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Abstract 

  

Nitrogen heterocycles are ubiquitous in pharmaceuticals, agrochemicals, and natural 

products and occur often as partially or fully saturated non-aromatic six-membered rings. Much 

work has gone into the development of methodologies for the synthesis of non-aromatic nitrogen 

heterocycles. However, substrate limitations, and/or the need for reagents and starting materials 

that require multistep syntheses have left room for improvement in the synthesis of non-aromatic 

nitrogen heterocycles. The transition metal mediated asymmetric dearomatization of activated 

heteroarenium salts yields dihydroheteroarene compounds that can act as building blocks to access 

either functionalized pyridines through oxidation, or tetrahydropyridines and piperidines through 

functionalization or reduction. Further the use of transition metal catalysis would allow for the 

development of substrate independent regio- and enantioselective dearomatization methods. To 

date no one solution has been reported that allows for the control of both enantioselectivity and 

regioselectivity in the dearomatization of pyridiniums to yield chiral dihydropyridines.  

This thesis focused on the development of regioselective and enantioselective pyridinium 

dearomatization methodologies. Chapter 2 focuses on the first reported rhodium catalyzed C2-

selective dearomatization of pyridinium salts derived from nicotinic acid esters to generate chiral 

dihydropyridines. Chapter 3 extends this same approach to the synthesis of dinitrogen 

heterocycles in the form of quinoxalines. Chapter 4 reports the use of the developed rhodium-

based asymmetric dearomatization methodologies to access chiral, natural products nuphar 

indolizidine and deoxylasubine II. Finally, Chapter 5 reports preliminary data on the first reported 

asymmetric dearomatization of quinolinium salts utilizing a cost-effective and less toxic, earth 

abundant metal, cobalt, and several novel binaphthalene Schiff-base-type ligands. 
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Chapter 1  

Introduction  

*Portions of this chapter were reproduced from Robinson, D. J.; Ortiz, K. G.; OôHare, N. P.; and 

Karimov, R. R. Org. Lett. 2022, 24, 19, 3445-3449 

1.1. Partially and Fully Saturated Nitrogen Heterocycles in Bioactive Compounds 

Nitrogen heterocycles are prevalent motifs in compounds such as human and veterinary 

pharmaceuticals, agrochemicals, and alkaloid natural products (Figure 1.1.1).1ï34 Approximately 

70% of all agrochemicals, and 59% of all U.S.FDA approved drugs contain at least one nitrogen 

heterocycle.2,35 Nitrogen heterocycles within these compound classes are often highly substituted 

and contain multiple stereocenters, significantly increases difficulty  of their synthesis. 36ï43 

 
 

Six membered nitrogen heterocycles are particularly prominent motifs in medicinal 

compounds (Figure 1.1.2).8,35,44ï46 An analysis of the 24 most frequently occurring nitrogen 

heterocycles in U.S. FDA approved drugs found that 53% of them contain 6 membered nitrogen 

heterocycles. Specifically, 16% of these nitrogen heterocycles were heteroarenes such as pyridines, 

pyrimidines, and quinazolines. Partially and fully saturated non-aromatic nitrogen heterocycles 

such as piperidines, piperazines, phenothiazines, 4-quinolinones, morpholines, 

tetrahydroisoquinolines, 1,4-dihydropyridines, and tetrahydro-2-pyrimidinones accounted for 

37% of all occurrences. Piperidines (72 drugs), and pyridines (62 drugs) were the number one and 

 
Figure 1.1.1 Examples of nitrogen heterocycles in medicines, agrochemicals, and natural products. 
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two most frequent motifs, respectively. Further, 1,4-dihydropyridines (1,4-DHP) (10 drugs) also 

appeared in the top 24 most common nitrogen motifs (Figure 1.1.3A).35 

 

The functionalization and synthesis of six membered aromatic nitrogen heterocycles has 

been thoroughly investigated through, but not limited to, halogenations, skeletal editing, 

cycloadditions, cyclizations, cross-couplings, C-H functionalizations, and radical reactions.46ï66 

Comparatively, methods for the synthesis of non-aromatic six membered nitrogen heterocycles, 

while common, are less frequent than those for aromatic azaheterocycles. The disparity of methods 

between aromatic and non-aromatic azaheterocycles could be attributed to the increased difficulty 

in the control of the regioselectivity, diastereoselectively, and enantioselectivity of reactions that 

generate non-aromatic six-membered heterocycles. 

 

A deeper look at the structures of the 72 piperidine-containing approved drugs reveals that 

the N1 and C4 positions of piperidines are the positions that most often contain a substituent 

 
Figure 1.1.2 Examples of non-aromatic six membered nitrogen heterocycles in medicines. 

 
Figure 1.1.3 A) The number of FDA approved drugs containing the listed 6 membered nitrogen heterocycle moiety. B) The 

percentages of substituents at each position in the 72 FDA approved piperidine drugs. 
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(Figure 1.1.3B). It is important to note that such substituents do not introduce a stereogenic center 

to the piperidine ring. On the other hand, installation of substituents at the C2, C3, C5, and C6 

positions of non-aromatic heterocycles breaks the plane of symmetry present in N1/C4 substituted 

piperidines and introduces a stereogenic center to the piperidine ring. This introduction of a 

stereogenic center adds to already difficult challenge of controlling regioselectivity during the 

synthesis of these heterocycles as the it introduces the challenge of controlling stereoselectivity in 

desired products (Scheme 1.1.1).62,67,68 Despite the synthetic challenges involved, the prevalence 

of partially and fully saturated nitrogen heterocycles in bioactive compounds presents a clear 

motivation for the development suitable synthetic methodologies that offer full regio-, diastereo-, 

and enantiocontrol in the generation of the non-aromatic six-membered azaheterocycles. 

 

1.2. Approaches Toward the Syntheses of Partially and Fully Saturated Nitrogen 

Heterocycles 

A variety of approaches have been developed for the synthesis of partially saturated and 

fully saturated non-aromatic nitrogen heterocycles. Recent approaches of non-aromatic 

heterocycle synthesis include biocatalytic, electrolytic, organocatalytic, and flow-based 

techniques.69ï76 Transition metal mediated reactions and annulations are common methodologies 

to generate non-aromatic heterocycles. Transition metal mediated reactions often encompass, but 

 
Scheme 1.1.1. Functionalization of saturated nitrogen heterocycles that breaks the plane of symmetry of the starting material 

leads to regio-, enantio-, and diastereoselectively. 
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are not limited to, C-H activations, annulations, hydrogenations, and dearomatizations.77ï83 The 

next few subsections will take a look at varying examples of the application of C-H activations, 

annulations, hydrogenations, and dearomatizations on and for the generation of pyridines, 

piperidines, and dihydropyridines.84,85 

1.2.1. CïH Functionalization of Saturated Six Membered Nitrogen Heterocycles 

One of the first examples of a direct C(sp3)-H activation of six-membered non-aromatic 

nitrogen heterocycles was reported by Murai et al in 2000. Murai reported the functionalization of 

the C2 hydrogen of a varying heterocycles (1.16), such as piperidines and tetrahydroisoquinolines, 

were carbonylated using catalytic rhodium, a pyridyl directing group, ethylene gas, and carbon 

monoxide to give compounds 1.17 (Scheme 1.2.1a).86 This was an improvement on their 

previously reported methodology for a similar transformation for the synthesis of 

tetrahydropyridines and tetrahydropyrazines.87 The first asymmetric C(sp3)-H activation of 

saturated nitrogen heterocycles, including piperidines, was reported by Yu et al in 2017, two 

decades after Muraiôs first reported C-H activation. The time difference between the publication 

of Murai and Yuôs methods serves to highlight the challenge in controlling enantioselectivity in the 

functionalization of non-aromatic heterocycles. Yu et al reported the palladium mediated 

asymmetric C-H arylation of four, five, six, and seven membered nitrogen heterocycle rings.88 To 

achieve enantioselective and regioselective C-H functionalization Yu employed a chiral 

phosphoric acid in combination with a bulky thioamide directing group respectively (Scheme 

1.2.1b). Yields for the functionalized saturated heterocycle products ranged 50%-84%, with ees 

ranging from 88% to 98%. C-H activation methodologies are powerful, but are substrate limited, 

specifically, directing groups are needed at the N1 position to achieve functionalization of the 

starting heterocycle. Installation and removal of this bulky directing group, while possible, also 



 17 

results in a poor atom and step-economy for the reaction. Furthermore, conditions required for 

functionalization by C-H activation can be harsh as seen in Muraiôs reactions which needed 

temperatures of 160 ÁC to proceed and included days-long reaction times. Increased temperatures 

and long reaction times can cause degradation of starting materials, reagents, or even products. 

 

1.2.2. Cyclization Approaches to Synthesize Saturated Six Membered Nitrogen 

Heterocycles 

Annulation is a reaction in which a new ring is fused to a molecule via two new bonds. 

Annulations often start with substituted non-cyclic substrates, typically containing elements of 

unsaturation.89,90 This is in stark contrast to the examples of C-H activation approaches discussed 

previously in which saturated heterocycles are already formed and then functionalized. As the term 

annulation is broadly defined, this subsection will highlight a few of the more common annulations 

specifically for the synthesis of 6 membered nitrogen heterocycles. For further discussion on more 

classical cyclization reactions such as nucleophilic substitutions and reductive aminations see 

reviews referenced here.91,92 

 
Scheme 1.2.1 A) The first C(sp3)-H activation of a piperidine and B) the first asymmetric C(sp3)-H activation piperidine. 
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Catalytic ring-closing olefin metathesis (RCM) reactions for the generation of saturated 

six-membered nitrogen heterocycles was first reported by Grubbs and Fu in 1992. Until this point, 

electron-rich olefinic amines had proven to be difficult substrates to use in RCM cyclizations often 

resulting in low yields, low catalyst turnovers, and limited scopes.93 In their seminal work, Grubbs 

and Fu employed Schrockôs catalyst with nitrogen dienes to successfully yield five-, six, and 

seven-membered partially saturated nitrogen heterocycles, including tetrahydropyridine 1.21 in 

86% yield (Scheme 1.2.2a). Further this strategy was also able to successfully metathesize olefinic 

amides, which were previously even more challenging than olefinic amines. This method still had 

limitations as the attempted formation of lactams was initially unsuccessful due to the coordination 

of amides to the molybdenum catalyst to form stable, yet undesired, intermediates. Unfortunately, 

amines with high electron density were limited due to this observed coordination. In the following 

years, advances on this methodology have been reported such as Pederson et al employed HTE 

techniques to generate partially saturated nitrogen heterocycles, like tetrahydropyridine 1.23 in a 

>99% yield, using only 500 ppm amounts of the ruthenium-based Hoveyda-Grubbs 2nd generation 

catalyst (Scheme 1.2.2b).94 Unfortunately this approach to heterocycles is still limited as changing 

the substituents, sterics, or chain length of olefinic amides can result in dramatically reduced 

product yields. 
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One example of a 6ˊ electrocyclization was reported by Ellman et al in 2012, in which a 

rhodium catalyzed C-H activation set up the subsequent 6ˊ electrocyclization. The C-H 

activation/6 ́ electrocyclization allowed for the synthesis of dihydropyridines from substituted 

alkynes and Ŭ,Ç-unsaturated imines (Scheme 1.2.3A).95 Subsequent reduction of these 

dihydropyridines to give tetrahydropyridines (1.26) in yields up to 93% with up to 95% dr. The 

generated tetrahydropyridines can then be further reduced to generate highly substituted 

piperidines. The reaction proceeded through a rhodium-catalyzed C-H activation of the Ŭ,Ç-

unsaturated imines (1.24), followed by addition across the alkyne substituent (1.25) to give an 

azatriene intermediate 1.27, which then underwent electrocyclization in situ to give the 

dihydropyridine 1.28. Compound 1.28 underwent double protonation to give the desired 

dihydropyridine products (Scheme 1.2.3B). Unfortunately, the methodology reported could not 

tolerate drastic changes to the electronics of the alkyne and imine substituents. Further, the alkynes 

and imines shown here would give mixtures of regioisomers of the dihydropyridine products. 

 

 
Scheme 1.2.2 A) The first ring-closing metathesis for nitrogen heterocycles and B) an improved ring-closing metathesis 

using lower loadings of catalyst. 
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Aza-Diels-Alder (ADA) reactions, like 6ˊ electrocyclizations, are another example of 

pericyclic reactions that has been used for the synthesis of non-aromatic six-membered nitrogen 

heterocycles. While the method reported by Ellman discussed above gave excellent results, the 

generated dihydropyridines were racemic mixtures. Not all aza-Diels-Alder reactions are 

enantioselective, but the method reported by Leighton et al in 2010 represents one strategy to 

generate chiral tetrahydropyridines through the cycloaddition of imines (1.31) and dienes (1.30) 

in the presence of a chiral silane lewis acid.96 Tetrahydropyridines (1.32) were obtained in yields 

up to 99% with ees up to 98% (Scheme 1.2.4). However, the substrate scope was limited by the 

steric and electronic requirements needed for an aza-Diels-Alder reaction to proceed. 

 

 

 
Scheme 1.2.3 A) Ellmanôs reported 6ˊ electrocyclization to generate dihydropyridines and B) the suspected mechanism of 

the cascade of the 6ˊ electrocyclization by Ellman. 

 
Scheme 1.2.4 Leighton et al reported one of the first asymmetric aza-diels-alder reactions to generate tetrahydropyridines in 

2010. 
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1.2.3. Hydrogenation of Pyridines 

Like C-H activations reactions, hydrogenation reactions begin from an already established 

heterocycle ring. Hydrogenations can be catalyzed by transition metals, which mediate the 

insertion of hydrogen onto an aromatic heterocycle. The aromatic heterocycle is reduced into a 

saturated ring, e.g. a pyridine can be reduced into a piperidine. Hydrogenations of heterocycles 

can yield both achiral and chiral saturated heterocycles, depending on the reaction strategy 

employed.97ï100 One example of an asymmetric hydrogenation of pyridines to generate chiral 

piperidines was reported by Glorius et al in 2004 (Scheme 1.2.5).100 The sequence started with a 

Buchwald-Hartwig amination at the C2 position of pyridine 1.33 to install chiral auxiliary 

oxazolidinone 1.34 and give pyridine 1.35. It is proposed that under acidic conditions 1.36 is 

generated. Treatment of 1.36 with hydrogen gas and a palladium catalyst yielded chiral 

piperidinium 1.37. Presumably, the steric bulk of the chiral auxiliary used by Glorius blocked one 

face of the molecule, allowing for insertion of the hydrogen atoms from the other side of the 

molecule. After treatment with HCl on 1.37 the desired chiral piperidine was obtained after 

cleavage of 1.34. Hydrogenations require all desired substituents to be present on the initial 

pyridine. In the last two decades a multitude of asymmetric hydrogenation methodologies have 

been reported. For a more complete discussion over the recent advances in asymmetric 

hydrogenation reactions, see the reviews referenced here.99,101 
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1.3. Dearomatization of Pyridiniums to Generate Dihydropyridines  

Another important type of reaction for the synthesis of partially and fully saturated nitrogen 

heterocycles is the dearomatization of pyridines or activated pyridines, called pyridiniums. The 

work discussed in this dissertation is focused on the development of dearomative methodologies 

for the synthesis of dihydroheteroarenes and the application of those methods into the total 

synthesis of natural products. In that regard, the synthesis of dihydropyridines, 

tetrahydropyridines, and piperidines through dearomative methodologies have been given their 

own section for discussion. 

The dearomatization of pyridiniums is an attractive approach for the synthesis of 

dihydropyridines (Scheme 1.3.1).83,102,103 The pyridine starting materials (1.39) needed to make 

pyridiniums (1.40) are widely commercially available or easily prepared through synthetic means. 

Pyridinium dearomatization can be made enantioselective through transition metal catalyzed 

methodologies which allows for the synthesis of chiral, piperidines and piperidine derivatives. The 

dearomatization approach to the synthesis of non-aromatic heterocycles allows for the rapid 

construction of relatively complex and highly substituted small molecules that can be difficult to 

generate with the methods described in section 1.2.  

 
Scheme 1.2.5 Asymmetric hydrogenation of pyridine to produce chiral piperidines by Glorius et all in 2004. 
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The dearomatization of pyridiniums results in either 1,2- or 1-4 dihydropyridines (1.41 or 

1.42) which contain two CƏC double bonds that could be amendable to further functionalization 

through regio- or stereoselective reactions to access tetrahydropyridines (1.44) or piperidines 

(1.45) (Scheme 1.3.2). Functionalized dihydropyridine products can also be oxidized back into 

pyridines (1.45), providing another way to achieve a net overall ñC-H functionalizationò of 

pyridine compounds. The use of dihydropyridines as building blocks to access complex small 

nitrogen heterocycles and natural products is one of the motivations for our development of 

pyridinium dearomatization methodologies.  

 

1.3.1. Generation and Reactivity of Pyridinium Salts 

Dearomatization of pyridines through addition of nucleophiles is significant challenge due 

to its aromatic nature. In fact aromaticity of pyridine is comparable to that of benzene.104  On the 

hand reaction of a pyridine at the nitrogen atom with an electrophile forms  cationic pyridinium 

salts which are susceptible to nucleophilic attach. The most common nitrogen substituents of 

 
Scheme 1.3.1 Activation of commercially available pyridines and subsequent dearomatization to form dihydropyridines. 

 
Scheme 1.3.2 Dihydropyridines act as useful synthetic building blocks to access pyridines or tetrahydropyridines/piperidine. 
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pyridinium salts are either N-alkyl, N-acyl, or N-aryl, each with their own physical and chemical 

properties.  

One of the most well-known pyridinium salts is the Zinke salt (1.47), in which the nitrogen 

of pyridine is functionalized with a 2,4-dinitrobenzene (Scheme 1.3.3).105,106 Zincke-type salts 

have been primarily utilized in a multitude of reactions for pyridines functionalization through a 

ring opening with amines to  form a Zincke imine, functionalization of the Zinc imine and  a ring 

closing to recreate the pyridine ring. A recent example of this was utilized by the McNally group 

in a form of skeletal editing to generate isotopic pyridine derivatives.64 Recently, a number of 

methods have been published for the synthesis of N-aryl pyridiniums which greatly expanded the 

scope N-aryl pyridiniums available.  

 

N-aklyl pyridiniums are typically generated by direct alkylation of pyridines. For example, 

in the context of this dissertation, N-alkyl pyridinium salts were generated by treatment of pyridine 

derivatives in solution with alkyl triflates and halides as electrophiles. The resulting pyridinium 

salts would typically crystallize out of solution at ambient temperatures either. The pyridinium 

salts could be isolated by filtration to yield a highly pure, workable solid that was typically bench 

stable at ambient conditions. Examples of two such alkylation reactions are shown in Scheme 

1.3.4. 

 
Scheme 1.3.3 Formation of Zincke Salts. 
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 Finally, N-acyl pyridiniums are usually generated at low temperatures and used in situ. 

Compared to the N-aryl and N-alkyl pyridinium salts, N-acylpyridinium salts are more reactive 

and less stable. Typically, these salts are generated as chloride salts from the corresponding 

pyridines and acyl chlorides and are not stable at ambient temperature or in the presence of water.  

In recent years, more intricate methods have been developed that allow for the synthesis of 

more complex pyridinium salts through means such as electrochemistry.66 For a detailed account 

of recently developed interesting methodologies beyond the ñdump-and-stirò approach discussed 

in this dissertation, see the recent review by Motsch and Wengryniuk.107 

Non-asymmetric nucleophilic dearomatizations of pyridiniums have been reported in the 

literature and deeply explored since the 1970s. Generally, pyridiniums are excellent electrophiles 

and will react with a host of nucleophilic species. Unfortunately, the regioselective addition of 

 
Scheme 1.3.4 Formation of isolable and bench-stable pyridiniums. 
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nucleophiles to pyridinium salts in dearomatization reactions is troublesome. For example, a 

simple N-acyl pyridinium 1.50 has three electrophilic sites which are C2 and C4 positions of the 

pyridinium and carbonyl carbon of the acyl group. The regioselectivity of the nucleophile addition 

to these sites is dependent on the HSAB characteristics of the  nucleophile and of the pyridinium 

sites (Scheme 1.3.5).108,109 

 

Studies conducted by Comins et al found that in general hard organometallic reagents, like 

Grignard reagents, preferred to attack the C2 position of a pyridinium. However, the HSAB 

characteristics of reactants in the reaction were not the sole driving force behind regioselectivity. 

The steric bulk of nitrogen substituents, nucleophiles, and pyridine substituents all played a role 

in the resulting regioselectivity of the dearomatization reactions. The resulting regioselectivity 

from varying the sterics of both the pyridiniums and electrophiles was explored by Comins, 

Abdullah, and Yamaguchi (Scheme 1.3.6).110,111 Smaller functionalities on the acyl group 

combined with smaller harder alkyl Grignards preferred to attack the C2 position (Scheme 1.3.6, 

entry 1). As the size of the acyl group increased, the ratio of C2:C4 products started to shift in 

favor of the C4 product (Scheme 1.3.6, entry 2). A key takeaway from these studies is that these 

reactions are not highly regioselective and often result in mixtures of reaction products. This 

regioselectivity issue hinders the broad application of the dearomatization approach in synthesis 

of non-aromatic nitrogen heterocycles.  

 

 
Scheme 1.3.5 Preference of positions that nucleophiles will attack based on their characteristics.  
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A number of solutions to combat the regioselectivity issue in nucleophilic dearomatizations 

of pyridiniums in the last thirty years have been developed. One strategy to overcome the 

regioselectivity challenge in pyridinium dearomatization is to install a sterically hindering 

blocking group onto your pyridine before activation and dearomatization of the pyridine. Another 

strategy to control the regioselectivity in pyridinium dearomatizations is the use of a directing 

group. In 2001, Martel et al reported the C2 selective dearomatization of N-imidoyl salts using 

Grignard nucleophiles.112 The magnesium of the Grignard reagent coordinated to the lone pair of 

the nitrogen atom of the imidoyl substituent (1.54), which directed the nucleophilic attack at the 

C2 position to generate the C2 product 1.55 in an 84% yield with a >95/5 C2/C4 product ratio 

(Scheme 1.3.7). 

 

Transition metal catalysis has revolutionized synthetic chemistry by enabling new 

reactivity modes and by improving the regio- and stereoselectivities of the reactions. In application 

of this catalysis to pyridinium dearomatization several groups have shown that excellent regio- 

and stereoselectivities can be achieved. Select examples of these efforts are described below.  

 
Scheme 1.3.6 Effects of sterics and pyridiniums and nucleophiles on regioselectivity. 

 
Scheme 1.3.7 Regioselective pyridinium dearomatization by Martel et al in 2001 using a directing group. 
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In 2009 Feringa et al reported the first example of a catalytic enantioselective addition of 

alkyl organometallic nucleophiles to N-acyl pyridinium salts (Scheme 1.3.8).113 Feringa utilized 

N-acyl pyridinium salts (1.56) with a methoxy group blocking the C4 position enabling exclusively 

C2 products. Enantioselectivity of the C2 products were obtained using a copper/phosphoramidite 

complex. The C2 products (1.57) were exclusively obtained in good yields with excellent 

enantioselectivities. However, while impressive, this method still relied on the use of a blocking 

group, limiting the overall generalizability of the methodology. The alkyl groups of the zinc 

reagents were also limited, as changing from an ethyl to an isopropyl group resulted in a dramatic 

drop of the ee of the reaction from 95% to 56%. 

 

In 2016, Doyle et al reported the asymmetric synthesis of 1,2-dihydropyridines (1.58) from 

N-acyl pyridinium salts utilizing a nickel/phosphoramidite catalyst system (Scheme 1.3.9). The 

reaction proceeded through a nickel catalyzed cross coupling with aryl zinc halide nucleophiles to 

give the DHP products (1.58) in yields up to 80% and ee up to 96%. The methodology tolerated 

both sterically hindered and small alkyl substituents on the N-acyl substituent. Further, EDGs and 

EWGs on the aryl zinc reagents were well tolerated. Heterocycle functionality on the zinc reagents 

were also well tolerated. This methodology was a vast improvement on the methodology reported 

by Feringa et al as reactivity and regioselectivity was achieved without the presence of a blocking 

group on at the C4 position of the pyridinium. Unfortunately, the method still suffered from 

 
Scheme 1.3.8 Feringa et al reported the first asymmetric addition of zinc nucleophiles to N-acyl pyridinium salts. 
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needing in-situ generation of the N-acyl pyridinium salts as they possess severe bench-stability 

issues. Further, organozinc reagent have limited commercial availability. 

 

In 2011, Nadeau et al reported the first catalytic enantioselective boronic acid addition to 

N-benzylnicotinate salts (1.59) utilizing rhodium/bisphosphine catalyst systems (Scheme 1.3.10). 

They demonstrated the ability to generate a range of 6-substituted, chiral, dihydropyridines (1.60) 

in yields of 23% to 83% and ees of 83% to 99%. 

 

Despite Nadeauôs small scope they demonstrated the potential of using a rhodium catalytic 

system to achieve both regioselectivity and enantioselectivity without utilizing blocking or 

directing groups. Up until this point no methodology had been reported that allowed for control of 

both the regio- and enantioselectivity of the dearomatization of pyridiniums utilizing boronic acid 

nucleophiles. This is particularly noteworthy in this case as nicotinate ester pyridiniums (1.61) 

possess three different electrophilic sites that can lead to three different regioisomers of the 

corresponding dihydropyridine (1.62-1.64). For example, a thorough study by Smith et al 

 
Scheme 1.3.9 Doyle reported a nickel-catalyzed asymmetric dearomatization of N-acyl pyridinium salts in 2016. 

 
Scheme 1.3.10 Nadeau et al reported a rhodium-mediated pyridinium dearomatization methodology in 2011. 
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demonstrated that treatment of a nicotinate ester pyridinium by a sterically small Grignard reagent 

resulted in a 1.0:1.6:8.9 ratio of C2:C4:C6 dihydropyridines (Scheme 1.3.11).114  

 

The preference for the C6 position was further exacerbated when Smith and co-workers 

employed even more sterically bulky Grignard reagents. The C6 regioselectivity and high %ee of 

the dearomatization of methyl nicotinate derived pyridinium salts laid the foundation for the 

rhodium mediated, C2 regioselective, enantioselective, dearomatization of nicotinate ester 

pyridiniums, discussed in Chapter 2 of this dissertation.115 In Chapter 2 it is demonstrated that by 

tailoring only the rhodium catalyst system, the dearomatization reaction could be altered to give a 

chiral C2-dearomatized dihydropyridines, the first report of its kind. 

 Nadeau and coworkers also demonstrated the potential to generate chiral dihydropyridines 

with quaternary stereocenters (1.66) through the dearomatization of C6-substituted pyridiniums 

(1.65) (Scheme 1.3.12). Although their reported yields and enantioselectivities were modest, this 

was the first reported instance of a fully substituted stereocenter generated through an asymmetric 

transition metal mediated pyridine dearomatization reaction. 

 

 
Scheme 1.3.11 C3 Substituted pyridiniums have 3 electrophilic sites that can give a mixture of regioisomers. 

 
Scheme 1.3.12 C6 regioselective asymmetric dearomatization of a 6 substituted pyridinium that gives a quaternary center. 
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In 2020, the Karimov and co-workers published their seminal work demonstrating a 

general method for the dearomative formation of fully substituted stereocenters (1.68) starting 

from N-alkyl pyridinium salts (1.67) with excellent yields and enantioselectivities (Scheme 

1.3.13).116 Further the reaction displayed excellent functional group tolerance and was able to be 

performed on gram scale. Reactions products, chiral dihydropyridines, made excellent building 

blocks to access complex, chiral, tetrahydropyridines and piperidines (See section 1.4 for details). 

 

During the development of the asymmetric addition of aryl boronic acids to pyridinium 

salts to generate quaternary stereocenter dihydropyridines, Karimov and coworkers observed that 

the addition of indole-2-boronic acid and benzothiophene-3-boronic acid to pyridinium salts under 

rhodium catalysis did not yield any of the corresponding dihydropyridine product (1.71 and 1.72 

respectively). (Scheme 1.3.14A). This was due to the competing protodeboronation side reaction 

of these boronic acids under basic conditions (Scheme 1.3.14B).117 Successful asymmetric and 

high yielding additions of heterocyclic boronic acids was an important synthetic challenge to 

overcome as doing so could enable the efficient synthesis of alkaloid natural products, such as the 

synthesis of nuphar indolizidine discussed in Chapter 4 of this dissertation.  

 

 
Scheme 1.3.13 C6 regioselective asymmetric dearomatization of a 6 substituted pyridiniums that gives a quaternary center. 
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To overcome to issues of protodeboronation, Karimov and co-workers develop a rhodium-

catalyzed dearomatization of pyridinium and quinolinium salts utilizing aryl Bpin nucleophiles 

(Scheme 1.3.15).118 Bpins, the pinocol esters of aryl boronic acids are more stable alternatives to 

aryl boronic acids under basic conditions.119,120 In addition to the improved stability Bpins are 

widely commercially available and are easily accessible through direct C-H borylation of arenes, 

or Miyaura and Masuda borylation of aryl and alkenyl halides and triflates.121ï124 Using aryl Bpins, 

the Karimov and co-workers were able to achieve dearomatization reactions that tolerated a wide 

range of functional groups in excellent yields and ee, and enable the addition of challenging 

heteroarenes, such as indoles, to pyridinium salts. The methodology was also successfully applied 

to the synthesis of dihydropyridines with tertiary centers. 

 

 
Scheme 1.3.14 A) Attempted dearomatization of pyridiniums with heterocyclic boronic acids gave poor yields. B) Boronic 

acids are prone to decomposition by protodeboronation in basic aqueous conditions. 



 33 

 

1.4. Dihydropyridines as Building Blocks for the Synthesis of Nitrogen Heterocycles 

Dihydropyridines are excellent building blocks that can be used for the synthesis of a 

variety of nitrogen heterocycles. They contain two CƏC double bonds that can be reduced or 

functionalized to access tetrahydropyridines and piperidines which could enable rapid synthesis of 

complex small-molecule heterocycles found in many bioactive compounds and natural products 

(Scheme 1.4.1). Dihydropyridines can also be oxidized to pyridines.  

 

 
Scheme 1.3.15 Notable examples of improvements in yield when using heterocycle bpin nucleophiles instead of aryl boronic 

acids (aryl boronic acid yields are in parentheses) and other examples of note that previously gave little to no yield and/or poor 

%ee with boronic acid nucleophiles. 
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In their report for nickel catalyzed dearomatization of pyridines, the Doyle group reported 

several interesting dihydropyridine derivatization reactions (Scheme 1.4.2).125 The diene system 

in 1.79 underwent a Diels-Alder cycloaddition to give a bicycle that was then opened with CuCl 

to give chiral pyrrole 1.80 in 19% yield with an 89% ee. Compound 1.79 was reduced using 

triethylsilane to give tetrahydropyridine 1.81 in 60% yield with an 88% conservation of ee. 

Osmium catalyzed dihydroxylation of 1.81 yielded the piperidine 1.82 in 70% yield with a >20:1 

dr, demonstrating that the stereocenter set in the dearomatization of pyridiniums can influence 

other stereocenters set through standard reduction or functionalization reactions. Palladium 

catalyzed hydrogenation of 1.79 gave tetrahydropyridine 1.83 in 92% yield. Iodination of 1.83 

with NIS followed by a Suzuki reaction gave functionalized tetrahydropyridine 1.84 in 38% yield. 

 
Scheme 1.4.1 Commercially available pyridines can be activated into isolable pyridinium salts that can then be asymmetrically 

dearomatized into dihydropyridines which can in turn act as valuable building blocks for pyridines, tetrahydropyridines, and 

piperidines.   
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The Karimov lab also reported several interesting derivatization reactions utilizing mild 

reagents as well to derivatize dihydropyridines (Scheme 1.4.3). Treatment of 1.85 with NaCNBH3 

or H2 and palladium on carbon gave tetrahydropyridines 1.86 and 1.87 in 87% and 99% yields 

respectively. Compound 1.87 was further reduced with NaCNBH3 to give 1.88 in 70% yield. 

Reduction of 1.85 with excess LiAlH4 gave the aldehyde 1.89 providing another functional handle 

for further derivatization of the resulting tetrahydropyridine. Iodoetherification of 1.90 was 

achieved by treating it with I2 and NaOMe to give 1.91 in 67% yield and >20:1 dr, further 

demonstrating the possibility of controlling the stereochemistry of stereocenters generated after 

the initial dearomatization reaction.126 

 
Scheme 1.4.2 Derivatization of chiral dihydropyridine by Doyle et al. 
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The dihydropyridine strategy was demonstrated to be applicable to the synthesis of 

bioactive molecules by Nadeau and coworkers (Scheme 1.4.4).127 Treatment of dihydropyridine 

1.92 with a series of transformations generated the chiral piperidine salt 1.93 in a 49% yield over 

5 steps with an 80% ee. 

 

1.5. Conclusion 

Nitrogen heterocycles are ubiquitous in pharmaceuticals, agrochemicals, and natural 

products and most often come in the form of partially or fully saturated non-aromatic six-

membered rings. Much work has gone into the development of approaches like C-H activation, 

 
Scheme 1.4.3 Derivatization of chiral dihydropyridines by Karimov et al. 

 
Scheme 1.4.4 Derivatization of chiral dihydropyridines to give pharmaceutical building blocks. 
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cyclizations, and hydrogenations for the synthesis of dihydropyridines, tetrahydropyridines, and 

piperidines. While these types of methodologies have been applied successfully in the synthesis of 

non-aromatic heterocycles, they are often substrate limited or utilize reagents and starting materials 

that require multi-step syntheses to obtain. One approach that is particularly exciting is the 

dearomatization of heteroarenium salts, in which commercially available or easily synthesized 

aromatic heterocycles act as electrophiles and are functionalized with typically organometallic 

nucleophiles. Many groups have developed and published methods for the dearomatization of 

heterocycles, including asymmetric variants to generate chiral non-aromatic heterocycles. 

Unfortunately, much of the dearomative chemistry reported to date faces regioselectivity 

challenges with implemented solutions, such as blocking/directing groups, limiting the 

generalizability of substrates applicable in the developed methods. In general, no one solution has 

yet been reported that allows for the control of both enantioselectivity and regioselectivity in the  

dearomatization of pyridiniums to yield chiral dihydropyridines. To that end, the work in this 

dissertation focuses on the development of regioselective and enantioselective pyridinium 

dearomatization methodologies. Chapter 2 specifically focuses on the development of a catalyst-

controlled methodology for the first reported asymmetric C2 regioselective synthesis of 

dihydropyridines. This method is demonstrated to retain roughly the same general reactivity as the 

Karimov groupsôs previously reported C6 selective dearomative chemistry. Chapter 3 focuses on 

the extension of our developed dearomative rhodium chemistry into the synthesis of 

dihydroquinoxalines. As our lab views dihydropyridines as building blocks, synthesized 

dihydroquinoxalines were showcased for their ability to act as building blocks for the generation 

of chiral tetrahydroquinoxalines. Chapter 4 of this dissertation builds upon the idea of 

dihydropyridiniums as building blocks and employees the developed C6 and C2 regioselective 
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asymmetric dearomatization of pyridiniums into the total synthesis of nuphar indolizidine and the 

formal synthesis of deoxylasubine II. Finally, chapter 5 of this dissertation presents a first look at 

the development of a cobalt catalyzed asymmetric dearomatization of heteroareniums. The use of 

a first-row transition metal to synthesize chiral dihydropyridines is particularly exciting as it would 

enable the affordable use of our approach on a larger scale, with less toxic metals, in the synthesis 

of bioactive compounds. 
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Chapter 2  

Catalyst Controlled-Enantioselective and Regiodivergent Addition of Aryl Boron 

Nucleophiles to N-alkyl Nicotinate Salts 

*This chapter was reproduced from Ortiz, K. G.; Dotson, J. D.; Robinson, D. J.; Sigman, M. S.; 

Karimov, R. R. J. Am. Chem. Soc. 2023, 145, 21, 11781-11788 

2.1. Introduction  

Site-selective functionalization of molecules that contain multiple reactive sites remains a 

significant challenge in organic synthesis.1ï7 Along with this challenge comes the opportunity that 

achieving site-selective functionalization could enable synthesis of a variety of molecules from a 

small subset of starting materials. While selective functionalization of electrophiles that contain 

two reactive sites has been significantly developed (e.g., 1,2 vs 1,4 addition to Ŭ,ɓ-unsaturated 

carbonyl compounds), development of methods to functionalize extended ˊ systems has lagged. 

In this context, pyridinium salts are multidentate electrophiles that, in the presence of 

nucleophiles, can undergo (1,2), (1,4), or (1,6) addition to afford the corresponding 

dihydropyridines (DHPs).8ï31 These scaffolds are useful intermediates for the preparation of 

nonaromatic nitrogen heterocycles (Figure 2.1.1).32 Directing a nucleophile to a specific site on 

the ring has proven to be a nontrivial task. This selectivity issue is commonly avoided by using 

symmetric pyridines, installing blocking groups, or exploiting a pre-existing functionality to direct 

the addition.11,33,34 Careful selection of the activating group has also been used to influence C2/C6 

vs C4 selectivity.33,35 While effective in specific cases, the scope of dihydropyridines that can be 

accessed via these substrate-controlled protocols is intrinsically limited, as they require structural 

conditions to be met or necessitate modification of the nucleophiles or pyridinium salts to influence 
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the regioselectivity of the addition. These requirements diminish the synthetic utility of the 

dearomatization approach toward the synthesis of DHPs, tetrahydropyridines, and piperidines. 

 

A strategy to overcome these issues is to impart control through the catalyst structure. A 

specific goal is to enable the addition of the same nucleophiles regioselectively to different 

positions of heteroarenium salts as a function of the catalyst to yield products with different 

substitution patterns, which are common in natural products, agrochemicals, and pharmaceuticals. 

Recently, our group (see chapter 1) and others have reported Rh-catalyzed addition of aryl boronic 

acids and aryl boronic acid pinacol esters to pyridinium salts derived from nicotinic acid (Figure 

2.1.1B).14,17,28 These reactions proceeded in remarkable regioselectivity and delivered the C6 

addition products in high yield and ee even when a substituent at the C6 position was present. In 

addition to the major C6 addition product, C2 and C4 arylation products were also observed in 

 
Figure 2.1.1 A) Reactivity of pyridinium salts with nucleophiles for synthesis of DHPs. B) Catalyst-controlled regioselective 

addition of boronic acids. C) Examples of alkaloids and bioactive molecules with  2,6-disubstituted nitrogen heterocycles. 
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these reactions, albeit in low yield. Inspired by these proof-of-concept studies on catalyst-

controlled regioselective functionalization of multident electrophiles, we initiated a study to 

identify a catalyst that would facilitate selective addition of aryl boron nucleophiles to the C2 

position of nicotinic acid-based pyridinium salts. Identification of such a process should enable 

the synthesis of highly functionalized piperidines that are present in natural products and bioactive 

molecules such as the ones shown in Figure 2.1.1C. 

This chapter describes the identification and analysis of new catalysts for selective C2 

addition, which afforded the corresponding 1,2-DHPs in high yield and enantioselectivity. Using 

statistical modeling tools, including linear regression, logistic regression, and threshold analysis, 

we identified which ligand parameters are important for achieving high selectivity and yield. This 

work will more broadly facilitate future efforts to develop site-selective catalysts for the 

functionalization of multident electrophiles. 

2.2. Results and Discussion 

2.2.1. Reaction Optimization and Ligand Screening for C2 Regioselectivity 

Our initial studies in this area focused on the regioselective dearomatization reactions of 

pyridinium 2.8a (Table 2.2.1) with PhBpin as a readily available aryl nucleophile. For initial 

reaction conditions, we applied those used for the dearomatization of such substrates with Ar-Bpin 

nucleophiles (Table 2.2.1, entry 22).14 We investigated various bis-phosphine ligands with diverse 

steric and electronic properties. 

We found that under these conditions, several ligands provided the C6 addition product 

2.10 as the major product, with some ligands even exceeding the selectivity of the previously used 

BINAP ligand (Table 2.2.1, entries 11, 22, 24, 32). For example, ligands Table 2.2.3, L18 and 

Table 2.2.3,L37 gave the C6 addition product 2.10 in 45:1 and 20:1 selectivity, respectively, while 
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BINAP delivered the same product in an 8:1 selectivity. Perhaps more importantly, we identified 

several ligands that significantly favored C2 addition (Table 2.2.1, entries 5, 9, 12, 16, 23, 29). 

Of these, Me-DuPhos gave the dearomatization products in moderate yield and regioselectivity 

but high enantioselectivity. P-chiral ligands Quinox-P* and Benz-P* gave DHPs 2.9a and 2.10 in 

moderate selectivity but in high overall yield and ee. Norphos (Table 2.2.3, L5) yielded 2.9a and 

2.10 in high regioselectivity, but the overall yield and enantioselectivity were modest. Finally, we 

identified Bobphos (Table 2.2.3, L28), which was originally developed for Rh-catalyzed 

regioselective hydroformylation reactions, as the optimal ligand with respect to regioselectivity, 

the yield of the C2 product, and enantioselectivity.36 Using Table 2.2.3, L28 as a ligand and 

reducing the reaction temperature, conditions were optimized with the goal of maximizing the 

yield of the C2 product (Table 2.2.1, entry 30). 
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Table 2.2.1 Yields and regioisomer ratios for different bisphosphine ligands in the dearomatization of 2.8a. 

 
Reaction conditions: Pyridinium salt 2.8a (0.1 mmol, 1 equiv) was reacted with PhBpin (0.25 mmol, 2.5 equiv) in the presence 

of Na2CO3 as a base and Rh(COD)2BF4 (5 mol%)/L1-L38 (5 mol%) as a catalyst at 80 ÁC for 2h. The yields of 2.9a and 3.10 

were determined by analysis of 1H NMR spectra of the crude reaction mixtures using 1,3,5-trimethoxybenzene as an internal 

standard. Enantiomeric excess (ee) was determined using chiral HPLC. N.D. =not determined.  
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Table 2.2.2 Yields and regioisomer ratios for different bisphosphine ligands in the dearomatization of 2.8c. 

 
Reaction conditions: Pyridinium salt 2.8c (0.1 mmol, 1 equiv) was reacted with PhBpin (0.25 mmol, 2.5 equiv) in the presence 

of Na2CO3 as a base and Rh(COD)2BF4 (5 mol%)/L1-L38 (5 mol%) as a catalyst at 80 ÁC for 2h. The yields of 2.9k and the C6 

product were determined by analysis of 1H NMR spectra of the crude reaction mixtures using 1,3,5-trimethoxybenzene as an 

internal standard. Enantiomeric excess (ee) was determined using chiral HPLC. N.D. =not determined. 
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Table 2.2.3 Structures of bisphosphine ligands. 
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2.2.2. Scope of Boron Nucleophiles and Pyridinium Salts for the Synthesis of 1,2-

DHPs 

With the optimal reaction conditions in hand, we explored the substrate scope of this 

reaction with respect to different Ar-Bpins nucleophiles and pyridinium salts. During the scope 

exploration, we identified that although Quinox-P* had inferior regioselectivity compared to 
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Bobphos, in certain cases, it delivered the C2 products in higher yield due to the excellent overall 

yields of these reactions (See stereochemical model in  section 2.2.5). Thus, both ligands were 

used during the scope exploration. 

Ar-Bpin nucleophiles containing various electron-neutral and electron-donating 

substituents at the para position reacted with pyridinium salts containing a C6-Me substituent to 

give corresponding 1,2-DHPs in high yield, regioselectivity, and enantioselectivity (Table 2.2.4,  

entries 2.9aī2.9f). While the regioselectivity and enantioselectivity of the addition of electron-

deficient aryl groups was high, the yield of the C2 product was lower than that of electron-neutral 

and electron rich aryl groups (Table 2.2.4, entry 2.9g). Alkenyl groups can also be added under 

the standard reaction conditions to give corresponding DHP in moderate yield and high 

enantioselectivity (Table 2.2.4, entry 2.9i). 

Next, we systematically varied substituents on the pyridinium ring to establish the scope 

of tolerated substitution patterns. Changing the N-alkyl group from Me to Et or Bn did not 

significantly impact the reaction outcome, giving the corresponding DHPs in high yield and ee 

(Table 2.2.4, entries 2.9j and 2.9k). C6 Et-substituted pyridinium gave the corresponding DHP 

in decreased yield and regioselectivity compared to those of the C6 Me-substituted pyridinium, 

while the ee of the product remained high (Table 2.2.4, entry 2.9l). 

Next, we explored the dearomatization of C6-arylsubstituted pyridiniums that typically 

underwent dearomatization to give corresponding 1,2-DHPs as the only detectable products and 

in high enantioselectivity. Thus, C6 phenyl substituted pyridinium reacted with para-substituted 

electron neutral, electron-rich, and electron-deficient Aryl-Bpin nucleophiles to deliver 1,2-DHPs 

2.9mī2.9q (Table 2.2.4). Acidic groups such as secondary amide and unprotected primary alcohol 

are well tolerated under these reaction conditions (Table 2.2.4, entries 2.9o and 2.9p, 



 59 

respectively). Ortho- and meta-substituted Aryl-Bpin nucleophiles gave the corresponding DHPs 

2.9r and 2.9s, respectively, in good yield and excellent ee. Five-membered heterocyclic aryl-Bpin 

nucleophiles gave the corresponding heterocycle-substituted 1,2-DHPs in good yield and excellent 

ee (Table 2.2.4, entries 2.9tī2.9y). While reactions with pyridine-4-Bpin and 2-Me-pyridine-4-

Bpin did not deliver any dearomatization product (Table 2.2.4, entries 2.9af and 2.9ag, 

respectively), 2,6-dimethyl-pyridine-substituted DHP was obtained in a 47% yield and >99%ee. 

Electron-rich and electron-deficient C6-aryl-substituted pyridiniums underwent dearomatization 

in high regioselectivity and yielded the 1,2-DHPs 2.9aaī2.9ac, respectively, in >90% ee.  
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Table 2.2.4 Substrate Scope for C2 Dearomatization of 2.8 

 
Reaction conditions: Pyridinium salt 2.8 (0.2 mmol, 1.0 equiv), Ar-BPin (2.5 equiv), Na2CO3 (2.5 equiv), Rh(COD)2BF4(5 

mol %), and ligand (5 mol %) at 40 °C. Isolated yields are reported. ee of the reaction products were determined using chiral 

HPLC. Blue: (Sax, S)-Bobphos was used as a ligand. Green: (R, R)-QuinoxP* was used as a ligand. 
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2.2.3. Application of C2 Dearomative Methodology on a Preparative Scale 

A preparative scale reaction (1 mmol) using standard Schlenk line techniques without 

extensive degassing gave DHP 2.9w in a 52% yield and a 99% ee (Scheme 2.2.1). This illustrates 

that the reaction is robust and can be used without specialized equipment, such as a glovebox. (see 

Section 2.4 for the full procedure. 

 
 

2.2.4. Derivatization of Dearomatization Products 

In order to demonstrate the utility of the reaction products, we evaluated derivatization 

reactions of these 1,2-DPHs and highlighted the C2-selective dearomatization approach toward 

the formal synthesis of deoxylasubine II. Product 2.9m can be partially reduced by treatment with 

NaCNBH3, delivering tetrahydropyridine 2.11 as a single diastereomer, while iodine and NaOMe 

provided a highly functionalized heterocycle 2.12 in an 84% yield (Scheme 2.2.2). The complete 

reduction could be accomplished to give piperidine 2.13 as a single diastereomer using a Pd/C-

catalyzed hydrogenation.  

 
Scheme 2.2.1 The C2 dearomative methodology was run on a 1 mmol scale without using a glovebox to demonstrate the 

robustness of the reaction methodology. 
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2.2.5. Data Science Analysis 

Given their key role in imparting reactivity and selectivity of the N-alkyl nicotinate 

arylation reaction, we sought to understand what structural features of the bis-phosphine ligands 

underpin performance (Figure 2.2.1). While the ligands also control the enantioselectivity, we 

were most intrigued with the structureīfunction relationship that governed the regioselectivity 

between C2 and C6 arylation products 2.9a and 2.10. The identity of the bis-phosphine ligand had 

a dramatic effect on the reaction outcome, with 2.9a:10 ratios ranging from 88:12 to 2:98 (Table 

2.2.1, entries 29 and 11, respectively). This corresponds to a significant ȹȹGÿ range of Ḑ4.1 

kcal/mol. Additionally, we were interested in the role that the bis-phosphine ligands played on the 

reaction yield, as the choice of ligand led to yields ranging from 0 to 94% (Table 2.2.1a-b). Since 

no intuitive trends relating the bis-phosphine structure to the reaction performance were readily 

identified, we applied data science techniques to correlate the experimental reaction data with 

computed descriptors of the bis-phosphine ligands. The latter were obtained from one of our 

groupôs recently reported extensive DFT-derived descriptor library of bisphosphine ligands.37 

 
Scheme 2.2.2 Derivatization of dearomatization products to generate highly substituted, chiral, dihydropyridines, 

tetrahydropyridines, and piperidines. 
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We began our investigation by using logistic regression to assess the regioselectivity of the 

Rh-catalyzed arylation of 2.8a (Figure 2.2.1a, left plot). This was accomplished in two steps. 

First, the C2/C6 product ratio (i.e., 2.9a:2.10) was converted to a binary variable by classifying 

ligands as either C2 or C6 selective (1 or 0, respectively). Next, a logistic regression algorithm 

was used to correlate the binary selectivity data with a ligand parameter. This protocol resulted in 

a sigmoidal function (plotted with a solid black line) that related the bisphosphine bite angle to the 

probability that the ligand will be C2 selective (1.0 and 0.0 reflecting 100 and 0% probability, 

respectively). This revealed that the C2 arylation product prevails when smaller-bite angle ligands 

 
Figure 2.2.1 Reactivity and selectivity of Rh-catalyzed arylation correlated with the ligand minimum octant buried volume 

and bite angle, respectively. Plotted circles represent bis-phosphine ligands tested in the Rh-catalyzed arylation of 2.8a to 

produce 2.9a or 2.10. 
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are used, while ligands with wider bite angles favor C6 arylation. The observed importance of bite 

angle on selectivity is not surprising as similar trends have been well documented, especially for 

Rh-catalyzed hydroformylation reactions.38ï40 Based on these reports, the effect of the bite angle 

on coordination geometry may underpin the observed correlation (Figure 2.2.2). 

A potential mechanistic explanation for the role of ligand bite angle in the regioselective 

arylation of 2.8a is depicted in Figure 2.2.2a. The reaction may initiate with a transmetallation of 

[bisphosphine]Rh(I)OH complex I  to furnish II . Next, II  could undergo an oxidative addition 

reaction with N-methyl nicotinate salt 2.8a to furnish either III  or IV . Subsequent reductive 

elimination from complexes III  and IV  would give rise to regioisomeric products 2.9a and 2.10, 

respectively. However, it is likely that the pendant Lewis-basic methyl ester functionality 

coordinates the Rh(III) center in III  resulting in a trigonal bipyramidal geometry with two isomeric 

forms. The bisphosphine ligand can adopt either equatorial-axial E,A-III  or equatorial-equatorial 

E,E-III  coordination modes. Ligands with narrower bite angles will likely favor the former which 

can undergo reductive elimination. On the contrary, isomer E,E-III , which cannot reductively 

eliminate, is likely to be favored by ligands with wide bite angles. Presumably wide bite angle 

ligands favor E,E-III  and will, therefore, predominantly undergo reductive elimination from the 

C6 metalated isomer IV  to form 2.10. On the other hand, narrow bite angle ligands can readily 

form E,A-III  and reductively eliminate to provide regioisomer 2.9a. 

The mechanistic model discussed above could provide an explanation for the observed 

absolute stereochemistry of the 2.9a (Figure 2.2.2b). We rationalize that the transition state that 

leads to the formation of the minor enantiomer (E,A-III -2) will be disfavored due to the steric 

interactions between ligand and DHP ring. The transition state (E,A-III -1) that leads to the 
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formation of the major enantiomer does not involve such interactions as in this case DHP ring is 

pointing away from the bulky ligand substituents. 

 

Next, we turned our attention to statistical modeling of reaction yield (Figure 2.2.1a, right 

plot). While linear modeling techniques were unsuccessful at correlating yield to the ligand 

structure, a single-node decision tree classifier proved effective.41 This algorithm functions by 

 
Figure 2.2.2 A) Potential mechanistic explanation for narrow and wide bite angle ligands favoring the formation of products 

2.9a and 2.10 respectively. B) Stereochemical model using Quinox-P* type ligand for explanation of the observed absolute 

stereochemistry of 2.9a. 
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classifying each ligand as either reactive or unreactive with a user-defined yield cutoff (10% yield). 

A parameter is then identified that effectively partitions the ligand classes at an algorithm-defined 

parameter threshold. This analysis led to the identification of the steric parameter Octant Vburmin, 

the percent buried volume of the least sterically hindered ligand octantïas being correlated with 

the reaction yield.42 Bis-phosphines with an Octant Vburmin value above 13.3% resulted in a 

significant reduction in reaction yield. This parameter threshold likely reflects a minimum steric 

profile of the ligand required to facilitate the assembly of the reacting species about the Rh metal 

center. 

The combined results of the reactivity and regioselectivity classification models are 

graphically depicted in the two-parameter chemical space map, as shown in Figure 2.2.1b. In this 

representation, Octant Vburmin and bite angle are shown on the x-and y-axes, respectively. Each 

ligand was then plotted, and the corresponding total reaction yield and selectivity were reflected 

by the circle size color, respectively. The vertical black line at 13.3% is the steric reactivity cliff 

identified with the single-node decision, while the horizontal line at 92° is the bite angle cutoff 

found with logistic regression that partitions the C2- and C6-selective ligands. With this 

representation, it can be readily observed that ligands in the top- and bottom-left quadrants give 

rise to active catalysts that are C2 and C6 selective, respectively. Additionally, the dramatic decline 

in yield in the two right-hand quadrants reflects the ligand space that is too sterically encumbered 

to form functional catalysts. 

Following the classification-based modeling of regioselectivity and yield, we questioned 

whether multivariate linear regression (MLR) models could be constructed to quantitatively 

predict ligands with improved regioselectivity (Figure 2.2.3). Early efforts to build linear 

statistical models for all ligands were challenging; however, we found that a key curation step 
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facilitated model construction. By removing ligands with Octant Vburmin values above the 

threshold of 13.3%, a statistically robust three-term MLR model with an R2 of 0.89 and Q2 and 

fourfold R2 internal validation statistics of 0.84 and 0.83, respectively, was found (Figure 2.2.3a). 

The first two terms were the ligand parameters Octant Vburmax and PīRback ů*max. The former 

describes the percent buried volume of the most sterically hindered ligand octant and suggests that 

more encumbered ligands have a greater preference for C6 arylation. The latter conveys the energy 

of the ů* orbital between one of the phosphorus atoms and the ligand backbone (see the blue bond 

in Figure 2.2.3b). This term is electronic in nature and is thought to reflect the ability of the ligand 

to engage in ́īback bonding interactions with the Rh metal center. Finally, the third parameter is 

a substrate classifier wherein N-methyl and N-benzyl nicotinate salts 2.8a and 2.8c are assigned 

values of 1 and 0, respectively. 

With a statistically robust model in hand, this model was used to predict the performance 

of untested ligands (Figure 2.2.3a-b). Virtual screening suggested that Catasium D L 6 was likely 

to be highly C2 selective, while a handful of ligands were predicted to have a 1.20 ī 1.33 kcal/mol 

preference for the C6 arylation product (see Table 2.2.2). Several ligands were then procured and 

tested in the laboratory (Figure 2.2.3a, red Xôs). Two salient features should be noted from the 

experimental evaluation of these ligands. First, the model was predictive with a mean average 

prediction error (MAE) of 0.38 kcal/mol and an R2 of 0.87. Second, Table 2.2.3, L11 was found 

to provide the highest selectivity for the C2 arylation product of any ligand evaluated in this study, 

albeit the other reaction outputs were not as compelling. 
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2.3. Conclusion 

In conclusion, through conventional ligand screening, we discovered that the 

regioselectivity of aryl additions to pyridinium salts derived from nicotinic acid derivatives can be 

controlled by the catalyst used. While Rh/BINAP combination catalyzes the addition of aryl boron 

nucleophiles to the C6 position of these pyridiniums, smaller-bite angle Bobphos and Quinox P* 

ligands delivered the C2 addition products. The later catalysts allowed the synthesis of C2-, C3-, 

C6-substituted dihydropyridines, which, in turn, can be used for the synthesis of corresponding 

 
Figure 2.2.3 A) Multivariate linear regression model correlating the ligand structure to the regioselectivity of the N-alkyl 

nicotinate arylation reaction. B) Ligand and substrate parameters used in the MLR model. C) Performance of the most C2-

selective ligand, Catasium D, was predicted by the MLR model. 
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tetrahydropyridines and piperidines. Using various data science tools, we have identified key 

parameters that influence the yield and regioselectivity of these reactions. For practical yields, 

ligands with at least one open quadrant should be used. In addition to the choice of the ligand 

throughout our optimization studies, we have found that the water content and reaction temperature 

have a significant impact on the yields of such dearomatization reactions. Logistic regression 

analysis revealed the bite angle as the key parameter that determines the regioselectivity outcome 

of these reactions. Currently, our group continues to apply the approach described in this 

manuscript for the regioselective dearomatization of other heteroarenium salts. The results of these 

studies will be reported in due course. 
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2.4. Experimental 

2.4.1. Synthesis of Pyridine Starting Materials 

Methyl 6-Ethylpyridine -3-carboxylate (2.14)  

Compound 2.14 was prepared from methyl 6-bromonicotinate (324 mg, 1.50 

mmol, 1.00 equiv.) and a 1.00 M solution of Et2Zn in toluene (1.80 mL, 1.80 mmol, 1.20 equiv.)  

according to a reported procedure.17 1H and 13C spectral data matched those of the reported 

compound. Yield: 159 mg (64%); 1H NMR  (500 MHz, CDCl3) ŭ 9.12 (dd, J = 2.2, 0.8 Hz, 1H), 

8.20 (dd, J = 8.1, 2.2 Hz, 1H), 7.25 (d, J = 8.3 Hz, 1H), 3.93 (s, 3H), 2.89 (q, J = 7.7 Hz, 2H), 1.32 

(t, J = 7.6 Hz, 3H); 13C NMR  (126 MHz, CDCl3) ŭ 168.2, 166.1, 150.5 (d, J = 2.6 Hz), 137.8, 

123.7, 121.9, 52.4, 31.6, 13.7. 

Methyl 6-phenylpyridine-3-carboxylate (2.15)  

In a glovebox, a 100 mL Schlenk flask was charged with a magnetic stir bar, 

methyl 6-bromonicotinate (2.00 g, 9.26 mmol, 1.00 equiv.), PhB(OH)2 (2.26 g, 18.5 mmol, 2.00 

equiv.), K2CO3 (2.26 g, 18.5 mmol, 2.00 equiv.), Pd(PPh3)4 (0.535 g, 0.463 mmol, 0.0500 equiv.), 

and dioxane (37.0 mL). The Schlenk flask was sealed and brought out of the glovebox. The 

Schlenk flask was placed under N2 and degassed H2O (18.5 mL) was added to the flask. The 

Schlenk flask was sealed, and allowed to stir at 80 °C, in an oil bath, overnight (16 h). The reaction 

was cooled to ambient temperature and then added into a separatory funnel containing H2O (30.0 

mL). The resulting biphasic mixture was extracted with DCM (3x50.0 mL) and the combined 

organic layers were dried with Na2SO4. The solids were removed by filtration and the resulting 

filtrate was purified via isocratic column chromatography on silica gel to yield 3.15 as a white 

solid. 1H and 13C spectral data matched those of the reported compound.17 Yield: 854 mg (43%); 

TLC: Rf = 0.33 (10/90 EtOAc/Hexanes); 1H NMR  (500 MHz, CDCl3) ŭ 9.27 (d, J = 2.4 Hz, 1H), 
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8.33 (dd, J = 8.3, 2.2 Hz, 1H), 8.08 ï 8.02 (m, 2H), 7.79 (d, J = 8.3 Hz, 1H), 7.53 ï 7.42 (m, 3H), 

3.96 (s, 3H).; 13C NMR  (126 MHz, CDCl3) ŭ 165.9, 161.0, 151.0, 138.3, 138.0, 130.1, 129.0, 

127.4, 124.3, 119.9, 52.4. 

Methyl 6-(4-methoxyphenyl)pyridine-3-carboxylate (2.16) 

In a glovebox, a 50 mL Schlenk flask was charged with a magnetic stir 

bar, methyl 6-bromonicotinate (1.00 g, 4.63 mmol, 1.00 equiv.), 4-MeO-PhB(OH)2 (1.41 g, 9.26 

mmol, 2.00 equiv.), K2CO3 (1.28 g, 9.26 mmol, 2.00 equiv.), Pd(PPh3)4 (0.268 g, 0.232 mmol, 

0.0500 equiv.), and toluene (18.5 mL). The Schlenk flask was sealed and brought out of the 

glovebox. The Schlenk flask was placed under N2 and degassed H2O (9.26 mL) was added to the 

flask. The Schlenk flask was sealed, and allowed to stir at 80 °C, in an oil bath, overnight (16 h). 

The reaction was cooled to ambient temperature and then added into a separatory funnel containing 

H2O (30.0 mL). The resulting biphasic mixture was extracted with DCM (3x20.0 mL) and the 

combined organic layers were dried with Na2SO4. The solids were removed by filtration and the 

resulting filtrate was purified via isocratic column chromatography on silica gel to yield 2.16 as a 

light pink solid. Yield: 400 mg (35%); TLC: Rf = 0.32 (20/80 EtOAc/Hexanes); 1H NMR  (500 

MHz, CDCl3) ŭ 9.23 (dd, J = 2.3, 0.8 Hz, 1H), 8.30 (dd, J = 8.4, 2.2 Hz, 1H), 8.07 ï 8.00 (m, 2H), 

7.74 (dt, J = 8.3, 0.8 Hz, 1H), 7.06 ï 6.98 (m, 2H), 3.96 (s, 3H), 3.88 (s, 3H); 13C NMR (126 MHz, 

CDCl3) ŭ 166.0, 161.3, 160.5, 150.9, 137.8, 130.8, 128.8, 123.4, 118.9, 114.3, 55.4, 52.3; HRMS:  

(ESI) m/z Calculated for C14H14NO3 [M+H] +: 244.0968, found: 244.0960.  

Methyl 6-(4-methylphenyl)pyridine-3-carboxylate (2.17) 

In a glovebox, a 50 mL Schlenk flask was charged with a magnetic stir 

bar, methyl 6-bromonicotinate (1.00 g, 4.63 mmol, 1.00 equiv.), 4-Me-PhB(OH)2 (1.26 g, 9.26 

mmol, 2.00 equiv.), K2CO3 (1.28 g, 9.26 mmol, 2.00 equiv.), Pd(PPh3)4 (0.268 g, 0.232 mmol, 
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0.0500 equiv.), and toluene (18.5 mL). The Schlenk flask was sealed and brought out of the 

glovebox. The Schlenk flask was placed under N2 and degassed H2O (9.26 mL) was added to the 

flask. The Schlenk flask was sealed, and allowed to stir at 80 °C, in an oil bath, overnight (16 h). 

The reaction was cooled to ambient temperature and then added into a separatory funnel containing 

H2O (30.0 mL). The resulting biphasic mixture was extracted with DCM (3x20.0 mL) and the 

combined organic layers were dried with Na2SO4. The solids were removed by filtration and the 

resulting filtrate was purified via isocratic column chromatography on silica gel to yield 2.17 as a 

white solid. Yield: 876 mg (83%); TLC: Rf = 0.50 (20/80 EtOAc/Hexanes); 1H NMR  (500 MHz, 

CDCl3) ŭ 9.26 (dd, J = 2.1, 0.9 Hz, 1H), 8.32 (dd, J = 8.3, 2.2 Hz, 1H), 8.00 ï 7.93 (m, 2H), 7.79 

(d, J = 8.3 Hz, 1H), 7.31 (d, J = 8.0 Hz, 2H), 3.97 (s, 3H), 2.42 (s, 3H); 13C NMR  (126 MHz, 

CDCl3) ŭ 166.0, 161.0, 151.0, 140.3, 137.9, 135.6, 129.8, 127.3, 124.0, 119.6, 52.4, 21.5; HRMS:  

(ESI) m/z Calculated for C14H14NO2 [M+H] +: 244.1019, found: 244.1010. 

Methyl 6-[4-(trifluoromethyl)phenyl]pyridine -3-carboxylate (2.18) 

In a glovebox, a 100 mL Schlenk tube was charged with a magnetic stir 

bar, methyl 6-bromonicotinate (1.00 g, 4.63 mmol, 1.00 equiv.), 4-CF3-PhB(OH)2 (902 mg, 4.75 

mmol, 1.00 equiv.), K2CO3 (1.28 g, 9.26 mmol, 2.00 equiv.), Pd(PPh3)4 (0.268 g, 0.232 mmol, 

0.0500 equiv.), and toluene (18.5 mL). The Schlenk tube was sealed and brought out of the 

glovebox. The Schlenk tube was placed under N2 and degassed H2O (9.26 mL) was added to the 

tube. The Schlenk tube was sealed, and allowed to stir at 115 °C, in an oil bath, for 36 hours. The 

reaction was cooled to ambient temperature and then added into a separatory funnel containing 

H2O (30.0 mL). The resulting biphasic mixture was extracted with DCM (3x20.0 mL) and the 

combined organic layers were dried with Na2SO4. The solids were removed by filtration and the 

resulting filtrate was purified via isocratic column chromatography on silica gel to yield 2.18 as 
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an off-white solid. Yield: 241 mg (18%); TLC: Rf = 0.23 (10/90 EtOAc/Hexanes); 1H NMR  (500 

MHz, CDCl3) ŭ 9.31 (d, J = 1.3 Hz, 1H), 8.40 (dd, J = 8.3, 2.2 Hz, 1H), 8.18 (d, J = 8.1 Hz, 2H), 

7.86 (d, J = 8.2 Hz, 1H), 7.76 (d, J = 8.2 Hz, 2H), 3.99 (s, 3H); 13C NMR  (126 MHz, CDCl3) ŭ 

165.8, 159.4, 151.3, 141.7, 138.3, 132.0 (q, J = 36 Hz), 127.8, 126.0 (q, J  = 4 Hz), 125.3 (q, J = 

272 Hz), 125.2, 52.6; 19F NMR  (471 MHz, CDCl3) ŭ -62.72; HRMS:  (ESI) m/z Calculated for 

C14H11F3NO2 [M+H] +: 282.0736, found: 282.0735. 

2.4.2. Synthesis of N-Alkyl Pyridiniums 

5-(methoxycarbonyl)-1,2-dimethylpypiridin -1-ium triflate ( 2.8a) 

Pyridinium salt 2.8a was prepared from methyl 6-methylnicotinate (10.0 g, 66.0 

mmol, 1.00 equiv.) according to a reported procedure, to which, 1H and 13C 

spectral data matched the reported compound.17 Yield:  16.9 g (81%); 1H NMR  (500 MHz, CDCl3) 

ŭ 9.27 (d, J = 1.8 Hz, 1H), 8.77 (dd, J = 8.2, 1.8 Hz, 1H), 7.96 (d, J = 8.3 Hz, 1H), 4.43 (s, 3H), 

4.03 (s, 3H), 2.94 (s, 3H); 13C NMR (151 MHz, CD3OD) ŭ 163.5, 161.5, 148.8, 145.7, 130.8, 

129.5, 121.7 (q, J = 319 Hz), 53.9, 46.9. 

1-ethyl-5-(methoxycarbonyl)-2-methylpyridin -1-ium triflate ( 2.8b) 

Pyridinium salt 2.8b was prepared from methyl 6-methylnicotinate (2.00 g, 13.2 

mmol, 1.00 equiv.) according to a reported procedure, to which, 1H and 13C 

spectral data matched the reported compound.14 Yield: 1.22 g (28% over two steps); 1H NMR  

(500 MHz, CDCl3) ŭ 9.25 (s, 1H), 8.75 (dd, J = 8.2, 1.8 Hz, 1H), 8.02 (d, J = 8.3 Hz, 1H), 4.75 (q, 

J = 7.3 Hz, 2H), 4.01 (s, 3H), 2.97 (s, 3H), 1.64 (t, J = 7.3 Hz, 3H); 13C NMR (126 MHz, CDCl3) 

ŭ 161.9, 159.2, 146.0, 144.6, 130.9, 128.9, 120.7 (q, J = 321 Hz), 54.7, 53.7, 20.5, 15.1. 

1-benzyl-5-(methoxycarbonyl)-2-methylpyridin -1-ium triflate ( 2.8c) 
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Pyridinium salt 2.8c was prepared from methyl 6-methylnicotinate (2.00 g, 13.2 mmol, 1.00 

equiv.) according to a reported procedure, to which, 1H and 13C spectral data matched the reported 

compound.14 Yield: 2.89 g (56% over two steps); 1H NMR  (500 MHz, CDCl3) ŭ 9.14 (d, J = 1.7 

Hz, 1H), 8.81 (dd, J = 8.2, 1.8 Hz, 1H), 8.01 (d, J = 8.2 Hz, 1H), 7.47 ï 7.42 (m, 3H), 7.26 ï 7.19 

(m, 2H), 5.93 (s, 2H), 4.00 (s, 3H), 2.97 (s, 3H); 13C NMR (126 MHz, CDCl3) ŭ 161.8, 160.3, 

146.5, 145.1, 131.0, 130.9, 130.1, 130.1, 128.7, 128.3, 125.4 ï 116.3 (m), 62.6, 53.9, 21.5. 

2-ethyl-5-(methoxycarbonyl)-1-methylpyridin -1-ium triflate ( 2.8d) 

Pyridinium salt 2.8d was prepared from 2.14 (165.0 mg, 1.00 mmol, 1.00 equiv.) 

according to a reported procedure, to which, 1H and 13C spectral data the reported 

compound.14 Yield: 191 mg (58%). 1H NMR  (600 MHz, CDCl3) ŭ 9.29 (s, 1H), 8.83 (d, J = 8.2 

Hz, 1H), 7.98 (d, J = 8.3 Hz, 1H), 4.43 (s, 3H), 4.03 (s, 3H), 3.22 (q, J = 7.1 Hz, 2H), 1.49 (t, J = 

7.2 Hz, 3H); 13C NMR (151 MHz, CDCl3) ŭ 164.0, 162.0, 148.0, 144.8, 128.1, 127.3, 123.7, 121.6, 

119.5, 117.4, 53.8, 46.7, 26.7, 11.0. 

5-(methoxycarbonyl)-1-methyl-2-phenylpyridin -1-ium triflate ( 2.8e) 

Prepared from 2.15 (288 mg, 1.35 mmol, 1.0 equiv.) according to a reported 

procedure, to which, 1H and 13C spectral data matched the reported compound.17 

Yield:  401 mg (88%). 1H NMR  (600 MHz, CDCl3) ŭ 9.48 (s, 1H), 8.92 (d, J = 8.0 Hz, 1H), 7.94 

(d, J = 8.1 Hz, 1H), 7.68 ï 7.60 (m, 5H), 4.36 (s, 3H), 4.04 (s, 3H); 13C NMR (126 MHz, CDCl3) 

ŭ 161.8, 159.2, 148.6, 144.9, 132.1, 130.9, 130.1, 129. 7, 129. 6, 129.1, 120.6 (q, J = 320 Hz), 53. 

8, 48.4. 128.9, 53.9, 48.5.  

5-(methoxycarbonyl)-2-(4-methoxyphenyl)-1-methylpyridin -1-ium 

triflate ( 2.8f) 
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A 20 mL vial was charged with a magnetic stir bar, 2.16 (304.7 mg, 1.25 mmol, 1.00 equiv.), and 

DCM (1.62 mL). The vial was cooled to 0 °C in an ice bath and MeOTf (0.156 mL, 1.38 mmol, 

1.10 equiv.) was added slowly via syringe. The vial was sealed with a green Teflon-lined cap and 

allowed to stir at room temperature overnight (16 h). The resulting opaque tan reaction mixture 

was added to rapidly stirring hexanes (125 mL) where a light tan solid precipitated. The light tan 

solid was isolated by filtration over #5 filter paper and allowed to air dry to give 2.8f. Yield: 254 

mg (50%); 1H NMR  (500 MHz, MeOD) ŭ 9.53 (s, 1H), 8.98 (d, J = 8.3 Hz, 1H), 8.14 (d, J = 8.3 

Hz, 1H), 7.64 (d, J = 8.5 Hz, 2H), 7.23 (d, J = 8.9 Hz, 2H), 4.31 (s, 3H), 4.07 (s, 3H), 3.93 (s, 3H); 

13C NMR (126 MHz, MeOD) ŭ 164.1, 163.5, 160.7, 149.3, 145.7, 132.3, 131.5, 129.9, 124.3, 

121.8 (q, J = 319 Hz), 116.0, 56.2, 54.0, 48.5; 19F NMR (471 MHz, MeOD) ŭ -80.1 (d, J = 4.6 

Hz), HRMS: (ESI) m/z Calculated for C15H16NO3 [M-OTf]+: 258.1125, found: 258.1122. 

5-(methoxycarbonyl)-1-methyl-2-(4-methylphenyl) pyridin -1-ium 

triflate ( 2.8g) 

A 20 mL vial was charged with a magnetic stir bar, 2.17 (714 mg, 3.14 

mmol, 1.00 equiv.), and DCM (4.08 mL). The vial was cooled to 0 °C in an ice bath and MeOTf 

(0.390 mL, 3.45 mmol, 1.10 equiv.) was added slowly via syringe. The vial was sealed with a 

green Teflon-lined cap and allowed to stir at room temperature overnight (16 h). The resulting 

opaque white reaction mixture was added to rapidly stirring hexanes (150 mL) where an off-white 

solid precipitated. The off-white solid was isolated by filtration over #5 filter paper and allowed 

to air dry to give 2.8g. Yield: 959 mg (77%); 1H NMR  (500 MHz, CDCl3) ŭ 9.45 (s, 1H), 8.88 (d, 

J = 8.2 Hz, 1H), 7.91 (d, J = 8.3 Hz, 1H), 7.50 (d, J = 8.2 Hz, 2H), 7.41 (d, J = 7.9 Hz, 2H), 4.35 

(s, 3H), 4.03 (d, J = 1.8 Hz, 3H), 2.47 (s, 3H); 13C NMR (126 MHz, CDCl3) ŭ 161.9, 159.5, 148.5, 

144.7, 142.9, 130.3, 130.1, 129.0, 128.9, 128.0, 120.6 (q, J = 320 Hz), 53.7, 48.3, 21.6; 19F NMR 
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(471 MHz, CDCl3) ŭ -78.4; HRMS: (ESI) m/z Calculated for C15H16NO2 [M-OTf]+: 242.1175, 

found: 242.1172. 

5-(methoxycarbonyl)-1-methyl-2-[4-(trifluoromethyl)phenyl] 

pyridine-1-ium triflate ( 2.8h) 

A 20 mL vial was charged with a magnetic stir bar, 2.18 (241 mg, 0.856 

mmol, 1.00 equiv.), and DCM (1.11 mL). The vial was cooled to 0 °C in an ice bath and MeOTf 

(0.107 mL, 0.942 mmol, 1.10 equiv.) was added slowly via syringe. The vial was sealed with a 

green Teflon-lined cap and allowed to stir at room temperature overnight (16 h). The resulting 

opaque white reaction mixture was added to rapidly stirring hexanes (100 mL) where a white solid 

precipitated. The white solid was isolated by filtration over #5 filter paper and allowed to air dry 

to give 2.8h. Yield: 303 mg (79%); 1H NMR  (500 MHz, MeOD) ŭ 9.67 (s, 1H), 9.10 (d, J = 8.2 

Hz, 1H), 8.23 (d, J = 8.2 Hz, 1H), 8.02 (d, J = 8.1 Hz, 2H), 7.89 (d, J = 8.1 Hz, 2H), 4.28 (s, 3H), 

4.10 (d, J = 1.0 Hz, 3H); 13C NMR (126 MHz, MeOD) ŭ 163.3, 158.8, 149.6, 146.5, 136.2, 134.5 

(q, J = 33 Hz), 131.5, 131.2, 131.2, 127.4 (q, J = 3.7 Hz), 125.0 (q, J = 272.0 Hz), 121.7 (q, J = 

319 Hz), 54.2, 48.7; 19F NMR  (471 MHz, MeOD) ŭ -64.7, -80.1 (d, J = 4.3 Hz); HRMS: (ESI) 

m/z Calculated for C15H13F3NO2 [M-OTf]+: 296.0892, found: 242.0885. 

2.4.3. Scope of Asymmetric C2 Selective Dearomatization Reaction of Pyridinium 

Salts 

Preparation of Rh/Ligand catalyst stock solution for dearomatization reactions: 

The procedure below is an example of making 15 reaction equivalents worth of rhodium 

catalyst stock solution. 1 mL of the total 15 mL solution below is equivalent to 5 mol% of the 

rhodium catalyst for a 0.2 mmol scale dearomatization reaction. 
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In a nitrogen filled glovebox, Rh(COD)2BF4 (60.9 mg, 0.150 mmol, 1.00 equiv.) was added 

to a vial containing either (SaxS,S)-Bobphos (97.9 mg, 0.150 mmol, 1.00 equiv.) or (R,R)-

QuinoxP* (50.2 mg, 0.150 mmol, 1.00 equiv.) and dissolved in dioxane (15 mL). The dioxane 

solution was stirred for 30 minutes to promote the formation of the catalyst. The resulting 

Rh/(SaxS,S)-Bobphos solution was a clear orange color, while the Rh/(R,R)-QuinoxP* solution 

was an opaque red color. The specified catalyst solutions were then used as-is in the general 

procedure below. 

For racemic dearomatization products, the same catalyst formation procedure as above was 

followed using the achiral ligand 1,2-Bis(diphenylphosphino)benzene (DPPBz) (67.0 mg, 0.150 

mmol, 1.00 equiv.) to form a Rh/DPPBz catalyst solution. The resulting opaque dark-yellow 

solution was then used as-is in the general procedure below to yield the racemic version of the 

generated dihydropyridines. 

General procedure for dearomatization of n-alkyl pyridinium salts using (SaxS,S)-Bobphos 

(GP-Bobphos) or (R,R)-QuinoxP* (GP-QuinoxP) ligands: 

The specified pyridinium salt (0.200 mmol, 1.00 equiv.), boronic acid pinacol ester (Bpin) 

(0.500 mmol, 2.50 equiv.), and Na2CO3 (53.0 mg, 0.500 mmol, 2.50 equiv.) were measured into a 

4 mL scintillation vial on the benchtop. The vial containing pyridinium salt, Bpin, and Na2CO3 

were transferred into a nitrogen filled glovebox where the above pre-formed Rh/Ligand stock 

solution of catalyst (1.00 mL, 0.01 mmol, 0.05 equiv.) was added into the 4 mL vial. (SaxS,S)-

Bobphos = GP-Bobphos, (R,R)-QuinoxP = GP-QuinoxP). The vial was then sealed with a 

PTFE-lined septa cap and brought outside the glovebox. Water, degassed by sparging with 

nitrogen, (100 µL) was added to the reaction mixture via syringe and the reaction mixture was 

heated at 40 °C for 2 hours using an aluminum heating block. The vial was then removed from the 



 78 

heating block and allowed to cool to room temperature. The resulting room temperature reaction 

mixture was diluted with EtOAc (1.00 mL) and dried with MgSO4 (1.00 g). The reaction was 

filtered over Al2O3, the solids were rinsed with EtOAc (2.00 mL) and the resulting filtrate was 

concentrated under reduced pressure to give a crude reaction residue. The residue was purified by 

isocratic flash column chromatography with silica gel using the given TLC solvent conditions, and 

the solvents were removed under reduced pressure to give the desired dihydropyridine product. 
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Methyl (2S)-1,6-dimethyl-2-phenyl-1,2-dihydropyridine -3-carboxylate 

(2.9a) 

Dihydropyridine 2.9a (yellow oil) was synthesized using pyridinium salt 2.8a 

(63.0 mg, 0.200 mmol, 1.00 equiv.) and phenyl boronic acid, pinacol ester (102 mg, 0.500 mmol, 

2.50 equiv.) according to GP-Bobphos. Yield: 37.5 mg (77%); ee: 97% (Chiral-V, methanol/water 

gradient 40/60 to 50/50 - 7 minutes, 50/50 ï 6 minutes, 50/50 to 95/5 ï 5 minutes, flow rate = 1.0 

mL/min, I = 254 nm) tR = 17.8 min (major), 17.1 min (minor); TLC: Rf = 0.18 (10/90 

EtOAc/Hexanes); ♪╓ : -348° (c 0.00183 g/mL, MeOH); 1H NMR  (500 MHz, CDCl3) ŭ 7.41 (d, 

J = 6.8 Hz, 2H), 7.32 ï 7.21 (m, 3H), 7.11 (d, J = 6.5 Hz, 1H), 5.48 (s, 1H), 4.75 (d, J = 6.5 Hz, 

1H), 3.65 (s, 3H), 2.99 (s, 3H), 2.01 (s, 3H); 13C NMR (126 MHz, CDCl3) ŭ 167.3, 151.7, 142.5, 

135.5, 128.6, 127.9, 126.8, 108.6, 94.5, 64.0, 51.2, 37.9, 20.6; HRMS:  (ESI) m/z Calculated for 

C15H18NO2 [M+H] + 244.1332, found 244.1332. 
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Methyl (2S)-2-(4-bromophenyl)-1,6-dimethyl-1,2-dihydropyridine -3-

carboxylate (2.9b) 

Dihydropyridine 2.9b (yellow oil) was synthesized using pyridinium salt 2.8a 

(63.0 mg, 0.200 mmol, 1.00 equiv.) and 4-bromophenylboronic acid, pinacol ester (142 mg, 0.500 

mmol, 2.50 equiv.) according to GP-QuinoxP. Yield: 30.3 mg (47%); ee: 97% (Chiral-V, 

methanol/water gradient 10/90 to 50/50 - 16 minutes, 50/50 to 77/33 ï 24 minutes, flow rate = 1.0 

mL/min, I = 254 nm) tR = 31.9 min (major), 31.4 min (minor); TLC: Rf = 0.12 (10/90 

EtOAc/Hexanes); ♪╓ : -250° (c 0.00131 g/mL, MeOH); 1H NMR  (500 MHz, CDCl3) ŭ 7.40 

(dd, J = 8.2, 1.5 Hz, 2H), 7.29 (d, J = 8.4 Hz, 2H), 7.09 (d, J = 6.6 Hz, 1H), 5.44 (s, 1H), 4.75 (d, 

J = 6.6 Hz, 1H), 3.65 (s, 3H), 2.97 (s, 3H), 2.00 (s, 3H); 13C NMR (126 MHz, CDCl3) ŭ 167.0, 

151.6, 141.3, 135.5, 131.7, 128.5, 121.8, 108.3, 94.5, 63.4, 51.2, 37.7, 20.5; HRMS:  (ESI) m/z 

Calculated for C15H17NO2Br [M+H] +: 322.0437, found: 322.0425. 
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Methyl (2S)-2-(4-bromophenyl)-1,6-dimethyl-1,2-dihydropyridine -3-

carboxylate (2.9c) 

Dihydropyridine 2.9c (yellow oil) was synthesized using pyridinium salt 2.8a 

(63.0 mg, 0.200 mmol, 1.00 equiv.) and 4-fluorophenylboronic acid, pinacol ester (111 mg, 0.500 

mmol, 2.50 equiv.) according to GP-QuinoxP. Yield: 30.3 mg (58%); ee: 98% (Chiral-IG, 

isopropanol/hexanes 10/90 isocratic, flow rate = 1.0 mL/min, I = 254 nm) tR = 9.89 min (major), 

10.43 min (minor); TLC: Rf = 0.21(10/90 EtOAc/Hexanes); ♪╓ : -158° (c 0.00103 g/mL, 

MeOH); 1H NMR  (500 MHz, CDCl3) ŭ 7.41 ï 7.35 (m, 2H), 7.10 (d, J = 6.5 Hz, 1H), 6.96 (t, J = 

8.7 Hz, 2H), 5.45 (s, 1H), 4.75 (d, J = 6.5 Hz, 1H), 3.65 (s, 3H), 2.97 (s, 3H), 2.00 (s, 3H); 13C 

NMR  (126 MHz, CDCl3) ŭ 167.1, 162.6 (d, J = 245.4 Hz), 151.5, 138.3 (d, J = 3 Hz), 135.4, 128.4 

(d, J = 8 Hz), 115.3 (d, J = 21 Hz), 108.6, 94.3, 63.30, 51.2, 37.6, 20.6; 19F NMR  (471 MHz, 

CDCl3) ŭ -115.0; HRMS:  (ESI) m/z Calculated for C15H17NO2F [M+H]+: 262.1238, found: 

262.1237. 
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Methyl (2S)-2-([1,1'-biphenyl]-4-yl)-1,6-dimethyl-1,2-dihydropyridine -

3-carboxylate (2.9d) 

Dihydropyridine 2.9d (yellow oil) was synthesized using pyridinium salt 

2.8a (63.0 mg, 0.200 mmol, 1.00 equiv.) and 4-biphenylboronic acid, pinacol ester (140 mg, 0.500 

mmol, 2.50 equiv.) according to GP-Bobphos. Yield: 37.7 mg (59%); ee: 98% (Chiral-V, 

methanol/water gradient 40/60 to 50/50 ï 10 minutes, 50/50 to 95/5 ï 25 minutes, flow rate = 1.0 

mL/min, I = 254 nm) tR = 24.4 min (major), 25.0 min (minor);TLC: Rf = 0.17 (10/90 

EtOAc/Hexanes); ♪╓ : -267° (c 0.00180 g/mL, MeOH); 1H NMR  (500 MHz, CDCl3) ŭ 7.56 (dt, 

J = 8.0, 1.4 Hz, 2H), 7.51 (dd, J = 8.3, 1.6 Hz, 2H), 7.47 (dd, J = 8.3, 1.6 Hz, 2H), 7.42 (td, J = 

7.7, 1.6 Hz, 2H), 7.32 (td, J = 7.2, 1.4 Hz, 1H), 7.26 (s, 1H), 7.14 (dd, J = 6.6, 1.4 Hz, 1H), 5.53 

(d, J = 1.4 Hz, 1H), 4.78 (d, J = 6.6 Hz, 1H), 3.67 (d, J = 1.4 Hz, 3H), 3.03 (d, J = 1.4 Hz, 3H), 

2.04 (d, J = 1.4 Hz, 3H); 13C NMR (126 MHz, CDCl3) ŭ 167.2, 151.7, 141.3, 141.1, 140.7, 135.5, 

128.9, 127.4, 127.3, 127.2, 127.1, 108.3, 94.5, 63.6, 51.2, 37.8, 20.6; HRMS:  (ESI) m/z Calculated 

for C21H22NO2 [M+H] + 320.1645, found 320.1644. 
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Methyl (2S)-1,6-dimethyl-2-(4-methylphenyl)-1,2-dihydropyridine -3-

carboxylate (2.9e) 

Dihydropyridine 2.9e (yellow oil) was synthesized using pyridinium salt 2.8a 

(63.0 mg, 0.200 mmol, 1.00 equiv.) and 4-methylphenylboronic acid, pinacol ester (109 mg, 0.500 

mmol, 2.50 equiv.) according to GP-Bobphos. Yield: 43.2 mg (84%); ee: 98% (Chiral-V, 

methanol/water gradient 40/60 to 50/50 - 5 minutes, 50/50 to 95/5 ï 35 minutes, flow rate = 1.0 

mL/min, I = 254 nm) tR = 17.2 min (major), 16.7 min (minor); TLC: Rf = 0.11 (10/90 

EtOAc/Hexanes); ♪╓ : +310° (c 0.00194 g/mL, MeOH); 1H NMR  (500 MHz, CDCl3) ŭ 7.30 (d, 

J = 8.1 Hz, 2H), 7.09 (m, 3H), 5.43 (s, 1H), 4.73 (d, J = 6.6 Hz, 1H), 3.64 (s, 3H), 2.98 (s, 3H), 

2.30 (s, 3H), 1.99 (s, 3H); 13C NMR (126 MHz, CDCl3) ŭ 167.2, 151.6, 139.5, 137.5, 135.3, 129.2, 

126.7, 108.5, 94.3, 63.6, 51.1, 37.7, 21.3, 20.6; HRMS:  (ESI) m/z Calculated for C16H20NO2 

[M+H] + 258.1489, found 258.1481. 
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Methyl (2S)-2-(4-methoxyphenyl)-1,6-dimethyl-1,2-dihydropyridine -

3-carboxylate (2.9f)  

Dihydropyridine 2.9f (yellow oil) was synthesized using pyridinium salt 

2.8a (63.0 mg, 0.200 mmol, 1.00 equiv.) and 4-methoxyphenylboronic acid, pinacol ester (107 

mg, 0.500 mmol, 2.50 equiv.) according to GP-Bobphos. Yield: 34.1 mg (51%); ee: 99% (Chiral-

V, methanol/water gradient 40/60 to 50/50 ï 5 minutes, 50/50 to 95/5 ï 35 minutes, flow rate = 

1.0 mL/min, I = 254 nm) tR = 30.2 min (major), 28.2 min (minor); TLC: Rf = 0.44 (10/90 

EtOAc/Hexanes); ♪╓ : -414° (c 0.00165 g/mL, MeOH); 1H NMR  (500 MHz, CDCl3) ŭ 7.34 (d, 

J = 8.5 Hz, 2H), 7.10 (d, J = 6.6 Hz, 1H), 6.81 (d, J = 8.6 Hz, 2H), 5.41 (s, 1H), 4.73 (d, J = 6.5 

Hz, 1H), 3.77 (s, 3H), 3.64 (s, 3H), 2.97 (s, 3H), 1.98 (s, 3H); 13C NMR (126 MHz, CDCl3) ŭ 

167.2, 159.3, 151.5, 135.2, 134.9, 128.0, 113.8, 108.7, 94.1, 63.3, 55.3, 51.1, 37.5, 20.6; HRMS:  

(ESI) m/z Calculated for C16H20NO3 [M+H] +: 274.1438, found: 274.1436. 
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Methyl (2S)-2-(4-acetylphenyl)-1,6-dimethyl-1,2-dihydropyridine -3-

carboxylate (2.9g) 

Dihydropyridine 2.9g (yellow oil) was synthesized using pyridinium salt 

2.8a (63.0 mg, 0.200 mmol, 1.00 equiv.) and 4-acetlyphenylboronic acid, pinacol ester (123 mg, 

0.500 mmol, 2.50 equiv.) according to GP-QuinoxP. Yield: 24.2 mg (42%); ee: 81% (Chiral-V, 

methanol/water gradient 40/60 to 50/50 ï 15 minutes, 50/50 to 95/5 ï 1 minute, flow rate = 1.0 

mL/min, I = 254 nm) tR = 16.5 min (major), 15.6 min (minor); TLC: Rf = 0.21 (10/90 

EtOAc/Hexanes); ♪╓ : -55.5° (c 0.00108 g/mL, MeOH); 1H NMR  (500 MHz, CDCl3) ŭ 7.87 (d, 

J = 8.2 Hz, 2H), 7.48 (d, J = 8.2 Hz, 2H), 5.54 (s, 1H), 3.65 (s, 3H), 2.98 (s, 3H), 2.55 (s, 3H); 13C 

NMR  (126 MHz, CDCl3) ŭ 197.9, 166.9, 151.7, 147.3, 136.6, 135.7, 128.7, 126.7, 107.9, 94.7, 

63.6, 51.2, 37.8, 26.7, 20.4.; HRMS:  (ESI) m/z Calculated for C17H20NO3 [M+H] +: 286.1438, 

found: 286.1436. 
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Methyl (2S)-1,6-dimethyl-2-(naphthalen-2-yl)-1,2-dihydropyridine -3-

carboxylate (2.9h) 

Dihydropyridine 3.9h (yellow oil) was synthesized using pyridinium salt 

2.8a (63.0 mg, 0.200 mmol, 1.00 equiv.) and naphthalene-2-boronic acid, pinacol ester (127 mg, 

0.500 mmol, 2.50 equiv.) according to GP-Bobphos. Yield: 41.2 mg (70%); ee: 99% (Chiral-V, 

methanol/water gradient 40/60 to 50/50 ï 5 minutes, 50/50 to 95/5 ï 30 minutes, flow rate = 1.0 

mL/min, I = 254 nm) tR = 21.6 min (major), 21.1 min (minor), TLC: Rf = 0.18 (10/90 

EtOAc/Hexanes); ♪╓ : -113° (c 0.00382 g/mL, MeOH); 1H NMR  (500 MHz, CDCl3) ŭ 7.85 ï 

7.76 (m, 3H), 7.75 (s, 1H), 7.65 (dt, J = 8.5, 1.5 Hz, 1H), 7.44 (ddt, J = 8.3, 6.9, 5.2 Hz, 2H), 7.16 

(d, J = 6.5 Hz, 1H), 5.64 (s, 1H), 4.79 (d, J = 6.6 Hz, 1H), 3.64 (s, 3H), 3.02 (s, 3H), 2.03 (s, 3H); 

13C NMR (126 MHz, CDCl3) ŭ 167.2, 151.8, 139.6, 135.7, 133.3, 133.3, 128.6, 128.5, 127.7, 

126.1, 125.9, 125.5, 125.0, 108.4, 94.4, 64.2, 51.2, 37.8, 20.6; HRMS:  (ESI) m/z Calculated for 

C19H20NO2 [M+H] +: 294.1489, found: 294.1487. 
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Methyl (2S)-2-(cyclohex-1-en-1-yl)-1,6-dimethyl-1,2-dihydropyridine -3-

carboxylate (2.9i) 

Dihydropyridine 2.9i (yellow oil) was synthesized using pyridinium salt 2.8a 

(63.0 mg, 0.200 mmol, 1.00 equiv.) and 1-cyclohexen-1-yl-boronic acid, pinacol ester (104 mg, 

0.500 mmol, 2.50 equiv.) according to GP-QuinoxP. Yield:  15.5 mg (31%); ee: 90% (Chiral-V, 

methanol/water gradient 40/60 to 50/50 ï 5 minutes, 50/50 to 95/5 ï 30 minutes, flow rate = 1.0 

mL/min, I = 254 nm) tR = 16.0 min (major), 15.5 min (minor); TLC:  Rf = 0.35 (10/90 

EtOAc/Hexanes); ♪╓ : -335 (c 0.00380 g/mL, MeOH); 1H NMR  (500 MHz, CDCl3) ŭ 7.05 (d, 

J = 6.5 Hz, 1H), 5.52 (qd, J = 3.0, 1.2 Hz, 1H), 4.86 (s, 1H), 4.61 (d, J = 6.6 Hz, 1H), 3.67 (s, 3H), 

2.93 (s, 3H), 2.16 ï 2.06 (m, 1H), 1.99 (dt, J = 6.0, 3.0 Hz, 2H), 1.95 (s, 3H),  1.61 ï 1.53 (m, 3H), 

1.50 (tdd, J = 12.4, 6.7, 4.6 Hz, 2H); 13C NMR (1265 MHz, CDCl3) ŭ 167.4, 152.0, 136.3, 136.1, 

122.3, 105.6, 94.2, 66.3, 51.0, 37.5, 25.1, 23.8, 22.8, 22.5, 20.3; HRMS:  (ESI) m/z Calculated for 

C15H22NO2 [M+H] +: 248.1645, found: 248.1644. 
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Methyl (2S)-1-ethyl-6-methyl-2-phenyl-1,2-dihydropyridine -3-carboxylate 

(2.9j) 

Dihydropyridine 3.9j (orange solid) was synthesized using pyridinium salt 2.8b 

(65.9 mg, 0.200 mmol, 1.00 equiv.) and phenylboronic acid, pinacol ester (102 mg, 0.500 mmol, 

2.50 equiv.) according to GP-Bobphos. Yield: 41.7 mg (81%); ee: 99% (Chiral-ID, 

isopropanol/hexanes 20/80 isocratic, flow rate = 1.0 mL/min, I = 254 nm) tR = 6.06 min (major), 

6.70 min (minor); TLC: Rf = 0.25 (10/90 EtOAc/Hexanes); ♪╓ : -268° (c 0.00237 g/mL, 

MeOH); 1H NMR  (500 MHz, CDCl3) ŭ 7.40 ï 7.36 (m, 2H), 7.28 ï 7.24 (m, 2H), 7.24 ï 7.20 (m, 

1H), 7.05 (d, J = 6.5 Hz, 1H), 5.61 (s, 1H), 4.74 (d, J = 6.6 Hz, 1H), 3.67 (s, 3H), 3.43 (dq, J = 

14.5, 7.3 Hz, 1H), 3.25 (dq, J = 14.3, 7.1 Hz, 1H), 2.07 (s, 3H), 1.16 (t, J = 7.1 Hz, 3H); 13C NMR 

(126 MHz, CDCl3) ŭ 167.4, 150.8, 143.8, 135.3, 128.4, 127.5, 126.4, 108.3, 95.4, 60.4, 51.1, 45.1, 

20.0, 14.9; HRMS:  (ESI) m/z Calculated for C16H20NO2 [M+H] +: 258.1489, found: 258.1489. 
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Figure 2.4.1 Thermal ellipsoid plot of the X-ray crystallographic structure of 2.9j (CCDC: 2238245) with an ellipsoid 

contour probability level of 50%. 
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Table 2.4.1. Crystallographic data acquisition and analysis parameters used to collect the structure of 2.9j (CCDC: 2238245). 
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Methyl (2S)-1-benzyl-6-methyl-2-phenyl-1,2-dihydropyridine -3-

carboxylate (2.9k) 

Dihydropyridine 2.9k (yellow oil) was synthesized using pyridinium salt 2.8c 

(78.3 mg, 0.200 mmol, 1.00 equiv.) and phenylboronic acid, pinacol ester (102 mg, 0.500 mmol, 

2.50 equiv.) according to GP-Bobphos. Yield: 60.8 mg (95%); ee: 99% (Chiral-CD, 

acetonitrile/water gradient 25/75 to 95/5 ï 7 minutes, 95/5 ï 2 minutes, flow rate = 1.0 mL/min, I 

= 254 nm) tR = 8.38 min (major), 7.89 min (minor); TLC: Rf = 0.31 (10/90 EtOAc/Hexanes); 

♪╓ : -1410° (c 0.00208 g/mL, MeOH); 1H NMR  (500 MHz, CDCl3) ŭ 7.49 ï 7.44 (m, 2H), 7.42 

ï 7.27 (m, 4H), 7.28 ï 7.23 (m, 2H), 7.20 (d, J = 6.5 Hz, 1H), 5.58 (s, 1H), 4.87 (d, J = 6.5 Hz, 

1H), 4.77 (d, J = 16.8 Hz, 1H), 4.31 (d, J = 16.8 Hz, 1H), 3.66 (s, 2H), 2.05 (s, 3H); 13C NMR 

(126 MHz, CDCl3) ŭ 167.1, 151.0, 143.2, 137.6, 135.5, 129.0, 128.5, 127.8, 127.6, 126.8, 126.4, 

109.6, 95.5, 61.6, 53.2, 51.1, 20.5; HRMS:  (ESI) m/z Calculated for C21H22NO2 [M+H] +: 

320.1645, found: 320.1645. 
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Methyl (2S)-6-ethyl-1-methyl-2-phenyl-1,2-dihydropyridine -3-carboxylate 

(2.9l) 

Dihydropyridine 2.9l (yellow oil) was synthesized using pyridinium salt 2.8d 

(65.9 mg, 0.200 mmol, 1.00 equiv.) and phenylboronic acid, pinacol ester (102 mg, 0.500 mmol, 

2.50 equiv.) according to GP-Bobphos. Yield: 30.9 mg (60%); ee: 98% (Chiral-V, methanol/water 

gradient 40/60 to 50/50 ï 30 minutes, 50/50 to 95/5 ï 5 minutes, flow rate = 1.0 mL/min, I = 254 

nm) tR = 25.9 min (major), 24.2 min (minor); TLC: Rf = 0.29 (10/90 EtOAc/Hexanes); ♪╓ : -

356° (c 0.00144 g/mL, MeOH); 1H NMR  (500 MHz, CDCl3) ŭ 7.48 ï 7.43 (m, 2H), 7.35 ï 7.23 

(m, 3H), 7.19 (d, J = 6.5 Hz, 1H), 5.51 (s, 1H), 4.81 (d, J = 6.5 Hz, 1H), 3.69 (s, 3H), 3.04 (s, 3H), 

2.34 (ddt, J = 18.9, 15.3, 7.7 Hz, 2H), 1.18 (t, J = 7.4 Hz, 3H); 13C NMR (126 MHz, CDCl3) ŭ 

167.2, 156.5, 142.5, 135.6, 128.6, 127.9, 126.8, 108.3, 92.8, 64.1, 51.2, 37.6, 26.5, 12.4; HRMS:  

(ESI) m/z Calculated for C16H20NO2 [M+H] +: 258.1489, found: 258.1489. 
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Methyl (2S)-1-methyl-2,6-diphenyl-1,2-dihydropyridine -3-carboxylate 

(2.9m) 

Dihydropyridine 2.9m (yellow oil) was synthesized using pyridinium salt 2.8e 

(75.5 mg, 0.200 mmol, 1.00 equiv.) and phenylboronic acid, pinacol ester (102 mg, 0.500 mmol, 

2.50 equiv.) according to GP-Bobphos. Yield: 53.1 mg (87%); ee: 98% (Chiral-V, methanol/water 

gradient 50/50 ï 30 minutes, 50/50 to 100/0 ï 2 minutes, flow rate = 1.0 mL/min, I = 254 nm) tR 

= 29.1 min (major), 25.9 min (minor); TLC: Rf = 0.08 (10/90 EtOAc/Hexanes); ♪╓ : +171° (c 

0.00338 g/mL, MeOH); 1H NMR  (500 MHz, CDCl3) ŭ 7.55 ï 7.51 (m, 2H), 7.36 (q, J = 3.4 Hz, 

3H), 7.32 (td, J = 5.4, 3.3 Hz, 3H), 7.28 (dd, J = 6.7, 1.6 Hz, 2H), 5.55 (s, 1H), 5.05 (d, J = 6.4 Hz, 

1H), 3.70 (s, 3H), 2.96 (s, 3H); 13C NMR (126 MHz, CDCl3) ŭ 167.2, 153.3, 142.7, 136.8, 134.7, 

129.2, 128.6 (2C), 128.3, 127.9, 126.6, 109.9, 98.2, 63.1, 51.4, 40.9; HRMS:  (ESI) m/z Calculated 

for C20H20NO2 [M+H] +: 306.1489, found: 306.1489. 
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Methyl (2S)-2-(4-acetylphenyl)-1-methyl-6-phenyl-1,2-

dihydropyridine -3-carboxylate (2.9n) 

Dihydropyridine 2.9n (orange-red oil) was synthesized from pyridinium salt 

2.8e (75.5 mg, 0.200 mmol, 1.00 equiv.) and 4-acetylphenylboronic acid pinacol ester (123 mg, 

0.500 mmol, 2.50 equiv.) according to GP-QuinoxP. Yield: 62.9 mg (91%); ee: >99% (Chiral-V, 

methanol/water gradient 40/60 to 60/40 - 7 minutes, 60/40 - 13 minutes, 60/40 to 95/5 - 5 minutes 

flow rate = 1.0 mL/min, l = 254 nm) tR = 13.2 min (major), 12.7 min (minor)); TLC:  Rf = 0.48 

(30/70 EtOAc/Hexanes); ♪╓ : +435° (c 0.00350 g/mL CHCl3); 1H NMR  (500 MHz, CDCl3) ŭ 

7.97 ï 7.91 (m, 2H), 7.66 ï 7.59 (m, 2H), 7.43 ï 7.27 (m, 6H), 5.62 (s, 1H), 5.10 (d, J = 6.4 Hz, 

1H), 3.72 (s, 3H), 2.98 (s, 3H), 2.59 (s, 3H); 13C NMR (126 MHz, CDCl3) ŭ 197.8, 166.9, 153.3, 

147.53, 136.7, 136.4, 134.9, 129.4, 128.7, 128.6, 128.1, 126.6, 109.4, 98.6, 62.7, 51.4, 41.0, 26.7; 

HRMS: (ESI) m/z Calculated for C22H22NO3 [M+H] +: 348.1594 found: 348.1594. 

 

 

 



 95 

Methyl (2S)-2-[4-(hydroxymethyl)phenyl]-1-methyl-6-phenyl-1,2-

dihydropyridine -3-carboxylate (2.9o) 

Dihydropyridine 2.9o (orange solid) was synthesized from pyridinium salt 

2.8e (75.5 mg, 0.200 mmol, 1.00 equiv.) and 4-(Hydroxymethyl)phenylboronic acid pinacol ester 

(117 mg, 0.500 mmol, 2.50 equiv.) according to GP-QuinoxP. Yield: 32.7 mg (49%); ee: 96% 

(Chiral-V, methanol/water gradient 40/60 to 60/40 - 7 minutes, 60/40 - 13 minutes, 60/40 to 95/5 

- 5 minutes flow rate = 1.0 mL/min, l = 254 nm) tR = 13.5 min (major), 12.1 min (minor)); TLC:  

Rf = 0.21 (30/70 EtOAc/Hexanes); ♪╓ : +360° (c 0.00320 g/mL CHCl3); 1H NMR  (500 MHz, 

CDCl3) ŭ 7.57 ï 7.51 (m, 2H), 7.39 ï 7.27 (m, 8H), 5.55 (s, 1H), 5.06 (d, J = 6.4 Hz, 1H), 4.68 (d, 

J = 5.9 Hz, 2H), 3.70 (s, 3H), 2.96 (s, 3H), 1.59 (t, J = 6.0 Hz, 1H); 13C NMR (126 MHz, CDCl3) 

ŭ 167.2, 153.3, 142.3, 140.5, 136.8, 134.8, 129.3, 128.6, 128.3, 127.4, 126.9, 109.9, 98.2, 65.4, 

62.9, 51.4, 41.0; HRMS: (ESI) m/z Calculated for C21H22NO3 [M+H] +: 336.1594 found: 336.1595. 

 

 

 



 96 

Methyl (2S)-2-(4-acetamidophenyl)-1-methyl-6-phenyl-1,2-

dihydropyridine -3-carboxylate (2.9p) 

Dihydropyridine 2.9p (Yellow solid) was synthesized from pyridinium salt 

2.8e (75.5 mg, 0.200 mmol, 1.00 equiv.) and 4-acetamidophenylboronic acid pinacol ester (131 

mg, 0.500 mmol, 2.50 equiv.) according to GP-QuinoxP. Yield: 71.8 mg (99%) ee: >99% (Chiral-

V, methanol/water gradient 50/50 to 70/30 ï 30 minutes, 70/30 to 100/0 ï 10 minutes, flow rate = 

0.5 mL/min, l = 254 nm) tR = 15.8 min (major), 15.1 min (minor)); TLC:  Rf = 0.30 (50/50 

EtOAc/Hexanes); ♪╓ : +249° (c 0.00266 g/mL CHCl3); 1H NMR (500 MHz, CDCl3) ŭ 7.55 ï 

7.42 (m, 4H), 7.41 ï 7.32 (m, 3H), 7.32 ï 7.27 (m, 4H), 7.15 (s, 1H), 5.50 (s, 1H), 5.04 (d, J = 6.4 

Hz, 1H), 3.70 (s, 3H), 2.94 (s, 3H), 2.17 (s, 3H); 13C NMR (126 MHz, CDCl3) ŭ 168.32, 167.13, 

153.20, 138.54, 137.53, 136.64, 134.72, 129.13, 128.46, 128.11, 127.25, 119.94, 109.59, 97.94, 

62.58, 51.29, 40.75, 24.57; HRMS (ESI) m/z Calculated for C22H23N2O3 [M+H] +: 363.1703, 

found: 363.1698. 

 

 



 97 

Methyl (2S)-2-(4-methoxyphenyl)-1-methyl-6-phenyl-1,2-

dihydropyridine -3-carboxylate (2.9q) 

Dihydropyridine 2.9q (yellow oil) was synthesized from pyridinium salt 

2.8e (75.5 mg, 0.200 mmol, 1.00 equiv.) and 4-methoxyphenylboronic acid pinacol ester (117 mg, 

0.500 mmol, 2.50 equiv.) according to GP-QuinoxP. Yield: 42.3 mg (63%); ee: >99% (Chiral-V, 

methanol/water gradient 40/60 to 60/40 - 7 minutes, 60/40 - 13 minutes, 60/40 to 95/5 - 5 minutes 

flow rate = 1.0 mL/min, l = 254 nm) tR = 14.0 min (major), 13.4 min (minor)); TLC:  Rf = 0.21 

(10/90 EtOAc/Hexanes); ♪╓ : +227° (c 0.00360 g/mL CHCl3); 1H NMR  (500 MHz, CDCl3) ŭ 

7.49 ï 7.43 (m, 2H), 7.39 ï 7.32 (m, 3H), 7.31 ï 7.26 (m, 3H), 6.90 ï 6.83 (m, 2H), 5.48 (s, 1H), 

5.03 (d, J = 6.4 Hz, 1H), 3.80 (s, 3H), 3.70 (s, 3H), 2.94 (s, 3H); 13C NMR (126 MHz, CDCl3) ŭ 

167.2, 159.4, 153.2, 136.9, 135.2, 134.5, 129.2, 128.5, 128.2, 127.9, 113.9, 110.1, 97.9, 62.6, 55.3, 

51.3, 40.7; HRMS: (ESI) m/z Calculated for C21H22NO3 [M+H] +: 336.1594 found 336.1594. 

 

 

 














































































































































































































































































































































































































































































































































































































































































