative pathway, 
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initiated by ligand dissociation from I followed by oxidative addition to a 

monoligated palladium(0), was calculated to be unfavorable (See SI for 

details). Finally, reductive elimination from transmetalation complex (Int-VI) 

completes the catalytic cycle (reductive elimination-TS-VII). 

The selectivity of the overall cross-coupling process is determined in the 

transmetalation step, which can proceed either via inversion or retention of 

the stereochemistry (Figure 5.3B). The transition state leading to inversion 

(inversion transmetalation-TS-V) was found to be lower in energy than that 

of retention (retention-transmetalation-TS-V) by 2.3 kcal/mol (93% ee), 

which agrees well with the experimental selectivity of 2.7 (96% ee).26 

Interestingly, the Pd–C–B angle of the inversion transmetalation-TS-V 

deviates from the conventionally proposed 180° arrangement (135.6°), and 

the multiple metal-halogen interaction array of reaction partners coordinated 

to the potassium ion lowers the reaction barrier by 3.8 kcal/mol (See SI for 

details).27 The metal-halogen interactions arise from the mitigation of 

developing negative charge on the unhydrolyzed trifluoroborate ion. This 

further underscores the importance of the anhydrous reaction medium (vide 

supra).15a-c, f The potential formation of a cationic palladium species through 

the liberation of the chloride ligand was demonstrated to be energetically 

unfavorable. Presumably, the nonpolar nature of the reaction medium 

disfavors the commonly postulated prerequisite step for a facile 

transmetalation.15f 
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Figure 5.3. DFT computed reaction coordinate diagram (Top, A); 

Transmetalation transition structures, energies in kcal/mol, distances in Å 

(Bottom, B). 



 

２０１ 

 

5.2.4. Mechanistic Investigations 

The computationally identified mechanistic features of the reaction were 

further supported by experimental studies (Figure 5.4). First, the acylation 

experiment of acid chloride 1k using a preformed oxidative addition complex 

[Pd]-A furnished both 3kb and 3ab in an enantiomerically pure form, 

indicating an active participation of the [Pd]-A as an intermediate of the 

catalytic cycle (Figure 5.4A).28  

Furthermore, the experiments using [Pd]-A as the Pd source with or 

without added ligand confirmed the importance of the bulky supporting 

ligand (Figure 5.4B). The desired level of reactivity was acquired only in the 

presence of L1, which presumably undergoes ligand exchange with the 

supporting ligand of [Pd]-A, to afford the monoligated acylpalladium (II) 

species (Int-IV).  

The crucial involvement of the potassium ion in the cyclic transition state 

of the stereo-invertive transmetalation was substantiated by a series of control 

experiments (Figure 5.4C). Incorporation of the potassium chelator, 18-

crown-6, proportionally impeded product formation,29 suggesting the 

importance of the potassium ion for product formation.30 During the course, 

the stereospecificity remained virtually unchanged. Interestingly, smaller 

crown ethers, i.e., 15-crown-5 and 12-crown-4, which are known to exhibit 

diminished specificity for potassium binding, were shown to be less efficient 

in obstructing product formation. In addition, the replacement of the counter 
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cation of the trifluoroborate had a paramount impact on the reaction outcome. 

The use of a larger counter cation (Cs), which induces a more relaxed 

interaction with halogen atoms, resulted in significantly reduced reactivity for 

the acylation. 

Ultimately, when the trifluoroborate is paired with a non-coordinating 

countercation, tetra n-butyl ammonium, the reactivity was completely shut 

off. Taken together, these results support the essential potassium-halogen 

interaction for the stereospecific transmetalation step. 
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Figure 5.4. Mechanistic investigations 
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5.3. Conclusion 

In conclusion, we have developed a new Pd-catalyzed method for the 

preparation of valuable chiral α-aryl carbonyl compounds. The method 

exploits a direct use of activated acyl and carbamoyl donors that react with 

stereochemically enriched benzylic trifluoroborates in a highly stereospecific 

fashion. By utilizing the strategy, a wide range of α-arylated ketones and 

carboxylic acid derivatives were prepared with high stereochemical integrity. 

The process was successfully mediated by a catalyst system supported by a 

bulky and electron-rich monodentate dialkylaryl phosphine ligand. In 

addition, a unique metal-halogen interaction in the transition state was 

identified to facilitate a novel invertive transmetalation process at the sp3-

hybridized reaction center. It is expected that the mechanistic insights attained 

from this study should extend the applicability of the C(sp3)-based 

organometallic compounds to a more general setting. 
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5.5. Experimental Section 

5.5.1. General Information 

All reagents were purchased from commercial suppliers including Sigma-

Aldrich (Merck), Thermo-Fisher Scientific (for Acros Organics and Alfa 

Aesar), TCI and Strem, and used without further purification unless otherwise 

stated. Di-1-adamantylphosphine was purchased from Angene chemical. Dry 

tetrahydrofuran (THF) and dichloromethane (DCM) were obtained by 

passing through an activated alumina column of solvent purification system. 

Other solvents for reactions such as toluene and 1,2-dichloroethane (DCE) 

were used as anhydrous grade from commercial vendors. All indicated yields 

represent isolated yield of chromatographically homogeneous product or/and 

1H NMR yield using 1,3,5-trimethoxybenzene (TMB) as an internal standard. 

All reactions were monitored by thin-layers chromatography (TLC) with 0.25 

mm E. Merck silica gel plates (60F-254) using UV light or staining solution 

including potassium permangnate, p-anisaldehyde and phosphomolybdic 

Acid (PMA) for visualization. NMR spectra were recorded on an Agilent 400-

MR DD2 Magnetic Resonance System, Varian/Oxford As-500 instrument and 

Brucker 500MHz NMR spectrometer and calibrated using residual 

undeuterated solvent (CHCl3 at δ7.26 ppm for 1H NMR and δ77.16 ppm for 

13C NMR as internal reference. BF3˙OEt2 (15% w/w in CDCl3) and H3PO4 

(85% w/w in H2O) solution were used as external standards for obtaining 11B 

and 31P NMR spectra respectively. For 19F NMR spectra, fluorobenzene was 
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used as an external standard (‒113.15 ppm). Chemical shifts (δ) are reported 

in parts per million (ppm) and coupling constants (J) are reported in hertz 

(Hz). The following abbreviations were used to explain multiplicities of NMR 

spectra: s = singlet, d = doublet, t = triplet, q = quartet, m = multiplet, br = 

broad. Enantiomeric excess (ee) were determined by employing High-

Performance Liquid Chromatography (HPLC) with columns containing 

chiral stationary phase and HPLC grade solvent (n-hexane and isopropanol) 

as eluents. HPLC equipment was C196-E061W (Shimadzu, degassing unit: 

DGU-20A5R, pump: LC-20AD, auto sampler: SIL-20A, communication bus 

module: CBM-20A, UV/Vis detector: SPD-20A, and column oven: CTO-

20A). Optical rotations were recorded on JASCO P1030 polarimeter (D line 

of sodium vapor lamp) with a cylindrical glass cell from the same company. 

High-resolution mass spectra (HRMS) were recorded on HRMS-ESI Q-TOF 

5600 spectrometer of National Instrumentation Center for Environmental 

Management (NICEM) at Seoul National University and ThermoFisher 

Scientific Orbitrap Exploris 120 of Core Faculty for Chemical Research, 

Department of Chemistry at Seoul National University. The crystal structure 

was solved and refined using the Bruker SHELXTL Software Package at the 

National Research Facilities and Equipment Center (NanoBioEnergy 

Materials Center) at Ewha Womans University. 
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5.5.2. Optimization in Details 

Table S5.1. Effect of Pd source as precatalyst on the reactions 

 

aReaction conditions: benzoyl chloride 1a (2.0 equiv), chiral potassium trifluoroborate (S)-

2b (0.1 mmol, 1.0 equiv), Pd source (2.5 mol%), L1 (7.5 mol%) and Na2CO3 (2.0 equiv) in 

1.2 mL of DCE, 83 °C, 18 h. bYields were determined by 1H NMR using 1,3,5-

trimethoxybenzene as an internal standard. 

 



 

２１６ 

 

Table S5.2. Effect of loading of Pd-precatalyst and Pd to L1 ratio on the 

reactions 

 

aReaction conditions: benzoyl chloride 1a (2.0 equiv), chiral potassium trifluoroborate (S)-

2b (0.1 mmol, 1.0 equiv), Pd2dba3, L1, and Na2CO3 (2.0 equiv) in 1.2 mL of DCE, 83 °C, 18 

h. bYields were determined by 1H NMR using 1,3,5-trimethoxybenzene as an internal 

standard. 
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Table S5.3. Effect of solvent identity and the concentration of (S)-2b on the 

reactions 

 

aReaction conditions: benzoyl chloride 1a (2.0 equiv), chiral potassium trifluoroborate (S)-

2b (0.1 mmol, 1.0 equiv), Pd2dba3 (2.5 mol%), L1 (7.5 mol%) and Na2CO3 (2.0 equiv) in 

solvent, 83 °C, 18 h. bYields were determined by 1H NMR using 1,3,5-trimethoxybenzene as 

an internal standard. 
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Table S5.4. Effect of additives on the reactions 

 

aReaction conditions: benzoyl chloride 1a (2.0 equiv), chiral potassium trifluoroborate (S)-

2b (0.1 mmol, 1.0 equiv), Pd2dba3 (2.5 mol%), L1 (7.5 mol%) and Na2CO3 (2.0 equiv) in 1.2 

mL of DCE, 83 °C, 18 h. bYields were determined by 1H NMR using 1,3,5-

trimethoxybenzene as an internal standard. cThe enantiomeric excess were determined by 

HPLC analysis. 
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Table S5.5. Effect of electrophilic coupling partners on the reactions 

 

aReaction conditions: electrophiles (2.0 equiv), chiral potassium trifluoroborate (S)-2b (0.1 

mmol, 1.0 equiv), Pd2dba3 (2.5 mol%), L1 (7.5 mol%) and Na2CO3 (2.0 equiv) in 1.2 mL of 

DCE, 83 °C, 18 h. bYields were determined by 1H NMR using 1,3,5-trimethoxybenzene as 

an internal standard. 
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Table S5.6. Effect of nucleophilic coupling partners on the reactions 

 

aReaction conditions: benzoyl chloride 1a (2.0 equiv), enantioenriched nucleophiles (0.1 

mmol, 1.0 equiv), Pd2dba3 (2.5 mol%), L1 (7.5 mol%) and Na2CO3 (2.0 equiv) in 1.2 mL of 

DCE, 83 °C, 18 h. bYields were determined by 1H NMR using 1,3,5-trimethoxybenzene as 

an internal standard. cThe enantiomeric excess were determined by HPLC analysis. 
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Table S5.7. Reaction profile over time 
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aReaction conditions: benzoyl chloride 1a (2.0 equiv), chiral potassium trifluoroborate (S)-

2b (0.1 mmol, 1.0 equiv), Pd2dba3 (2.5 mol%), L1 (7.5 mol%) and Na2CO3 (2.0 equiv) in 1.2 

mL of DCE, 83 °C. bYields were determined by 1H NMR using 1,3,5-trimethoxybenzene as 

an internal standard. 

 

 

 



 

２２２ 

 

Table S5.8. Ligand evaluationa 

 

aReaction conditions: benzoyl chloride 1a (2.0 equiv), chiral potassium trifluoroborate (S)-

2b (0.1 mmol, 1.0 equiv), Pd2dba3 (2.5 mol%), ligand (7.5 mol%) and Na2CO3 (2.0 equiv) in 

1.2 mL of DCE, 83 °C, 18 h. Yields were determined by 1H NMR using 1,3,5-

trimethoxybenzene as an internal standard. The enantiomeric excess was determined by 

HPLC analysis. 
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5.5.3. Procedure for the Preparation of Acid Chlorides and Borates 

Table S5.9. Aryl and alkyl acid chlorides 1a–1u and carbamoyl chlorides 

1aa–1af 

 

Compounds 1a, 1b, 1c, 1d, 1e, 1f, 1g, 1h, 1i, 1j, 1k, 1l, 1o, 1p, 1q, 1aa, 1ab, 

1ac, 1ad, 1ae and 1af were purchased from commercial sources. Acid 

chlorides 1m, 1t, 1u and 1v were prepared from the corresponding 

commercially available carboxylic acid according to General Procedure A. 

The corresponding carboxylic acid of 1n were prepared according to literature 

procedure1 and then 1n was prepared according to General Procedure A 
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General Procedure A 

 

A oven-dried 50 mL round-bottom flask (RBF) was charged with a magnetic 

stir bar and the corresponding carboxylic acid (1.0 mmol) and then, the flask 

was sealed with a rubber septum cap. The flask containing the carboxylic acid 

was placed under nitrogen atmosphere by three times of evacuating and 

nitrogen gas back-filling the flask through Schlenk line. Anhydrous 

dichloromethane (DCM, 0.167 M) was added to the flask via syringe and then, 

the resulting mixture was cooled to 0 °C under ice bath. After stirring for 10 

min at 0 °C, Oxalyl chloride (3.0 equiv) was added dropwise to the reaction 

mixture. Sequentially, three drops of anhydrous DMF was added via 1 mL of 

syringe. The reaction mixture was allowed to warm to room temperature and 

then, stirred for overnight. After that time, the resulting mixture was 

concentrated under reduced pressure and then, dissolved in 100 mL of 

DCM/toluene mixture (v/v = 1:9) for azeotrope to remove remaining DMF. 

The reaction mixture was once more concentrated under reduced pressure and 

then, dried overnight under vacuum. The resulting product was used in the 

stereospecific acylative cross-coupling reaction without further purification. 
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6-(3-((3r,5r,7r)-adamantan-1-yl)-4-methoxyphenyl)-2-naphthoyl 

chloride (Table S5.9, 1t). 

 

Following General Procedure A from adapalene, the desired product was 

isolated quantitatively as a beige solid. 

1H NMR (500 MHz, CDCl3) δ 8.75 (s, 1H), 8.09–8.00 (m, 3H), 7.94 (d, J = 

8.7 Hz, 1H), 7.89–7.83 (m, 1H), 7.62 (d, J = 2.1 Hz, 1H), 7.59–7.53 

(m, 1H), 7.01 (d, J = 8.4 Hz, 1H), 3.92 (s, 3H), 2.24–2.15 (m, 6H), 

2.15–2.08 (m, 3H), 1.86–1.76 (m, 6H) ppm. 

13C NMR (126 MHz, CDCl3) δ 168.46, 159.36, 143.20, 139.27, 137.08, 

134.78, 132.11, 131.12, 130.53, 129.88, 128.98, 127.31, 126.14, 

125.98, 125.86, 124.75, 112.26, 55.32, 40.72, 37.37, 37.24, 29.22 

ppm. 

HRMS (ESI) calculated for [C29H30O3+H]+: 427.2268, found: 427.2267. 

(HRMS data for 1t was observed in the form of the corresponding methyl 

ester) 
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4-(N,N-dipropylsulfamoyl)benzoyl chloride (Table S5.9, 1u). 

 

 

 

Following General Procedure A from probenecid, the desired product was 

isolated quantitatively as a beige solid. 

1H NMR (500 MHz, CDCl3) δ 8.23 (d, J = 8.3 Hz, 2H), 7.94 (d, J = 8.4 Hz, 

2H), 3.16–3.07 (m, 4H), 1.62–1.48 (m, 4H), 0.87 (t, J = 7.4 Hz, 6H) 

ppm. 

13C NMR (126 MHz, CDCl3) δ 167.57, 146.60, 136.16, 131.95, 127.56, 50.06, 

22.07, 11.27 ppm. 

HRMS (ESI) calculated for [C14H21NO4S+H]+: 300.1264, found: 300.1261. 

(HRMS data for 1u was observed in the form of the corresponding methyl 

ester) 
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2-(3-cyano-4-isobutoxyphenyl)-4-methylthiazole-5-carbonyl chloride 

(Table S5.9, 1v). 

 

 

Following General Procedure A from febuxostat, the desired product was 

isolated quantitatively as a beige solid. 

1H NMR (500 MHz, CDCl3) δ 8.21 (d, J = 2.1 Hz, 1H), 8.16–8.06 (m, 1H), 

7.04 (d, J = 8.9 Hz, 1H), 3.92 (d, J = 6.5 Hz, 2H), 2.73 (s, 3H), 2.15–

2.28 (m, 1H), 1.09 (d, J = 6.7 Hz, 6H) ppm. 

13C NMR (126 MHz, CDCl3) δ 171.09, 164.30, 163.30, 158.18, 132.94, 

132.52, 127.54, 125.33, 115.23, 112.88, 103.39, 75.96, 28.27, 19.17, 

18.61 ppm. 

HRMS (ESI) calculated for [C17H18N2O3S+H]+: 331.1111, found: 331.1111. 

(HRMS data for 1v was observed in the form of the corresponding methyl 

ester) 

 

 



 

２２８ 

 

Table S5.10. Enantioenriched trifluoroborate salts 2a–2p 

 

 

 

The corresponding boronic acid pinacol esters S2 for trifluoroborate salts 

were prepared according to literature procedures (General Procedure B‒E). 

Potassium trifluoroborate salts were prepared from the corresponding boronic 

acid pinacol esters according to literature procedure (General Procedure F). 

Cesium or/and tetraalkylammonium trifluoroborate salt were prepared 

according to literature procedure (General procedure G and H). The 1,8-
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diaminonaphthalene (dan)-protected boronic acid was prepared according to 

literature procedure (General procedure I). The enantiomeric excess was 

analyzed using the corresponding oxidized alcohol originated from boronic 

acid pinacol ester according to literature procedure (General procedure J).  

 

 

General Procedure B 

 

The boronic acid pinacol esters 2a, 2b, 2c, 2d, 2e, 2f, 2g, 2h, 2k, 2l, (R)-2m, 

2n and 2o were prepared according to literature procedure of Prof. Dr. Yun.3 

 

 

General Procedure C 

 

The boronic acid pinacol ester 2i was prepared according to literature 

procedure of Prof. Dr. Yun.4 
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General Procedure D  

 

The boronic acid pinacol ester 2j was prepared according to literature 

procedure of Prof. Dr. Yun.5 

 

 

General Procedure E 

The boronic acid pinacol ester S2p was prepared according to the literature 

procedure of Prof. Dr. Tortosa6a and the trifluoroborate salts 2p was prepared 

according to literature procedure of Prof. Dr. Liao.6b 
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General Procedure F 

 

Potassium trifluoroborate salts were prepared according to a slightly 

modified literature procedure of Prof. Dr. Aggarwal.7  

The corresponding boronic acid pinacol ester (5.0 mmol) and MeOH (30 mL) 

was added to a 100 mL plastic Erlenmeyer flask equipped with a magnetic 

stir bar. The flask was cooled to 0 °C and stirred for 10 min. An aqueous 

solution of potassium hydrogen fluoride (KHF2, 4.5 M in H2O, 22.5 mmol, 

4.5 equiv) was slowly added to the flask. Upon completion of the addition, 

the flask was allowed to warm to room temperature and stirred overnight. The 

resulting mixture was transferred to a 500 mL round-bottom flask, and the 

mixture was diluted with toluene (100 mL) for azeotropic removal water. The 

biphasic mixture was concentrated under reduced pressure using rotary 

evaporation (20 mbar/40–50 °C). Subsequently, 120 mL of toluene/MeOH 

mixture (v/v = 10 : 1) were added to the resulting residue and concentrated 

under reduced pressure. This process was repeated four times. The resulting 

residue was dissolved in acetone (30 mL) and filtered to remove insoluble 

salts. The combined filtrate was diluted with toluene (100 mL) and 

concentrated under reduced pressure. This cycle was repeated two times. The 

flask was dried overnight under high vacuum on a Schlenk line to give the 

desired potassium trifluoroborates as white solid.  
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(Note: Stereospecific Pd-catalyzed acylative cross-coupling reaction are very 

sensitive to water. Therefore, it is crucial to remove the remaining water 

completely. Accordingly, the resulting products are dried overnight at 60 °C 

under high vacuum)  

 

 

General Procedure G  

 

The cesium trifluoroborate salt 2b-[Cs] was prepared according to literature 

procedure of Prof. Dr. Takacs.8  

 

 

General Procedure H  

 

The tetrabutylammonium trifluoroborate salt 2b-[NR4] was prepared 

according to literature procedure of Prof. Dr. Batrey.9 
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General Procedure I 

 

The 1,8-diaminonaphthalene (dan)-protected boronic acid 2b-[dan] was 

prepared according to literature procedure of Prof. Dr. Saito.10  

 

 

General Procedure J  

 

The corresponding alcohol was prepared according to literature procedure of 

Prof. Dr. Yun.3 
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Table S5.11. Comparison of value of the optical rotation 

 

The absolute configuration for enantioenriched alkylboron compounds was 

determined by comparison with optical rotation of trifluoroborates 2a or/and 

the corresponding alcohols of 2b, 2e, 2f, 2h and 2k to literature value as 

shown above. 
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Potassium (S)-trifluoro(1-phenylethyl)borate (Table S5.10, 2a).  

 

Following General Procedure F from corresponding boronic acid pinacol 

ester, trifluoroborate salt 2a was isolated as a white solid. The enantiomeric 

excess (97% ee) was analyzed using the corresponding oxidized alcohol 

following General Procedure J. 

1H NMR (500 MHz, DMSO-d6)
 δ 7.10–7.02 (m, 4H), 6.93– 6.85 (m, 1H), 

1.65–1.55 (m, 1H), 1.05 (d, J = 7.3 Hz, 3H) ppm. 

13C NMR (126 MHz, DMSO-d6) δ 152.29, 127.55, 126.81, 122.22, 32.32, 

17.33 ppm. 

19F NMR (471 MHz, DMSO-d6) δ –142.82 ppm. 

11B NMR (161 MHz, DMSO-d6) δ 4.25 ppm. 

HRMS (ESI) calculated for [C8H9BF3, M–K]: 173.0749, found: 173.0756. 

Optical rotation of 2a, [α]
D

22 = –8.5 (c = 1.00, MeCN).  

Enantiomeric excess, 97% ee was measured by HPLC (CHIRALCEL OD, 

n-hexane : i-PrOH = 97 : 3, 1.0 mL/min, wavelength = 254 nm, 28 °C); tR = 

14.498 min (major), tR = 12.446 min (minor).  
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[Racemic alcohol for 2a] 

 

[Enantioenriched alcohol for 2a] 
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Potassium (S)-trifluoro(1-(p-tolyl)ethyl)borate (Table S5.10, 2b).  

 

Following General Procedure F from corresponding boronic acid pinacol 

ester, trifluoroborate salt 2b was isolated as a white solid. The enantiomeric 

excess (99% ee) was analyzed using the corresponding oxidized alcohol 

following General Procedure J. 

1H NMR (500 MHz, DMSO-d6)
 δ 6.95 (d, J = 7.8 Hz, 2H), 6.87 (d, J = 7.8 

Hz, 2H), 2.20 (s, 3H), 1.60–1.50 (m, 1H), 1.03 (d, J = 7.5 Hz, 3H) 

ppm. 

13C NMR (126 MHz, DMSO-d6) δ 149.05, 130.37, 127.35, 127.33, 31.69, 

20.49, 17.43 ppm. 

19F NMR (471 MHz, DMSO-d6) δ –142.93 ppm. 

11B NMR (161 MHz, DMSO-d6) δ 4.33 ppm. 

HRMS (ESI) calculated for [C9H11BF3, M–K]: 187.0906, found: 187.0911. 

Optical rotation of 2b, [α]D
22

 = –6.5 (c = 1.00, MeCN). 

Optical rotation of alcohol, [α]D
22

 = –45.6 (c = 1.00, CHCl3). 

Enantiomeric excess, 99% ee was measured by HPLC (CHIRALCEL OJ-H, 

n-hexane : i-PrOH = 97 : 3, 1.0 mL/min, wavelength = 210 nm, 28 °C); tR = 

13.381 min (major), tR = 15.364 min (minor).  
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[Racemic alcohol for 2b] 

 

[Enantioenriched alcohol for 2b] 

 

 



 

２３９ 

 

Cesium (S)-trifluoro(1-(p-tolyl)ethyl)borate (Table S5.10, 2b-[Cs]).  

 

 

 

Following General Procedure G from corresponding boronic acid pinacol 

ester, cesium trifluoroborate salt 2b-[Cs] was isolated as a white solid.  

1H NMR (500 MHz, Acetone-d6)
 δ 7.05 (d, J = 7.8 Hz, 2H), 6.96 (d, J = 7.8 

Hz, 2H), 2.23 (s, 3H), 1.72 (br s, 1H), 1.13 (d, J = 7.3 Hz, 3H) ppm. 

13C NMR (126 MHz, Acetone-d6)
 δ 149.12, 131.63, 128.02, 127.83, 31.70, 

20.08, 16.07 ppm. 

19F NMR (376 MHz, Acetone-d6) δ –139.40 ppm. 

11B NMR (128 MHz, Acetone-d6) δ 4.69 ppm. 

HRMS (ESI) calculated for [C9H11BF3, M–Cs]: 187.0911, found: 187.0922 

Optical rotation of 2b-[Cs], [α]D
22

 = –4.7 (c = 1.00, MeOH). 
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Tetra-n-butylammonium (S)-trifluoro(1-(p-tolyl)ethyl)borate (Table 

S5.10, 2b-[NR4]). 

 

 

 

Following General Procedure H from corresponding potassium 

trifluoroborate 2b, ammonium trifluoroborate salt 2b-[NR4] was isolated as a 

white solid. 

1H NMR (500 MHz, Acetone-d6)
 δ 7.07 (d, J = 7.7 Hz, 2H), 6.85 (d, J = 7.6 

Hz, 2H), 3.41–3.32 (m, 8H), 2.20 (s, 3H), 1.81–1.71 (m, 8H), 1.70 

(br s, 1H), 1.47–1.36 (m, 8H), 1.14 (d, J = 7.2 Hz, 3H), 0.97 (t, J = 

7.4 Hz, 12H) ppm. 

13C NMR (126 MHz, Acetone-d6) δ 151.58, 131.09, 128.88, 128.23, 59.27, 

24.51, 21.12, 20.43, 18.38, 13.98 ppm. 

19F NMR (376 MHz, Acetone-d6) δ –145.89 (m) ppm. 

11B NMR (128 MHz, Acetone-d6) δ 4.23 (m) ppm. 

HRMS (ESI) calculated for [C9H11BF3, M–NR4]: 187.0906, found: 187.0922 

Optical rotation of 2b-[NR4], [α]D
22

 = –4.4 (c = 1.00, MeOH). 
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(S)-2-(1-(p-tolyl)ethyl)-2,3-dihydro-1H-naphtho[1,8 

de][1,3,2]diazaborinine (Table S5.10, 2b-[dan]). 

 

 

 

Following General Procedure I from corresponding boronic acid pinacol 

ester, 1,8-diaminonaphthalene (dan)-protected boronic acid 2b-[dan] was 

isolated as a brown syrup. 

1H NMR (400 MHz, CDCl3) δ 7.16–7.06 (m, 4H), 7.02 (d, J = 8.2 Hz, 2H), 

6.90 (d, J = 8.5 Hz, 2H), 6.27 (d, J = 7.3 Hz, 2H), 5.49 (s, 2H), 3.83 

(s, 3H), 2.47 (q, J = 7.6 Hz, 1H), 1.41 (d, J = 7.6 Hz, 3H) ppm. 

13C NMR (126 MHz, CDCl3) δ 157.59, 141.13, 137.65, 136.38, 128.63, 

127.64, 119.58, 117.67, 114.29, 105.83, 55.41, 27.04, 17.26 ppm.  

11B NMR (128 MHz, CDCl3) δ 32.13 ppm.  

HRMS (ESI) calculated for [C19H20BN2O, M+OH]–: 303.1674, found: 

303.1664. 

Optical rotation of 2b-[dan], [α]D
22

 = +40.6 (c = 0.5, CH2Cl2). 
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Potassium (S)-trifluoro(1-(4-methoxyphenyl)ethyl)borate (Table S5.10, 

2c).  

 

 

Following General Procedure F from corresponding boronic acid pinacol 

ester, trifluoroborate salt 2c was isolated as a white solid. The enantiomeric 

excess (94% ee) was analyzed using the corresponding oxidized alcohol 

following General Procedure J. 

1H NMR (500 MHz, DMSO-d6)
 δ 6.96 (d, J = 8.5 Hz, 2H), 6.65 (d, J = 8.5 

Hz, 2H), 3.66 (s, 3H), 1.56–1.46 (m, 1H), 1.01 (d, J = 7.4 Hz, 3H) 

ppm. 

13C NMR (126 MHz, DMSO-d6) δ 155.21, 144.24, 128.10, 112.46, 54.85, 

31.07, 17.78 ppm. 

19F NMR (471 MHz, DMSO-d6) δ –142.90 ppm. 

11B NMR (161 MHz, DMSO-d6) δ 4.36 ppm. 

HRMS (ESI) calculated for [C9H11BF3O, M–K]: 203.0855, found: 203.0861. 

Optical rotation, [α]D
22

 = –7.1 (c = 1.00, MeCN). 

Optical rotation of alcohol, [α]D
22

 = –91.5 (c = 1.00, CHCl3). 

Enantiomeric excess, 94% ee was measured by HPLC (CHIRALCEL OD-

H, n-hexane : i-PrOH = 95 : 5, 1.0 mL/min, wavelength = 210 nm, 30 °C); tR 

= 12.107 min (major), tR = 10.862 min (minor).  
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[Racemic alcohol for 2c] 

 

 

[Enantioenriched alcohol for 2c] 
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Potassium (S)-trifluoro(1-(4-(trifluoromethyl)phenyl)ethyl)borate (Table 

S5.10, 2d).  

 

 

 

Following General Procedure F from corresponding boronic acid pinacol 

ester, trifluoroborate salt 2d was isolated as a white solid. The enantiomeric 

excess (97% ee) was analyzed using the corresponding oxidized alcohol 

following General Procedure J. 

1H NMR (500 MHz, DMSO-d6)
 δ 7.40 (d, J = 8.0 Hz, 2H), 7.22 (d, J = 8.0 

Hz, 2H), 1.80–1.66 (m, 1H), 1.09 (d, J = 7.3 Hz, 3H) ppm. 

13C NMR (126 MHz, DMSO-d6) δ 157.79, 127.73, 125.16 (q, J = 271.0 Hz), 

123.53 (q, J = 3.8 Hz), 123.05 (q, J = 31.2 Hz), 33.06, 16.54 ppm. 

19F NMR (471 MHz, DMSO-d6) δ –60.01, –143.38 ppm. 

11B NMR (161 MHz, DMSO-d6) δ 4.01 ppm. 

HRMS (ESI) calculated for [C9H8BF6, M–K]: 241.0623, found: 241.0627. 

Optical rotation, [α]D
22

 = –8.9 (c = 1.05, MeCN). 

Enantiomeric excess, 97% ee was measured by HPLC (CHIRALCEL OJ-H, 

n-hexane : i-PrOH = 99.8 : 0.2, 1.0 mL/min, wavelength = 210 nm, 28 °C); 

tR = 51.384 min (major), tR = 45.120 min (minor).  



 

２４５ 

 

[Racemic alcohol for 2d] 

 

[Enantioenriched alcohol for 2d] 

 



 

２４６ 

 

Potassium (S)-trifluoro(1-(4-fluorophenyl)ethyl)borate (Table S5.10, 2e). 

 

 

 

Following General Procedure F from corresponding boronic acid pinacol 

ester, trifluoroborate salt 2e was isolated as a white solid. The enantiomeric 

excess (99% ee) was analyzed using the corresponding oxidized alcohol 

following General Procedure J. 

1H NMR (500 MHz, DMSO-d6)
 δ 7.09–6.99 (m, 1H), 6.89–6.79 (m, 1H), 

1.65–1.51 (m, 1H), 1.03 (d, J = 7.4 Hz, 3H) ppm. 

13C NMR (126 MHz, DMSO-d6) δ 158.81 (d, J = 235.7 Hz), 148.16, 128.46 

(d, J = 7.2 Hz), 113.04 (d, J = 20.3 Hz), 31.33, 17.42 ppm. 

19F NMR (471 MHz, DMSO-d6) δ –126.90, –147.43 ppm. 

11B NMR (161 MHz, DMSO-d6) δ 4.15 ppm. 

HRMS (ESI) calculated for [C8H8BF4, M–K]: 191.0655, found: 191.0661. 

Optical rotation, [α]D
22

 = –8.5 (c = 1.00, MeCN). 

Optical rotation of alcohol, [α]D
22

 = –53.2 (c = 1.00, CHCl3). 

Enantiomeric excess, 99% ee was measured by HPLC (CHIRALCEL OD-

H, n-hexane : i-PrOH = 99 : 1, 1.0 mL/min, wavelength = 210 nm, 30 °C); tR 

= 20.498 (major), tR = 21.794 min (minor).  



 

２４７ 

 

[Racemic alcohol for 2e] 

 

[Enantioenriched alcohol for 2e] 

 



 

２４８ 

 

Potassium (S)-trifluoro(1-(naphthalen-2-yl)ethyl)borate (Table S5.10, 2f).  

 

 

 

Following General Procedure F from corresponding boronic acid pinacol 

ester, trifluoroborate salt 2f was isolated as a white solid. The enantiomeric 

excess (97% ee) was analyzed using the corresponding oxidized alcohol 

following General Procedure J. 

1H NMR (500 MHz, DMSO-d6)
 δ 7.78–7.68 (m, 2H), 7.62 (d, J = 8.5 Hz, 

1H), 7.47 (s, 1H), 7.43–7.34 (m, 2H), 7.30 (t, J = 7.3 Hz, 1H), 1.90–

1.80 (m, 1H), 1.20 (d, J = 7.4 Hz, 3H) ppm. 

13C NMR (126 MHz, DMSO-d6) δ 150.40, 133.45, 130.41, 128.90, 127.12, 

126.78, 125.57, 124.90, 123.45, 123.30, 32.80, 17.14 ppm. 

19F NMR (471 MHz, DMSO-d6) δ –142.60 ppm. 

11B NMR (161 MHz, DMSO-d6) δ 4.38 ppm. 

HRMS (ESI) calculated for [C12H11BF3, M–K]: 223.0906, found: 223.0910. 

Optical rotation, [α]D
22

 = –19.6 (c = 1.00, MeCN). 

Optical rotation of alcohol, [α]D
22

 = –21.2 (c = 1.00, CHCl3). 

Enantiomeric excess, 97% ee was measured by HPLC (CHIRALCEL OJ-H, 

n-hexane : i-PrOH = 96 : 4, 1.0 mL/min, wavelength = 210 nm, 28 °C); tR = 

28.618 min (major), tR = 38.902 min (minor).  



 

２４９ 

 

[Racemic alcohol for 2f] 

 

[Enantioenriched alcohol for 2f] 

 



 

２５０ 

 

Potassium (S)-(2,3-dihydro-1H-inden-1-yl)trifluoroborate (Table S5.10, 

2g).  

 

 

Following General Procedure F from corresponding boronic acid pinacol 

ester, trifluoroborate salt 2g was isolated as a white solid. The enantiomeric 

excess (99% ee) was analyzed using the corresponding oxidized alcohol 

following General Procedure J. 

1H NMR (500 MHz, DMSO-d6)
 δ 7.13 (d, J = 7.3 Hz, 1H), 7.02 (d, J = 7.3 

Hz, 1H), 6.91 (t, J = 7.1 Hz, 1H), 6.84 (t, J = 7.1 Hz, 1H), 2.80–

2.70 (m, 1H), 2.70–2.60 (m, 1H), 2.20–1.75 (m, 3H) ppm. 

13C NMR (126 MHz, DMSO-d6) δ 152.11, 143.85, 124.77, 124.20, 122.94, 

122.88, 37.73, 32.92, 28.25. ppm. 

19F NMR (471 MHz, DMSO-d6) δ –141.28 ppm. 

11B NMR (161 MHz, DMSO-d6) δ 4.62 ppm. 

HRMS (ESI) calculated for [C9H9BF3, M–K]: 185.0749, found: 185.0755. 

Optical rotation, [α]D
22

 = –9.2 (c = 1.00, MeCN). 

Optical rotation of alcohol, [α]D
22

 = +6.9 (c = 1.00, CHCl3). 

Enantiomeric excess, 99% ee was measured by HPLC (CHIRALCEL OD, 

n-hexane : i-PrOH = 97 : 3, 1.0 mL/min, wavelength = 210 nm, 28 °C); tR = 

12.951 min (major), tR = 14.476 min (minor).  



 

２５１ 

 

[Racemic alcohol for 2g] 

 

[Enantioenriched alcohol for 2g] 

 



 

２５２ 

 

Potassium (S)-trifluoro(1,2,3,4-tetrahydronaphthalen-1-yl)trifluoroborate 

(Table S5.10, 2h). 

 

 

 

Following General Procedure F from corresponding boronic acid pinacol 

ester, trifluoroborate salt 2h was isolated as a white solid. The enantiomeric 

excess (88% ee) was analyzed using the corresponding oxidized alcohol 

following General Procedure J. 

1H NMR (400 MHz, DMSO-d6)
 δ 7.17 (d, J = 7.4 Hz, 1H), 6.90–6.71 (m, 

3H), 2.56 (t, J = 6.3 Hz, 2H), 1.95–1.82 (m, 1H), 1.76–1.61 (m, 2H), 

1.61–1.50 (m, 1H), 1.49–1.36 (m, 1H) ppm. 

13C NMR (126 MHz, DMSO-d6) δ 145.19, 135.74, 129.46, 127.72, 123.89, 

121.81, 30.31, 25.63, 21.96 ppm. 

19F NMR (376 MHz, DMSO-d6) δ –139.41 ppm. 

11B NMR (128 MHz, DMSO-d6) δ 4.51 ppm. 

HRMS (ESI) calculated for [C10H11BF3, M–K]: 199.0911, found: 199.0917. 

Optical rotation, [α]D
22

 = –9.2 (c = 1.00, MeCN). 

Optical rotation of alcohol, [α]D
22

 = +25.1 (c = 1.00, CHCl3). 

Enantiomeric excess, 88% ee was measured by HPLC (CHIRALPAK IA, n-

hexane : i-PrOH = 97 : 3, 1.0 mL/min, wavelength = 210 nm, 28 °C); tR = 

9.239 min (major), tR = 10.136 min (minor).  



 

２５３ 

 

[Racemic alcohol for 2h] 

 

[Enantioenriched alcohol for 2h] 

 



 

２５４ 

 

Potassium (S)-(3-ethoxy-3-oxo-1-phenylpropyl)trifluoroborate (Table 

S5.10, 2i).  

 

 

 

Following General Procedure F from corresponding boronic acid pinacol 

ester, trifluoroborate salt 2i was isolated as a white solid. The enantiomeric 

excess (85% ee) was analyzed using the corresponding oxidized alcohol 

following General Procedure J. 

1H NMR (500 MHz, DMSO-d6)
 δ 7.10–7.00 (m, 4H), 6.92–6.86 (m, 1H), 

3.82 (q, J = 3.8 Hz, 1H), 2.53–2.47 (m, 1H), 2.44–2.35 (m, 1H), 

2.00–1.91 (m, 1H), 0.97 (t, J = 7.1 Hz, 3H) ppm. 

13C NMR (126 MHz, DMSO-d6) δ 174.70, 148.55, 127.89, 126.82, 122.73, 

58.66, 36.83, 35.66, 14.13 ppm. 

19F NMR (471 MHz, DMSO-d6) δ –143.04 ppm. 

11B NMR (161 MHz, DMSO-d6) δ 3.81 ppm. 

HRMS (ESI) calculated for [C11H13BF3O2, M–K]: 245.0961, found: 

245.0965. 

Optical rotation, [α]D
22

 = +36.7 (c = 1.00, MeCN).  

Enantiomeric excess, 85% ee was measured by HPLC (CHIRALPAK IA, n-

hexane : i-PrOH = 99 : 1, 1.0 mL/min, wavelength = 254 nm, 28 °C); tR = 

26.481 min (major), tR = 24.440 min (minor).  



 

２５５ 

 

[Racemic alcohol for 2i] 

 

[Enantioenriched alcohol for 2i] 

 



 

２５６ 

 

Potassium (S)-(3-oxo-1,3-diphenylpropyl)trifluoroborate (Table S5.10, 

2j).  

 

 

Following General Procedure F from corresponding boronic acid pinacol 

ester, trifluoroborate salt 2j was isolated as a white solid. The enantiomeric 

excess (94% ee) was analyzed using the corresponding oxidized alcohol 

following General Procedure J. 

1H NMR (400 MHz, DMSO-d6)
 δ 7.83 (d, J = 7.6 Hz, 2H), 7.54 (t, J = 7.3 

Hz, 1H), 7.45 (t, J = 7.6 Hz, 2H), 7.07–6.93 (m, 4H), 6.91–6.80 (m, 

1H), 3.23 (dd, J = 15.5, 3.7 Hz, 1H), 3.06 (dd, J = 15.4, 11.0 Hz, 

1H), 2.19–2.05 (m, 1H) ppm. 

13C NMR (126 MHz, DMSO-d6) δ 202.06, 148.78, 137.47, 132.19, 128.42, 

127.98, 127.77, 126.77, 122.54, 41.27, 35.84 ppm. 

19F NMR (376 MHz, DMSO-d6) δ –142.64 ppm.  

11B NMR (128 MHz, DMSO-d6) δ 4.50 ppm. 

HRMS (ESI) calculated for [C15H13BF3O, M–K]: 277.1017, found: 277.1012. 

Optical rotation, [α]D
22

 = +54.5 (c = 1.00, MeOH).  

Enantiomeric excess, 94% ee was measured by HPLC (CHIRALCEL OD, 

n-hexane : i-PrOH = 95 : 5, 1.0 mL/min, wavelength = 210 nm, 28 °C); tR = 

17.992 min (major), tR = 21.941 min (minor).  



 

２５７ 

 

[Racemic alcohol for 2j] 

 

[Enantioenriched alcohol for 2j] 

 



 

２５８ 

 

Potassium (S)-(1,2-diphenylethyl)trifluoroborate (Table S5.10, 2k). 

 

 

Following General Procedure F from corresponding boronic acid pinacol 

ester, trifluoroborate salt 2k was isolated as a white solid. The enantiomeric 

excess (98% ee) was analyzed using the corresponding oxidized alcohol 

following General Procedure J. 

1H NMR (500 MHz, DMSO-d6)
 δ 7.10–7.00 (m, 2H), 7.00–6.90 (m, 7H), 

6.85–6.75 (m, 1H), 3.04–2.93 (m, 1H), 2.86–2.74 (m, 1H), 1.97–

1.87 (m, 1H) ppm. 

13C NMR (126 MHz, DMSO-d6) δ 149.21, 145.21, 128.40, 128.38, 127.44, 

126.63, 124.29, 122.18, 41.78, 37.19 ppm. 

19F NMR (471 MHz, DMSO-d6) δ –142.29 ppm. 

11B NMR (161 MHz, DMSO-d6) δ 4.16 ppm. 

HRMS (ESI) calculated for [C14H13BF3, M–K]: 249.1062, found: 249.1066. 

Optical rotation, [α]D
22

 = +95.7 (c = 1.05, MeCN). 

Optical rotation of alcohol, [α]D
22

 = –32.5 (c = 1.00, CHCl3). 

Enantiomeric excess, 98% ee was measured by HPLC (CHIRALCEL OD, 

n-hexane : i-PrOH = 97 : 3, 1.0 mL/min, wavelength = 254 nm, 28 °C); tR = 

18.469 min (major), tR = 16.510 min (minor).  



 

２５９ 

 

[Racemic alcohol for 2k] 

 

[Enantioenriched alcohol for 2k] 

 



 

２６０ 

 

Potassium (S)-(1-phenylpropyl)trifluoroborate (Table S5.10, 2l).  

 

 

 

Following General Procedure F from corresponding boronic acid pinacol 

ester, trifluoroborate salt 2l was isolated as a white solid. The enantiomeric 

excess (98% ee) was analyzed using the corresponding oxidized alcohol 

following General Procedure J. 

1H NMR (400 MHz, DMSO-d6) δ 7.09–6.95 (m, 4H), 6.92–6.81(m, 1H), 

1.76–1.57 (m, 1H), 1.53–1.38 (m, 1H), 1.37–1.25 (m, 1H), 0.66 (t, 

J = 7.2 Hz, 3H) ppm. 

13C NMR (126 MHz, DMSO-d6) δ 150.51, 128.30, 126.73, 122.14, 42.34, 

24.37, 14.60 ppm. 

19F NMR (376 MHz, DMSO-d6) δ –141.26 ppm. 

11B NMR (128 MHz, DMSO-d6) δ 3.85 ppm. 

HRMS (ESI) calculated for [C9H11BF3, M–K]: 187.0911, found: 187.0917 

Optical rotation, [α]D
22

 = +18.2 (c = 1.00, MeOH). 

Enantiomeric excess, 98% ee was measured by HPLC (CHIRALPAK IA, n-

hexane : i-PrOH = 99 : 1, 1.0 mL/min, wavelength = 210 nm, 28 °C); tR = 

14.216 min (major), tR = 13.584 min (minor).  



 

２６１ 

 

[Racemic alcohol for 2l] 

 

[Enantioenriched alcohol for 2l] 

 



 

２６２ 

 

Potassium (R)-(3-acetoxy-1-phenylpropyl)trifluoroborate (Table S5.10, 

(R)-2m).  

 

 

Following General Procedure F from corresponding boronic acid pinacol 

ester, trifluoroborate salt (R)-2m was isolated as a white solid. The 

enantiomeric excess (99.5% ee) was analyzed using the corresponding 

oxidized alcohol following General Procedure J. 

1H NMR (500 MHz, DMSO-d6)
 δ 7.12–6.97 (m, 4H), 6.95–6.86 (m, 1H), 

3.78 (t, J = 7.6 Hz, 1H), 1.97–1.86 (m, 1H), 1.92 (s, 3H), 1.79–1.69 

(m, 1H), 1.57–1.47 (m, 1H) ppm.  

13C NMR (126 MHz, DMSO-d6) δ 170.48, 149.50, 128.05, 127.01, 122.59, 

65.16, 35.96, 30.65, 20.83 ppm. 

19F NMR (471 MHz, DMSO-d6) δ –141.95 ppm. 

11B NMR (161 MHz, DMSO-d6) δ 3.94 ppm. 

HRMS (ESI) calculated for [C11H13BF3O2, M–K]: 245.0961, found: 

245.0964. 

Optical rotation, [α]D
22

 = –9.4 (c = 1.00, MeCN). 

Enantiomeric excess, 99.5% ee was measured by HPLC (CHIRALCEL OD, 

n-hexane : i-PrOH = 95 : 5, 1.0 mL/min, wavelength = 254 nm, 28 °C); tR = 

17.849min (major), tR = 16.393 min (minor).  



 

２６３ 

 

[Racemic alcohol for (R)-2m] 

 

[Enantioenriched alcohol for (R)-2m] 

 



 

２６４ 

 

(S)-3-phenyl-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)propyl 

benzoate (S2n) 

 

 

 

Following General Procedure B from corresponding styrene derivative, 

boronic acid pinacol ester S2n was isolated as a white solid. The enantiomeric 

excess (>99% ee) was analyzed using the corresponding oxidized alcohol 

following General Procedure J. 

1H NMR (400 MHz, CDCl3) δ 8.02 (d, J = 7.6 Hz, 2H), 7.55 (t, J = 7.2 Hz, 

1H), 7.43 (t, J = 7.5 Hz, 2H), 7.32–7.20 (m, 4H), 7.16 (t, J = 6.7 Hz, 

1H), 4.35–4.17 (m, 2H), 2.55 (t, J = 7.8 Hz, 1H), 2.37–2.25 (m, 1H), 

2.22–2.08 (m, 1H), 1.21 (d, J = 10.2 Hz, 12H) ppm. 

13C NMR (126 MHz, CDCl3) δ 166.71, 142.06, 132.90, 130.63, 129.72, 

128.66, 128.58, 128.41, 125.70, 83.70, 64.35, 31.36, 24.78, 24.71 

ppm. 

11B NMR (128 MHz, CDCl3) δ 33.04.ppm.  

HRMS (ESI) calculated for [C22H27BO4+H]+: 367.2075, found: 367.2078. 

 

 

 



 

２６５ 

 

Potassium (S)-(3-(benzoyloxy)-1-phenylpropyl)trifluoroborate (Table 

S5.10, 2n).  

 

Following General Procedure F from corresponding boronic acid pinacol 

ester S2n, trifluoroborate salt 2n was isolated as a white solid. The 

enantiomeric excess (>99% ee) was analyzed using the corresponding 

oxidized alcohol following General Procedure J. 

1H NMR (400 MHz, DMSO-d6) δ 7.88 (d, J = 8.0 Hz, 2H), 7.62 (t, J = 7.1 

Hz, 1H), 7.49 (t, J = 7.7 Hz, 2H), 7.12–7.02 (m, 4H), 6.96–6.86 (m, 

1H), 4.13–3.97 (m, 2H), 2.13–2.01 (m, 1H), 1.94–1.80 (m, 1H), 

1.68–1.56 (m, 1H) ppm. 

13C NMR (126 MHz, DMSO-d6) δ 165.80, 149.52, 132.96, 130.23, 128.97, 

128.61, 128.07, 126.99, 122.55, 65.87, 35.72, 30.80 ppm. 

19F NMR (376 MHz, DMSO-d6) δ –142.01 ppm.  

11B NMR (128 MHz, DMSO-d6) δ 4.32 ppm.  

HRMS (ESI) calculated for [C16H15BF3O2, M–K]: 307.1123, found: 

307.1135. 

Optical rotation, [α]D
22

 = +33.7 (c = 1.00, MeOH). 

Optical rotation of alcohol, [α]D
22

 = +11.1 (c = 1.00, CHCl3). 

Enantiomeric excess, >99% ee was measured by HPLC (CHIRALCEL OD, 

n-hexane : i-PrOH = 97 : 3, 1.0 mL/min, wavelength = 210 nm, 

28 °C); tR = 29.748 min (major), tR = 32.069 min (minor).  



 

２６６ 

 

[Racemic alcohol for 2n] 

 

 

[Enantioenriched alcohol for 2n] 

 



 

２６７ 

 

Potassium (S)-(3-(benzoyloxy)-1-phenylpropyl)trifluoroborate (S2o). 

 

 

Following General Procedure B from corresponding styrene derivative, 

boronic acid pinacol ester S2o was isolated as a colorless liquid. The 

enantiomeric excess (>99% ee) was analyzed using the corresponding 

oxidized alcohol following General Procedure J. 

1H NMR (400 MHz, DMSO-d6) δ 7.88 (d, J = 8.0 Hz, 2H), 7.62 (t, J = 7.1 

Hz, 1H), 7.49 (t, J = 7.7 Hz, 2H), 7.12–7.02 (m, 4H), 6.96–6.86 (m, 

1H), 4.13–3.97 (m, 2H), 2.13–2.01 (m, 1H), 1.94–1.80 (m, 1H), 

1.68–1.56 (m, 1H) ppm. 

13C NMR (126 MHz, DMSO-d6) δ 165.80, 149.52, 132.96, 130.23, 128.97, 

128.61, 128.07, 126.99, 122.55, 65.87, 35.72, 30.80 ppm. 

19F NMR (376 MHz, DMSO-d6) δ –142.01 ppm.  

11B NMR (128 MHz, DMSO-d6) δ 4.32 ppm.  

HRMS (ESI) calculated for [C21H33BO4+H]+: 361.2545, found: 361.2556. 

 

 

 



 

２６８ 

 

Potassium (S)-(3-(hexanoyloxy)-1-phenylpropyl)trifluoroborate (Table 

S5.10, 2o).  

 

 

Following General Procedure F from corresponding boronic acid pinacol 

ester S2o, trifluoroborate salt 2o was isolated as a beige syrup. The 

enantiomeric excess (99% ee) was analyzed using the corresponding oxidized 

alcohol following General Procedure J. 

 

1H NMR (400 MHz, DMSO-d6)
 δ 7.11–6.97 (m, 4H), 6.89 (t, J = 7.0 Hz, 1H), 

3.78 (t, J = 7.4 Hz, 2H), 2.18 (t, J = 7.2 Hz, 2H), 1.98–1.83 (m, 1H), 

1.80–1.63 (m, 1H), 1.55–1.41 (m, 3H), 1.33–1.12 (m, 4H), 0.85 (t, 

J = 6.6 Hz, 3H) ppm. 

13C NMR (126 MHz, DMSO-d6) δ 172.96, 149.54, 128.02, 126.93, 122.51, 

64.92, 35.68, 33.57, 30.68, 30.66, 24.21, 21.77, 13.80 ppm. 

19F NMR (376 MHz, DMSO-d6) δ –142.05 ppm.  

11B NMR (128 MHz, DMSO-d6) δ 4.22 ppm.  

HRMS (ESI) calculated for [C15H21BF3O2, M–K]: 301.1592, found: 

301.1595. 

Optical rotation, [α]D
22

 = +33.9 (c = 1.00, MeOH). 

Optical rotation of alcohol, [α]D
22

 = –5.9 (c = 1.00, CHCl3). 

Enantiomeric excess, 99% ee was measured by HPLC (CHIRALCEL OD, 

n-hexane : i-PrOH = 95 : 5, 1.0 mL/min, wavelength = 210 nm, 28 °C); tR = 

11.138 min (major), tR = 12.303 min (minor).  

  



 

２６９ 

 

[Racemic alcohol for 2o] 

 

[Enantioenriched alcohol for 2o] 

 



 

２７０ 

 

Potassium (S)-((3,5-di-tert-butyl-4-

methoxyphenyl)(phenyl)methyl)trifluoroborate (Table S5.10, 2p).  

 

 

Following General Procedure E from corresponding boronic acid pinacol 

ester, trifluoroborate salt 2p was isolated as a white solid. The enantiomeric 

excess (91% ee) was analyzed using the corresponding oxidized alcohol 

following General Procedure J. The spectral data are matched with literature 

data.6b 

 

1H NMR (400 MHz, DMSO-d6)
 δ 7.18 (d, J = 7.6 Hz, 2H), 7.14 (s, 2H), 7.06 

(t, J = 7.5 Hz, 2H), 6.90 (t, J = 7.3 Hz, 1H), 3.57 (s, 1H), 2.85 (m, 

1H), 1.33 (s, 18H) ppm. 

Enantiomeric excess, 91% ee was measured by HPLC (CHIRALPAK IA, n-

hexane : i-PrOH = 99 : 1, 1.0 mL/min, wavelength = 210 nm, 28 °C); tR = 

17.541 min (major), tR = 20.792 min (minor).  



 

２７１ 

 

[Racemic alcohol for 2p] 

 

[Enantioenriched alcohol for 2p] 

 



 

２７２ 

 

5.5.4. Procedure for the Preparation of Optimal Ligand L1 

General Procedure K 

 

   

4-(di((3S,5S,7S)-adamantan-1-yl)phosphaneyl)-2,6-diisopropyl-N,N 

dimethylaniline (L1) 

Aryl bromide (ArBr) as shown above was prepared according to literature 

procedure.6 Optimal ligand L1 was prepared according to a slightly modified 

literature procedure.13 In a nitrogen-filled glovebox, an oven-dried 50 mL 

round-bottom flask was charged with a magnetic stir bar, Pd2dba3 (0.25 mmol, 

5.0 mol% which is 10.0 mol% based on Pd, 230 mg), sodium tert-butoxide 

(7.5 mmol, 1.5 equiv, 721 mg) and aryl bromide (ArBr) (5.5 mmol, 1.1 equiv, 

1.56 g) and di-1-adamantylphosphine (5.0 mmol, 1.51 g). Subsequently, 

anhydrous toluene (0.3 M, 16.25 mL) was added to the mixture via a syringe. 

The reaction mixture was sealed with a rubber septum cap. The flask was 



 

２７３ 

 

removed from the glovebox and the reaction mixture was stirred in a pre-

heated oil bath (110 °C) overnight under nitrogen atmosphere. After that time, 

the resulting mixture was concentrated under reduced pressure and quenched 

with water, then extracted with DCM (three times). The combined organic 

layer was dried over Na2SO4, filtered and concentrated under reduced 

pressure. Subsequently, 100 mL of DCM/EtOH mixture (v/v = 1 : 20) were 

added to the resulting residue and concentrated under reduced pressure. 

During evaporation, orange solid was generated. The orange solid formed was 

filtered and washed with EtOH (100 mL). The ethanol filtrate was discarded. 

Then the remaining filter cake was washed with DCM (100 mL). At this point, 

an unidentified black solid was formed and removed as filter cake. The 

combined DCM filtrate was concentrated under reduced pressure. The 

resulting residue was filtered and washed with EtOH (100 mL). The resulting 

product was finally dried overnight under high vacuum to afford the desired 

product L1 as yellowdish beige solid as shown above (1.9 g, 75% yield). 

1H NMR (400 MHz, C6D6) δ 7.74 (d, J = 7.2 Hz, 2H), 3.49–3.34 (m, 2H), 

2.71 (s, 6H), 2.25–2.06 (m, 12H), 1.87 (s, 6H), 1.68–1.57 (m, 12H), 

1.36 (d, J = 5.3 Hz, 12H) ppm. 

13C NMR (126 MHz, C6D6) δ 148.36, 132.84, 132.67, 128.35, 128.17, 127.97, 

44.30, 42.34 (d, J = 12.5 Hz), 37.39, 36.97, 36.79, 29.34 (d, J = 8.3 

Hz), 28.55, 24.80 ppm (observed complexity is due to C–P 

coupling). 

31P NMR (162 MHz, C6D6) δ 40.70 ppm. 

HRMS (ESI) calculated for [C34H52NP+H]+: 506.3910, found: 506.3911. 



 

２７４ 

 

5.5.5. General Procedure for Pd-Catalyzed Stereospecific Couplings 

General Procedure L 

 

In a nitrogen-filled glovebox, an oven-dried 4 mL dram-vial (or screw capped 

reaction tube) was charged with a magnetic stir bar, Pd2dba3 (0.005 mmol, 2.5 

mol% which is 5.0 mol% based on Pd, 4.58 mg), L1 (0.015 mmol, 7.5 mol%, 

7.59 mg), (S)-2 (0.2 mmol) and Na2CO3 (0.4 mmol, 2.0 equiv, 42.4 mg). 

Subsequently, 2.4 mL of dichloroethane (DCE) and the corresponding 

carbonyl chloride 1 or carbamoyl chloride 1’ was added to the mixture via a 

syringe, in that order. The reaction mixture was sealed with screw cap. The 

vial (or reaction tube) was removed from the glovebox and the reaction 

mixture was stirred in a pre-heated oil bath for 18 hours. The crude mixture 

was then diluted with NH4Cl (sat.) and extracted with ethyl acetate (three 

times). The combined organic layer was dried over Na2SO4, filtered and 

concentrated in vacuum. The crude product was purified by flash column 

chromatography using silica gel and diethyl ether/hexanes as eluents. The 

racemic product 3 was prepared using (±)-2. Enantiomeric excess was 

determined by HPLC analysis. 

 



 

２７５ 

 

5.5.6. Determination of the Yields, Optical Rotations and ee Values 

(R)-1,2-diphenylpropan-1-one (Table 5.2, 3aa). 

 

 

 

Following General Procedure L, the crude product was purified by silica gel 

chromatography (gradient elution: full hexanes to 5% ether in hexanes) to 

provide 3aa as a yellowish liquid (29 mg, 68%, 96% ee, 99% es). The spectral 

data are matched with literature data and the value of optical rotation is 

consistent with (R)-form based on literature.14 

1H NMR (500 MHz, CDCl3) δ 8.00–7.92 (m, 2H), 7.50–7.44 (m, 1H), 7.38 

(m, 2H), 7.30 (m, 4H), 7.21 (m, 1H), 4.70 (q, J = 6.8 Hz, 1H), 1.55 

(d, J = 6.9 Hz, 2H) ppm. 

13C NMR (126 MHz, CDCl3) δ 200.41, 141.58, 136.59, 132.87, 129.08, 

128.87, 128.58, 127.87, 126.99, 48.00, 19.62 ppm. 

Optical rotation, [α]
D

22 = –139.2 (c = 1.05, CH2Cl2).  

Enantiomeric excess, 96% ee was measured by HPLC (CHIRALPAK AD, 

n-hexane : i-PrOH = 98.5 : 1.5, 1.0 mL/min, wavelength = 254 nm, 24 °C); 

tR = 7.638 min (major), tR = 8.664 min (minor).  



 

２７６ 

 

[Racemic 3aa] 

 

[Enantioenriched 3aa] 

 

 



 

２７７ 

 

(R)-1-phenyl-2-(p-tolyl)propan-1-one (Table 5.2, 3ab). 

 

 

Following General Procedure L, the crude product was purified by silica gel 

chromatography (gradient elution: full hexanes to 5% ether in hexanes) to 

provide 3ab as a colorless liquid (34 mg, 75%, 97% ee, 98% es). The spectral 

data are matched with literature data.14 

1H NMR (500 MHz, CDCl3) δ 7.97 (d, J = 7.5 Hz, 2H), 7.47 (t, J = 7.3 Hz, 

1H), 7.38 (m, 2H), 7.19 (d, J = 7.9 Hz, 2H), 7.11 (d, J = 7.7 Hz, 

2H), 4.67 (q, J = 6.8 Hz, 1H), 2.29 (s, 3H), 1.53 (d, J = 6.8 Hz, 3H) 

ppm. 

13C NMR (126 MHz, CDCl3) δ 200.55, 138.58, 136.64, 136.61, 132.81, 

129.79, 128.88, 128.56, 127.74, 47.60, 21.13, 19.64 ppm.  

Optical rotation, [α]
D

22 = –113.9 (c = 1.35, CH2Cl2). 

Enantiomeric excess, 97% ee was measured by HPLC (CHIRALCEL OD, 

n-hexane : i-PrOH = 99 : 1, 1.0 mL/min, wavelength = 210 nm, 28 °C); tR = 

7.190 min (major), tR = 6.116 min (minor).  



 

２７８ 

 

[Racemic 3ab] 

 

[Enantioenriched 3ab from (S)-2b, 99% ee] 

 

 

 



 

２７９ 

 

(R)-1-phenyl-2-(p-tolyl)propan-1-one (Table 5.2, (S)-3ab) 

 

Following General Procedure L, the crude product was purified by silica gel 

chromatography (gradient elution: full hexanes to 5% ether in hexanes) to 

provide (S)-3ab as a colorless liquid (33 mg, 73%, 97% ee, 98% es). The 

spectral data are matched with literature data.14   

1H NMR (400 MHz, CDCl3) δ 7.99–7.90 (m, 2H), 7.47 (t, J = 7.4 Hz, 1H), 

7.38 (m, 2H), 7.18 (d, J = 7.9 Hz, 2H), 7.11 (d, J = 7.7 Hz, 2H), 

4.66 (q, J = 6.7 Hz, 1H), 2.29 (s, 3H), 1.52 (d, J = 6.8 Hz, 3H) ppm. 

13C NMR (126 MHz, CDCl3) δ 200.56, 138.58, 136.63, 136.62, 132.84, 

129.81, 128.89, 128.58, 127.74, 47.61, 21.15, 19.65 ppm. 

Optical rotation, [α]
D

22 = +135.9 (c = 1.00, CH2Cl2). 

Enantiomeric excess, 97% ee was measured by HPLC (CHIRALCEL OD, 

n-hexane : i-PrOH = 99 : 1, 1.0 mL/min, wavelength = 210 nm, 28 °C); tR = 

6.388 min (major), tR = 7.587 min (minor).  



 

２８０ 

 

[Racemic 3ab] 

 

[Enantioenriched 3ab from (R)-2b, 99% ee] 

 

 



 

２８１ 

 

(R)-2-(4-methoxyphenyl)-1-phenylpropan-1-one (Table 5.2, 3ac). 

 

Following General Procedure L, the crude product was purified by silica gel 

chromatography (gradient elution: full hexanes to 5% ether in hexanes) to 

provide 3ac as a colorless liquid (40 mg, 85%, 94% ee, >99% es). The spectral 

data are matched with literature data.14  

1H NMR (500 MHz, CDCl3) δ 7.95 (d, J = 7.2 Hz, 2H), 7.47 (t, J = 7.4 Hz, 

1H), 7.38 (m, 2H), 7.20 (d, J = 8.7 Hz, 2H), 6.83 (d, J = 8.7 Hz, 

2H), 4.64 (q, J = 6.8 Hz, 1H), 3.75 (s, 3H), 1.51 (d, J = 6.8 Hz, 3H) 

ppm. 

13C NMR (126 MHz, CDCl3) δ 200.67, 158.60, 136.65, 133.62, 132.83, 

128.92, 128.88, 128.59, 114.51, 55.34, 47.11, 19.65 ppm. 

Optical rotation, [α]
D

22 = –114.3 (c = 1.30, CH2Cl2). 

Enantiomeric excess, 94% ee was measured by HPLC (CHIRALCEL OJ, n-

hexane : i-PrOH = 96 : 4, 1.0 mL/min, wavelength = 210 nm, 28 °C); tR = 

24.024 min (major), tR = 19.050 min (minor).  



 

２８２ 

 

[Racemic 3ac] 

 

[Enantioenriched 3ac] 

 

 



 

２８３ 

 

(R)-1-phenyl-2-(4-(trifluoromethyl)phenyl)propan-1-one (Table 5.2, 

3ad) 

 

Following General Procedure L, the crude product was purified by silica gel 

chromatography (gradient elution: full hexanes to 5% ether in hexanes) to 

provide 3ad as a yellowish liquid (46 mg, 83%, 97% ee, >99% es). The 

spectral data are matched with literature data and the value of optical rotation 

is opposite to the (S)-form based on literature.15 

1H NMR (500 MHz, CDCl3) δ 7.95 (d, J = 7.5 Hz, 2H), 7.56 (d, J = 8.0 Hz, 

2H), 7.51 (t, J = 7.3 Hz, 1H), 7.41 (m, 4H), 4.78 (q, J = 6.8 Hz, 1H), 

1.56 (d, J = 6.9 Hz, 3H) ppm. 

13C NMR (126 MHz, CDCl3) δ 199.78, 145.49, 136.25, 133.32, 129.40 (q, J 

= 32.7 Hz), 128.86, 128.81, 128.31, 124.21 (q, J = 272.0 Hz), 

126.06 (q, J = 3.7 Hz), 47.64, 19.56 ppm. 

19F NMR (376 MHz, CDCl3) δ –62.57 ppm. 

Optical rotation, [α]
D

22 = –87.3 (c = 1.00, CH2Cl2).  

Enantiomeric excess, 97% ee was measured by HPLC (CHIRALCEL OD, 

n-hexane : i-PrOH = 99 : 1, 1.0 mL/min, wavelength = 210 nm, 28 °C); tR = 

8.396 min (major), tR = 6.562 min (minor).  

 



 

２８４ 

 

[Racemic 3ad] 

 

[Enantioenriched 3ad] 

 

 



 

２８５ 

 

(R)-2-(4-fluorophenyl)-1-phenylpropan-1-one (Table 5.2, 3ae) 

 

Following General Procedure L, the crude product was purified by silica gel 

chromatography (gradient elution: full hexanes to 5% ether in hexanes) to 

provide 3ae as a colorless liquid (40 mg, 88%, 99% ee, >99% es). The spectral 

data are matched with literature data.16  

1H NMR (500 MHz, CDCl3) δ 7.94 (d, J = 7.6 Hz, 2H), 7.49 (t, J = 7.2 Hz, 

1H), 7.39 (m, 2H), 7.26 (m, 2H), 6.98 (m, 2H), 4.69 (q, J = 6.7 Hz, 

1H), 1.52 (d, J = 6.8 Hz, 3H) ppm. 

13C NMR (126 MHz, CDCl3) δ 200.32, 161.86 (d, J = 245.5 Hz), 137.21 (d, 

J = 3.3 Hz), 136.38, 133.04, 129.40 (d, J = 8.0 Hz), 128.82, 128.66, 

115.92 (d, J = 21.4 Hz), 47.04, 19.68 ppm.  

19F NMR (376 MHz, CDCl3) δ –115.84 ppm. 

Optical rotation, [α]
D

22 = –117.2 (c = 2.00, CH2Cl2). 

Enantiomeric excess, 99% ee was measured by HPLC (CHIRALCEL OD, 

n-hexane : i-PrOH = 99 : 1, 1.0 mL/min, wavelength = 210 nm, 28 °C); tR = 

8.116 min (major), tR = 6.882 min (minor). 



 

２８６ 

 

[Racemic 3ae] 

 

[Enantioenriched 3ae] 

 

 



 

２８７ 

 

(R)-2-(naphthalen-2-yl)-1-phenylpropan-1-one (Table 5.2, 3af) 

 

Following General Procedure L, the crude product was purified by silica gel 

chromatography (gradient elution: full hexanes to 5% ether in hexanes) to 

provide 3af as white solid (31 mg, 60%, 92% ee, 95% es). The spectral data 

are matched with literature data.14   

1H NMR (500 MHz, CDCl3) δ 8.00 (d, J = 7.5 Hz, 2H), 7.86–7.69 (m, 4H), 

7.50–7.40 (m, 4H), 7.40–7.32 (m, 2H), 4.86 (q, J = 6.8 Hz, 1H), 

1.62 (d, J = 6.7 Hz, 3H) ppm. 

13C NMR (126 MHz, CDCl3) δ 200.24, 138.99, 136.45, 133.66, 132.80, 

132.35, 128.79, 128.48, 127.71, 127.61, 126.41, 126.16, 125.93, 

125.77, 48.03, 19.54 ppm. 

Optical rotation, [α]
D

22 = –139.2 (c = 1.30, CH2Cl2). 

Enantiomeric excess, 92% ee was measured by HPLC (CHIRALCEL OD, 

n-hexane : i-PrOH = 99 : 1, 1.0 mL/min, wavelength = 210 nm, 28 °C); tR = 

10.245 min (major), tR = 8.701 min (minor).  



 

２８８ 

 

[Racemic 3af] 

 

[Enantioenriched 3af] 

 

 



 

２８９ 

 

(R)-(2,3-dihydro-1H-inden-1-yl)(phenyl)methanone (Table 5.2, 3ag) 

 

Following General Procedure L, the crude product was purified by silica gel 

chromatography (gradient elution: full hexanes to 5% ether in hexanes) to 

provide 3ag as a colorless liquid (31 mg, 70%, 90% ee, 91% es).  

1H NMR (500 MHz, CDCl3) δ 8.07 (d, J = 7.4 Hz, 2H), 7.62 (t, J = 7.4 Hz, 

1H), 7.57–7.49 (m, 2H), 7.32–7.27 (m, 1H), 7.20 (t, J = 7.3 Hz, 1H), 

7.14–7.03 (m, 2H), 5.06 (t, J = 7.5 Hz, 1H), 3.25–3.11 (m, 1H), 

3.09–2.97 (m, 1H), 2.61–2.37 (m, 2H) ppm. 

13C NMR (126 MHz, CDCl3) δ 200.42, 144.63, 141.45, 137.04, 133.13, 

128.90, 128.72, 127.30, 126.29, 125.01, 124.80, 52.50, 31.99, 

29.61 ppm. 

HRMS (ESI) calculated for [C16H14O+H]+: 223.1117, found: 223.1117. 

Optical rotation, [α]
D

22 = +42.1 (c = 1.30, CH2Cl2). 

Enantiomeric excess, 90% ee was measured by HPLC (CHIRALCEL OD, 

n-hexane : i-PrOH = 99 : 1, 1.0 mL/min, wavelength = 210 nm, 28 °C); tR = 

19.277 min (major), tR = 16.099 min (minor).  



 

２９０ 

 

[Racemic 3ag] 

 

[Enantioenriched 3ag] 

 

 



 

２９１ 

 

(R)-phenyl(1,2,3,4-tetrahydronaphthalen-1-yl)methanone (Table 5.2, 

3ah) 

 

Following General Procedure L, the crude product was purified by silica gel 

chromatography (gradient elution: full hexanes to 5% ether in hexanes) to 

provide 3ah as a colorless liquid (18 mg, 38%, 86% ee, 98% es). The spectral 

data are matched with literature data.17 

1H NMR (500 MHz, CDCl3) δ 8.01 (d, J = 7.9 Hz, 2H), 7.59 (t, J = 7.4 Hz, 

1H), 7.49 (t, J = 7.6 Hz, 2H), 7.19–7.14 (m, 2H), 7.12–7.05 (m, 1H), 

6.92 (d, J = 7.6 Hz, 1H), 4.84 (t, J = 6.6 Hz, 1H), 2.97–2.88 (m, 

1H), 2.87–2.78 (m, 1H), 2.22–2.13 (m, 1H), 2.13–2.03 (m, 1H), 

2.01–1.89 (m, 1H), 1.87–1.74 (m, 1H) ppm. 

13C NMR (126 MHz, CDCl3) δ 202.62, 137.72, 136.64, 134.75, 133.00, 

129.46, 129.41, 128.81, 128.72, 126.67, 125.89, 47.38, 29.30, 

27.62, 20.70 ppm. 

Optical rotation, [α]
D

22 = +32.0 (c = 1.00, CHCl3). 

Enantiomeric excess, 86% ee was measured by HPLC (CHIRALCEL OD, 

n-hexane : i-PrOH = 99 : 1, 1.0 mL/min, wavelength = 210 nm, 28 °C); tR = 

11.597 min (major), tR = 10.211 min (minor).  



 

２９２ 

 

[Racemic 3ah] 

 

[Enantioenriched 3ah] 

 



 

２９３ 

 

Ethyl (R)-4-oxo-3,4-diphenylbutanoate (Table 5.2, 3ai) 

 

Following General Procedure L, the crude product was purified by silica gel 

chromatography (gradient elution: full hexanes to 10% ether in hexanes) to 

provide 3ai as a yellowdish liquid (14 mg, 25%, 82% ee, 96% es).  

1H NMR (400 MHz, CDCl3) δ 7.97 (d, J = 7.5 Hz, 2H), 7.47 (m, 1H), 7.40–

7.35 (m, 2H), 7.33–7.24 (m, 5H), 5.09 (dd, J = 9.7, 5.0 Hz, 1H), 

4.10 (q, J = 7.1 Hz, 1H), 3.37 (dd, J = 16.9, 9.8 Hz, 1H), 2.72 (dd, 

J = 16.9, 5.0 Hz, 1H), 1.19 (t, J = 7.1 Hz, 2H) ppm. 

13C NMR (126 MHz, CDCl3) δ 198.79, 172.17, 143.48, 138.23, 133.09, 

129.29, 129.01, 128.63, 128.29, 127.59, 60.82, 49.66, 38.81, 14.25 

ppm. 

HRMS (ESI) calculated for [C18H18O+H]+: 283.1329, found: 283.1332.  

Optical rotation, [α]
D

22 = –108.1 (c = 1.25, CH2Cl2). 

Enantiomeric excess, 82% ee was measured by HPLC (CHIRALCEL OD, 

n-hexane : i-PrOH = 99 : 1, 1.0 mL/min, wavelength = 210 nm, 28 °C); tR = 

30.611 min (major), tR = 37.847 min (minor).  



 

２９４ 

 

[Racemic 3ai]  

 

 

[Enantioenriched 3ai] 

 



 

２９５ 

 

(R)-1,2,4-triphenylbutane-1,4-dione (Table 5.2, 3aj) 

 

Following General Procedure L, the crude product was purified by silica gel 

chromatography (gradient elution: full hexanes to 10% ethyl acetate in 

hexanes) to provide 3aj as a yellowdish liquid (23 mg, 26%, 89% ee, 95% es). 

The spectral data are matched with literature data.18  

(Note: 3aj and dba derived from Pd2(dba)3 are inseparable; the purified 

product has a ratio of 3aj and dba of 2.5:1) 

1H NMR (400 MHz, CDCl3) δ 8.06–7.96 (m, 4H), 7.56 (t, J = 7.4 Hz, 1H), 

7.51–7.37 (m, 7H), 7.31 (t, J = 7.6 Hz, 2H), 7.26–7.19 (m, 1H), 

5.33 (dd, J = 10.1, 3.7 Hz, 1H), 4.22 (dd, J = 18.0, 10.1 Hz, 1H), 

3.31 (dd, J = 18.0, 3.7 Hz, 1H) ppm. 

13C NMR (126 MHz, CDCl3) δ 198.96, 198.11, 138.71, 136.53, 133.29, 

132.93, 129.24, 129.02, 128.62, 128.54, 128.29, 128.21, 127.40, 

48.77, 43.92 ppm. 

Optical rotation, [α]
D

22 = –141.1 (c = 0.5, CHCl3). 

Enantiomeric excess, 89% ee was measured by HPLC (CHIRALCEL OD, 

n-hexane : i-PrOH = 99 : 1, 1.0 mL/min, wavelength = 210 nm, 28 °C); tR = 

28.556 min (major), tR = 24.011 min (minor).  



 

２９６ 

 

[Racemic 3aj]  

 

[Enantioenriched 3aj] 

 



 

２９７ 

 

(R)-1,2,3-triphenylpropan-1-one (Table 5.2, 3ak) 

 

Following General Procedure L, the crude product was purified by silica gel 

chromatography (gradient elution: full hexanes to 5% ether in hexanes) to 

provide 3ak as a white solid (17 mg, 30%, 96% ee, 98% es). The spectral data 

are matched with literature data and the value of optical rotation is opposite 

to the (S)-form based on literature.16 

1H NMR (500 MHz, CDCl3) δ 7.91 (d, J = 7.4 Hz, 2H), 7.45 (t, J = 7.3 Hz, 

1H), 7.38–7.31 (m, 2H), 7.29–7.23 (m, 4H), 7.23–7.17 (m, 3H), 

7.16–7.12 (m, 1H), 7.09 (d, J = 7.1 Hz, 2H), 4.82 (t, J = 7.2 Hz, 

1H), 3.58 (dd, J = 13.7, 7.5 Hz, 1H), 3.08 (dd, J = 13.7, 7.0 Hz, 1H) 

ppm. 

13C NMR (126 MHz, CDCl3) δ 199.33, 139.90, 139.20, 136.82, 132.98, 

129.26, 129.02, 128.81, 128.60, 128.41, 128.35, 127.27, 126.25, 

56.06, 56.03, 40.25 ppm. 

Optical rotation, [α]
D

22 = –71.3 (c = 1.00, CH2Cl2). 

Enantiomeric excess, 96% ee was measured by HPLC (CHIRALCEL OD, 

n-hexane : i-PrOH = 99 : 1, 1.0 mL/min, wavelength = 230 nm, 28 °C); tR = 

16.274 min (major), tR = 12.071 min (minor).  



 

２９８ 

 

[Racemic 3ak]  

 

[Enantioenriched 3ak] 

 



 

２９９ 

 

(R)-1,2-diphenylbutan-1-one (Table 5.2, 3al)  

 

Following General Procedure L using APhos (7.5 mol%) as the supporting 

ligand and Ag2CO3 (1.0 equiv) as additional additives, the crude product was 

purified by silica gel chromatography (gradient elution: full hexanes to 5% 

ether in hexanes) to provide 3al as a colorless liquid (8 mg, 17%, 91% ee, 93% 

es). The spectral data are matched with literature data.16 

1H NMR (400 MHz, CDCl3) δ 7.96 (d, J = 7.4 Hz, 2H), 7.48 (t, J = 7.3 Hz, 

1H), 7.39 (t, J = 7.8 Hz, 2H), 7.33–7.27 (m, 4H), 7.23–7.17 (m, 1H), 

4.44 (t, J = 7.3 Hz, 1H), 2.28–2.13 (m, 1H), 1.92–1.79 (m, 1H), 

0.91 (t, J = 7.4 Hz, 3H) ppm. 

13C NMR (126 MHz, CDCl3) δ 200.25, 139.78, 137.19, 132.91, 128.98, 

128.79, 128.63, 128.41, 127.10, 55.61, 27.28, 12.45 ppm. 

Optical rotation, [α]
D

22 = –74.7 (c = 1.00, CHCl3). 

Enantiomeric excess, 96% ee was measured by HPLC (CHIRALPAK IA, n-

hexane : i-PrOH = 99 : 1, 1.0 mL/min, wavelength = 210 nm, 28 °C); tR = 

6.097 min (major), tR = 5.337 min (minor).  



 

３００ 

 

[Racemic 3al] 

 

[Enantioenriched 3al] 

 



 

３０１ 

 

(S)-4-oxo-3,4-diphenylbutyl acetate (Table 5.2, (S)-3am) 

 

Following General Procedure L, the crude product was purified by silica gel 

chromatography (gradient elution: full hexanes to 20% ether in hexanes) to 

provide (S)-3am as a colorless liquid (35 mg, 61%, 93% ee, 94% es). The 

spectral data are matched with literature data and the value of optical rotation 

is consistent with (R)-form based on literature.15 

1H NMR (400 MHz, CDCl3) δ 8.00–7.91 (m, 2H), 7.52–7.45 (m, 1H), 7.43–

7.34 (m, 2H), 7.24–7.18 (m, 4H), 7.24–7.18 (m, 1H), 4.70 (t, J = 

7.3 Hz, 1H), 4.14–4.06 (m, 1H), 4.06–3.96 (m, 1H), 2.54 (td, J = 

13.9, 7.2 Hz, 1H), 2.16 (td, J = 13.4, 6.0 Hz, 1H), 2.00 (s, 3H) ppm. 

13C NMR (101 MHz, CDCl3) δ 199.01, 171.04, 138.77, 136.60, 133.10, 

129.25, 128.85, 128.67, 128.34, 127.47, 62.59, 50.36, 32.75, 21.03 

ppm. 

Optical rotation, [α]
D

22 = +130.3 (c = 1.00, CH2Cl2). 

Enantiomeric excess, 93% ee was measured by HPLC (CHIRALPAK IA, n-

hexane : i-PrOH = 97 : 3, 1.0 mL/min, wavelength = 254 nm, 28 °C); tR = 

7.990 min (major), tR = 8.846 min (minor).  



 

３０２ 

 

[Racemic 3am] 

 

 

[Enantioenriched 3am from (R)-2m, 99% ee] 

 



 

３０３ 

 

(R)-4-oxo-3,4-diphenylbutyl benzoate (Table 5.2, 3an) 

 

Following General Procedure L, the crude product was purified by silica gel 

chromatography (gradient elution: full hexanes to 20% ethyl acetate in 

hexanes) to provide 3an as a white solid (38 mg, 55%, 96% ee, 97% es). 

1H NMR (500 MHz, CDCl3) δ 7.97 (dd, J = 12.1, 8.0 Hz, 4H), 7.59–7.52 (m, 

1H), 7.50–7.45 (m, 1H), 7.43 (t, J = 7.5 Hz, 2H), 7.37 (t, J = 7.7 Hz, 

2H), 7.34–7.27 (m, 4H), 7.24–7.18 (m, 1H), 4.80 (t, J = 7.2 Hz, 1H), 

4.39–4.32 (m, 1H), 4.31–4.22 (m, 1H), 2.69 (td, J = 14.0, 7.1 Hz, 

1H), 2.31 (td, J = 13.5, 5.9 Hz, 1H) ppm. 

13C NMR (126 MHz, CDCl3) δ 198.88, 166.44, 143.35, 138.66, 136.44, 

133.02, 132.95, 129.56, 129.20, 128.79, 128.56, 128.37, 128.28, 

127.39, 63.03, 50.41, 32.76 ppm. 

HRMS (ESI) calculated for [C23H20O3+H]+: 345.1485, found: 345.1486. 

Optical rotation, [α]
D

22 = –105.2 (c = 1.00, CHCl3). 

Enantiomeric excess, 96% ee was measured by HPLC (CHIRALCEL OD, 

n-hexane : i-PrOH = 95 : 5, 1.0 mL/min, wavelength = 210 nm, 28 °C); tR = 

10.160 min (major), tR = 17.138 min (minor).  



 

３０４ 

 

[Racemic 3an] 

 

 

[Enantioenriched 3an] 

 



 

３０５ 

 

(R)-4-oxo-3,4-diphenylbutyl hexanoate (Table 5.2, 3ao) 

 

Following General Procedure L, the crude product was purified by silica gel 

chromatography (gradient elution: full hexanes to 20% ethyl acetate in 

hexanes) to provide 3ao as a colorless liquid (36 mg, 53%, 93% ee, 94% es).  

1H NMR (400 MHz, CDCl3) δ 7.96 (d, J = 8.1 Hz, 2H), 7.52–7.45 (m, 1H), 

7.39 (t, J = 7.7 Hz, 2H), 7.32–7.27 (m, 4H), 7.25–7.18 (m, 1H), 

4.71 (t, J = 7.2 Hz, 1H), 4.15–4.06 (m, 1H), 4.06–3.97 (m, 1H), 

2.54 (td, J = 13.8, 6.9 Hz, 1H), 2.26 (t, J = 7.5 Hz, 2H), 2.16 (td, J 

= 13.5, 6.2 Hz, 1H), 1.66–1.52 (m, 2H), 1.37–1.22 (m, 4H), 0.89 (t, 

J = 6.7 Hz, 3H) ppm. 

13C NMR (126 MHz, CDCl3) δ 199.05, 173.84, 138.81, 136.64, 133.11, 

129.25, 128.85, 128.67, 128.36, 127.46, 62.34, 50.33, 34.38, 32.83, 

31.46, 24.79, 22.46, 14.04 ppm. 

HRMS (ESI) calculated for [C22H26O3+H]+: 339.1955, found: 339.1956. 

Optical rotation, [α]
D

22 = –102.2 (c = 1.00, CHCl3). 

Enantiomeric excess, 93% ee was measured by HPLC (CHIRALPAK IA, n-

hexane : i-PrOH = 98 : 2, 1.0 mL/min, wavelength = 210 nm, 28 °C); tR = 

8.127 min (major), tR = 7.068 min (minor).  



 

３０６ 

 

[Racemic 3ao] 

 

 

[Enantioenriched 3ao] 

 



 

３０７ 

 

(R)-2-(3,5-di-tert-butyl-4-methoxyphenyl)-1,2-diphenylethan-1-one 

(Table 5.2, 3ap) 

 

Following General Procedure L, the crude product was purified by silica gel 

chromatography (gradient elution: full hexanes to 10% ethyl acetate in 

hexanes) to provide 3ap as a colorless liquid (25 mg, 30%, 88% ee, 97% es). 

1H NMR (400 MHz, CDCl3) δ 8.01 (d, J = 7.4 Hz, 2H), 7.51 (t, J = 7.3 Hz, 

1H), 7.42 (t, J = 7.7 Hz, 2H), 7.36–7.28 (m, 4H), 7.28–7.22 (m, 1H), 

7.14 (s, 2H), 5.96 (s, 1H), 3.67 (s, 3H), 1.37 (s, 18H) ppm. 

13C NMR (126 MHz, CDCl3) δ 198.79, 158.61, 143.66, 139.65, 137.37, 

132.95, 132.80, 129.24, 129.04, 128.77, 128.68, 127.64, 127.12, 

64.27, 59.46, 35.92, 32.21 ppm. 

HRMS (ESI) calculated for [C29H34O2+H]+: 415.2632, found: 415.2629. 

Optical rotation, [α]
D

22 = –14.5 (c = 0.5, MeOH). 

Enantiomeric excess, 88% ee was measured by HPLC (CHIRALCEL OD, 

n-hexane : i-PrOH = 99 : 1, 1.0 mL/min, wavelength = 210 nm, 28 °C); tR = 

5.047 min (major), tR = 8.680 (minor).  



 

３０８ 

 

[Racemic 3ap] 

 

 

[Enantioenriched 3ap] 

 



 

３０９ 

 

1,2,2-triphenylethan-1-one (Table 5.2, 3aq) 

 

Following General Procedure L, the crude product was purified by silica gel 

chromatography (gradient elution: full hexanes to 10% ethyl acetate in 

hexanes) to provide 3aq as a white solid (45 mg, 82%). The spectral data are 

matched with literature data.19 

1H NMR (400 MHz, CDCl3) δ 8.01 (d, J = 7.4 Hz, 2H), 7.51 (t, J = 7.3 Hz, 

1H), 7.42 (t, J = 7.7 Hz, 2H), 7.36–7.28 (m, 9H), 7.28–7.22 (m, 1H), 

7.14 (s, 2H), 5.96 (s, 1H), 3.67 (s, 3H), 1.37 (s, 18H) ppm. 

13C NMR (126 MHz, CDCl3) δ 198.32, 139.23, 136.98, 133.17, 129.29, 

129.11, 128.87, 128.76, 127.29, 59.57 ppm. 

 



 

３１０ 

 

(R)-1-(4-methoxyphenyl)-2-(p-tolyl)propan-1-one (Table 5.2, 3bb) 

 

Following General Procedure L, the crude product was purified by silica gel 

chromatography (gradient elution: full hexanes to 5% ether in hexanes) to 

provide 3bb as a yellowish solid (35 mg, 68%, 99% ee, >99% es). The 

spectral data are matched with literature data.20  

1H NMR (400 MHz, CDCl3) δ 7.95 (d, J = 8.8 Hz, 2H), 7.18 (d, J = 7.9 Hz, 

2H), 7.10 (d, J = 7.8 Hz, 2H), 6.85 (d, J = 8.8 Hz, 2H), 4.61 (q, J = 

6.8 Hz, 1H), 3.81 (s, 3H), 2.29 (s, 3H), 1.50 (d, J = 6.8 Hz, 3H). 

13C NMR (101 MHz, CDCl3) δ 199.11, 163.26, 139.05, 136.48, 131.16, 

129.75, 129.62, 127.67, 113.74, 55.50, 47.25, 21.13, 19.68 ppm. 

Optical rotation, [α]
D

22 = –76.1 (c = 1.10, CH2Cl2). 

Enantiomeric excess, 99% ee was measured by HPLC (CHIRALCEL OD, 

n-hexane : i-PrOH = 99 : 1, 0.6 mL/min, wavelength = 210 nm, 28 °C); tR = 

21.687 min (major), tR = 20.280 min (minor).  



 

３１１ 

 

[Racemic 3bb] 

 

[Enantioenriched 3bb] 

 

 

 



 

３１２ 

 

(R)-2-(p-tolyl)-1-(4-(trifluoromethyl)phenyl)propan-1-one (Table 5.2, 

3cb) 

 

Following General Procedure L, the crude product was purified by silica gel 

chromatography (gradient elution: full hexanes to 5% ether in hexanes) to 

provide 3cb as a colorless liquid (34 mg, 58%, 96% ee, 97% es).  

1H NMR (500 MHz, CDCl3) δ 8.02 (d, J = 8.1 Hz, 2H), 7.63 (d, J = 8.2 Hz, 

2H), 7.14 (d, J = 8.3 Hz, 2H), 7.11 (d, J = 8.2 Hz, 2H), 4.61 (q, J = 

6.8 Hz, 1H), 2.29 (d, J = 8.0 Hz, 3H), 1.52 (d, J = 6.8 Hz, 3H) ppm. 

13C NMR (126 MHz, CDCl3) δ 199.48, 139.33, 137.90, 137.04, 134.04 (q, J 

= 32.6 Hz), 130.04, 129.20, 127.71, 125.65 (q, J = 3.7 Hz), 123.70 

(q, J = 272.7 Hz), 48.25, 48.24, 21.15, 19.50 ppm. 

19F NMR (376 MHz, CDCl3) δ –63.20 ppm. 

HRMS (ESI) calculated for [C17H15F3O+H]+: 293.1148, found: 293.1148. 

Optical rotation, [α]
D

22 = +4.7 (c = 1.23, CH2Cl2). 

Enantiomeric excess, 96% ee was measured by HPLC (CHIRALCEL OD, 

n-hexane : i-PrOH = 99 : 1, 0.5 mL/min, wavelength = 210 nm, 28 °C); tR = 

19.277 min (major), tR = 16.099 min (minor).  



 

３１３ 

 

[Racemic 3cb] 

 

[Enantioenriched 3cb] 

 

 



 

３１４ 

 

(R)-1-(m-tolyl)-2-(p-tolyl)propan-1-one (Table 5.2, 3db).  

 

Following General Procedure L, the crude product was purified by silica gel 

chromatography (gradient elution: full hexanes to 5% ether in hexanes) to 

provide 3db as a colorless liquid (35 mg, 72%, 97% ee, 98% es).  

1H NMR (500 MHz, CDCl3) δ 7.79 (s, 1H), 7.75 (d, J = 7.2 Hz, 1H), 7.31–

7.23 (m, 2H), 7.19 (d, J = 7.9 Hz, 2H), 7.11 (d, J = 7.8 Hz, 2H), 

4.66 (q, J = 6.8 Hz, 1H), 2.36 (s, 3H), 2.29 (s, 3H), 1.52 (d, J = 6.8 

Hz, 3H) ppm. 

13C NMR (126 MHz, CDCl3) δ 200.80, 138.63, 138.34, 136.66, 136.56, 

133.63, 129.76, 129.37, 128.41, 127.73, 126.12, 47.52, 21.50, 

21.14, 19.66 ppm. 

HRMS (ESI) calculated for [C17H18O+H]+: 239.1430, found: 239.1430. 

Optical rotation, [α]
D

22 = –129.5 (c = 1.00, CH2Cl2). 

Enantiomeric excess, 97% ee was measured by HPLC (CHIRALCEL OD, 

n-hexane : i-PrOH = 99 : 1, 1.0 mL/min, wavelength = 210 nm, 28 °C); tR = 

6.724 min (major), tR = 6.058 min (minor).  



 

３１５ 

 

[Racemic 3db] 

 

[Enantioenriched 3db] 

 



 

３１６ 

 

(R)-1-(3-fluorophenyl)-2-(p-tolyl)propan-1-one (Table 5.2, 3eb).  

 

Following General Procedure L, the crude product was purified by silica gel 

chromatography (gradient elution: full hexanes to 5% ether in hexanes) to 

provide 3eb as a colorless liquid (30 mg, 62%, 94% ee, 95% es).  

1H NMR (400 MHz, CDCl3) δ 7.72 (d, J = 7.6 Hz, 1H), 7.63 (d, J = 9.5 Hz, 

1H), 7.40–7.29 (m, 1H), 7.21–7.06 (m, 5H), 4.59 (q, J = 6.7 Hz, 

1H), 2.29 (s, 3H), 1.52 (d, J = 6.8 Hz, 3H) ppm. 

13C NMR (101 MHz, CDCl3) δ 199.25 (d, J = 2.0 Hz), 162.85 (d, J = 247.6 

Hz), 138.75 (d, J = 6.2 Hz), 138.12, 136.87, 130.19 (d, J = 7.6 Hz), 

129.93, 127.69, 124.62 (d, J = 3.0 Hz), 119.84 (d, J = 21.5 Hz), 

115.63 (d, J = 22.4 Hz), 47.96, 21.15, 19.58 ppm. 

19F NMR (376 MHz, CDCl3) δ –112.04 ppm. 

HRMS (ESI) calculated for [C16H15FO+H]+: 243.1180, found: 243.1181. 

Optical rotation, [α]
D

22 = –62.4 (c = 1.00, CH2Cl2). 

Enantiomeric excess, 94% ee was measured by HPLC (CHIRALCEL OD, 

n-hexane : i-PrOH = 99 : 1, 1.0 mL/min, wavelength = 210 nm, 28 °C); tR = 

6.724 min (major), tR = 5.551 min (minor).  



 

３１７ 

 

[Racemic 3eb] 

 

[Enantioenriched 3eb] 

 



 

３１８ 

 

(R)-1-(o-tolyl)-2-(p-tolyl)propan-1-one (Table 5.2, 3fb).  

 

Following General Procedure L, the crude product was purified by silica gel 

chromatography (gradient elution: full hexanes to 5% ether in hexanes) to 

provide 3fb as a yellowish liquid (20 mg, 43%, 96% ee, 97% es).  

1H NMR (400 MHz, CDCl3) δ 7.52 (d, J = 7.6 Hz, 1H), 7.30–7.24 (m, 1H), 

7.20–7.04 (m, 6H), 4.49 (q, J = 6.8 Hz, 1H), 2.33 (s, 3H), 2.28 (s, 

3H), 1.52 (d, J = 6.9 Hz, 3H) ppm. 

13C NMR (126 MHz, CDCl3) δ 204.93, 140.11, 138.77, 137.97, 137.59, 

136.66, 131.68, 130.76, 129.62, 127.95, 125.47, 50.46, 21.15, 

20.92, 18.71 ppm.  

HRMS (ESI) calculated for [C17H18O+H]+: 239.1430, found: 239.1431. 

Optical rotation, [α]
D

22 = –58.6 (c = 0.7, CH2Cl2). 

Enantiomeric excess, 96% ee was measured by HPLC (CHIRALCEL OD, 

n-hexane : i-PrOH = 99 : 1, 1.0 mL/min, wavelength = 230 nm, 28 °C); tR = 

6.724 min (major), tR = 5.551 min (minor).  



 

３１９ 

 

[Racemic 3fb] 

 

[Enantioenriched 3fb] 

 



 

３２０ 

 

(R)-1-(2,4-diphenyl)-2-(p-tolyl)propan-1-one (Table 5.2, 3gb). 

 

Following General Procedure L, the crude product was purified by silica gel 

chromatography (gradient elution: full hexanes to 5% ether in hexanes) to 

provide 3gb as a yellowish liquid (28 mg, 47%, 94% ee, 95% es).  

1H NMR (400 MHz, CDCl3) δ 7.36 (d, J = 1.6 Hz, 1H), 7.17–7.11 (m, 1H), 

7.10–7.00 (m, 5H), 4.44 (q, J = 6.9 Hz, 1H), 2.29 (s, 3H), 1.54 (d, 

J = 6.9 Hz, 3H) ppm. 

13C NMR (101 MHz, CDCl3) δ 203.04, 138.11, 137.18, 136.57, 136.26, 

131.58, 130.19, 129.97, 129.73, 128.17, 127.08, 51.81, 21.19, 

17.89 ppm. 

HRMS (ESI) calculated for [C16H14Cl2O+H]+: 293.0495, found: 293.0492. 

Optical rotation, [α]
D

22 = –3.70 (c = 1.10, CH2Cl2). 

Enantiomeric excess, 94% ee was measured by HPLC (CHIRALCEL OD-

H, n-hexane : i-PrOH = 99 : 1, 1.0 mL/min, wavelength = 210 nm, 28 °C); tR 

= 5.929 min (major), tR = 5.618 min (minor).  



 

３２１ 

 

[Racemic 3gb] 

 

[Enantioenriched 3gb] 

 

 



 

３２２ 

 

(R)-1-(benzo[d][1,3]dioxol-5-yl)-2-(p-tolyl)propan-1-one (Table 5.2, 3hb). 

 

Following General Procedure L, the crude product was purified by silica gel 

chromatography (gradient elution: full hexanes to 5% ether in hexanes) to 

provide 3hb as a white solid (45 mg, 83%, 97% ee, 98% es).  

1H NMR (500 MHz, CDCl3) δ 7.57 (d, J = 8.2 Hz, 1H), 7.43 (s, 1H), 7.15 (d, 

J = 7.9 Hz, 2H), 7.10 (d, J = 7.8 Hz, 2H), 6.76 (d, J = 8.2 Hz, 1H), 

5.98 (s, 2H), 4.55 (q, J = 6.7 Hz, 1H), 2.29 (s, 3H), 1.48 (d, J = 6.8 

Hz, 3H) ppm. 

13C NMR (126 MHz, CDCl3) δ 198.49, 151.40, 148.00, 138.76, 136.45, 

131.28, 129.66, 127.48, 124.98, 108.63, 107.79, 101.71, 47.27, 

21.00, 19.63 ppm. 

HRMS (ESI) calculated for [C17H16O3+H]+: 269.1172, found: 369.1173. 

Optical rotation, [α]
D

22 = –234.4 (c = 0.5, CH2Cl2). 

Enantiomeric excess, 97% ee was measured by HPLC (CHIRALCEL OD, 

n-hexane : i-PrOH = 99 : 1, 1.0 mL/min, wavelength = 210 nm, 28 °C); tR = 

11.939 min (major), tR = 10.757 min (minor).  



 

３２３ 

 

[Racemic 3hb] 

 

[Enantioenriched 3hb] 

 

 



 

３２４ 

 

(R)-1-(naphthalen-1-yl)-2-(p-tolyl)propan-1-one (Table 5.2, 3ib).  

 

Following General Procedure L, the crude product was purified by silica gel 

chromatography (gradient elution: full hexanes to 5% ether in hexanes) to 

provide 3ib as a yellowish liquid (37 mg, 68%, 93% ee, 94% es).  

1H NMR (400 MHz, CDCl3) δ 8.35 (d, J = 8.3 Hz, 1H), 7.93–7.86 (m, 1H), 

7.84–7.79 (m, 1H), 7.78–7.73 (m, 1H), 7.57–7.45 (m, 2H), 7.41 (t, 

J = 7.7 Hz, 1H), 7.18 (d, J = 7.9 Hz, 2H), 7.06 (d, J = 7.8 Hz, 2H), 

4.67 (q, J = 6.8 Hz, 1H), 2.26 (s, 3H), 1.61 (d, J = 6.9 Hz, 3H) ppm. 

13C NMR (126 MHz, CDCl3) δ 204.67, 137.61, 136.64, 136.55, 133.83, 

131.93, 130.49, 129.54, 128.26, 127.74, 127.60, 126.77, 126.29, 

125.69, 124.21, 50.89, 21.00, 18.95 ppm. 

HRMS (ESI) calculated for [C20H18O+H]+: 275.1430, found: 275.1432. 

Optical rotation, [α]
D

22 = –146.6 (c = 1.35, CH2Cl2). 

Enantiomeric excess, 93% ee was measured by HPLC (CHIRALCEL OD, 

n-hexane : i-PrOH = 99 : 1, 1.0 mL/min, wavelength = 210 nm, 28 °C); tR = 

15.402 min (major), tR = 10.753 min (minor).  



 

３２５ 

 

[Racemic 3ib] 

 

[Enantioenriched 3ib] 

 

 



 

３２６ 

 

(R)-1-(furan-2-yl)-2-(p-tolyl)propan-1-one (Table 5.2, 3jb)  

 

Following General Procedure L, the crude product was purified by silica gel 

chromatography (gradient elution: full hexanes to 10% ether in hexanes) to 

provide 3jb as a white solid (34 mg, 80%, 99% ee, >99% es).  

1H NMR (400 MHz, CDCl3)
 δ 7.52 (d, J = 0.8 Hz, 1H), 7.24–7.18 (m, 2H), 

7.15–7.08 (m, 3H), 6.45 (dd, J = 3.5, 1.6 Hz, 1H), 4.45 (q, J = 7.0 

Hz, 1H), 2.30 (s, 3H), 1.50 (d, J = 7.0 Hz, 3H) ppm. 

13C NMR (101 MHz, CDCl3) δ 189.70, 152.35, 146.37, 137.96, 136.80, 

129.63, 127.88, 117.92, 112.27, 47.69, 21.17, 18.46 ppm. 

HRMS (ESI) calculated for [C20H18O+H]+: 215.1067, found: 215.1062. 

Optical rotation, [α]
D

22 = –32.6 (c = 1.75, CH2Cl2). 

Enantiomeric excess, 99% ee was measured by HPLC (CHIRALCEL OD, 

n-hexane : i-PrOH = 99 : 1, 1.0 mL/min, wavelength = 210 nm, 28 °C); tR = 

9.711 min (major), tR = 7.925 min (minor). 



 

３２７ 

 

[Racemic 3jb] 

 

[Enantioenriched 3jb] 

 

 



 

３２８ 

 

(R)-1-(thiophen-2-yl)-2-(p-tolyl)propan-1-one (Table 5.2, 3kb)  

 

Following General Procedure L, the crude product was purified by silica gel 

chromatography (gradient elution: full hexanes to 10% ether in hexanes) to 

provide 3kb as a yellowish solid (38 mg, 83%, 98% ee, 99% es).  

1H NMR (500 MHz, CDCl3)
 δ 7.67 (d, J = 3.7 Hz, 1H), 7.55 (d, J = 4.9 Hz, 

1H), 7.22 (d, J = 7.9 Hz, 2H), 7.12 (d, J = 7.8 Hz, 2H), 7.06–7.00 

(m, 1H), 4.48 (q, J = 6.8 Hz, 1H), 2.30 (s, 3H), 1.53 (d, J = 6.9 Hz, 

3H) ppm. 

13C NMR (126 MHz, CDCl3) δ 193.40, 143.73, 138.32, 136.71, 133.42, 

132.35, 129.61, 127.99, 127.58, 48.95, 21.03, 19.17 ppm. 

HRMS (ESI) calculated for [C14H14OS+H]+: 231.0838, found: 231.0838. 

Optical rotation, [α]
D

22 = –129.6 (c = 1.60, CH2Cl2). 

Enantiomeric excess, 98% ee was measured by HPLC (CHIRALCEL OD, 

n-hexane : i-PrOH = 99 : 1, 1.0 mL/min, wavelength = 210 nm, 28 °C); tR = 

8.838 min (major), tR = 7.697 min (minor).  



 

３２９ 

 

[Racemic 3kb] 

 

[Enantioenriched 3kb] 

 

 



 

３３０ 

 

(R)-1-(thiophen-3-yl)-2-(p-tolyl)propan-1-one (Table 5.2, 3lb)  

 

Following General Procedure L, the crude product was purified by silica gel 

chromatography (gradient elution: full hexanes to 10% ether in hexanes) to 

provide 3lb as a colorless liquid (30 mg, 65%, 98% ee, 99% es).  

1H NMR (400 MHz, CDCl3)
 δ 7.99 (m, 1H), 7.51 (d, J = 5.0 Hz, 1H), 7.22 

(m, 1H), 7.18 (d, J = 8.0 Hz, 2H), 7.12 (d, J = 8.0 Hz, 2H), 4.44 (q, 

J = 6.9 Hz, 1H), 2.30 (s, 3H), 1.50 (d, J = 6.9 Hz, 3H) ppm.  

13C NMR (101 MHz, CDCl3) δ 194.88, 141.74, 138.59, 136.75, 132.64, 

129.82, 127.70, 127.67, 126.05, 49.45, 21.16, 19.30 ppm. 

HRMS (ESI) calculated for [C14H14OS+H]+: 231.0838, found: 231.0841. 

Optical rotation, [α]
D

22 = –56.8 (c = 1.10, CH2Cl2). 

Enantiomeric excess, 98% ee was measured by HPLC (CHIRALCEL OD, 

n-hexane : i-PrOH = 99 : 1, 1.0 mL/min, wavelength = 210 nm, 28 °C); tR = 

8.398 min (major), tR = 7.503 min (minor).  



 

３３１ 

 

[Racemic 3lb] 

 

 

[Enantioenriched 3lb] 

 



 

３３２ 

 

(R)-1-(1-methyl-1H-pyrrol-2-yl)-2-(p-tolyl)propan-1-one (Table 5.2, 3mb)  

 

Following General Procedure L, the crude product was purified by silica gel 

chromatography (gradient elution: full hexanes to 10% ether in hexanes) to 

provide 3mb as a brown solid (36 mg, 78%, 98% ee, 99% es).  

1H NMR (400 MHz, CDCl3)
 δ 7.23 (d, J = 7.8 Hz, 2H), 7.09 (d, J = 7.7 Hz, 

2H), 7.01 (d, J = 3.7 Hz, 1H), 6.75 (s, 1H), 6.12–6.01 (m, 1H), 4.45 

(q, J = 6.9 Hz, 1H), 3.90 (s, 1H), 2.28 (s, 2H), 1.48 (d, J = 6.9 Hz, 

2H) ppm. 

13C NMR (126 MHz, CDCl3) δ 191.67, 139.31, 136.24, 131.24, 130.19, 

129.35, 127.48, 119.52, 107.90, 47.59, 37.81, 21.03, 19.04 ppm. 

HRMS (ESI) calculated for [C15H17NO+H]+: 228.1383, found: 228.1382. 

Optical rotation, [α]
D

22 = –76.4 (c = 1.00, CH2Cl2). 

Enantiomeric excess, 98% ee was measured by HPLC (CHIRALCEL OD, 

n-hexane : i-PrOH = 99 : 1, 1.0 mL/min, wavelength = 254 nm, 28 °C); tR = 

7.808 min (major), tR = 10.736 min (minor).  



 

３３３ 

 

[Racemic 3mb]  

 

[Enantioenriched 3mb] 

 



 

３３４ 

 

(R)-1-(1-methyl-1H-indol-2-yl)-2-(p-tolyl)propan-1-one (Table 5.2, 3nb)  

 

Following General Procedure L, the crude product was purified by silica gel 

chromatography (gradient elution: full hexanes to 15% ether in hexanes) to 

provide 3nb as a brown solid (33 mg, 60%, 98% ee, 99% es).  

1H NMR (400 MHz, CDCl3)
 δ 7.70–7,60 (m, 1H), 7.37–7.30 (m, 3H), 7.26 

(d, J = 7.9 Hz, 2H), 7.15–7.05(m, 3H), 4.66 (q, J = 6.7 Hz, 1H), 

4.04 (s, 3H), 2.28 (s, 3H), 1.55 (d, J = 6.9 Hz, 3H) ppm. 

13C NMR (126 MHz, CDCl3) δ 194.81, 140.25, 138.98, 136.60, 134.53, 

129.64, 127.60, 125.93, 125.87, 123.04, 120.73, 111.83, 110.41, 

48.70, 32.38, 21.13, 19.21 ppm. 

HRMS (ESI) calculated for [C19H19NO+H]+: 278.1539, found: 278.1540. 

Optical rotation, [α]
D

22 = +67.9 (c = 1.00, CH2Cl2). 

Enantiomeric excess, 98% ee was measured by HPLC (CHIRALCEL OD, 

n-hexane : i-PrOH = 99 : 1, 1.0 mL/min, wavelength = 254nm, 28 °C); tR = 

16.209 min (major), tR = 14.198 min (minor).  



 

３３５ 

 

[Racemic 3nb] 

 

[Enantioenriched 3nb] 

 



 

３３６ 

 

(R)-1-cyclopropyl-2-(p-tolyl)propan-1-one (Table 5.2, 3ob)  

 

Following General Procedure L, the crude product was purified by silica gel 

chromatography (gradient elution: full hexanes to 5% ether in hexanes) to 

provide 3ob as a colorless liquid (33 mg, 25%, 70% ee, 71% es).  

1H NMR (400 MHz, CDCl3) δ 7.19–7.08 (m, 4H), 3.87 (q, J = 6.9 Hz, 1H), 

2.34 (s, 3H), 1.92–1.80 (m, 1H), 1.39 (d, J = 6.9 Hz, 3H), 1.02–0.92 

(m, 2H), 0.82–0.65 (m, 2H). 

13C NMR (126 MHz, CDCl3) δ 211.12, 138.06, 136.73, 129.68, 128.09, 53.47, 

21.19, 19.76, 17.78, 11.42, 11.32 ppm. 

HRMS (ESI) calculated for [C13H16O+H]+: 189.1274, found: 189.1270. 

Optical rotation, [α]
D

22 = +67.9 (c = 1.00, CH2Cl2). 

Enantiomeric excess, 70% ee was measured by HPLC (CHIRALCEL OD, 

n-hexane : i-PrOH = 99 : 1, 1.0 mL/min, wavelength = 254 nm, 28 °C); tR = 

19.790 min (major), tR = 23.869 min (minor).  



 

３３７ 

 

[Racemic 3ob] 

 

[Enantioenriched 3ob] 

 



 

３３８ 

 

(2R)-1-((1s,3S)-adamantan-1-yl)-2-(p-tolyl)propan-1-one (Table 5.2, 3pb)  

  

Following General Procedure L, the crude product was purified by silica gel 

chromatography (gradient elution: full hexanes to 5% ether in hexanes) to 

provide 3pb as a yellowish liquid (44 mg, 78%, 90% ee, 91% es).  

1H NMR (500 MHz, CDCl3)
 δ 7.15 (d, J = 8.0 Hz, 2H), 7.22 (d, J = 7.9 Hz, 

2H), 4.24 (q, J = 6.9 Hz, 1H), 2.31 (s, 3H), 2.03–1.94 (m, 3H), 1.79–

1.73 (m, 6H), 1.73–1.67 (m, 3H), 1.67–1.60 (m, 3H), 1.32 (d, J = 

6.9 Hz, 3H) ppm. 

13C NMR (126 MHz, CDCl3) δ 215.75, 138.42, 136.35, 129.41, 127.93, 47.48, 

45.14, 38.33, 36.64, 28.01, 21.16, 21.00 ppm. 

HRMS (ESI) calculated for [C20H26O+H]+: 283.2056, found: 283.2057. 

Optical rotation, [α]
D

22 = –58.2 (c = 1.00, CH2Cl2). 

Enantiomeric excess, 90% ee was measured by HPLC (CHIRALPAK IA, n-

hexane : i-PrOH = 99 : 1, 0.5 mL/min, wavelength = 210 nm, 28 °C); tR = 

7.747 min (major), tR = 7.309 min (minor).  



 

３３９ 

 

[Racemic 3pb] 

 

[Enantioenriched 3pb] 

 



 

３４０ 

 

(R)-1-phenyl-3-(p-tolyl)butan-2-one (Table 5.2, 3qb)  

 

Following General Procedure L, the crude product was purified by silica gel 

chromatography (gradient elution: full hexanes to 5% ether in hexanes) to 

provide 3qb as a colorless liquid (5 mg, 10%, 92% ee, 93% es).  

1H NMR (400 MHz, CDCl3) δ 7.30–7.21 (m, 3H), 7.15 (d, J = 7.9 Hz, 2H), 

7.11–7.03 (m, 4H), 3.81 (q, J = 6.9 Hz, 1H), 3.61 (s, 2H), 2.35 (s, 

3H), 1.34 (d, J = 6.9 Hz, 3H) ppm. 

13C NMR (126 MHz, CDCl3) δ 208.33, 137.51, 137.06, 134.58, 129.83, 

129.59, 128.67, 128.07, 126.95, 51.79, 48.05, 21.21, 17.81 ppm. 

HRMS (ESI) calculated for [C17H18O+H]+: 239.1430, found: 239.1434. 

Optical rotation, [α]
D

22 = –132.2 (c = 0.55, CH2Cl2). 

Enantiomeric excess, 92% ee was measured by HPLC (CHIRALPAK IA, n-

hexane : i-PrOH = 99 : 1, 1.0 mL/min, wavelength = 254 nm, 28 °C); tR = 

5.757 min (major), tR = 5.279 min (minor).  



 

３４１ 

 

[Racemic 3qb] 

 

[Enantioenriched 3qb] 

 



 

３４２ 

 

(R)-1-(6-(3-((3R,5R,7R)-adamantan-1-yl)-4-methoxyphenyl)naphthalen-

2-yl)-2-(p-tolyl)propan-1-one (Table 5.2, 3tb) 

 

Following General Procedure L, the crude product was purified by silica gel 

chromatography (gradient elution: full hexanes to 5% ether in hexanes) to 

provide 3tb as a white solid (74 mg, 72%, 96% ee, 97% es).  

1H NMR (500 MHz, CDCl3)
 δ 8.50 (s, 1H), 8.04 (d, J = 8.4 Hz, 1H), 7.96 (s, 

1H), 7.94 (d, J = 8.6 Hz, 1H), 7.86 (d, J = 8.6 Hz, 1H), 7.77 (d, J = 

8.4 Hz, 1H), 7.60 (d, J = 1.3 Hz, 1H), 7.53 (d, J = 8.3 Hz, 1H), 7.27 

(d, J = 7.8 Hz, 2H), 7.13 (d, J = 7.7 Hz, 2H), 6.99 (d, J = 8.4 Hz, 

1H), 4.84 (q, J = 6.6 Hz, 1H), 3.90 (s, 3H), 2.29 (s, 3H), 2.23–

2.17(m, 6H), 2.16–2.09 (m, 3H), 1.86–1.78 (m, 6H), 1.60 (d, J = 

6.7 Hz, 3H) ppm. 

13C NMR (126 MHz, CDCl3) δ 200.43, 159.04, 141.59, 139.10, 138.78, 

136.60, 135.91, 133.55, 132.60, 131.30, 130.32, 130.09, 129.81, 

128.45, 127.76, 126.50, 126.03, 125.83, 125.08, 124.72, 112.20, 

55.26, 47.59, 40.71, 37.32, 37.24, 29.22, 21.13, 19.71 ppm. 

HRMS (ESI) calculated for [C37H38O2+H]+: 515.2945, found: 515.2944. 

Optical rotation, [α]
D

22 = +68.9 (c = 1.00, CH2Cl2). 

Enantiomeric excess, 96% ee was measured by HPLC (CHIRALCEL OD, 

n-hexane : i-PrOH = 99 : 1, 1.0 mL/min, wavelength = 254 nm, 28 °C); tR = 

13.125 min (major), tR = 10.817 min (minor).  



 

３４３ 

 

[Racemic 3tb] 

 

 

[Enantioenriched 3tb] 

 



 

３４４ 

 

(R)-N,N-diethyl-4-(2-(p-tolyl)propanoyl)benzenesulfonamide (Table 5.2, 

3ub)  

 

Following General Procedure L, the crude product was purified by silica gel 

chromatography (gradient elution: full hexanes to 5% ether in hexanes) to 

provide 3ub as a colorless liquid (33 mg, 45%, 96% ee, 97% es).  

1H NMR (400 MHz, CDCl3)
 δ 8.01 (d, J = 8.4 Hz, 2H), 7.78 (d, J = 8.4 Hz, 

2H), 7.16–7.08 (m, 4H), 4.60 (q, J = 6.8 Hz, 1H), 3.09–2.99 (m, 

4H), 2.29 (s, 3H), 1.58–1.46 (m, 7H), 0.84 (t, J = 7.4 Hz, 6H) ppm. 

13C NMR (126 MHz, CDCl3) δ 199.54, 143.80, 139.47, 137.77, 137.07, 

130.03, 129.41, 127.74, 127.24, 50.13, 48.32, 22.15, 21.16, 19.51, 

11.27 ppm. 

HRMS (ESI) calculated for [C22H29NO3S+H]+: 388.1941, found: 388.1941. 

Optical rotation, [α]
D

22 = –50.6 (c = 0.9, CH2Cl2). 

Enantiomeric excess, 96% ee was measured by HPLC (CHIRALPAK IA, n-

hexane : i-PrOH = 97 : 3, 1.0 mL/min, wavelength = 254 nm, 28 °C); tR = 

12.611 min (major), tR = 10.343 min (minor). 

 

 



 

３４５ 

 

[Racemic 3ub] 

 

[Enantioenriched 3ub] 

 



 

３４６ 

 

(R)-2-isobutoxy-5-(4-methyl-5-(2-(p-tolyl)propanoyl)thiazol-2-

yl)benzonitrile (Table 5.2, 3vb)  

 

Following General Procedure L, the crude product was purified by silica gel 

chromatography (gradient elution: full hexanes to 25% ether in hexanes) to 

provide 3vb as a colorless liquid (52 mg, 63%, 94% ee, 95% es).  

1H NMR (500 MHz, CDCl3)
 δ 8.11–8.02 (m, 2H), 7.20 (d, J = 8.0 Hz, 2H), 

7.14 (d, J = 8.0 Hz, 2H), 6.98 (d, J = 8.8 Hz, 1H), 4.21 (q, J = 6.7 

Hz, 1H), 3.88 (d, J = 6.5 Hz, 2H), 2.75 (s, 3H), 2.31 (s, 3H), 2.26–

2.12 (m, 1H), 1.51 (d, J = 6.8 Hz, 3H), 1.08 (d, J = 6.7 Hz, 6H) ppm. 

13C NMR (126 MHz, CDCl3) δ 193.44, 166.40, 162.62, 161.52, 137.58, 

137.28, 132.73, 132.30, 129.89, 129.16, 127.97, 125.95, 115.53, 

112.68, 102.98, 75.79, 52.98, 28.27, 21.21, 19.48, 19.17, 18.67 

ppm. 

HRMS (ESI) calculated for [C25H26N2O2S+H]+: 419.1788, found: 419.1782. 

Optical rotation, [α]
D

22 = +165.9 (c = 1.00, CH2Cl2). 

Enantiomeric excess, 94% ee was measured by HPLC (CHIRALCEL OD, 

n-hexane : i-PrOH = 95 : 5, 1.0 mL/min, wavelength = 254 nm, 28 °C); tR = 

11.518 min (major), tR = 10.249 min (minor). 



 

３４７ 

 

[Racemic 3vb] 

 

[Enantioenriched 3vb] 

 



 

３４８ 

 

(R)-N,N-dimethyl-2-(p-tolyl)propanamide (Table 5.3, 4a)  

 

Following General Procedure L, the crude product was purified by silica gel 

chromatography (gradient elution: full hexanes to 30% ethyl acetate in 

hexanes) to provide 4a as a yellowish liquid (36 mg, 93%, 94% ee, 95% es). 

The spectral data are matched with literature data.21    

1H NMR (500 MHz, CDCl3)
 δ 7.15 (d, J = 7.9 Hz, 2H), 7.11 (d, J = 7.9 Hz, 

2H), 3.84 (q, J = 6.9 Hz, 1H), 2.94 (s, 3H), 2.88 (s, 3H), 2.31 (s, 

3H), 1.42 (d, J = 6.8 Hz, 3H) ppm. 

13C NMR (126 MHz, CDCl3) δ 173.95, 139.03, 136.40, 129.61, 127.31, 42.95, 

37.26, 36.02, 21.13, 20.91 ppm. 

Optical rotation, [α]
D

22 = –24.3 (c = 0.25, CH2Cl2).  

Enantiomeric excess, 94% ee was measured by HPLC (CHIRALCEL OJ-H, 

n-hexane : i-PrOH = 97 : 3, 1.0 mL/min, wavelength = 210 nm, 28 °C); tR = 

13.905 min (major), tR = 10.856 min (minor).  

 



 

３４９ 

 

[Racemic 4a] 

 

[Enantioenriched 4a] 

 



 

３５０ 

 

(R)-N,N-diethyl-2-(p-tolyl)propanamide (Table 5.3, 4b)  

 

Following General Procedure L, the crude product was purified by silica gel 

chromatography (gradient elution: full hexanes to 20% ethyl acetate in 

hexanes) to provide 4b as a yellowish liquid (42 mg, 96%, 98% ee, 99% es).  

1H NMR (500 MHz, CDCl3)
 δ 7.18 (d, J = 8.0 Hz, 2H), 7.12 (d, J = 7.9 Hz, 

2H), 3.81 (q, J = 6.8 Hz, 1H), 3.52 (dq, J = 14.0, 7.1 Hz, 1H), 3.35 

(dq, J = 14.3, 7.1 Hz, 1H), 3.27–3.17 (m, 1H), 3.12 (dq, J = 14.4, 

7.1 Hz, 1H), 2.33 (s, 3H), 1.43 (d, J = 6.9 Hz, 3H), 1.10 (t, J = 7.1 

Hz, 3H), 1.01 (t, J = 7.1 Hz, 3H) ppm. 

13C NMR (126 MHz, CDCl3) δ 173.02, 139.62, 136.27, 129.53, 127.24, 42.82, 

41.71, 40.36, 21.11, 21.09, 14.34, 12.93 ppm. 

HRMS (ESI) calculated for [C14H21NO+H]+: 220.1696, found: 220.1692. 

Optical rotation, [α]
D

22 = –54.5 (c = 1.00, CH2Cl2). 

Enantiomeric excess, 98% ee was measured by HPLC (CHIRALCEL OD-

H, n-hexane : i-PrOH = 97 :3, 1.0 mL/min, wavelength = 210 nm, 28 °C); tR 

= 7.171 min (major), tR = 5.917 min (minor).  



 

３５１ 

 

[Racemic 4b] 

 

[Enantioenriched 4b] 

 



 

３５２ 

 

(R)-1-(pyrrolidin-1-yl)-2-(p-tolyl)propan-1-one (Table 5.3, 4c)  

 

Following General Procedure L, the crude product was purified by silica gel 

chromatography (gradient elution: full hexanes to 30% ethyl acetate in 

hexanes) to provide 4c as a yellowish liquid (42 mg, 96%, 93% ee, 94% es). 

The spectral data are matched with literature data.22    

1H NMR (500 MHz, CDCl3)
 δ 7.18 (d, J = 8.0 Hz, 2H), 7.10 (d, J = 7.9 Hz, 

2H), 7.22 (d, J = 7.9 Hz, 2H), 3.69 (q, J = 6.9 Hz, 1H), 3.57–3.48 

(m, 1H), 3.47–3.36 (m, 2H), 3.20–3.11 (m, 2H), 2.31 (s, 3H), 1.93–

1.82 (m, 1H), 1.81–1.69 (m, 3H), 1.42 (d, J = 6.8 Hz, 3H) ppm. 

13C NMR (126 MHz, CDCl3) δ 172.46, 138.85, 136.35, 129.49, 127.51, 46.31, 

46.10, 44.67, 26.16, 24.25, 21.12, 20.45 ppm. 

Optical rotation, [α]
D

22 = –58.3 (c = 1.00, CH2Cl2). 

Enantiomeric excess, 93% ee was measured by HPLC (CHIRALPAK IA, n-

hexane : i-PrOH = 97.5 : 2.5, 0.5 mL/min, wavelength = 210 nm, 28 °C); tR 

= 21.326 min (major), tR = 19.053 min (minor).  



 

３５３ 

 

[Racemic 4c] 

 

[Enantioenriched 4c] 

 



 

３５４ 

 

(R)-1-(piperidin-1-yl)-2-(p-tolyl)propan-1-one (Table 5.3, 4d)  

 

Following General Procedure L, the crude product was purified by silica gel 

chromatography (gradient elution: full hexanes to 30% ethyl acetate in 

hexanes) to provide 4d as a yellowish liquid (41 mg, 90%, 94% ee, 95% es). 

The spectral data are matched with literature data and the value of optical 

rotation is consistent with (R)-form based on literature.23 

1H NMR (500 MHz, CDCl3)
 δ 7.18–7.05 (m, 4H), 3.84 (q, J = 6.8 Hz, 1H), 

3.78–3.58 (m, 1H), 3.54–3.15 (m, 3H), 2.31 (s, 3H), 1.60–1.46 (m, 

3H), 1.41 (d, J = 6.8 Hz, 3H), 1.46–1.25 (m, 3H) ppm. 

13C NMR (126 MHz, CDCl3) δ 172.06, 139.55, 136.26, 129.60, 127.25, 42.89, 

31.09, 25.89, 24.68, 21.18, 21.01 ppm. 

Optical rotation, [α]
D

22 = –45.8 (c = 0.25, CH2Cl2). 

Enantiomeric excess, 94% ee was measured by HPLC (CHIRALCEL OJ-H, 

n-hexane : i-PrOH = 98 : 2, 1.0 mL/min, wavelength = 210 nm, 28 °C); tR = 

10.974 min (major), tR = 8.989 min (minor).  



 

３５５ 

 

[Racemic 4d] 

 

[Enantioenriched 4d] 

 



 

３５６ 

 

(R)-1-morpholino-2-(p-tolyl)propan-1-one (Table 5.3, 4e)  

 

Following General Procedure L, the crude product was purified by silica gel 

chromatography (gradient elution: full hexanes to 30% ethyl acetate in 

hexanes) to provide 4e as a yellowish liquid (44 mg, 95%, 95% ee, 96% es). 

The spectral data are matched with literature data.24    

1H NMR (500 MHz, CDCl3)
 δ 7.16–7.08 (m, 4H), 3.84–3.71 (m, 2H), 3.69–

3.59 (m, 1H), 3.57–3.42 (m, 3H), 3.42–3.33 (m, 1H), 3.33–3.24 (m, 

1H), 3.17–3.06 (m, 1H), 2.31 (s, 3H), 1.42 (d, J = 7.0 Hz, 3H) ppm. 

13C NMR (126 MHz, CDCl3) δ 172.45, 138.89, 136.57, 129.76, 127.10, 66.88, 

66.42, 46.08, 42.90, 42.44, 21.12, 20.78 ppm.  

Optical rotation, [α]
D

22 = –115.4 (c = 1.00, CH2Cl2). 

Enantiomeric excess, 95% ee was measured by HPLC (CHIRALPAK IA, n-

hexane : i-PrOH = 99 : 1, 1.0 mL/min, wavelength = 210 nm, 28 °C); tR = 

20.113 min (major), tR = 24.900 min (minor).  



 

３５７ 

 

[Racemic 4e] 

 

[Enantioenriched 4e] 

 



 

３５８ 

 

(R)-2-(p-tolyl)heptan-3-one (Table 5.3, 4f)  

 

Following General Procedure L using PAd3 (7.5 mol%) as the supporting 

ligand, the crude product was purified by silica gel chromatography (gradient 

elution: full hexanes to 30% ether in hexanes) to provide 4f as a white solid 

(21 mg, 50%, 97% ee, 98% es).  

1H NMR (400 MHz, CDCl3)
 δ 7.20 (d, J = 7.9 Hz, 2H), 7.11 (d, J = 7.8 Hz, 

2H), 4.22–3.94 (m, 1H), 3.43 (s, 3H), 3.15 (s, 3H), 2.31 (s, 3H), 

1.42 (d, J = 7.0 Hz, 3H) ppm. 

13C NMR (126 MHz, CDCl3) δ 175.55, 138.96, 136.36, 129.34, 127.53, 61.21, 

41.61, 32.43, 21.12, 19.73 ppm. 

HRMS (ESI) calculated for [C12H17NO2+H]+: 208.1332, found: 208.1328. 

Optical rotation, [α]
D

22 = –41.6 (c = 1.00, CH2Cl2). 

Enantiomeric excess, 97% ee was measured by HPLC (CHIRALCEL OJ-H, 

n-hexane : i-PrOH = 97 : 3, 1.0 mL/min, wavelength = 210 nm, 28 °C); tR = 

15.521 min (major), tR = 12.629 min (minor).  



 

３５９ 

 

[Racemic 4f] 

 

 

[Enantioenriched 4f] 

 



 

３６０ 

 

5.5.7. Synthetic Applications 

5.5.7.1. Hydride addition to access aldehyde 

 

 

(R)-2-(p-tolyl)propanal (Table 5.3, 5a)  

The solution of chiral Weinreb amide (R)-4f (0.2 mmol) in anhydrous THF (1 

mL) was added to a flame-dried 25 mL round-bottom flask equipped with a 

magnetic stir bar under a nitrogen atmosphere. The flask was cooled to –78 °C 

for 10 min. Lithium aluminum hydride solution (0.1 mmol, 0.5 equiv, 1.0 M 

in THF) was slowly added to the mixture via a syringe, and the mixture was 

allowed to stir for 1 h at room temperature. The reaction mixture was 

quenched with aqueous saturated NH4Cl solution (1 mL) at –78 °C, and the 

flask was allowed to slowly warm to room temperature. The resulting mixture 

was separated into two phases. The aqueous layer was extracted with Et2O (3 

x 5 mL), and the combined organic layer was dried over anhydrous Na2SO4, 

filtered, and concentrated under reduced pressure using rotary evaporation 

(vacuum set: >400 mbar, the title compound is slightly volatile). The obtained 

crude product was purified by flash column chromatography on silica gel 

(gradient elution: 100/0 to 90/10 of hexanes/Et2O) to afford the desired 

product (R)-5a as colorless liquid (18 mg, 62% yield, 99% ee). The spectral 

data are matched with literature data.25 



 

３６１ 

 

1H NMR (400 MHz, CDCl3) δ 9.67 (d, J = 1.4 Hz, 1H), 7.19 (d, J = 7.8 Hz, 

2H), 7.10 (d, J = 8.0 Hz, 2H), 3.60 (q, J = 7.0 Hz, 1H), 2.35 (s, 3H), 

1.43 (d, J = 7.1 Hz, 3H) ppm. 

13C NMR (126 MHz, CDCl3) δ 201.39, 137.41, 134.77, 129.92, 128.35, 52.77, 

21.19, 14.76 ppm. 

Optical rotation, [α]
D

22 = –18.4 (c = 0.25, CH2Cl2). 

Enantiomeric excess, 99% ee was measured by HPLC (CHIRALPAK IA, n-

hexane : i-PrOH = 99 : 1, 1.0 mL/min, wavelength = 210 nm, 28 °C); tR = 

4.746 min (major), tR = 6.254 min (minor).  

 

[Racemic 5a] 

 

[Enantioenriched 5a] 

 



 

３６２ 

 

5.5.7.2. Fisher esterification to access chiral ester 

 

 

Methyl (R)-2-(p-tolyl)propanoate (Table 5.3, 5b) 

The solution of chiral Weinreb amide (R)-4f (0.2 mmol) in MeOH (2 mL) was 

added to a flame-dried 25 mL round-bottom flask equipped with a magnetic 

stir bar under a nitrogen atmosphere. The flask was cooled to 0 °C for 10 min. 

Two drops of hydrochloric acid (36.5~38% w/w, aqueous solution) was added 

to the mixture via 1 mL of syringe, and the mixture was allowed to stir 

overnight at 55 °C. The reaction mixture was quenched with aqueous 

saturated NaCl solution (2 mL) and the resulting mixture was separated into 

two phases. The aqueous layer was extracted with EtOAc (3 x 5 mL), and the 

combined organic layer was dried over anhydrous Na2SO4, filtered, and 

concentrated under reduced pressure. The obtained crude product was 

purified by flash column chromatography on silica gel (gradient elution: 

100/0 to 90/10 of hexanes/EtOAc) to afford the desired product (R)-5c as 

colorless liquid (36 mg, 73% yield, 97% ee). 

1H NMR (400 MHz, CDCl3)
 δ 7.20 (d, J = 7.9 Hz, 2H), 7.11 (d, J = 7.8 Hz, 

2H), 4.21–3.99 (m, 1H), 3.43 (s, 3H), 3.15 (s, 3H), 2.31 (s, 3H), 

1.42 (d, J = 7.0 Hz, 3H) ppm. 

13C NMR (126 MHz, CDCl3) δ 175.32, 137.74, 136.92, 129.47, 127.46, 52.13, 

45.14, 21.18, 18.77 ppm. 



 

３６３ 

 

HRMS (ESI) calculated for [C11H14O2+H]+: 179.1067, found: 179.1067. 

Optical rotation, [α]
D

22 = –60.3 (c = 0.58, CH2Cl2). 

Enantiomeric excess, 97% ee was measured by HPLC (CHIRALCEL OJ-H, 

n-hexane : i-PrOH = 98 : 2, 1.0 mL/min, wavelength = 230 nm, 28 °C); tR = 

10.658 min (major), tR = 12.521 min (minor).  

[Racemic 5b] 

 

 

[Enantioenriched 5b] 

 

 



 

３６４ 

 

5.5.7.3. Nucleophilic substitution to access chiral C(sp3)-containing ketone 

 

(R)-2-(p-tolyl)heptan-3-one (Table 5.3, 5c) 

The solution of chiral Weinreb amide (R)-4f (0.2 mmol) in anhydrous THF (1 

mL) was added to a flame-dried 25 mL round-bottom flask equipped with a 

magnetic stir bar under a nitrogen atmosphere. The flask was cooled to 0 °C 

for 10 min. n-Butylmagnesium chloride solution (0.6 mmol, 3.0 equiv, 2.0 M 

in THF) was slowly added to the mixture via a syringe, and the mixture was 

stirred for 12 h at room temperature. The reaction mixture was quenched with 

aqueous saturated NH4Cl solution (1 mL) and the resulting mixture was 

separated into two phases. The aqueous layer was extracted with EtOAc (3 x 

5 mL), and the combined organic layer was dried over anhydrous Na2SO4, 

filtered, and concentrated under reduced pressure. The obtained crude product 

was purified by flash column chromatography on silica gel (gradient elution: 

100/0 to 95/5 of hexanes/EtOAc) to afford the desired product (R)-5c as a 

colorless liquid (32 mg, 78% yield, 97% ee). 

1H NMR (500 MHz, CDCl3)
 δ 7.13 (d, J = 7.9 Hz, 2H), 7.09 (d, J = 8.0 Hz, 

2H), 3.71 (q, J = 6.9 Hz, 1H), 2.33 (s, 3H), 2.40–2.28 (m, 2H), 1.54–

1.40 (m, 2H), 1.36 (d, J = 7.0 Hz, 3H), 1.24–1.12 (m, 2H), 0.81 (t, 

J = 7.3 Hz, 3H) ppm. 
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13C NMR (126 MHz, CDCl3) δ 211.23, 137.77, 136.66, 129.53, 127.71, 52.51, 

40.68, 25.99, 22.20, 21.02, 17.50, 13.80 ppm. 

HRMS (ESI) calculated for [C14H20O+H]+: 205.1587, found: 205.1586. 

Optical rotation, [α]
D

22 = –145.6 (c = 1.00, CH2Cl2). 

Enantiomeric excess, 97% ee was measured by HPLC (CHIRALCEL OD, 

n-hexane : i-PrOH = 99.4 : 0.6, 0.7 mL/min, wavelength = 210 nm, 28 °C); 

tR = 7.061 min (major), tR = 6.570 min (minor).  

 

[Racemic 5c] 

 

[Enantioenriched 5c]  
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5.5.7.4. Nucleophilic substitution to access chiral C(sp2)-containing ketone 

 

(R,E)-1-phenyl-4-(p-tolyl)pent-1-en-3-one (Table 5.3, 5d)  

β-Bromostyrene (0.4 mmol, 2.0 equiv) and anhydrous THF (1 mL) was added 

to a flame-dried 25 mL round-bottom flask equipped with a magnetic stir bar 

under a nitrogen atmosphere. The flask was cooled to −78 °C for 10 min. n-

Butyllithium solution (2.73 M in hexanes, 0.4 mmol, 2.0 equiv) was slowly 

added to the mixture via a syringe, and the mixture was allowed to stir for 1 

h at −78 °C. After 1 h, the solution of chiral Weinreb amide (R)-4f (0.2 mmol) 

in THF (1 mL) was added dropwise to the flask. Upon completion of the 

addition, the reaction mixture was stirred for 2 hours at −78 °C. The reaction 

mixture was quenched with aqueous saturated NH4Cl solution (1 mL) at 

−78 °C, and the flask was allowed to slowly warm to room temperature. The 

resulting mixture was separated into two phases. The aqueous layer was 

extracted with EtOAc (3 x 5 mL), and the combined organic layer was dried 

over anhydrous Na2SO4, filtered, and concentrated under reduced pressure. 

The obtained crude product was purified by flash column chromatography on 

silica gel (gradient elution: 100/0 to 90/10 of hexanes/EtOAc) to afford the 

desired product (R)-5d as a colorless liquid (27 mg, 60% yield, 98% ee). The 

spectral data are matched with literature data.26 
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1H NMR (500 MHz, CDCl3)
 δ 7.61 (d, J = 15.8 Hz, 1H), 7.48–7.44 (m, 2H), 

7.37–7.31 (m, 3H), 7.20–7.11 (m, 4H), 6.71 (d, J = 15.8 Hz, 1H), 

3.99 (q, J = 6.9 Hz, 1H), 2.33 (s, 3H), 1.47 (d, J = 6.9 Hz, 3H) ppm 

13C NMR (126 MHz, CDCl3) δ 199.71, 142.56, 137.72, 136.91, 134.72, 

130.43, 129.84, 128.82, 128.46, 128.07, 124.72, 51.70, 21.19, 

17.99 ppm. 

Optical rotation, [α]
D

22 = –104.4 (c = 1.00, CH2Cl2). 

Enantiomeric excess, 98% ee was measured by HPLC (CHIRALPAK IA, n-

hexane : i-PrOH = 98 : 2, 1.0 mL/min, wavelength = 210 nm, 28 °C); tR = 

8.385 min (major), tR = 7.757 min (minor).  
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[Racemic 5d] 

 

[Enantioenriched 5d] 
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5.5.7.5. Nucleophilic substitution to access chiral C(sp)-containing ketone 

 

(R,E)-1-phenyl-4-(p-tolyl)pent-1-en-3-one (Table 5.3, 5e)  

The solution of chiral Weinreb amide (R)-4f (0.2 mmol) in anhydrous THF (1 

mL) was added to a flame-dried 25 mL round-bottom flask equipped with a 

magnetic stir bar under a nitrogen atmosphere. The flask was cooled to −78 °C 

for 10 min. Ethynylmagnesium bromide solution (0.4 mmol, 2.0 equiv, 0.5 M 

in THF) was slowly added to the mixture via a syringe, and the mixture was 

stirred for 6 h at room temperature. The reaction mixture was quenched with 

aqueous saturated NH4Cl solution (1 mL) and the resulting mixture was 

separated into two phases. The aqueous layer was extracted with EtOAc (3 x 

5 mL), and the combined organic layer was dried over anhydrous Na2SO4, 

filtered, and concentrated under reduced pressure. The obtained crude product 

was purified by flash column chromatography on silica gel (gradient elution: 

100/0 to 95/5 of hexanes/EtOAc) to afford the desired product (R)-5c as a 

colorless liquid (21 mg, 62% yield, 97% ee).  

1H NMR (400 MHz, CDCl3)
 δ 7.21–7.10 (m, 4H), 3.84 (q, J = 7.0 Hz, 1H), 

3.14 (s, 1H), 2.34 (s, 3H), 1.49 (d, J = 7.0 Hz, 3H). 

13C NMR (126 MHz, CDCl3) δ 187.73, 137.52, 135.55, 129.74, 128.25, 80.93, 

80.20, 54.40, 21.25, 16.66 ppm. 
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HRMS (ESI) calculated for [C12H12O+H]+: 173.0961, found: 173.0960. 

Optical rotation, [α]
D

22 = –43.1 (c = 0.58, CH2Cl2) 

Enantiomeric excess, 97% ee was measured by HPLC (CHIRALCEL OD, 

n-hexane : i-PrOH = 99.6 : 0.4, 0.5 mL/min, wavelength = 230 nm, 28 °C); 

tR = 18.193 min (major), tR = 16.835 min (minor).  

 

[Racemic 5e] 

 

[Enantioenriched 5e] 
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5.5.7.6. Nucleophilic substitution to access heterocycle-containing ketone 

   

(R)-1-(1-methyl-1H-imidazol-2-yl)-2-(p-tolyl)propan-1-one (Table 5.3, 5f) 

N-methylimidazole (0.4 mmol, 2.0 equiv) and anhydrous THF (1 mL) was 

added to a flame-dried 25 mL round-bottom flask equipped with a magnetic 

stir bar under a nitrogen atmosphere. The flask was cooled to −78 °C for 10 

min. n-Butyllithium solution (2.73 M in hexanes, 0.4 mmol, 2.0 equiv) was 

slowly added to the mixture via a syringe, and the mixture was allowed to stir 

for 1 h at −78 °C. After 1 h, the solution of chiral Weinreb amide (R)-4f (0.2 

mmol) in THF (1 mL) was added dropwise to the flask. Upon completion of 

the addition, the reaction mixture was warmed to room temperature and 

stirred overnight. The reaction mixture was quenched with aqueous saturated 

NH4Cl solution (1 mL) at −78 °C, and the flask was allowed to slowly warm 

to room temperature. The resulting mixture was separated into two phases. 

The aqueous layer was extracted with EtOAc (3 x 5 mL), and the combined 

organic layer was dried over anhydrous Na2SO4, filtered, and concentrated 

under reduced pressure. The obtained crude product was purified by flash 

column chromatography on silica gel (gradient elution: 100/0 to 90/10 of 

hexanes/EtOAc) to afford the desired product (R)-5f as colorless liquid (33 

mg, 80% yield, 96% ee). 
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1H NMR (500 MHz, CDCl3)
 δ 7.33 (d, J = 8.0 Hz, 2H), 7.13 (s, 1H), 7.10 (d, 

J = 7.9 Hz, 2H), 6.97 (s, 1H), 5.25 (q, J = 7.0 Hz, 1H), 3.93 (s, 1H), 

2.29 (s, 1H), 1.53 (d, J = 7.2 Hz, 3H) ppm. 

13C NMR (126 MHz, CDCl3) δ 193.46, 142.74, 137.93, 136.49, 129.33, 

129.15, 128.27, 127.30, 46.43, 36.24, 21.09, 18.14 ppm. 

HRMS (ESI) calculated for [C14H16N2O+H]+: 229.1335, found: 229.1332. 

Optical rotation, [α]
D

22 = –59.8 (c = 1.00, CH2Cl2). 

Enantiomeric excess, 96% ee was measured by HPLC (CHIRALCEL OJ-H, 

n-hexane : i-PrOH = 95 : 5, 1.0 mL/min, wavelength = 210 nm, 28 °C); tR = 

35.948 min (major), tR = 18.260 min (minor).  

[Racemic 5f] 

 
 

[Enantioenriched 5f] 
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5.5.8. Mechanistic Investigations 

5.5.8.1. Control experiment with [Pd]-A as the Pd source (Figure 5.3A). 

 

The pre-formed oxidative addition complex, [Pd]-A, as shown above was 

prepared according to literature procedure of Prof. Dr. Szostak.27 

In a nitrogen-filled glovebox, an oven-dried 4 mL dram-vial (or screw capped 

reaction tube) was charged with a magnetic stir bar, [Pd]-A (0.01 mmol, 10 

mol%, 7.7 mg), (S)-2b (0.1 mmol) and Na2CO3 (0.2 mmol, 2.0 equiv, 22 mg). 

Subsequently, 1.2 mL of dichloroethane (DCE) and thiophene-2-carbonyl 

chloride 1k (0.2 mmol, 2.0 equiv, 22 µL) was added to the mixture via a 

syringe, in that order. The reaction mixture was sealed with screw cap. The 

vial was removed from the glovebox and the reaction mixture was stirred in 

a pre-heated oil bath (83 °C) for 18 hours. The crude mixture was then diluted 

with ethyl acetate and filtered with celite. The combined organic layer was 

concentrated under reduced pressure. The yields were determined by 1H NMR 

analysis with 1,3,5-trimethoxybenzene (0.09 mmol, 15.1 mg) as an internal 

standard and then, the crude product was purified via preparatory TLC with 

n-hexane/EtOAc = 95 : 5 for HPLC analysis.  
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Scheme S5.1. 1H NMR analysis of crude mixture for control experiment with 

[Pd]-A as catalyst.   
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5.5.8.2. Ligand exchange with L1 facilitating reaction (Figure 5.3B). 

 

In a nitrogen-filled glovebox, an oven-dried 4 mL dram-vial (or screw capped 

reaction tube) was charged with a magnetic stir bar, [Pd]-A (0.01 mmol, 10 

mol%, 7.7 mg), L1 (0.015 mmol, 15 mol%, 7.6 mg), (S)-2b (0.1 mmol) and 

Na2CO3 (0.2 mmol, 2.0 equiv, 22 mg). Subsequently, 1.2 mL of 

dichloroethane (DCE) and benzoyl chloride 1a (0.2 mmol, 2.0 equiv, 23 µL) 

was added to the mixture via a syringe, in that order. The reaction mixture 

was sealed with screw cap. The vial was removed from the glovebox and the 

reaction mixture was stirred in a pre-heated oil bath (83 °C) for 18 hours. The 

crude mixture was then diluted with ethyl acetate and filtered with celite. The 

combined organic layer was concentrated under reduced pressure. The yields 

were determined by 1H NMR analysis with 1,3,5-trimethoxybenzene as an 

internal standard and then, the crude products were purified via preparatory 

TLC with n-hexane/EtOAc = 95 : 5 for HPLC analysis.  
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5.5.8.3. Effect of counter cations (Figure 5.3C). 

 

In a nitrogen-filled glovebox, an oven-dried 4 mL dram-vial (or screw capped 

reaction tube) was charged with a magnetic stir bar, Pd2dba3 (0.0025 mmol, 

2.5 mol% which is 5.0 mol% based on Pd, 2.3 mg), L1 (0.0075 mmol, 7.5 

mol%, 3.8 mg), (S)-2b-[X] (0.1 mmol) and Na2CO3 (0.2 mmol, 2.0 equiv, 22 

mg). Subsequently, 1.2 mL of dichloroethane (DCE) and benzoyl chloride 1a 

(0.2 mmol, 2.0 equiv, 23 µL) was added to the mixture via a syringe, in that 

order. The reaction mixture was sealed with screw cap. The vial was removed 

from the glovebox and the reaction mixture was stirred in a pre-heated oil 

bath (83 °C) for 18 hours. The crude mixture was then diluted with ethyl 

acetate and filtered with celite. The combined organic layer was concentrated 

under reduced pressure. The yields were determined by 1H NMR analysis 

with 1,3,5-trimethoxybenzene as an internal standard and then, the crude 

products were purified via preparatory TLC with n-hexane/EtOAc = 95 : 5 

for HPLC analysis. 
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5.5.8.4. Effect of crown ethers (Figure 5.3C). 

 

In a nitrogen-filled glovebox, an oven-dried 4 mL dram-vial (or screw capped 

reaction tube) was charged with a magnetic stir bar, Pd2dba3 (0.0025 mmol, 

2.5 mol% which is 5.0 mol% based on Pd, 2.3 mg), L1 (0.0075 mmol, 7.5 

mol%, 3.8 mg), (R)-2b (0.1 mmol) and Na2CO3 (0.2 mmol, 2.0 equiv, 22 mg). 

Subsequently, 1.2 mL of dichloroethane (DCE) and benzoyl chloride 1a (0.2 

mmol, 2.0 equiv, 23 µL) was added to the mixture via a syringe, in that order. 

Then, crown ethers (if solid, as solution in DCE; 18-crown-6 [0.54 M in DCE] 

and if liquid, as neat; 15-crown-5, 12-crown-4) were added to the vial. The 

reaction mixture was sealed with screw cap. The vial was removed from the 

glovebox and the reaction mixture was stirred in a pre-heated oil bath (83 °C) 

for 18 hours. The crude mixture was then diluted with ethyl acetate and 

filtered with celite. The combined organic layer was concentrated under 

reduced pressure. The yields were determined by 1H NMR analysis with 

1,3,5-trimethoxybenzene as an internal standard and then, the crude products 

were purified via preparatory TLC with n-hexane/EtOAc = 95 : 5 for HPLC 

analysis. 
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Table S5.12. Control experiments with 18-crown-6 

 

 

Table S5.13. Control experiments to compare the coordinating effect of crown 

ether 
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5.5.8.5. Unproductivity of aliphatic acid chlorides. 

 

In a nitrogen-filled glovebox, an oven-dried 4 mL dram-vial was charged with 

a magnetic stir bar, Pd2dba3 (0.0025 mmol, 2.5 mol% which is 5.0 mol% 

based on Pd, 2.3 mg), L1 (0.0075 mmol, 7.5 mol%, 3.8 mg), (S)-2b (0.1 mmol) 

and Na2CO3 (0.2 mmol, 2.0 equiv, 22 mg). Subsequently, 1.2 mL of 

dichloroethane (DCE), aroyl chloride (1j or 1a) and aliphatic acid chloride 

(1q or 1o) were added to the mixture via a syringe, in that order. The reaction 

mixture was sealed with screw cap. The vial was removed from the glovebox 

and the reaction mixture was stirred in a pre-heated oil bath (83 °C) for 18 

hours. The crude mixture was then diluted with ethyl acetate and filtered with 

celite. The combined organic layer was concentrated under reduced pressure. 

The yields were determined by 1H NMR analysis with 1,3,5-

trimethoxybenzene as an internal standard. 
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5.5.9. Assignment of Absolute Configuration 

 

 

 

X-ray Crystallography 

X-ray diffraction measurements were performed using a Bruker APEX-II 

Diffractometer equipped with a monochromator and a Mo Kα (λ = 0.71073 

Å) incident beam at the National Research Facilities and Equipment Center 

(NanoBio-Energy Materials Center) at Ewha Womans University. A crystal 

was mounted on a glass fibre. The CCD data were integrated and scaled using 

the Bruker-SAINT software-2019.11 (Bruker, Karlsruhe, Ger-many) package, 

and the structure was solved and refined using SHEXTL-2018/3 (George 

Sheldrick, Georg-August Universität Göttigen, Göttigen, Germany). All 

hydrogen atoms were placed at the calculated positions. The crystallographic 

data, bond lengths and angles are listed in Table S14. Structural information 

was deposited at the Cambridge Crystallographic Data Centre. The CCDC 

reference number is 2180232. 
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Table S5.14. Crystal data and structure refinement for (R)-3jb.  

 

Identification Code 3jb (CCDC 2180232)  

Empirical formula C14H14O2  

Formula weight 214.25 g/mol  

Temperature 296(2) K  

Wavelength 0.71073 Å   

Crystal system orthorhombic  

Space group P 21 21 21  

Unit cell dimensions a = 5.8273(8) Å  α = 90° 

 b = 7.8697(11) Å  β = 90° 

 c = 25.635(3) Å  γ = 90° 

Volume 1175.6(3) Å 3  

Z 4  

Density (calculated) 1.211 g/cm3  

Absorption coefficient 0.080 mm-1  

F(000) 456  

Crystal size 0.050 x 0.080 x 0.160 mm  

Theta range for data collection 2.71 to 28.50°  

Index ranges –7<=h<=7, –10<=k<=10, –

34<=l<=34 

 

Reflections collected 54805  

Independent reflections 2957 [R(int) = 0.0805]  

Completeness to theta = 28.5°   

Absorption correction Multi-Scan  

Max. and min. transmission 0.9960 and 0.9870  

Refinement method Full-matrix least-squares on F2  

Data / restraints / parameters 2957 / 0 / 147  

Goodness-of-fit on F2 1.081  

Final R indices [I>2sigma(I)] R1 = 0.0540, wR2 = 0.1085  

R indices (all data) R1 = 0.0758, wR2 = 0.1166  

Absolute structure parameter 0.4(5)  

Largest diff. peak and hole 0.134 and –0.106 eÅ -3  
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5.6. Computational Section 
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CYLview 

--------------------------------------------------------------------------------------------  
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Montreal, Canada, 2012. https://www.cylview.org/  

GaussView, Version 6.0.16  

--------------------------------------------------------------------------------------------  

Roy Dennington, Todd A. Keith, and John M. Millam, Semichem Inc., 

Shawnee Mission, KS, 2016.  

Schrödinger Macromodel  

--------------------------------------------------------------------------------------------  

Schrödinger Release 2019-4: MacroModel, Schrödinger, LLC, New York, NY, 

2019.  

 

5.6.2. General Computational Procedure 

Conformational searches were performed using Schrödinger Macromodel 

software package. All computations were performed using Density 

Functional Theory (DFT) with the Gaussian 16 software package. All 

reactants, intermediates, and products were optimized using PBE-D3BJ1,2 and 

LANL2DZ3 basis set for palladium and 6-31G(d)4 for all other atoms. 

Solvation model based on density (SMD)5 was used for dichloroethane at 1 

atm and 356.15 K (83 °C). All reported energy values are free energies in 

kcal/mol and all distances are in Ångströms (Å).  

 

https://www.cylview.org/
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5.6.3. Ligand Comparison 

The experimental observation that the reaction with smaller ligands result in 

diminished reactivity compared to bulky ligands was investigated (Table 

S5.8). The reaction coordinate diagram with smaller ligands (L = PPh3, PMe3) 

was computed (Figure S5.1). PPh3 and APhos reaction profile comparison 

revealed that the transmetalation step is the rate-determining step compared 

to the oxidative addition (Bis-L) step (Figure S5.1, A).6 Then, the low yield 

obtained with the smaller ligands could be attributed to the high barrier of 

transmetalation. This is confirmed by model ligand PMe3 which has the 

highest transmetalation barrier compared to APhos and PPh3. We believe this 

result stems from the stability of post-oxidative addition intermediates. Our 

results show that the trans-bis-ligated intermediate is the lowest ground state 

for small ligands and that the mono-ligated intermediate is the lowest ground 

state for bulky ligand. Therefore, the smaller ligands must overcome ligand 

dissociation barrier in order to reach mono-ligand intermediate in addition to 

the transmetalation barrier. In addition, mono-ligand oxidative addition route 

was considered for all three ligands (APhos, PPh3, PMe3) (Figure S5.1, B). 

In this mono-ligand path is hypothesized to proceed through ligands exchange 

with acylchloride. The results show that the mono-ligand oxidative addition 

transition state is higher in energy than the bis-ligand transition state. 
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Figure S5.1. A. DFT computed reaction coordinate diagram of APhos, PPh3, 

and PMe3 bis-oxidative addition and transmetalation steps, B. Mono-

oxidative addition route to transmutation, C. DFT computed oxidative 

addition transition states, D. Isomerization and ligand dissociation (energies 

in kcal/mol, distances in Å) 
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5.6.4. Effect of KCl Coordination and Distortion-Interaction Analysis 

Effect of KCl was explored by comparing transmetalation transition 

structures (TSs) with and without KCl. KCl has no effect on inversion vs 

retention selectivity. However, it does lower the overall barrier of the TSs 

(Figure S5.2). Distortion-interaction analysis revealed that the total 

distortions were higher by 8.7 kcal/mol, and therefore more destabilizing, for 

the favored Inversion tranmetalation-TS-V (Figure S5.2, A). However, it 

is the greater interaction energy of the Inversion tranmetalation-TS-V that 

overwhelms the distortion penalty and favors the inversion process over the 

retention (interaction energy greater by –11.1 kcal/mol compared to 

disfavored Retention tranmetalation-TS-V). 

 

Figure S5.2. Transmetalation transition structures based on the presence (Top, 

A) or absence of KCl (Bottom, B). 
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5.6.5. Inversion and Retention Paths to Transmetalation 

The crucial transmetallation of acylpalladium(II) species Int-IV to furnish the 

transmetallation complex Int-VI is initiated by forming an aggregate with the 

nucleophile ([Int-IV+(S)-2a]). From this intermediate, the corresponding 

transition states for both inversion and retention could be identified. While 

the former could be accessed directly from Int-IV and (S)-2a, the generation 

of the latter required the rearrangement of the chloride, triggered by the 

approach of the potassium ion to form ([Int-IV+(S)-2a]’).  

 

Figure S5.3. Paths leading to inversion and retention TS.  
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5.6.6. Ion Coordination 

Analysis of ground states (GSs) for different ion coordinations in the solution 

revealed that 1) dissociation of fluoride from BF3 is energetically disfavored; 

2) post-transmetalation coordination of BF3 and KCl to form KBF3Cl 

complex is favored in energy by 10.6 kcal/mol. 

 

Figure S5.4. Model system analysis of possible ion coordination in solution. 
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국문 초록 

 

 

알킬붕소 화합물의 

촉매적 비대칭 합성 및 입체특이적 변환 

 

서울대학교 자연과학대학 화학부 

노병도 

 

새로운 탄소-탄소 결합 형성을 위한 방법론 개발은 유기화학 분야에

서 핵심적인 주제로 간주된다. 지난 수십 년 동안, 전이금속 촉매를 활

용한 교차-결합 반응은 복잡한 분자에 효율적인 접근을 가능케 하는 다

재다능한 방법으로 인정받아왔다. 이러한 교차-결합 반응 중 스즈키-미

야우라 교차-결합 반응은 친핵성으로 이용되는 유기붕소 화합물이 가지

는 다양한 이점들, 예를 들면 낮은 독성, 환경 안전성, 온화한 반응 조건, 

용이한 합성 등, 때문에 탄소-탄소 결합 형성에 있어 가장 매력적인 방

법으로 평가되며, 전 세계적으로 활발히 연구되고 있다. 이에 따라 합성 

유기화학 분야의 연구 공동체는 더욱 효율적인 유기붕소 화합물 합성 방

법들을 지속적으로 요구하고 있으며, 또한 유기붕소 화합물을 유용한 합

성 중간체로서 더 널리 활용하기 위해 많은 노력과 연구가 진행되고 있

다. 그럼에도 불구하고 이러한 방법들의 대부분은 주로 sp2 혼성탄소 기

반의 유기붕소 화합물의 사용으로 제한되어 왔다. 이는 sp3 혼성탄소 기

반의 유기금속 화합물의 내재적인 낮은 반응성 및 생성된 알킬금속 반응
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중간체로부터의 발생하는 부반응 경로 등 때문이다. 따라서, 이전에 미

처 접근하지 못했던 3차원의 새로운 화학 공간으로 쉽게 접근 가능하게 

하는 핵심 중간체로서 활용될 수 있는 sp3 혼성탄소 기반의 유기붕소화

합물의 효율적인 합성 및 활용에 대한 방법론의 개발은 여전히 도전적이

며 해결해야할 중요한 과제로 남아있다. 

이러한 맥락으로, sp3 혼성탄소 기반의 알킬붕소 화합물의 합성 및 

기능화에 대해 더 효과적인 전략을 개발하고자 하였다. 제1장에서는 sp3 

혼성탄소 기반의 유기붕소 화합물의 합성과 기능화의 중요성을 간략히 

소개하며, 그 다음 제2장에서는 알킬붕소 화합물의 합성을 위해 주로 같

은자리-이붕소화합물의 활용법에 대해 논의한다. 이와 함께 선구적 연구

들과 최근의 발전 사례를 강조하였다. 제3장에서는 새롭게 개발한 구리

촉매 기반의 같은자리-이붕소화합물의 α,β-불포화 이논으로의 비대칭 

1,4-첨가반응을 설명하며, 이로써 복잡성이 더해진 새로운 구조의 카이

랄성 알킬붕소 화합물을 합성할 수 있었다. 제4장에서는 알킬붕소 화합

물의 입체특이적 기능화에 초점을 맞추고, 특히 카이랄성이 풍부한 sp3 

혼성탄소 기반의 유기붕소 화합물에 대한 입체특이적 스즈키-미야우라 

교차-결합을 다룬다. 이어서 제5장에서는 매우 효율적인 입체화학적 전

달을 보여주는 입체특이적 아실화 스즈키-미야우라 교차-결합에 대한 

최근 개발 내용을 소개한다. 

 

주요어: 유기붕소, 알킬붕소 화합물, 비대칭 촉매, 입체선택적 합성, 입체

특이적 교차-결합, 카이랄성 카르보닐 화합물, 구리, 팔라듐 

학 번: 2018-28460 
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